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Abstract

The prevalence of Traumatic Brain Injuries (TBI’s) is a serious health concern
to U.S. Military Members. Mild TBI’s, some of which have been shown to result
from prolonged exposure to repeated artillery blasts, are particularly challenging
to identify with existing diagnostic imaging technology. In general, as with other
soft-tissued organs, there exists a gap in understanding of how biological tissues deform
under extreme loading conditions. Understanding these mechanics has applications
beyond diagnosing physical bodily injuries as diseased tissues have also been shown to
demonstrate differing mechanical p roperties. Volume Controlled Cavity Expansion
(VCCE) is a novel, needle-based probing methodology developed to capture rate
dependent ex-vivo and in-vivo tissue material properties. In this thesis, the VCCE
methodology was performed on numerous animal tissues as well as extracted human
thyroids to study some of the challenges related to the translation of the VCCE lab
technique into a medical diagnostics tool. To ensure a successful VCCE test, it was
shown that choice of needle and the insertion protocol must be altered depending on
the type of biological tissue being tested. Additionally, in a clinic setting, VCCE was
demonstrated as a successful methodology in differentiating between a diseased and
healthy tissue. Using the mechanics-informed in-vivo tissue probing method, VCCE
has applications for improved assessment and diagnostic tools for injured and/or
diseased tissues, Personal Protective Equipment (PPE), and casualty transport safety
guidelines.
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Chapter 1

Introduction

Traumatic Brain Injury (TBI)’s remain a significant health concern to U.S. military
members. From 2010 to 2014, an estimated 135,235 service members suffered some form
of a TBI, in particular, the U.S. Navy and U.S Marine Corps composed approximately
25% of these reported injuries [1]. The consequences of such injuries can result in
long-term cognitive issues, emotional disregulation and behavioral changes as well as
losses in motor functionality [2]. Not only is the prevalence of TBI injuries concerning
but additional soft-tissued organs can undergo similiar extreme loading scenarios while
Sailors and Marines are conducting any number of routine operations.

Diagnosing compromised soft-tissues in a ship setting or battlefield is a particularly
time-sensitive and resource limited challenge. TBI injuries, especially those considered
mild, are notably difficult to identify with current medical imaging tools. This
can be partially attributed to the gap in understanding the mechanisms by which
biological tissues deform under extreme loading conditions. Understanding the behavior
of materials under such circumstances could allow for assessment and diagnosis
of damaged tissues as well as the development of improved, Personal Protective
Equipment (PPE) and casualty transport safety guidelines. This type of research is
also relevant to the human engineering of safer Naval asset operating environments.

Similar to a physically damaged tissue, diseased tissues have also been shown to
display different mechanical properties depending on the type and/or severity of disease.
Cancer, for example, can involve the growth of nodules which significantly impact the
surrounding micro-environment. As the abnormal group of cells proliferate, mechanical
characteristics of the tissue such as solid stiffness can be altered. Advancements in
research connecting the mechanical properties of a compromised tissue to an associated
disease could help improve the accuracy of many current diagnostic practices as well
as provide new pathways for disease treatment methods.

Utilizing a novel, needle-based probing methodology known as Volume Controlled
Cavity Expansion (VCCE), Dr. Cohen’s lab is developing a material testing method
that could be used to capture rate dependent ex-vivo and in-vivo tissue properties.
Prior VCCE experiments have been limited in scope; primarily consisting of using a
large, non-portable testing set-up to probe synthetic materials that simulate biological
tissue behavior or limited biological samples such as animal brain tissue and blood
clots. The purpose of this thesis is to address some of the challenges related to the
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translation of the VCCE lab technique into a medical diagnostics tool.

1.1 Motivation

1.1.1 Traumatic Injury Diagnostic Practices in the U.S. Navy

Modern U.S. Naval Warships pose a multitude of non-combat occupational hazards,
of which bodily blunt force trauma injuries are among the most common mechanisms of
harm (Figure 1-1). From everyday movements, such as climbing up steep ladderwells to
access each deck or ship level, to weekly Replenishment at Sea (RAS) operations where
Sailors orchestrate the movement of pallets on high tensioned wire ropes connected to
the Replenishment ship, pieces of equipment and machinery found on warships can
be very heavy, move at high rates of speed and/or utilize highly pressurized fluids to
operate (Figure 1-2). In times of conflict, these trauma-related injuries and deaths
can only be expected to increase.

TABLE 1. Top 15 Noncombat Surface and Submarine Causes of
Injury or Death 1970-2020

Casualties Mortality Most Recent

Injury Mechanism (n) (%a) Occurrence

Fire/burn/smoke inhalation 923 13 2018
injury (103 events)

Man overboard (220 events) 352 719 2018

Collision (14 events) 275 403 2017

Extremity amputation, crush, or 223 0 2019
laceration

Blunt torso/chest trauma 153 26.1 2018

Explosion (16 events) 106 604 2003

Chemical exposure/inhalation 104 279 2004
injury (27 events)

Fall from height (other than man 75 592 2020
overboard)

Blunt head/neck trauma 34 73.5 2005

Electrocution 32 80.6 2018

Ordinance-related mishap 24 375 2004

Eye trauma 17 0 2018

Cardiac arrest 17 100 2015

Suicide 12 01.7 2018

Accidental discharge (gunshot 8 75 2004
wound)

Figure 1-1: Top 15 Noncombat Surface and Submarine Causes of Injury or Death
1970-2020 (3]
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Figure 1-2: U.S. Navy Ship Ladderwell and Hatch (L) and RAS Operations (R)

Blunt force injuries occur when the body is impacted forcefully. Depending on
the severity, speed, and length of time of the object’s impact as well as the contact
area and tissue elasticity, superficial injuries and/or damage to bones (fractures) and
internal organs (contusions and lacerations) can result [4]. Some blunt impact injuries
are physically apparent immediately after occurrence but deeper injuries may take
days to weeks to manifest. TBI’s are among the least well understood traumatic
injuries due to the large range of symptomatic outcomes, developing pathology, and
long term degenerative diseases [5].

All branches of the U.S. Military currently utilize the Military Acute Concussion
Evaluation (MACE)-2 tool for assessment and diagnosis of suspected traumatic brain
injuries [6]. This tool depends mostly on the Sailor or Solider self-reporting on the
description of the event leading to the injury, observing outward physical signs of
abnormal behaviors as well as a brief neurological and cognitive exam (see Figure 1-3).
A concussion management tool will provide recommendations based on the MACE-2
results for further assessment and guidance, such as a Computed Tomography (CT)
scan. However, for the case of mild Traumatic Brain Injury (mTBI)’s where physical
evidence of damage to the head or brain is typically absent, a CT or Magnetic
Resonance Imaging (MRI) may not be able to detect all types of compromised brain
tissue such as when changes in microstructural of white matter or fiber tract integrity
is compromised |7].

In the mid to late 2010’s, Soldiers serving in Syria, Iraq and Afghanistan were
suspected to have suffered countless mTBI’s as a result of sustained exposure to
soundwaves generated by the launching of hundreds of rockets and artillery guns in a
condensed time period [9],[7]. In these cases, many soldiers were diagnosed with chronic
traumatic encephalopathy where symptoms include behavioral changes, memory loss,
and cognitive impairments which can progressively worsen over decades [7]. Indeed,
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s MILITARY ACUTE CONCUSSION SCREENING
@5 Complete this section to determine if there was an injury event
B\ S

AND an alteration of consciousness or memory.

MACE2 &

Military Acute Concussion Evaluation L .
1. Description of Incident
A. Record the event as described by the service member or
witness.
Use open-ended questions to get as much detail as possible

Use MACE 2 as close to time of injury as possible.
Service Member Name:

DoDVEDIPISSN Branch of Service & Unit: Keyquestions:
. i . o Can you tell me what you
Date of Injury: Time of Injury: remember?
Examiner: - o Whathappened?
Date of Evaluation: Time of Evaluation 2 Who were you last with?
B. Observable Signs
Purpose: MACE 2is a multimedal tool that assists providers in the At the time of injury were any of these observable signs witnessed?
assessment and diagnosis of concussion. The scoring, coding and Visual clues that suggest a possible concussion include:
steps 1o take after completion are found at the end of the MACE 2. o Lying mofoniesson theground o Balance difficulties,
Timing: MACE 2 is most effective when used as close to the time of o Slow to get up after & direct stumbling, or slow labored
injury as possible. The MACE 2 may be repeated to evaluate recovery. or indirect blow to the head movemens
o Drsongr;tgtl}un. ccn'lusncg“ 2 D":aCIBI injury after head
RED FLAGS or an inability to respon auma
: i appropriately to questions 2 Negative for all observable
Evaluate for red flags in patents with Glasgow Coma Scale (GCS) 13-15. a Blgnk - \tac:nt look s;;,?s
o Deteriorating level 2 Results from a structural
of consciousness brain injury detection device C. Record the type of event.
o Double vision (if available) Check all that apply:
9 Increased restiessness, 3 Seizures o [] Bluntobject  [] Sportsinjury [ ] Gunshot wound
combative or agitated o Weakness or tingling )
behavior in arms or legs Ol [ Assauit O Explosion blast
2 Repeat vomiting 2 Severs or worsening 7 Estimated distance __
headache (] Fragment O gr‘g?hr vehicle O other

Defer MACE 2 if any red flags are present. Inmediately
consult higher level of care and consider urgent
evacuation according to evacuation precedence/Tactical

D. Was there a blow or jolt to the head?
2 Did your head hit any objects?

Combat Casualty Care (TCCC). 2 Did any objects strke your head?
- . 2 Did you feel 3 blast wave? (A blast wave that is felt strking
Negative for all red flags the body or head is cansidered a blow to the haad)

Continue MACE 2, and observe for red flags throughout evaluation. a Did you have a head acceleration or deceleration?

COves [ONo  [J UNKNOWN

Revised 102018 dvbic.dcoe.mil Page 10f 14 Revised 10:2018 dvbic.dcoe.mil Page 2 of 14

Figure 1-3: MACE-2 Assessment Tool [8]

past TBI diagnostic tools have primarily focused on detecting neurological damage
but recent research has suggested alterations to the glial cells and cerebrovasculature
may also impact the full functionality of the brain [10]. For the case of these Soldiers
and Marines, traditional imaging detection techniques could not detect the microtears
resulting from the pressure strains due to discharged weapon noise.

Recently, the U.S. Navy and Marine Corps has embraced the concept of Distributed
Maritime Operations (DMO), where components of the force are geographically spaced
in a effort to assert Sea Control over a larger domain, introducing a significant challenge
in providing medical support to all dispersed assets [3|, [11]. As of 2023, the U.S.
Navy had only two dedicated hospital ships. Although larger surface combatants and
amphibious ships (Aircraft Carriers and Amphibious Assault Ships such as LHDs and
LHASs) have substantial medical spaces and personnel onboard, the ratio of available
beds and medical specialists to the total number of Sailors onboard these ships is still
undermatched [12|. In contrast, most medium sized surface combatants with crews of
less than 300 people, have only one dedicated medical specialist (an Independent Duty
Corpsman or IDC) and no x-rays or significant lab testing abilities [3]. The U.S. Navy
has acknowledged these shortcomings, and in 2023, announced funding was approved
for the construction of three Expeditionary Medical Ships (EMS) each equipped with
4 operating rooms and 124 beds (shown in Figure 1-4) [13].
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Figure 1-4: Rendered Illustration of the U.S. Navy’s Expeditionary Medical Ships
(EMS) [13]

Additionally, the new Spearhead-class expeditionary fast transport (EPF) starting
with the EPF-14 will be built with greater health service capabilities [14]. Nonetheless,
this is still a limited number of dedicated expeditionary hospital ship assets to be
added to the fleet. Another tool that could help alleviate the shortage of available
beds and medical physicians is improved onboard shipboard diagnostic tools. A more
accurate diagnosis of injury would ensure smarter usage of limited resources available
on a Sailor’s own ship as well as quicker evaluation for the need for transportation to
the finite number of better-outfitted assets.

Beyond diagnostic tools, understanding how the brain and other soft tissues deform
under extreme loading conditions has applications to designing improved Personal
Protection Equipment (PPE) which is often the first line of defense against traumatic
injuries. Such research would provide the necessary insight to engineers who design
helmets and other protective body gear for military members. For example, this gear
could be built to better absorb the energy imparted from forceful blows but also to
detect and alert others when significant injuries have occurred in order to prioritize
transferring that person to area where medical attention can be prescribed.

1.1.2 Use of Mechanics for Disease Classification and Diagnostics

In contrast to a more objective based diagnostics approach, modern medical disease
diagnostic techniques still heavily rely on observed measured physical quantities such
as the speed or pressure at which fluids are transported around the body and the
visualization of tissues (as in a x-ray or observing cells at a microscopic level). Typically,
physicians will collaboratively make clinical diagnoses based on these qualitative
patterns of observed physical quantities while reviewing the past history of the patient
[15]. For example, for a cancer diagnosis, one of the first indications for the presence
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of cancerous tissue is a physical lump that can be externally palpated. Next, an
ultrasound may be utilized to study the exact tissue location and shape and how it
is progressively growing. A fine needle biospy will allow the physician to study the
tissue at a cellular composition level. Each of one of these metrics, physical palpation,
measurements of the tumor’s relative dimensions, and cell structure observations,
are examples within a portfolio of information which is used by doctors to recognize
patterns leading to a diagnosis. However, it is known that significant bias exists
utilizing these current, more qualitative metrics, especially radiology, which is often
the first step in the diagnostic timeline [16],[17]. The consequences of an inaccurate
diagnostic test can be significant; resulting in possible over or undertreatment and
increased insurance costs [18].

With the advancement of tools collecting more mechanics based bodily metrics
regarding a tissue’s state, and development of Machine Learning (ML) to sort through
a plethora of existing biomedical data, it is hoped that traditional diagnosis procedures
can be complimented by new types of data to transform the current diagnostic workflow
into a more objective and reliable process. The development of diagnostic tools based
on measuring mechanical metrics draws from the many studies that now show the vital
role of mechanics in evaluating the functional state of various body systems such as
the nervous [19],]20] and digestive systems [21]. For example, Halder et al. [22] utilized
fluid mechanics principles along with ML to explain the physics behind numerous
esophageal diseases. Creating their own parameter space called the VDL (virtual
disease landscape), they were able to map measured physical quantities corresponding
to the function state of the organ onto an existing landscape of known diseases. Not
only could they distinguish known existing disorders using this technique but they
were also indications that this tool could also be utilized to predict how the disease
would progress.

The proliferation of cancer, in particular, is highly dependent on the competing
biological and physical forces within, and surrounding, the cellular structure. Understanding
these links opens pathways for new diagnostic methods and treatment strategies. Four
physical cancer traits that are suggested to explain the biomechanical abnormalities in
tumors are (i) elevated solid stress, (ii) elevated interstitial fluid pressure, (iii) increased
stiffness and altered material properties, and (iv) altered tissue microarchitecture (see
Figure 1-5). Of specific interest to this research, is the role of stiffness in evaluating
the presence and severity of cancer.

Matrix stiffening occurs due to increased deposition and cross-linking of the
Extracellular Matrix (ECM) or network of macromolecules and minerials that provide
structural and biochemical support to surrounding cells [24]. Strain-stiffening behavior
resulting from the application of mechanical stresses can also increase the stiffness
of a matrix [23]. This increased stiffness in tissues can lead to activated signaling
pathways which promote the tumor’s growth. Studies in various cancer types including
breast [25], liver [26] and prostates [27] have demonstrated that malignant tumors are
stiffer than benign ones. These differences in stiffness are often detected by traditional
physical palpation practices, so it is already an observed, albeit, qualitative piece of
data, utilized by doctors to distinguish between healthy versus non-healthy tissues.
However, the perception of differences in material stiffness when distinguished by
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Figure 1-5: Origins of the Physical Traits of Cancer [23]

human touch is subjective to the person conducting the examination. Methodologies
to collect quantitative, in-vivo stiffness data would help reduce these subjective
distinctions.

1.1.3 Existing Methodologies for Determining Soft Material
Mechanical Properties

Determining mechanical properties of biological tissues has important applications
in creating more realistic biomimetric materials as well as improving disease detection
and prognosis predictions [28]. However, there exist many challenges in determining
these properties due to the complex hierarchical structure of biological materials. At
each scale of interest, nano to millimeter level, the structure of a tissue can vary as
well as the interaction of these hierarchical levels [29]. As a result of their inherent
heterogeneity, these tissues also exhibit anisotropic and non-linear elastic behavior
[30]. It is also vital to consider that removing a tissue from a body will impact the
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measured mechanical properties since the surrounding structure imposes stresses that
influence the tissue state. Additionally, over time, fluids in a tissue will evaporate
and tissue will begin to degrade. Therefore, an tissue removed from the body will
display different mechanical properties than the same tissue while it is still inside of
an organism (in-vivo) [31], [32]. Lastly, due to their softer and more fragile nature,
biological tissues are also more challenging to handle; often they cannot be easily
affixed to traditional material testing devices without altering the state of the tissue.
For all these reasons, capturing the full spectrum of mechanical responses of biological
tissues has proven difficult.

In this next section, the specific shortcomings of many existing methods to capture
mechanical properties of biological materials will be explained as they relate to the
inherent complexities of tissues as previously described. The most traditional and
well-known methods for testing material properties such as tensile, compression, and
indentation testing (often used on solids such as metals and rubbers) fall short in their
ability to test biological tissues because they often require altering the natural state of
tissue once removed from the body to make the sample compatible with the existing
test set-up. For example, in many blood clot studies, the clots must be injected
into molds or cut or shaped in such a way to fit into existing holding mechanisms
[33]-[35]. Other methods such as pulse wave velocity and pressure myography can
only be utilized for specific applications such as studying blood vessel properties [28].
Additionally, methodologies such as elastography cannot determine characteristics of
materials undergoing loading scenarios at both slow and very fast rates. Elastography
also assumes linear elasticity, therefore the stiffness values calculated using this method
can only be used for comparative purposes among the same tissue type [31], [36].
Lastly, many studies reviewing the existing methodologies as explained above, report
orders of magnitude difference in material properties for a singular tissue such as
blood clots [37] and liver [38].

Arguably, where existing methods for capturing mechanical behavior of biological
tissues are most inadequate is in their ability to quantify mechanical properties under
dynamic conditions. This application is extremely important for understanding what
happens to a tissue when it is physically injured because this usually involves a tissue
being subjected to an extreme loading scenario (fast loading rate). In the case of
TBI’s, especially, there is a notable lack of understanding regarding the strain and
deformation mechanisms responsible for such injuries [39]. This can strongly be
attributed to the shortage of mechanical characterization studies on human brain
tissues relevant to modeling TBI scenarios. In their review, MacManus et al. [40]
found only five existing studies where human brain tissue was exposed to strains and
at strain rates that appropriately represent extreme loading conditions. This is due
to the fact that replicating an "explosive" event in a safe and repeatable manner is
challenging and the existing methods, as listed above, cannot measure and interpret
the mechanical response of tissue during or right after such a disruptive event occurs.

Undoubtedly, there exists a need for a methodology that is more widely applicable
across all biological materials that can yield both more accurate and consistent results.
Furthermore, an ideal methodology will be able to probe tissues while they are still
inside of an organism. It is also vital that this methodology is capable of capturing the
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responses of tissues under extreme loading conditions, in order to capture the entire
viscoelastic spectrum of behavior for biological materials, especially strain-stiffening
responses.

1.2 Case Study: Thyroid Cancer Diagnostic Practices

1.2.1 Thyroid Cancer Background

Thyroid tissues consist of lobes enclosed in thin layers of connective tissues. The
lobules produce thyroid hormones which regulate the body’s metabolism and overall
growth and development. The main anatomical components are shown in Figure 1-6.

Thyroid

Thyroid

gland Isthmus

Right

lobe Left

lobe

g |
b
Cleveland

Trachea Slints
©2022

Figure 1-6: Anatomy of the Thryoid Gland and Trachea [41]

Thyroid cancer occurs less frequently, and has a relatively high survival rate, as
compared to other cancers [42]. However, the development of nodules is relatively
common, with a higher occurrence in women and persons of older age [43]. By age 60,
50% of the population will have a nodule discovered through imaging or during an
examination [44]. Thyroid nodules are frequently, inadvertently, found during other
routine medical procedures such as CTs or MRIs where the neck region is scanned. It is
also possible for a patient or doctor to physically palpate that area and discover lumps
which feel stiffer to the touch. Fortunately, only about 5-10 percent of nodules are
cancerous [44]. However, due to the increasing availability of medical monitoring tools
in the past few decades, it is suspected that over-diagnoses are significant [45]-[48].

After a nodule is discovered, a patient is typically recommended to see endocrinologist
who will request an ultrasound. The Thyroid Imaging Reporting and Data System
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(TI-RADS) is referenced for further classification of the suspicious nodule. If required,
a Fine Needle Aspiration (FNA) (cellular level inspection) will be conducted, as shown
in Figure 1-7. FNA involves the insertion of a needle into the targeted nodule in order
to remove some cells. Once inserted, the needle must be aggressively moved around in
order to dislodge enough cells for testing. This procedure can be painful to a patient
especially if an inadequate amount of tissue is removed and the procedure must be
repeated. Once an adequate amount of tissue is removed, it is sent to a cytology
evaluation which is informed by the Bethesda Scale. As shown in Figure 1-8, this
scale is used to communicate the ultimate diagnosis and recommended treatment [49].
A Level V or VI diagnosis primarily results in surgery. A Level III or IV diagnosis
may result in surgery but typically it is attempted to clarify the diagnosis using
other methods, such as molecular testing (molecular level inspection) before surgery
is recommended.

{ 4 Ultrasound
(4 wand

By

N

-

A=

Thyroid

Figure 1-7: Fine Needle Aspiration (FNA) Procedure [50]
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Figure 1-8: Bethesda Scale for Thyroid Cancer Diagnostics [50]
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Through a combination of these diagnostic tools, approximately 5-7 percent
of nodules are definitively marked as malignant. However, up to 40 percent of
nodules fall under categories including indeterminate (15-30%), suspicious (3-5%), or
non-diagnostic (5%) [49], [51]-[54]. A vast majority of the indeterminate category, if
only classified through FNA, are reported to be benign on final surgical pathology
(70-80%) [55]. This statistic can be improved (60-70%) with the use of molecular
cytology but this test is more expensive because it is nominally conducted offsite from
the hospital [55]. Figure 1-9 summarizes the efficiency of the current state of thyroid
cancer diagnostics.
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Figure 1-9: Existing Thyroid Cancer Diagnostics Flowchart

The negative impact of an unclear diagnosis could be a lobectomy or thyroidectoctomy.
Once a portion of the thyroid is removed, the patient may be required to take thyroid
hormone replacement therapy for their lifetime. Additionally, vocal cords, nearby
nerves and other glands that control calcium levels are also at risk of damage during this
type of surgery [56]. Due to the expense of current diagnostic tools and inconvenience
and lifelong impact of such a surgery, there is room for improvement among the current
thyroid cancer diagnostic tools.
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Chapter 2

Experimental Developments and
Techniques and Research Objectives

In this section, the origins of the VCCE methodology will be explained as well
as summarizing past results of using this testing method on synthetic, and a few
biological, material samples. This will be followed by a brief overview of VCCE
procedure, specifically focusing on the key steps and corresponding pressure profile
features that result in achieving a successful test. The identification of these features
are proposed important pieces of information that may be used to identify a specific
tissue. Additionally, this section will discuss the device setup used to perform the
VCCE methodology in all past experiments as well as the current version of a portable
device more suitable for eventual in-vivo applications. In conclusion, the research
objectives of this thesis will be presented.

2.1 Historical Development of VCCE Methodology

The VCCE methodology was developed to facilitate instantaneous stiffness measurements
[57], [58]. This methodology involves injecting a known volume of incompressible fluid
into a material cavity (see Figure 2-1). A pressure sensor, connected to the injection
needle, monitors the cavity pressure during both active expansion of the cavity as well
as passive relaxation once no more liquid is being injected.

The VCCE technique is derived from a methodology known as Cavitation Rheology
(CR) [59], [60]. The first iteration of CR similarly employed a needle probing technique
but utilized compressed air. Initially, in this method, the pressure of injected air was
steadily increased over time resulting in relatively small changes of cavity volume
until a mechanical instability limit was reached and the volume changed significantly,
instantaneously. The desired result of these experiments was to measure a “critical
pressure" at the onset of mechanical instability [59], [60]. However, it was noted in
subsequent experiments that the sample often fractured before the cavitation instability
limit was reached [57|. Furthermore, the use of this critical pressure value to calculate
a equivalent modulus also relied on the assumption of the neo-hookean strain-energy
model which is not a valid model when inflicting large strains on strain-stiffening
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Figure 2-1: Block Diagram Description of VCCE Methodology

materials such as biological tissues [61]. Raayai-Ardakani et al. [57] modified this
protocol by employing an incompressible fluid, instead of air, and attempted to control
the volume of the system instead of the pressure. This methodology was perfected
through the development of the VCCE. By controlling the volume, VCCE obtains
not only a peak pressure (i.e. a single value of interest) but an entire nonlinear
volume-pressure curve, similar to an equation of state. This method can also track the
mechanical response beyond the critical pressure, to obtain and elucidate the fracture
properties.

Raayai et al. [57] initially demonstrated the VCCE technique with Polydimethylsiloxane
(PDMS) samples of varying base:cross-linking agent ratios (33:1, 37:1, 40:1, 42:1, 44:1,
and 50:1), focusing on determining elastic material properties. In these experiments, a
Constant Volume Expansion (CVE) methodology was utilized. However, Chockalingham
et al. [58] improved upon this technique to fully capture the viscoelastic range
of behavior of PDMS by implementing a version of the VCCE procedure that
expanded the volume of the fluid cavity at a constant radial rate (or Constant Radial
Expansion (CRE)). Therein it was shown that keeping the stretch rate constant
during expansion was key to capturing both the quasi-static and dynamic material
parameters of soft materials such as biological tissues.

There is also precedent for the conduction of the VCCE methodology in biological
tissues. Mijailovic et al. [61] used VCCE to calculate the Young’s modului for porcine
and murine brain sections. Varner et al. [37] tested a range of constant radial
expansion rates on bovine blood clots and was able to observe stiffening behavior
as well as the softening of clots as they aged. In all of these initial experiments
with both the synthetic and limited biological tissues samples, it was possible to
implement complex rate profiles to determine mechanical properties of materials due
to the specific laboratory testing device and supporting equipment utilized. However,
replicating such profiles outside of a lab setting was not yet proven possible and it
was not clear how this could affect potential diagnostic applications.
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2.2 VCCE Pressure Profile Description

In each of the following subsection descriptions, the purpose of key steps in the
VCCE methodology will be presented, followed by a discussion of the expected results
of these steps as established by the historical precedent of testing in a synthetic,
biomimetic material known as PDMS. Lastly, the differences in testing of a synthetic
versus biological material will be identified as well as hypothesized alterations to the
existing VCCE protocol to obtain similar anticipated outcomes as observed while
testing in synthetic materials.

Needle Insertion and Retraction

Experimental procedure: During this prerequisite step before fluid injection, an
initial defect is created in the material. An initial defect is created because if the
needle was inserted without retraction, the compressed material beyond the tip of the
needle would form a plug that blocks the needle opening [62|. To make this initial
defect, a needle is slowly inserted until the surface of the material is ruptured. This
step of the insertion process can be monitored both visually and by observing the
pressure readout.

FEarlier results in PDMS: As initially demonstrated in PDMS (see Figure 2-2),
the pressure was observed to monotonically increase until the material surface was
broken [62]|. Next, the pressure would sharply drop in the immediate moments after
rupture before slowly decaying towards a zero pressure or relaxed state. However
to accelerate this decaying process, the needle could be retracted slightly (a few
millimeters) resulting in a small defect.
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Figure 3.8 Pressure evolution during needle injection and corresponding injection steps, as the
needle is actively retracted (dotted) or left in place to relax (solid). Material withstands large
deformation without permanent damage (a) before surface rupture (b) allowing the material to
gradually relax residual stresses. The process i accelerated by retraction of the needle (c) shortly
after ruptured. After relaxation time (1-4h) residual stresses are mostly dissipated except for radial
stresses (d).

Figure 2-2: Pressure Profile During Insertion and Retraction [62]
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Expected biological challenges: For a particular PDMS sample, very consistent
insertion and retraction distances could be established resulting in nearly ideal pressure
profiles during this step. However, these distances were altered when VCCE was
performed in blood clots, for example, because the surface was easier to rupture [37].
It was predicted that for more heterogeneous biological tissues, the retraction and
insertion distances may vary more greatly between tests and that pressure profiles will
be less consistent (e.g. different peak pressure when the surface is ruptured and/or
varying pressure gradients to reach the peak pressure).

Injection Phase

Ezperimental procedure: The purpose of the injection phase is to fill the fluid
cavity with an incompressible fluid which stretches the material encompassing the
cavity until fracture occurs. This fracture is a result of energy release, associated with
the cavity expansion, into the surrounding material. As shown in Figure 2-3, upon
initiation of fluid injection, the corresponding pressure will initially exponentially
increase. This is also known as the elastic expansion phase. The critical pressure of
when fracture initiates is another potential valuable piece of information from the
injection phase. After initial fracture, the pressure will remain non-zero because more
fluid is still be injected into the material.

Insertion Injection
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= - —

Critical *
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Pressure
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Expansion:

Actively retract to
create a cavity
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Figure 2-3: Key Features of Pressure Measurements during VCCE Test Sequence
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Earlier results in PDMS': For synthetic materials such as PDMS, existing material
models such as the neo-hookean model has been effectively fitted to parts of the
elastic expansion slope to calculate a reasonable corresponding stiffness value [58|.
Importantly, during this expansion process, it is assumed that the fluid cavity is
expanded nearly spherically so one can estimate the approximate effective radius. The
effective radius during elastic expansion is a key piece of information required for
the material model fitting process. Of note, it was previously shown in PDMS, that
expansion may originate from defect that is non-spherical but any error introduced by
this initial non-spherical cavity is negligible during the expansion process [57], [61].
For testing in PDMS, this nearly spherically expansion could be visually observed.
In regards to the critical pressure at fracture for PDMS, at certain base:cross-linker
ratios, this value has been shown to remain relatively similar between tests.

A common, inadvertent result during the injection phase is when fluid leaks from
the cavity before initial fracture occurs, this is often to due to a poor seal between
the needle opening and defect. In PDMS, this can be observed visually just as the
fluid begins leaking up the needle (Figure 2-4). Fluid leaks in PDMS will still appear
on the pressure profile during injection as successful expansion tests, however, the
anticipated behavior after fracture will look different. An example of this occurring
is shown in Figure 2-5. On the left most plot, one observes the pressure to slowly
decrease once injection ends but on the right plot, the pressure is shown to suddenly
flatten and stays relatively constant once the leak began.

Figure 2-4: Leaking of Fluid up the Needle during VCCE Test in PDMS
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Figure 2-5: Observation of Leaking in Pressure Profile for PDMS

FExpected biological challenges: It is known that the visual observation of the cavity

expansion process will not possible in tests on biological tissues, however instances
of leaking will still be visible because fluid will flood from the opening of the needle
insertion site before the injection stage has completed.
Material Relaxation Phase After the injection phase stops, the material will begin
the process of relaxation. This is an important component of pressure profile because
as shown in Figure 2-3, the pressure does not immediately decrease to zero. This
thesis will not focus on the characterization of this portion of the pressure curve.

2.3 Instron Setup and Experimental Procedure

The VCCE procedure was initially enabled through the use of an Instron Electropuls
3000 (Norwood, MA, USA) controlling the plunging of a 50pL syringe (Hamilton
GASTIGHT of Reno, NV, USA) filled with fluid into a sample of interest (Figure
2-6). The pressure experienced during fluid cavity expansion was measured by a
PRESS-S-000 luer lock connected pressure sensor (PendoTech, Princeton, NJ, USA).
Using a pre-made constant volume or constant radial expansion profiles created in
WaveMatrix, the precise injection of fluid into the sample was controlled. A real-time
readout of the pressure can be observed during the fluid cavity expansion using this
program (as well as the history of pressure during the course of test). Although
the Instron device and supporting components have been effective in capturing the
desired pressure data as previously discussed, there were many challenges observed
with utilizing this setup specifically regarding future in-vivo tissue application. These
challenges such as the syringe re-fill procedure, control of the sample height during
the insertion and retraction step, and the protocol for taking and organizing notes
related to each individual test are discussed in subsequent paragraphs.

One of the first steps before beginning a VCCE test is to fill the syringe assembly
with a testing fluid. To remove the syringe assembly, numerous nuts and blots holding
the fixed support plate must be detached. Care must be taken to replace these
components precisely and under equal tension. Additionally, the placement of plate
assembly must be aligned directly centerline to avoid generating a static friction force
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Figure 2-6: Nominal Instron Setup for VCCE Lab Experiments

which can impose bending on the fixed support plate holding the syringe resulting in a
“mechanical compliance" error [62]. This process is time intensive and air entrapment
during needle installation, and after prolonged testing periods, is a common problem.
Furthermore, even if a visual air bubble is not observed when replacing the syringe
assembly, a calibration test must be performed once the syringe assembly is fully
reinstalled to ensure compliance due to air entrapment is negligible. If the results of
this calibration test show “non-mechanical compliance", the process of replacing the
needle tip and more carefully removing any entrapped air from the syringe assembly
must be performed again.

When performing either a calibration or a singular expansion test, a container of
either the testing fluid or sample of interest is placed on an adjustable, cross-hatch
staging mount. This stand is manually adjusted by experimenter during the insertion
and retraction process to ensure the optimum cavity size is created and to monitor
pressure during this process. The number of knob turns correspond to a certain
vertical distance that the needle is being plunged into and out of the sample and can
be calculated using simple geometry.
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The Instron testing device and Wave Matrix tool do not inherently incorporate the
ability to record observations about the environmental conditions surrounding each
test (temperature and humidity of the lab, the purpose of performing each test etc.)
simultaneously as the tests are being formed. Instead, the user performing the VCCE
test must manually record notes in the application of their choice, later compiling and
correlating these notes to each test.

2.4 General Purpose Research Tool (GPRT) Description

The General Purpose Research Tool (GPRT) is a portable, dedicated VCCE testing
tool version of the Instron setup, developed by fellow lab member Brendan Unikewicz.
The testing protocols were developed in Python and run through the Virtual Studio
(VS) Code interface. The desired application of this tool is enabling the use of VCCE
to determine quantitative material properties of soft tissues. Adapting the VCCE
traditional methodology into a portable tool form, with minimal training required to
easily operate it, is a step towards preparing this procedure for eventual use in a clinic
setting [63]. The main components of the GPRT are shown in Figure 2-7.
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Figure 2-7: Labeled Components of the GPRT [63]

2.4.1 GPRT Testing Procedure

This tool utilizes a micro injector device to dispense controlled amounts of testing
fluid into the sample. The pressure sensor is the same type utilized in the Instron
setup but is connected to the DAQ (data acquisition system) which converts the
analog, electronic signals produced by the pressure sensor into digital signals through
the use of an ADC (connected through a USB) to the computer. The controller device
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communicates commands from the computer to the micro-pump injection device. It
can also be operated manually to reset the syringe position (refill) before the beginning
of each test. The vertical staging component of the device incorporates a micrometer
which can easily be read to monitor the insertion and retraction distances into the
test sample. Other key specifications of the GPRT are listed below:

o Weight: ~15 lbs

e Dimensions: 18”"(L) x 18”(W) x 25”(H)

e Power: 100-120V

e Needles: Disposable, 25G, 17 length, Luer lock (Blunt and Beveled typical)

The following section provides a general timeline and brief description of each step
when conducting a VCCE test on a tissue sample using the GPRT:
Steps Performed without Tissue Sample (Total Time: 5-10 minutes):

1. An initial calibration test must be performed for each type of test or whenever a
needle is replaced. This test is performed in a Phosphate-buffered Saline (PBS)
solution and must be reviewed directly after test completion to ensure proper
function of the device [3 minutes|.

2. Prior to beginning each new test within a sample, all fluid is purged from the
syringe and pressure sensor and then flushed with a bleach solution (if testing
any type of biological tissue) |2 minutes|.

3. If needle replacement is necessary (testing a normal portion of sample versus a
diseased portion or testing an entirely new tissue sample), entire syringe assembly
must be flushed [5 minutes].

Steps Performed with Tissue Sample (Total Time for Singular Test: 10-15
minutes):

1. For each test within a specimen, the needle is inserted and retracted a set distance
via a mechanical stage. Pressure is closely monitored during this process and
this "Insertion Data" is recorded and reviewed immediately before beginning a
test to note any unexpected or unusual behavior. Occasionally, a five minute
holding period is warranted to allow the material to relax [2-7 minutes] (see
Figure 2-8).

2. The computer and syringe pump control the creation of the small cavity at a
prescribed rate [3 minutes].

3. Results reviewed in real time [2 minutes].

4. System is re-set for second probing (replace needle if necessary, clear syringe,
and refill) [2 minutes].
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2.5 Instron vs. GPRT: Differences in Device Setups

There are numerous differences between the Instron and GPRT device setup. The
following section describes how these differences impacted the types of tests that could
be conducted on the GPRT as well as the quality of data that was produced by this
device.

Unikewicz et al. [63] noted that the rotation of ball bearings within the micro-injector
motor transmitted a significant pulsating force to the syringe assembly which was
subsequently felt by the pressure sensor. To ensure this force was negligible as
compared to the inertial force of the fluid cavity as it expands, a syringe with a smaller
cross-sectional area than that utilized for the Instron device was selected (10uL). Due
to utilizing the 10uL on the GPRT, the largest maximum radius of the fluid cavity
that could be achieved was ~ 1.3mm. However, this radius is well beyond the size
of cavity which would induce fracture. Additionally, the anticipated elastic portion
of interest during fluid cavity expansion is nominally experienced in the first 0.2 to
0.5mm of radial expansion.

Past VCCE experiments on the Instron have utilized various combinations of
syringe and needle sizes based on the limitation of tools used at the time to perform
the procedure. Especially in the development phase of only being able to perform CVE
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expansion tests on the Instron, it was critical that the achievable cavity sizes were
consistent with the length and cross-sectional area of the syringe to ensure constant
stretch rates were achievable during a portion of the initial cavity expansion. This
was vital in ensuring the full viscoelastic behavior of a soft material was captured.
Thereafter, it was demonstrated that using a larger syringe size resulted in less
certainty regarding the accuracy of the effective cavity radius [62] so while initial
testing was performed with a 3mL syringe on the Instron device [57], it was proven to
be more desirable to utilize a smaller size (50pL) syringe for follow-on experiments.
Subsequently, the selection of 10uL for the GPRT falls well within the desired syringe
size.

The GPRT was restricted to conducting CVE tests due to the controller’s low
storage memory [63]. The syringe micro-pump injector was also optimized for discrete
control (utilizing a singular expansion rate). Although, Unikewicz et al. [63] note
that “pseudo-continuous" control is possible, the controller lags in executing this new
command resulting in a delay to the real-time change in cavity expansion rate. As
previously mentioned, during a CVE test, the radius of fluid cavity changes during
the course of the procedure so the stretch rate is mot constant. As illustrated by
Raayai-Ardakani et al. [57|, experiments with constant volumetric rate expansion
resulted in large stretch rate variations (typically very fast at first and then slowing
to a more constant rate as the cavity size reaches 1.2mm) that led to a saturated
material response inadequate for the full characterization of viscoelastic materials
[58]. However, for certain applications, such as diagnostics of disease, it is suggested
that it may be adequate to only characterize the instantaneous material response i.e.
minimize compliance by assuming one spring constant goes to infinity.

The micropump selected for the GPRT was also limited in the injection rate it
could dispense. The maximum injection rate for the 10uls syringe is 657uLps [64].
Due to the motor-thread engagement distance, some volume of 10,000nL syringe also
cannot be utilized (~ 80uL). Assuming a 1.3 millimeter maximum cavity radius, and
knowing the amount of available fluid in the syringe, a 600ul. CVE test was selected
for the majority of tests conducted on biological tissues. The 600uLps test takes
approximately 15 seconds to conduct with a 10uL syringe. Reducing the total testing
time was important for the application of this device in a hospital setting. With
this injection rate maximized, this current iteration of the GPRT was ill-suited for
capturing high loading rate material responses but as previously stated, for the specific
application of cancer diagnostics, this limitation did not affect the device’s ability to
capture the instantaneous stiffness behavior of the biological tissues tested.

The process of refilling the syringe assembly was greatly simplified with the GPRT
setup because the time to remove and replace the syringe assembly from the device
was significantly reduced. To remove the syringe assembly, one must simply loosen
the top screw that holds down the syringe and pinch the sides of the holding device
around the syringe body (Figure 2-9a). To replace, the same steps are performed
inversely. Another improvement of the GPRT was the inclusion of a micrometer which
allows the experimenter to directly read off insertion and retraction distances during
the cavity creation process (Figure 2-9b).
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Figure 2-9: GPRT Syringe Assembly Control Points and Micrometer

The GPRT also enhanced the user’s experience of taking notes related to the
environmental conditions and other observations during the course of a test by
including a series of prompts in the program, such as humidity or cross-base ratio
for PDMS samples. After the completion of each individual test, these notes were
automatically compiled into an csv file for easier, future data analysis.

2.6 Research Objectives

The purpose of this thesis is to discuss some of the implementation challenges
for utilizing VCCE as an in-vivo, biological tissue, bulk mechanical property testing
methodology.

e Investigate needle choice. Prior VCCE testing in both ex-vivo brain tissue
and blood clots utilized a blunt tip needle. For eventual application to in-vivo
tissue testing, a needle with a bevel would be required to minimize injury to
the patient and to penetrate the outer skin layers in order to probe internal
organs. Therefore, VCCE tests were conducted in synthetic and biological
tissues with a beveled needle to determine if this needle type would affect
the ability to achieve the anticipated pressure profile using the traditional
VCCE methodology. Furthermore, the needle length and gauge was altered in
various tests to determine if a particular needle is best utilized for certain tissue
applications.
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e Investigate transition to miniaturized VCCE test set-up. The VCCE
methodology was initially performed utilizing the Instron testing device, however,
this instrument is not portable, is expensive, and requires extensive training to
operate. The GPRT was developed as an alternative tool to the Instron that
can perform the VCCE method outside of the traditional research laboratory
setting. To evaluate the effectiveness of this tool, initial testing was conducted
in synthetic material substitutes and biological tissues to determine if the key
features of the traditional pressure profile were achievable. Limitations were
noted for suggested design changes that would be required for the use of this
tool in eventual in-vivo applications.

e Application of VCCE in thyroid tissue. Another desired application of
VCCE is for tissue diagnostics, whether this is to diagnose damage from a blunt
force injury or cancerous cell growth. In collaboration with Newton-Wellesley
Hospital, the GPRT was taken into a hospital setting and used to probe extracted
human thyroid tissues. The many difficulties of working with diseased tissues were
noted for future improvements to the GPRT and the overall testing methodology.
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Chapter 3

Refinement of VCCE Technique for
Various Material Testing

This section will begin by explaining the reasoning behind selecting a certain needle
type for performing experiments in all prior VCCE work. This will motivate the initial
experimentation comparing various needle types in PDMS and bovine blood clots,
with a particular focus on understanding if a beveled needle could be used to perform
the VCCE methodology for eventual in-vivo tissue applications. The results of these
tests informed the transition of testing new biological materials such as bovine liver
and swine thyroid using the GPRT. These experiments demonstrated that specific
needle types and steps of the predefined VCCE protocol may require alterations in
order to successfully conduct VCCE in different biological materials.

3.1 Background on Needle Characteristics

The bevel angle, gauge size, and length are three crucial needle characteristics to
alter depending on the desired application. For most needle applications, bevel type
is typically broken into three sub groups to include regular, short, and intradermal.
However, there are far more specialized applications for needles that may involve
utilizing multiple bevel angles in a singular needle tip. A needle used for a certain
application is normally described by the bevel type [65]. The corresponding gauge
range and bevel angle can still vary within that bevel type group. A regular bevel needle
is nominally cut at 12 to 15 degrees and is most commonly utilized for intramuscular
and subcutaneous injections. The sharper angle ensures the needle will less painfully
puncture through skin layers to reach deep muscular tissue. The short and intradermal
bevel angled needles tend to have shallower bevel angles and are typically applied at
a less steep angle to the skin for applications such as IV injections and nerve blocks.
A 90 degree bevel or blunt tip needle is typically used in non-medical applications
because this penetration shape will cause the greatest damage to surrounding tissues
during penetration [66].

The gauge size describes the hollowness of the needle (for example, 23G needle
= 0.02525 inch or 0.6414 mm (outer diameter) - 0.01325 inch or 0.337 mm (inner
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diameter)). A larger gauge number corresponds to a smaller diameter needle. Smaller
diameter needles are less painful to insert and reduce tissue damage because they
minimize the amount of total force (or injection force) imparted [67|. The tradeoff is
a thinner needle tends to deflect more upon insertion. The length of needle impacts
what tissues can be accessed. A longer needle may theoretically be able to penetrate
deeper tissues but it can be more vulnerable to bending stresses.

3.2 Precedent for VCCE Needle Selection

Past VCCE testing has solely utilized a 25G or 22G, 1 inch needle to test materials
such as PDMS, blood clots and brain tissue [37], [57], [58], [61]. These needle gauge
sizes are considered mid-sized within the available range of gauge sizes. One study,
specifically involving the testing of brain tissue [61], utilized a 22G needle to minimize
surface tension effects. A length of 1 inch was selected to ensure there was an adequate
amount of needle length required to break the surface of the material without the
Instron’s upper syringe assembly interference. Additionally, most samples tested using
the Instron device setup were placed in a 1 ounce or 30mL plastic cup where a 1 inch
length needle is ideally suited for penetrating nearly half-way down the cup height
while ensuring the cavity is expanded far from any boundary.

Additionally, in all material tests, a blunt tip needle was utilized. With a blunt tip
needle, it is easier to expand the fluid cavity beyond the needle tip, minimizing any
interference of the needle itself on the cavity expansion. It has also been shown that
even when the fluid cavity is not expanded perfectly spherically beyond this needle
tip, the volume injected is still nearly spherical [57]. A blunt tip needle could also
be utilized for testing in all prior experiments because all previous testing materials
were generally softer with relatively heterogeneous internal structure, making these
materials easily penetrable. Christine Roth [62] briefly discusses the choice of a blunt
versus beveled needle when she conducted VCCE tests in nearly transparent PDMS
samples, this was insightful because she able to observe the cavity expansion visually.
If a needle with a bevel was utilized, Roth observed the fluid cavity migrating up
the point forming a sphere surrounding the needle rather than right beyond the tip
(Figure 3-1). However, she also noted better control of the cavity expansion process
which has important implications for consistent testing results. In general, Roth [62]
also observed that the penetration depth required to break the surface of material was
smaller with a beveled needle so the relaxation time required for the material to not
be strained by needle movement was shrunken. Although these observations may help
predict the anticipated outcome of using a beveled needle in a biological material, as
previously stated, PDMS is a much more homogeneous material.

Initially, testing in PDMS and bovine blood clots for this thesis began with using
the same needle gauges as demonstrated in previous work (23G and 25G, 1”7 needles).
However, for these experiments, both blunt and beveled versions on these needles were
also utilized.
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Figure 3-1: Photos of Fluid Expansion Cavities for Blunt vs. Beveled Needles in
PDMS [62]

3.2.1 Needle Selection for Human Thyroid Cancer Diagnostic
Testing

For human thyroid cancer diagnostic testing, many of the current tools also involve
needle based probing techniques such as fine needle aspiration cytology (FNAC) and
needle core biopsy (NCB). While the ultimate goal of both these procedures is to yield
a small extracted piece of tissue for ex-vivo analysis, the selection of how this needle
gauge size has affected the success of these methods was of interest to this research.

The success rate of FNAC and NCB is typically assessed based on how many
attempts are required to extract enough useable sample for analysis while trying to
minimize pain experienced by the patient. For FNA tests, needle gauge sizes between
21 and 27 are commonly utilized. One study found that while using 21G and 27G
needles for FNA of human thyroids, there was no statistical significant difference in the
cytopathological results of specimens obtained with both types of needles, although
larger needle size tended to be associated with more complications [68]. Another study,
that compared the use of 22 versus 25G needles for FNAC, concluded that the gauge
size do not significantly impact the pain experienced by the patient. However, the
number of times the procedure had to be performed significantly impacted the pain
experienced by the patient. Another key finding was that, a larger diameter needle
(22G) was able to penetrate calcified nodules more often than a needle of smaller
diameter (25G) [69].

Another important distinction between how traditional human thyroid cancer
diagnostic tests are conducted and the VCCE methodology, is the speed at which the
needle is inserted into the desired testing tissue. For the FNA procedure, the needle is
injected swiftly into the suspicious nodule (<1 second) and vigorously moved to and
fro multiple times through the nodule in order to extract cells. For the needle insertion
and retraction steps of the VCCE methodology, these steps are typically performed
more slowly (=10 seconds total) and there is minimal needle movement once the
nodule or tissue location of interest is reached before retraction of the needle. This is
in an attempt to reduce the amount of damage inflicted by the needle itself penetrating
into the tissue structure. Some authors additionally propose the speed of insertion is
connected to the insertion force into various tissues [70]. In their experiments, Jiang
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et al. [66] demonstrated that different tissues (skin, muscle, fat, liver capsule and
vessel) generate various force cures, which will also impact the most efficient insertion
strategy to utilize on each type of biological tissue. Clearly, it will be vital to future
refinements of the VCCE procedure to find the balance between applying the minimal
force to penetrate a tissue while also inserting the needle as quickly as possible in order
to minimize, internal tissue structure damage once an outer structure is breached and,
pain imparted to the patient. For this reason, the VCCE needle insertion protocol as
it is conducted in various biological tissues may need to be altered.

3.3 Needle Comparison Tests in PDMS and Bovine
Blood Clots

Preliminary needle comparison experiments were conducted in PDMS and Bovine
blood clots since it was known that minimal to no alterations to the nominal VCCE
protocol were required to conduct successful tests in these materials. The purpose of
these tests was to explore how needle length, diameter size and presence of bevel may
have affected the anticipated pressure profile.

3.3.1 PDMS

PDMS is a commonly used synthetic substance that mimics the viscoelastic
behavior of biological materials. It can be mixed at varying cross-linking agent ratios
to change the time-dependent elastic behavior, so as to model a range of different soft
materials. However, the internal structure of PDMS is notably more homogeneous
than that a typical biological tissue. Per procedure as described in [58], 45:1 (base to
cross-linker ratio) samples were mixed in plastic sample cups and allowed to cure for
2 hours in a oven at 100°C.

Using the original Instron set-up, both CRE (0.02mm/s and 0.32mm/s) and CVE
tests (.402mm? /s and 2.684mm?/s) were performed in the 45:1 PDMS samples. These
rates were selected because they have been successfully demonstrated to achieve elastic
expansion in previous work [58|, [62]. As similar pressure profile observations were
made utilizing both CRE and CVE tests, the focus of this section will be on the CRE
tests only. For these experiments, a blunt 25G 17, blunt 25G 5/8” and a beveled
23G 1”7 needles were utilized. As shown in Figure 3-2, it was possible to achieve the
expected pressure profile using all three needle types. However, some observations
about the defect size and subsequent achievable stretch rates as well cavity growth
location relative to the needle opening are explained in subsequent paragraphs.

In general, it was observed that the initial defect created during the insertion and
retraction steps was larger for a larger diameter needle and for a beveled versus blunt
tipped needle. This is shown in Figure 3-3 (right plot). Intuitively, the larger diameter
needle would create a larger initial defect but understanding why the beveled needle
would create a larger defeat over the blunt needle had a more nuanced explanation.
Although it was known that the shape of beveled needle would create nearly the same
radial size cavity as it is plunged through the sample, in order to withdraw the needle
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Figure 3-2: Constant Radial Tests in PDMS: Radius vs. Pressure

to a equivalent height of retraction, as shown in the left most illustration in Figure
3-3, the surface area impacted by the shape of the needle opening will be greater for
the beveled versus blunt.

Bevel vs. Blunt Needle:

Surface Area of Tip *
Opening

0 0.5
Expansion Rate [mm/s]

Blunt 25 gage 1 inch (S01)
- Bevel 25 gage 5/8 inch ( )

Bevel 23 gage 1 inch (S04, S05)

Figure 3-3: Needle Comparison Tests for Constant Radial Tests in PDMS: Expansion
Rate vs. Defect Size

In S05 (Sample 05), for the constant radial expansion tests, it was attempted to
lessen this initial defect by barely retracting (<2mm) the beveled needle tip (shown in
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Figure 3-4). However, the larger diameter needle combined with the presence of the
bevel still dominated why this initial defect size was larger. Fortunately, regardless
of this initial defect size, it was demonstrated that equivalent stretch rates over a
certain Pressure to Elastic Modulus (P/E) ratio (important for capturing the entire
viscoelastic behavior of the material) could be achieved utilizing all three of the needle

types tested (Figure 3-5).

Figure 3-4: Minimal Retraction of Beveled Needle in PDMS

P/E [kPa]
o

0 L
0 5
Stretch [A]

Blunt 25 gage 1 inch (S01)
Bevel 25 gage 5/8 inch ( )
Bevel 23 gage 1 inch (S04, S05)

Figure 3-5: Needle Comparison Tests for Constant Radial Tests in PDMS: Stretch vs.
Pressure/Elastic Modulus
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In both types of expansion tests, it was observed that the cavity placement relative
to the needle opening did expand further up the beveled needle than the blunt needle
tests as Roth [62] alluded to in her initial work. However, the shape of the expanded
fluid cavity was visually observed to be nearly spherical regardless of the needle tip
shape (Figure 3-6).

—

Figure 3-6: Location of Cavity Expansion in Beveled vs. Blunt Needles in PDMS

In conclusion, for a synthetic material such as PDMS, VCCE could be performed
to achieve repeatable pressure profile behavior for either a beveled or blunt needle.
The length of the needle was not observed to have a significant impact on testing
results, most likely due to the relative height of sample to work with and that the
needle penetration depth could be kept constant without issue of the needle syringe
assembly interference. It was also observed that a larger diameter needle and the
presence of a bevel created a larger initial defect. Although, the cavity expansion
occurred slightly farther up the beveled needle than in the base scenario of using a
blunt needle, this do not appear to significantly impact achieving a pressure profile
that included the key features of interest.

3.3.2 Bovine Blood Clots

The procedure for creating, storing and clotting whole bovine blood was same as
described in Varner et al.’s work [37]. In these experiments, a 17 23G beveled, 17 25G
beveled and blunt version, needles were utilized. On the Instron testing device, a CVE
test of 2.684mm? /s was performed with the 23G 1”7 beveled needle and 25G 1” blunt
needle as well as CRE tests at rates of 0.02 and 0.32mm/s for 17 23G beveled needle
only, and 0.08 and 0.64 mm/s for the 1”7 25G beveled needle. As similar observations
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were noted for both CVE and CRE tests on the Instron, only the CVE graphic results
are shown below (Figure 3-7).

200
, @ 25G 1” Blunt 6 "

@ 23G 17 Bevel '\

Pressure [kPa]
g

0 04 0.8 1.2 14 0 0.4 0.8 1.2
a [mm] a [mm]

Figure 3-7: Beveled vs. Blunt Needles performing CVE Tests in Blood Clots Utilizing
the Instron Device

As previously supported by [37], elastic expansion was achievable with the blunt
needle and the critical pressures were within a similar range to those observed in prior
tests. The left graph in Figure 3-7 displays both the beveled and blunt needle tests
overlaid on one another to show that for the beveled needle experiments, the critical
pressures observed were much lower than prior experiments conducted with a blunt
needle (<6kPa) and the elastic expansion was minimal with less than half the tests
showing expansion beyond the region of 0.1 to 0.2mm (the beveled needle tests are
shown again in the right most plot).

Additionally, some bovine blood clots were tested with the GPRT as this tool came
online while the needle comparison tests in blood clots were being conducted on the
Instron. However, of note, as the syringe size was smaller than the Instron syringe and
the maximum injection rate was lower, the rates of the CVE tests that were performed
initially utilizing the Instron could not be replicated on the GPRT. The CVE test
performed on blood clots using the GPRT was 0.6mm?/s. The types of needles used
to perform these tests were reduced to only the 1”7, 25G blunt and beveled needles. It
was also attempted to perform CRE tests on the GPRT with both the beveled and
blunt needle but as previously alluded to, while attempting to conduct this type of
test, it was observed that the pressure profile during injection did not display the
key elastic expansion and peak critical pressure at fracture features (Figure 3-8, CRE
tests shown in blue in left plot and purple in right plot, respectively).
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Figure 3-8: Beveled vs. Blunt Needles performing CVE and CRE Tests in Blood Clots
Utilizing the GPRT

In conclusion, beveled needles are not recommended for use in blood clots because
the maximum critical pressure was much lower than observed in prior testing in blood
clots with a blunt needle and the elastic expansion only occurred during a radial
expansion period of up to 0.2mm.

3.4 Refining the VCCE Protocol in Previously Untested
Biological Materials

As beveled needles proved to enable mixed success in previously tested materials,
it was desired to continue attempting to use these needle tips in follow-on tests on
biological materials not previously tested with the VCCE protocol. However, in these
tests, all other characteristics of the needle (such as length and gauge, 1" and 25G,
respectively) were kept constant except for the presence of a bevel or not. For these
experiments, further observations regarding the testing protocol alterations were made
as well as general observations about the how the key elements of the pressure profile
differed for these biological materials.

3.4.1 Bovine Liver

The next biological tissue selected for testing was liver since it possesses a relatively
simple tissue structure as compared to other bodily organs. 1 pound of Bovine frozen
liver was retrieved from a local butcher store and placed in a refrigerator to thaw
overnight. The sample was then cut into 6 centimeters by 5 centimeters sample pieces
placed into separate baggies. This size of liver easily fit into petri dishes used to
hold samples during testing, as shown in Figure 3-9. On each new day of testing,
one liver piece sample was removed from the refrigerator 45 minutes to 1 hour before
beginning the testing procedure to ensure the sample had warmed to room temperature
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(approximately 22°C). All testing of this material was performed on the GPRT as this
was the dedicated device for all future biological tissue testing. Testing was limited
to 1 hour (8 to 10 tests) because the sample became noticeably sticky (adhering to
needle more easily) after this period of time.

Figure 3-9: Blunt Needle in Bovine Liver

For these experiments, a CVE test rate of 0.6mm? /s was used for all tests as this
rate was demonstrated to constantly achieve the desired pressure profile in blood clots.
Both blunt and beveled needles could easily pierce the surface of the liver, however, as
shown in Figure 3-10, which displays tests from the same day and sample test, elastic
expansion was achieved more consistently using a blunt needle (right plot).
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Figure 3-10: Blunt versus Beveled Needle Comparison for Constant Volume Expansion
Tests Conducted in Bovine Liver
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Additionally, a key observation from these tests was a relatively consistent insertion
and retraction distance could be replicated in each bovine liver test which would
result in an repeatable pressure profile during this initial step. The actual values of
those distances, however, were closer to prior PDMS tests than the bovine blood clots
[37]. To develop this consistent retraction and insertion protocol in bovine liver, the
pressure response after penetrating a set distance into the material (once the surface
of the material is broken, a positive pressure spike is observed) and retracting another
set distance (where it is observed that the material is no longer being stressed by the
needle’s presence but also minimizing the size of cavity created beneath the needle’s
tip where the fluid will be injected) were observed over the course of 2 to 3 initial
tests. For insertion, a distance of 8mm to lem was utilized before retracting the needle
approximately 3 to 4mm. The peak pressure observed during insertion was typically
between 1 to 3 kPa before dropping to ~ 0 kPa when the needle was retracted. An
exception to these peak values were the bovine samples that had aged for 8 days,
in this case, the peak insertion pressures were consistently higher (5 to 9kPa). It is
hypothesized that this was due to the material aging as it is predicted that it would
take more force to rupture the surface as the material is drying out. Of note, there
was no notable correlation between the peak insertion pressure and critical pressure
at fracture (Figure 3-11).

Bovine Liver Aging Test: Comparsion of Peak Insertion
Pressure to Critical Pressure during Elastic Expansion
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Figure 3-11: Bovine Liver Aging: Peak Pressure vs. Critical Pressure at Fracture

Once the insertion and retraction protocol for this particular tissue was further
refined, even greater precision in the elastic expansion region of the pressure profile
curve during injection could be achieved for the same sample. Figure 3-12 shows the
overlay of a bovine liver aging experiment where multiple elastic expansion profiles are
shown, grouped by day of testing. Furthermore, over these 8 days, only one test was
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observed to leak visually. Most promising from this particular plot, is the steepening
of the exponential elastic branch as the liver "ages". This is indicative of stiffening
behavior which is anticipated for a material that is left out of the body for increasing
periods of time since the tissue will dehydrate and the structure will begin to break
down.
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Figure 3-12: Bovine Liver Aging Tests with 256G 1”7 Blunt Needle

Based on these results, it was concluded that although a blunt or beveled needle
could achieve elastic expansion in bovine liver, a blunt needle will provide more
consistent values for the key features of the pressure profile as previously identified.
Additionally, for this less complex tissue, the protocol for the respective insertion and
retraction distances could be established and relatively consistent pressure profiles for

both the insertion and retraction step as well as injection step of the VCCE process
were achievable.

3.4.2 Swine Thyroid

Swine thyroid was a tissue of interest as it was the best "substitute" tissue to the
desired test case of eventual application to a human thyroid. The general anatomy
and size of a swine thyroid is very similar to that of humans but is located in a slightly
different region of the neck (see Figure 3-13). The swine thyroid was extracted from
recently deceased adult male subjects and initially tested within 4 to 20 hours of
extraction. Again, a singular CVE test rate of 0.6mm? /s was used.

Initial testing immediately indicated that beveled needles were required to implement
the VCCE methodology in swine thyroids because of an outer membrane not found
on other similar species, such as humans thyroids. Although the thickness of this
membrane is quite small relative to the depth of the sample (Figure 3-14 shows the
removal of this membrane) it was impenetrable with the blunt needle, especially at
the lower velocity speeds typically used for the insertion step of the VCCE protocol.
Figure 3-15 shows an attempt to penetrate the outer membrane of pig thyroid with a
bevel (orange) versus blunt (red) needle. Figures A-1, A-2, A-3 show a compilation
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Fig. 3—Schematic drawing of the tissues and anatomical structures in relation
to the thyroid gland (ventral view).

Figure 3-13: Swine Thyroid Anatomy Drawing (L) [71] and Extracted Pig Thyroid
(R) [72]

of all 30 tests conducted on 3 different swine thyroids (the second swine thyroid
was tested on two different days). Of these tests, 7 displayed a consistent elastic
expansion and the critical pressures seemed reasonable as compared to prior tests in
other biological materials.

Cut Length-wise ___ . Removal of some
; membrane

Figure 3-14: Swine Thyroid Membrane Removal
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Figure 3-15: Beveled (L) vs. Blunt (R) Tip Needles in Swine Thyroids

It should be noted the insertion and retraction distances varied more greatly while
testing in swine thyroids, 5 to 9mm and 1 to 3mm, respectively. The varying insertion
distances are hypothesized to be due to the varying difficulty of initial penetration
below the surface of these samples. For the retraction distance, it was observed
that this tissue surface would not immediately return to a completely non-deformed
position when the needle is retracted slightly. This differs from PDMS, blood clots
and liver which more easily return to an initial state after needle retraction.

In preparation of nodule testing in extracted human thyroids, it was also attempted
to use ultrasound imaging to identify possible nodules in the swine thyroid before
beginning VCCE testing. This was demonstrated in a prior study using radiofrequency
ablation for swine thyroid nodules [72]. Unfortunately, these attempts proved futile
due to the lower image quality, experience of operators in identifying swine anatomy
as well as nodule visualization. Additionally, after experiments were conducted on
one particular swine thyroid, it was attempted to identify if a nodule of some kind
could be identified by dissecting the tissue. As shown in Figure 3-16, there were no
clearly identifiable nodules in this sample.

—

Figure 3-16: Dissection Along Width of Swine Thyroid
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Due to the presence of an outer membrane, it was clearly demonstrated that a
blunt needle could not be used to penetrate a swine thyroid. Additionally, although
a beveled needle was shown as capable of membrane penetration, the difficulty of
achieving repeatable pressure profile results indicated that further refinement of the
VCCE testing protocol is required for this biological material.

3.5 Final Recommendations

The results of initial needle comparison tests showed that the needle size and
presence of bevel were key characteristics to alter in order to achieve the desired
pressure profile indicating elastic expansion was achieved. The summary of the
recommended needle types are shown in 3.1.

Material

Needle(s) Tested

Conclusion

PDMS

23G: 17 Beveled, 25G:
5/8” Beveled, 25G: 17
Blunt

Elastic Expansion achievable with
all needle types, beveled tip and
larger gauge increased initial defect

created (but could still achieve
similar stretch rates)

Bovine Blood Clots 23G: 1”7 Beveled, 25G:

1”7 Beveled and Blunt

Recommend use of blunt needles
only, elastic expansion not
achievable with beveled needle

25G: 17 Beveled and | Recommend use of blunt needles
Blunt to consistently achieve elastic
expansion

Bovine Liver

25G: 17 Beveled and
Blunt

Swine Thyroid Beveled needle required to penetrate
membrane and elastic expansion can

be achieved with this needle type

Table 3.1: Summary of Needle Comparison Tests

Another key conclusion of conducting tests in various types of biological tissues
was that the needle insertion and retraction distances had to be altered depending
on the tissue of interest because each tissue resisted needle entrance and movement
inside the tissue differently. For more homogeneous tissues, such as bovine liver, this
procedure could be consistently developed after the first few tests and resulted in
more repeatable elastic expansion profiles during the injection phase. However, for
more complex tissues such as swine thyroid, this protocol was shown to require further
investigation to achieve more consistent pressure results.
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Chapter 4

Test Case: Human Thyroid Cancer

In collaboration with Newton Wellesley Hospital, the GPRT was brought into a
hospital setting and used to probe extracted human thyroids. The purpose of these
tests was to study the challenges with implementing the VCCE methodology in a
non-laboratory environment while attempting to collect elastic expansion data on both
nodules as well as normal human thyroid tissue. As familiarity with the conduction
of this procedure on this tissue improved, the rate of tests where elastic expansion
was observed to occur, increased. It was evident from the data gathered during these
experiments that VCCE could be implemented to achieve elastic expansion but further
refinement of the protocol is needed to improve the precision of these results.

4.1 Background on Study

Newton Wellesley (NW) and Massachusetts General Hospital (MGH) are located in
eastern Massachusetts. Every year, over 1,400 thyroidectomies are conducted between
both hospitals with a significantly larger share occurring at MGH due to the size of the
facilities and staffing. However, all test cases in this initial research study were located
at NW. This was because the NW processing system enabled greater flexibility in
temporarily diverting a specimen for VCCE testing. Additionally, there was adequate
space for the GPRT setup in the pathology suite. In a period of approximately three
months (November 2023 to February 2024), 13 of these extracted thyroid cases were
tested with the GPRT at NW Hospital. One experimenter conducted each test along
with the assistance of one hospital research fellow.

4.2 Hospital Testing Procedure

To transport the GPRT between school laboratory spaces and the hospital, a
portable hard-shell case was utilized. To fit the device into this case, the GPRT was
deconstructed into the major components. Once reassembled at the hospital, the
GPRT could be stored in a portable cart (Figure 4-1) for ease of relocation to another
space elsewhere in the hospital when not in use. This cart was outfitted with its’ own
electrical strip to condense the GPRT’s electrical needs into one outlet requirement.

95



The cart’s bottom storage cabinet provided adequate storage space for the assembled
device so as to not require breaking down and rebuilding the device between each test
case opportunity. As shown in Figure 4-2, the GPRT could be operated on top of the
standalone cart or moved to a nearby desk to create more space for other occupants
working in the testing area.

Figure 4-1: GPRT Stored in Portable Cart

Figure 4-2: GPRT Setup on Portable Cart in Pathology Suite of Newton-Wellesley
Hospital
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The initial setup of the GPRT required refilling the entire syringe assembly and
new needle tip with a 10:1 phosphate buffer solution (PBS) which was exchanged
weekly between test cases. To ensure there was was no mechanical or non-mechanical
compliance issues in the initial setup, a calibration test was conducted. Once a patient
had consented to the study and was anesthetized, a thyroid surgery was found to
take anywhere between 2 to 6 hours depending on the size of the thyroid itself and
where nodules (benign or cancerous) had spread. If a thyroid was not ready for testing
immediately after initial setup, the device was re-calibrated no sooner than 30 minutes
before testing on the exracted lobe began.

Approximately 10 to 20 minutes after a thyroid lobe was removed from a patient,
the nodule(s) on the thyroid was (were) tested. To locate a nodule of interest, the
ultrasound information regarding the location of the suspected nodule and verbal
discussions with the surgeon and/or pathologists, conducting the diagnostic testing,
were consulted. This was an important consideration for testing especially if the
nodule was not visible on the surface of the lobe. To understand the orientation of the
nodule within an extracted specimen, the following terminology as described in Figure
4-3 was utilized. After initial processing of the extracted specimen in the pathology
suite, it was placed in formalin before being ultimately stored in another hospital
location. At this final stage of processing, the lobes and nodules were measured again
manually. The average differences between the ultrasound and manual measurements
(for each direction of measurement) are shown in Figure 4-4.

Sagittal plane
Median sagittal plane

Inferior { [Superior
'\Posterior
Transverse Anterior
plane o~

Medial

Lateral
Coronal (frontal)
plane
BODY PLANES PLANES AND SECTIONS

Figure 4-3: Terminology Utilized for Describing Body Planes and Sections
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Figure 4-4: Differences between Ultrasound and Final Pathology Measurements

Once the location of the nodule(s) was(were) identified, the insertion step was
conducted. As will be discussed in the next section, this insertion depth varied
between samples due the range in resistance to needle penetration. Once the nodule
was believed to have been penetrated (verified visually and from the pressure readout),
the needle tip was inserted 3 to 4 mm further to ensure the needle tip was fully beyond
the nodule surface. Then the needle was retracted 1 to 2 mm before beginning the
VCCE testing injection procedure. The thyroid specimen was placed back into a
temporary storage container between each test in an attempt to slow the dehydration
process. After each test, the needle was flushed with a bleach solution before refilling
the syringe assembly with the PBS solution. Before testing in normal tissue, the
needle tip was exchanged and the calibration was rerun.

If both lobes were to be removed in one patient, this potentially resulted in a 1
to 2 hour break between when the first lobe and second lobe were tested. Testing
was desired to be conducted within 60 to 90 minutes of initial extraction so as to
minimize any further breakdown of specimen’s tissue structure before it was placed in
the formalin solution.

4.3 Results

The total time spent testing each case and the corresponding average individual
testing time is shown in Figure 4.1. For all cases, these values were also averaged and
summarized in Table 4.1. This average testing time closely aligns with the idealized
timeline as presented in Section 2.4.1. Figure 4.1 shows a negative linear trend
corresponding to a decreasing average time per individual test. This trend was mostly
likely due to experimenter becoming more comfortable with the testing procedure and
the presence of another person helping with removal and replacement of the specimen
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onto the petri dish as well as cleaning and refilling of the needle assembly between
tests. Of note, of the 13 test cases, 2 thyroid specimens were too calcified to penetrate
with the beveled needle so the testing procedure was not attempted on these samples.
These cases were removed from the following plots shown.

Thyroid Sample Testing Time
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Figure 4-5: Thyroid Sample Testing Time

Total Testing Time with Sample | Average Time per Individual Test
minutes minutes
60 +(16) 9.0 +(3)

Table 4.1: Average Thyroid Sample Testing Time

To select which tests were suitable for any follow-on analysis such as fitting a
material model, the pressure profile during the injection phase was observed for
indications that elastic expansion occurred. Other "successful" tests meant the needle
penetrated the nodule or normal tissue without touching the bottom of the petri
dish and there were no observable leaks during the injection process. The equivalent
percentage of successful tests conducted in the nodule versus normal tissue are shown
in Figure 4-6.
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Figure 4-6: Percent Successful VCCE Test by Case

In all test cases, since a lobectomy or thyroidectoctomy was already being conducted,
it was more likely the ultimate diagnosis of nodule was malignant since surgery was
highly recommended in the first place. Of the 13 test cases, 6 contained malignant
nodules while the other 7 were benign. Among the human population, the most
common type of thyroid cancer is papillary thyroid carcinoma (PTC) [73]; this was
well reflected in the small sample size of test cases studied in this research (all 6
malignant cases were given this diagnosis).

Throughout the course of these experiments, the components of the pressure
profile that best differentiated a benign versus normal nodule were explored. In the
below plots displayed in Figure 4-7, two examples of extracting key features of VCCE
pressure profile in an attempt to help identify the presence of cancer are shown. The
left most plot shows a neo-hookean shear modulus fit to the max slope of the elastic
expansion curve and the right most plot shows max slope of the pressure versus
radius. The symbols represent the corresponding FNA Bethesda scale results and the
ultimate diagnosis (as indicated by the benign—orange versus malignant=green tumor
categorization). The most encouraging result of this analysis was that the critical
pressure and stiffness results collected using the VCCE method also detected that
benign nodules given the initial classification of "interdeterminate" were softer than
those that were ultimately determined to be malignant.
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Figure 4-7: Bethesda Scale at FNA with Critical Pressure and Stiffness Results
Mapped to Final Pathology

4.4 Observed Challenges of Testing and Suggested
Improvements

The two greatest difficulties observed during this testing were the variability of
nodule size and composition and the accurate identification and availability of "normal"
tissue on a lobe to serve as a control reference. As pictures could not be taken in
the hospital setting, illustrations were made based of final physical measurements of
both nodules and entire lobes (shown in Figure B-2, B-3, B-4, along with a reference
picture shown in Figure B-1). The location of the nodules drawn on the lobes are
loosely accurate because the main purpose of these drawings to emphasize the general
variability of the thyroid lobes and nodules sizes (as well as nodule composition and
location relative to the surface of the lobe).

It is widely acknowledged that even a healthy thyroid gland can vary greatly in
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size due to varying vasculature and other anatomical differences between persons such
as having a pyramidal lobe [74], [75]. This also applies to the variability in nodule size.
Figure 4-8 summarizes the range in size of nodules based on dimension as recorded
in final pathology (final pathology did consistently measure the final lobe size so it
is not shown here). The smallest depth of nodule observed was 0.4 mm, and many
lobes contained regions where less than a centimeter of depth was observed. The lack
of tissue depth complicated the ability to perform the VCCE test at an adequate
distance from the tissue’s boundaries.

Box and Whisker Plot: Nodule Final Pathology Measurements
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Figure 4-8: Nodule Final Pathology Measurements

For nodules that were exophytic or growing outward from the surface of the
lobe, ensuring the needle was penetrating the nodule could easily be verified visually.
However, for other nodules that develop beneath the outer surface of the thyroid
gland, careful insertion to the nodule’s actual location had to be taken. Calcification
of a nodule, as previously mentioned, was another condition that made samples
impenetrable with the needle being utilized for this initial testing. Additionally, some
nodules were also observed to be fluid filled whether with a pus-like substance or
blood. Conducting VCCE into fluid bubble would not work because this methodology
assumes the mechanical structure resists expansion. If this observation was readily
apparent before a test was conducted, this area was avoided but occasionally, this was
not discovered until after the needle had penetrated the surface of this nodule.

Initially it was assumed that every thyroid sample would contain enough "normal"
tissue to test as a control against VCCE experiments conducted in nodules, however,
it was discovered that this would not possible due to the lack of "normal" tissue
identified in most samples. Commonly, nodules were found to fully encompassed the
entirety of the lobe. In this case, there was too small of a "normal" sample in which
the needle could be inserted (not enough vertical height for the needle to be inserted
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and retracted while ensuring the fluid cavity is not impacted by boundary conditions).
Another common issue encountered was the cauterization of tissue near outer edges of
the sample (where the normal tissue was typically located) because this hardens that
portion of the tissue, rendering this area too difficult to penetrate with the needle
utilized for these experiments.

In future experiments, it is recommended that more careful identification is made
as to the precise location of a nodule and normal tissue before beginning every test.
This challenge could be alleviated by utilizing ultrasound technology in combination
with the insertion and retraction step as it is being actively performed. An ultrasound
would similarly aid in identifying areas of the lobe or nodules that are predominantly
fluid so as to avoid these areas for direct VCCE fluid injection. FNA procedures
have already set the precedent of using such technology in conjunction with the
needle insertion procedure to ensure a nodule is being correctly infiltrated. In regards
to calcified nodules, these types of nodules have already been identified as notably
difficult to test using the traditional needle probing methods according to pathologists
consulted during this testing. However, in these cases, it is also more likely that the
sample has been diagnosed as malignant before surgery so the need for a methodology
that can more accurately diagnose such nodules before thyroid removal is low. As
identified in Section 3.1.2, larger diameter or small gauge needles (21 or 22G) should
also be explored for implementing VCCE experiments as these needle sizes are already
commonly used to perform traditional needle diagnostic procedures in thyroids and
may decrease the difficulty of initial penetration into a nodule or normal tissue sample.
Additionally, the speed of needle insertion should also be evaluated as the nominal
needle-based diagnostic tools employ a faster insertion speed and easily penetrate to
the thyroid and associated nodules with repeated success.

Given the variability of tissues and cancerous growths, it is evident that the
aid of tools such as in situ ultrasounds to help guide precise needle insertion are
vital to improving results gathered using the VCCE methodology. Additionally, it is
recommended to investigate the performance of the procedure with larger needle sizes
and further refine the insertion and retraction procotol in an effort to obtain more
repeatable elastic expansion pressure profile results.
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Chapter 5

Conclusions and Future Work

Mechanics play a vital role in both understanding how extreme loading scenarios
impact soft-tissued organs but also how diseases such as cancer impact the surrounding
microenvironment. Developing methodologies that are able to more consistently and
precisely collect material mechanical properties on in-vivo biological tissues, especially
under large strain scenarios, are crucial to improving current diagnostic tools for
injuries and disease progression. VCCE is a novel, needle-probing methodology for
determining mechanical properties of soft materials. This method involves injecting
an incompressible fluid into a soft material cavity and monitoring the corresponding
pressure as the cavity expands. This technique has been demonstrated successfully
in synthetic materials and some ex-vivo biological tissue samples such a murcine
brains and bovine blood clots. The purpose of this thesis was to discuss a few of the
implementation challenges for utilizing this procedure as an in-vivo, biological tissue,
bulk mechanical property testing methodology. This was done through an investigation
of needle choice and conducting the VCCE protocol with a miniaturized test set-up
on a variety of biological materials with the ultimate application of performing VCCE
on extracted human thyroids.

Regarding needle choice, it was desired to investigate how the needle size and
presence of bevel impacted the corresponding defect size created during the insertion
and retraction portion of the procedure as well as the influence of the needle choice on
the elastic expansion pressure profile once the fluid injection step began. The results of
this thesis demonstrated that the presence of a beveled tip impacts the defect size more
than the diameter of the needle. Additionally, beveled tipped needles were exhibited
to have mixed success in achieving elastic expansion in a variety of biological materials.
Through the investigation of this procedure on a variety of biological tissues, it was
also shown that insertion and retraction protocol needs to be adjusted depending on
the material. Furthermore, for materials more homogeneous in nature, the insertion
and retraction distances were noted to be more consistent as well as the corresponding
peak pressures upon insertion.

The GPRT has allowed the VCCE methodology to transition from a lab only
procedure to a bench-top setup in a medical clinic. A current limitation to this
tool is its inability to conduct CRE type tests, which in the prior work, has been
shown as a necessary to capturing the full viscoelastic behavior of soft materials.
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Nevertheless, in this work, it was shown that elastic expansion was achievable in a
variety of materials when implementing VCCE using this tool. It is recommended,
however, that further comparison tests are conducted in the same materials on the
Instron and the GPRT to quantify any differences in the elastic expansion profile
between the two testing device set-ups. Another recommended modification to the
portable device is to automate control of the velocity of needle as it moves through the
material during the insertion and retraction steps. This is currently done manually on
both the Instron and GPRT test set-ups which means the resulting speed of insertion
and retraction can vary between persons conducting tests or even one person between
the conduction of multiple tests.

Conducting VCCE on extracted, diseased human thyroids, exemplified the challenges
of working with highly heterogeneous biological tissues. However, these experiments
demonstrated that the key features of the pressure profile resulting from a successful
VCCE test could still be achieved using the GPRT. Suggested improvements to the
results of these experiments would include more precise identification of nodules and
more consistent identification and testing of normal thyroid tissue against which to
compare a nodule. Additionally, it was noted, that the current speed of insertion
associated with the nominal protocol utilized for VCCE meant the initial penetration
into the nodule or thyroid surface was very difficult. Current needle based diagnostic
tools for thyroid cancers insert the needle much more swiftly, especially to lessen pain
imparted to the patient. Future studies are suggested to explore how or if the needle
insertion velocity impacts the VCCE pressure profile data once the injection step
begins.

As VCCE was applied to a variety of previously un-tested biological materials
in this work, it became apparent while analyzing the resulting pressure profile data,
that the current material parameter fitting methods may be limited in their specific
application. This is why the emphasis of this research was not presenting a specific,
calculated mechanical property such as the elastic moduli or stiffness but instead
commenting on the achievement of various key features of the VCCE pressure profile.
Eventually, it is hoped that a unique, corresponding local signature can be generated
for each tissue. This signature could then be used for more specific applications such
as where disease or injury has infected or impacted a tissue compared to a normal
region or compare bulk mechanical properties between different tissues. Further
investigation studying the relationship between the key features of the pressure profile
during injection will be crucial to clearly identifying a unique tissue and/or its’ state
of health.

VCCE is an innovative, needle-probing methodology with application to determining
mechanical properties of a various biological materials. By perfecting this mechanics-informed
in-vivo tissue probing technique, VCCE could be utilized to improve diagnostic tools
for damaged and/or diseased tissues, Personal Protective Equipment (PPE), and
casualty transport safety guidelines.
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Appendix A

Swine Thyroid GPRT Test Results
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Figure A-1: Swine Thyroid 1 GPRT CVR Tests: Radius vs. Pressure
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Figure A-2: Swine Thyroid 2 GPRT CVR Tests: Radius vs. Pressure
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Figure A-3: Swine Thyroid 3 GPRT CVR Tests: Radius vs. Pressure
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Appendix B

Illustrations of Extracted Human
Thyroids
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Figure B-1: Legend for Human Thyroid Illustrations: Anatomical Measurements
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Appendix C

List of Acronyms

CRE Constant Radial Expansion
CVE Constant Volume Expansion
CT Computed Tomography

CR Cavitation Rheology

FNA Fine Needle Aspiration

GPRT General Purpose Research Tool
mTBI mild Traumatic Brain Injury
MGH Massachusetts General Hospital
ML Machine Learning

MRI Magnetic Resonance Imaging
NW Newton Wellesley

PDMS Polydimethylsiloxane
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PPE Personal Protective Equipment

TBI Traumatic Brain Injury

VCCE Volume Controlled Cavity Expansion
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