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Abstract

Mechanical properties of biological tissues have been shown to vary in the pres-
ence of pathological disorders. This dissertation aims to investigate the effect of
cancer on the viscoelastic properties of prostate gland. We use the quasi-linear vis-
coelastic model to characterize the elastic and viscous characteristics of thirty-five
fresh prostate glands, removed within two hours of radical prostatectomy surgery.
The viscoelastic properties of normal and cancerous prostates are compared to re-
veal the influence of cancer grade and tumor volume on the elasticity and viscosity
of prostate tissue.

We first present a novel method for describing the time-dependent behavior of
soft materials using one-dimensional quasi-linear viscoelastic model. Our model
derives the elastic (Young’s modulus) and viscous (shear relaxation modulus) prop-
erties by analyzing the stress response after a sudden uniaxial compression. The
model is validated using experimental data on the phantoms that mimic the elastic-
ity of normal and cancerous prostate tissues.

The applicability of the model for material characterization is demonstrated
by introducing a procedure for obtaining the mechanical properties via indentation
test. Using three-dimensional equations and pre-calculated finite element analysis,
the procedure introduces a fast and straightforward approach that is superior to in-
verse finite element methods. We evaluate our procedure by comparing the derived
properties with those obtained from uniaxial compression test, where the results
show high precision (standard deviation less than 10%) and good accuracy (error
less than 20%).

Finally, the procedure introduced for material characterization is used to char-

acterize the viscoelastic properties of prostate gland. We test four different loca-
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tions on fresh, unfixed prostate samples and compare the properties of locations
where cancer spreads with those where cancer is not present. Our data-driven re-
sults demonstrate that tumor volume increases elastic and viscous properties of
prostate with high statistical significance (p-value < 2%), which reflects the poten-
tial of using the mechanical properties of prostate as a cancer biomarker. However,
the author admits the challenges for realizing an in vivo apparatus to measure the
viscoelastic properties of prostate. In fact, in vivo application of the findings re-

quires other considerations that are not discussed here.
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Lay Summary

Prostate cancer is the second most common type of cancer in the World and one of
the leading causes of cancer deaths among men. When diagnosed at early stages,
prostate cancer can be cured with minimal side effects. One of the primary meth-
ods for detecting prostate cancer is monitoring the viscoelastic properties of the
prostate, as cancer affects the elastic and viscous properties of the tissue. This dis-
sertation introduces a model for finding the viscoelastic properties of the prostate
and investigates the influence of cancer on prostate properties.

First, we introduce a model to describe prostate tissue in one dimension and
then present a method to extend the model to three-dimension. Finally, we use
our model to study the behavior of normal and cancerous prostate tissue and com-
pare the findings to understand the effect of cancer. Our results show that cancer

increases the stiffness and viscosity of prostate tissue.
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posterior prostate (a-d); and when cancer is in anterior prostate
(a-h). Samples that had cancer on both sides were excluded.
The properties were normalized by dividing the properties of
the cancerous side by the properties of the normal side for each
section. Tests were repeated eight times for each quadrant and
the average of the last six tests were used to calculate the prop-
erties. The figures show higher values for the properties on
the cancerous side, especially for a) g1, and d) og as the ra-
tio for the properties on the cancerous and normal sides are
mostly above one. The effect of cancer on the properties is
less significant when cancer occurred in the anterior prostate
e-h), mainly because the tests were performed on the posterior
prostate, which limits the accuracy in capturing the anterior
prostate properties. . . . . . . . ..o
Mechanical properties of non-cancerous prostate gland. The
properties are normalized by dividing the properties for the
right side by the properties for the left side in each section.
Since no cancerous nodules are in the prostate, the proper-
ties for the left and right sides are expected to be similar. The
shaded area shows the 10% variation in the properties, which
can be considered as insignificant (see Fig. 4.8 and Fig. 4.9).
The figures also show more similarity between the properties
for the left and right sides for a) g; and d) og. The higher
difference in g, c) g3 may be explained by the presence of a

nodule in a nearby section. . . . ... ... L
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Figure 4.12

Figure 4.13

Figure 4.14

Correlation between different properties of the prostate gland:
a) correlation between cancer grade, prostate mass, and prostate
volume, and b) correlation between cancer grade, prostate vol-
ume, and patient’s age. a) shows a strong correlation between
the prostate volume and mass, but the cancer grade does not
appear to be correlated to the mass or volume. For example,
cancer grade 5 could be assigned to either a small or a large
prostate gland. b) shows a positive correlation between pa-
tient’s age and prostate volume. While a clear relationship be-
tween cancer grade and age is not seen, high-grade cancer (i.e.,
grades 4 and 5) are more likely to occur in older patients. . . .
Gleason scores for prostate cancer cells: a) patterns for Glea-
son score 3 have well-formed glands without fusion, b) pat-
terns for Gleason score 4 have back-to-back fused glands and
a sieve-like structure formed by the cells, and c) patterns for
Gleason score 5 show cell invasion in the glands. . . . . . . .
Correlation between tumor volume and properties when cancer
presents in the posterior prostate. The properties were normal-
ized by dividing the properties for the cancerous side to the
properties for the normal side. Viscous properties are affected
by tumor volume (see a, b, and ¢) while the elastic properties
do not seem to vary with tumor volume (see d). g; and g3 have
the highest statistical significance (lowest p-value). The cancer
grade does not appear to be correlated with tumor volume or
the viscoelastic properties. International Society of Urological
Pathology (ISUP) Cancer Grade was reported, and calculated
based on the Gleason score. Cancer grades 2, 3, 4, and 5 are as-
sociated with Gleason Score 3+4, 4+3, 4+4, and 4+5 (or 5+4),

respectively. . . . . ..o oL
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Figure 4.15

Figure 4.16

Figure A.1

Correlation between tumor volume and mechanical properties
when cancer presents in the anterior prostate. The properties
are normalized by dividing the properties on the cancerous side
by the properties on the normal side. Unlike Fig. 4.14, no
clear correlation can be seen between tumor volume and the
viscoelastic properties. This may be due to our testing that
was performed on the posterior prostate, which fails to accu-
rately capture the properties in the anterior prostate. Interna-
tional Society of Urological Pathology (ISUP) Cancer Grade
was reported, and calculated based on the Gleason score. Can-
cer grades 2, 3, 4, and 5 are associated with Gleason Score
3+4, 443, 4+4, and 4+5 (or 5+4), respectively. . . . . . . . ..
Correlation between cancer grade and relative tumor volume
(tumor volume divided by prostate volume). No clear correla-
tion is seen between cancer grade, patient’s age, and the rela-
tive tumor volume. International Society of Urological Pathol-
ogy (ISUP) Cancer Grade was reported, and calculated based
on the Gleason score. Cancer grades 2, 3, 4, and 5 are asso-
ciated with Gleason Score 3+4, 4+3, 4+4, and 4+5 (or 5+4),

respectively. . . . . ... oL oL L

Design of the proposed FBG sensor: The sensor is composed
of an FBG sensor bonded to a elastomer (polyurethane) rod
and it is supported by a 3D printed enclosure. The rod is de-
signed to contact the material through a sensor head with a
diameter of 6 mm. The sensor is compressed into a material
by using an actuator and the force reaction of the material is
recorded over time. The size of the sensor is designed to allow

for in vivo applications. . . . . . . ... ...
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Figure A.2

Figure A.3

Figure A.4

Sensor calibration: the mechanical tester described in Section
2.1 was used to calibrate the sensor. The FGB sensor was
placed beneath the tester’s indenter and a range of strains from
0to 2.25% were applied in intervals of 0.225%. The sensor in-
formation was read through the interrogator and calibrated by
the forces recorded for the load cell. The calibration showed a
linear relationship between the sensor’s measurements (wave-
length shift in the FBG sensor) and Force, with a maximum
non-linearity errorof 22 mN. . . . . .. ... ...
Testing the FBG sensor on the prostate-mimicking phantoms:
phantoms were fabricated as described in Section 4.1.1 and
the nodule was located in L1; c) the FBG sensor was used to
measure the force response of the prostate phantoms after each
test. The sensor was connected to the actuator with an adaptor
and a custom-built rig. Experiments were repeated three times
for each quadrant (L1-L4) and the average QLV parameters
were recorded for each quadrant. . . . . . . ... .......
Validation of the FBG sensor applicability by testing on prostate-
mimicking phantoms: viscous properties (g; s) are reported for
a)L1, b) L2, ¢) L3, and d) L4 for hard nodules with diameters
of 5 mm, 7 mm, and 10 mm. The figure shows that the most
variation occurs for the properties at L1, where the nodules are
located. The properties at L4 also vary slightly for the differ-
ent nodule sizes, which is likely due to the effect of a hard
nodule in a nearby quadrant. L2 and L3, however, have similar

properties for the different nodule sizes. . . . . ... ... ..
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Figure A.5

Validation of the FBG sensor applicability by testing the prostate-
mimicking phantoms: elastic stress is shown for quadrants
with different nodule sizes. The figure shows that the great-
est variation in elastic stress occurs with the nodule sizes at
L1. The elastic stress at L4 also varies slightly with the nodule
size, which is likely due to the effect of a nearby quadrant. L2
and L3, however, have similar amounts of elastic stress for the

different nodule sizes. . . . . . . . . . ... ... ... ...
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Nomenclature

C Right Cauchy-Green Deformation Tensor
D Specimen Diameter

E Young’s Modulus

G(tr) Reduced Function

H Specimen Height

L First Invariant (Trace)

J Volumetric Stretch

N; Eigenvector

P Hydrostatic Pressure

o Ogden’s Model Constant

F Deformation Gradient Tensor

S 27 Piola-Kirchhoff Tensor
l Elasticity Tensor

o Indentation Depth

£ Strain

K Bulk Modulus
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Chapter 1

Introduction

Prostate cancer (PCa) is the second most common type of cancer in the world and
the fifth leading cause of cancer death among men in 2020 [3]. Being diagnosed in
early stages, PCa can be cured with manageable side effects. The initial screening
method for PCa includes digital rectal examination (DRE) [4], where a physician
examines the stiffness of the posterior prostate gland by finger. Higher stiffness in
the prostate gland marks the presence of cancer [S]. The results of DRE though are
not accurate as they are subjective and dependent on the sensitivity of the human
finger. Naji et al. [6], Soeterik et al. [7], and Jones et al. [8], in different stud-
ies, showed that more than 50% of the people with abnormal DRE results do not
have prostate cancer. Alternative methods have been introduced for measuring the
mechanical properties of the prostate gland in an objective manner, among which
ultrasonic elastography (USE) [9], magnetic resonance elastography (MRE) [10],
and direct elasticity measurement [5] are more common. Despite their differences,
all of these methods have the same basis: measuring the response of tissue upon
applying a specific actuation [11]. This common basis requires all viscoelasticity
measurement techniques to follow three main steps: actuating tissue, detecting the

response, and extracting the properties based on a model.



1.1 Measurement of Tissue Viscoelasticity

1.1.1 Tissue Actuation

Tissue can be excited by applying either a displacement or a force. In the former,
tissue is actuated by static or dynamic deformation. Takdcs et al. [12] measured
the viscoelastic properties of liver by conducting a relaxation test, where the liver
tissues were compressed at a rate of 750 mm/min, and then kept compressed at
4 mm for 60 seconds. The stress relaxation of tissues during this procedure was
recorded to measure the viscous characteristics. In another work, dynamic defor-
mation was utilized for measuring the stiffness of synthetic and natural sponges
[13]. In this article, the sponges were excited by a sinusoidal deflection with an
amplitude between 0.5-1.0 mm and frequency between 5-40 Hz. Alternatively,
static and dynamic forces can be used in the actuation mode. Magnetic, piezo-
electric, and pneumatic drivers are among the conventional methods for generating
actuation force [14]. Mechanical drivers, however, are only appropriate when the
properties of superficial organs are of interest. For deep organs, another technique
called acoustic radiation force impulse (ARFI) should be considered [15, 16]. In
ARFI, force is generated by focalizing an ultrasound beam to a small spot (a few
square centimeters) [11, 17]. Since the actuation is produced by ultrasonic waves,
this method can work without physical contact and so it is suitable for deep tis-
sues. ARFI technique actuates tissue with high frequency (i.e., few MHz) [18].
High-frequency actuation, however, does not allow tissues to exhibit their entire
viscoelastic characteristics. For example, it has been shown that stress relaxation
in biological tissues can last for several minutes [19-21]. That is to say, using
mechanical drivers with low actuation frequency is preferable to better capture the
viscoelastic properties of materials, but the application is limited to superficial or-

gans.

1.1.2 Response Detection

The second step is detecting tissue response upon the applied actuation. When
tissue is excited by displacement, its force response is recorded, and vice versa

[12]. In the literature, it is more common to use force as actuation and then mea-



sure the deformation. One of the methods for measuring tissue deformation is
medical imaging, in which the images before and after actuation are compared to
estimate displacement. Various imaging techniques, including ultrasound (US) and
magnetic resonance (MR) can be used for this purpose. Knowing the tissue dis-
placement over an applied force, the viscoelasticity of tissue can then be calculated.
Despite providing a straightforward method for measuring biomechanical proper-
ties, this method suffers from that fact that the exact value of applied stress is not
always known, especially when it comes to deep organs. To address this problem,
researchers have developed another approach, called wave imaging, whereby tissue
properties are determined without the stress field. In this approach, the waves cre-
ated inside tissue as the result of actuation are considered for calculating stiffness.
The waves induced after an actuation can move either in the same direction as the
actuation (longitudinal waves) or normal to that (shear waves). It can be shown
that the propagation speed of longitudinal and shear waves are dependent on the
bulk modulus and shear modulus of the material, respectively [9]. Bulk modulus
is less commonly used for characterizing biological tissues as they are almost in-
compressible and so highly resistant to change of volume. On the contrary, shear
waves can well characterize tissues, and so the shear wave imaging is more com-
mon in the literate [9, 11]. Capturing shear wave velocity though is challenging.
Shear waves propagate in opposite directions away from the actuation source, and
so they are difficult to be monitored. Moreover, because of their high attenuation
rate, shear waves can be detected only in a small region.

Alternatively, tissue can be actuated by a deformation and the stress response
is measured by using electronic [22, 23] or optical pressure sensors [24, 25]. The
electronic sensors, like piezoresistive and capacitive sensors, have a simple work-
ing mechanism and inexpensive fabrication cost [23]. Meanwhile, they have some
drawbacks that compromise their applicability, especially when it comes to bio-
medicine. For example, they need to be in direct contact with the tissue while
keeping the sensor fixed on tissue is challenging [26]. Also, miniaturizing the
electronic sensors decreases their mechanical strength; that is why brittleness is
accounted for one of the main problems of small (i.e., few millimeters) electronic
sensors [22]. This is especially important in biomedical applications where unre-

liability of sensors can risk the patient’s health. Optical sensing is an alternative



sensing scheme for biomedical tactile sensors. In these sensors, the force-induced
deflection is correlated by the optical properties of light in a fiber. The non-contact
nature of optical sensors facilitates their application in biomedical systems. Also,
optical sensors show good mechanical strength in small sizes [27]. These advan-
tages have been encouraging an increasing number of researchers to select optical
sensors for the biomedical applications. In particular, the Fibre-Bragg grating sen-
sors (FBG) are more popular due to the simplicity in packaging process and low
fabrication cost [25]. FBG sensors are made by inscribing diffraction grating on an
optical fiber. The grating reflects a specific wavelength of light dependent on the
grating period [28]. Reading the reflected wavelength, therefore, one can measure
the strain in the fiber and hence the corresponding stress. FBG sensors, however,
are subject to chirp failure; that is when the stress is not distributed uniformly in the
grating zone, and multiple wavelengths are reflected [25]. To avoid the ambiguity
caused by chirp failure, the sensor’s design should guarantee uniform distribution
of stress through fiber. Also, FBG sensors are susceptible to temperature so that
temperature cross-sensitivity can exceed force sensitivity [24]. This problem can
also be addressed by considering another optical fiber for temperature compensa-
tion.

Hitherto, techniques for actuating tissue and measuring the tissue feedback
behavior are discussed. For discovering the tissue properties, a viscoelastic model
is needed to translate the tissue behavior into quantifiable parameters reflecting its
characteristics. This point brings us to the third and last step of viscoelasticity

measurement which is discussed in the next subsection .

1.1.3 Modeling

The last step in determining materials’ viscoelastic properties is extracting the in-
trinsic characteristics from the experimental data. No matter how accurate the first
two steps (actuation and response measurement) are carried out, using an inap-
propriate model prevents obtaining accurate results. Modeling biological tissues,
however, is difficult since their stress-strain behavior is non-linear and it can be
different in loading and unloading cycles ([1]). To relive this difficulty, some tech-

niques have been proposed in the literature to approximate the viscoelastic behavior
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Figure 1.1: Comparison of the actual mechanical response of the rabbit
mesentery (solid line) with the corresponding incremental lines (dashed
lines). Reproduced with permission from [1].

of tissue with that of elastic materials, which is easier to be simulated.

Incremental Law

Viscoelastic substances demonstrate non-linear behavior when an actuation is ap-
plied. This non-linear behavior decays to linear form when perturbation is in-
finitesimal [1]. Therefore, dividing the actual actuation of tissue into a set of small
disturbances, the stress-strain curve of tissue can be approximated by a set of lines,
called incremental lines, each reflects a small disturbance (Fig. 1.1) compares the
actual behavior of the rabbit mesentery with the corresponding incremental lines
[1]. As it is seen in the figure, the actual behavior of tissue is estimated with sev-
eral lines (dashed lines), each can be described by an elastic model. It should be
noted that the incremental lines are not necessarily tangent to the actual curve of
materials. In fact, these lines are not mathematically related to the actual behavior

and should be obtained experimentally.



Pseudo-Elasticity and Hyperelasticity

The hysteresis loop shown in (Fig. 1.1) implies the fact that biological tissues have
different behavior in loading and unloading cycles. Therefore, one can suggest two
separate elastic models for describing the loading and unloading curves. Doing
this, however, requires tissue to show consistent behavior over time, which is not
necessarily true for soft tissues [1]: for example, Fig. 1.2a demonstrates the change
in behavior of a ligament through time. Fortunately though, the time dependency of
tissue’s reaction can be removed by a process called pre-conditioning (Fig. 1.2b).
In this process, the tissue completes several cycles before conducting the actual
test. Accordingly, the discrepancy between the behavior of tissue in different cycles
decreases, which results in a same loading/unloading curves through time. After
pre-conditioning, tissue can be treated as a pseudo-elastic material exhibiting two
different elastic behavior in loading and unloading cycles, each can be modeled
with a separate model.

The techniques above enable us to consider elastic models for representing vis-
coelastic materials. Hyperelastic models are a classification of elastic models used
to represent soft tissues. In Hyperelastic models, an analytical function, called
strain energy density (SED), is proposed to relate the stress tensor of materials to
their strain rate. Examples of SED functions can be found in the comprehensive
review paper of Chagnon et al. [29]. Hyperelastic models are widely used for
modeling soft tissues [30-32]; however, they can only provide an approximated
description for the behavior of biological materials as they ignore the viscous char-
acteristics. In fact, these models, like other elastic models, cannot accurately pre-
dict some behavior of viscoelastic materials, such as creep and stress relaxation.
Therefore, when the accurate characterization of tissue is of interest, elastic mod-
els are not appropriate, and instead viscoelastic models should be considered. In
this document, we review two viscoelastic models that are widely-used for describ-

ing biological tissues.

Spring-dashpot models

Spring-dashpot models introduce a set of springs and dashpots for describing a ma-

terial; the spring part is supposed to explain the elastic behavior and the dashpots
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Figure 1.2: Time-dependent characteristic of tissue behavior: a) change in
loading/unloading behavior of an anterior cruciate ligament through
time; b) pre-conditioning of a dog’s carotid artery. Reproduced with
permission from [1].

represent viscous characteristics. The relation between force and strain in springs
and dashpots can be either linear [2] or non-linear [12]. In their simplest forms,
spring-dashpot models are comprised of a spring and dashpot which are placed
either in series (Maxwell model) or parallel (Kelvin-Voight model). Figs. 1.3a
and b display Maxwell and Kelvin-Voight models, each suggests two parame-
ters, E and 1 , for describing the stress-strain relation. Complete agreement with
experiments, however, is not usually achievable by tuning only two parameters.
Therefore, multi-parameter models are often employed. In particular, the three-
parameter model of Standard Linear Solid (SLS) is commonly used in the litera-
ture (Fig. 1.3c) [2]. Despite providing an appropriates relation for capturing the
viscoelastic properties, spring-dashpot models are empirical and therefore lacking
a physical basis [2]. This fact indicates that the parameters introduced for spring
and dashpot coefficients are not necessarily meaningful. That is why the same tis-
sue can be represented well by using two different spring-dashpot models [12, 33],
each introduces different values for E and 7). This problem has been discussed by
Parker et al. [34] with the goal of reaching a consensus on the appropriate model
for soft tissues. They concluded that, among linear viscoelastic models, fractional

standard linear model and Kelvin—Voigt fractional derivative (KVFD) model pro-
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Figure 1.3: Different forms of spring-dashpot models; (a) Maxwell model,
(b) Kelvin-Voight model, (c¢) Standard Linear Solid model. Reproduced
with permission from [2]

vide the most meaningful description for viscoelastic behavior. Meanwhile, the
properties obtained by these models are still dependent on the frequency by which
the tissue is actuated; for example, the loss modulus given by Kelvin-Voigt model
increases with frequency, which compromises the model’s generality. It should
be noted that having a physically interpretable model is essential when investi-
gating actual properties of tissue. Therefore, it is necessary to introduce another

viscoelastic model which has better biophysical background.

Quasi-linear Viscoelastic Model

To better describe the viscoelastic properties of materials, Fung introduced Quasi-
linear Viscoelastic (QLV) in 1981 [1]. Unlike spring-dashpot models, the QLV
model characterizes tissues, as opposed to describing them. In other words, spring-
dashpot models describe the observed behavior of tissue by an arrangement of
springs and dashpots while there is no guarantee that this description keeps its
validity for other behavior of tissue. However, the QLV explores the relaxation
characteristics, which are inherent properties of tissue, and so it provides a more
valid model. This feature enables the QLV model to predict the non-linear behav-
ior of viscoelastic materials, and to provide better estimations than spring-dashpot
models. The QLV model calculates the stress by the convolution of two functions:
one describes the elastic response, defined by Fung as the stress generated instan-
taneously after the deformation, and another accounts for the stress relaxation [1].

Fung’s QLV model is shown to predict the non-linear characteristics of inelas-

tic materials and provide an accurate representation for tissue. In this dissertation,



we aim to use the QLV model for characterizing the prostate tissues. Nevertheless,
correct implementation of the QLV model requires delicate considerations; disre-
garding those considerations caused some authors to mistakenly doubt the accuracy
of the model [35]. For example, in order to preserve objectivity, the stress in the
QLYV model should be expressed by the second Piola—Kirchhoff stress form. Also,
the determination of the functions for describing elastic stress and stress relaxation
requires experimental elicitation so that the functions are derived independently
from each other. The characterization of viscoelastic materials via the QLV model

is discussed in the next section.

1.2 Material Characterization with the Quasi-linear
Viscoelastic Model

After being introduced in 1981, the QLV model has been reappraised in later re-
search works [35-37]. For example, the relaxation function that is originally sug-
gested by Fung in 1981 is shown to results in viscoelastic parameters with large
confidence intervals, which complicate material identification [37]. To avoid this
problem, it was suggested to use a discrete spectrum approximation [38], which
identifies a limited number of relaxation timescales over which a discrete spectrum
represents the relaxation behavior. The QLV model with a discrete spectrum re-
laxation function has been widely used for modeling soft tissues ([37-40]). Using
a discrete approach though cannot guarantee the reliability of the QLV parame-
ters, especially when the model parameters increase and cause overfitting. This
may explain why Calvo-Gallego et al. [40] concluded that the stress relaxation in
adipose tissue is maximal after 0.01 seconds, which contradicts the experimental
findings. There have been attempts in the literature to provide enhanced techniques
for calibrating the QLV parameters. Yang et al. [39] normalized the data by using
the differences between the peak and post-relaxation stresses and checked if the
QLYV parameters fit the normalized and denormalized stresses. A similar approach
was followed in the works of Xu et al.[41] and Babaei et al. [37]. Alternatively,
Troyer et al. [42] separated the elastic and relaxation terms of the QLV model by
assuming a Heaviside strain form and derived the elastic and relaxation parameters

independently. While they addressed the overfitting problem by reducing the pa-



rameters being fitted at a time, the deviation of the actual strain from the Heaviside
form challenges their parameters’ validity.

Material characterization by the QLV model requires experimental data that
express the force feedback under specific deformation. Different deformation pro-
tocols, including unconfined compression, tension, torsion, and indentation can
be considered for this purpose, but because of its simplicity, indentation is of-
ten the preferred method [43]. In an indentation test, the tissue is pressed by a
small indenter (i.e., a flat punch) and the mechanical properties are derived from
the force-displacement relationship. The test is simple and appropriate for in vivo
assessments of tissues with various sizes and geometries [43]. In addition, its non-
invasive nature preserves the tissue’s physiological structure while showing the

actual properties [44].

QLYV Characterization by Indentation Test

Researchers have tried to incorporate analytical indentation models into the QLV
analysis, and for example, Kermani et al. [45] substituted Sneddon’s model for the
elastic part of the QLV formulation. The authors predicted the behavior of porcine
aorta using nanoindentation tests with a conical indenter. Other researchers have
used spherical indenters in either nanoindentation [46] or traditional (macro) inden-
tation tests [47]. Flat-ended tips, however, are more commonly used in indentation
tests as they 1) can keep a constant contact area during the indentation, and 2) lead
to higher forces compared to those obtained with spherical or conical tips at the
same depth [48]. Ling et al. [43] used a flat-ended indentation test to characterize
foot plantar tissue by substituting the QLV relaxation modulus in Hayes’ solution.
Similarly, Qiu et al. [49] derived the properties of breast cancer tissue with a flat
punch indentation test. In this work, the QLV shear modulus was replaced with the
shear modulus in Fischer-Cripps’s indentation model. The same method was also
adopted by Zheng Mak [50] and Huang et al. [51] to calculate the properties of
biological tissues by applying the QLV model in indentation tests. In any case, the
literature suggests that analytical indentation models cannot accurately model bio-
logical tissues as the reported properties differ from those obtained from uniaxial

compression tests [52-54]

10



Finite element (FE) methods are more accurate for studying indentation tests
as they can model the three-dimensional deformation that occurs during the inden-
tation. Moreover, ABAQUS software has been widely used as an FE tool for this
purpose. Seyf et al. [55] derived elastic and viscous properties of meniscus tissue
using the inverse FE method and the QLV model in ABAQUS. In inverse FE meth-
ods, FE analyses are conducted iteratively with different parameters until the re-
sults match the experiment. Nevertheless, inverse FE methods are time-consuming,
especially when it comes to 3D modeling. Consequently, attempts have been made
to improve the speed of the inverse FE method when QLYV is considered. For exam-
ple, Kim and Srinivasan [56] separated the characterization of elastic and viscous
parameters to enhance the model’s speed, which could be completed in a few hours.
In another study, Pierrat et al. [S7] found elastic parameters from pre-computed FE
simulation data, and then used a one-dimensional QLV model to derive the viscous
parameters. By using pre-computed data, the authors introduced a method that was
sufficiently rapid for real-time characterizations.

In this dissertation, we aim to use the QLV model to characterize the elastic
and viscous characteristics of prostate tissue and study the effect of cancer on the
mechanical properties. The effect of cancer on the viscoelasticity of prostate has
been the subject of many research works, which some of them are reviewed in the

next section.

1.3 Effect of Cancer on Mechanical Properties of
Prostate Tissue

As mentioned earlier, imaging shear waves after an actuation is a common method
for mapping the mechanical properties of soft tissues (i.e., shear wave elastography
(SWE)). Using ultrasound SWE, Boehm et al. [58] recorded the elasticity of the
prostate gland for 60 patients and concluded that cancerous tissues are two times
stiffer than normal tissues. Their study included the samples with cancer grades'
ranging from one (Gleason Score 3+3) to four (Gleason Score 4+4). In another
work, Fu et al. [59] concluded that prostate tissue with a Gleason Score of 10 is

four times stiffer than the tissue with a Gleason score of 6. A similar trend of works

!International Society of Urological Pathology (ISUP) Cancer Grade
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on elasticity of prostate tissue can be found in the recent review paper by Anbarasan
et al. [60]. Like elastic properties, viscous properties affect the propagation of
shear waves, and so neglecting them leads to inaccurate estimations [61]. While
there are multiple studies on applying SWE to map viscoelastic properties of soft
tissues [15, 62, 63], to our best knowledge, there is only one targeting prostate
tissue, in which Mitri et al. [64] incorporated Kelvin-Voigt models with shear wave
equations to obtain the shear elasticity and viscosity for non-cancerous prostates.
Characterizing three freshly excised prostates from cadavers, they demonstrated
that the elasticity and viscosity of the prostates for different people are not similar.

Alternatively, MRE can be used to capture the waves propagation speed after
an actuation. Hu et al. [65], for instance, applied MRE to derive the stiffness
of prostate using a 3 Tesla scanner and SWE techniques. Their results showed
that PCa stiffness increases over 30% when cancer metastasis occurs. A similar
approach has been followed by Asbach et al. [60] to differentiate PCa with can-
cer grade 1 and above (Gleason score > 3+3) from benign prostate hyperplasia
(BPH). Estimating shear wave speed as a measure of stiffness, they concluded that
prostates show 10% more stiffness under PCa than BPH. Some other works on ex-
ploring elastic properties of the prostate with MRE have been reviewed by Pepin et
al. [67]. The MRE research works that include viscoelastic properties are also fre-
quent. As an example, Li et al. [68] derived viscoelasticity of prostate, and showed
that cancerous prostate tissue is tree times stiffer and more viscous than prostatitis
tissue. Another example is the work of Reiter et al. [69], who compared storage
and loss moduli between normal and cancerous prostate. Their results showed that
the complex shear modulus for the cancerous prostates with Gleason scores > 3
is two times more than healthy tissues. Some other similar works include those of
Reiss-zimmermann et al. [70] and Asbach et al. [66], who reported complex shear
modulus to study prostate viscoelasticity. In line with other similar works, their
results concluded that the stiffness and viscosity of prostate tissue increase in the
presence of cancer.

The research works above describe the viscoelastic properties by using spring-
dashpot models that, as discussed earlier, are not reliable since the reported proper-
ties are dependent on the arrangement of spring and dashpot elements and also the

frequency that the tissue is actuated. That is to say, the tissue properties obtained
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from different actuation frequencies are not comparable. For example, the results
of Reiter et al. [69] and Li et al. [68] cannot be compared as the former uses 500
Hz actuation while the latter used 100 Hz actuation. In this dissertation, for the first
time, we propose a novel method for calibrating the QLV model and characterize
the mechanical properties of soft materials. This method is different from previous
methods that presented for QLV characterization in two aspects. First, we consider
the elastic stress as the one that emerges after a sufficiently long time, when the
time-dependent viscous part of stress vanishes, and the steady-state elastic part re-
mains. This is different from Fung’s traditional definition for elastic response: the
stress generated instantaneously after the deformation [1]. Our definition for the
elastic response can reduce the undesirable effect of overshooting on the parameter
estimation as it removes the focus on the immediate stress response [71]. Second,
the elastic and relaxation parameters are being derived separately using two differ-
ent sets of experiments: one for representing the elastic response and another for
the relaxation response. As a result, the number of fitting parameters decreases,
and hence overfitting does not occur. The current method is shown to derive the
QLV parameters with narrow confidence intervals. We validate our method using
tissue-mimicking phantoms, with elastic properties that resemble normal and can-
cerous prostate tissues. The application of the method for material characterization
via indentation test is also discussed by introducing a straightforward procedure
for characterizing viscoelastic materials. We then apply our method for deriving
the elastic and viscous properties of cancerous and normal prostate tissue and study
the effect of cancer of the QLV parameters. Our results demonstrate that the cancer
has statistically significant effect on the stiffness and shear relaxation modulus of

the prostate.

1.4 Dissertation Organization

The rest of the dissertation is organized as follows: in Chapter 2, we provide a new
method for calibrating the QLV model using uniaxial compression experiment. The
method is shown to obtain the parameters with small confidence interval, indepen-
dently from the loading conditions. We applied the method on tissue-mimicking

phantoms to validate its applicability for biological tissues. Chapter 3 presents
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a procedure for characterizing the QLV parameters from indentation experiment.
Using pre-calculated finite element results, we show the material parameters are
obtained in a few seconds, with good accuracy (error withing 20%) and precision
(standard error within 10%). The findings of Chapters 2 and 1 are then applied for
finding the viscoelastic properties of normal and cancerous prostate tissue in Chap-
ter 4. Having tested thirty-five fresh, unfixed prostate samples, we investigated the
effect of cancer on the elastic and viscous properties of cancer and performed hy-
pothesis testing to find the significance of findings. Finally, Chapter 5 concludes

the findings and discuss future work.
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Chapter 2

Quasi-linear Viscoelastic
Calibration of Soft Materials via
Uniaxial Test

This chapter ! provides a new method for calibrating the QLV parameters from
the uniaxial compression test (one-dimensional stress-strain state). The findings
will be used as a base in the following chapter for calibrating the parameters from
indentation test (three-dimensional stress-strain state).

This chapter is organized as follows: first, we provide the constitutive equations
for one-dimensional QLV model and provides an approximated analytical solution.
The QLV equations are then solved numerically to provide a better description
for the viscoelastic characteristics of materials. Finally, based on the numerical
solution provided, we present a characterization method for deriving the Young’s
modulus and shear relaxation modulus from uniaxial compression test, and validate
our method by testing on phantoms with similar Young’s modulus as normal and

cancerous prostate tissue.

I'The results of this chapter were published in: ”H. Helisaz, M. Bacca, and M. Chiao, “Quasi-
Linear Viscoelastic Characterization of Soft Tissue-Mimicking Materials,” ASME J. Biomech. Eng.,
vol. 143, no. 6, Jun. 2021, doi: 10.1115/1.4050036.”
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2.1 Methods and Materials

2.1.1 QLYV Model in One Dimension

The parameters of the QLV model can be obtained via calibration from uniaxial
stress relaxation experiments, where the sample is compressed at high rate and then
wait for stress to be fully relaxed. We apply a compression strain € and measure
the evolution of the stress ¢ over time ¢. The stress state is uniaxial and ¢ can be
described as:

o(t) = /Ot¢(t—r)a§(:)dr @.1)

where ¢ identifies the constitutive behavior of materials. The QLV model proposes

[1]:

o) = Gl 2% @2

with G, the relaxation function, is a function related to the viscous (rate-dependent)

response of the material and o is a function related to its elastic behavior. The
latter corresponds to the true (Cauchy) stress of the material under quasi-static de-
formation, and it can be obtained from hyperelastic constitutive models. We use
a one-term Ogden model to determine o, which has been shown to predict the
elastic response of human tissue accurately [72]. Note that the one-term Ogden
model can describe the behavior of materials under fully compressive or fully ten-
sile experiments while characterizing the whole compression-tension behavior re-
quires at least two terms [72]. Assuming incompressibility, the axial compression

A =1 —|g| generates an elastic Cauchy stress o of [40]:

o 1
). 23

where ¢ and o are the materials’ constants related to the elastic modulus E as
follows: 3
E= 3 uo (2.4)

In compression tests, the applied deformation follows a ramp-and-hold function
(see Fig. 2.1c). Hence, the deformation increases from t = 0 to t = 7y, and re-

mains constant for t > ¢ = 7y, where ¢ = 7y is determined by the compression rate.
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This implies that for ¢+ > ¢ = 7y the applied strain rate is zero, reducing the inte-
gral bounds on the right-hand side of Eq.(2.1). Also, the rate of change of € per
unit time in Eq. (2.1) is equivalent to that of the axial compression A; hence, the
substitution of Eq. (2.2) into Eq. (2.1) gives:

o(t) = — /O " 6l—1) 865/{1 ) ‘”(;(:)dr 2.5)

G describes the time-dependent behavior of the material as a stiffness decay. Fung
proposed the following relaxation function to describe the relaxation behavior of

biological soft tissues [1]:

L K[Z (tfv2) = Zi (/)
- 1+K1n(V2/V1)

G(r) (2.6)
where vy, v, and K are viscoelastic material coefficients and Z; is defined as fol-

lows:

oo ,—1
Zi(t) = /t ert 2.7)

Eq. (2.6), however, prohibits the numerical integration of Eq. (2.5) [38] and will
lead to viscoelastic parameters with large confidence intervals [37]. To avoid these
problems, we consider the Prony’s series below as a discrete spectrum approxima-

tion for the relaxation function [38]

G(t)=1+Y gie /™ (2.8)

where g;s are shear relaxation moduli created by the viscous response of the mate-
rial decaying to zero at the rate defined by the relaxation time 7;. Eq. (2.8) has been
shown to well represent Fung’s relaxation function when relaxation times spread
one decade apart [38]. Substituting Eqgs. (2.8), (2.4), and (2.8) into Eq. (2.5), we
finally have:

2E [
-5/,

o(t) =

-/ . 1 dA(T)
1+Xi:gie (t r)/r] <)LOC —1—2106/2“) P dt (2.9
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This integro-differential equation is solved numerically, as explained in the next
section.

We now try to find the analytical solution of Eq. (2.9) for a specific condition
of super-fast compression. By use of the mean value theorem for integrals, a time

T, exists with 0 < 1, < 19, for which Eq. (2.5) can be rewritten as:

00g (A (7)) A (T)
oA ot

For fast compression, we have 7y < 7; Vi; that is, the “compression time” Ty is

o(t)=—1G(t—1y) (2.10)

much smaller than the relaxation timescales. This also implies 7,, < 7; Vi and so
G (t — 1) from Eq. (2.8) can be approximated by G(¢). Rewriting Eq. (2.10), we

have:
o) ~ —7 (1 +Zg,-e’/ff> 90k (a’ll(fm)) alg(:’") @.11)

The stress in Eq. (2.11) is maximal at the beginning of the stress relaxation process,

att = 1, giving:

dog (A (tn)) A (1,
and it reaches the steady-state when stress relaxation is completed at t — oo, giving:
dog (A (1,)) A (T
O-Steady _ G(oo) =1 E (ax( m)) a(t m) (2‘13)
uatin S. (2.12) and (2.13), we obtain the nominal amount of stress relaxation
Equating Eqs. (2.12) and (2.13) btain th inal f laxati
as:
Omax — Osteady
—_—| = j (2.14)
Osteady ;gl
while at any ;" relaxation time T; we have:
‘ o (T]) — Osteady _ Zgie—’rj/l'; (2.15)
Osteady i

Egs. (2.14) and (2.15) correlate the shear relaxation moduli to the amount of stress
relaxation occurring in different time intervals; specifically, g;s measure the de-

crease in stress response between 7;,—; and 7;;;. In our approach, the choice of
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relaxation times 7; is arbitrary. As mentioned earlier, Eq. (2.9) has shown to be
accurate for a choice of relaxation times as decades [40, 42, 73], that is when 7,
is ten times more than 7;. We adopt the same testing protocol and try to find the ma-

terial parameters (E, o and g;s) by fitting the experimental results with Eq. (2.9).

2.1.2 Data-Fitting Algorithm

This section presents our novel method for deriving the elastic and viscous param-
eters of materials by invoking the QLV model. We characterize the elastic behavior
by prescribing displacements following the protocol shown in Fig. 2.1a. The com-
pression at each step is then matched with the steady-state stress developed after
relaxation (evidenced by the solid orange circles in Fig. 2.1b). The material is com-
pressed by a displacement of 0.5 mm (~ % 2.5 engineering strain) in each step and
then maintained until the stress reaches a steady-state. The steady-state stress rep-
resents the elastostatic response as it excludes the time-dependent (viscous) part.
In the following of this manuscript, we use elastic stress instead of elastostatic
stress for the sake of simplicity. The figure has an inset showing the steady-state
stresses that are fit to og(A) from Eq. (2.3) to obtain u and o and hence E (see
Eq. (2.4)). Notably, the literature suggests deriving elastic properties, £ and «, by
fitting Eq. (2.9) with stress relaxation tests (Fig. 2.1d) [40, 73, 74]. Nevertheless,
a stress relaxation test cannot characterize the elastic properties of the materials.
In fact, including E and « in the curve fitting causes overfitting, which leads to
incorrect parameters. Babaei et al. [37] reported that the QLV model can fit relax-
ation data by parameters that fail to predict the behavior of the material under other
dynamic loadings.

We then substitute £ and « in Eq. (2.9) and solve by deriving ¢(¢) in terms
of g;, given 7; as a priori. The experiments reveal that relaxation does not start
before 0.01 seconds from the peak stress, at t = 7y, and terminates after 10 seconds.
Hence, three relaxation times, 7j, Tp, and 73 are chosen so that 7; — 79 = 0.1s,
T — To = 1s, and 73 — 79 = 10s (see Fig. 2.1d). G(¢) is derived as:

G(t) =1+gie"/™ + gre™!/™ 4 gze'/® (2.16)

The integral in Eq. (2.9) is solved numerically by invoking the Right Riemann
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sum formula with time intervals of 0.01 seconds. The solution expresses the stress
in terms of shear relaxation moduli g;s. We then derive g1,g2, and g3 by fitting
the solution with the experimental results (Fig. 2.1d). g;s characterize the viscous
properties by determining the stress relaxation in specific time scales (see Egs.
(2.14, 2.15)). High-rate compression (30 mnvs) is considered in the experiment to
enhance the accuracy of the QLV estimation [75]. The obtained g; along with E
and a define the QLV parameters required for material characteristics.

We fit the experimental results by minimizing the weighted least square error

function as follows: )
=YW <GI.QLV(t) — o (t)) (2.17)
i

where G[.QLV(I) is the stress predicted by the QLV model (obtained by Eq. (2.9))
Exp
and o;

tervals of 0.01 seconds. We repeat the experiments three times for each sample and

(t) is obtained by experiments; experiments provide stress in the time in-

substitute the mean values as GI.EXP (t). W; is also the assigned weight for each data
point. Larger weights are considered for the data points neighboring the stress peak
due to smaller points in that region. In the first five points nearing the stress peak,
W; = 50 for the three middle points and W; = 20 for the remaining two; W; = 1 for
other points. We use the interior-point algorithm performed by MATLAB function
fmincon to minimize the error. However, the interior-point algorithm cannot guar-
antee a global minimum because of the non-convexity in the objective function
[76]. The outcome of the interior-point algorithm is the local minimum around
the initial guess, and so, it is highly sensitive to the first guess [40]. To address
this issue, we adopt a two-step minimization. In the first step, we use a genetic
algorithm (GA) by MATLAB function ga to estimate the global minimum in the
space of the variables g;s. GA starts from a set of random points distributed in
the entire domain of g;s and finds a set of values for g;s where the error function
is minimal. Nevertheless, the solution of the genetic algorithm is not optimal as
it uses a heuristic method. Therefore, in the second step, we input the solution of
the genetic algorithm as the initial guess for the interior-point algorithm to find the
optimal values for g;s. To confirm that the minimization algorithm is consistent for
a given choice of relaxation times, we repeat the algorithm ten times with the same

7; and compare the derived values for g;s. While the estimation of GA is different
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Figure 2.1: Experimental procedure: (a) a series of low-range compressions:
each is a 2.5% strain and kept long enough until the stress reaches the
steady-state; (b) stress response versus time under the prescribed dis-
placement at (a): elastic properties are obtained by plotting the steady-
state stress (orange dots) against the compression; (c) ramp-and-hold
compression with 50% final strain: strain is kept long enough until the
stress reaches the steady-state; (d) stress response versus time under the
prescribed displacement at (c): the stress amplification factors g; and
g2, and gz measure the stress relaxation in the time intervals (7, 1),
(71, ), and (72, 73)

each time, the final solution provided by the interior-point algorithm is same and
insensitive to the initial guess. A similar procedure is followed for finding £ and o

by fitting Eq. (2.3) to the elastic response from the experiments (see Fig. 2.1b).

2.1.3 Tissue-Mimicking Phantoms

We evaluated the ability of the QLV model to characterize the phantoms shown in
(Fig. 2.2). The phantoms were fabricated by mixing a silicon-based polymer and
cross-linker in the presence of platinum as a catalyst. We used the commercially
available elastomer kits Ecoflex™ 00-10 and Ecoflex™ 00-30 (Smooth-On Inc.,

Pennsylvania, U.S.). The mechanical properties of the elastomers are tailored by
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changing the concentrations of cross-linker and polymer. Having less cross-linker
than polymer results in a smaller number of polymer chains and a softer elastomer
[77]. A non-reactive silicone fluid NOVOCS™ (Smooth-On Inc., Pennsylvania,
U.S.) was also added to further adjust the properties. The silicone fluid decreases
the friction between the polymer chains and leads to a lower viscosity. It also re-
duces the relative concentration of cross-linker with respect to polymer and hence
the ultimate stiffness. The elastomers were fabricated so that Young’s modulus of
Elastomer I matches with that suggested by the literature for normal prostate tissue
(15-20 kPa) [78], and Elastomers II and III mimic that of cancerous prostate tissue
(24-40 kPa) [78]; the composition and the properties of the elastomers are listed
in Table 2.1 and Table 2.2. Unlike the elastic properties, the viscous properties
of normal and cancerous prostate tissues have not been well established [79, 80].
The findings of the few available studies on the viscosity of prostate tissues are
also not comparable as they reported different parameters for representing viscos-
ity [79, 81]. Therefore, we cannot confirm whether the viscous properties of our
phantoms resemble those of normal and cancerous prostate tissues. To fabricate the
phantoms, we mixed the polymer, cross-linker, and silicone fluid for one minute,
degassed the mixture for 10 minutes in a 30 kPa vacuum, and waited overnight for
the solution to cure at room temperature. All samples had a cylindrical shape with a
diameter of 25.2+0.24 mm and a height of 19.9+0.30 mm (Fig. 2.2). The color pig-
ment (Silc Pig™, Smooth-On Inc., Pennsylvania, U.S.) was added to distinguish

the elastomers.

Table 2.1: The composition of tissue-mimicking phantoms

Ecoflex™ 00-10 | Ecoflex™ 00-30 | NOVOCS™
Elastomer I 0% 67% 33%
Elastomer 11 0% 80% 20%
Elastomer 111 100% 0% 0%

2.1.4 Method Validation and Confidence Interval

We compare the relaxation behavior for one of the tissue-mimicking phantoms
(Elastomer IIT) with that predicted by the QLV model. The phantom is subject to
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Figure 2.2: Tissue-mimicking phantoms: (a) Elastomer I (67% Ecoflex™ 00-
10 and 33% NOVOCS™); (b) Elastomer II (80% Ecoflex™ 00-30 and
20% NOVOCS™); ¢) Elastomer III (100% Ecoflex™ 00-10): Elas-
tomer I mimics normal tissue in terms of Young’s modulus while elas-
tomers II and III mimic cancerous tissues.

Table 2.2: The QLV parameters for tissue-mimicking phantoms; 95% confi-
dence intervals are reported

a Young’s Modulus 21 2 23
Elastomer I |2.63 +0.03| 16.0+0.1kPa |0.31 £ 0.03|0.08 £ 0.01|0.01 £ 0.00
Elastomer II |2.53 + 0.03] 33.0+0.1 kPa |0.15 £ 0.02/|0.18 £ 0.00|0.00 £ 0.00

Elastomer II1|3.70 +£ 0.01| 28.5+ 0.0 kPa |0.87 £0.03|0.46 £ 0.01|0.00 £ 0.00

four different compression strains, i.e. € = 30%,40%,50% and 60% (Fig. 2.3a).
The QLV parameters are obtained by fitting the theory to the experimental results
for 50% compression strain. We then use the same parameters for describing the
behavior of the same material under 30%, 40%, and 60% strain levels and compare
our prediction with the experimental results (Fig. 2.3b). The experiments were per-
formed by the mechanical tester Mach-1 V500CS (Biomomentum Inc., Laval, QC,
Canada). The tester has the multiple-axis load cell MA234 (Biomomentum Inc.)
with a range of 35 N, a resolution of 1.75 mN, and a recording rate of 100 Hz. The
load cell is connected to the phantom by a compression plate with a diameter of 25
mm (Fig. 2.4). The compression plate has slightly larger size than the samples to
guarantee a uniaxial stress state. Also, the lateral force of the loadcell is monitored
to confirm a friction-less boundary condition between tissue and the fixture plates.
As shown in Fig. 2.3, QLV can well predict the phantom’s relaxation behavior un-

der different loading conditions. The observed discrepancy between the theoretical
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Figure 2.3: Model validation: a) ramp-and-hold compression with different
final strains; b) stress response of Elastomer III versus time under the
prescribed displacement at (a): lines are experimental results while sym-
bols denote predictions of the QLV model (Eq. (2.9)). The experiments
are repeated three times for each sample, and the mean values for the
results are presented with the error bars.

and experimental results is partly because of considering a limited number of relax-
ation times (see Eq. (2.16)). One can enhance the model’s accuracy by considering
more relaxation times but at the expense of increasing the number of calibration
parameters. It should be noted that, however, considering more relaxation times
does not guarantee a perfect fit to the experiments, because, like any other model,
the QLV model has its own limitations. In particular, the model assumes that the
effects of strain and time on the viscoelasticity are separable (see Eq. (2.2)), which
does not perfectly represent the materials’ characteristics.

To measure the reliability of the QLV model, the confidence intervals of the
parameters in Fig. 2.3 are determined by using the method described by Yin et
al. [82]. Using this method, we first create sixty-four new data sets (like that of
Fig. 2.1d) that could be observed in the experiments. Then, we calculate g;s for
each of the new data to obtain a population for g;s values, from which confidence
intervals are measured. For finding the new set of data, we calculate the differences

between the experimental stress response with that predicted by the QLV model to
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draw a residual plot. It is assumed that the residual stress is the sum of a smooth
error representing systematic error and a rough error rendering experimental noise.
Assuming that the systematic errors can be derived by fitting a polynomial func-
tion to residual plot [82] , we obtain the noise as the difference between the resid-
ual stress and systematic error. We use eight polynomial functions to represent
the systematic error, and for each, we obtain a random noise distribution. Then,
the systematic error functions and noise distributions are paired and added to the
stress predicted by the QLV model. This creates sixty-four new data whose sys-
tematic error and noise distributions could be observed in the experiments. Finally,
we implement our data fitting algorithm to calculate the relaxation parameters for
the new data set and find the confidence intervals. The 95% confidence intervals
for the relaxation parameters are obtained for Elastomer III under different strain
levels (Table 2.3). The table shows the relaxation parameters for different strain
levels have a good agreement proving our method’s ability to predict the behavior
of materials under different loading conditions. As expected, more difference is
observed between the parameters of the lowest and highest strain levels. This can
also be seen in Fig. 2.3 where the parameters for € = 50% predict the behavior
of € = 40% better than € = 30% and € = 60%. (Table 2.3) confirms a narrow
confidence interval for all reported parameters.

Table 2.3: 95% confidence intervals for relaxation parameters of Elastomer
IIT under different strain levels (see Fig. 2.3)

81 82 83
€=30% | 0.74£0.06 | 0.51 +£0.01 | 0.05«0.00
€=40% | 0.84 £0.05 | 0.46 +0.01 | 0.00 £ 0.00
€=50% | 0.87+0.03 | 0.46 +0.01 | 0.00 £ 0.00

2.2 Results and Discussion

We used the process described in the previous section to characterize the tissue-
mimicking phantoms. The identification of viscoelastic materials requires detect-
ing both elastic and viscous properties. In particular, distinguishing between nor-

mal and cancerous prostate tissue involves extracting both properties as cancer can
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Figure 2.4: Testing machine used to obtain stress response of materials: a
custom compression has slightly larger diameter than samples to guar-
antee a uniaxial compression force.

change either. The uncontrolled proliferation of cancer cells generates compres-
sive stress in the tissue, which causes an increase in the stiffness [83]. On the
other hand, the depletion of collagen in the presence of cancer changes the time-
dependent behavior of tissue and hence its viscous properties [84]. Cancer effect
on the mechanical properties of prostate tissue will be discussed more in Chapter
4.

Mixing a non-stoichiometric ratio of cross-linker and polymer leaves some
molecules unattached to the network (unreacted monomers) or attached only at one
end (dangling chains). The movement of monomers and dangling chains under de-
formation causes a time-dependent behavior [77]. The ramp-and-hold compression
(shown in Fig. 2.1c) compels the monomer molecules to move between the poly-
mer chains. Nevertheless, the movement is resisted by viscosity, which is high at
the beginning and diminishes over time until the stress reaches a steady state. That
is why we observe a peak stress in Fig. 2.1d, which is followed by a gradual stress

relaxation over time. The amount and duration of stress relaxation depend on the
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concentration of the unreacted monomers and the structure of the dangling chains
[77]. We used the QLV model to calculate the amount and rate of stress relaxation,
based on which a material can be identified.

Fig. 2.5 illustrates the relaxation behavior of the elastomers. We identified the
phantoms based on the shear relaxation modulus g;, which reflect the stress relax-
ation in (7,_1, T;+1) intervals (see Eqgs. (2.14) and (2.15)). The 95% confidence
intervals for QLV parameters are listed in Table 2.2. The table demonstrates that
our method derives the QLV parameters with narrow confidence intervals. In par-
ticular, our confidence interval for Young’s modulus is a third of that reported by
Abramowitch and Woo [75], who used Fung’s original continuous spectrum for
QLYV analysis. The parameters are also more reliable as we derive E and o based
on the steady-state stress (see Fig. 2.1b), as opposed to instantaneous stress that
is associated with overshooting errors [71]. Gimbel et al. [71] have shown that
a 10% overshoot in the strain input results in a more than 30% error in the QLV
parameters.

The QLV parameters for the elastomers are listed in Table 2.2 and Fig. 2.5.
Table 2.2 demonstrates that the shear relaxation moduli (g;s) can well characterize
Elastomers II and III that have similar Young’s moduli but different viscous proper-
ties. The higher stress relaxation in Elastomer I11 is reflected in a larger g;, g». The
table also compares the rate of stress relaxation in the elastomers: while Elastomer
II relaxes the same amount of stress in intervals (7y, 7;) and (7;, 7»), Elastomer
III does twice as much in the first interval. Both elastomers have negligible stress
relaxation in the third interval (72, 73). These results reflect the potential of our
method for distinguishing materials with similar elasticity (Young’s modulus) but
different viscous properties.

The stress relaxation behavior of Elastomer I is also demonstrated in Fig. 2.5.
Elastomers I and II are fabricated with the same polymer and cross-linker; how-
ever, the larger amount of silicon fluid in Elastomer I decreases the viscosity and
leads to a higher stress relaxation rate in the early time interval. Also, Elastomer I
shows a smaller Young’s modulus than Elastomer II, reflecting the lower concen-
tration of polymer and cross-linker (see Table 2.2). We compare Young’s modulus
derived from the QLV model with that represented by the linear regression of the

steady-state stress-strain data (orange dots in the inset of Fig. 2.1b). Linear regres-

27



sion is implemented by invoking the MATLAB function fit/m. Young’s modulus is
calculated from the experimental data of up to 40% strain, where the stress-strain
behavior of phantoms is still in the linear region [85]. The measured Young’s mod-
uli from linear regression match with those predicted by the QLV model.

As explained in the previous section, the relaxation times ;s are selected know-
ing (from experiments) that no stress relaxation occurs in the first 0.01 seconds
and after 10 seconds. To culminate this section, we examine the outputs of the
QLV model without considering this a priori information. For this purpose, we
should add two more relaxation times to consider stress relaxation before 0.01 sec-
onds and after 10 seconds. Thus, 7’ and 7" are added where 7/ — 7y = 0.01s and
7" — 79 = 100s. Having these two relaxation times in Egs. (2.8) and (2.9), we re-fit
the experimental data to Eq. (2.9) and re-obtain the stress amplification factors.
The results show that the amplification factors corresponding to the time intervals
(7', 1) and (73, 7") are negligible and other g;s match the previous results. That
is to say, the QLV model works well even with no a priori information about the
relaxation behavior of materials.

While the proposed method demonstrates the potential for characterizing soft
materials, some limitations exist. First, the derived parameters and the accuracy of
the data fit depend on the choice of relaxation times. One can improve the accuracy
of data fit by considering more relaxation times but at the expense of increasing
calibration parameters. Also, the QLV model assumes that the effects of time and
strain on the material’s viscoelasticity are separable, which is not necessarily true
for all the materials. That is to say, when the proposed model does not demonstrate
an acceptable agreement with the actual behavior of a material, one should consider

using another model.

2.3 Summary

This chapter presents a method for characterizing the QLV properties of soft mate-
rials using uniaxial compression test. Unlike the previous approaches for calibrat-
ing the QLV model, we use two different experimental data for deriving elastic and
viscous parameters separately. Our method can reduce the negative effect of over-

shooting on the estimation of the QLV parameter. The proposed model is shown
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Figure 2.5: Material characterization: lines are experimental results while
symbols denote predictions of the QLV model (Eq. (2.9)). QLV param-
eters, including «, E, and g;, can well distinguish the phantoms. The
experiments are repeated three times for each sample, and the mean val-
ues for the results are presented with the error bars.

to characterizes the material by parameters with narrow confidence intervals (high
accuracy), independently from the loading conditions. Hence, it represents an im-
provement with respect to other viscoelastic models (e.g., spring-dashpot models)
that introduce different parameters for each loading condition [12, 33]. To test our
method, we developed low-cost tissue-mimicking materials that match Young’s
modulus of healthy and cancerous prostate tissues. Characterization of these sam-
ples with our method allows for a precise distinction between materials having
similar elastic (viscous) properties but different viscous (elastic) properties. How-
ever, the uniaxial compression test is not always applicable for in-vivo applications.
Also, compressing the whole tissue may cause some irreversible damages. For clin-
ical applications, indentation test is recommended as 1) it can be applied on tissues
with various size and geometries [43], and 2) it is non-invasive and so preserves

the tissue’s structure [44]. Unlike uniaxial compression test, the indentation test
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causes three-dimensional stress-strain fields and so Eq. (2.1) is not valid. There-
fore, a procedure is required to extend the proposed method to a three-dimensional

field, which is discussed in the next chapter.
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Chapter 3

Quasi-linear Viscoelastic
Characterization of Soft
Materials via Indentation Test
and Finite Element Analysis

In this chapter! we present a new method for characterizing the QLV parameters
of viscoelastic materials via indentation test. Using pre-calculated finite element
analysis on three-dimensional stress-strain field, our method is able to obtain the
parameters in a few seconds that suggest its application in real-time.

This chapter is organized as follows: first, we provide the equation for three-
dimensional QLV model and a finite element approach for solving the equation.
The finite element method is implemented in ABAQUS® by invoking a user ma-
terial subroutine (UMAT). We validate our finite element simulation with exper-
imental results and then use it for studying the indentation stress response of a
material under different QLV parameters, indentation depths, indenter sizes, and

indentation rates. Our results, for the first time, demonstrate that

TA form of this chapter were published in: “H. Helisaz, M. Bacca, and M. Chiao, “A New
Characterization Procedure for Quasi - Linear Viscoelastic Materials Using Indentation Test: Val-
idation with Finite Element and Experimental Results,” Exp. Mech., no. 0123456789, 2022, doi:
10.1007/s11340-022-00837-7.”
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* Indentation depth and indenter size do not have effect on the stress relaxation

behavior of materials in indentation test

* Each QLV parameters has a specific (and quantifiable) effect on the stress

relaxations over different time intervals
* Stress relaxation is linearly correlated with the shear relaxation moduli

Based on these findings, we propose a procedure for material characterization
using an indentation test with a flat-ended tip. The procedure provides a straight-
forward approach for material characterization that is significantly faster than in-
verse finite element methods. Finally, we evaluate the accuracy of the procedure
by characterizing the same material once with the procedure and once again with
the method described in Section 2 and compare the parameters. Our procedure is
shown to have high precision (standard deviation less than 10%) and good accuracy
(error less than 20%).

3.1 Methods and Materials

3.1.1 Three-dimensional QLV Constitutive Equation

The equation presented in Eq. (2.1) is only valid for one-dimensional stress-strain
field and it cannot be used for indentation test. In three dimensions, QLV-based
constitutive models describe the stress tensor S(¢) in terms of 2" Piola-Kirchhoff:
[35, 86]

8Gt—1:)
-7

where Sg is the elastic stress response, emerging at steady—state, which is expressed

S(t) =Se(t): G(0%) +/ Sg(1): ———2dt (3.1)

in the form of 2" Piola-Kirchhoff [35]. The colon operator (: ) also represents the

double dot product. In the general case, the Cauchy stress tensor is obtained from:

o(t)=J"'F(t)S(t)F()" (3.2)

where F is the deformation gradient tensor (bold letter indicates a tensor) and

J = det(F) is volumetric stretch and S is obtained from Eq. (3.1). Considering
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isotropic relaxation behavior, i.e., stress relaxation behavior is the same in all di-
mensions, the reduced relaxation tensor in Eq. (3.1) becomes the scalar function

G(t), and the equation is rewritten as:

dG(t—1)

sm:&Gmw+£&m)

Assuming a hyperelastic constitutive model for predicting elastic stress, ¢ is de-
rived as follows: P
y —1
Sg=2=-—-PC 3.4
£ aC S

where Y is the strain energy density function, and P is the hydrostatic pressure.
C is also the right Cauchy-Green deformation tensor, defined as C = F'F =
Y3 A?C:®N; with A? and N; the i eigenvalue and eigenvector of C, respec-
tively, and ® the outer product symbol. Note that A; represents the principal stretch
applied in the i™ direction. Linear elastic compressibility gives P as a function of
bulk modulus x:

p=x(J—1) (3.5)

Therefore, one can enforce incompressibility (J = 1) by selecting a large value for
bulk modulus since, as Kk — oo, J should approach one to provide a finite value
for P. Because large K can cause instability in the simulation, the remedy is to
select an appropriate finite element mesh. Here, we assume incompressibility by

adopting k¥ > 10*11. A one-term Ogden model expresses the strain energy density

v (0 ()3

as:

where I represents the first invariant (trace) of the tensor. Substituting Eq. (3.6)

into Eq. (3.4) we have:
2
&:(50“—@04 3.7)

Note that C is a symmetric matrix, and so %11 (CO‘/ 2) — C*?7!, The relaxation
function in Eq. (3.3) can be represented by a Prony’s series presented in Eq. (2.8).
One can substitute Egs. (3.7) and Eq. (2.8) into Eq. (3.3), and solve the integral
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with the trapezoid method as follows:

S(t) =Sk (1+ f‘,gk> AZZ Z

k=1

B (Hj) 7([7[]_'_1)
[SE (1) %5e 7 +8p (1) Ee
15 Tk

(3.8)

where the subscript j specifies the variable calculated at # = ¢;. Substituting
Eq. (3.8) in Eq. (3.2), one can derive the expression for three-dimensional Cauchy
stress for an incompressible, isotropic material. The finite element implementation
of Eq. (3.8) will be discussed in the following section. To incorporate Eq. (3.8)
into the commercial software ABAQUS®, we also need to calculate the elasticity
tensor £ = d 6 /d € where ¢ is the strain tensor. This can be derived by transforming

= 208/0dC using the gradient tensor. Assuming incompressibility, £ has the

following index form [87]:
Eijhk = E'ijthrstgpqrs (39)

where ;. is the component i, j, i,k of [; F;; is the component i, j of ; Zjjn is the
component i, j, h, k of .Z; and repeated indices indicate a sum. Differentiating S in

Eq. (3.8) with respect to C results in the following expression for tensor .Z:

a8
£=27 <1+ng—):> (3.10)
k=1 Tk
Note that all of the terms in the sum over the time steps (Z;?;ll YV ,[...] in the

second term) are eliminated except the last term since the derivation is calculated
at time ¢t = 1,, [88]]. The derivative of Sg in Eq. (2.7) with respect to C results in the

following expression:

where, from Eq. (3.4), g—g = KJ C~!. Further calculations for 2 ac are available

in the works of Connolly et al. [89]. For the sake of brevity, we do not repeat
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the calculations here and refer the reader to these references. To incorporate Eq.
(3.3) and Eq. (3.10) into ABAQUS®, the FE approach needs to be implemented

for these equations, which is discussed in the next section.

3.1.2 Finite Element Implementation

ABAQUS® is able to model finite-strain viscoelasticity by splitting stress into volu-
metric and deviatoric parts (see Abaqus Theory Manual Version 6.11, section 4.8.2
and [90]). In particular, the QLV model can be implemented in ABAQUS® by
combining built-in hyperelastic models (for elastic properties) and Prony’s series
(for viscous properties). Meanwhile, the expression for Prony’s series in ABAQUS
is different from Eq. (2.8) (see ABAQUS Analysis User’s Guide Version 6.12, sec-
tion 22.7.1). Using the ABAQUS’s expression, the elastic part in the QLV formula
is defined as the instantaneous stress, which appears immediately after the defor-
mation (see ABAQUS Analysis User’s Guide Version 6.12, section 22.7.1). This
differs from the current formula that defines elastic stress as that which emerges
at steady-state (see Eq. (3.1) and Section 2.1). The steady-state stress happens
when viscous part of the stress vanishes, and the purely elastic part remains, and
so we believe it is a better representative of the elastic stress. Also, unlike instan-
taneous stress, steady-state stress only depends on the strain and the parameters of
the material, and not on the indentation speed. So, we translate Egs. (3.2) and (3.9)
into ABAQUS® using a UMAT subroutine in Fortran. The UMAT was written
based on the program by Connolly et al. [87] for simulating hyperelastic materi-
als. We modified their code so that it can model quasi-linear viscoelastic materials.
Fig. 3.17 demonstrates the flow chart for the algorithm we used in the UMAT. The
software receives material properties and deformation gradients as inputs and cal-
culates Cauchy stress (Egs. (3.2) and (3.8)) and the elasticity tensor (Egs. (3.9) and
(3.10)) as outputs. The material properties, including the coefficients for the hy-
perelastic model and Prony’s series, are inputted by the user, and the deformation
gradient is calculated at each timestep by ABAQUS. Then, the UMAT calculates
the right Cauchy-Green tensor C and its eigenvalues o> and eigenvectors N. The
Ogden strain energy density y is also calculated and its first-order derivative is

computed. Having the parameters for Prony’s series (g and 7), the code estimates
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24 Piola-Kirchhoff stress from Eq. (3.8) and converts it to Cauchy stress using Eq.
(3.2). Note that the summation term in Eq. (3.8) requires storing the information
from previous steps. For this purpose, we define state variables (STATEV) to store
the normal and shear components of stress in three dimensions. Finally, the soft-
ware finds . by substituting % from Eq. (3.11) and obtains the elasticity tensor
¢ from Eq. (3.9).

The UMAT described in Fig. 3.17 is translated into ABAQUS 2018 by Intel’s
Parallel Studio (XE 2018) compiler. The axisymmetric model shown in Fig. 3.1a
is created in ABAQUS by including a deformable part, as the soft material, and
a rigid analytical part, as the indenter. The deformable part is supported from
the bottom by a rigid analytical layer with the encastre boundary condition. All
contacts in the model are assumed to be frictionless and hard contacts. We use
linear quadrilateral mesh elements (CAX4H) for the deformable part and perform
a mesh independence analysis to ensure that the solution is independent of mesh
size. The model includes two steps: first, the indenter compresses the material by
imposing a displacement boundary condition. The indentation rate is controlled by
tailoring the step’s time period. In the second step, the indenter remains at the same
displacement and waits 10 seconds for stress relaxation. A fixed time increment
size of 107* s is chosen for both steps to guarantee simulation stability. Each run
takes around 10 hours, after which we derive the indenter’s normal stress in the

y-direction by averaging the stress of elements beneath the indenter.

3.1.3 Model Validation

Fig. 3.2 validates the results of the FE analysis with those obtained from the in-
dentation experiment on a silicon-based polymer. We fabricated the polymer using
the commercially available elastomer kit Ecoflex™ 00-10 (Smooth-On Inc., Penn-
sylvania, USA), following the procedure mentioned in Section 2.1. The fabricated
material had diameter D = 25 mm and height H = 18.88 mm. The material’s QLV
parameters were then obtained by following the process described in the previ-
ous section. Table 3.1 lists the QLV parameters for the material, which was used
in ABAQUS®. For the relaxation function, we selected three relaxation times:

71 =0.1s, 7 =1s,and 73 = 10 s, same as Section 2.1.
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Figure 3.1: ABAQUS® simulation: a) axisymmetric model with a de-
formable part, for the soft material (shown in green), a rigid analytical
part, for the indenter (shown in blue), and a rigid analytical part for the
bottom support (shown in red); b) the indentation stress is expressed as
von Mises stress; the indenter size ¢ and indentation depth 0 are also
shown in the figure. The results are depicted for ¢ = 7.60 mm, H =
18.88 mm, and D = 25 mm

Table 3.1: The QLV parameters of the fabricated silicon-based polymer; the
parameters were obtained from uniaxial compression tests (see Chapter
2) and were used as the input for the ABAQUS® simulation.

a u 81 T

5.39 +0.07 | 3.98+0.02 kPa | 0.33 +0.10 | 0.1 s
82 (7] 83 3

0.48 +0.02 1 s kPa 0.13+0.00 | 10s

The mechanical tester Mach-1 V500CS (Biomomentum Inc., Laval, QC, Canada)
was used to perform the indentation experiments. The tester was equipped with the
multiple-axis load cell MA234 (Biomomentum Inc.) with a range of 35 N, a reso-
lution of 1.75 mN, and a recording rate of 100 Hz. The load cell was connected to
the material by an indenter. Multiple indenters were made with different diameters
¢;i.e.,  =4.95 mm, 6.33 mm, 7.60 mm, and 8.88 mm . The indenters were made

of 316 stainless steel, which is considered rigid when contacting a soft material.
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Figure 3.2: Model validation: The ABAQUS® simulation results are com-
pared with those obtained from experiments on a silicon-based poly-
mer. Lines denote the QLV model prediction, and the symbols are the
experimental results. The experiment includes compressing an indenter
into the specimen at a rate of 10 mm/s and recording the force response
(#). The force data is then converted to stress (o) by dividing force
by the indenter surface area (%(pz). Each experiment is repeated three
times, and the mean values for the results are depicted along with the
error bars. The results are depicted for specimen height H = 18.88 mm,
specimen diameter D = 25 mm, and indenter diameter ¢ = 7.60 mm

The specimen was supported by a petri dish from beneath. The indentation tests
included fast compression of the sample at a rate of 10 mm/s for several indenta-
tion depths &, and then waiting for 10 seconds for stress relaxation. The indentation
force % was recorded by the load cell as the normal force component. Note that
indentation force is not uniform and .# represents the average stress beneath the
punch. To ensure a frictionless contact, we compared .% with and without lubri-
cant, where no difference was observed (see Fig. 3.3). The ramp-and-hold indenta-
tion protocol compels the monomer molecules of the sample to move through the
polymer chains. The movement, however, is resisted by the viscosity of monomers

that causes a peak stress feedback at the beginning. As viscosity diminishes over
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time, the resistance against movement decreases, and stress relaxation starts until
the stress reaches a steady-state. Fig. 3.2 compares the indentation stress obtained
during the experiment with those predicted by ABAQUS® from simulation. The
experimental stress was obtained by dividing the indentation force (%) by the in-
denter surface area %(pz. As shown in the figure, a good agreement is seen between
the experimental and simulation results for different indentation depths &. Fig. 3.2
is depicted for an indenter size of ¢ = 7.60 mm; the results for other indenter sizes
also show a good agreement with the experiments (Figs. 3.4- 3.6). These results

validate the applicability of the FE analysis that we developed in this section.

3.2 Results and Discussion

After the QLV finite element model was validated by experiments, we focused on
simulating indentation experiments under different conditions. We changed the
elastic (1 and ) and relaxation parameters (g;s) and investigated the indentation
behavior over time. We also changed the indenter size, indentation depth, inden-
tation tilt angle, and indentation rate to review the effects of loading condition on
the indentation stress. We then used the findings to construct a general indenta-
tion procedure for characterizing viscoelastic materials without using inverse FE

methods.

3.2.1 The Elastic Part of Indentation Behavior

Figs. 3.7a and b demonstrate the effects of u and o on the indentation behavior,
when @ = 7.6 mm and 6§ =5 mm. The relaxation coefficients are chosen to be
g1 =1 and g, = g3 = 0 for both figures. As expected for viscoelastic materials, we
observe a peak stress followed by a stress relaxation over time until stress reaches a
steady-state, which as mentioned earlier, represents elastic part of the stress. From
this point forward in this manuscript, the steady-state stress is referred to as elastic
stress and denoted by or. The figure suggests a proportional effect for u on the
elastic stress, which is consistent with Eq. (3.6), where u serves as a multiplier
for the elastic stress. Unlike u, the effect of o on elastic stress is nonlinear, which
again, is expected from Eq. (3.6). Fig. 3.7 demonstrates that indentation stresses
are sensitive to both p and . This result differs from those of Fellay et al. [91]
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Figure 3.3: Comparing the stress feedback with and without using WD-40
silicone lubricant (WD-40 Company Inc., California, USA). The fig-
ure demonstrates no difference between the results, which confirms the
frictionless contacts in the experiment. The symbols indicate the experi-
mental results for a silicon-based polymer with height H=18.88 mm and
diameter D = 25 mm.

who reported that the indentation stress remains unchanged for @ > 2. Considering
the same stress for different values of o, the authors concluded that the indentation
test is not able to characterize the materials with a > 2. Our data in Fig. 3.7,
however, show that the stress response is changing with ¢« even when o > 2, and
so the indentation test can characterize the materials.

The results in Fig. 3.7 are depicted for a specific indentation diameter ¢ and
indentation depth &. In Fig. 3.8, we investigate the effects of ¢ and 6 on the elas-
tic stress. The figure displays the elastic stress for different sizes of indenter at
different indentation depths. We nondimensionalize § by ¢ and ¢ by u. The re-
sults show that the relation between indentation depth and stress is non-linear. In
addition, the curves for different indenter sizes do not collide after nondimension-

alization, which deviates from the prediction of the analytical indentation models
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Figure 3.4: Model validation for indenter diameter ¢ = 4.95 mm: the
ABAQUS® simulation results are compared with those obtained from
experiments on a silicon-based polymer. Lines denote the QLV model
prediction, and the symbols are the experimental results. The results are
depicted for specimen height H = 18.88 mm and specimen diameter
D =25mm.

[54]. Attempts have been made to modify the analytical models for biological tis-
sues, mainly by introducing a correction factor. For the sake of brevity, we do not

repeat the same process here, and readers are referred to previous works [54, 92].

3.2.2 The Viscous Part of Indentation Behavior

In the QLV model, the effects of elastic and viscous parameters on the material’s
stress are assumed to be separable [35]. That is to say, Sg(7) and G(¢) in Eq. (3.1)
are independent. To reflect this separability, we nondimensionalize stress by og
in the figures to exclude the effect of elastic parameters, so the figures become
independent of the values for yu and «. Fig. 3.9 demonstrates the evolution of
nondimensionalized stress for different values of 6 and ¢, revealing that the relax-

ation behavior is the same for different values of indentation sizes and depths. Our
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Figure 3.5: Model validation for indenter diameter ¢ = 6.33 mm: the
ABAQUS® simulation results are compared with those obtained from
experiments on a silicon-based polymer. Lines denote the QLV model
prediction, and the symbols are the experimental results. The results are
depicted for specimen height H = 18.88 mm and specimen diameter
D =25mm.

results demonstrate that the same is also true for tilted indentation, when the inden-
ter is not aligned with contact surface normal (see Fig. 3.16). These observations
are consistent with our reduced relaxation function (see Eq. (2.4)), where G(¢) is
only dependent on time and scalar coefficients g;s and 7;s. The same relaxation
behavior is hence expected in Figs. 3.9a-d since g;s and 7;s are the same.

Having the same relaxation behavior for different 6 and ¢ is not necessarily
true for materials that do not comply with the QLV model. In particular, different
behaviors might be seen for materials whose elastic and viscous characteristics
are not separable, such as collagenous soft tissues [93]. Comparing Fig. 3.8 and
Fig. 3.9, one can conclude that relaxation behavior can serve as a better tool for
material characterization than elastic behavior. That is because, unlike the former,

the latter is dependent on the indentation size and depth, and so the effect of § and
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Figure 3.6: Model validation for indenter diameter ¢ = 8.88 mm: the

ABAQUS® simulation results are compared with those obtained from
experiments on a silicon-based polymer. Lines denote the QLV model
prediction, and the symbols are the experimental results. The results are
depicted for specimen height H = 18.88 mm and specimen diameter
D =25mm.

¢ should be excluded before characterization.

Fig. 3.10 examines the effect of material properties on relaxation behavior.

Fig. 3.10a, b, and c review the impact of g, g2, and g3, respectively. The results

are expressed in the nondimensionalized form of 6 = (0 — o) /0g. As seen in

the figure, the stress relaxation is directly proportional to the value for g;; the stress

relaxation for g; = 2 is twice that of g; = 1. This observation is expected since g;s

serve as scalar multipliers in the relaxation function (see Eq. (2.8)). Fig. 3.10d

evaluates the relaxation behavior created by more than one relaxation coefficient.

The results demonstrate that the stress relaxation associated with multiple g;s is

derived by adding the stress relaxation made by each. For instance, the solid line

in Fig. 3.10d is obtained by adding the red lines in Figs. 3.10a-c. Therefore, no

cross-link effects occur between the stress relaxation coefficients g;s. A similar
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Figure 3.7: Effect of elastic parameters (i and ¢) on indentation behavior:
effect of a) shear modulus p and b) strain-stiffen parameter o on the
stress response of the material. The behavior shows a peak stress fol-
lowed by stress relaxation until the results reach a steady-state. The
steady-state stress occurs when the viscous properties of a material van-
ish, and only the elastic properties remain. The results demonstrate that
the indentation stress is sensitive to both ¢ and «: it has a linear rela-
tionship with u and a non-linear relationship with o.

conclusion was also reached by Amabili et al. [86], who introduced independent
effects for relaxation coefficients under different directions.

The relaxation behavior of a material is influenced by the indentation time,
which determines the time when stress relaxation begins (7p in Fig. 3.11), and
more stress relaxation is expected for lower indentation time. In particular, as it is
shown in Section 2.1, when 7y — 0, stress relaxation reaches its maximum value
Y. gi. Fig. 3.12 plots the stress relaxation at different indentation rates. The results
are obtained by keeping the indentation depth constant (6 = 5mm) and changing
the indentation time. Ty is nondimensionalized by 7; to compare the indentation
time against the relaxation times. As expected, we observe more stress relaxation
for small values of 7y, when the indentation rate is high. Interestingly, the figure
shows that stress relaxation depends on the ratio of 7;/7y and not on individual
values for 7; and 7.

The relaxation behavior in Fig. 3.12 approaches one as the ratio of 7;/7y in-
creases. This is consistent with our expectation for stress relaxation to reach ); g;
in super-fast indentation (when 7;/ty — o). Our results reveal that when 7;/75 > 10,

the indentation can be assumed to be super-fast, and the stress relaxation can be
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Figure 3.8: Effect of indenter size and indentation depth on the elastic stress
of the material. The results are nondimensionalized to clarify the im-
pact of each parameter; elastic stress is nondimensionalized with shear
modulus i and indentation depth § with indenter diameter ¢. Unlike
the prediction of linear elasticity, the curves for different indenter di-
ameters do not intersect, and the data suggests a non-linear relationship
between stress and indentation depth. The results are depicted for spec-
imen height H = 18.88 mm and specimen diameter D = 25 mm.

approximated as ) ; g;. That is to say, one can capture the full relaxation behavior
when the indentation time is ten times smaller than the relaxation time. On the
other hand, when the indentation rate is low (7;/7p < 10), more than 80% of the
stress relaxation is not perceived. Based on the data in Fig. 3.12, we recommend
the indentation time to be 0.17,, < 7y < 7,,, where T, is the smallest relaxation time
of the material, to ensure that at least 60% of the stress relaxation is captured.

Fig. 3.13 investigates the stress relaxation occurring in Fig. 3.12 during dif-
ferent time intervals. As described in Fig. 3.11, A6y, ), the normalized stress
relaxation in the time interval (7; — 7,4+ ), is obtained by subtracting the normal-
ized stress at 7; from that of 7,41 (AG;—z,, = (0, — 05, ) /0g). According to

Fig. 3.13, the stress relaxation caused by g; mostly occurs in (7;_j, 7+ ), and for
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Figure 3.9: Nondimensionalized stress behavior for different indenter diam-
eters and indentation depths: nondimensionalized stress response at in-
dentation diameters of a) ¢ =4.95 mm, b) ¢ = 6.33 mm, c) ¢ =7.60
mm, and d) ¢ = 8.88 mm. The results demonstrate that relaxation be-
havior does not depend on the indentation size and depth.

example, the stress relaxation made by g; = 1 mainly occurs between 7y and 7.
Furthermore, the stress relaxation in the last time interval (A6, ) is affected only
by the last coefficient g3 because A6z, .. is zero when g1 = 1 or g» = 1. Likewise,
(A6r,—1,) is dependent on g, and g3, and (AGy,—4,) is changing with all three g;s.
As expected, the stress relaxation in different time intervals depends on the in-
dentation rate, where a faster indentation rate (higher 7;/7)) leads to more stress

relaxation.

3.3 The New Material Characterization Procedure

Our results in Section 3.2 demonstrate that each g; has specific effect on the stress
relaxation which is proportionally related to the value for g; (see Fig. 3.10). It
has been also shown that the indentation depth and indenter size do not affect the

stress relaxation (see Fig. 3.9). Based on these findings, we present a new method
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Figure 3.10: Effect of material properties on the viscous behavior: evolution
of nondimensionalized stress relaxation over time for different values
of a) g1, b) g2, and ¢) g3: the results indicate that the stress relaxation
is proportional to the value of g;s. The relaxation caused by g; = 2 is
two-times that of g; = 1; d) the nondimensionalized stress relaxation
associated with multiple g;s; the figure shows that the stress relaxation
caused by several g;s is obtained by adding the stress relaxations made
by each.

for deriving g; from stress relaxation response of a material. Fig. 3.14 explains
our suggested indentation procedure for material characterization. After record-
ing the stress response of material from the indentation test (see Fig. 3.14a), we
calculate the stress relaxation in different time intervals; i.e., A6; _q,, A6y, _q,,
and A6r, ... The results of Fig. 3.13 prove that stress relaxation in each time in-
terval can be separated into three parts, each associated with one of the g;s; that

A8k

is to say, A6y, _q,, = YiAGT .,

sponding part is associated with g;. Moreover, our findings in the previous sec-

where the superscript g, shows that the corre-
tion show that stress relaxation is proportionally related to the value for g;, and so

AGY . = gkAcAffi’i}H where A&g’i}ﬂ is stress relaxation created by g; = 1 (see
Figs. 3.14b-d). Therefore, we have:
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Figure 3.11: Stress relaxation in different time intervals: four time intervals
are determined by 7y, 7|, T2, and 73, where Tp measures the indentation
time and 7y, T2, and 73 denote the relaxation times. The stress relax-
ation in the time interval (7;_;, 7;) is obtained by subtracting the stress
att = 71;(0y,) from the stress at t = 7;_; (0, ,). The data is nondimen-
sionalized by the elastic stress Of.

3
A6y, = Y GAGE (3.12)

i~ Tit1

where A6, _r,,, is obtained from the indentation experiment (Figs. 3.14a) and
Aéfi’i}ﬂ is calculated from simulation (Figs. 3.14b-d). Eq. (3.11) should be solved
for three unknowns, g;s, which characterize the relaxation coefficients, g;s, without
needing to invoke time-consuming inverse methods. It should be mentioned that
the values given in Figs. 3.14b-d are valid for a specific indentation rate (7p =
0.5 s). Figs. 3.15 shows the values for A68'=! A6#2=! and A6%=! at different
indentation rates. Based on the indentation rate used in the experiment, one can
find the corresponding values for stress relaxation and substitute them in Eq. (3.12)
to derive g1, g2, and g3.

We evaluated the accuracy of our method by comparing the parameters de-
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Figure 3.12: Effect of indentation rate on the viscous behavior: evolution
of nondimensionalized stress relaxation over time when a) g; = 1, b)
g2» =1, and c¢) g3 = 1. The indentation rate is measured by indentation
time 7y, which is measured against 7;. Stress relaxation increases as
T;/Tp increases; in particular, when 7;/7y > 10, the indentation rate is
sufficiently fast to fully capture the stress relaxation (6 — og/og ~ 1).
In addition, the stress relaxation is shown to depend on 7;/7 and not
on the individual values of 7; and 7p. While 7; differs in different plots,
the same stress relaxation is observed when 7;/7 is the same.

rived by Eq. (3.12) from the indentation test with those obtained from the 1D
uniaxial compression test. We used the method described in Section 2.1 to obtain
the QLV parameters from uniaxial compression. The indentation and compression
tests were done on three different elastomers and the parameters are compared
in Table 3.2. Elastomers were made using commercially available elastomer kits
Ecoflex™ 00-10, Ecoflex™ (00-30, and Ecoflex™ 00-50 along with NOVOCS™
solvents (Smooth-On Inc., Pennsylvania, USA). The elastomers’ fabrication and
the experimental apparatus are similar to what is described before in Section 2.1.

Each experiment was repeated three times and the mean values are reported with

49



100

80

60

(o —0o®)/a" (%)

40

A&
)
=)

Figure 3.13: The stress relaxation of Fig. 3.12 in different time intervals; the
data is nondimensionalized by elastic stress, and expressed as a per-
centage. The coefficient g; affects the stress relaxation mainly between
(Ti—1, Tiy1); in particular, the stress relaxation over the last time inter-
val is only influenced by g3 since A0y, .. is zero when gy =1 or g, = 1.
Likewise, stress relaxation in (72, 73) depends on g» and g3 (AGy,—1,)
is zero when g; = 1 and the stress relaxation between (7, 72) depends
on all three relaxation coefficients.

the standard deviation. Table 3.2 demonstrates a good precision (small standard
deviation), though the accuracy is not appropriate for all cases; in particular, the
derived values for g; from the indentation test are different from those obtained
from the compression test. To improve the method’s accuracy, we increased the

number of points in Eq. (3.12) and minimize the difference E:

oo

2
3
E=Y (A6;w—) g (A65L) (3.13)
T,=T0 k=1

We used the 0.01s time steps in Eq. (3.13) and derived the materials’ properties
again (see Table 3.2). The results show a high precision (standard deviation less

than 10%) and good accuracy (error within 20%) when compared to the parameters
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Figure 3.14: The suggested characterization procedure; a) stress relaxation
from a ramp-and-hold indentation experiment. The figure shows stress
relaxation created by b) g =1, ¢c) g» =1, and d) g3 = 1. Note that

the values for Aéf;_:é,Aéf;_:i, and Aééz_zoi are all zero. Eq. (3.12)

compares the stress relaxation at three points (f = 7;,t = Tp, and t = T3
in figure a) with those of pre-calculated simulation results (figures b-
d) and derives the material’s parameters. The results are depicted for
indentation time 7y = 0.5 s.

from the uniaxial test.

Eq. (3.13) derives the materials’ parameters within a few seconds (~ 5 sec-
onds), making it appropriate for real-time applications. Also, as mentioned earlier,
the same method can be applied for indentation tests with different indenter diam-
eters, indentation depths, and indentation tilt angles (misalignment) (see Figs. 3.9
and 3.16). Nevertheless, the accuracy of the results is compromised when the in-
denter size increases and the stress state approaches the uniaxial compression case
(¢ ~ D); in particular, the normalized stress relaxation for uniaxial compression
(1D QLV model) is different from those shown in Fig. 3.12 by 40%. Our results do
not suggest that the method should be used when the indenter is larger than half of
the specimen diameter. Furthermore, the new characterization procedure is valid

for materials that follow the QLV constitutive equations and the results are not nec-
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essarily true for materials whose elastic and viscous behavior cannot be separated.
Finally, this chapter describes the viscous behavior by identifying the relaxation
parameters, and it does not analyze other viscous aspects, like the loss modulus.
The loss modulus describes the short-term viscoelastic behavior while our focus is
on long-term viscoelastic response characterization. Studying the long-term vis-
coelastic behavior is more effective for detecting subtle microstructural changes
in the material. Finally, the proposed method is more focused on viscous proper-
ties, and it is useful when the material can be characterized by viscous parameters.
When elastic and viscous parameters are both needed for material characterization,

inverse FE methods can be used, even with the longer processing time.

Table 3.2: Comparing the relaxation parameters obtained from uniaxial com-
pression and indentation: the parameters are first obtained from the com-
pression test using the method described in Section 2.1 and compared
with those calculated from an indentation test using our proposed meth-
ods (Egs. (3.12) and (3.13)). Compression and indentation tests were
repeated three times for each material and the mean values are reported
along with the standard deviations. The table demonstrates that Eq.
(3.13) introduces parameters with a high precision (standard deviation
within 10%) and in a good agreement with uniaxial parameters (maxi-
mum error within 20%).

Uniaxial Compression
Elastomer (using the method in
Section 2.1)

0.57|0.16 0.09 0.63 | 0.13|0.09|0.51|0.13|0.11
+0.01+0.00] +0.00 |+0.00{+0.00|+0.00{+0.01|+0.00|+0.00

0.13]0.03 0.03 0.18 | 0.03 | 0.03|0.11|0.03|0.03
+0.02|+0.01| *0.01 [£0.05|+0.01{+0.00{+0.01|+0.00{+0.00
0.15 | 0.05 0.04 ]0.25]0.05]0.04|0.18|0.05|0.04
+0.01{x0.00| +0.00 [£0.03|+0.01{+0.00{%0.00|+0.00|+0.00

Indentation Indentation
(Eq. (3.12)) (Eq. (3.13))

80% Ecoflex™ 00-10
=+
20% NOVOCS™

Ecoflex™ (00-30

Ecoflex™ 00-50

3.4 Summary

In this chapter, we studied the viscoelastic behavior of a material under different
indenter sizes and indentation depths, and revealed that the stress relaxation is de-

pendent on neither. The stress relaxation was also investigated for different shear
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Figure 3.15: Effect of indentation rate (measured by 7y) on the stress relax-
ations created by g; = 1,g» = 1, and g3 = 1. The results demonstrate
the stress relaxation between a) (7; — 72), b) (72 — 73), and ¢) (73 — o).
The stress relaxation decreases as the indentation time (7p) increases

(slower indentation). No stress relaxation is created by g; aftert = 7,
(Aé{g.;]j} and Aéf;,:l) are zero in figures b and c¢) and no stress relax-

ation is made by g, after r = 73 (A(Affz:l, is zero in figure c)). Since
the values of A6%'=! A6%~! and A64%~! are dependent on the in-
dentation rate, the values substituted in Eq. (3.12) and (3.13) should
correspond to Ty used in the experiment.

relaxation moduli and it was shown that each relaxation modulus governs the stress
relaxation in a specific time interval, so that the stress relaxation is proportionally
related to the relaxation modulus. Based on these findings, we introduced a proce-
dure for characterizing materials via indentation test and showed that our method
can derive the material properties in a few seconds. Moreover, we compared the
parameters derived with our method with those obtained from uniaxial compres-
sion test (Section 2.1) and demonstrated that our method has high accuracy (error
within 20%) and precision (standard deviation within 10%). Having a method to
characterize soft tissue, we are now ready to derive the viscoelastic properties of

prostate tissue with and without cancer and study the effect of cancer on the prop-
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Figure 3.16: Normalized stress for indentation tests with different indenta-
tion tilt angles, defined as the angle between the indenter and contact
surface normal (8). The results demonstrate that tilt angle (misalign-
ment) up to 20° does not affect the stress relaxation. Note that the
figure represents the experimental data since the indentation test with

0 cannot be modelled with an axisymmetric simulation.
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erties, which is the subject of next chapter.
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Chapter 4

Effect of Cancer on the
Viscoelastic Properties of
Prostate Tissue

In this chapter, we aim to use the characterization method described in Chapters
2 and 3 for studying the effect of cancer on the stiffness and viscous properties of
prostate tissue. Thirty-five fresh prostate samples were collected within two hours
after their removal by radical prostatectomy surgery and characterized by the pre-
viously described process. We performed tests for four locations of the posterior
prostate, and then transferred the samples to the pathology lab for histological anal-
ysis to reveal the presence or absence of cancer at each tissue site. The character-
ization results were then correlated with the pathology reports to study the effect
of cancer on the viscoelastic properties of the prostate. Our results demonstrate
that the presence of cancer has statistically meaningful effects on the stiffness and
relaxation shear modulus of the prostate gland. In particular, we show that the first
shear relaxation modulus and stiffness increase by 14% and 30%, respectively due
to the presence of cancer.

This chapter is organized as follows: first, we provide a brief review on our
characterization procedure and the design of a stress relaxation experiment for
prostate tissue. We tested our method on prostate-mimicking phantoms with an

embedded hard nodule representing a tumor. The phantoms were made using an
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anatomical model that represents the shape of the prostate. After validating the
method, it was applied to real prostate tissues and the results are provided in the
second section. The results include the effect of cancer and cancer grade on the
mechanical properties of the prostate. We also performed statistical hypothesis
testing on the data to reveal the significance of our conclusions. The application
of the results for PCa diagnosis is discussed in the third section where we suggest
a possible approach for in vivo detection of PCa. Finally, the conclusion of the

chapter is provided in the fourth section.

4.1 Experimental Design for Ex Vivo Testing

As described in Chapter 3, material characterization was performed by feeding
Cauchy stress data from a ramp-and-hold experiment into Eqs. (3.2), (3.3), and
(2.8) and solving for o and g;s. The stress relaxation experiment we used to
characterize the prostate included a ramp-and-hold compression (Fig. 4.1a) where
the sample was compressed at a rate of 10 mm/s from # = 0 to t = 7p and kept at an
indentation depth (6 = 5 mm in the figure) for 45 seconds. Note that we increased
the waiting period after the compression to 45 seconds to ensure that the stress had
fully relaxed. Fig. 4.1b illustrates how the QLV parameters were derived from the
relaxation stress response. Having o and g;s, the viscoelastic properties of the

soft tissues can be characterized.

4.1.1 Model Validation with Prostate-mimicking Phantoms

We validated the applicability of this procedure by testing it on tissue-mimicking
phantoms. Phantoms (Figs. 4.2a and b) were made to represent the posterior
prostate with a cancerous nodule on the left side (Prostate Model, 3B Scientific,
Georgia, USA). Approximately 80% of the PCa has been shown clinically to stem
from the posterior prostate [94]. After consulting with a pathologist expert, we
considered three spherical nodules with diameters 5 mm, 7 mm, and 10 mm to
demonstrate PCa in early, intermediate, and advanced stages, respectively. Each
nodule was embedded near the surface (see Fig. 4.2). Previous prostate-mimicking
phantom constructions for elastography studies used similar approaches [95, 96].

Phantoms were made using a commercial elastomer kit Ecoflex™ 00-10 (Smooth-
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Figure 4.1: Procedure for mechanical testing: a) the sample is compressed
at 10 mm/s and kept at an indentation depth (here, 6 = 5mm for 45
seconds), b) stress response after the compression shown in (a). Stress
peaks occurred at t = 7y and then they relaxed over time until reaching
the steady-state stress og. Relaxation shear moduli g;s were determined
by the stress relaxation that occurred in different time periods, as spec-
ified by relaxation times T;s. Three relaxation times 7y, 7>, and 73 were
chosen that were 0.1, 1, and 10 seconds, respectively, after ¢ = 1.

On Inc., Pennsylvania, USA), following the instructions given in Section 2.1. We
tailored the mechanical properties by adding NOVOCS™ solvents (Smooth-On
Inc., Pennsylvania, USA) so that the Young’s modulus of our phantoms matched
that of normal prostate tissue (15-20 kPa) [78]. The hard nodules were made with
Ecoflex™ 00-50 (Smooth-On Inc., Pennsylvania, USA) with a Young’s modulus
similar to that of cancerous prostate tissue (40-60 kPa) [78]. As mentioned earlier,
the viscous properties of the phantoms did not necessarily resemble normal and
cancerous prostate since the viscous properties of prostate tissue have not been well
established [79, 80]. To ensure that the phantoms had the same shape as the poste-
rior prostate, we cured the polymer solution inside molds that had the same shape
as our prostate anatomy model. The molds were fabricated using Mold Start™ 15
(Smooth-On Inc., Pennsylvania, USA).

The testing apparatus was similar to that described in Sections 2.1 and 3.1: the
specimen was placed on a custom-built holder and an indenter with diameter of
¢ = 7.60 mm compressed the surface at 8 = 5 mm and then waited for 45 seconds
for the stress to fully relax. Compression tests were repeated six times for each

side and the og and g; were derived from each test. The values for 6g and g;s were

58



Tissue-mimicking phanto

Figure 4.2: Tissue-mimicking phantoms with embedded nodules to resemble
cancerous prostate tissue: a) phantoms were fabricated by Ecoflex™
00-10 with elasticity close to the Young’s modulus of normal prostate
gland. The anatomical model was used to ensure that the phantom’s
shape was similar to that of the posterior prostate, b) a hard nodule was
embedded on the left side of the phantom to mimic the presence of can-
cer. Nodules were made by Ecoflex™ 00-50 with a Young’s modulus
close to that of prostate cancer. Three phantoms were fabricated with
different-sized nodules; i.e., 5 mm, 7 mm, and 10 mm, representing the
presence of cancer in early, intermediate, and advanced stages, respec-
tively, ¢) mechanical tester (Mach-1 V500CS) equipped with a multiple-
axis load cell to record the stress response of tissue at a sampling rate of
100 Hz.

averaged and then reported in Figs. 4.3 and 4.4 to compare the properties of the
“cancerous” side (the side with the nodule) to the “normal” side (the side without
a nodule) under different nodule sizes. The relaxation shear moduli g;s for the
nodules were four-times smaller than the substrate material, and hence, g;s at the
cancerous side were expected to be smaller than those at the normal side (Fig. 4.3).
Interestingly, the larger nodules were associated with more significant differences
between the properties. Also, variations of g; were more significant than those of
g» and g3. Fig. 4.4 illustrates that the cancerous side had more stiffness than the

normal side and the larger nodules led to more significant differences in elastic
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stress of. Figs. 4.3 and 4.4 confirm our procedure’s potential for detecting nodules

inside the phantoms.

4.1.2 Experiment with Fresh Prostate Tissue

After testing the tissue-mimicking phantoms, we used the same procedure to ob-
tain the viscoelastic properties of fresh prostate tissue. Ethical and operational
approval was obtained from the Research Ethics Board at the University of British
Columbia (H19-03592) and the Vancouver Coastal Health Authority. Thirty-five
prostate glands were collected within two hours of their removal by radical prosta-
tectomy surgery. Previously, it has been shown that the mechanical properties of
excised prostate gland do not change within two hours after removal [97]. We
excluded any cases that had received prior therapy, including radiation, high inten-
sity focused ultrasound (HIFU), and androgen deprivation therapy (ADT) due to
possible effects to the prostate properties. The prostatectomy surgeries were per-
formed at Vancouver General Hospital (Vancouver, British Columbia, Canada) and
the prostate samples were delivered to the pathology laboratory immediately after
their removal. After being registered at the pathology laboratory, the fresh, unfixed
samples were transported to a nearby facility with biosafety level 2 for the mechan-
ical testing. Tissues were kept on ice during the transportation for 10 minutes. It
has been shown that short-term contact with ice does not adversely affect the me-
chanical properties of biological tissues [98]. The mechanical tests were performed
by compressing the tissue at a rate of 10 mm/s and then waiting 45 seconds for the
stress relaxation to occur. The indentation strain did not exceed 15% to ensure that
the test did not damage the tissue [5].

The mechanical test was repeated eight times at each site on the prostate (i.e.,
mid, apex, and at the left and right sides) (see Fig. 4.5). The first two tests were
considered as tissue preconditioning (see Section 1.1) and the remaining six tests
were used for the analysis. Before each test was begun, sites on the prostate were
identified with help from an expert. Mechanical testing took approximately one
hour, while the prostate was kept in a container filled with phosphate-buffered
saline (PBS) to avoid dehydration. Samples were placed onto a custom-built plastic

holder, so that the posterior prostate was at the top (in contact with the indenter),
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Figure 4.3: Model validation with tissue-mimicking phantoms: comparison
of relaxation shear moduli between the side with the hard nodule (i.e.,
the “cancerous” side) and the side without a nodule (i.e., the “normal”
side), for nodule sizes of a) 10 mm, b) 7 mm, and c) 5 mm. The figure
shows that larger nodules led to higher viscous properties.
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Figure 4.4: Model validation with tissue-mimicking phantoms: comparison
of elastic properties (steady-state stress) between the side with the hard
nodule (i.e., the “cancerous” side), and the side without a hard nodule
(i.e., the “normal” side), for nodule sizes of 10 mm, 7 mm, and 5 mm.
The figure shows that larger nodules led to higher elastic properties.

and the anterior prostate was at the bottom (in contact with the holder) (shown in
Fig. 4.6). We performed the tests on the posterior side of the prostate to mimic
the DRE procedure. The stress response of the prostate after compression was
recorded, and the procedures described in Chapter 3 were followed to calculate of
and g;s for each tissue site. After testing, the samples were brought back to the

pathology laboratory for histological examination. The histological analysis re-
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Figure 4.5: Fresh prostate gland: tissues were collected within two hours af-
ter being removed by radical prostatectomy surgery. Tests were per-
formed on mid and apex sections of the posterior prostate and the me-
chanical properties were compared to those at the left and right sides of
the posterior prostate.

ported: i) the location(s) of predominant tumor(s), ii) the cancer grade and Gleason
score, iii) prostate volume, iv) tumor volume, v) prostate mass, and vi) the patient’s
age (Table B). Features that were not available for the report are left empty in the
table. Prostate samples P1-P3 were used to verify the applicability of the QLV
model for prostate tissue (Section 4.2.1) and samples P4-P35 were used to study

the effect of cancer on prostate properties (Sections 4.2.2 and 4.2.3).

4.2 Results and Discussion

4.2.1 Application of the QLV model to Prostate Tissue

According to Eq. (3.3), the QLV model assumes that the elastic and viscous parts

of a material’s behavior are separable, which may not necessarily be true for all soft
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Anterior

Figure 4.6: The prostate was placed into a container filled with phosphate
buffered saline (PBS) to avoid dehydration. Samples were supported
from beneath by a plastic holder and oriented so that the anterior
prostate was at the bottom (touching the holder) and the posterior
prostate was at the top (touching the indenter).

tissues [93]. To verify this assumption for prostate tissue, we changed the elastic
component of the stress by performing the indentation test at different indentation
depths and examined if the viscous behavior remained the same. Fig. 4.7 shows the
viscous behavior of the prostate gland (P1, mid-section) under different indentation
depths. We normalized the stress with 6 to remove the effect of elastic stress. The
normalized stress showed similar behaviors under different indentation depths (§),
which confirms that the elastic and viscous properties are separable in prostate
tissue. We repeated the same procedure for the P2 and P3 sections, which led
to the same conclusion. For further analysis, we derived the g;s for experiments
with different indentation depths and compared the results (Fig. 4.8). The figure

includes the results for the P1-P3 samples, and shows the variation of g;s with
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respect to indentation depth 8. The results are normalized with g%, which is the
average g; obtained from different indentation depths. The figure shows that g,
(Fig. 4.8b) and g3 (Fig. 4.8c) have smaller between variation than g; (Fig. 4.8a),
which may be due to the undesirable effect of overshoot on g;. Overshoot occurs
when the tester cannot precisely control the indentation depth at a high rate, which
may compromise the measurement accuracy for peak stress. This may also account
for the larger error bars seen in Fig. 4.7 for recording stress when it is close to
t = 7p. Overshoot has been shown to cause up to 30% error in deriving the QLV
values [71].

Fig. 4.8 also shows the model’s precision by the variation within g;s. The test
with 6 = 6 mm indicates a higher precision as it had the lowest variation within
gis (green boxes in Fig. 4.8). To ensure that the indentation strain remained below
15%, the test with 6 = 5 mm (orange boxes in Fig. 4.8) was performed and it
also showed a variation within g;s that was below 10%. The same is true for the

precision of or (Fig. 4.9).

4.2.2 Effect of Cancer on Mechanical Properties of Prostate

The prostate gland is a complex tissue with different mechanical properties at dif-
ferent locations; that is to say, the properties of the mid and apical areas are not
similar. In a normal prostate gland, each section has symmetrical properties on
the left and right sides (see Fig. 4.5). Consequently. the properties on the left and
right sides of each section can be compared to study the effect of cancer on the
viscoelastic properties. Fig. 4.10 shows the effect of cancer on the prostate prop-
erties, including the mid and apical sites. In cases where the predominant tumors
are in both sides (mid site in sample P11, apical site in sample P14, and mid site in
sample P21) the tests were excluded since the information on tumor size was not
available. The properties were normalized by dividing the properties for the can-
cerous side (the side with a predominant tumor) by the properties for the normal
side. Figs. 4.10a-d show the viscoelastic properties when the cancer was present in
the posterior prostate and Figs. 4.10e-h show the properties when the cancer was
in the anterior prostate. In most cases, g;s and og are greater for the cancerous

sides, especially in the posterior prostate. This observation is consistent with pre-
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Figure 4.7: Applicability of the QLV model for prostate tissue: the QLV
model’s applicability for predicting the viscoelastic behavior of prostate
tissue was checked by testing the separation between the viscous and
elastic parts of the stress response. Testing was performed with dif-
ferent indentation depths; i.e., 4 mm, 5 mm, and 6 mm, and the stress
was normalized by the elastic stress to obtain the viscous part of the
stress. The results show that the elastic and viscous parts of the prostate
stress response are separable since while the indentation depth varies,
and hence the elastic part of stress, the viscous part remained the same.

vious studies that used MRE to derive the viscoelastic properties of prostate cancer
[66, 68-70]. Figs. 4.10e-h show less significant differences, possibly because we
measured the posterior prostate and so, the properties of the anterior prostate were
less well captured. The 95% confidence intervals for the results in Fig. 4.10a-d are
shown in Table 4.1.

The increase in g;s and og due to cancer can be explained by changes in the tis-
sue’s cell structure. Tissue stress relaxation depends on the ability of cells to diffuse
water (water diffusivity) and exchange their position with that of their neighbors
(tissue fluidity). High water diffusivity and fluidity leads to smaller stress relax-
ation as the cells can rapidly relax the stress either by removing the water from the
cells or rearranging their positions. PCa has been shown to decrease water diffusiv-
ity [66], which decreases the water movement between cells and hence increases

the stress relaxation. This can explain why g;s increase in the presence of cancer.
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Figure 4.8: Applicability of the QLV model for the prostate gland: mechani-
cal testing was performed with different indentation depths; i.e., d =4
mm, 5 mm, and 6 mm, and the relaxation shear moduli g;s were ob-
tained for each test. Each test was repeated eight times and the aver-
age and standard deviation of g;s for the last six tests were reported in
the figure (blue, orange, and green boxes). The properties are normal-
ized by g:"®s; i.e., the average of the properties for the three indentation
depths. The figure shows that a) g1, b) g», and c) g3 from tests at differ-
ent indentation depths are close. The greater variation of g; is mainly
due to overshoot; i.e., when the tester cannot precisely control the final
deformation at a high indentation rate. The figure also shows that the
variation within g;s for the different tests is within 10%, which indicates
the precision of the measurements.

The increase in elastic stress og can also be explained by the uncontrolled prolifer-
ation of cancerous cells, so that the increased number of cells causes more stiffness.
To further analyze the effect of cancer on the prostate properties, we performed a
statistical analysis on the results. Table 4.2 shows the statistics for g&*"°" / g?ormal
and ogeer /ghomal in the posterior prostate (Fig. 4.10a-d). The table also in-
cludes the one-tailed p-values for the alternative hypotheses: g/ / g?ormal > 1
and ogneer /gRomal > 1 from a t-Student distribution. The effect of cancer is sta-
tistically significant for g; and og with p-values less than 2%.

Table B shows that in some samples, both sides of a section were non-cancerous
(like the mid-section in P4). In these samples, the properties at the left and right
sides would be expected to be similar. Fig. 4.11 shows the properties for these
cases, after the properties for the right side are normalized by the properties for

the left side, without losing generality. The shaded area in the figure specifies the
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Figure 4.9: Precision of the QLV model: each mechanical test was repeated
eight times and the results of last six tests were used for the figure. of
from each test was compared to the average elastic stress o5 © to deter-
mine the precision of the measurements. From this figure (and Fig. 4.8)
the QLV model has a high precision for reporting the viscoelastic prop-
erties of the prostate.

10% variation (as indicated in Section 3.1) that can be regarded as insignificant.
The figure shows that some of the properties do not always fall within the 10%
variation, especially in regards to g3. While more data would be needed to con-
firm the observations, the different properties for the left and right sides can be
explained by the presence of a tumor in a nearby section. Table 4.3 shows the 95%
confidence interval (CI) for the results from Fig. 4.11, and both g;s and 6z have
acceptable confidence intervals. Moreover, while the results for g, and og appear
to be balanced around one, g; and g3 appear to be slightly biased toward higher
ratios. By comparing Tables 4.1 and 4.3, the properties of the prostate gland with
and without the presence of cancer can be seen. In particular, the tables show that

the presence of cancer increases gs and og by 14%, and 30%, respectively.

67



a) b) c) d)

[ ]
2.00 2.00 2.00 200 &
1.75 175 ® 1.75 175 °
_ [ ]
= = [ ] = ® E ®
E1s0 o E Lo E150 ¢ 150 ¢
& s & o & e £ .
~ ~ ~ ~ [ ]
g 125 5 5 1.25 5 125 e 5125 35
g g : . |5 g 8
133 8 UN a2 um 3] -3
91.00 —%— 551.00 —8— 581.00 —— &1.00
) . ¢
- [ ]
0.75 075 075 o 075 4
[ ]
0.50 0.50 050 ° 0.0
e) f) g h)
2.0 2.0 2.0 2.0
[ ]
1.8 1.8 1.8 1.8
= 1.6 = 1.6 =16 o T 16
E E E °® § ®
214 % E14 2., 1.4 =14
u&n a h&ﬂ [ LE” hd § o
£12 8 f12 & 212 o £ 12
3 g 3 e S I 3 e
Ay - o1 = o g
G108 10§ 0§ €10
. ® v ®
08 o 08 8 08 ¢ 08 &
° L b4
0.6 0.6 0.6 06 ©

Figure 4.10: Effect of cancer on the mechanical properties when cancer is in
posterior prostate (a-d); and when cancer is in anterior prostate (a-h).
Samples that had cancer on both sides were excluded. The properties
were normalized by dividing the properties of the cancerous side by
the properties of the normal side for each section. Tests were repeated
eight times for each quadrant and the average of the last six tests were
used to calculate the properties. The figures show higher values for the
properties on the cancerous side, especially for a) g1, and d) og as the
ratio for the properties on the cancerous and normal sides are mostly
above one. The effect of cancer on the properties is less significant
when cancer occurred in the anterior prostate e-h), mainly because the
tests were performed on the posterior prostate, which limits the accu-
racy in capturing the anterior prostate properties.
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Table 4.1: 95% confidence intervals for the ratio between the properties of the
cancerous and normal sides of the posterior prostate. As seen in Fig. 4.10,
the properties for the cancerous side are greater than those for the normal

side.
Count giancer /grllormal ggancer /ggormal ggancer /ggormal Gﬁancer / GEormal
95% CI | 46 (1.03 -1.50) (0.96 - 1.15) (0.90 - 1.69) (1.16 - 1.50)
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Figure 4.11: Mechanical properties of non-cancerous prostate gland. The
properties are normalized by dividing the properties for the right side
by the properties for the left side in each section. Since no cancerous
nodules are in the prostate, the properties for the left and right sides are
expected to be similar. The shaded area shows the 10% variation in the
properties, which can be considered as insignificant (see Fig. 4.8 and
Fig. 4.9). The figures also show more similarity between the properties
for the left and right sides for a) g; and d) og. The higher difference
in g», ¢) g3 may be explained by the presence of a nodule in a nearby

section.
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4.2.3 Effect of Cancer Grade on the Prostate Gland

In Section 3.2, the effect of cancer on the mechanical properties of the prostate
was investigated. PCa is classified into different grades, depending on how fast it
spreads and whether or not it affects other organs (metastatic cancer). Higher can-
cer grades are associated with fast-growing cancers that can invade nearby organs.
In this section, we investigate the possible correlation between cancer grade and
viscoelastic properties of the prostate. The relationships between cancer grade and
other properties of the prostate are also discussed.

Fig. 4.12 illustrates the correlation between cancer grade, prostate volume,
prostate mass, and patient’s age. Fig. 4.12a shows that, as expected, the prostate
mass and volume are highly correlated. Interestingly, our results show that the
prostate volume (in mL) is close to the prostate mass (in grams). Nevertheless,
these factors are not correlated with cancer grade and, for example, a cancer grade
of five (red dots in Fig. 4.12a) can appear in small, intermediate, or large-sized
prostate glands. Here, we reported the International Society of Urological Pathol-
ogy (ISUP) Cancer Grade, calculated based on the Gleason patterns observed in the
prostate (Table B). Cancer grade 2, shows that the top two patterns in the prostate
are Gleason scores of 3 and 4 (shown as 3+4); Similarly, cancer grades 3,4, and
5 are associated with Gleason Score 4+3, 4+4, and 4+5 (or 5+4), respectively.
Fig. 4.13 shows the patterns that correspond to Gleason scores of 3, 4, and 5, which
represent cancerous cells in early, intermediate, and advanced stages, respectively.
Since the cancer grade mostly depends on the cell patterns and not on the prostate
size, a clear correlation between cancer grade and prostate mass/volume would not
be expected.

The correlations between cancer grade, patient’s age, and cancer volume are
shown in Fig. 4.12b. Prostate gland enlargement is a common condition that occurs
as men age and so a relationship between prostate volume and patient’s age would
be expected. Moreover, while no apparent correlation is observed between age and
cancer grade, high-grade cancers (i.e., grades 4 and 5) are more likely to appear in
older patients. Similarly, Alibhai et al. [99] reported a weak correlation between
cancer grade and patient’s age. The presence of high-grade cancer in older patients

can be explained by a lower number of screening tests, which can lead to more
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Figure 4.12: Correlation between different properties of the prostate gland: a)
correlation between cancer grade, prostate mass, and prostate volume,
and b) correlation between cancer grade, prostate volume, and patient’s
age. a) shows a strong correlation between the prostate volume and
mass, but the cancer grade does not appear to be correlated to the mass
or volume. For example, cancer grade 5 could be assigned to either a
small or a large prostate gland. b) shows a positive correlation between
patient’s age and prostate volume. While a clear relationship between
cancer grade and age is not seen, high-grade cancer (i.e., grades 4 and
5) are more likely to occur in older patients.

advanced PCa levels [99]. Changes in cancer biology can also explain the high
grades of cancer in older patients [100].

Besides cancer grade, the tumor volume is another important factor that can be
used to evaluate the cancer progression. Tumor volume is the total volume of the
prostate that is occupied by a tumor nodule(s) and higher tumor volumes are asso-
ciated with more progressive cancers. Figs. 4.14 and 4.15 show the effect of tumor
volume on the mechanical properties of prostate when cancer presents in the pos-
terior and anterior prostates. A higher variation in the viscoelastic properties (i.e.,
larger geancer /gnormal gapg geancer /ghormal ) wayld be expected with an increase in
tumor volume. Fig. 4.14 shows that an increase in tumor volume in the poste-
rior prostate increases the viscous properties (Figs. 4.14a-c) but does not affect the

elastic properties (Figs. 4.14d). Among the viscous properties, g; and g3 are cor-
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Figure 4.13: Gleason scores for prostate cancer cells: a) patterns for Gleason
score 3 have well-formed glands without fusion, b) patterns for Glea-
son score 4 have back-to-back fused glands and a sieve-like structure
formed by the cells, and c) patterns for Gleason score 5 show cell in-
vasion in the glands.

related with the highest statistical significance (lowest p-values). That is to say, g;
and g3 can provide a good approximation of the tumor volume. As expected, less
significant effects are observed when cancer is in the anterior prostate since the
properties of the anterior prostate are not well captured by our testing. In addition,
no correlation appears to exist between cancer grade and tumor volume. The same
is also true for cancer grade and relative tumor volume (Fig. 4.16). The literature is
generally controversial about whether or not tumor volume should be an indicator
for PCa progression (e.g., [101, 102]). In 2007, Nature published work by May
et al. [103] who concluded that relative tumor volume below 25% cannot serve as
an independent factor for determining PCa progression. This would explain why
we did not see an independent influence of tumor volume in most of our prostate
samples, where the relative tumor volume was below 25% (Fig. 4.16). A larger
sample of prostate glands with high tumor volumes would be needed to provide

more insight into the relationship between tumor volume and PCa progression.
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Figure 4.14: Correlation between tumor volume and properties when cancer

presents in the posterior prostate. The properties were normalized by
dividing the properties for the cancerous side to the properties for the
normal side. Viscous properties are affected by tumor volume (see a,
b, and c) while the elastic properties do not seem to vary with tumor
volume (see d). g; and gz have the highest statistical significance (low-
est p-value). The cancer grade does not appear to be correlated with
tumor volume or the viscoelastic properties. International Society of
Urological Pathology (ISUP) Cancer Grade was reported, and calcu-
lated based on the Gleason score. Cancer grades 2, 3, 4, and 5 are
associated with Gleason Score 3+4, 4+3, 4+4, and 4+5 (or 5+4), re-
spectively.

73



cancer normal
g1 /g1
=
o

0.5

<)
1.5

cancer normal
g /g3

3
I
o

b)

Pearson's r = 0.16

. . Pearson's r = 0.1 = 1.25 .
£ ¢ - = 2
. p-value =0.71 Cancer Side ¢ 1.00 pvalue =056 ,ncer side
= - 20 &5 T 2.0
. . 30 Zo75 . . 3.0
40 4.0
5.0 0.50 . 50
5 10 15 20 5 10 15 20
Tumor Volume Tumor Volume
d)
e Pearson'sr=-0.18 Pearson's r =-0.03
‘ = 25
-value = 0.5 E -value = 0.91
. p-value Cancer Side g p-vatue Cancer Side
o . < 20 § ° < 20
30 215 3.0
40 = ) : 4.0
b L
.50 1.0 : Y
5 10 15 20 5 10 15 20
Tumor Volume Tumor Volume

Figure 4.15: Correlation between tumor volume and mechanical properties

when cancer presents in the anterior prostate. The properties are nor-
malized by dividing the properties on the cancerous side by the prop-
erties on the normal side. Unlike Fig. 4.14, no clear correlation can
be seen between tumor volume and the viscoelastic properties. This
may be due to our testing that was performed on the posterior prostate,
which fails to accurately capture the properties in the anterior prostate.
International Society of Urological Pathology (ISUP) Cancer Grade
was reported, and calculated based on the Gleason score. Cancer
grades 2, 3, 4, and 5 are associated with Gleason Score 3+4, 4+3, 4+4,
and 445 (or 5+4), respectively.

4.3 Application in Prostate Cancer Diagnosis

This thesis, which is focused on the possible effects of cancer on the properties of

the prostate gland does not intend to introduce a diagnostic model for PCa. In fact,

any diagnostic model for PCa would require a larger number of prostate samples (~

50) for classification algorithms to be applied [104]. Nevertheless, the initial results

of this study suggest that stiffness or and the relaxation shear modulus g; could

be used together to detect PCa with a high sensitivity (Table 4.2) and specificity
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Figure 4.16: Correlation between cancer grade and relative tumor volume
(tumor volume divided by prostate volume). No clear correlation is
seen between cancer grade, patient’s age, and the relative tumor vol-
ume. International Society of Urological Pathology (ISUP) Cancer
Grade was reported, and calculated based on the Gleason score. Can-

cer grades 2, 3, 4, and 5 are associated with Gleason Score 3+4, 4+3,
444, and 4+5 (or 5+4), respectively.

Table 4.2: Descriptive and inferential statistics for the cancer effect on the
viscoelastic properties of the prostate gland when cancer presents in the
posterior prostate. The table also includes p-values for the alternative
hypothesis with gsaneer /ghormal . | and ggancer /ghormal > | From the

table, cancer appears to have a greater statistically significant effect on
g1 and o (lower p-values).

gclzancer /grllormal ggancer /ggormal ggancer /ggormal cy](éancer / cylr{%ormal
Count 24 24 24 24
Average 1.24 1.06 1.29 1.33
gf‘vl:gz(r)i 0.49 0.22 0.94 0.40
p-values 0.012 0.12 0.07 0.00
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Table 4.3: 95% confidence interval for non-cancerous prostate samples.
Since cancer is absent from the prostate sections, the properties for the
left and right sides are expected to be similar. The table shows that g1 and
g3 are relatively biased towards higher ratios and g2 and E are balanced
around a ratio of one.

Count g‘;ght /glleft gglght /glzeft gglght /g13eft cylEight / Gllaeft
95% CI | 9 (0.99 -1.20) | (0.91-1.09) | (0.92-1.29) | (0.88 —1.14)

(Table 4.3). o has been widely used for detecting prostate cancer but to the best
of our knowledge, this is the first time that the relaxation shear modulus is reported
to serve as a possible diagnostic tool. We also report that the method can estimate
tumor volume (Fig. 4.14). Nevertheless, our current results do not suggest that the
method would be appropriate for detecting cancer in the anterior prostate, which
accounts for approximately 20% of all PCa cases [94]. The same problem has also
been reported for detecting PCa via ultrasound elastography [105] or by biopsy
[94]. Furthermore, the current results are only valid for ex vivo examination and
their applicability for in vivo tests remains for future studies. For instance, since
in vivo examination involves the indenter approaching the prostate gland through
the rectum, the effect of the rectal wall on force measurements should be analyzed.
That is to say, possible clinical applications of this method in vivo would require
other considerations that are beyond the scope of this study. A brief discuss on
the possible approach for in vivo applications of our results for PCa diagnosis is
included in the Appendix, though we leave the actual implementation to future

work.

4.4 Summary

In this chapter, we derived the QLV properties for fresh prostate tissue and inves-
tigated the effect of cancer on the viscoelastic characteristics. Thirty-five prostate
glands were collected within two hours following prostatectomy surgery and their
QLV parameters were obtained by performing stress relaxation experiments. The
properties were then correlated with the presence and grade of cancer to study

the effect of cancer on the stiffness and shear relaxation moduli of the prostate.
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The results show that cancer increases both elastic and viscous properties of the
prostate with a high statistical significance (p-value < 2%). For example, the first
shear relaxation modulus and stiffness increase by 14% and 30%, respectively in
the presence of cancer. In addition, the cancer grade is not directly related to the
mechanical properties of the prostate or prostate volume and mass. Furthermore,
tumor volume is highly correlated with the viscous properties, so that a higher
tumor volume appears to lead to a higher shear relaxation moduli. No similar cor-
relation was found for the elastic properties. In this chapter, the application of the
results to the in-vivo diagnosis of PCa was also discussed. A FBG sensor was de-
signed and fabricated for possible use as a diagnostic tool in-vivo and the sensor’s
applicability for detecting a hard nodule within prostate-mimicking phantoms was

demonstrated.
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Chapter 5

Conclusions and Future Work

5.1 Conclusion

The mechanical properties of biological soft tissues have attracted much attention
due to their importance in diagnosing diseases. In particular, assessing the me-
chanical properties of the prostate gland is suggested to be a primary method for
detecting prostate cancer. In this thesis, we presented a new method for calibrat-
ing the quasi-linear viscoelastic (QLV) model by using uniaxial stress relaxation
experiments (Chapter 2) and extended the method for a possible indentation test
(Chapter 3). Finally, we characterized the viscoelastic properties of the prostate
gland and studied the effect of cancer and cancer grade on shear relaxation moduli
and stiffness of prostate tissue (Chapter 4). In the following sections, we present

concluding remarks for each chapter.

5.1.1 Calibrating the QLV Model via the Uniaxial Test

A new method for calibrating the QLV model was presented that derives the shear
relaxation moduli and Young’s modulus for soft materials using uniaxial compres-
sion tests. The method differs from previously reported methods that are based on
the QLV model in two aspects: 1) we define elastic stress as the stress that emerges
after a sufficiently long time, where the time-dependent part vanishes and only the
elastic part remains; and 2) we designed two different experiments to calculate the

elastic and viscous characteristics independently. Considering these two modifi-
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cations, we derived the viscoelastic properties with confidence intervals that were
one-third of those previous reported.

To ensure the applicability of our method, we tested it on tissue-mimicking
phantoms; i.e., soft materials that represent the mechanical properties of biologi-
cal tissue. For this purpose, we performed stress relaxation tests at specific com-
pression depths and used the results to characterize the material. The derived pa-
rameters were then used to predict the behavior of materials at other compression
depths, and the predicted results were in good agreement with the experimental
results. Thus, the ability of the model to derive the properties independently from
the loading conditions was demonstrated. These results represent an improvement
with respect to other viscoelastic models (e.g., spring-dashpot models) that intro-
duce different parameters for each loading condition. We tested the applicability
of the method to distinguish prostate phantoms with the same Young’s modulus
as normal and cancerous prostate tissue, and the results allowed for the precise
distinction between the materials. We also showed that our model can distinguish
materials with similar elastic properties but different viscous properties, and vice-
versa. On the limitation side however, we admit the fact that a better fit with exper-
imental data could be presented by increasing the number of relaxation times, and
hence the relaxation moduli, but at the risk of over-fitting. Another way to improve
the modeling could be optimizing relaxation times instead of pre-selecting them,

but this may further complicate the fitting algorithm.

5.1.2 QLYV Characterization via the Indentation Test

Because the method for QLV calibration by a uniaxial compression test may not
necessarily be applicable to in vivo testing, we presented a procedure for QLV
characterization by an indentation test. For this purpose, we studied the inden-
tation behavior of viscoelastic materials with an indentation test under different
loading conditions. The effect of the QLV parameters on stress relaxation behavior
was also discussed. The results show that stress relaxation is not dependent on the
indenter size or indentation depth, and it is only governed by the material proper-
ties and the indentation rate. The shear relaxation moduli were also shown to affect

the stress relaxation at specific time intervals and thus, they are proportional to the
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amount of stress relaxation. We also calculated the effect of different relaxation
moduli on stress relaxation by superimposing the effect of each modulus. While
demonstrating a good performance for characterizing soft materials, it should be
noted that our model (and hence the reported parameters) is affected by the se-
lected relaxation times. We argue that our selection was limited by experimental
parameters (e.g. sensors/actuators specifications). In the future, one can derive a
continuous spectrum of relaxation moduli by invoking Eq. (2.6) for the relaxation
function and hence report a better description of the relaxation behaviour; however,
it might be challenging to combine with FEA.

Based on the findings, we present a new procedure for fast and straightforward
characterization of soft materials. Using a finite element analysis, we can calcu-
late the stress relaxation for different time intervals and estimate the value for the
relaxation moduli. To validate the accuracy of our procedure, we compared the
parameters obtained from an indentation test with those calculated from the uniax-
ial compression tests (Chapter 2), where a good accuracy (error within 20%) and
high precision (standard deviation within 10%) have been reported. Our proce-
dure can also characterize materials within a few seconds, which distinguishes it
from inverse finite element methods, making it appropriate for real-time material
characterization. It is important to mention that the applicability of the calibra-
tion method for a more complex phantom was not discussed in the section as our
phantoms were all homogeneous with a simple cylindrical shape. We acknowledge
the possibility of less accurate performance for the model when it comes to more

complex phantoms.

5.1.3 Effect of Cancer on Prostate Viscoelasticity

We used the models presented in Chapters 2 and 3 to characterize the mechani-
cal properties of the prostate gland and study the effect of cancer on the proper-
ties. First, we used the model to detect a hard nodule within a prostate-mimicking
phantom. The hard nodule and the phantom have the same Young’s modulus as
normal and cancerous prostate tissue, respectively. We performed stress relaxation
tests on the sides with and without the hard nodule and compared the properties

to determine whether or not the model can capture differences in the mechanical
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properties. The results confirm that the model can recognize different mechanical
properties for the side with a small nodule (5 mm in diameter) compared to the side
without a nodule.

For clinical assessments, we collected 35 fresh prostate glands within two hours
of their removal and tested their viscoelastic properties. First, we validated the
applicability of the QLV model for prostate tissue by checking whether or not the
elastic and viscous aspects can be separated. We repeated the stress relaxation tests
with different indentation depths (to change the elastic aspect) and found that the
viscous part of stress relaxation remained the same. After validating the applicabil-
ity of the QLV model for prostate tissue, we compared the properties of cancerous
and non-cancerous prostate tissues to assess the effect of cancer and cancer grade
on the relaxation moduli and stiffness. We found that cancer can change prostate
gland properties with a high statistical significance (p-value < 2%). Cancer in-
creases the first relaxation modulus by 14% and the stiffness by 30%. The relation-
ship between cancer grade and the prostate properties were also assessed though
no apparent correlation was observed. Nevertheless, cancer grade was found to be
correlated with the patient’s age and high-grade cancers were more likely to occur
among older patients. A similar trend was not observed for low-grade cancers.
Furthermore, tumor volume was also shown to be highly correlated with relaxation

moduli though the same was not true for the elastic properties.

5.2 Future Work

The clinical applications of the findings for detecting prostate cancer would require

the following future work:

1. The QLV model in Chapters 2 and 3| are derived for a homogeneous and
isotropic material, which is not the case for complex biological tissues, like
prostate gland. While the current model seems to provide accurate results,
the accuracy can be improved by considering anisotropic relaxation function
in the QLV model to reflect the complex composition of the tissue. This step
would be required if future results show that the model’s accuracy diminishes

by including more data.
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2. More prostate samples should be tested ex vivo and analyzed with classi-
fication algorithms to obtain a model predicting the presence and grade of
prostate cancer based on the mechanical properties. For this purpose, the
important features in detecting prostate cancer should be specified and then
importance of each is determined by employing ensemble classification al-

gorithms.

3. Invivo testing should be performed to confirm if the conclusion from ex vivo
testing is also valid for in vivo setting. The testing can be first performed on
a life-like prostate examination simulator and then on human participants.
For this purpose, a mechanism should be designed to navigate the sensor
(described in the Appendix) through the rectum so that it smoothly accesses
the prostate gland and stays fixed during the force measurement. In vivo test-
ing can investigate whether or not the rectum wall affects the force readings.
It can also show if the prostate position variation from a person to another
can make difference in the results. That being said, it should be mentioned
that the current results cannot be extended to in vivo setting. For example,
the guidance of the sensor through the rectum needs to be considered before
any in vivo experiments. Appropriate guidance should ensure the sensor can
reach the prostate quadrants, so the indentation test is performed the same
as ex vivo. Also, in vivo applications might require using a smaller indenter
than what we used in this work, which may alter the results. Last but not
least, it should be mentioned that the sample we used is biased toward the
people with confirmed prostate cancer, which is different from our actual
sample, i.e., all people who are suspicious of having prostate cancer. While
we can address this issue by doing in vivo testing on a more diverse sample,

the difference in the sample sizes might lead to different outcomes.

4. Finally, the results of in vivo testing should be compared with those obtained
from digital rectal examination by practicing both on the same participants.
The comparison can demonstrate how much the method is effective in im-

proving the prostate cancer diagnosis.
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Appendix A

A Possible Approach for In Vivo
Diagnosis of Prostate Cancer

A.1 Sensor Design and Fabrication

As discussed in Chapter 1, fiber Bragg grating (FBG) sensors are appropriate for
force measurements in biomedical applications. A fiber Bragg grating is a mi-
crostructure, generally a few millimeters in length, that is photo inscribed in the
core of a single mode optical fiber. When the full spectrum of light passes through
the fiber Bragg grating, a specific wavelength is reflected back and measured by
an interrogator. When the fiber Bragg grating is subject to strain, the reflected
wavelength changes accordingly. We proposed using a FBG sensor to test the in
vivo stress relaxation in the prostate gland. The design for the sensor is shown
in Fig. A.1. The sensor is composed of a 3D printed enclosure, sensor head, and
polyurethane rod. A fiber Bragg grating sensor (FBGS Technologies Company,
Jena, Germany) was first bonded onto a 5 mm polyurethane rod using Norland
UV-curable Adhesive NOA 61 (Norland Products, New Jersey, USA). The rod was
sanded on one side to provide a suitable flat surface for bonding. Once the sensor
was bonded to the rod, it was glued into the sensor head and the bottom of the
sensor enclosure. The rod was suspended in the middle of the enclosure to allow
for unconfined compression when an axial load is applied. The sensor head has

an indentation face of 6 mm (dia.) and is manufactured using Master Mold Resin
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(MiiCraft, Vaughan, Canada) via stereolithography 3D printing. The sensor head
also contains two grooves to prevent torsional strain from affecting the axial load-
ing during compression. The assembled sensor has an outer diameter of 15 mm
and a total length of 26 mm. The enclosure was fabricated from polylactide acid
(PLA) using the Monoprice Mini Select V2 3D Printer.

The fabricated sensor was attached to a linear actuator for stress relaxation
experiments. To ensure proper compression and reliability in capturing the stress
relaxation, the actuator requires a pull-in force of 2 N, linear speed of 10 mm/s,
and accuracy of at least 0.5 mm. The specifications are chosen so that the sensor
can provide enough force to compress the prostate tissue by 5 mm at a rate that is
appropriate for capturing the stress relaxation. To fulfill the criteria, an L.12 linear
actuator supplied by Actuonix (12 V, 100:1 gearing, with position feedback) was
used. An adaptor was also 3D printed to connect the sensor to the actuator (the
adapter is not shown in Fig. A.1).

The sensor is calibrated using the mechanical tester described in Section 2.1
(see Fig. A.2). The sensor was placed directly under the indenter tip and force
calibration experiments were conducted over a range of 0 to 2.25% strain using the
fiber Bragg grating at strain intervals of 0.225%. The FBG sensor was connected to
an FBG-Scan 908 interrogator (FBGS Technologies Company, Jena, Germany) and
sensor readings were recorded at 100 Hz. For each increment, the static force from
the load cell and the central wavelength shift from the interrogator were recorded.
The calibration procedure was repeated three times to ensure consistent results.
The sensor calibration results showed the sensitivity to be 4 mN in a range of 0-4.0
N, corresponding to a strain of 2.5%. The calibration shows linearity between the
measurements (wavelength shift in the FBG sensor) and force, which is reflected
by the R-squared value of 0.9998 and a maximum non-linearity error of 22 mN.
The current sensor design is 15 mm in diameter, which is sufficiently small to be
suitable for in-vivo prostate tissue examinations. The sensor design greatly simpli-
fies the fabrication procedure as no complex machining is required, and the number
of different components in the assembled sensor are kept at a minimum. This helps

to reduce sources of error, improves reliability, and minimizes the cost.
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Embedded FBG Sensor Actuator

Before Contacting Tissue
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Figure A.1: Design of the proposed FBG sensor: The sensor is composed
of an FBG sensor bonded to a elastomer (polyurethane) rod and it is
supported by a 3D printed enclosure. The rod is designed to contact the
material through a sensor head with a diameter of 6 mm. The sensor is
compressed into a material by using an actuator and the force reaction
of the material is recorded over time. The size of the sensor is designed
to allow for in vivo applications.

A.2 Validation on Prostate-mimicking Phantoms

The applicability of the sensor was demonstrated by testing the prostate-mimicking
phantoms (Fig. A.3). The phantoms were fabricated following the procedure de-
scribed in Section 4.1.1. As shown in Fig. A.3, a test rig was fabricated to rigidly
hold the actuator and sensor for the stress relaxation experiments. The sensor com-
presses the prostate phantom in the four quadrants (as shown in Fig. A.3a) follow-
ing the protocol described in Fig. 4.1. Each test was repeated three times. For each
phantom that was tested, a cancerous nodule was inserted in quadrant L.1. The

QLV parameters for each quadrant (g;s and og) were then calculated according to
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Figure A.2: Sensor calibration: the mechanical tester described in Section 2.1
was used to calibrate the sensor. The FGB sensor was placed beneath
the tester’s indenter and a range of strains from 0 to 2.25% were applied
in intervals of 0.225%. The sensor information was read through the in-
terrogator and calibrated by the forces recorded for the load cell. The
calibration showed a linear relationship between the sensor’s measure-
ments (wavelength shift in the FBG sensor) and Force, with a maximum
non-linearity error of 22 mN.

the procedure outlined in Chapter 3, and compared to Figs. A.4 and A.5.

The QLV parameters for each location in the prostate phantom are shown in
Fig. A.4. In all tests, the g; parameters from the quasi-linear viscoelastic model
were smaller in the cancerous region of the phantom compared to the non-cancerous
regions. As mentioned earlier, this result is expected since the shear relaxation
moduli for the hard nodules are four-times smaller than those of the phantom.
Based on the results, the sensor was able to identify both the elastic and viscous
properties of the phantoms. Furthermore, in all tests, the elastic stress was highest
in quadrant L1 where the cancerous nodule had been implanted (Fig. A.5). The
elastic and viscous parameters are directly related to the size of the nodules, with
larger nodules leading to higher elastic stresses and shear relaxation moduli. The
results shown in Figs. A.4 and A.5 demonstrate that the FBG sensor, equipped
with the QLV model, can identify the hard nodules in the phantoms. Nevertheless,
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Figure A.3: Testing the FBG sensor on the prostate-mimicking phantoms:
phantoms were fabricated as described in Section 4.1.1 and the nod-
ule was located in L1; c) the FBG sensor was used to measure the
force response of the prostate phantoms after each test. The sensor was
connected to the actuator with an adaptor and a custom-built rig. Ex-
periments were repeated three times for each quadrant (L1-L4) and the
average QLV parameters were recorded for each quadrant.

the applicability of the sensor for in vivo diagnosis of PCa requires further clini-
cal testing. In particular, the current design for connecting the actuator and sensor
would require modification to accommodate in vivo testing. Specific guidance of
the sensor in the rectum would also need to be considered so that movement of the
sensor does not cause injury. While we did not assess whether or not the current
design would satisfy the in vivo requirements, we believe that it is a step forward

in providing a better tool for detecting PCa cancer in the early screening stages.
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Figure A.4: Validation of the FBG sensor applicability by testing on prostate-

mimicking phantoms: viscous properties (g; s) are reported for a) L1,
b) L2, ¢) L3, and d) L4 for hard nodules with diameters of 5 mm, 7
mm, and 10 mm. The figure shows that the most variation occurs for
the properties at L1, where the nodules are located. The properties at
L4 also vary slightly for the different nodule sizes, which is likely due
to the effect of a hard nodule in a nearby quadrant. L2 and L3, however,
have similar properties for the different nodule sizes.
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Figure A.5: Validation of the FBG sensor applicability by testing the
prostate-mimicking phantoms: elastic stress is shown for quadrants
with different nodule sizes. The figure shows that the greatest varia-
tion in elastic stress occurs with the nodule sizes at L1. The elastic
stress at L4 also varies slightly with the nodule size, which is likely due
to the effect of a nearby quadrant. L2 and L3, however, have similar
amounts of elastic stress for the different nodule sizes.
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Appendix B

Prostate Glands for Clinical
Study

Table B includes the prostate samples we used for the clinical study as well as the
cancer location(s), cancer grade, prostate volume, tumor volume, prostate mass,

and patient’s age.
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Table B.1: Characteristics of fresh prostate samples used in the clinical study: Thirty-five fresh prostate samples, iden-
tified as P1-P35 were collected within two hours after removal by prostatectomy surgery. The table includes the
location(s) of the cancer in mid and apical sections, cancer grade, Gleason score, prostate volume, prostate mass,
and the patient’s age. The results for samples P1-P3 are used in Section 3.1 to check the suitability of the QLV
model for the prostate gland, and the results for samples P4 - P35 are used in Sections 3.1 and 3.2 for studying the
effect of cancer on the properties of the prostate gland. Some of the prostate characteristics were not available and
appear empty in the table.

Cancer Grade

Prostate Volume

Tumor Volume

Prostate Mass

Cancer Location (s) Patient’s Age
(Gleason Score) (ml) (ml) (&
Mid Section | Apex Section
Right Right
P1 ) ) 3 (4+3) 50 5 50 68
(Posterior) (Posterior)
Right and Left
py | enanaRe None 2 (3+4) 40 2 46 54
(Anterior)
Left
P3 ) None 5 70 5 86 61
(Anterior)
Left
P4 None i 3 (4+3) 178 5 165 72
(Posterior)
Left Left
P5 _ ) 2 (3+4) 35 5 43 70
(Anterior) (Anterior)
Left Left
P6 o o 3 (443) 37 46 68
(Posterior) (Posterior)




co1

Right Right
P7 ) ) 2 (3+4) 42 6 47 73
(Anterior) (Anterior)
Right Right
P9 1 & 4 87 13 90 70
(Posterior) (Posterior)
Right and Left Left
P11 ) ) 2 (3+4) 63 46 66
(Anterior) (Anterior)
Right Right
P12 1 1 3 (443) 49 55 79
(Posterior) (Posterior)
Left Left
P13 - - 2 (3+4) 51 62
(Anterior) (Anterior)
Right Right and Left
P14 1Eh gt and Le 2 (3+4) 63 79
(Anterior) (Anterior)
Left Left
P15 © © 2 (3+4) 48 12 63 64
(Posterior) (Posterior)
Right
P16 ) None 5 94 104 79
(Posterior)
Right
P17 None ) 5 41 6 45 70
(Anterior)
Right
P18 None 3 (4+3) 45 9 51 69

(Anterior)




901

Right Left
P19 ) ] 4 44 2 47 67
(Anterior) (Anterior)
Left Left
P20 o - 3 (443) 70 11 68
(Posterior) (Posterior)
Right and Left Left
P21 ) ) 2 (3+4) 67 23 70 71
(Anterior) (Anterior)
Right Right
P22 1 1 2 (3+4) 40 6 44 61
(Posterior) (Posterior)
Left Left
P23 - - 3 (443) 43 3 38 72
(Anterior) (Anterior)
Left Right
P24 - 1 5 53 8 60 73
(Posterior) (Posterior)
Left Left
P25 © © 2 (3+4) 42 6 48 59
(Posterior) (Posterior)
Left
P26 i None 3 (4+43) 42 49 60
(Posterior)
Left
P27 i None 3 (4+3) 78 5 87 69
(Posterior)
Left
P28 None 2 (3+4) 77 61

(Posterior)




LO1

Left Left
P29 i i 3 (4+43) 37 6 57
(Posterior) (Posterior)
Left Left
P30 o e 2 (3+4) 38 1 47 69
(Posterior) (Posterior)
Left
P31 None ) 3 (443) 65 7 69 70
(Anterior)
Right
P32 None 1&n 2 (3+4) 81 4 80 77
(Anterior)
Left Right and Left
P33 - 1ghtand e 2 (3+4) 53 1 48 71
(Anterior) (Anterior)
Left Left
P34 ) ) 3 (443) 58 6 67 71
(Anterior) (Anterior)
Right Right
P35 1En &n 3 (443) 35 35 69
(Anterior) (Anterior)
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