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ABSTRACT 

Ultrasound elastography (USE) is a well-established technique used to non-

invasively map tissue stiffness.  More recently, a novel branch of USE, called 

poroelastography, has been proposed, which aims at estimating the poroelastic response 

of a tissue. The hypothesis of poroelastography is that underlying pathology, such as 

cancer, alters the fluid transport mechanisms in the tissue, which alters its poroelastic 

response. Poroelastography techniques estimate the temporal behavior of axial strain and 

effective Poisson’s ratio (EPR) of a poroelastic media under compression. While these 

methods have been successfully proven to estimate the poroelastic response of 

poroelastic media and tissues, there are some major limitations which need to be 

addressed. There is a lack of tissue mimicking poroelastic phantoms with tunable 

poroelastic properties. Also, while US poroelastography techniques aim to estimate the 

temporal behavior of EPR, the estimation of the EPR using USE is challenging due to 

known image quality limitations of lateral strain elastography techniques. Also, the 

relationship between the spatio-temporal behavior of interstitial fluid pressure (IFP), 

axial strain and EPR is currently not known. IFP is an important parameter, which is 

known to help in the diagnosis and characterization of soft tissue cancers. In this 

dissertation, I attempt to solve some of these current issues in the field of ultrasound 

poroelastography imaging, taking the field one step forward.  

In this work I investigated the use of polyacrylamide gel for creating new class of 

phantoms for poroelastography. Results of the study indicate that by using 
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polyacrylamide gel, tissue mimicking poroelastic phantoms with controlled fluid flow 

can be generated. This new class of phantom material can be used to conceptualize and 

validate techniques in poroelastography and for temporal ultrasound elastography 

imaging in general.  For reliable estimation of EPR, I proposed a new US 

poroelastography technique which uses two ultrasound transducers. By using a 

simulation module, image quality from this new technique was statistically compared 

from previously used methods. The feasibility to experimentally estimate EPR using 

two-transducers was also demonstrated. The results indicate that the two-transducer 

poroelastography technique has superior image quality than the existing methods.  In this 

study, I also studied the spatio-temporal behavior of axial strain, EPR and IFP with 

change in interstitial permeability. A 2D poroelastic finite element model was used, 

followed by an ultrasound simulation algorithm. The temporal behavior was estimated 

by finding the time constant of the temporal curves. Results of the analysis indicate that 

increased IFP creates a new contrast mechanism in both the axial strain and EPR 

elastograms. Also, the spatio-temporal patterns of IFP are closely related to that of the 

EPR and, hence,a reliable estimation of EPR may aid in a non-invasive assessment of 

underlying IFP.  
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NOMENCLATURE 

EPR Effective Poisson’s Ratio 

TT Two-Transducer 

IFP Interstitial Fluid Pressure 

t Time 

s Seconds 

US Ultrasound 
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1. INTRODUCTION

In this section I present some of the relevant concepts of poroelastic materials in 

relationship to human tissues. I also discuss the background of ultrasound 

poroelastography techniques in current literature.  

Background on poroelastic materials 

Biot’s work from 1935 to 1941 (Biot 1935, Biot 1941) is considered the basics for the 

theory of linear poroelasticity. Bowen (1982) and Mow et al. (1980) proposed the use of 

mixture theory which have developed from the consolidation theory and have been 

widely used to model the poroelastic behavior of tissues. According to these theories, a 

poroelastic material is defined as a material that contains more than one phases in which 

at least one the phases is solid (Mow, et al. 1984). For human tissues we can restrict the 

number of phases to two- a solid phase containing the interstitial matrix and the liquid 

phase containing the interstitial fluid which can move with respect to the solid phase 

(Armstrong, et al. 1984, Torzilli and Mow 1976) .  

For a poroelastic material under uni-axial compression the temporal behavior of the axial 

and lateral strains is mathematically dependent on the underlying pressure 

fields(Armstrong, et al. 1984). Under uniaxial loading three temporal stages can be 

observed: 1) instantaneously after loading, the material behaves like an incompressible 

solid. The stress is fully supported by the fluid phase, which increases the pore pressure; 

2) the stress is then partially transferred to the solid matrix, and fluid begins to exude

causing a decrease in volume and EPR. During this transition time, the pore pressure 
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also decays as the solid matrix deforms both in the axial and lateral directions 3) when 

the equilibrium condition is reached, fluid flow ceases and the pore pressure drops to 

zero. The rates at which the axial strain and EPR reach their equilibrium value depend 

upon the ease at which the interstitial fluid flows which in turn depends upon the 

relaxation of the underlying pressure fields (Leiderman, et al. 2006). For one-

dimensional geometry, a poroelastic material may be completely characterized by three 

parameters (Armstrong et al 1984):   the Young’s modulus of the solid matrix; the 

Poisson’s ratio of the solid matrix and the permeability of the poroelastic medium. 

In the past, several tissues have been modeled as poroelastic materials because of their 

relatively high fluid content and fluid mobility (Mow, et al. 1984, Mridha and Odman 

1986, Torzilli and Mow 1976). These include: cartilage, cornea, tendons, ligaments, 

brain, and breast and lymphedematous tissues (Fatt 1968, Jurvelin, et al. 1997, Mow, et 

al. 1984, Van Houten, et al. 2003). Most tumors are known to possess fluid transport 

properties that are different from normal tissue (Jain 1994, Lunt, et al. 2008, Milosevic, 

et al. 2001, Milosevic, et al. 2008, Netti, et al. 1995, Stapleton and Milosevic 2013). 

Malignant tumors have often significantly lower compressibility with respect to normal 

tissue, presumably due to tissue fibrosis or a collapse of the interstitial matrix(Leunig, et 

al. 1992). This decreased permeability is a major cause for elevated interstitial fluid 

pressure (IFP) (Boucher, et al. 1990), which is a limiting factor in drug delivery 

therapies (Boucher, et al. 1990). In addition, several cancer treatments are known to 

modify the permeability of tumors (Park 2002). Lymphedema is a common consequence 

to cancer and cancer treatments (Petrek, et al. 2001). This condition manifests as an 
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abnormal accumulation of interstitial fluid due to damage of the lymphatic system(Szuba 

and Rockson 1997). Previous studies in this field have shown that lymphedematous 

tissues may be modeled as poroelastic tissues (Raffaella, et al. 2007, Raffaella, et al. 

2007). These studies have also suggested that poroelastography may have significant 

potentials for detecting and, possibly, staging this condition.   

Background on poroelastography 

Ultrasound elastography is a collection of techniques which are used to map tissue 

stiffness by application of a force (Bercoff, et al. 2004, Nightingale, et al. 2001, Ophir, et 

al. 1991, Sandrin, et al. 2003). The usefulness of these techniques in medicine is due to 

the fact that underlying pathology alters tissue structure and composition changing its 

stiffness.  Many malignant changes like cancers of the breast or prostate appear as 

lesions of higher stiffness (Itoh, et al. 2006, Sarvazyan, et al. 2011). In classical quasi-

static elastography local tissue displacements are mapped on application of a small 

external compression by using cross correlation techniques on digitized ultrasound RF 

signals (Cespedes, et al. 1993). The local strains are then displayed as the gradient of the 

computed displacements. The resulting image is called an elastogram (Ophir, et al. 

1996).  

More recently many new techniques have evolved from quasi-static elastography which 

aim at estimating new mechanical parameters about the tissue (Konofagou, et al. 2001, 

Thitaikumar, et al. 2007). Poroelastography is one such branch of ultrasound 

elastography that aims at imaging the temporal response of tissues under 
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compression(Righetti, et al. 2004). The hypothesis of poroelastography is that the altered 

fluid transport mechanisms caused due to change in tissue structure alters their 

poroelastic response (Chaudhry, et al. 2013, Konofagou, et al. 2001). This change is 

response can be assessed by estimating the temporal behavior of axial strains and 

‘effective’ Poisson’s ratio (EPR) (Righetti, et al. 2005, Righetti, et al. 2007). 

 A poroelastogram is defined as a time sequence of axial strain or EPR elastograms 

obtained from the poroelastic material under compression. The ‘effective’ Poisson’s 

ratio (EPR) is calculated as the division of the estimated lateral strain by the estimated 

axial strain from elastographic experiments. It is called ‘effective’ because it is not the 

true Poisson’s ratio of the material and depends on a number of factors including 

Young’s modulus of the solid matrix, permeability and viscosity of fluid phase, 

Poisson’s ratio of the solid matrix and fluid content. The EPR of a poroelastic material 

indicates its compressibility which loosely means its ability to change volume under 

compression.  

 (Konofagou, et al. 2001) reported the first simulation work on poroelastography, which 

showed the feasibility of mapping local EPR in uniform homogeneous poroelastic 

media. This work was later validated in phantoms and ex-vivo samples by (Righetti, et 

al. 2004) which showed that elastography can be used to monitor time dependent 

changes in porous media. The effect of interstitial fluid flow on the spatio-temporal 

behavior of strain fields have been studied through analytical models and validated 

experimentally (Berry, et al. 2006, Berry, et al. 2006, Leiderman, et al. 2006). Many 
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studies have proposed to compute temporal elastographic parameters from axial strain 

and EPR temporal curves obtained from poroelastic media under compression (Nair, et 

al. 2011, Righetti, et al. 2005, Righetti, et al. 2007). To quantify the performance 

limitation of poroelastography technique image quality parameters such as signal-to-

noise ratio, contrast-to-noise ratio and resolution have also been analyzed (Raffaella, et 

al. 2007, Righetti, et al. 2007). 

Most of the experimental ultrasound poroelastography studies retrievable in the literature 

deal with the use of axial strain estimation techniques.  The EPR of a poroelastic tissue is 

related to the effective compressibility of the material, which in itself depends on the 

ability of the material to change volume under load and allow fluid movement (Wang 

2000). While most soft tissues are typically modelled as “incompressible” linearly 

elastic solids (i.e., with a Poisson’s ratio close to 0.5) – an assumption that is typically 

valid only under quasi-static compression - a poroelastic material is by definition 

compressible in order to allow fluid translocation (Sarron, et al. 2000). Estimation of the 

EPR using ultrasound elastography is challenging, due to known image quality 

limitations of lateral strain elastography techniques (Kallel, et al. 1997). However, 

knowledge of this parameter is in general important to correctly interpret the observed 

tissue temporal changes, and to confirm that these changes are indeed caused by 

underlying poroelastic effects rather than, for instance, viscoelastic effects, which 

typically may not involve changes in volume.  Additionally, EPR is related to the 

tissue’s compressibility, a parameter of known diagnostic value and may provide a 

means to locally map the underlying IFP contrast of the tissue. The image quality of 
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EPR elastogram is limited by of the poor quality of standard lateral strain elastography 

(Kallel, et al. 1997). To improve the quality of lateral strain elastography and EPR, some 

studies have implemented advanced filtering techniques combined with spatial and 

temporal averaging (Raffaella, et al. 2007, Righetti, et al. 2005). However, 

experimentally averaging is not just difficult to implement but is highly time consuming 

making it extremely difficult to implement for clinical applications.  

Poroelastography studies aim at observing the fluid flow behavior of poroelastic media 

under compression. Tofu has been shown to possess acoustic and mechanical properties 

reasonably close to that of soft tissue(Wu 2001). It also has high fluid content which can 

flow with respect to the solid structure on compression, allowing the material to change 

volume on compression. Due to these reasons, many poroelastography and temporal 

elastography studies in general have used tofu as a phantom for validating the theoretical 

and simulation concepts (Berry, et al. 2006, Nair and Righetti 2015, Righetti, et al. 2005, 

Wu 2001). Although being an excellent tool for proving preliminary poroelastography 

concepts, the use of tofu as a phantom material has some limitations. Being a 

commercial product tofu does not come with known mechanical parameters and the 

poroelastic properties are not consistent between samples.  Also the fluid flow and 

poroelastic properties of tofu cannot be altered to make precise phantoms of known fluid 

flow and stiffness.  A new phantom material with acoustic and mechanical properties 

close to that of soft tissue and tunable poroelastic behavior will help the field of 

poroelastography move forward.  
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Interstitial fluid pressure (IFP) is a parameter of high relevance especially for soft tissue 

tumors. IFP or simply pore pressure is the pressure experienced by the tissue interstitium 

due to leaky microvasculature and weak lymphatic drainage.  Many elastography studies 

have aimed to analyze the detectability of these tumors based on their stiffness (Ginat, et 

al. 2009, Hiltawsky, et al. 2001). The results are often interpreted based on modelling the 

tumor as linearly elastic incompressible solid (Kallel and Bertrand 1996). Under these 

assumptions a contrast in the axial strain elastograms is interpreted as a contrast in 

underlying elastic modulus of the tissue (Doyley 2012). The effect of elevated IFP on 

US elastography technique is largely unknown. Knowledge of the effect of this 

parameter may aid in future interpretations of application of elastography technique to 

tumors, especially for cases with known elevated IFP.  

For a poroelastic material under uni-axial compression, the temporal response is 

governed by fluid translocation mechanisms which in turn depends on local pressure 

gradients (Armstrong, et al. 1984). Upon compression the material changes volume due 

to exudation of fluid resulting is pressure relaxation, which also causes the EPR of the 

material reduces from about 0.5 (nearly incompressible) to its equilibrium value. 

However the relationship between poroelastography parameters and underlying fluid 

pressure (IFP) is not known. Also to my knowledge, no ultrasound imaging modality can 

be used to non-invasively map changes in the IFP. The only non-invasive modality 

found in recent literature that can provide an indicator of IFP uses dynamic contrast MRI 

to measure velocity of fluid flow on tumor surface (Hassid, et al. 2006, Hompland, et al. 

2012). Investigation of relationship between the temporal behavior of EPR and IFP may 
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encourage future research in the use of US poroelastography techniques for non-invasive 

assessment of underlying fluid pressure. 

Hypothesis 

I hypothesize that new ultrasound elastography techniques can be used to assess 

effective Poisson’s ratio of poroelastic materials with high contrast-to-noise ratio and 

accuracy. I further hypothesize that images and measurements of the local effective 

Poisson’s ratio of poroelastic tissues obtained via ultrasound elastography techniques are 

correlated with changes of the underlying tissue’s interstitial fluid pressure (IFP) 

distribution. The following aims are included in this investigation: 

1) Develop and test a new class of poroelastic phantoms with tunable

echogenicity and poroelastic properties. 

2) Design and test a new ultrasound elastography method to measure the

Effective Poisson’s Ratio (EPR) in poroelastic tissues with high signal-to-noise 

ratio, contrast-to-noise ratio and accuracy  

3) Investigate the relationship between EPR and underlying pore pressure in

poroelastic phantoms and tissues. 
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2. A NEW CLASS OF PHANTOM MATERIALS FOR POROELASTOGRAPHY

IMAGING TECHNIQUES
*

Introduction 

Ultrasound elastography is an established imaging modality used to map the local strains 

of a soft tissue under quasi-static compression (Ophir, et al. 1999, Ophir, et al. 1991). 

The technique has been used to image tumors on the basis of their elastic properties in 

vivo (Hiltawsky, et al. 2001, Lorenz, et al. 2000, Zhi, et al. 2007). Poroelastography is a 

branch of ultrasound elasticity imaging that deals with tissues that can be modelled as 

porous material such as breast, brain, prostate, liver, cartilage, muscle etc. (Konofagou, 

et al. 2001, Leiderman, et al. 2006, Nair, et al. 2014, Raffaella, et al. 2007, Raffaella, et 

al. 2007, Righetti, et al. 2004). The basis at the development of poroelastography is that 

fluid content and transport mechanisms within a tissue can be altered by pathological 

conditions (Berry, et al. 2006, Konofagou, et al. 2001, Leiderman, et al. 2006, Raffaella, 

et al. 2007).  For example, most tumors are known to possess fluid transport properties 

that are different from normal tissue (Jain 1994, Lunt, et al. 2008, Milosevic, et al. 2001, 

Milosevic, et al. 2008, Netti, et al. 1995, Stapleton and Milosevic 2013). These changes 

can be estimated by subjecting the tissue to a small compression and observing the time-

dependent mechanical response (Nair, et al. 2011, Righetti, et al. 2011). Assessment of 

* Reprinted with permission from “A new class of phantom materials for

poroelastography imaging techniques” by “Chaudhry A, Yazdi IK, Kongari R, Tasciotti

E, Righetti R”, ultrasound in medicine and biology, Vol 42, Issue 5, pg 1230-1238.

Copyright (2016) by Elseivier.
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this temporal response may aid in the diagnosis and treatment of many diseases such as 

lymphedema and cancers (Mridha and Odman 1986, Qiu, et al. 2008).   

Poroelastography techniques aim at imaging the axial strain distribution and/or the 

effective Poisson’s ratio (EPR) distribution and their temporal evolutions experienced by 

a tissue under sustained compression (Chaudhry, et al. 2013, Nair, et al. 2014, Raffaella, 

et al. 2007). During sustained loading, solid matrix deformation and fluid translocation 

occur in the poroelastic tissue due to established pressure gradients (Detournay and 

Cheng 1993, Wang 2000), causing changes in the spatial and temporal distribution of the 

axial strain and the EPR experienced by the tissue (Chaudhry, et al. 2013, Righetti, et al. 

2004).  

One of the major challenges in the field of temporal elastographic imaging has been the 

lack of controlled phantoms that could be used to help validate the experimental results 

in a variety of conditions. Gelatin-based phantoms have been the most common choice 

of materials for controlled experimental elastographic studies. Gelatin-based phantoms 

are typically very simplistic and do not exhibit significant temporal behavior. In fact, 

even though they contain a relatively large amount of water, this water is bounded and 

not free to move during compression. More recently, tofu has been proposed for 

poroelastographic controlled experiments (Nair, et al. 2014, Nair, et al. 2011, Righetti, et 

al. 2005). It has been shown that tofu possesses mechanical and ultrasonic properties 

similar to those of soft tissues, is inexpensive and easily accessible(Wu 2001). However, 

there is a large variability between different brands and types of tofu. In addition, being a 
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commercial product, it is not possible to alter its mechanical properties to investigate 

more realistic experimental situations. The construction of complex in-homogenous 

elastographic phantoms using tofu materials, for e.g. fully connected multi-inclusion or 

multi-layer phantoms, is very challenging and hard to standardize. As a result, up to 

now, tofu has been almost exclusively used for controlled experiments involving 

homogenous and simplistic phantoms. In this study, we propose the use of 

polyacrylamide gel as a new tissue mimicking phantom for poroelastography studies. 

This material can be used to construct homogeneous and non-homogeneous phantoms 

that are easy to reproduce and exhibit a range of tunable mechanical and temporal 

properties. 

Polyacrylamide gels are commonly used in the electrophoresis to separate protein, DNA 

and other molecules (Blattler, et al. 1972, Chrambach and Rodbard 1971, Raymond and 

Wang 1960, Tombs 1965). These gels are prepared by free radical polymerization of 

acrylamide (T) and a crosslinker such as bis-acrylamide (C). Polymerization is initiated 

by ammonium persulfate (APS) with tetramethylethylenediamine (TEMED) as the 

catalyst (Chrambach and Rodbard 1971, Holmes and Stellwagen 1991). The major 

advantage of using polyacrylamide gel for poroelastic applications is that their pore size 

and hence the fluid mobility can be altered by either changing the percentage of 

acrylamide and/or the crosslinker i.e. bis-acrylamide (Blattler, et al. 1972, Chrambach 

and Rodbard 1971, Holmes and Stellwagen 1991, Raymond and Wang 1960, Tombs 

1965). Higher concentrations of %T generate phantoms with smaller pore size but 

increases the stiffness of the gel (Boudou, et al. 2006, Tse and Engler 2010). Higher %C 
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also reduces the pore size with minimal changes in stiffness. Smallest pore sizes were 

found to be at 5% and 10%C (Holmes and Stellwagen 1991). Polyacrylamide gels on 

their own do not possess any echogenicity and hence cannot be for ultrasound 

applications (Kawabata, et al. 2004). Agar has been used to provide echogenicity in 

commonly used gelatin-agar elastography phantoms (Hall, et al. 1997, Kallel, et al. 

2001, Madsen, et al. 2005). A review of previous literature on the acoustic properties 

such as speed of sound, impedance and attenuation of polyacrylamide materials is 

reported in Table 1. These numbers are comparable to those of human soft tissues such 

as skin, breast, liver, kidney, muscle and also to that of the gelatin-agar phantoms 

traditionally used as a tissue mimicking material for quasi-static ultrasound elastography 

studies (Bamber and Hill 1979, Bamber 2007, Culjat, et al. 2010, Duck 2013, Hall, et al. 

1997, Kallel, et al. 2001, Zell, et al. 2007). Due to their ultrasonic properties, 

polyacrylamide gels have also been used as a tissue mimicking phantom for focused 

ultrasound experiments (Choi, et al. 2013, Lafon, et al. 2001, Takegami, et al. 2004). 

Recent studies have also shown that temporal behavior of hydrated polyacrylamide gels 

are mainly related to their poroelastic properties (Galli, et al. 2009, Kalcioglu, et al. 

2012). Their use in tissue engineering has increased interest in the last few years with 

studies showing their use for tissue filling in facial reconstruction (von Buelow, et al. 

2005) and also as a replacement tissue for human cartilage (Li, et al. 2011). 
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Reference Speed of 

sound (m/s) 

Density 

(gm/ml) 

Impedance 

(MRayl) 

Attenuation 

(dB/cm) 

Method used 

(Zell, et al. 

2007) 

1580±50 1.09±0.00

9 

1.73±0.08 0.7±0.1 Insertion technique 

(Bamber 2007) 

(Kharine, 

et al. 2003) 

1580±30 1.07±0.02 1.71±0.06 0.7±0.1 Insertion technique 

(Bamber 2007) 

(Prokop, et 

al. 2003) 

1546-1595 1.02 – 

1.05 

1.58 – 

1.68 

0.5±0.1 Pulse transmission 

technique (Madsen and 

Frank 1999) 

Table 1: Acoustic properties and density of polyacrylamide gel. 

Materials and methods 

Acrylamide (40% v/v), bisacrylamide (2% v/v), ammonium persulfate (APS) and 

Tetramethylethylenediamine (TEMED) were used for the synthesis of the 

polyacrylamide gel. The reagents were purchased from Bio-rad laboratories, CA. Agar 

(Sigma-Aldrich, MO, USA) was used to add echogenicity in all phantoms (Kallel, et al. 

2001). 

The following procedure was used for preparing the polyacrylamide gels: 

1) 5% Acrylamide (T) and the desired bis-acrylamide (C) solutions were

mixed together with water in a container. To be consistent with existing 
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literature, the bis-acrylamide % was calculated as a ratio of bis to total 

acrylamide solution given by 

%𝐶 =
𝐶𝑚𝑙

𝐶𝑚𝑙+𝑇𝑚𝑙
∗ 100   .....................................................................   (1)

This concentration of bis-acrylamide was varied between 1% and 5% to make 

poroelastic phantoms of different pore sizes. 

2) 3% agar was added to all phantoms. Agar was mixed with water and

boiled separately till it dissolved. The mixture was degassed by stirring it for 5-

10 minutes and then allowed to cool down to about 40 ⁰C before mixing it with 

the acrylamide solution. 

3) 0.1% of APS and 0.1% of TEMED were used as initiator and catalyst

respectively to start the polymerization process. 

4) The resulting solution (500ml) was poured in a 6 X 6X 6 cm
3
 mold and

aged overnight for the completion of polymerization. 

Two kinds of phantoms were created, homogenous phantoms with varying %C and 

phantoms with an inclusion. Four homogenous phantoms were created with 1%, 3%, 4% 

and 5% C respectively. For the inclusion phantoms, a cylinder of 1.5 cm diameter was 

created along one of the dimensions of the homogenous phantom. Polyacrylamide gel 

solution of desired %C was then poured into this cylindrical mold to create the inclusion. 

Three inclusion phantoms were made with chosen %C as detailed in Table 2. After the 

phantoms were polymerized, they were submerged in water for 48 hours for complete 

hydration. Selected results were compared to those obtained from a standard agar gelatin 

phantom under the same testing conditions.  Agar gelatin phantoms are traditionally used 
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in quasi-static elastography. The gelatin phantom was prepared using 5% gelatin and 3% 

agar following the procedure given by (Kallel, et al. 2001). 

Case a b c 

%C background 1 1 5 

%C inclusion 5 3 1 

Table 2: %C of inclusion and background of non-homogenous phantoms. 

All elastography experiments were performed using our Ultrasonix RP (Richmond, 

Canada) linear array scanner, which operates at a 6.6 MHz center frequency, 50% 

fractional bandwidth with 1mm beamwidth (Nair, et al. 2014). The polyacrylamide 

phantoms were subjected to creep compression for 600 s with an acquisition frame rate 

of 1 frame/s.  A constant axial load of about 0.5 N was applied, which lead to 1-5% axial 

strains (Chaudhry, et al. 2013, Nair, et al. 2011). Axial and lateral displacements were 

calculated from two consecutive RF frames using cross-correlation techniques (Ophir, et 

al. 1996). The length of correlation window for both pre- and stretched post-compression 

RF signal was chosen as 1.5mm with 80% overlap between consecutive windows 

(Varghese and Ophir 1997). Axial and lateral strains were then computed using 

staggered strain estimation (SSE)(Srinivasan, et al. 2002). Axial strain time constant 

(TC) images were generated from the time series of axial strains using the Levenberg-

Marquardt (LM) method (Nair, et al. 2011). To have a general idea of the image quality 
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of the proposed phantoms, commonly used elastographic image quality parameters 

namely the signal to noise ratio (SNRe) and the contrast to noise ratio (CNRe) were 

computed as previously documented in literature (Chaudhry, et al. 2013, Srinivasan, et 

al. 2003). Paired t-test analysis was performed to statistically analyze the estimated time 

constant measurements within a 30 pixel x 30 pixel ROI, which was chosen around the 

center of the image to avoid boundary condition effects. 

In selected phantoms, the pore size and distribution were independently validated using 

Scanning Electron Microscopy (SEM)(Stokols and Tuszynski 2006, Tang, et al. 2004). 

For the SEM measurements, the polymerized gels were freeze-dried using a lyophilizer 

(Freezone 4.5, Labconco Corp., Kansas City, MO, USA) after freezing at −80°C 

overnight. Samples were mounted on aluminum stub using conductive adhesive tape and 

sputter coated with a 10 nm layer of platinum using a high resolution sputter coater high 

resolution sputter coater (Cressington 208HR, Cressington Scientific Instruments Ltd, 

UK). SEM was performed under high vacuum using a FEI Nova NanoSEM 230 (FEI 

Company, Hillsboro, Oregon, USA) at a voltage of 10 kV and spot size 3.0 under 

working distance of 5 mm (Murphy, et al. 2011). To have an idea of the overall stiffness 

of the gels, an Aixplorer®SuperSonic Imagine system (Aix-en-Provence, France) with a 

3.5 MHz probe (SC6-1, SuperSonic Imagine) was used. The elastic modulus 

measurements were obtained in selected areas of the phantoms while the phantoms were 

fully hydrated and in equilibrium conditions (undrained, no fluid flow, no applied 

compression). 
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Results 

Figure 2.1 shows selected SEM images of homogenous polyacrylamide-agar phantoms 

with different percentages of crosslinker (C). Note that the pore size decreases as the 

concentration of C is increased from 1% to 5% keeping percentage of monomer (T) and 

agar constant at 5% and 3% respectively. This change in pore size is similar to that 

observed in (Holmes and Stellwagen 1991). 

Figure 2.1: SEM images of homogeneous phantoms with (a) 1%C (b) 3%C (c) 4%C and 

(d) 5% C.

Table 3 shows the estimated elastic modulus in selected phantoms. It can be seen that the 

change in undrained elastic modulus is nominal with change in C, with increasing values 
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as the concentration of crosslinker increases. These measurements show that the elastic 

modulus of the proposed phantoms is within the range of human tissues and other 

phantom materials used for standard elastography measurements (Gao, et al. 1996, 

Ophir, et al. 1999). 

Table 3: Estimated elastic modulus of homogeneous polyacrylamide-agar gels with 

different %C. 

Figure 2.2 shows axial strain poroelastograms obtained for the four different 

homogenous phantoms. Due to higher fluid mobility, the phantoms with larger pore size 

(top row) drain faster than the ones with smaller pore size. As a result the phantom with 

1%C reaches equilibrium faster than the others while the one with 5%C is the one that 

takes the longest to reach equilibrium.  Figure 2.3 shows the corresponding estimated 

mean time constants from the axial strain temporal data. It can be seen that the mean 

time constant increases with a decrease in pore size. .  Figure 2.3 shows the 

corresponding estimated mean time constants from the axial strain temporal data. It can 

be seen that the mean time constant increases with a decrease in pore size. 
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Figure 2.2: Axial strain poroelastograms of polyacrylamide-agar gels with (a) 1%C (b) 

3%C (c) 4%C (d) 5%C. A 3x3 median filter was applied to the images for the purpose of 

illustration. 
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Figure 2.3: Estimated mean axial strain time constant (TC) measurements obtained from 

the homogeneous phantoms using axial strain data. 

Figure 2.4 shows the axial strain poroelastograms obtained from the inclusion phantoms. 

The poroelastograms suggest different rate of changes for inclusion and background as 

the percentage of crosslinker is varied. As for the homogenous case, the strain increase 

in the background is much faster than in the inclusion for the first two cases where the 

background is more permeable than the inclusion. However for the third case (c) in 

which the background is less permeable (5%C) than the inclusion (1%C), there is no 

change between the two. In these cases, the inclusion is barely visible in the axial-strain 

images.  
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Figure 2.4: Axial strain poroelastograms obtained from three different polyacrylamide-

agar phantoms with inclusion corresponding to the cases a, b and c given in Table 2. 

These visual observations are confirmed by the estimated axial strain time constants 

reported in Table 4.  These findings experimentally confirm some of our earlier 

simulation results (Chaudhry, et al. 2013). The measured SNRe was in the range of 9dB 

- 23dB in the uniform polyacrylamide gels, and the measured CNRe was in the range of

6dB - 20dB in the polyacrylamide gels with inclusion. These values are within the 

typical range of image quality elastographic measurements  (Srinivasan, et al. 2003). 
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Inclusion Phantoms Mean Axial Strain TC [s] 

Background Region 

Mean Axial Strain TC [s] 

Inclusion Region 

Case a 210 ± 10 680 ± 26 

Case b 212 ± 7 376 ± 11 

Case c 471 ± 21 484 ± 24 

Table 4: Estimated time constant (TC) values for inclusion phantoms with %C given by 

table 2.  

Figure 2.5 shows a set of axial strain poroelastograms obtained from a 3% C 

polyacrylamide gel (top row) and a standard agar gelatin phantom (bottom row) under 

the same testing conditions.  No statistically significant temporal changes are observable 

in the poroelastogram of the gelatin phantom, which explains the reason why this type of 

phantoms is not suitable for temporal elastography studies. Figure 2.6 shows the post-

compression axial strain (mean) vs time in the two phantoms, confirming the results 

shown in figure 2.5. 
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Figure 2.5: Axial strain poroelastograms of (a) polyacrylamide gel phantom made with 

3% C and (b) gelatin phantom prepared with 5% gelatin and 3% agar.  

Figure 2.6: Mean axial strain vs time comparison of polyacrylamide gel and gelatin 

phantom. 
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Discussion 

In this paper, we report a new method to produce phantoms for poroelastography and, in 

general, temporal elastography imaging techniques in a reliable and controllable manner 

and with simple and inexpensive tools. Up to now, only very simplistic phantoms made 

out of gelatin or tofu has been used for these applications. We believe that the 

availability of the phantoms described in this paper may open the way to new and 

advanced controlled experimental studies involving these new elastography techniques 

and, in general, help moving the temporal elastography imaging field toward more 

clinically relevant yet controlled applications.  

The newly proposed phantoms are made out of polyacrylamide gel, which has been used 

extensively in several applications but has not been investigated for temporal 

elastography studies yet. Being polymerized the gels created by this process have the 

advantage of being more stable than previously used phantoms in elastography such as 

gelatin and tofu(Bu-Lin, et al. 2008, Caulfield, et al. 2003, Kawabata, et al. 2004). The 

materials used are easy to retrieve and can be simply manipulated to create phantoms of 

complex geometries and fluid flow patterns with high reproducibility (Blattler, et al. 

1972, Zakharov, et al. 1996). SEM imaging has been used to evaluate the pore size of 

the generated phantoms and its variation with the percentage of crosslinker. The SEM 

images show a significant decrease in pore sizes as the percentage of crosslinker is 

increased between 1% and 5%. These values were chosen based on previous studies, 

which noted that the smallest pore sizes were observed for a 5% concentration of cross-
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linker and that the pore sizes and fluid mobility  increased as this concentration was 

decreased (Holmes and Stellwagen 1991). Pore sizes also decrease with an increase of 

the acrylamide concentration i.e. monomer (T) (Blattler, et al. 1972, Holmes and 

Stellwagen 1991, Tombs 1965). For this study, we chose the concentration of T to be 5% 

so that the stiffness of the phantoms would be in the range of human tissues.  However, a 

wide range of stiffness values can be obtained by varying the percentage of T between 1-

20% (Baselga, et al. 1987, Galli, et al. 2009). In addition to similar mechanical 

properties, the addition of agar to the polyacrylamide mix allows to obtain phantoms 

with echogenicity properties similar to those used for standard ultrasound elastography 

experiments (Kallel et al., 1996). 

The axial strain poroelastograms obtained from the polyacrylamide gels show that the 

temporal mechanical behavior of the phantoms due to fluid flow. In general, their 

temporal elastographic behavior changes with a change in pore size since this alters the 

fluid flow properties and permeability (White 1960). Figure 2.3 documents the axial 

strain time constants of the homogenous phantoms. Each individual concentration of 

crosslinker produced a statistically different (p<0.05) axial strain time constant. The 

axial strain time constant increases as the %C increases showing reduced fluid mobility. 

This change, however, is not linear with respect to the pore size as also confirmed by 

previous literature (Holmes and Stellwagen 1991). This non-linear dependence was also 

already observed by our group using simulation models (Chaudhry 2010, Chaudhry, et 

al. 2013). In the case of the non-homogenous phantoms, the axial strains in the inclusion 

and in the background change at statistically different rates due to difference in 
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permeability (p<0.05). In the cases where the background is more permeable than the 

inclusion, the axial strain time constants change significantly with changes in the 

percentage of the cross-linker. However, in the case where the background has smaller 

pore sizes than the inclusion, there is no statistical difference (p<0.05) between the axial 

strain time constants. This is due to a fundamental limitation of poroelastography 

techniques, defined as the contrast transfer efficiency for poroelastography (Chaudhry, et 

al. 2013, Kallel, et al. 1996, Ponnekanti, et al. 1995). The slower fluid flow in the 

background dictates the fluid flow rate in the inclusion. Hence, even though there is an 

underlying mechanical contrast in permeability, this cannot be measured using axial 

strain poroelastography. It can also be noted that the axial strain time constant of the 

inclusion in the non-homogenous phantom is significantly higher than the axial strain 

time constant measured in the homogenous phantoms having same %C. This is due to 

the different boundary conditions (the homogenous phantom has free boundaries on the 

sides while the inclusion is surrounded by the background) and is consistent with 

previous observations (Chaudhry 2010, Chaudhry, et al. 2013). Figures 2.5 and 2.6 show 

the comparison between the poroelastographic behavior overserved for a  

polyacrylamide gel phantom and the poroelastic behavior for a standard agar gelatin 

phantom. Although agar gelatin phantoms contain a significant amount of water, this 

water is bounded and cannot freely exude or move during compression. Since no change 

of volume occurs under compression, gelatin phantoms are typically not considered as 

poroelastic.  The axial strain data reported in figures 2.5 and 2.6 confirm that very little 

axial strain temporal changes occur in agar gelatin phantoms under compression.  A 
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direct comparison with the temporal data reported for the polyacrylamide gels in the 

same figures (and in the rest of this article) demonstrates the need and advantage of 

using these novel poroelastography phantoms for temporal elastography studies.  

Conclusion 

In this paper, we present a novel methodology to generate homogeneous and 

inhomogeneous phantoms for ultrasound poroelastography. We show that it is possible 

to create tissue-mimicking phantoms with controlled pore size and fluid mobility using 

polyacrylamide gels while maintaining similar mechanical and ultrasonic properties as 

those of phantoms used for standard elastography experiments. In addition to 

poroelastography, this new class of phantoms may be useful to test different temporal 

elastography techniques and applications.   
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3. FEASIBILITY OF ESTIMATING POISSON’S RATIO IN NON-HOMOGENOUS

POROUS MEDIA USING TWO ULTRASOUND TRANSDUCERS 

Introduction 

Most biological tissues such as cartilage, brain, liver, kidney, breast and prostate have 

high fluid content and are poroelastic in nature tissues (Abbott 2004, Fatt 1968, Jain 

1994, Jurvelin, et al. 1997, Mow, et al. 1984, Van Houten, et al. 2003). A poroelastic 

material is defined as a bi-phasic material in which at least one of the phases is solid 

(Wang 2000). For tissues the two phases consist of the solid interstitial matrix while the 

interstitial fluid makes up the fluid phase(Armstrong, et al. 1984). Ultrasound 

elastography imaging is a well-established technique which has been shown to reliably 

map tissue stiffness (Ophir, et al. 1999, Ophir, et al. 1991). Poroelastography is a branch 

of ultrasound elastography which aims at assessing the poroelastic properties of tissues 

(Berry, et al. 2006, Konofagou, et al. 2001, Raffaella, et al. 2007). The hypothesis of 

poroelastography is that underlying pathology such as cancer alters the underlying fluid 

flow properties which alter the poroelastic response of the tissue under compression 

(Righetti, et al. 2004). Most cancers such as that of the breast, neck, prostate, liver are 

known to possess altered fluid transport due to collapse of the interstitial matrix, cellular 

deposition, leaky microvasculature and weak lymphatic drainage (Boucher, et al. 1991, 

Boucher, et al. 1997, Gutmann, et al. 1992, Hassid, et al. 2006, Heldin, et al. 2004, Jain 

1987, Nathanson and Nelson 1994, Roh, et al. 1991). These mechanisms lead to high 
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interstitial fluid pressure and lower interstitial permeability of the tumor tissue. (Heldin, 

et al. 2004) 

Poroelastography techniques aim at assessing the poroelastic response of a tissue by 

observing the spatial and temporal behavior of axial strains and ‘effective’ Poisson’s 

ratio (EPR) on compression (Righetti, et al. 2005).  The EPR image is obtained as the 

ratio between the lateral strain elastogram and the corresponding axial strain elastogram 

(Righetti, et al. 2004). A poroelastic material by definition is compressible, i.e. it allows 

fluid movement and change in volume upon compression. These mechanisms cause a 

change in the spatial and temporal behavior of EPR, which is an important parameter 

because it is related to true changes in volume of the material due to fluid flow rather 

than viscoelastic changes.  However, the image quality of EPR elastogram is limited by 

of the poor quality of standard lateral strain elastography (Kallel, et al. 1997, Konofagou 

and Ophir 1998, Lubinski, et al. 1996). To improve the quality of lateral strain 

elastography and EPR, some studies have implemented advanced filtering techniques 

combined with spatial, temporal and multi-experiment averaging (Raffaella, et al. 2007, 

Righetti, et al. 2005). Experimentally averaging is not just difficult it is highly time 

consuming. Also experimental conditions including motion of subject, fluid content etc. 

may change between experiments.  These limitations make the technique unfavorable for 

clinical applications. Recently a technique that employs two transducers  was proposed 

to improve 2D axial displacement estimation by improving lateral tracking (Abeysekera, 

et al. 2012). The study showed the feasibility of improving lateral tracking using two 

transducers instead of one for quasi-static elastography of linearly elastic materials. 
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However it did not address its implications to the field of poroelasticty imaging. In this 

study we explore the feasibility of using a two transducer technique to image the EPR in 

a single experiment with high image quality and reliability.  

Materials and methods 

Finite element simulations 

To test the feasibility of the study  finite element analysis (FEA) similar to that used in 

(Chaudhry, et al. 2013) was performed.  Specifically a tumor model with different fluid 

flow properties between the inclusion and background was simulated. We used a 40x40 

mm 2D rectangular domain with a circular inclusion of 15mm diameter embedded in the 

center.  Baseline material properties were chosen in the range of human tissues on the 

basis of that reported previously in literature (Chaudhry, et al. 2013, Nair, et al. 2011, 

Netti, et al. 2000, Righetti, et al. 2005). Young’s modulus and Poisson’s ratio were fixed 

at 1.74 kPa and 0.25 respectively. To vary the fluid flow, permeability was varied 

between the background and the inclusion as listed in table 1. Creep compression was 

simulated between two impervious plates for 600 seconds. To emulate the experimental 

conditions axial and lateral displacements were generated at every 0.5 second time 

points. There parameters were chosen based on previous studies conducted in our lab 

(Nair, et al. 2014, Nair, et al. 2011). Pre and post compression ultrasound RF data was 

simulated using a convolution model (Chaudhry 2010, Kallel and Bertrand 1996, Kallel, 

et al. 2001). The simulated ultrasound transducer had 128 elements, frequency 

bandwidth between 5-14 MHz, a 6.6 MHz center frequency and 50% fractional 
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bandwidth at -6 dB.  The transducer’s beam-width was assumed to be dependent on the 

wavelength and to be approximately 1 mm at 6.6 MHz (Kallel, et al. 2001).  The 

sampling frequency was set at 40 MHz and Gaussian white noise was added to set the 

SNRs at 40db. Axial strains were computed for both transducers at each time sample 

using cross-correlation based elastography algorithm (Ophir, et al. 1996, Raffaella, et al. 

2007). The length of the correlation window, both for the pre- and post-compression 

signals, was fixed at 1.5 mm with an 80% overlap between adjacent windows. 

Contrast Permeability Inclusion k 

(m
4
/N.s)

Permeability background k 

(m
4
/N.s)

10 dB 1.95 x 10
-9

1.95 x 10
-8

20 dB 1.95 x 10
-10

1.95 x 10
-8

25 dB 9.75 x 10
-10

1.95 x 10
-8

30 dB 1.95 x 10
-11

1.95 x 10
-8

Table 5: Permeability values used for inclusion back background material for given 

contrast.  

Experimental setup 

Three non-homogenous phantoms were created using tofu (Banyan foods, Houston, TX) 

with a gelatin inclusion embedded in it. These phantom materials were used to be 
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consistent with  previous poroelastography studies (Righetti, et al. 2004). The size of the 

tofu was 6cm x 6cm x 6cm with a cylindrical gelatin inclusion of 15 mm diameter.  The 

gelatin inclusion was created by mixing 5% porcine gelatin (Sigma-Aldrich, USA) with 

3% agar (Sigma-Aldrich, USA) as in (Kallel, et al. 2001). Figure 3.1 shows the 

experimental setup used in the study. The phantom was compressed between the two 

plates using creep compression for 600 seconds (Nair, et al. 2011). Elastography 

experiments were performed using two 128 elements Ultrasonix RP (Richmond, 

Canada) linear array scanner with 1mm beam width, 50% fractional bandwidth and 6.6 

MHz center frequency. Firing of both the transducers at the same time led to acoustic 

interference of ultrasound pressure waves scanning the same plane. To avoid this noise 

ultrasound RF data was acquired alternatively by the axial and lateral transducers with a 

time difference of 0.5 seconds between the acquisitions. Axial strains were computed for 

both transducers at each time sample using cross-correlation based elastography 

algorithm (Raffaella, et al. 2007). The length of the correlation window, both for the pre- 

and post-compression signals, was fixed at 1.5 mm with an 80% overlap between 

adjacent windows.  Experiments were carried out under water to maintain good 

ultrasonic connectivity between the phantom and the lateral transducer. Strain images 

from the two transducers were computed in the same way as for the simulation data. To 

reduce de-correlation noise axial strains at each time point were computed as a 

cumulative sum up to that point (Righetti, et al. 2005). 
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Figure 3.1: Experimental setup used for the two-transducer technique. 

Estimation of EPR poroelastogram 

For reliable estimation of EPR the two transducers should scan the same image plan and 

should be orthogonal to each other.  To address these constraints the transducers were 

manually calibrated using an image based calibration technique. A rectangular 

calibration phantom (40mm x 20mm x 1mm) as shown in figure 3.2 was 3D printed 

from ABS plastic.  Two B mode images from each transducer were obtained and the 

specular reflection from the two orthogonal edges was segmented out and their angle 

with respect to each other was calculated.  By mechanically adjusting the two 
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transducers we were able to reduce the error to less than 0.1°.Image registration was 

performed using a feature based segmentation technique. The inclusion was segmented 

in each temporal frame using thresholding and morphological reconstruction. 

Figure 3.2: The calibration phantom used to calibrate the axial and lateral transducers. 

The centroid of the inclusion was then found and used as an input to affine 

transformation which rotated and translated the lateral strain image to the co-ordinates of 

the axial (Lamdan, et al. 1988). The EPR image was then estimated by dividing the 

registered lateral strain image by the axial.  The EPR poroelastogram was displayed as 

time-sequenced images of EPR (Righetti, et al. 2005). 
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Image quality analysis

To analyze the simulated poroelastograms we used two parameters than have been 

previously used in elastography studies- the elastographic contrast to noise ratio (CNRe) 

and the mean absolute error (MAE). The EPR CNRe has been defined as (Raffaella, et 

al. 2007). 

𝑃𝐶𝑁𝑅𝑒 =
2 (𝜈𝑡 − 𝜈𝑏)2

𝜎𝑡
2 + 𝜎𝑏

2   ............................................................................................... (2) 

Where 𝜈𝑡  is the estimated EPR of the inclusion and 𝜈𝑏  is the estimated EPR of the 

background and σt and σb are the corresponding standard deviations. 

The MAE provides an assessment of the accuracy of estimation as compared to the 

expected or true value. The lower the MAE the higher the accuracy. MAE is 

mathematically defined as: 

𝑀𝐴𝐸 (%) =
1

𝑥𝑦
𝛴

abs(EPRe(xi,yj)−FEA(xi,yj))

FEM(xi,yj)
 x 100  ................................................... (3) 

Where EPRe is the estimated EPR and FEA and is true or actual value of EPR.  We used 

CNRe and MAE to compare the performance of the two-transducer (TT) elastography 

technique with that of a single transducer, multi-experiment averaging (MEA), and that 

obtained from the true value in FEA. 
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Results 

To evaluate the performance of the two transducer technique we compared the estimated 

two-transducer EPR poroelastograms with that generated from FEA (true value), single 

transducer implementation and single transducer with 30 independent experiment 

averaging. Figure 3.3 shows the corresponding poroelastograms for a 25 dB permeability 

contrast between the inclusion and background. It can be seen that the two transducer 

technique has the closest resemblance to the FEA results, followed by the multi 

experiment averaging technique.  To analyze these observations we compared the 

temporal EPR CNRe and MAE of these cases as shown in figure 3.4 and figure 3.5 

respectively. The estimated CNRe was lowest for the single transducer implementation 

and highest for the ones estimated from FEA. 
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Figure 3.3: EPR poroelastograms for a 25 dB permeability contrast generated by (a) 

FEA (b) Single transducer (c) Single transducer with 30 experiment averaging and (d) 

two-transducer method. For the purpose of illustration, a 5 x 5 pixels median filter was 

applied to each image. 

The two transducer technique had a higher CNRe than the previously used multi-

experiment averaging method. Similar results were observed for the MAE plots. The 

MAE of the single transducer method was the highest followed by the multi-averaging 

version. The MAE of dual transducer FEA shows the error included by the 0.5 s 

sampling gap between the lateral and axial acquisitions. 
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Figure 3.4: EPR CNRe comparison between the two-transducer, FEM, Single transducer 

3with multi-experiment averaging (MEA) and single transducer with no averaging. 

Figure 3.6 shows the EPR poroelastograms with different permeability contrast between 

the inclusion and background.  A contrast in the underlying permeability creates a 

contrast in the corresponding poroelastograms. Figure 3.7 shows the EPRCNRe for the 

two transducer poroelastograms with different contrast between the inclusion and the 

background. It can be observed that both the peak and temporal behavior of EPRCNRe 

varies with underlying permeability contrast. 
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Figure 3.5: Mean absolute error (MAE) comparison between the two-transducer FEA, 

Single transducer multi- experiment averaging (MEA), single transducer with no 

averaging and two-transducer elastography technique 

Figure 3.8 depicts the EPR poroelastogram generated from the tofu-gelatin phantom. It 

can be observed that there is minimal temporal change in the EPR of the gelatin 

inclusion while the EPR of the tofu material decreases from 0.5 to its equilibrium value 

of around 0.2.  In figure 3.9 the mean and standard deviations of the estimated EPR are 

presented with time. 
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Figure 3.6: EPR poroelastograms obtained using the two-transducer method for (a) 30 

dB (b) 25 dB (c) 20 dB and (d) 10 dB contrast between the inclusion and background. 

For the purpose of illustration, a 5 x 5 pixels median filter was applied to each image. 
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Figure 3.7: EPR CNRe plot for the two-transducer elastography technique for different 

contrast between the background and inclusion.  

Discussion 

Most cancers have altered pore structure which alters their ability to change volume 

upon compression. Poroelastography techniques aim to assess these altered fluid 

transport mechanisms by observing the temporal behavior of EPR upon compression. 

The EPR is calculated by dividing the lateral strain elastogram by the corresponding 

axial strain. However reliable estimation of EPR is currently very difficult due to the 

known limitations in estimation of lateral strains (Lubinski, et al. 1996). These 

limitations stem from the ultrasound transducer itself which has restriction on the 
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number and size of elements which limit the number of samples/mm in the lateral 

direction as compared to axial. Previous techniques to improve lateral strain 

elastography include increasing the number of samples by using weighted interpolation 

and/or reducing the noise by temporal averaging and averaging independent 

experiments. All of these techniques have shown promising improvement however have 

inherent limitations. They are also based on interpolation/averaging of the limited lateral 

data and do not add any new information. In this study we propose the use of a second 

transducer to image the lateral strain caused due to the compression in the axial 

direction. By doing so we can estimate the lateral strains with high image quality and 

reliability. The division of two axial strains can result in reliable estimation of EPR in a 

single acquisition. 

Figure 3.8: EPR poroelastogram obtained from the tofu-gelatin inclusion phantom using 

the two-transducer technique. For the purpose of illustration, a 5 x 5 pixels median filter 

was applied to each image. 
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In figures 3.3-3.5 we compare the performance of the two-transducer technique with the 

multi-experiment averaging technique used previously in poroelastography 

studies(Raffaella, et al. 2007, Righetti, et al. 2005). The poroelastograms from the two-

transducer technique show that there is a clear visual improvement in image quality 

between the two. The images from the two-transducer poroelastograms also closely 

resemble to that simulated by FEA. These visual observations were quantitatively 

analyzed and reported in the EPR CNRe and MAE plots. The peak EPR CNRe of the TT 

technique was 1.9 times higher and the peak MAE was 1.94 times lower than the multi-

experiment averaging technique. The poroelastograms and the image quality analysis 

clearly indicate that the two transducer technique has superior performance over the 

currently available estimation methods.  

Figure 3.9: Mean estimated EPR with time. 
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Figure 3.6 shows the TT-EPR poroelastograms with different contrast of permeability 

between the inclusion and background. It can be observed that a contrast in the 

underlying permeability creates a contrast in the corresponding poroelastograms which 

changes with simulated contrast. For lower values of permeability of the inclusion (i.e. 

higher contrast), the inclusion EPR takes longer to reach its equilibrium value. These 

results confirm the ones observed in (Chaudhry 2010, Chaudhry, et al. 2013, Righetti, et 

al. 2004). Figure 3.7 documents the EPR CNRe obtained from the poroelastograms 

reported in figure 3.6. It can be seen that the peak CNRe value increases with contrast. 

Also with increasing contrast the inclusion takes longer to reach its equilibrium value 

which is also reflected in the corresponding EPR CNRe graphs.  

Figure 3.8 depicts the EPR poroelastogram obtained by experimental implementation of 

the two-transducer technique. As expected from previous studies the experimental 

images are noisier than simulations (Righetti, et al. 2005, Righetti, et al. 2004).  Both 

tofu and the gelatin in the inclusion behave as nearly incompressible materials and have 

an EPR around 0.5 initially (Armstrong, et al. 1984). However with time after 

compression, tofu drains out water, loses volume and its EPR reduces towards its 

equilibrium value. The EPR of the gelatin inclusion can be seen to be nearly constant at 

0.5. This is because even though the gelatin consisted of over 80% water, the fluid phase 

was not able to move with respect to the solid matrix making it incompressible. These 

results confirm the ones observed in (Righetti, et al. 2004). Figure 3.9 shows the 

temporal curves of the mean estimated EPR in both the inclusion and the background. It 
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can be observed that the EPR in the background decays exponentially with time whereas 

there is minimal linear change in the EPR of the inclusion. 

The current experimental setup has some limitations and it is not ready to be used for in-

vivo studies. Due to the positioning of the ultrasound transducers and compressor plates 

there is a limit on the geometry and size of the sample under investigation. The current 

Ultrasonix system we used had the capability of using two transducers as an input, 

however switching between them is done by a mechanical relay switch.  For this reason 

we had to use two separate systems each for axial and lateral data acquisition. In future if 

the switching between the transducers could be controlled by an electronic switch, a 

single system can be successfully used. Also, in this study we computed the EPR by 

alternate acquisition of the axial and lateral transducers using a sampling. We used a 

sampling time of 0.5 seconds which minimized the error to less than 3.5%. However for 

shorter and faster changing EPR values a lower sampling time will be required to 

minimize errors caused between lateral and axial acquisitions. 

Conclusion 

In this paper we show the proof-of-principle of estimating the temporal behavior of EPR 

using two ultrasound transducers. Simulation results show that using this technique it is 

possible to generate EPR poroelastograms with high contrast-to-noise ratio and low 

mean absolute error. We also demonstrated the experimental feasibility of the technique 

using non-homogenous phantom. The experimental implementation in its current form 

has some limitations which warrant further investigation. 
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4. EFFECT OF INTERSTITIAL FLUID FLOW ON THE TEMPORAL BEHAVIOR

OF INTERSTITIAL FLUID PRESSURE ON UNI-AXIAL COMPRESSION –

IMPLICATIONS ON ULTRASOUND POROELASTOGRAPHY 

Introduction 

Interstitial fluid pressure (IFP) has been shown to be of high importance in the case of 

soft tissue cancers (Boucher, et al. 1990, Heldin, et al. 2004). Most cancers including 

that of the breast, lung, neck and head, cervix, skin, brain, and con-rectal have been 

shown to possess elevated IFP (Milosevic, et al. 2001, Milosevic, et al. 2008, Nathanson 

and Nelson 1994, Roh, et al. 1991)  (Hassid, et al. 2006, Kristjansen, et al. 1993) 

(Boucher, et al. 1991) (Boucher, et al. 1997, Gutmann, et al. 1992). High IFP in 

malignant tumors may be due to many factors including collapse of interstitial matrix, 

weak lymphatic drainage and changes in microvasculature responsible for the trans-

capillary transport (Heldin, et al. 2004, Milosevic, et al. 2008) each of which cause a 

decrease in interstitial permeability and higher IFP (Jain 1987). This increased pressure 

has not just been used to detect and classify tumors but has also been shown to be a 

major factor impeding target drug delivery techniques. Due to this reason many 

therapeutic techniques are being developed to lower IFP before delivering the drug 

(Frenkel, et al. 2006, Griffon-Etienne, et al. 1999, Kristjansen, et al. 1993, Watson, et al. 

2012). Most of the techniques that measure IFP such as the wick-catheter (Scholander, et 

al. 1968), wick-in-needle (Fadnes, et al. 1977), glass micropipette , semiconductor tipped 

(Ozerdem and Hargens 2005) are invasive. Recently interest in non-invasive 
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measurement of IFP has resulted in a few studies using MRI and optical methods 

(Hassid, et al. 2006, Hompland, et al. 2012, Ozsun, et al. 2014, Walker-Samuel, et al. 

2012). No ultrasound method currently exists for non-invasive assessment of IFP. 

Ultrasound elastography is a well-established imaging modality used to map the local 

strains of a soft tissue under quasi-static compression (Ophir, et al. 1999, Ophir, et al. 

1991). Many elastography studies have aimed to analyze the detectability of these 

tumors based on their stiffness (Ginat, et al. 2009, Hiltawsky, et al. 2001). The results 

are often interpreted based on modelling the tumor as linearly elastic incompressible 

solid (Kallel and Bertrand 1996). Under these assumptions a contrast in the axial strain 

elastograms is interpreted as a contrast in underlying elastic modulus of the tissue 

(Doyley 2012). The effect of elevated IFP on US elastography technique is largely 

unknown. Knowledge of the effect of this parameter may aid in future interpretations of 

application of elastography technique to tumors, especially for cases with known 

elevated IFP. 

Poroelastography is a branch of ultrasound elastography that aims at imaging the 

temporal response of tissues under compression(Righetti, et al. 2004). The hypothesis of 

poroelastography is that the altered fluid transport mechanisms caused due to change in 

permeability and fluid pressure in cancers alters their poroelastic response(Chaudhry, et 

al. 2013). This change is response can be assessed by estimating the temporal behavior 

of axial strains and ‘effective’ Poisson’s ratio (EPR)(Righetti, et al. 2005, Righetti, et al. 

2007). For a poroelastic material under uni-axial compression, the temporal response is 

governed by fluid translocation mechanisms which in turn depends on local pressure 
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gradients (Armstrong, et al. 1984). Upon compression the material changes volume due 

to exudation of fluid resulting is pressure relaxation, which also causes the EPR of the 

material reduces from about 0.5 (nearly incompressible) to its equilibrium 

value(Righetti, et al. 2005). However the relationship between poroelastography 

parameters and underlying fluid pressure (IFP) is not known. Investigation of 

relationship between the temporal behavior of EPR and IFP may encourage future 

research in the use of US poroelastography techniques for non-invasive assessment of 

underlying fluid pressure. 

In this study we investigate the effect of elevated IFP caused due to altered interstitial 

fluid flow on the resulting axial strain and EPR images. We also evaluate the 

relationship between the spatio-temporal behavior of axial strain, EPR and IFP under 

uni-axial compression. 

Materials and methods 

Theoretical consideration of porous media 

We assumed a porous media that is fully saturated with fluid.  The solid and fluid phases 

are assumed to be homogeneous, isotropic, and chemically inert. The behavior of porous 

media is governed by two conservation laws: mass conservation for the fluid phase and 

conservation of linear momentum for the solid phase in a porous medium. The 

continuity equation (equation of mass conservation) for the fluid phase is given by 

(Chaudhry, et al. 2013, Systèmes 2012) 

[(
𝜕𝜉

𝜕𝑡
) + 𝛻𝑞] = Υ  ................................................................................................................ (4)
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where   is the variation of fluid content per unit volume of porous media, q is the flux 

(discharge of fluid per unit area), and   is the rate of injected fluid volume per unit 

volume of the porous media. In steady-state case, there are no transient effects in Eq. (1) 

and thus the flux q is constant. In order to describe the fluid transport, we adopted 

Darcy’s law which states that, under uniform conditions, the volumetric flow rate of the 

fluid through a unit area of porous solid is proportional to the negative fluid pressure 

gradient: 

𝑞 = −
𝑘

𝜇𝑓
𝛻𝑝  ........................................................................................................................ (5)

where k  is the intrinsic permeability having dimension of length squared and f  is the 

fluid viscosity.  Secondly, the equation of conservation of linear momentum for the solid 

phase in a porous medium is given by 

𝛻 ∙ 𝜎 + 𝑓 = 0  ............................................................................................................ (6) 

where σ and f are the total stress tensor and body force per unit volume, respectively. In 

this study, the body force is assumed to be negligible. The total stress tensor σ consists 

of the fluid pressure, called pore pressure, p and effective stress 𝝈 as 

𝜎 = 𝝈 − 𝑝𝐼  ............................................................................................................... (7) 

where I is the identity tensor. 

Finite element analysis 

A 2D in-house finite element analysis (FEA) similar to that used before was 

implemented in FORTRAN (Chaudhry 2010, Chaudhry, et al. 2013).  The analysis 

assumed a linear stress-strain behavior of the solid phase and a single fluid flowing 
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through the saturated media obeying Darcy’s flow law. These two phases are coupled 

using Biot’s constant (alpha) and the specific storage coefficient, which depends on the 

undrained and drained material properties.  Once the basic equations are set up, the finite 

element development with the displacement and pressure as the primary variables is 

carried out(Chaudhry 2010). Details of the analytical model and finite element 

implementation have already been documented in a previous study by our group 

(Chaudhry, et al. 2013)and will not be repeated here.  

 Two kinds of models were simulated with different geometries which have been used 

before in elastography studies- the homogenous and inclusion model (Chaudhry, et al. 

2013, Kallel, et al. 2001, Konofagou, et al. 2001). The homogenous model consisted of 

axisymmetric 40 x 40 mm rectangle of uniform poroelastic material. Similarly, the non-

homogenous or inclusion model consisted of a 40 x 40 mm rectangle with a circular 

inclusion of 15mm diameter embedded in the center. For both models friction less 

boundary conditions were prescribed at the bottom whereas the ones on the sides were 

free boundaries. Poroelastic material properties were used based on previous 

experimental work(Righetti, et al. 2005). For the homogenous case the interstitial 

permeability (k) was varied between 1.95x10
-9

 m
4
/N.s to 1.95x10

-8 
m

4
/N.s. For the

inclusion case the permeability of the background material was fixed at 1.95x10
-8 

and

that of the inclusion was varied between 1.95x10
-8

 m
4
/N.s and 1.95x10

-10 
m

4
/N.s

 
giving

rise to a contrast between 5 dB and 20 dB between the inclusion and the background.  

To simulate the poroelastography experiments the two phantoms were compressed 

between two impervious plates.  The temporal window of observation was chosen to be 
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600s and the time sample was chosen to be 0.5 seconds. These parameters were chosen 

based on previous experimental work done in the field of poroelastography (Nair, et al. 

2014, Nair, et al. 2011). Axial and lateral displacements were calculated at each time 

point and corresponding strains were simply computed as the gradient of the 

displacements. The effective Poisson’s ratio (EPR) image was computed by dividing the 

lateral strain by the axial. The temporal behavior of IFP, axial strain and EPR was 

quantified by estimating the mean time constant (TC) of the temporal curve using a least 

square error (LSE) curve-fitting method (Nair, et al. 2011). The standard deviation was 

specified by calculating the TC estimation error (Nair and Righetti 2015). 

Results 

Figure 4.1 shows the temporal images of IFP, EPR and axial strain for the homogenous 

phantom with the underlying interstitial permeability k= 1.95x10
-9 

m
4
/N.s. The temporal

behavior of IFP changes with time and the time it takes for the pressure to relax i.e. 

reach zero is visually comparable to the time it takes for the axial strain and EPR to 

reach their equilibrium values. 
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Figure 4.1: Poroelastograms for the homogenous phantom (k= 1.95x10
-9 

m
4
/N.s)

showing the temporal behavior of (a) IFP (b) EPR and (c) Axial strains.  

These observations are documented in figure 4.2 which shows the estimated time 

constant (TC) of the homogenous phantom for the mean IFP, EPR and axial strain.  
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Figure 4.2: Estimated mean TC of the homogenous phantom with variation in underlying 

permeability.  

Figure 4.3 shows the temporal images of IFP, EPR and axial strain for the inclusion 

phantom. Due to different interstitial permeability, the inclusion and background exhibit 

different temporal behavior. Due to lower permeability, the inclusion takes much longer 

to reach its equilibrium value in all three cases- IFP, EPR and axial strain.  
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Figure 4.3: Poroelastograms for the inclusion phantom (20 dB) showing the temporal 

behavior of (a) IFP (b) EPR and (c) Axial strains. 

We calculated the mean TC of the inclusion with change in interstitial permeability and 

the observations are documented in figure 4.4. 
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Figure 4.4: Estimated mean TC of the inclusion for the non-homogeous phantom with 

given underlying permeability contrast.  

Figure 4.5 and 4.6 show the time constant images for IFP, EPR and axial strain for the 

homogenous and inclusion phantoms respectively. It can be observed that the image of 

the EPR closely resembles that of the IFP. 
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Figure 4.5: Time constant images for the homogeous phantom for (a) IFP (b) EPR (c) 

axial strain. 

Discussion 

For a poroelastic material under uni-axial compression the temporal behavior of the axial 

and lateral strains is mathematically dependent on the underlying pressure 

fields(Armstrong, et al. 1984). Under uniaxial loading three temporal stages can be 

observed: 1) instantaneously after loading, the material behaves like an incompressible 

solid. The stress is fully supported by the fluid phase, which increases the pore pressure; 

2) the stress is then partially transferred to the solid matrix, and fluid begins to exude

causing a decrease in volume and EPR. During this transition time, the pore pressure 

also decays as the solid matrix deforms both in the axial and lateral directions 3) when 

the equilibrium condition is reached, fluid flow ceases and the pore pressure drops to 

zero. The rates at which the axial strain and EPR reach their equilibrium value depend 

upon the ease at which the interstitial fluid flows which in turn depends upon the 

relaxation of the underlying pressure fields(Leiderman, et al. 2006). 
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Figure 4.6: Time constant images for the inclusion phantom for (a) IFP (b) EPR (c) axial 

strain. 

Figure 4.1 shows the temporal images obtained from the homogenous phantom for all 

three parameters analyzed in this study- IFP, EPR and axial strain respectively. 

Immediately after the compression the fluid pressure increases, the applied load is 

sustained by the solid matrix and the phantom expands in the lateral direction without 

losing volume. Hence the EPR of the image is close to 0.5. After this instance pressure 

relaxation takes place due to established pressure gradient between the compressed 

material and the boundary(Armstrong, et al. 1984). Since the top and bottom boundaries 

are confined fluid exudation starts to take place through the sides.  The flow of 

interstitial fluid causes loss in volume along with creating spatio-temporal patterns in 

both the EPR and axial strain images. The loss of volume due to exudation of fluid 

causes the EPR to decrease from 0.5 and it exponentially decreases to its equilibrium. It 

can be observed that the pressure and EPR in the center of the phantom take more time 

to reach equilibrium than the sides. This is because fluid from the center of the phantom 
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takes more time to reach the boundary (Armstrong, et al. 1984). Similarly the axial 

strains increase to its equilibrium value as the pressure relaxes due to interstitial fluid 

flow. These results are similar to that obtained in (Leiderman, et al. 2006). Figure 4.2 

shows the estimated time constant of the mean of the image. The graph shows that the 

average rate of change of IFP, EPR and axial strains have a non-linear relationship to the 

underlying permeability. The estimated TC decrease drastically between the first two 

steps and can be noticed to plateau as the permeability is increased further.  

Figure 4.3 shows the temporal images of IFP, EPR and axial strain for the inclusion 

phantom.  It can be observed that an elevated IFP creates a new contrast mechanism in 

both the EPR and axial strain images without an underlying contrast in the elastic 

modulus. Due to difference in interstitial permeability, both the background and the 

inclusion have different temporal behaviors. The inclusion takes much longer to reach its 

equilibrium value for IFP, EPR and axial strain due to slower flow of interstitial fluid. 

Figure 4.4 shows the estimated time constants of the inclusion with varying interstitial 

permeability. TC increases with increasing contrast i.e. with decrease in permeability in 

a non-linear way. Similar to the homogenous case there is a close relationship between 

the temporal behavior of the IFP, EPR and axial strain images.  

In this study we compare the local and temporal behavior of IFP with that of axial strain 

and EPR. The poroelastograms and estimated TC of the mean curves show that the 

temporal behavior of IFP is closely related to axial strain and EPR on a global scale. 

Overall the pressure gradients created due to the applied load and the resulting pressure 

relaxation due to interstitial fluid flow cause the temporal behavior in the axial strain and 
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EPR poroelastograms. As the pressure approaches zero the mean axial strain and EPR 

reach their equilibrium values.  However it can be observed from figures 4.1 and 5 that 

the local spatio-temporal patterns of the IFP are similar to that of the EPR and do not 

resemble that of the axial strains. This may be due to the fact that after compression, the 

solid matrix recoils and the fluid flows from the sides in the lateral direction causing 

more significant changes in the lateral strain. Also most of the local changes caused due 

to the pressure relaxation and the resulting fluid flow result in a change of volume which 

is more accurately represented in the EPR images. This indicates that EPR may be used 

to non-invasively estimate the underlying behavior of IFP, which is an important 

parameter when it comes to soft-tissue cancers and therapy. Traditionally invasive 

methods have been used to estimate IFP. Other than the fact that they are invasive, their 

efficiency is also limited because they provide pressure values at a point rather than a 

map, which might give more diagnostic information. 

Conclusion 

In this study we show that interstitial permeability of the material affects the relaxation 

time of the interstitial fluid pressure in a non-linear fashion. Also, the spatio-temporal 

behavior of IFP is closely related to that of EPR and estimation of EPR using 

poroelastography techniques may aid in non-invasive assessment of IFP. 



60 

5. CONCLUSION

In this section I briefly summarize the work presented in this dissertation. I also discuss 

some of the future projects that can be envisioned as a result of the conclusions observed 

through this work. 

Summary 

In this dissertation I attempted to address a few of the current major problems in the field 

of ultrasound poroelastography. Section 2 describes a new class of phantoms that can be 

used for poroelastography experiments. One of the biggest challenges in 

poroelastography has been the lack of controlled phantoms that can be used to validate/ 

predict the results of simulations and experiments.  Until now tofu has been the only 

choice. However, being a commercial product tofu does not come with known 

mechanical parameters.  Also the fluid flow and poroelastic properties of tofu cannot be 

altered. In this work I developed a first of its kind controlled and tunable tissue 

mimicking phantom for poroelastography studies.  Results indicate that using 

polyacrylamide gel tissue mimicking phantoms with controlled pore size and fluid 

mobility can be created. The phantom could be of great use to all the labs in the world 

conducting research in the field of poroelasticity imaging and temporal elastography 

imaging in general, hence helping in moving the field forward. 

In poroelastography, the EPR image is obtained as the ratio between the lateral strain 

elastogram and the corresponding axial strain elastogram. Underlying fluid flow 

mechanisms cause a change in the spatial and temporal behavior of EPR, which is an 

important parameter because it is related to true changes in volume of the material due to 
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fluid flow rather than viscoelastic changes. The image quality of EPR elastogram is 

limited by of the poor quality of standard lateral strain elastography. In section 4 I 

investigated a new technique to estimate EPR in non-homogenous porous media using 

two transducers. The feasibility of the technique was tested using finite-element analysis 

and experimental validation.  The results of the study suggest that using this technique it 

is may be feasible to estimate the temporal behavior of poroelastographic EPR with good 

image quality while minimizing errors. The experimental implementation in its current 

form has some limitations which warrant further investigation. 

Interstitial fluid pressure (IFP) is an important parameter relevant to soft tissue cancers. 

Most soft tissue cancers are known to show elevated IFP and altered interstitial 

permeability. In section 4 I investigated the effect of interstitial permeability on the 

spatio-temporal behavior of the underlying fluid pressure field. I also investigated the 

relationship between the temporal behavior of estimated poroelastography parameters 

such as axial strain and effective Poisson’s ratio (EPR) and IFP. Results of the study 

indicate the following - increased IFP creates a new contrast mechanism in the axial 

strain and EPR elastograms, the temporal behavior of IFP changes non-linearly with 

underlying interstitial permeability and the spatio-temporal patterns of IFP are closely 

related to that of the EPR. 
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Future work 

Creation and analysis of complex poroelastic phantoms with applications in 

lymphedema and cancer imaging 

In section 2 we describe a new phantom material for poroelastography studies. We show 

that by using polyacrylamide gel new type of tissue mimicking phantoms with controlled 

pore size and fluid flow can be created. We investigated the use of the new material to 

create two kinds of phantoms- homogenous and one with a single inclusion in the center.  

The same material can be used to create more complex phantoms. For e.g. 

poroelastography has been shown to successfully diagnose and stage lymphedema 

(Raffaella, et al. 2007) which has been previously modeled in finite element simulations 

as a bi-layer media (Chaudhry 2010).  Some of the results obtained from previous in-

vivo and FEA studies can be validated by creating a bi-layer phantom using this new 

phantom material developed in this study. Figure 5.1 shows the schematic of the 

proposed phantom. 

Figure 5.1: Schematic for bi-layer phantom mimicking lymphedema condition. 
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The same phantom material can also be used to create complex tumor models. In many 

cases, especially malignant cancers, more than one instance of a tumor can be found. 

Such complex cases can also be simulated using polyacrylamide gel. The boundary 

conditions of the two tumors in the presence of each other may create new spatio-

temporal patterns in the axial strain images. Figure 5.2 shows the schematic of the 

proposed multi-tumor phantom. 

Figure 5.2: Schematic of proposed multi-tumor phantom. 

An automated system for efficient imaging of EPR poroelastograms 

In section 3 we demonstrated the feasibility of using two ultrasound transducers to 

estimate the effective Poisson’s ratio (EPR) in poroelastic media. The simulations 

showed that the two transducer method had superior performance than the previously 

used techniques. Although the study showed the usefulness of using two ultrasound 
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transducers instead of one, the experimental setup in its current form has some 

limitations. Due to the positioning of the transducers and the size of the compressor 

plate, samples with only specific sizes and geometries can be imaged. A two transducer 

system implemented on two C-arms making 45 degrees angle with the horizontal will 

solve some of these issues.  Also a controlled compressor system with calibrated motion 

will simplify the manual calibration and registration modules.  The current Ultrasonix 

system we used had the capability of using two transducers as an input, however 

switching between them is done by a mechanical relay switch.  For this reason we had to 

use two separate systems each for axial and lateral data acquisition. In future if the 

switching between the transducers could be controlled by an electronic switch, a single 

system can be successfully used. These engineering improvements will make the 

technique more suitable for ex-vivo and clinical application. Figure 5.3 shows the 

schematic of the proposed two transducer system with recommended improvements. 
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Figure 5.3: Schematic of proposed improvements to the two transducer ultrasound 

system. 

Effect of elevated IFP on the axial strain poroelastography 

In this dissertation, we also investigated the effect of interstitial fluid flow on the 

temporal behavior of interstitial fluid pressure (IFP). The study also shows that the 

spatio-temporal behavior of IFP is very closely related to that of the EPR and 

investigation of EPR may aid in non-invasive assessment of IFP. I also attempted to 

investigate the effect of elevated IFP on the spatio-temporal behavior of axial strain and 

EPR using finite element analysis (FEA).  Figure 5.4 shows the quasi-static axial strain 

images of increasing simulated IFP. The pressure in the background was maintained at 0 

mmHg. It can be observed that elevated IFP creates a contrast in the corresponding axial 
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strain images. The contrast can also be seen to increase as the IFP is increased between 5 

and 35 mmHg. 

Figure 5.4: Quasi-static axial strain images of increasing simulated IFP 

We could not analyze the temporal behavior of axial strains as the FEA implementation 

of the tumor model did not converge in ABAQUS for time t>0 s. In future the transient 

analysis can be conducted using an in-house software created using analytical solutions 

similar to that used in (Chaudhry, et al. 2013). Understanding the effect of elevated IFP 

on temporal elastography studies will help in better understanding of in-vivo results 

especially in cases of tumors where IFP is known to be high. 
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