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a b s t r a c t

A pilot study was carried out to investigate the performance of ultrasound stiffness imaging methods

namely Ultrasound Elastography Imaging (UEI) and Acoustic Radiation Force Impulse (ARFI) Imaging.

Specifically their potential for characterizing different classes of solid mass lesions was analyzed using

agar based tissue mimicking phantoms. Composite tissue mimicking phantom was prepared with

embedded inclusions of varying stiffness from 50 kPa to 450 kPa to represent different stages of cancer.

Acoustic properties such as sound speed, attenuation coefficient and acoustic impedance were

characterized by pulse echo ultrasound test at 5 MHz frequency and they are ranged from (1564 ± 88

to 1671 ± 124 m/s), (0.6915 ± 0.123 to 0.8268 ± 0.755 db cm-1 MHz-1) and (1.61�106 ± 0.127 to

1.76 � 106 ± 0.045 kg m-2 s-1) respectively. The elastic property Young’s Modulus of the prepared samples

was measured by conducting quasi static uni axial compression test under a strain rate of 0.5 mm/min

upto 10 % strain, and the values are from 50 kPa to 450 kPa for a variation of agar concentration from

1.7% to 6.6% by weight. The composite phantoms were imaged by Siemens Acuson S2000 (Siemens, Erlan-

gen, Germany) machine using linear array transducer 9L4 at 8 MHz frequency; strain and displacement

images were collected by UEI and ARFI. Shear wave velocity 4.43 ± 0.35 m/s was also measured for high

modulus contrast (18 dB) inclusion and X.XX m/s was found for all other inclusions. The images were pre

processed and parameters such as Contrast Transfer Efficiency and lateral image profile were computed

and reported. The results indicate that both ARFI and UEI represent the abnormalities better than conven-

tional US B mode imaging whereas UEI enhances the underlying modulus contrast into improved strain

contrast. The results are corroborated with literature and also with clinical patient images.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasound B-mode imaging is a popular and most widely used

method for imaging breast, thyroid, prostate and human abdomi-

nal organs like kidney, spleen and liver. Even though it is used as

a screening tool in cancer diagnosis, it is poor at distinguishing

cancerous tissue from soft tissue. Basically there are two types of

cancer tissue namely benign and malignant depending on whether

or not they can spread by invasion and metastasis. Benign lesions

are those that cannot spread out by invasion. They grow only lo-

cally and they can be cured by suitable therapy where as malignant

tumor invades neighboring cells, enter into blood vessels, lympha-

tic system and metastasize to different sites. For distinguishing be-

nign and malignant lesions, conventional ultrasound techniques

use B-mode image shape features like lesion margin irregularity,

shadowing, microlobulation and wider than taller orientation.

However these features are often found to be overlapping, which

decreases the reliability of B-mode in classification of lesions [1].

This leads to invasive biopsies to confirm the presence of cancer

which causes patient discomfort and unnecessary anxiety. On the

other hand, pathological cancerous changes of tissues are highly

correlated with changes in stiffness [2]. Abnormalities such as be-

nign and malignant cancer lesions could be identified based on

their stiffness properties; benign tumors are generally around 2–

3 times stiffer than normal tissues and deform more for an applied

compression. But malignant tumors are harder than surrounding

tissues and show less deformation. Thus they can be distinguished

by stiffness contrast than acoustic contrast and this property is

used in stiffness imaging. In recent decades, there has been an

increasing need in assessing the stiffness properties like Young’s

modulus E and shear modulus G of tissues. In isotropic materials,

the ratio of longitudinal deformation (strain) in response to an

applied longitudinal force (stress) is known as Young’s modulus

(E) of elasticity. The shear modulus (G) relates transverse strain

to transverse stress. A number of stiffness imaging modalities are

being developed and they are based on applying a mechanical

excitation to tissues of interest and measuring tissue deformation.
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The measured deformation can be displayed directly as an image

or strain is computed and displayed as a grey scale map known

as elastogram [3].

Stiffness imaging methods are categorized according to the

source of mechanical excitation and how the local displacements

are measured. Mechanical excitation may be either ’external’ via

probe (static or quasi static) [3], ’organic’ which relies on natural

movements of the body like heart beat, pulsing of blood vessels

[4,5], ’dynamic’ external vibration to create shear waves within

the tissue of interest called as sonoelasticity [6] or locally by acous-

tic radiation force [7]. Stiffness imaging methods can be further

classified based on the method of deformation measurement either

by ultrasound [3–5], Magnetic Resonance Imaging [8] or optical

methods [9]. The focus of this paper is on Ultrasound Elastography

Imaging (UEI) which is based on external compression and Acous-

tic Radiation Force Impulse (ARFI) [10–12] imaging which is based

on force generated by ultrasound.

Initial clinical results were obtained for identifying breast [13],

thyroid [14,15] and liver [16] using UEI and ARFI imaging. How-

ever, issues like amount of compressive force to be applied to

get repeatability in Ultrasound Elastography, image contrast rep-

resentations between tumor and background, complex nature of

tissue structures and data on elastic properties of normal and

pathological tissues need through evaluation [17,18]. In clinical

setting, Ultrasound Elastography and ARFI imaging are still not

standardized as B-mode imaging in terms of instrumentation

parameters like optimum gain setting, dynamic range, and depth

of penetration. In order to do this, there is a need for a large data-

base of stiffness properties of different categories of human tis-

sue. It would be difficult to obtain tissues exhibiting malignant

or benign features at will. Moreover biological tissues lose their

characteristics with time when they are harvested from body. It

is hence necessary to develop tissue mimicking phantoms which

have identical acoustic (speed of sound, attenuation coefficient

and acoustic impedance) and elastic properties (Young’s modulus

and shear modulus) of human soft and cancerous tissues. Tissue

mimicking phantoms should be temporally stable; when they

are tested diagnostically for validation and training purposes,

the geometry, acoustic and elastic properties should be main-

tained within a tolerable range of 1–2% or it should be at least

predictable [19,20]. The commonly used physical gels for tissue

like phantoms are agar and gelatin [19,21] where as chemical gels

are polyacrylamide [22] and polyvinyl alcohol [9]. Since physical

gel phantoms are made by hydrogels, there is a chance for bacte-

rial invasion and reduction of water content as time passes

through. Proper care must be taken to avoid the desiccation of

water from phantoms. Chemical gel phantoms might be more

stable than physical gel phantoms [23], however physical gel

phantoms are easier, safer and can be made stable for a longer

duration (more than 6 months) either by adding preservatives

or with suitable preconditioning. [21].

Having said all these, the objective of this work is to study the

performance of UEI and ARFI imaging by quantifying how well

the underlying elastic modulus contrast is represented for various

categories of inclusions made in tissue mimicking phantoms. As

yet, no studies have compared the performance of conventional

Ultrasound B mode, UEI and ARFI in custom made tissue mimick-

ing phantoms. The performance is evaluated by finding out the

parameters namely Contrast Transfer Efficiency (CTE) and lateral

image profile which is the pictorial representation of contrast dis-

tribution in image. Lateral image profile gives the degree with

which the inclusion is differentiated locally from its surrounding

tissue whereas Contrast Transfer Efficiency gives how well the

actual contrast (elastic contrast of inclusion to background) is de-

picted in image. In order to achieve this, agar based homogeneous

phantoms were made and their acoustical properties were

characterized using pulse echo ultrasound test. Mechanical

properties were measured by conducting uni axial compression

test on Universal Testing Machine (UTM). Thereafter a composite

phantom with embedded inclusions were prepared and stiffness

parameters were imaged using Siemens Acuson S2000 (Siemens,

Erlangen, Germany) machine. Both qualitative and quantitative

results were obtained. The resultant strain images were

pre-processed and parameters were extracted to assess the

performance. The paper is organized as follows. In Section 2, we

explain about the development of phantoms and their character-

ization based on measurement of acoustic and elastic properties.

Then we present design, development of composite phantom

and the imaging techniques. In Section 3, the results are

discussed.

2. Materials and methods

2.1. Preparation of tissue mimicking phantoms

The most common tissue mimicking materials are gelatine,

agar, urethane rubber, zerdine, polyvinyl alcohol and polyacryl-

amide. In this work, we have chosen agar as the basis of our phan-

tom due to the following reasons.

� Agar exhibits near linear response of attenuation to frequency

(f1.01) [24].

� Change in acoustic velocity due to temperature change is less

than 3 m/s [24].

� The differences in concentration of agar will give variations in

stiffness (from kPa to MPa).

� Agar phantoms can be stored in distilled water for longer dura-

tion (3 months) without much change (0.5–1%) in properties

due to water loss.

The components of phantom sample are agar, N-propanol and

deionized water. In plain agar, ultrasound travels slowly. N-propa-

nol was added to increase the speed of sound to be matched with

human tissue (1540 m/s). Samples were made by varying concen-

tration of agar from 2 g to 12 g [25]. Sample with 12 g was too stiff

to be tested due to the brittle nature of agar at higher concentra-

tion. Hence we restricted our study on samples from 2 g to 10 g

agar.

2.2. Characterization of acoustic properties

In order to perform ultrasound stiffness imaging, the prepared

samples do mimic soft tissues in terms of acoustic and elastic prop-

erties. The chosen acoustic parameters are acoustic velocity, atten-

uation coefficient and acoustic impedance. Pulse echo method was

used to measure acoustic properties. We used 5 MHz, 6 mm con-

tact type single element transducer (V110RM, Olympus NDT). The

excitation and receiving pulses were controlled by a pulser receiver

(5677, Olympus NDT) which was operated in pulse echo mode. The

received echoes were digitized by a digitizer (PXI 5122, National

Instruments) at a sampling rate of 50 MHz, acquired using virtual

instrument software LabVIEW and analyzed using Matlab. The

time difference between two successive received echoes (t) and

the amplitudes (A1 and A2) of echoes were measured from the dig-

itized data. The density qðkg=m3Þ of the material is determined as

the ratio of mass to volume. The dimensions of the phantoms were

measured using vernier caliper (Mitutoyo, Japan) and mass was

measured using a digital weighing machine (Sartorius, India). From

these data, the acoustic parameters such as speed of sound (V),

attenuation coefficient (A) and acoustic impedance (Z) were

calculated for all the prepared phantom samples using standard

formulae.
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Vðm=sÞ ¼
2d

t
ð1Þ

AðdB=cmÞ ¼
1

2d
20log

A1

A2
ð2Þ

Zðkg=m2 sÞ ¼ qV ð3Þ

where d is the height of the sample in meters. The samples are disc

shaped having 50 mm diameter and 20 mm thickness (Fig. 1).

Acoustic properties were verified with 2.25 MHz, 0.25 in. trans-

ducer (V133RM, Olympus NDT) and 10 MHz, 0.25 in. transducer

(V537RM, Olympus NDT).

2.3. Characterization of elastic parameters

In this work, human soft tissue is assumed to exhibit linear elas-

tic behavior. During imaging, compression less than 5% of strain is

given to probe the mechanical properties of tissues. In this small

strain range (0–5%), stress strain curves are linear and they could

be approximated by Youngs Modulus using Hooke’s law. Young’s

Modulus of the samples is measured from uni axial compression

test conducted on Universal Testing Machine (UTM) (Jinan TE, chi-

na). The 50 kN machine is equipped with an extensometer with

50 mm gauge length and 10 mm deformation. Load cell measures

test load and deformation of the specimen is measured by exten-

someter. Measurements were performed after the sample reached

room temperature. Samples were immersed in deionized water in

order to avoid any sample desiccation. The phantom sample was

made such that its height is less than twice of its diameter to avoid

buckling effect. Compression test was conducted under the dis-

placement controlled mode. The load was applied under a strain

rate of 0.5 mm/min up to a maximum of 10% strain and then it

was unloaded in the similar way. Typically all samples were pre-

loaded to 1% of strain (0.7 mm). From the recorded data, stress

and strain relationship of the phantom under uni axial loading

was plotted and Young’s modulus was calculated from the initial

portion of stress strain curve.

The samples included in compression test were cylindrical in

shape with 38 mm diameter and 70 mm height. The photograph

of the phantom samples are shown in Fig. 1.

2.4. Composite phantom

To study the elastographic behavior of pathological regions of

varying stiffness, a composite phantom was made with solid hard

inclusions which are harder than the background tissue. Here we

made two types of hard inclusions which are lowmodulus contrast

inclusions (modulus ratio between inclusion and background is

around 10 dB) and high modulus contrast inclusions (modulus ra-

tio is above 10 dB) [26]. There were three inclusions namely EI4, EI6
and EI8 and their elastic properties are summarized in Table 1.

These inclusions are embedded in an uniform background

which resembles normal soft tissue. Phantom is having the dimen-

sions of 14 � 14 � 3.5 cm (length �width � height). Each inclu-

sion (EI4, EI6 and EI8) is of cylindrical shape having 1.5 cm

diameter and 1 cm height. The plan, elevation and photograph of

the composite phantom are shown in Fig. 2(a–c). This study has

been done with five realizations of composite phantom and each

time we took five images of each inclusion and background using

UEI and ARFI imaging.

In reality, the shape of the inclusion might be anything like

sphere, rectangle or any irregular shape. However, considering that

most of the breast tumors can be approximated to have a cylindri-

cal shape [1], we did not consider other shapes.

2.5. Ultrasound Elastography Imaging (UEI) technique

Ultrasound Elastography is a method of imaging mechanical

properties of tissues specifically related to Young’s Modulus. It is

known as remote palpation and is described by Ophir et al. [3].

The basic principle of UEI involves acquiring and comparing ultra-

sound signals from tissues before and after a small quasi static

external compression (less than 5% strain). When the body tissues

are compressed, the softer parts deform more easily than the hard-

er parts. The displacement or strain produced inside the tissue due

to the compression is computed from the acquired signal based on

correlation techniques and displayed as an elastogram.

Ultrasound B mode (prior to application of force) and elasto-

grams (after compressive force) were acquired using Siemens Acu-

son S2000 (Siemens, Erlangen, Germany) machine at Mediscan

Systems, Chennai. Linear array transducer 9L4 with a probe fre-

quency of 8 MHz was used. Initially, B mode image of the region

of interest (ROI) was obtained. Once the ROI was highlighted in

B-mode image, a compression around 5 N was applied by pressing

the probe on the phantom surface by expert radiologist. It was

measured using a weighing balance placed under the phantom.

Elastogram was generated by the scanner by comparing the pre-

compressed and post-compressed RF signals and displayed adja-

cent to the B mode image. Using the aforementioned procedure,

elastograms of all the three inclusions and background were

obtained.

2.6. ARFI Imaging

ARFI imaging is implemented in Siemens Acuson S2000 ultra-

sound machine in two modes namely Virtual Touch Tissue Imaging

(VTTI) and Virtual Touch Tissue Quantification (VTTQ). VTTI dis-

plays an image which has the information about displacement of

lesion and its surrounding tissue whereas VTTQ provides numeri-

cal output which is the shear wave speed which is proportional

Fig. 1. Photograph of phantom samples (a) mechanical property measurement (b) acoustical property measurement.
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to the stiffness of underlying tissue. Initially a B-mode image of the

composite phantom was obtained and (EI8) inclusion was high-

lighted as the Region Of Interest (ROI). A short duration (less than

1 ms) pulse, known as push pulse was passed through ROI which

gives mechanical force. Due to this force, the agar particles of the

phantom were displaced depending on their stiffness. Immediately

after that, tracking pulses which are normal diagnostic ultrasound

pulses were applied on ROI for certain interval. The reflected ech-

oes were collected. Images were formed by these reflected beams

and compared with the initial ROI image obtained prior to the

application of push pulse. The displacements were computed and

displayed as an ARFI image. The experiment was repeated for the

remaining two inclusions (EI4 and EI6) and displacement images

were obtained.

In the same machine, VTTQ was also done which is the tool for

obtaining numerical value of stiffness at precise image based ana-

tomical location. The sonographer selected the depth at which the

elasticity is evaluated by placing a measuring box (ROI) of

(10 � 5 mm) at the desired place. Then push pulse was applied

for shorter duration (less than 1 ms) which is similar to VTTI. Since

all the three inclusions are of solid nature, ARFI generates shear

waves which propagate away from the ROI. Tracking pulses were

applied to capture the displacement caused by the moving wave

front of shear wave. From the captured data, velocity of shear wave

which characterizes the stiffness was computed. If the ROI is a fluid

medium, ARFI results in the steady motion of fluid in axial direc-

tion known as acoustic streaming. The velocity of fluid motion re-

lates with the viscosity of the fluid. Shear wave speed and fluid

motion velocity can be calculated from tissue displacements [11].

At present we have done the experiments for obtaining shear wave

speed in solid masses only. Shear wave speed which is displayed in

m/s, increases with stiffness. Since the mechanical excitation is

guided by ultrasound B-mode imaging and done by ultrasound

pulses, ARFI could be applicable for deep tissues which are not

accessible to superficial compression elastography techniques.

3. Results and discussion

3.1. Elastic properties

Uni axial compression test was performed using UTM to com-

pute Young’s Modulus for samples with different agar concentra-

tion from 2 g to 10 g. By measuring the stress for several

different applied strain, the stress–strain behavior of samples

was characterized. Compression test was conducted upto 10% of

strain. Typical stress strain curve of one sample is shown in

Fig. 3(top). Young’s Modulus values were calculated from initial

linear region (upto 4 % of strain) of the curves using least square

fit. Measurements were made for five sets of samples at three dif-

ferent times. The results shown in Fig. 3(bottom) are the average of

the measurements and the errors are the standard deviation. The

total range of elastic moduli achieved by varying the agar concen-

tration from 2 g to 8 g is 50 kPa to 450 kPa which covers the entire

range of normal and abnormal tissue stiffness [27,28]. Since the

Young’s Modulus of 10 g sample is 1024 kPa which is very high

for human soft tissue, we excluded the sample from this study.

The change in modulus from the sample mimicking normal tissue

(2 g) to the samples mimicking cancerous tissue (4–8 g) is large en-

ough to achieve the desired contrast between lesion and the sur-

rounding tissue. In ultrasound elastography applications, the

difference in elastic modulus between the lesion and the surround-

ings is to be of great importance than the absolute value of the

modulus.

Table 1

Concentration, Young’s Modulus and true modulus ratio of the composite phantom.

Type Agar

concentration

(g)

Young’s Modulus

(kPa)

True modulus

ratio

Background 2 52 –

EI4 (Low modulus

contrast)

4 182 3.5 (10 dB)

EI6 (High modulus

contrast)

6 347 6.6 (16 dB)

EI8 (High modulus

contrast)

8 448 8.6 (18 dB)

Fig. 2. (a) Plan, (b) elevation and (c) photograph of the composite phantom with inclusions of varying stiffness. All the dimensions are given in cm.
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3.2. Acoustic properties

For acoustic measurement, samples of same agar concentra-

tions were prepared. The acoustic parameters such as sound speed,

attenuation coefficient and acoustic impedance were calculated.

The mean and standard deviation values are presented in Table 2

along with corresponding values for the human tissue [29,30] for

comparison. The results of our samples match with the literature

values.

The results were verified with 2.25 and 10 MHz transducers and

the results are in the same range reported for 5 MHz shown in Ta-

ble 2. Sound speed and acoustic impedance are independent of the

frequency. But attenuation (db cm-1) increases with increase in fre-

quency from 2.25 to 10 MHz. Since it varies linearly for agar [24],

the phantoms could be operated in the range of diagnostic fre-

quencies (from 3- 15 MHz).

Having characterized the elastic and acoustic properties of

homogeneous samples, a composite phantom was made with 3

inclusions to mimic different stages of cancer as explained in Sec-

tion 2.4. Inclusions were made such that they are 3–8 times stiffer

than the background.

3.3. Ultrasound Elastography Imaging (UEI)

The elastographic images (left) and ARFI displacement images

(right) of the composite phantom with embedded inclusions are

displayed along with ultrasound images (center) in Fig. 4(a–c) in

order to make comparison. In B-mode imaging, the inclusions are

seen as hyper echoic regions and they are not significantly differ-

entiated from the background. In elastograms, dark region repre-

sents less strain or no strain where bright areas represent more

strain. The grey scale bar is displayed along with the images, which

shows the images have different strain components. The high mod-

ulus contrast inclusion (EI8) exhibits no strain compared to the

background and its area in image is well appreciated in black color.

In case of (EI6) inclusion, the area of inclusion is not uniformly dark

and intermediate strain components are introduced, which shows

the increased strain. In the case of low modulus contrast inclusion

(EI4), more amount of strain is introduced where we can not get a

clear boundary at all. The elastogram of the background without

any inclusion was also obtained and shown in Fig. 4(d), which does

not show any specific pattern.

3.4. ARFI

ARFI VTTI images for all three types of lesions are displayed at

the right side in Fig. 4(a–c). The images portray the displacement

information of agar particles. Inclusion portion is highlighted for

clarity. Dark region indicates less or no displacement which is

interpreted as hard inclusion where brightness represents more

compliance.
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Fig. 3. (top) Stress strain characteristics of 8 g sample. Linear region is fixed at the initial portion (4% of strain) and solid line shows the least square fit. (bottom) Mean and

standard deviation of Young’s Modulus for various samples of agar concentration from 1.7% to 6.6 % (2–8 g).

Table 2

Acoustic properties of the prepared samples and human tissue.

Parameters Human tissue [29,30] 2 g Agar sample 4 g Agar sample 6 g Agar sample 8 g Agar sample

Sound speed (m/s) 1540 1564 ± 88 1581 ± 26 1571 ± 12 1671 ± 124

Attenuation coefficient (db cm�1 MHz�1) 0.7 0.8268 ± 0.755 0.6915 ± 0.123 0.7802 ± 0.003 0.7121 ± 0.2313

Acoustic impedance (kg m�2 s�1) 1.63 � 106 1.66 � 106 ± 0.165 1.76 � 106 ± 0.045 1.61 � 106 ± 0.127 1.71 � 106 ± 0.012
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VTTQ was also performed for all the three inclusions. At each

inclusion, at different sites the experiments were performed.

Fig. 5 shows the resultant image for EI8. Shear wave velocity

obtained is 4.43 ± 0.35 m/s. When stiffness decreases, the shear

wave velocity is expected to decrease further. We could not get

proper shear wave velocity values for other types of inclusion.

For the other two, scanner displayed as X.XX which means

that they are not deterministic. It may be because of few inhomo-

geneities present in the phantom which might be added while

preparation.

3.5. Performance analysis

In order to make performance comparison of US B-mode with

UEI and ARFI VTTI, parameters such as Contrast Transfer Efficiency

and lateral image profile were extracted from images. Prior to

extraction of parameters, the images were preprocessed to elimi-

nate speckle noise. Speckle noise is the inherent property of med-

ical ultrasound imaging. It generally reduces image resolution and

contrast. Prepared tissue mimicking phantoms could contribute to

tissue like grainy structure in image. To achieve the purpose, gen-

Fig. 4. (a–c) Elastogram (left side), Ultrasound B mode (center) and ARFI displacement images (right side) of the three inclusions EI8, EI6, EI4 respectively and (d) shows B

mode and elastogram of background. All the images are represented as per the grey color bar.
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erally separate scatterers like glass beads, titanium oxide and silica

carbide are added with the tissue mimicking material. This could

alter the elastic properties. In this paper, the objective of the phan-

tom is to mimic different types of tissue elastic properties which

are having same echogenicity. So we did not add any separate scat-

terers. In this work, samples were prepared with agar gel which

gives both echogenicity and elastic strength. Hence agar particles

might give speckle noise which degrades the image quality which

is well seen from all the resultant images. There are a lot of meth-

ods in literature to filter out speckle noise. Linear filtering, median

filtering and Wiener filtering are some of the speckle reduction

methods [31]. In this work, we have used median filtering due to

its straight forward implementation which needs only two param-

eters namely size and shape of the kernel. A kernel of 10 � 10 pix-

els was used for filtering process in order to remove the noise.

Median filter algorithm replaces a target pixel’s value with the

median of the neighboring pixels. Number of neighboring pixels

is determined by the size and shape of the kernel. Both are selected

empirically. Here we have chosen to use 10 � 10 square kernel to

remove speckle noise. The holes in the filtered images were re-

moved by applying min and max filters in order to delineate the

boundary of inclusion.

3.5.1. Contrast Transfer Efficiency

The resultant US, UEI and ARFI images are compared in terms of

a parameter known as Contrast Transfer Efficiency (CTE). Ponnek-

anti et al., defined Contrast Transfer Efficiency (CTE) [32] as the

ability of any imaging technique to represent the actual modulus

ratio in to a reasonable image contrast. It is the performance mea-

sure of imaging technique, which quantifies how well the underly-

ing modulus contrast is represented for various categories.

Mathematically, it is given by the following expression,

CTE ¼
Ci

Cm

ð4Þ

In dB; CTEðdBÞ ¼ jCiðdBÞj � jCmðdBÞj ð5Þ

where Ci is the observed image contrast from images and Cm is the

true modulus contrast (Modulus of inclusion/Modulus of

background).

Image contrast is computed as

Ci ¼
Sbg
Si

ð6Þ

where Si is the mean intensity of pixels inside the inclusion and Sbg
is the mean intensity of the background pixels.

The procedure for calculating image contrast is explained in

Fig. 6(b). The inclusion portion was selected manually and centroid

was fixed. From that centroid, Region Of Interest (ROI) of 60 � 60

pixels was selected, mean intensity was calculated and taken as

Si. From the background, two such ROI of size 40 � 90 were se-

lected and average intensity was calculated and taken as Sbg. The

background ROI was selected at the same axial level of the inclu-

sion ROI, to have uniform stress. The size of ROI was chosen to en-

sure that it covers the maximum part of the portion which is

occupied by inclusion and background at the same level of stress.

The contrast was calculated by substituting the mean intensities

of background and inclusion as per Eq. (6). The image contrast is

known as acoustic contrast in ultrasound B-mode, strain contrast

in elastogram and displacement contrast in ARFI images. The strain

contrast for elastogram of background homogeneous layer was

also calculated which is nearer to zero.

The CTE and observed image contrast are plotted against true

modulus contrast in Fig. 7. While comparing the trend of observed

image contrast of all the three techniques to ideal contrast line

shown in Fig. 7(a), we can notice that when true modulus contrast

increases from low to high (10–18 dB), Ultrasound B mode shows

poor observed image contrast and CTE, where as ARFI and Elastog-

raphy show improvement. Elastography presents significantly im-

proved CTE for high modulus contrast lesions. Any stiffness

imaging method should not over exaggerate and in meanwhile it

should not under estimate the underlying tissue modulus contrast.

Observed contrast should be such that it atleast approximately

reaches the true modulus contrast. Otherwise, it will lead to

unnecessary confusions. Hence, we can conclude that both Elastog-

raphy and ARFI VTTI are efficient in depicting low modulus con-

trast (less than 10 dB) lesions. For higher modulus ratio, ARFI

VTTI presents reasonable displacement contrast whereas Elastog-

raphy reports exaggerated strain contrast. A plausible explanation

for this result is that Elastography uses global external compres-

sion which compresses the adjacent area bounded with inclusion

which enhances the strain contrast whereas ARFI uses ultrasound

pulse to precisely give mechanical excitation to the region of

interest.

3.5.2. Lateral image profile

The images are further compared by plotting the lateral image

profile; Once the preprocessing of image of size say m X n was

done, the inclusion portion was delineated manually. The centroid

of the inclusion was found out. From the centroid, a band of width

20 pixels and length n pixels (covers the image laterally) was se-

lected which is shown in Fig. 6(a). Here 20 pixels have been chosen

vertically in image in order to have local uniformity of intensities.

In that band, average intensity of pixels in axial direction was com-

puted. The average intensity values were normalized based on

Fig. 5. Shear wave velocity (a) (4.43 m/s) of the inclusion EI8 (b) X.XX m/s for other inclusions.
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maximum intensity and plotted against the lateral distance which

is shown in Fig. 8. Strain profile in elastogram is prominent and

shows high contrast between background and inclusion than ARFI

VTTI and Ultrasound. ARFI VTTI displacement contrast is better

than US B-mode and gives reasonable contrast. But in all cases

US B mode is poor at representing the contrast.

3.5.3. Clinical validation

We compared the elastic properties of samples with the exist-

ing literature [28] and found that they are specifically suitable

for mimicking breast and prostate normal and abnormalities

(Table 3).

We did clinical validation for Ultrasound Elastography Imaging.

The performance results of Elastography were validated with clin-

ical patient images. For this purpose, Ultrasound Elastogram of 30

patients (16 malignant and 14 benign tumors) were collected. The

type of lesion of all 30 patients were verified by biopsy. Utrasound

B mode (prior to application of force) and elastograms (after com-

pressive force) were acquired using Siemens Acuson S2000 (Siemens,

Erlangen, Germany) machine at Mediscan Systems, Chennai. Linear

array transducer 9L4 with a probe frequency of 8 MHz was used.

Fig. 9 shows sample elastogram images of patients which represent

the categories of benign and malignant tumors. In clinical setting,

the compression applied by radiographer could not be exactly

quantified. This might be applicable in Ultrasound Elastography

Imaging, since the relative elastic contrast is the property of inter-

est than quantifying the absolute elastic modulus. The relative

elastic property is estimated by capturing the pre and post com-

pression echoes.

For clinical images, observed strain contrast was calculated by

following the procedure used for phantom images. In clinical elas-

tography, there is no possibility of getting true modulus contrast of

underlying lesion. However, Kallel et al. [26] derived an analytic

expression which relates true modulus contrast (Cm) and observed

strain contrast (Ci) which is stated below.

1

Ci

¼
ð1� 2mÞ

Cm þ ð1� 2mÞ
þ

2

1þ Cmð3� 4mÞ
ð7Þ

where m is the Poisson’s ratio of both the inclusion and background.

For incompressible materials ðm ¼ 0:5Þ, the above equation is re-

duced to

Ci ¼
1þ Cm

2
ð8Þ

The true modulus contrast was calculated for all the 30 cases

and observed strain contrast is plotted against the calculated true

modulus contrast (Fig. 10(a)). We can notice that benign lesions

present low modulus contrast and malignant lesions report high

Fig. 6. (a) Band for calculation of lateral profile and (b) calculation of image contrast.
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Fig. 7. (a) Observed image contrast for inclusions by conventional B-mode (US), Elastography (EG) and ARFI. (b) Plot of Contrast Transfer Efficiency against true modulus ratio

of the prepared inclusions for the three imaging techniques.
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modulus contrast. Using the elastic contrast, they could be well

separated. By investigating the tumor size in elastogram of 30 pa-

tients (sample images in Fig. 9), we can notice that benign lesions

usually appear either relatively smaller or the same size on sono-

grams as well as on elastograms where as in case of malignant le-

sions, the size appears larger on the elastograms. This supports our

illustration in phantom images, that high contrast inclusions are

expressed with much better large area than low contrast inclusions

by Elastography (Section 3.3). The acoustic contrast for all the

ultrasound images of 30 patients are calculated and plotted against

the estimated elastic contrast in Fig. 10(b). It shows complete dec-

orrelation between the two properties which states that acoustic

contrast is completely independent of stiffness of lesions. In

addition to that, the acoustic contrast features are overlapped

among the two categories of lesions which shows the inability of

ultrasound B mode imaging in differentiation of different types of

tumors.

Regarding ARFI VTTQ, we have got 4.43 ± 0.35 m/s for only one

category EI8 inclusion. The same value was reported for liver

metastases 4.23 ± 0.59 m/s [16] and thyroid papillary carcinoma

4.112 ± 1.413 m/s [15]. For the other categories of inclusions we

have got X.XX m/s which means the unmeasurable state of shear

wave velocity. Regarding the energy level used in ARFI VTTI and

VTTQ (same as that of color Doppler imaging), they result in

temperature increase of 0.18 �C and Mechanical Index of 1.9

(admissible range of FDA) which do not pose any risk to

patients [12].

Our pilot study on phantoms has some limitations. Four sets of

concentration of agar were chosen as representative cancer inclu-

sions and they were investigated. Additional studies with a greater

variety of malignant and benign lesions (from 1 to 8 g of agar) in a

large series will be required to establish the diagnostic value of UEI

and ARFI in terms of their sensitivity and specificity analysis. In

this work, we have focused on elasticity variation of different

inclusions at same depth. In reality, some categories of cancer le-

sions may exhibit different echogenicity. The resultant images of

tissue mimicking phantoms could be improved by adding separate

scatterers like graphite or glass beads in phantom preparation

without affecting the stiffness while increasing the echogenicity.

In this study, we can conclude that both ARFI and Elastography

imaging improve visualization of unclear inclusions in comparison

to fundamental B-scan and ARFI presents almost ideal CTE (due to

its region specific compression) where as Elastography enhances

the high contrast inclusions (due to global compression). Our study

showed that the images of such phantoms could be used as a tool

for better understanding of elastographic appearance of different
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Fig. 8. (a–c) Lateral profile for EI8, EI6 and EI4 inclusions where elastic contrast and displacement contrast are higher than acoustic contrast.

Table 3

Comparison of the elastic moduli of the developed phantoms with those of biological

tissues [28].

Phantom Closely Matching Elastic

Sample Human Tissue Modulus(kPa)

2g Normal breast 52±31

& Normal prostate

4g Breast Fibrous tissue 182±14

6g & Breast and prostate 347±75 –

8g Cancerous Tissue 448±10
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pathological conditions. In addition to performance analysis of

stiffness imaging techniques, it could be even used as calibration

tool, training framework to radiographers and laparoscopy training

tool in handling graspers. These phantoms could be treated as first

order approximation of tissues which allow us to have high level of

control on size, depth, modulus ratio, echogenicity and numbers of

inclusions present in sot tissue and repeatability in stiffness mea-

surements; otherwise not possible in clinical cases. Moreover the

inhomogeneous nature of soft tissue makes the experiments and

validation infeasible. Despite phantoms simplify the general com-

plex structure of soft tissue; they are good to test if a method can

capture the stiffness properties of a material effectively.

4. Conclusion

The potential usefulness of strain imaging methods like Ultra-

sound Elastography Imaging and Acoustic Radiation Force Impulse

Imaging was investigated for visualization of varying stiffness

inclusions. A tissue mimicking phantom was made with embedded

inclusions; their acoustical and mechanical properties were ob-

tained. Strain images were taken by UEI and ARFI and they were

analyzed in terms of lateral image profile and Contrast Transfer

Efficiency. Our investigation shows that the prepared phantoms

could be used as a representative model for breast and prostate tis-

sues. In addition to that our study reports that Elastography and

Fig. 9. Clinical elastograms for (a) malignant (b) benign cancer respectively. Left side shows ultrasound and right side shows corresponding elastogram.
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Fig. 10. Observed image contrast versus estimated true modulus contrast for (a) Elastography and (b) ultrasound B mode imaging for clinical patient images.
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ARFI are efficient in depicting low contrast lesions where as Elas-

tography strongly emphasizes the strain contrast of malignant

lesions.
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