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ABSTRACT

Poroelastography is a new subfield of ultrasound elastography that enables cost-effective and

non-invasive imaging of mechanical properties of tissues. Assessment of changes in the mechan-

ical properties of tumors is of great clinical significance as the onset of pathology often triggers

these changes. Interstitial fluid pressure (IFP) and Solid stress (SS) are clinically significant tumor

parameters in cancer initiation, growth, and metastasis. Although IFP and SS are crucial param-

eters for cancer prognosis and treatments, there are currently no non-invasive methods to assess

this parameter in vivo. The use of poroelastography to noninvasively assess IFP and SS in cancers

has not been thoroughly investigated yet. In this thesis, we used a novel Finite element modeling

(FEM) technique to examine the effect of IFP and SS on elastographic strains generated inside a

tumor model in a poroelastography experiment, including fundamental strains (normal and shear

strains) and derived strains (principal and Von Mises strains). A variety of simulated phantoms with

different properties of backgrounds and inclusions are simulated. We proposed the first principal

and the Von Mises strain as sensitive elastographic markers associated with IFP and SS changes

in simulated cancers. Our simulation results show that SS causes shear strains inside the tumor

and leads to spatial variations in derived strains, while IFP causes uniformly reduction in derived

strains. Using ultrasound simulations, we demonstrated that the observations from the FE study

are also applicable with noisy experimental conditions except for the radial shear strain and the

second principal strain. Additionally, as a proof of concept, this study used previously obtained

mice data to demonstrate the feasibility of imaging Von Mises strains in vivo. This study may help

understand the effect of IFP and SS on the strains generated in a tumor during a poroelastography

experiment and may also result in new methods to check for IFP and SS in cancers in vivo.
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1. INTRODUCTION

1.1 Background

1.1.1 The Breast Anatomy and Breast Cancer

Cancer is still the leading cause of mortality in the United States, according to the CDC’s 2020

Annual report [1]. The most common type of female cancer is breast cancer. Breast cancer is

a prevalent disease that affects many families, and many patients diagnosed with invasive cancer

face the possibility of mastectomy surgery or death. In the United States, approximately 255,000

females and 2300 males are diagnosed with breast cancer every year [2]. According to the Ameri-

can Cancer Society, invasive breast cancer affects one in every eight women at some point in their

lives, and it kills one out of every thirty-nine women from the disease [3].

Figure 1.1: Cross section view of the breast from CDC [2]

Normal breasts are composed of fatty tissue, connective tissue, breast tissue, numerous blood

vessels, nerves, and lymphatic vessels. The structure of female breasts mainly contains lobules,

ducts, and connective tissue, as shown in Fig. 1.1. Lobules are glands that produce milk, which

1



is transported to the nipple via the ducts. The whole breast is held together by connective tissue,

which is composed of fibrous and fatty tissue. Cancer can occur in most tissues in the breast, in-

cluding milk ducts (called ductal carcinomas), breast glands or breast lobules (called breast lobular

carcinomas), and fat or connective tissues (called sarcomas). Ductal carcinoma and breast lobular

carcinomas account for most breast cancers [2].

Early-stage breast cancer usually presents with no symptoms. Breast cancer is often detected by

the discovery of a lump that is noticeably firmer than the surrounding breast tissue. Patients usually

palpate the mass by themselves. The mass frequently indicates pathology if one breast develops a

firm, distinct thickening but the other does not. There is no adhesion between early cancer and the

skin, and therefore the mass can be pushed freely beneath the skin with the fingertips. Eventually,

the lump develops and adheres to the chest wall or skin. At this point, patients can not push or

separate the lump from the surrounding skin. The lump may be painful, but the pain is not a

reliable symptom because cancer seldom causes pain. The lymph nodes, particularly those in the

affected armpit, may feel like small hard bumps if cancer has migrated and may encrust to the chest

wall or skin. The process is usually painless or just somewhat uncomfortable. The first signs and

symptoms of cancer may not show up until it has spread to other organs. For example, coughing or

trouble breathing are signs that appear after cancer has spread to the lungs. The estimated survival

rate of cancer highly depends on the severeness of the breast tumor. Despite some progress in

addressing breast cancer, more analysis is needed to improve disparities in cancer screening.

1.1.2 Current Breast Examination Technology

There are currently a considerable number of methods to detect breast cancers. Biopsies are

commonly utilized to collect tissue samples and histologically diagnose tumors. Mammography

and ultrasound scans are frequently used to detect and classify breast cancers noninvasively, but

there are certain drawbacks associated with the use of the two methods. Mammography has a

high rate of false-negative results, especially for patients with dense tissue, while conventional

ultrasound imaging has poor specificity and sensitivity in lesion classification that can result in

redundant procedures and detection failure [4]. The elastography should never be performed or
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interpreted in isolation, always in conjunction with B-mode or morphological features.

Lesion classification can be enhanced through the use of ultrasound elastography, which is a

method to complement ultrasound scans [5]. In practice, ultrasound elastography is never con-

ducted or interpreted in isolation, always in conjunction with B-mode or morphological charac-

teristics. The key strengths of using ultrasound elastography are that the method is inexpensive,

non-invasive, and uncomplicated. It makes up for the shortcomings of conventional ultrasound

and enriches the disease’s diagnosis information and diagnosis methods. This method has a par-

ticular clinical guiding significance for the choice of cancer treatment and has an excellent clinical

application prospect.

1.1.3 Tumor Classifications

Tumors are lumps or abnormal growth of tissues in the human body that may be divided into

two general categories: benign (noncancerous) and malignant (cancerous) tumors. Benign tumors

are not as harmful as malignant tumors because they are not likely to metastasis to other sections

of the body. Benign tumors are more likely to be cured and are relatively easier to be extracted

from the body. A benign tumor is commonly surrounded by a sac and is clearly separated from

normal tissues. Although benign tumors rarely develop into malignant tumors, one report indicated

that around 8.6% of 186 patients who received surgical treatment for benign tumors developed

breast cancer subsequently [6]. Therefore, close monitoring of benign tumors is also imperative.

In contrast, malignant tumors referred to as cancers can invade surrounding normal tissues and

metastasis to other body parts. Primary cancers can continue to grow and form new metastatic

tumors. In comparison to benign tumors, cancers tend to be stiffer and more tightly bonded to

their surroundings [7]. The way cancers evolve can make their detection and treatment difficult. A

significant issue in preventing and treating breast cancers is the early detection and classification of

breast tumors [1]. Tumor markers may serve a crucial function in the screening process of patients

suspected of having cancer. Developing key biomarkers in strain elastography could be helpful to

gain more diagnostic and prognostic information about tumors.

Current strain elastography methods have shown some promises in terms of classification [8–
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10]. According to these previous studies, the classification of benign and malignant tumors is

mostly governed by the tumor size and strain ratio regarding the tumor and the surrounding soft

tissue. Malignant tumors appear to be larger than B-mode images. The strain ratio takes advantage

of the fact that malignant tumors are more rigid than benign tumors, but some overlap exists in

the criteria used for classification. Additional strain information would be beneficial to establish

a greater degree of accuracy. In this context, poroelastography could be helpful by providing

additional candidate parameters.

1.1.4 Poroelastography

Ultrasound elastography (EUS), initially introduced by Ophir et al. in 1991, is a widely used

imaging technique to access tissue mechanical properties, including cancers noninvasively. Ultra-

sound elastography can be classified further as shear wave and strain elastography based on how

the excitation is applied to the inspected tissue [11]. Ultrasound elastography methods examine

the tissue’s response using either an internal or external dynamic (shear wave based) or quasi-static

(strain based) excitation. In strain elastography (SE), external compression is exerted by applying

a small pressure on the tissue using the ultrasonic imaging probe. The inspected tissue will then

exhibit a response to this excitation, which depends on the underlying mechanical and transport

properties. For example, given applied stress, areas of hard tissue will experience less deformation

than areas of soft tissue. The response of tissue to the excitation is indicated by transmission and

reflection of the ultrasound waves. The ultrasonic imaging probe will collect signals according to

the ultrasound waves and convert the signals to a voltage. Imaging processes are then employed to

estimate the tissue displacements, strains, and related parameters with high spatial resolution. The

static elastography idea proposed by Dr. Ophir’s group [12] has been adopted by many medical

ultrasound companies. For instance, a Hitachi EUB-8500 model uses the "Real-time Tissue Elas-

tography" imaging technology to apply stress by hand. Likewise, Philips iU22 employs the strain

based elastography by manual palpation.

Poroelastography has received increased attention in recent years as a novel subfield of ultra-

sound elastography [13–16]. Poroelastography quantifies the poroelastic response of a compressed
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tissue by utilizing temporal and spatial ultrasound strain measurements. A poroelastogram is a time

series of strain images obtained while the poroelastic material is compressed [13, 17, 18]. Unlike

in standard elastography methods, in poroelastography, tissue is no longer assumed to be purely

elastic solid but rather a fluid-saturated material capable of translocating within a deforming solid

matrix at a rate depending on permeability. Permeability is a property of the solid matrix that mea-

sures the ease of fluid flow through a porous medium [19]. Interstitial and vascular permeabilities

in human tissues have been identified as contributing factors to the cancer study [20–22]. Be-

cause biological soft tissues are saturated with various fluids, it may be suitable to model tissues as

poroelastic materials. When a poroelastic material is subjected to sustained uni-axial compression,

the associated fluid pressure increases immediately after loading but decreases due to solid matrix

deformation and fluid exudation caused by the applied stress. At a steady state, the poroelastic

material performs like a linear elastic solid without fluid [23, 24]. As of today, the potentiality of

poroelastography as a new tool to probe tissues’ fluid mechanisms is still largely unexplored.

1.1.5 Role of Mechanical Microenvironment in Cancers

The tumor microenvironment contributes to breast tumor transformation, invasion, and metas-

tasis. Some of the parameters that impact the tumor microenvironment are stiffness, SS, and fluid

pressure [7, 23]. Of interest to this work is the investigation of interstitial fluid pressure (IFP) and

solid stress (SS) that are parameters of great clinical significance for the characterization of tumors.

Pathology in the body, like abnormal vasculature, lymphatic channels, and cancer growth, can lead

to the presence of elevated IFP and SS [25]. IFP and SS are two distinct mechanical parameters

that originate from different mechanisms and have different effects on cancer development and

treatment [26].

Interstitial fluid, the body fluid surrounded by blood vessels and body cells, acts as a trans-

port medium that carries nutrients and other vital substances produced during blood circulation

[27]. Excess tissue fluid in healthy organs is typically expelled via lymphatic vessels during blood

circulation as blood enters via arteries and departs via veins. In normal tissues, IFP is close to

zero in most cases. The presence of a tumor disrupts the equilibrium, resulting in elevated IFP
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levels inside cancers. Elevated IFP is also associated with an increase in vascular permeability and

damaged lymphatic system [28]. The presence of elevated IFP in cancers was first discovered in

1950 [29], and it has since then been extensively investigated theoretically, experimentally, and via

simulations [30]. IFP usually drops at the cancer-tissue boundary, causing fluid flow toward lym-

phatic capillaries into the healthy tissue. However, clinical studies indicate that IFP can distribute

heterogeneously inside the cancer [31].

Solid stress (SS), which is applied to non-fluid or elastic components of cancer, is generated

by the mechanical compression or stretching of the surrounding tissue due to the proliferating and

migrating cells. SS is non-uniformly distributed within the cancer [23]. SS in the primary cancers

and SS in the corresponding metastasis can be dissimilar even with comparable stiffness [32].

SS might cause permanent damage even after cancer removal. Elevated SS and IFP associated

with tumors can reduce vascular patency, cause poor blood supply, and significantly limit the drug

delivery effectiveness [33, 34]. Non-invasive techniques to assess or quantify IFP and SS in cancers

in vivo have not been established yet. In the field of elasticity imaging, SS and IFP are typically

not incorporated in elastography models.

1.2 Clinical Motivation

Identification of Cancers’ markers

In recent work, we explored the effect of IFP and SS on separate elastographic parameters,

including axial and radial strains, volumetric strains, and fluid pressure using FEM and ultrasound

simulations [35, 36]. The research in this project extends these earlier studies by investigating

additional elastographic parameters as potential candidates to recognize the presence of SS in

tumors.

Monitoring Tumor Progression and Treatments

Poroelastograms are composed of time-sequenced strain elastograms acquired from the poroe-

lastic material at sampled time intervals. They provide information about the load-induced changes

in the effective compressibility and fluid migration within the imaged material in a local time-
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dependent manner [14, 17, 18, 37]. These strain elastograms have the potential to be a useful

diagnostic tool for monitoring changes in fluid patterns caused by cancer progression and treat-

ments. Understanding fluid transport mechanisms may be crucial information for the choice of

cancer treatment.

Differentiation between Malignant and Benign Tumor

Poroelastographpy may provide additional information on the mechanical characteristics of

tumors, which may aid in distinguishing between cancers and benign lesions. One part of this

research investigates a novel model-based poroelastography method to distinguish benign from

malignant tumors.

1.3 Objective

The objectives of this study are to:

• Construct a finite element model that accurately simulates tumor mechanical parameters and

allows generation of different strain poroelastograms.

• Test Axisymmetric, 2D, and 3D tumor models.

• Generate ultrasound simulations to evaluate the performance of the computer-aided diagno-

sis based on the color distribution in strain elastography images.

• Investigate and analyze the impact of IFP and SS on various strains in different simulated

phantoms of benign and malignant tumors.

• Identify poroelastography markers that can indicate the presence of elevated IFP and SS in

a cancer.

• Utilized previously collected animal cancer data to prove the feasibility of the methods in

vivo.
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1.4 Structure of thesis

Chapter II examines and highlights the key concepts on poroelasticity that are pertinent to this

study and provide an overview of the previously published works. Chapter III describes the design

and implementation of the finite element model of benign and malignant tumors. This chapter

also includes the method to generate poroelastograms of different strain components. Chapter IV

reports the research outcomes and discusses critical findings on the results obtained using the FE

simulation models, ultrasound simulations, in-vivo mice data, unbounded tumor, and statistical

analysis. Chapter V summarizes the overall study, identifies limitations, and addresses possible

future research based on the conclusions reported in this thesis.
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2. LITERATURE REVIEW

2.1 Tumor Models

The mechanical behavior of tumors can be studied using analytical and numerical models. An-

alytical models have advantages over numerical models because analytical models allow the quan-

tification of individual material properties. However, analytical models are not always available

due to the geometry, complexity of testing conditions, and problem mechanics. In such situa-

tions, numerical simulations can be used. On the other hand, FEM, a common numerical model,

sometimes fails to estimate the individual material properties because it involves minimizing sev-

eral equations besides successfully meeting boundary and initial conditions. The numerical model

might also suffer from algorithm non-convergence and inaccurate local minimal estimation [38].

In 1962, Biot derived the fundamental formulas for wave propagation in fluid-saturated porous

media, which became known as Biot’s theory of poroelasticity [39]. This theory is a foundational

metric in many poroelasticity works. Eshelby (1961) provided the pioneering work on the elastic

response of an inclusion embedded in an elastic material. The scholar originated the solution for the

internal strains of the elastic inclusion based on the geometric shape of cancer and the background

Poisson’s ratio [40]. Rice et al. (1978) contributed to the field by measuring displacements, strains,

and fluid pressure within a spherical porous elastic inclusion contained inside an elastic porous

solid [41]. Based on these findings, our lab developed multiple analytical models for tumors with

stress-relaxation or creep compression experiments [42–44].

Previous research has also provided the foundation for the numerical models of tumors in soft

tissues. Baxter et al. (1989) built a 1D poroelastic model to analyze the effect of IFP on drug deliv-

ery in cancers [45]. Leiderman et al. (2006) proposed a poroelastic model that integrated interstitial

and vascular permeability [46]. This research illustrated the capability of utilizing spatial-temporal

strain patterns to study fluid flow. However, none of this previous work included SS and IFP in

the models. Islam and Righetti (2019) adopted a novel FEM to investigate the response of normal
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strains, EPR, and fluid pressure of a simulated phantom to compression with the presence of IFP

and SS [36]. This research aims to enhance the work of Islam and Righetti (2019) to include pa-

rameters that may affect future applications of elastography technique to cancers, particularly for

cancers with known elevated IFP and SS.

2.2 Algorithms for Strain Estimation

As discussed in the previous chapter, strain elastography requires visualization of strain dis-

tribution to characterize biological tissues. Strains are derived from tissue displacement, which

is estimated from radio-frequency (RF) data [47]. Multiple methods for estimating tissue strains

under compression have been proposed and the fundamental idea is to minimize a cost function,

which involves the displacement and radio-frequency data [48]. Richard et al. (2009) used a

re-correlation method to compute strain using RF data from a phased array transducer [49]. Mo-

hammad et.al (2012) utilized novel direct strain estimation and gradient-based strain estimation of

a phantom under axial compression [50]. Omidyeganeh (2017) obtained information from RF data

to generate strain elastography by using the normalized cross-correlation method [51].

Dynamic Programming is an algorithmic approach for solving issues by recursively decompos-

ing a complex problem into simpler subproblems, and the optimum solution to the larger problem

relies on each of the subproblems [52]. Horn-Schunck (HS) method is a classical algorithm to

compute the displacement field by estimating the optical flow, which is a term in imaging process-

ing to track the apparent movement of an object by observing the brightness patterns in an image

[53].

Our lab recently proposed a novel two-step strain estimation technique (DPHS), which com-

bines dynamic programming elastography (DPE) and Horn-Schunck (HS) method [17]. The pro-

posed method employs DPE to estimate axial and lateral displacements and HS to determine the

displacement field in subproblems according to RF data before and after compression. The HS

method reduces the optical flow and the magnitude of flow field variations. After that, Kalman

filter-based least squares estimation is performed to determine axial and lateral strains. The pro-

posed method retains the benefits of DPE and HS while being highly efficient in terms of compu-
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tation. It is expected to yield significantly higher-quality strain estimates than previous poroelas-

tography methods [17]. This technique is utilized extensively in this project. As a result, we can

visualize how local strains behave over time by poroelastograms.

2.3 Strain Imaging of Tumor

Strain imaging based on ultrasound has been investigated since the 1990s [12, 54–56]. Strain

is a commonly used factor to describe the relative deformation in size and shape of materials under

the application of a force. The strain tensor components comprise normal strains and shear strains.

Strains that are neither normal nor shear strain are referred to as derived strains. Different from the

fundamental strain components, derived strains usually include other information, such as incor-

porating information of tissue stiffness and tumor-tissue boundary condition [57]. In elastography

imaging, the normal axial strain is frequently used because it provides information about tissue

stiffness. In ultrasound elasticity imaging, the tissue is compressed utilizing the imaging trans-

ducer vertically. Axial strains are primarily used because the axial resolution of the ultrasound

system is usually much higher than the resolution in the lateral and elevational direction. Thus,

lateral and elevational strains estimations using ultrasound are typically much noisier than axial

strains. Similarly, axial shear strain often provides superior image quality than the lateral shear

strains [58].

In addition to normal strains, shear stains help to detail the near boundary bonding between

stiff and soft tissues [59]. There are many factors that impact the shear strains, such as elastic

modulus contrast of the material, lesion tissue boundary conditions, the amount of compression,

etc. [60]. Clinically, large shear strain values can be associated with the danger of inflammation

and hemorrhage [61]. Several theories have been established to estimate the normal and shear

strain components [62–64]. Konofagou et al. (2000) reported on a simulation study in which elas-

tographic images were generated from simulated data and stated that shear strain images contain

clinically useful information that can be used for differentiation of breast tumor types [65]. Thi-

taiKumar et al. (2007) built elastic models based on axial shear strain elastography that visualized

bonding conditions of a tumor to the surrounding tissue. Models were clinically matching the
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malignant and benign tumors of loosely and closely bound heterogeneous elements, respectively

[59]. Xu et al. (2010) classified in-vivo tumors by identifying normalized axial shear strain area

and suggested that axial shear strain elastography should be utilized together with axial strain elas-

tography and B-mode imaging for breast tumor classification [66]. Thittai et al. (2011) examined

the ability of normalized axial shear strain area to make tumor classification based on a broad

in vivo database and recommenced including NASSA to the current standard clinical procedures

[67]. A limitation of these studies is that they used only the axial component of the shear strains.

To extend the previous study, Viola et al. (2002) and Rao et al. (2007) discussed the plausibil-

ity of using lateral shear strains for tissue under a uniaxial compression by signal decorrelation

technique, which remarkably improved the signal-to-noise ratio of the shear strain elastography

[68, 69]. Their work manifested that shear strain elastography might be used to recognize regions

of increased tumor-tissue bounding.

In this study, we introduce the Von Mises strain as a potential new biomarker of tumor strain

elastography. We considered the Von Mises strain as one possible candidate because it incorporates

normal and shear strains in both the axial and lateral directions. As a result, a scalar representa-

tion of the tumor strain development will be generated, allowing for more precise separation of

the tumor with and without SS from the surrounding tissue. Additionally, Von Mises strain is

anticipated to be capable of preventing hardening and softening artifacts caused by tissue radial

movement and ultrasonic beam axial prorogation [70]. Von Mises strain (Von Mises 1913) origi-

nated from the Von Mises yielding criteria and is a measure of the strain state in solids. Multiple

strain components are combined in the formulation of Von Mises strain to indicate the strain-based

composite failure risk [71]. There is a dearth of literature on the application of the Von Mises strain

in elastography. According to Maurice et al. (2004), the Von Mises strain plays an important role

as a new indicator of carotid plaque [70]. The study indicates that the Von Mises strain produces

superior results compared to conventional strains (fundamental strains). Zhang et al. (2018) con-

ducted additional clinical studies on the Von Mises strain of carotid plaque and used it to identify

the risk of plaque vulnerability [72]. Ahmed A. Hameed Sayed (2013) investigated the use of Von
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Mises strain for breast tumor imaging and classification using a novel 3D viscoelastic model [57].

However, this study modified the Von Mises strain equation and completely ignored the strains in

the lateral direction. That is the only literature available at the moment on the Von Mises strain of

tumors. In addition, this study hasn’t investigated the IFP and SS. Poroelastography has not been

used to study Von Mises strain results for tumors yet. We adopted the complete Von Mises strain

calculation equation using a poroelastographic model to investigate the possibility of using Von

Mises strain as an indicator of the presence of IFP and SS.

Principal strains must be computed in order to calculate the Von Mises strain. Principal strains

are a combination of normal and shear strains that result in a maximum and minimum strain acting

in principal directions on principal planes with no shear stresses [58]. This ensures all strains

are normal strains. In the field of vascular elastography, principal strain imaging has been used

to detect cardiac abnormalities [73–75]. Zervantonakis et al. (2007) adopted principal strain to

reduce the influence of strain elastography by transducer angle and centroid ventricular [73]. Jia et

al. (2009) utilized principal strain to recognize the ischemia area [74]. Nayak et al. (2017) selected

principal strains to measure strain in the middle of the lumen [75]. The principal strain and the

Von Mises strain are referred to as derived strains because they are determined from normal and

shear strains. In general, we can see that poroelastography can be used with a wide variety of strain

types. We’re examining which one alters the most drastically when IFP and SS are present.

2.4 Imaging Artifacts of Strain Elastography

In strain elastography, strain patterns in the imaging are identified to obtain diagnostic informa-

tion. However, the strain patterns might be corrupted by a number of imaging artifacts, especially

with inappropriate elastographic procedures. Different imaging artifacts have been identified in

the literature. These artifacts may impact the interpretation of the strain elastography. Hongliang

et al. (2018) performed vascular ultrasound elastography to identify out-of-plane motion artifacts

caused by the tissue mobility, particularly tumors with sliding boundary [76]. Barr et al. (2011)

observed "bull’s eye " artifacts in cystic lesions, which are induced by the fluid movement inside

the cyst [77]. Dietrich et al. (2017) addressed artifacts at the border of a stiff mass contained inside
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the soft tissue [78].

2.5 Mechanical Parameters of Tumor

To build the FEM, previously published data on mechanical parameters for tumors are investi-

gated to discover values of the model’s input parameters. The material properties of cancers and

healthy tissues have a wide range of reported values in the literature. The value of Young’s mod-

ulus of cancers has been reported to be between 1.1 and 20 times that of healthy tissues [79, 80],

while the value of Poisson’s ratio has been reported to fall within a range of 0.2 to 0.49 for both

cancers and healthy tissues [46, 81–83]. IFP levels in cancers have been reported to be between 4

and 48 mmHg [84, 85], while SS levels in cancers have been reported to be between 1.56 and 52.5

mmHg [86].

There is a limited amount of literature studying the behavior of benign tumors. The degree to

which tumors bond to the adjacent tissue has been adopted as an indicator to distinguish benign

tumors from malignant tumors. Hence, it is necessary to check how the unbonded case and bonded

case are modeled in terms of friction. Thitaikumar and Ophir (2007) treated the tumor and tissue

boundary as a contact problem with a distinct coefficient of friction µ: the loosely bounded con-

dition assumed to have a low value (µ = 0.01) while firmly bonded case assumed to have a value

equal to 1 (µ = 1) was considered for the firmly bonded case [54]. Xu et al. (2010) expanded the

range of friction coefficient from 0.01 to 100 to represent slipping boundary and tightly connected

boundary accordingly [66]. Celi et al. (2011) selected friction coefficients valued between 0 and

10 and modulus contrast between 0.5 and 7 to make the differentiation [87]. Narang (2012) pointed

out that when cell to extracellular matrix adhesion or friction increased from 0.1 (weak adhesion)

to 0.8 (strong adhesion), the tumor morphology was observed to change from a diffuse cluster to

multiple nodules [88]. Coughlin et al (2013) used 0.1 ∼ 10 Pa/nm for friction with different fre-

quencies [89]. Jiang et al. (2018) assumed a friction coefficient of 0.1 as an unbounded tumor and

a coefficient of 1000 as a bounded tumor [90].
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3. METHODOLOGY

This chapter will present the detailed workflow to build the finite element model, ultrasound

simulations, and in-vivo experiments to study the behavior of cancer treated as a poroelastic mate-

rial. This chapter also discusses a novel finite element model with friction to check the influence

of tumor mobility on strain elastography.

3.1 Finite Element Simulation

Phantom Geometry

The finite element method (FEM) is recognized as a powerful technique for assessing the strain

behavior of various lesions using poroelastography. The fundamental steps of FEM usually involve

constructing the model’s geometry, specifying material characteristics, defining physics, meshing

the geometry, numerically solving the system of equations, and post-processing results. This re-

search uses a leading commercial FEM software named ABAQUS. This software enables the sim-

ulation of complex problems, such as the strain states induced in mechanical loading situations. A

proper workflow has been established using ABAQUS.

A geometric description of a tumor is necessary to build a FEM model. A schematic illustration

of the sample configuration utilized in this research is shown in Fig. 3.1. The dimensions of the

sample were set as a cylinder with a 2 cm radius and a 4 cm height [35, 36]. As for tumors, they

can be of many shapes because each tumor is uniquely grown, which means that the shape of a

tumor varies and is unpredictable. For simplicity, poroelastic samples with spherical and elliptical

inclusions are assumed in this study as these two shapes cover most of the clinical cases. The

elliptical inclusion is assumed to have zero rotation, which guarantees the symmetric nature of the

model and allows axisymmetric assumption. The spherical tumor is assumed to have a radius of

0.75 cm. For the elliptical tumor, the half of the minor axis of the tumor is specified to be 0.375

cm with an aspect ratio of 1.429. The model is under constant uniaxial compression on the top and

has a fixed axial displacement at the bottom. The compressor plate used to support and compress
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the sample is assumed to be frictionless.

This study primarily considers the axisymmetric model because it has acceptable computa-

tional speed and contains sufficient information. Two-dimensional and three-dimensional models

are also created to increase the adaptability of the current design and may be used in the future.

The results are anticipated to be the same. The two-dimensional model further reduces the com-

putational cost and allows retrieving strain poroelastography images more efficiently. The three-

dimensional model can help make a more comprehensive overview by collecting all needed infor-

mation while not having the axisymmetric model’s limitation. In this study, a three-dimensional

model is used to confirm the signs of asymmetric shear strains.

(b) (c) (d)(a)

Figure 3.1: A schematic illustration of the (a) 3D model, (b) 2D cross section, and (c)asymmetric
of a cylindrical sample with spherical inclusion. (d) axisymmetric solution plane of a cylindrical
sample with elliptical inclusion.

Assumptions

With respect to the feasibility and the necessity of the finite element model, certain assumptions

are needed:

1. The shape of the tumor is spherical or elliptical to enable axisymmetric modeling [35, 36].
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The axisymmetric model assumes Equal lateral and elevational strains.

2. All materials are assumed to be poroelastic, which allows the application of biphasic theory.

The solid phase is assumed to have linear stress-strain behavior and to be fully saturated with

a single darcy fluid flowing through the medium following Darcy’s law [35, 36].

3. The input parameters, including mechanical and transport properties, are uniformly dis-

tributed and remain constant in the tissue and background throughout the elastography ex-

periment.

4. The IFP is assumed to be an isotropic stress with zero shear components [25] while the SS is

assumed to be anisotropic with zero shear components [91, 92]. The isotropic stress vector

contains equal axial, radial, and tangential components. Both IFP and SS remain constant

throughout the elastography experiment.

5. Thermal effects, dynamic effects, and other effects are ignored, and the potential influences

on the strains are not investigated.

6. In addition, there is an assumption of firmly bonding boundary conditions for malignant

tumors and loosely bonding for benign tumors [54, 66, 87, 88, 90]. Abaqus allows users

to define contact interactions and assign a friction coefficient to represent the bonding con-

dition. The coefficient that is close to zero illustrates a loosely bonding. The larger the

coefficient of friction, the more firmly the bonding is.

Governing Equations

This project utilizes the ’coupled pore fluid diffusion and stress analysis’ module of ABAQUS,

which integrates a system of governing equations to describe the physics of the coupling fluid and

solid. More details can be found in the ABAQUS documentation. When fluid exudes the sample

due to compression, the fluid saturating the pore will have decreasing pressure. The reduced fluid

pressure may induce tissue compaction. The fundamental law governing this phenomenon is the

effective stress principle for porous media, which specifies that the total stress acting on a point
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is the combination of the effective stress on the solid matrix and the average fluid pressure [93].

This equation governs the mechanical part of the porous media because the effective stress is a

crucial parameter to evaluate changes in compression, deformation, and shear resistance [94]. The

effective stress is given by:

σe = σ + pI. (3.1)

where σe is effective stress or elastic stress on a solid matrix, σ is total stress acting at a point,

p is pore pressure or average wetting fluid pressure, and I is the identity matrix.

Another significant governing equation is the continuity equation, also known as material bal-

ance equation. The continuity equation is a quantitative representation of the mass conservation

principle. Backward Euler method, a well-known numeric method, is used to solve the continuity

equation and the combined formula can be written as:

∫
V

[
δp
(
(ρwnw)t+∆t −

1

Jt+∆t

(
Jρwnw

)
t

]
dV +∆t

∫
V

δp

[
d

dx
· (ρwnwvw)

]
t+∆t

dV = 0, (3.2)

where ρw is the mass density of the liquid, nw is the volumetric ratio of wetting liquid to the

elementary volume nw = dVw

dV
, vw is the average velocity of the wetting fluid relative to the solid

phase, t is the time domain, x is the space domain, and J is the ratio of the material’s volume in the

current configuration to its volume in the reference configuration J = dV
dV 0 ∼ 1 + div(u), where u

is the solid phase displacement vector [93].

Darcy’s law describes the flow of a fluid through a porous medium and has the following

equation [93]:
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nwvw =
−k

γf
∇p, (3.3)

where k is the interstitial permeability of the solid phase and γf is the volumetric weight of pore

fluid.

Loading and Boundary Condition

A constant vertical pressure of 4500 Pa is prescribed on the top of the cylindrical sample. The

boundary condition at the bottom is with zero axial displacements. The fluid pressure is assumed

to be zero at the sample’s right boundary [95]. The boundary conditions indicate that the fluid

cannot flow from the upper and lower edges but can flow radially outward from the center.

Initialization/Modeling the IFP and SS

When inputting initial stress in ABAQUS, the finite element model may fail to reach the equi-

librium state. Thus, a small initial step is necessary to achieve the equilibrium [93]. An initial

time step of 0.01 s is prescribed in this study, and the load is applied in 0.01 s. The experiment

ends at 60.01 s, but the total poroelastic response recording period is 60 s at 10 fps (frames per

second). "Soils consolidation" is a step type used to define a step in which fluid is meant to flow

and settle. The steps are defined as "soils consolidation" to allow fluid to flow over time steps. The

IFP and SS were modeled in ABAQUS using the pre-defined stress field that requires the input

of six components. The first three components are normal axial, radial, and elevational stresses,

and the last three components are shear stresses. The shear components are assumed to be zeros.

Due to the anisotropic nature of SS and the isotropic nature of IFP, the normal axial, radial, and

elevational stresses differ for SS but are equal with the value of -P for IFP.

Material Properties Specification

A variety of simulated phantoms with different properties of backgrounds and inclusions are

simulated. Table 3.1 reports a summary of the simulation cases analyzed in this study. The cases
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are carefully selected to identify the difference with the presence of IFP and SS. The Property

Module in the Abaqus/CAE and the input file (.inp) require modification to input material prop-

erties. In the Property Module, the material behaviors used are "elastic" and "permeability". The

primary input data for the elastic section are Young’s modulus and Poison’s ratio, while the primary

input data for the permeability section are the specific weight of the fluid, interstitial permeability,

and void ratio. Previous literature indicates that the material properties of cancer and tissue are

wide-ranging [46, 79–83]. Normal tissue is assumed to be nearly incompressible, with a Poisson’s

ratio of 0.49 and Young’s modulus of 32780 Pa. The tumor is assumed to be compressible with

a Poisson’s ratio of 0.3 and Young’s modulus of 54990 Pa. All samples have the specific weight

of the wetting liquid of 1Nm-3 and a void ratio of 0.4 [42]. We note that ABAQUS uses the hy-

draulic conductivity (kA), which is equal to permeability (k) multiplied by the specific weight of

the wetting liquid (γ). The equation is shown below [93].

kA = kγw, (3.4)

Pore fluid flow in ABAQUS is specified as seepage flow by defining seepage coefficients in

consolidation analysis for each element. In this study, the seepage coefficient is used to control

vascular flow from the interior to the exterior and is inputted in analysis by using the "FLOW"

keyword. User subroutine FLOW is not supported in ABAQUS/CAE, which is the visualization

work platform of the software. ABAQUS/CAE generates the input file (.inp), and users need to

modify the input file to use FLOW by following the format described in ABAQUS documentation.

The vascular permeability is defined in FLOW.

Meshing

Meshing type and element size should be carefully determined. A sufficient number of ele-

ments or a finer mesh are crucial to image accuracy and to prevent the locking phenomenon for

nearly incompressible materials. Computational time and resources will be traded off to war-
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Sample Eb (kPa) E (kPa) νb ν kb (m4N−1s−1) k (m4N−1s−1) χb (Pa ∗ s)−1 χ (Pa ∗ s)−1 Sa Sr St P
A 32.78 54.99 0.49 0.3 6.4× 10−15 3.1× 10−14 5.4× 10−8 2.79× 10−6 0 0 0 0
B 32.78 54.99 0.49 0.3 6.4× 10−15 3.1× 10−14 5.4× 10−8 2.79× 10−6 0 0 0 5
C 32.78 54.99 0.49 0.3 6.4× 10−15 3.1× 10−14 5.4× 10−8 2.79× 10−6 14.1 16.9 0.17 0
D 32.78 54.99 0.49 0.3 6.4× 10−15 3.1× 10−14 5.4× 10−8 2.79× 10−6 14.1 16.9 0.17 5

Table 3.1: The input parameters of the simulated samples A-D. E, ν and k are the Young’s mod-
ulus, Poisson’s ratio and interstitial permeability, respectively. The parameter χ = LpSv

Vv
, where

Lp is the vascular permeability and Sv

Vv
is the surface area to volume ratio of the capillary walls.

The subscript b refers to the parameters in the background region while the parameters without
subscript correspond to the inclusion region. S and P denote the SS and IFP inside the tumors
with a unit of mmHg. Subscripts a, r and t denote the axial, radial and tangential components,
respectively.

rant enough elements. The axisymmetric model uses 4-node axisymmetric bilinear displacement

and pore pressure with reduced integration and hourglass control, known as CAX4RP. Reduced

integration is an improved approach used to minimize the amount of calculation required, thus

reducing data storage. This procedure can be used for quadrilateral elements. Reduced-integration

elements require fewer points of integration in each direction than fully integrated elements. The

integration points, so-called Barlow points, are located at the place where the highest precision of

the element is achieved [96]. The stiff matrix is often overestimated in finite element formulation,

and using fewer integration points should result in a less stiff element. As a result, reduced inte-

gration is preferable to full integration in some situations, especially with creep or incompressible

material problems. The reduced integration decreases the time to run and is more suitable for the

second-order elements due to better accuracy [93].

A particular procedure is required for the axisymmetric model to make the mesh successfully.

The model used rectangular partition inside and outside the tumor, as shown in Fig. 3.2, to ensure

that square mesh elements have an aspect ratio of 1. This partition is critical because ABAQUS

calculates the seepage coefficient for each mesh element, which requires equal length to achieve the

same vascular permeability throughout the inclusion or background. The element shape must be

set as "Quad" to avoid a triangle shape. While meshing the sample geometry, no mesh refinement

is deployed in this study. As a result, 81492 elements were generated in the solution plane.
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Figure 3.2: Finite element model with partition and corresponding mesh

Simulation of Benign and Malignant Tumors

For the malignant tumor modeling, the tumor and the background interface are assumed to

have no friction. This model is realized from a modeling perspective by merging the inclusion and

background parts in ABAQUS. In this way, fully bonded is ensured. The benign tumor modeling

involves contact with friction. Surface to surface contact is used in ABAQUS. Contact calculation

requires identifying a master surface and a slave surface. Nodes on the slave surface are prohibited

from penetrating the master surface, but nodes on the master surface can penetrate the slave sur-

face. In this study, the tumor surface is identified as the master surface. The part of the tissue that is

in contact with the tumor is identified as the slave surface. The relative tangential displacement of

the two surfaces is controlled by specifying the contact as "finite sliding" or "small sliding." Finite

sliding, which this study utilizes, is commonly used with greater computational demands. Small
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sliding is preferred if the distance between two neighboring nodes seems to be larger than the rela-

tive tangential displacement. The contact module also requires inputs of the interaction properties.

Tangential behavior, also recognized as the frictional behavior in this study, is selected to control

the contact. There are various friction formulations to describe frictional behavior. Penalty friction

formulation is used to model benign tumors. When using penalty friction formulation, the isotropic

frictional property is used by default in ABAQUS. The friction coefficient is changed accordingly

from case to case.

Simulation Output

The primary outputs are axial and radial displacements. MATLAB is used to import the dis-

placement data from ABAQUS data file (.dat) and compute different strains elastograms, such as

axial strain, lateral strain, axial shear strain, lateral shear strain, total shear strain, first principal

strain, second principal strain, and Von Mises strain and corresponding poroelastograms. The

overall procedure is shown in Fig. 3.3. The derived strains are calculated on a pixel-by-pixel basis.
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Figure 3.3: Flow Chart used for the computation of the various strains utilized in this project.

3.2 Ultrasound Simulation

The performance of the proposed technique is evaluated using ultrasound simulations data In

one selected case (Sample D). Fig. 3.4 illustrates procedures of ultrasound simulation and speci-

fications of the simulated ultrasound transducer, which resembled our experimental transducer. A

convolution model, in which the object field is convolved with the transducer’s point spread func-

tion (PSF), processes FEM nodal displacements to obtain the simulated ultrasound RF data before

and after compression [97, 98]. The RF data integrates the Gaussian noise of a particular SNR that

is subjective to the measurement and electronic noise before and after compression. The scattering

distribution is supposed to be a Gaussian distribution with zero mean and unit variance [13]. From

the simulated RF data before and after compression, axial and radial displacements and strains

were obtained using the DPHS technique recently developed in our lab [17].
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Figure 3.4: Flow Chart used for the ultrasound simulation to generate displacements and strains
and the ultrasound specification in this project [17, 99].

3.3 Animal Cancer Study

Previously acquired experimental data from animal cancers was analyzed with the intent of:

(A) demonstrating the technical feasibility of creating derived strain elastograms (first principal,

second principal, and Von Mises) from experimental data in vivo and (B) experimentally validating

some of the strain patterns observed in the simulation results, i.e., specifically changes in the

derived strain distributions with the onset of cancer and ostensibly related to an increase of IFP

and SS. The cancers were created in a small animal model by injecting cancerous cells under the

mice’s mammary fat pad. A gel pad is applied to the mice during data collection, which has no

discernible effect on the stress distribution inside the sample, and therefore does not affect the

computed strains [79]. The database consisted of six untreated malignant cases, with three from

2017 with labels M324, M326, M347, and three from 2019 with labels M14, M5, M24. No data

on benign cases was available. Consequently, the data were used mainly as a proof-of-principle of

the proposed technology. The procedures of mice data processing are shown in Fig. 3.5.
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Figure 3.5: Demonstration of the Mice data process. The depiction of the mice is obtained in
Chenchen Pan et al. (2019) [100].

3.4 Statistics Consideration

Statistical analysis was performed on the various simulated phantoms to detect differences in

the poroelastographic parameters. The statistical analysis focuses on inclusion since it is the region

of interest. The selection of statistical tests relies on the normality of the data since many models

assume a normal distribution.
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4. RESULTS AND DISCUSSION

In this chapter, the results from the studies will be presented.

4.1 Malignant Tumor

4.1.1 FE Simulation

The axial shear strain poroelastograms in samples A-D are shown in Fig. 4.3. As observed in

the figure, the axial shear strain does not vary significantly over time with or without the presence

of IFP and SS. Besides this, axial shear strains within the inclusion are zero in samples A and

B, demonstrating that IFP does not produce any axial shear strain in cancer. On the contrary, in

samples C and D, where SS occurs, the axial shear strain is non-zero in cancer with alternating

polarity. We observe that the axial shear strain has alternating polarity at the background/inclusion

interface. The pattern has the same sign diagonally; this is also true for radial shear strain. This

finding is consistent with the previous study [59].

The poroelastograms of radial shear strain in samples A-D are displayed in Fig. 4.4. Like the

axial shear strain, the radial shear strain does not change substantially over time in all samples and

is zero within the inclusion in samples A and B. We can see higher radial shear strains in samples

C and D at the background/inclusion interface, which demonstrates that SS generates radial shear

strain as well as axial shear strain inside the inclusion while the IFP does not. However, the changes

in shear strains occur primarily at the background/inclusion interface. Even if these strains are non-

zero inside the inclusion in the presence of SS, these strains are still very small.

Turning now to the results on derived strains, Fig. 4.5 presents the first principal strain poroe-

lastograms for samples A-D. In sample A, the first principal strain increases from 9.5% to 10.5% at

the steady-state. In sample B, the first principal strain is reduced to about 9.7% at the steady-state.

In samples C and D, the first principal strain decreases within the inclusion. The first principal

strain is spatially uniform within the inclusions in samples A and B and spatially dependent within

the inclusions in samples C and D. In general, IFP and SS seem to reduce the first principal strain
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in cancer.

The second principal strain poroelastograms highlight a more noticeable change in the different

samples as shown in Fig. 4.6. The figure depicts approximately -4.6% initial value and -3.8% at

steady-state inside the inclusion in sample A. In sample B, because of IFP, the second principal

strain reaches around -4.3

The Von Mises strain poroelastograms for samples A-D at different time points are shown in

Fig. 4.7. From the figure, it is hard to discern variations in the Von Mises strain over time visually.

For samples C and D, the Von Mises strain has a lower value in the central part of the inclusion

than in the peripheral part of the inclusion and forms a gradient inside the inclusion. Von Mises

strain is space-dependent with the existence of SS, like principal strains.

The temporal profiles of the absolute axial shear strains at five different points inside the in-

clusions in samples A-D are shown in Fig. 4.9. These five points include the center point and four

points located near the tumor-tissue boundary at different radial distances from the center. We see

from Fig. 4.9 that, overall, the axial shear strain is very small inside samples A and B. Axial shear

strain is more visible in samples C and D because of the presence of SS. Radial shear strain also

is very small (≈ 0) in samples A and B while more changes are identified in samples C and D

(shown in Fig. 4.9). For the first principal strain, We see that it both starts at a value around 9.5%

and increases in samples A and B. In samples C and D, the first principal strain starts to decrease

with time due to the presence of SS. For the first principal strain, both the existence of IFP and

SS would appear to reduce the first principal strain. The second principal strain decreased in the

presence of IFP but increased in the center with SS. Von Mises strain changed slightly with time

with the presence of SS and IFP in samples A and B but changed drastically in the center. We

also observe the spatial dependent pattern for the derived strains by comparing the inclusion to the

background.

The elliptical tumor inclusion, as shown in Fig. 4.8, has also been modeled for our purposes.

The primary observation is that the trend of strain distribution in elliptical tumors is qualitatively

similar to that in spherical tumors, with slight differences due to geometry. As a result, we antici-
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pate that these findings will hold for both spherical and elliptical tumors under realistic experimen-

tal conditions. The orientation of the elliptical tumor might influence the results, but this is left for

future work.
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Figure 4.1: Axial strain at time points of 0.6 s (0+ s), 4.8 s, 9 s, 18 s and 57.6 s for samples A, B,
C and D are shown in (A1-A5), (B1-B5), (C1-C5) and (D1-D5), respectively.
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Figure 4.2: Radial strain at time points of 0.6 s (0+ s), 4.8 s, 9 s, 18 s and 57.6 s for samples A, B,
C and D are shown in (A1-A5), (B1-B5), (C1-C5) and (D1-D5), respectively.
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Figure 4.3: Axial shear strains at time points of 0.6 s (0+ s), 4.8 s, 9 s, 18 s and 57.6 s for samples
A, B, C and D are shown in (A1-A5), (B1-B5), (C1-C5) and (D1-D5), respectively.
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Figure 4.4: Radial shear strains at time points of 0.6 s (0+ s), 4.8 s, 9 s, 18 s and 57.6 s for samples
A, B, C and D are shown in (A1-A5), (B1-B5), (C1-C5) and (D1-D5), respectively.
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Figure 4.5: First principal strain at time points of 0.6 s (0+ s), 4.8 s, 9 s, 18 s and 57.6 s for samples
A, B, C and D are shown in (A1-A5), (B1-B5), (C1-C5) and (D1-D5), respectively.
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Figure 4.6: Second principal strain at time points of 0.6 s (0+ s), 4.8 s, 9 s, 18 s and 57.6 s for
samples A, B and C are shown in (A1-A5), (B1-B5) and (C1-C5), respectively.
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Figure 4.7: Von Mises strain at time points of 0.6 s (0+ s), 4.8 s, 9 s, 18 s and 57.6 s for samples
A, B, C and D are shown in (A1-A5), (B1-B5), (C1-C5) and (D1-D5), respectively.
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Figure 4.8: Axial shear strain, radial shear strain, first principal strain, second principal strain, and
Von Mises strain at time points of 57.6 s (steady state) for samples A, B, C and D with elliptical
shape, respectively.
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Figure 4.9: Time profiles of absolute axial and radial shear strains, first and second principal
strains, and Von Mises strain at various locations inside cancers for samples A-D respectively.

4.1.2 Ultrasound Simulation

Axial and radial shear strains, first and second principal strains, and Von-Misses strain for sam-

ple D from ultrasound simulations with single realization are shown in Figs. 4.10. We can see that

the ultrasound simulation results are consistent with the ideal case results, with the radial shear

strain being much nosier inside and outside the inclusion. Although the result for the second prin-

cipal strain is somewhat different from the FEM result outside the inclusion, the conclusion made

from ideal cases in the central region remains valid. Other estimated strains for both cases match
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well with the corresponding strains obtained from FE simulations. The strain images clearly show

the shape of cancer, so there is no need for more realizations. The simulated ultrasound system re-

sembled the results from FEM. Therefore, the conclusions drawn from the previously discussed FE

simulation results should be equally applicable to the ultrasound elastography simulations results

and, possibly, future experimental results.
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Figure 4.10: Axial and radial shear strains, first and second principal strains, Von Mises strain at
time points of 0.6 s (0+ s), 4.8 s, 9 s, 18 s and 57.6 s for samples D are shown in (A1-A5), (B1-B5),
(C1-C5),(D1-D5) and (E1-E5), respectively. These strains are obtained from a single ultrasound
simulation realization.
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4.1.3 Animal Cancer Study

Previously acquired experiment data from animal cancers were analyzed to corroborate the

simulation results. The in vivo data includes 118 frames of the untreated mice data pre-processed

by DPHS methods for two or three consecutive weeks. The last frame (118th) of each strain matrix

represents the steady-state. A GUI app is constructed to better display the data as strain imaging

by using the MATLAB app designer feature, which is displayed in Fig. 4.11. The app displays

B-mode imaging and all the strains that were analyzed in this study at each frame. Strain imaging

can be analyzed frame by frame with more flexibility. All the strain images are resized to 128 *

128 pixels. Users can adjust the imaging displayed dynamic range for all strain images by using

sliders or entering the value directly. Both the strain between successive frames and cumulative

strain were analyzed. The "Strain Frame" option allows switching from individual successive strain

frames to cumulative strain frames. Tumors can be manually segmented or using morphological

operations by the "Tumor detection" function.

Fig. 4.12 to Fig. 4.16 provides grey scale B-mode and strains imaging of the tumor cell across

untreated mice in vivo at different time points. We had data for three consecutive weeks for some

tumors, while for others, we had data for only two consecutive weeks. Due to observation, M324,

M326, and M14 are the top three cases where the strain images indicate a discernable appearance.

M347 displayed in the appendix is the worst-case scenario, which demonstrates the failure of the

application of strain imaging and how in-vivo strain imaging may be impacted by other factors

such as noise. As recognized in B-mode imaging, the tumor is growing over time, and we can

see that the tumors have approximately elliptical shapes and are oriented in the lateral direction.

According to Kumm et al. [101] and Barr et al. [102], cancers frequently seem to be smaller on

sonograms than on equivalent elastograms, while benign tumors seem to be the same size because

the acicular spines that spread from the tumor or peripheral proliferative areas are challenging to

detect on the B-mode image.

In the case of the in vivo data, there are complex boundary conditions and low signal-to-noise

ratio due to attenuation and other effects. However, we did not observe axial shear strain inside
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Figure 4.11: MATLAB GUI for in-vivo data.

the cancers in most cases. The lateral shear strain is very noisy and was not used to analyze the

in vivo data. The first principal strain results appear to confirm what we observed from FEM with

a lower strain value inside. For the second principal strain, the value is highest near the center of

the inclusion and decreases near the boundary. Qualitatively, we could observe a gradient in Von

Mises in most of the cases.

It is impossible to directly compare the results of simulations and experiments under the same

condition because the mechanical properties, like young’s modulus or Poisson’s ratio, are unknown

for the in-vivo data. In addition, boundary conditions and noise conditions are different. However,

we can use the in vivo data to qualitatively and loosely validate the trends observed in the simula-

tions results.
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(A)

(B)

Figure 4.12: Bmode, axial strain (E22), radial strain (E11), axial shear strain (E12), radial shear
strain (E21), first principal strain (E1), second principal strain (E2), Von Mises strain (Evm) for
Mice data with label M324 in (A) Week 2 and (B) Week 3.
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(A)

(B)

(C)

Figure 4.13: Bmode, axial strain (E22), radial strain (E11), axial shear strain (E12), radial shear
strain (E21), first principal strain (E1), second principal strain (E2), Von Mises strain (Evm) for
Mice data with label M326 in (A) Week 1 (B) Week 2 and (C) Week 3.
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(A)

(B)

Figure 4.14: Bmode, axial strain (E22), radial strain (E11), axial shear strain (E12), radial shear
strain (E21), first principal strain (E1), second principal strain (E2), Von Mises strain (Evm) for
Mice data with label M14 in (A) Week 2 and (B) Week 3.
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Figure 4.15: Bmode, axial strain (E22), radial strain (E11), axial shear strain (E12), radial shear
strain (E21), first principal strain (E1), second principal strain (E2), Von Mises strain (Evm) for
Mice data with label M24 in (A) Week 2 and (B) Week 3.
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Figure 4.16: Bmode, axial strain (E22), radial strain (E11), axial shear strain (E12), radial shear
strain (E21), first principal strain (E1), second principal strain (E2), Von Mises strain (Evm) for
Mice data with label M5 in (A) Week 2 and (B) Week 3.
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4.2 Benign Tumor Simulation Analysis

Benign tumors with different friction at steady state are shown in Fig. 4.19 - Fig. 4.23. We

could observe that as the friction increases, the result will be closer to malignant tumors. The

axial shear strain and the radial shear strain have decreased inside the inclusion from friction 0.01

to friction 10. The center will always remain nearly zero shear strain. There exists a changing

polarity inside the inclusion. For the first principal strain, the strain decreases in the center and

increases at the peripheral. We could observe slight changes with the presence of IFP and more

obvious changes with the presence of SS for the second principal strain. As for the Von Mises

strain, the part along the axial direction has a decreasing strain, and the rest has an increasing

strain. The main observation is that it is harder to identify the strain pattern for shear strains

and second principal strains with low friction values. This phenomenon means that mobility will

influence the shear strains and the second principal strains. While the malignant tumor reached

a steady state within acceptable clinical time, it took a long time for the benign tumor to reach a

steady state. The long-time constant adds some uncertainly for the appearance of friction.

Sample A

No IFP,

No SS

Sample B

IFP,

No SS

Sample C

No IFP,

SS

Sample D

IFP,

SS

frition 0.01 frition 0.3 frition 0.5 friction 0.7 friction 1 friction 5 frition 10

Figure 4.17: Axial strain for Benign tumor with friction for samples A-D.
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Sample A

No IFP,

No SS

Sample B

IFP,

No SS

Sample C

No IFP,

SS

Sample D

IFP,

SS

frition 0.01 frition 0.3 frition 0.5 friction 0.7 friction 1 friction 5 frition 10

Figure 4.18: Radial strain for Benign tumor with friction for samples A-D.

Sample A

No IFP,

No SS

Sample B

IFP,

No SS

Sample C

No IFP,

SS

Sample D

IFP,

SS

friction 0.01 friction 0.3 friction 0.5 friction 0.7 friction 1 friction 5 friction 10

Figure 4.19: Axial shear strain for Benign tumor with friction for samples A-D.
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Sample A

No IFP,

No SS

Sample B

IFP,

No SS

Sample C

No IFP,

SS

Sample D

IFP,

SS

friction 0.01 friction 0.3 friction 0.5 friction 0.7 friction 1 friction 5 friction 10

Figure 4.20: Radial shear strain for Benign tumor with friction for samples A-D.

Sample A

No IFP,

No SS

Sample B

IFP,

No SS

Sample C

No IFP,

SS

Sample D

IFP,

SS

friction 0.01 friction 0.3 friction 0.5 friction 0.7 friction 1 friction 5 friction 10

Figure 4.21: First principal strain for Benign tumor with friction for samples A-D.
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Sample A

No IFP,

No SS

Sample B

IFP,

No SS

Sample C

No IFP,

SS

Sample D

IFP,

SS

friction 0.01 friction 0.3 friction 0.5 friction 0.7 friction 1 friction 5 friction 10

Figure 4.22: Second principal strain for Benign tumor with friction for samples A-D.
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No IFP,

No SS
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IFP,

No SS
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No IFP,

SS
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IFP,

SS

friction 0.01 friction 0.3 friction 0.5 friction 0.7 friction 1 friction 5 friction 10

Figure 4.23: Von Mises strain for Benign tumor with friction for samples A-D.
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4.3 Statistical Analysis of FEM Simulation

In the inclusion, we conducted statistical analysis on the axial shear, first principal, and Von

Mises strains. As observed in the ultrasound simulations and in-vivo data, the radial shear strain

and the second principal strain might be significantly affected by noise. Thus, radial strain and

second principal strain were excluded for statistical analysis. The results from statistical analysis,

which includes x-y plots, normal quantile plots, histograms, means and standard deviation, and

nonparametric comparison, are shown in Fig. 4.24 - Fig. 4.26. We could observe that the strains

inside the inclusion do not follow a normal distribution from the normal quantile plot, but there are

many outliers. In that case, nonparametric studies should be performed. In this project, we selected

the Wilcoxon method for nonparametric comparisons for each pair. When comparing paired data,

the Wilcoxon technique is used as an alternative to the paired Student’s t-test. The hypothesis is

that the results are not statistically different with 95% confidence level. We noticed that all the

p-values for axial shear strain inside the inclusion are greater than 5%. Thus, we conclude that the

changes of axial shear strain inside the inclusion due to IFP and SS are not statistically significant.

The first principal strain indicates a statistical difference with the presence of IFP and SS. The first

principal strain is sensitive to both the presence of IFP and SS. This is also true for the Von Mises

strain, except that the case for SS only and IFP and SS are not statistically significant. That means

that the Von Mises strain is sensitive to SS more than IFP.
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Figure 4.24: Statistical analysis of the axial shear strain within the cancer for simulated samples
A-D.
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Figure 4.25: Statistical analysis of the first principal strain within the cancer for simulated samples
A-D.
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Figure 4.26: Statistical analysis of the Von Mises strain within the cancer for simulated samples
A-D.

4.4 Discussion

In this work, we have closely examined the change of shear and derived strains in response to

the presence of IFP and SS for cancers under compression. IFP and SS are of clinical importance

but are exceedingly difficult to be assessed non-invasively. With additional strain, we may gain

additional information about IFP and SS. Thus, we suggested Von mises strain as a potential elas-

tographic marker and evaluated it using FEM, ultrasound simulation, and in-vivo data. Although

prior work has noted that Von Mises elastography may play an essential role in tumor classification,

it has not investigated the link of the Von Mises with the presence of IFP and SS. Poroelastogra-

phy is a qualitative method to differentiate a tumor from normal tissue. Most observations in this

project come from the FEM simulations, the results of which are considered as the ideal cases.

The simulation may benefit from IFP and SS incorporation compared to the traditional ultrasound
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elastography when interpreting the elastographic results because it is more realistic.

A previous study of our group explored the changes of axial and radial normal strains, vol-

umetric strains, and fluid pressure with IFP and SS. In that study, axial strain increases with the

presence of IFP and SS. The radial strain increases with the presence of IFP and increases strain on

the peripheral with the presence of SS. The results in this study confirmed that the normal strains

are associated with the IFP and SS by using different inputs. One of the aims of this study was to

extend the previous study. The shear, principal, and Von Mises strains were investigated, adding

broadness and novelty to this study.

In summary, one significant finding of this study is that the first principal and the Von Mises

could be considered as sensitive markers to the presence of IFP and SS. The presence of IFP

causes a reduction of the first principal strain and the Von Mises strain inside the tumor at the

steady-state. The first principal strain is more spatially uniform inside inclusion. In the presence

of SS, the principal strain and Von Mises strain become space-varying inside the inclusion, and the

central part of the tumor behaves like a more compressible material than the periphery part of the

tumor. The elliptical tumor with zero orientation corroborates the findings of the spherical tumor.

However, we could still see slight changes due to geometry. Therefore, more changes might occur

with irregularly shaped tumors. Up to now, it is still too early to claim the first principal strain and

the Von Mises strain as biomarkers. More in-vivo studies have to be done.

Another finding suggests that although the FEM indicated that axial shear strain, radial shear

strain, and the second principal strain have the potential to become a marker, it does not provide

helpful information to make a classification in real cases. The radial strain and the second principal

strain were not that noisy resistant compared to other strains. The theory behind the phenomenon

is that radial shear strain is along the lateral direction, and the second principal strain is closer to

the lateral direction. The image resolution in the lateral direction is very bad. The shear strains

and the second principal strain contain information outside the tumor with negative and positive

strain values, which results in ambiguous and difficult-to-interpret imaging. Additionally, shear

strains are greatly influenced by the mobility of the tumor. The identified pattern becomes harder
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to identify with increasing mobility.

In accordance with the FEM simulation, the results from the in-vivo mice have demonstrated

that the feasibility of using the derived strains. Five out of six imagings have surprisingly good

quality. The results loosely prove that it is possible to generate the strains in practice.

The dynamic range of a poroelastogram is essential in providing appropriate visualization of

the region of interest. In this study, we manually adjusted the dynamic range for FEM and in-

vivo data. For FEM, the dynamic range is determined by the statistics of the pixel intensity. In

contrast, the dynamic range for the in-vivo data is selected by using the pixels close to the lesion

boundary. The elastography plot for benign tumor at steady-state had the same dynamic range as

the malignant tumor in the purpose of comparison.
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5. CONCLUSIONS AND FUTURE WORK

This research involved the development of finite element models and the generation of strain

poroelastograms. The influence of different structural and material properties on measured strains

was examined. This study also included the generation of the very first experimental Von Mises

elastogram of in-vivo cancers. Moreover, the effect of SS and IFP on the shear and derived strains

generated in an inclusion during a poroelastography experiment was investigated. Our study sug-

gests that a non-zero IFP inside the inclusion does not create any shear strain, while non-zero SS

creates visible shear strains inside the inclusion. Radial shear strain is too noisy to be used in prac-

tice, as demonstrated by the ultrasonic and in-vivo results. In contrast, the axial shear strain is more

robust. However, the axial shear strain alone may not be a good marker for IFP and SS because

friction also causes changes of shear strains inside the inclusion, although a change in polarity

may aid in making the difference from the no friction case. In addition, the changes identified

from ideal cases are not statistically significant. We have shown that the features from the first

principal strain and Von Mises strain elastograms may be more robust indicators of the presence of

SS. Noise also influences the second principal strain. Hence, the second principal strain is not of

primary choice as a potential marker. Furthermore, the principal strains and the Von mises strain

mark measurable changes with the presence of IFP, with the first principal being more sensitive to

IFP than the Von Mises strain. The first principal strain and the Von Mises strain have the potential

to be new elastographic markers in clinical applications.

5.1 Limitations

This study has several limitations. Firstly, the outcome relies heavily on the simulations. While

constructing the simulation models, there are various assumptions, and some of those assumptions

may not hold true in practice. From an operational perspective, the amount and the direction of

the pressure applied by the examiner will affect the results. Moreover, the tumor was assumed

to be poroelastic with a linear elastic solid phase. This assumption is frequently used in experi-
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ments related to the mechanical behavior of tissues. However, this assumption may result in an

oversimplification of clinical conditions. Secondly, the in-vivo data should be interpreted as proof-

of-principle of feasibility and not a complete validation study. Additional cases are required to

check the effect of acquisition strains. Moreover, the equipment and protocol may not be opti-

mized for our specific project. Lastly, we did not consider the impact of lymphatic permeability on

tumor mechanical activity. Although lymphatic permeability is marginal in comparison to vascular

permeability, according to published data, it may not be ignored. Despite its limitations, this study

adds to our understanding of how the presence of IFP and SS affects the strain poroelastograms

and the prospect of novel methods for assessing the two parameters.

5.2 Future Study

Improving Model Complexity

In this project, FE simulations were carried out using a simplified model that integrated linearly

elastic materials with biphasic theory with a specified shape and simple boundary conditions. The

simplified model might not be sufficient to meet practical conditions. A more complex simulation

that enables reliable modeling of the strain changes occurring in simulated media having similar

proposed properties should be developed and evaluated independently.

In terms of future work, it would be engaging in expanding the current bi-phasic model into a

multi-phase and multi-component model. In that case, other commonly used poroelastic properties

like viscosity and fluid saturation may be added to the current model. For the sake of simplicity,

we assume that the tumor is spherical or elliptical. The tumor geometry could be changed to test

the sensitivity of the work. The orientation of the tumor could also be investigated.

Furthermore, the investigation was limited to the application of uniaxial compression. The

orientation of the applied load may be investigated as well. Additionally, multiple tumors might

be discovered due to the nature of tumor progression and the appearance of metastatic tumors. A

model with multiple tumors may be built to see how the presence of a new tumor will influence

the current results.
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Validation of Results

More data should be obtained in vivo to corroborate the theory, unify diagnostic criteria for the

strains, and optimize elasticity parameter selection using updated acquisition systems.

New Method to Assess IFP and SS

In this project, we have identified sensitive markers of IFP and SS. The relationship between

sensitive markers and IFP and SS should be further studied to find a new way to assess IFP and SS

in cancers.
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2011.

[81] Y.-C. Fung, Mechanical Properties and Active Remodeling of Blood Vessels, pp. 321–391.

Springer New York, 1993.

[82] F. Mpekris, J. W. Baish, T. Stylianopoulos, and R. K. Jain, “Role of vascular normaliza-

tion in benefit from metronomic chemotherapy,” Proceedings of the National Academy of

Sciences, vol. 114, no. 8, pp. 1994–1999, 2017.

[83] T. Stylianopoulos, J. D. Martin, M. Snuderl, F. Mpekris, S. R. Jain, and R. K. Jain, “Coevolu-

tion of solid stress and interstitial fluid pressure in tumors during progression: Implications

for vascular collapse,” Cancer Research, vol. 73, no. 13, pp. 3833–3841, 2013.

[84] J. R. Less, M. C. Posner, Y. Boucher, D. Borochovitz, N. Wolmark, and R. K. Jain, “In-

terstitial hypertension in human breast and colorectal tumors,” Cancer Res, vol. 52, no. 22,

pp. 6371–4, 1992.

[85] M. F. Milosevic, A. W. Fyles, R. Wong, M. Pintilie, M.-C. Kavanagh, W. Levin, L. A.

Manchul, T. J. Keane, and R. P. Hill, “Interstitial fluid pressure in cervical carcinoma,”

Cancer, vol. 82, no. 12, pp. 2418–2426, 1998.

69



[86] H. T. Nia, H. Liu, G. Seano, M. Datta, D. Jones, N. Rahbari, J. Incio, V. P. Chauhan, K. Jung,

J. D. Martin, V. Askoxylakis, T. P. Padera, D. Fukumura, Y. Boucher, F. J. Hornicek, A. J.

Grodzinsky, J. W. Baish, L. L. Munn, and R. K. Jain, “Solid stress and elastic energy as mea-

sures of tumour mechanopathology,” Nature Biomedical Engineering, vol. 1, no. 1, p. 0004,

2017.

[87] S. Celi, F. Di Puccio, and P. Forte, “Advances in finite element simulations of elastosonog-

raphy for breast lesion detection,” Journal of Biomechanical Engineering, vol. 133, no. 8,

p. 081006, 2011.

[88] V. Narang, S. Y. Wong, S. R. Leong, B. Harish, J.-P. Abastado, and A. Gouaillard, “Se-

lection of mesenchymal-like metastatic cells in primary tumors - an in silico investigation,”

Frontiers in immunology, vol. 3, pp. 88–88, 2012.

[89] M. F. Coughlin, D. R. Bielenberg, G. Lenormand, M. Marinkovic, C. G. Waghorne, B. R.

Zetter, and J. J. Fredberg, “Cytoskeletal stiffness, friction, and fluidity of cancer cell lines

with different metastatic potential,” Clinical & Experimental Metastasis, vol. 30, no. 3,

pp. 237–250, 2013.

[90] J. Jiang and B. Peng, “A normalized shear deformation indicator for ultrasound strain elas-

tography in breast tissues: An in vivo feasibility study,” BioMed Research International,

vol. 2018, pp. 1–11, 2018.

[91] M. Sarntinoranont, F. Rooney, and M. Ferrari, “Interstitial stress and fluid pressure within a

growing tumor,” Annals of Biomedical Engineering, vol. 31, no. 3, pp. 327–335, 2003.

[92] J. O. Waldeland, J.-V. Gaustad, E. K. Rofstad, and S. Evje, “In silico investigations of intra-

tumoral heterogeneous interstitial fluid pressure,” Journal of Theoretical Biology, vol. 526,

p. 110787, 2021.

[93] Abaqus, ABAQUS/Standard User’s Manual, Version 6.14. Dassault Systemes Simulia Corp,

2014.

[94] K. v. Terzaghi, “The shearing resistance of saturated soils and the angle between the planes

of shear,” in First international conference on soil Mechanics, 1936, vol. 1, pp. 54–59.

70



[95] G. P. Berry, J. C. Bamber, C. G. Armstrong, N. R. Miller, and P. E. Barbone, “Towards an

acoustic model-based poroelastic imaging method: I. theoretical foundation,” Ultrasound in

Medicine and Biology, vol. 32, no. 4, pp. 547–567, 2006.

[96] J. Barlow, “Optimal stress locations in finite element models,” International Journal for

Numerical Methods in Engineering, vol. 10, no. 2, pp. 243–251, 1976.

[97] T. Varghese and J. Ophir, “Estimating tissue strain from signal decorrelation using the cor-

relation coefficient,” Ultrasound in Medicine and Biology, vol. 22, no. 9, pp. 1249–1254,

1996.

[98] R. R. Desai, T. A. Krouskop, and R. Righetti, “Elastography using harmonic ultrasonic

imaging: A feasibility study,” Ultrasonic Imaging, vol. 32, no. 2, pp. 103–117, 2010.

[99] R. Righetti, J. Ophir, S. Srinivasan, and T. A. Krouskop, “The feasibility of using elastogra-

phy for imaging the poisson’s ratio in porous media,” Ultrasound in Medicine and Biology,

vol. 30, no. 2, pp. 215–228, 2004.

[100] C. Pan, O. Schoppe, A. Parra-Damas, R. Cai, M. I. Todorov, G. Gondi, B. V. Neubeck,

A. Ghasemi, M. A. Reimer, J. Coronel, B. K. Garvalov, B. Menze, R. Zeidler, and A. Ertürk,

“Deep learning reveals cancer metastasis and therapeutic antibody targeting in whole body.”

2019.

[101] T. R. Kumm and M. M. Szabunio, “Elastography for the characterization of breast lesions:

Initial clinical experience,” Cancer Control, vol. 17, no. 3, pp. 156–161, 2010.

[102] R. G. Barr, “Real-time ultrasound elasticity of the breast: initial clinical results,” Ultrasound

Q, vol. 26, no. 2, pp. 61–6, 2010.

71


	ABSTRACT
	DEDICATION
	ACKNOWLEDGMENTS
	CONTRIBUTORS AND FUNDING SOURCES
	NOMENCLATURE
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	INTRODUCTION
	Background
	The Breast Anatomy and Breast Cancer
	Current Breast Examination Technology
	Tumor Classifications
	Poroelastography
	Role of Mechanical Microenvironment in Cancers

	Clinical Motivation
	Objective
	Structure of thesis

	LITERATURE REVIEW
	Tumor Models
	Algorithms for Strain Estimation
	Strain Imaging of Tumor
	Imaging Artifacts of Strain Elastography
	Mechanical Parameters of Tumor

	METHODOLOGY
	Finite Element Simulation
	Ultrasound Simulation
	Animal Cancer Study
	Statistics Consideration

	RESULTS AND DISCUSSION 
	Malignant Tumor
	FE Simulation
	Ultrasound Simulation
	Animal Cancer Study

	Benign Tumor Simulation Analysis
	Statistical Analysis of FEM Simulation
	Discussion

	CONCLUSIONS AND FUTURE WORK 
	Limitations
	Future Study

	REFERENCES

