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ABSTRACT

Ovarian and endometrial cancers are among the leading causes of death for women
over 45 years of age in developed countries, and the deadliest of gynecological cancers
with an overall survival rate of 46.5%. Every year, 15,000 women die in the US and

Canada of this disease.

Currently there is no screening program in place, and the diagnostic tools available
are neither specific nor sensitive enough for early detection. The standard of care is relevant
in assessing and staging previously diagnosed cancer but has not proven effective for early

detection.

Dr. Gilbert’s research group at the McGill University Health Centre (MUHC) has
developed a test to detect these cancers early, based on the identification of genetic tumoral
markers from intrauterine samples; however, the tools they had available for procuring
these samples were not ideal; For this, we set out to design a collector for liquid biopsies

from the uterine cavity.

Design methodologies for manufacturability were used to obtain the first generation
of the intrauterine liquid biopsy sampler. Verification and validation in vitro tests were
performed throughout the process for structural stability, volumetric collection performance

and ease of use.

The new designs showed an increase in volume collection of 1.3 times when
compared to the control and transferred 1.4 times as much sample to the preservation vial.

The devices were structurally sound and safe to use under normal conditions.



RESUME

Les cancers de l'ovaire et de 1'endomeétre sont parmi les principales causes de déces
des femmes de plus de 45 ans dans les pays développés et les plus meurtriers des cancers
gynécologiques avec un taux de survie global de 46,5%. Chaque année, 15 000 femmes

meurent aux Etats-Unis et au Canada de cette maladie.

Actuellement, aucun programme de dépistage n'est en place et les outils de diagnostic
disponibles ne sont ni spécifiques ni suffisamment sensibles pour une détection précoce.
Les soins standards permettent d’évaluer et d’établir le stade d’un cancer précédemment

diagnostiqué, mais n'a pas €té prouvé efficace pour la détection précoce.

Le groupe de recherche du Dr Gilbert du Centre Universitaire de Sant¢ McGill
(CUSM) a mis au point un test de détection précoce de ces cancers, basé sur l'identification
de marqueurs tumoraux génétiques a partir d'échantillons intra-utérins. Cependant, les
outils dont il disposa pour se procurer ces échantillons n'étaient pas idéaux, nous avons

donc décidé de concevoir un échantillonneur pour biopsies liquides de la cavité utérine.

Des méthodologies de conception pour la fabricabilité ont ét¢ utilisées pour obtenir la
premiere génération de 1'échantillonneur de biopsie liquide intra-utérine. Des tests de
vérification et de validation in vitro ont été effectués tout au long du processus pour la

stabilité structurelle, les performances de collecte volumétrique et la facilité d'utilisation.

Les nouveaux concepts ont montré une augmentation du volume de collecte de 1,3
fois par rapport au controle et ont transféré 1,4 échantillons de plus dans le flacon de
conservation. Les appareils sont structurellement solides et slrs a utiliser dans des

conditions normales.
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For Julia, may my attempts to show you by doing inspire you to pursue your wildest

dreams and make them happen.
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1 INTRODUCTION

1.1 RATIONALE

Ovarian cancer (OVCA) is the 5" leading cause of cancer deaths in women, and the
deadliest of any gynecological cancer with an overall survival rate of 46.5%[1]-[4]. According
to the Canadian Cancer Society, in 2018 there were approximately 2,800 new cases diagnosed
and 1,800 deaths caused by ovarian cancer [4]. This trend is comparable to USA statistics, where
in 2017 there were an estimate of 14,080 deaths, accounting for 2.3% of all cancer deaths[2]. The
disease typically presents asymptomatically and is only detected at a late stage, when the 5-year

relative survival rate is only about 29%, with an overall survival rate of 46.5%[3].

Endometrial cancer (EDCA) is the 6" leading cause of cancer deaths in women, the most
common malignancy of the female genital tract in developed countries, and the 4™ most common
cancer in women in the USA and Canada[5], accounting for 7% of all new cancer diagnoses in
women[6],[7]. The Canadian Cancer Society estimates 7,200 new cases of EDCA in 2019, with a
total of 1,250 deaths from the disease[8]. In the USA, the American Cancer Society estimates
about 61,880 new cases of EDCA and 12,260 deaths in 2019[9], accounting for 2% of all cancer
deaths [10]. If detected early, EDCA presents with a 5-year relative survival rate of up to 95%,
however, if detected at a later stage it drops significantly to 16% [11]. The overall survival rate is
69% [12].

Together, OVCA and EDCA accounted for 8.2% of all new female cancer cases in 2018,
and 7% of cancer related deaths for females aged 45 or more[13]. According to the WHO[14], in

2004 there was a total of 24,000 DALYs! lost due to ovarian and endometrial cancer in Canada

alone.

' DALY: Disability-Adjusted Life Year (Years of Life Lost + Years Lost to Disability)—1 DALY equals to 1 lost
year of healthy life



While medicine has greatly improved in pharmacological treatment for different types of
cancer, not much has changed in the past few decades in screening and detection for ovarian and

endometrial cancer, which has led to relatively steady mortality rates.

Currently, the standard of care for assessing pelvic masses includes a pelvic exam followed
by tumoral marker tests, imaging and, if deemed necessary, an endometrial biopsy. These
methods have proven to be unspecific for the early detection and are highly dependent on the

ability of the healthcare professional to take a sample of the area of interest during a biopsy.

The United Kingdom Collaborative Trial of Ovarian Cancer Screening (UKTOCS)
assessed the cost-effectiveness of a multimodal screening (MMS) approach which includes CA-
125 tests and transvaginal ultrasound (TVUS), against the effects of no screening. This study
found that MMS achieved an incremental 0.47 QALYs?[15], and concluded that a screening
program for OVCA could potentially reduce mortality by 15%, although there is currently still

no evidence-proven screening method for OVCA[16].

Several groups, including Dr. Gilbert’s group at the MUHC, are currently working on
identifying and detecting pathogenic somatic mutations associated with ovarian and endometrial
cancers in biofluids[17]—-[20], for the development of an early detection test. These new methods
have shown to detect EDCA and OVCA in cervical pap samples, with higher detection rates

closer to the source of the disease, i.e. the endometrium and the ovaries[20].

However, currently available biopsy devices are not designed for the collection of biofluids
from the uterine cavity or tubes, but rather to obtain a piece of tissue for a histopathologic

analysis, leaving a gap for the development of new medical devices.

The goals of this work are to assess and refine the design of a liquid biopsy sampler for
ovarian and endometrial cancer screening, as well as adequate verification and validation

methods for the in-vitro testing of these devices.

2 QALY: Quality-Adjusted Life Year — Refers to years of healthy life gained



1.2 OBJECTIVES

The specific objectives of this work are:

1) To design and optimize a device for the acquisition of liquid biopsy samples from the
uterine cavity based on the pathophysiology of ovarian and endometrial cancers and the
biomechanical properties of the affected tissues.

2) To develop in vitro testing methodologies for its verification and validation

a. To assess the structural integrity (strength) of such a device through mechanical
testing (uniaxial tensile and compressive testing).

b. To evaluate its in vitro performance (efficiency) through volume collection and
spectrophotometry methods.

c. To assess the feasibility of the creation of an anatomically and mechanically
representative model for in vitro testing of gynecological devices through image

segmentation and additive manufacturing techniques.



2 BIOMEDICAL BACKGROUND

This section presents the structure of the female internal genital organs, linking the
anatomy and structure to function and building towards understanding the pathophysiology of
gynecological cancers, and their diagnostic and therapeutic tools. The link between structure and

function will be studied further in the context of the biomechanical properties of these tissues.

2.1 THE FEMALE GENITAL TRACT

The female genital organs are located within the pelvic cavity, they are a series of
interconnected organs that work together towards the main sexual and reproductive functions, as
well as hormone production and secretion. The uterus connects to the exterior of the body

through the cervix and the vagina, and to the peritoneum and the ovaries through the oviducts.

2.1.1 FUNCTIONAL ANATOMY OF THE FEMALE GENITAL TRACT

The ovaries — The ovaries are oval shaped, measure approximately 4 x 2 cm and connect to
the uterine cavity through the uterine tubes. They are attached at the uterine horns (cornua) by
the ovarian ligaments and are covered by a single-cell layer, the ovarian (germinal) epithelium,;
which is continuous with the mesothelium® of the peritoneum and encases the fibrous stroma*

containing the germ cells (oocytes).

The uterine (Fallopian) tubes — The uterine tubes present bilaterally and extend from the
uterine cornua to the peritoneal cavity close to the ovaries. They are approximately 10 cm long
and can be divided in four portions with variable inner diameters. The intramural portion
connects to the uterine cavity by penetrating the myometrium at the cornua; the isthmus, 2 to
3 cm long, is the narrowest portion of the tube with a lumen diameter of 1 mm, which increases

to close to 1 cm as it reaches the widest part at the ampulla; the oviduct ends at the infundibulum,

3 Mesothelium — Tissue that lines the great cavities of the body.

4 Stroma: from Latin stromat- (bed), in anatomy, it refers to the tissue providing support to an organ.



the distal most portion of the tube, fringed by fimbriae which come in contact with the ovary.
The infundibulum opens into the peritoneum and is connected to the exterior of the body through
the vagina. Recent evidence suggests most high-grade serous ovarian cancer originates in the

oviducts.[21]

HERRe (fal[opian) HiEE suspensory ligament of ovary

ligament of ovary

Gl isthmus
intra-

mural

ovarian
medulla

infundibulum

endometrium

myometrium/

cervix

fimbriae

mesovarium| proad
mesosalpinx ligament
i of uterus
mesometrium

round ligament of uterus

ovarian
cortex

ovary
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Figure 2-1 — Frontal view and cross section of the internal genital organs, reproduced with permission from [22].

The uterus — The inverted pear-shaped uterus measures about 7 x 4 cm and consists of a
fundus, the cornua, a body, and a cervix. It is located between the bladder and the rectum. The
uterus is comprised of three layers: the endometrium lines the uterine cavity and has a superficial
mucous functional layer; the myometrium is made up of two layers of smooth muscle cells
embedded in connective tissue and is responsible for the contractions essential in childbirth; and

the outermost layer, the perimetrium, encases the organ.

The cervix — The cervix connects the uterus and vagina and projects into the upper vagina.
The cervix is about 2.5-cm long with a fusiform endocervical canal lined by columnar epithelium
lying between an internal and external ora or openings, 1 to 2.5 mm and 2.5 to 4 mm in diameter

respectively.

The vagina — The vagina is an elastic fibromuscular tube opening from the cervix, passing
through the perineal membrane, and it forms a 90- to 170-degree angle against the body of the

uterus. The cervix opens into the posterior vaginal wall, bulging into the vaginal lumen[23].



The peritoneum — The peritoneum is a protective layer lining the abdominal and pelvic
cavities. It is formed by a single layer of squamous cells over a thin sheet of connective tissue

and covers the organs to protect them from friction between one another[21],[23][24].

The female genital tract is filled with fluids of different compositions and functions along
its different zones, aiding in the transport of sperm and oocytes primarily. Their properties
respond to changes in hormonal stimulation with varied protein and biochemical compositions
resulting in increased or reduced viscosity and fluid properties related to their individual
functions[25]—-[31]. These fluids take the name of their anatomical location; intrauterine fluid
(IUF) in the uterine cavity[32]; and cervical or oviduct mucus in the cervix and oviducts

respectively; vaginal fluids are produced by glands at the cervical vestibule[20],[33],[34].

2.1.2 WALL STRUCTURE OF THE FEMALE GENITAL TRACT

The female genital tract, like most biological tissues and hollow viscera, is built with a
hierarchical structure comprised of an inner mucosa serosa, a medial muscularis and an outer
serosa; which in turn are built of cellular and fibrillar structures[35]. We will see this
organization repeats throughout the different structures of the tract, with characteristics specific

to each organ.

In the uterus, these three main layers are the endometrium, the myometrium and the
perimetrium (Figure 2-2)[23],[34]. The innermost layer of the uterus, the endometrium, grows
during the menstrual cycle to prepare for the implantation of an embryo and sheds if no
implantation has occurred, causing the menstrual bleeding. The endometrium is also considered a
functional endothelium due to its role in the secretion of the intracavity fluids, aiding in the

adequate functioning of the organ[36].

The myometrium, or middle layer, is mostly formed by smooth muscle cells (SMC),
collagen and elastin fibres. The SMC assemble in bundles, embedded in a sponge-like matrix of
elastin and collagen; its ultrastructure has been identified by histological and microimaging
methods, and shows three differentiated layers or stratums, with SMC bundles running in a
circumferential or spiral pattern (stratum vasculare); and longitudinally (stratum subvasculare)
or obliquely (stratum supravasculare) along the long axis of the uterus,[34][37] resembling the
arrangement of fibres in the arterial media. These orientations and characteristics provide the

organ with expansive and compressive properties [34]. The interface between endometrium and
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myometrium (EMI) is called the junctional zone, and is where the secretory functional
endothelium resides, playing a key role in normal reproduction, as well as the development of
pathologies. The myometrium is continuous with the muscular layer of the uterine tubes and the
vagina[37]. The perimetrium, or outermost layer, is mostly made of loose connective tissue, and

provides protection against friction with surrounding organs.

The cervix, connecting to the uterine cavity and the vagina through the internal and
external os respectively, gradually transitions from the muscular structure of the uterus, to the
elastic, collagenous cervical tissue[38]-[41]. The extracellular matrix (ECM) is composed of a
dense network of cross-linked type I and III collagen fibres with longitudinal and circumferential
orientations embedded in a mix of glycosaminoglycans and proteoglycans[34] [42] (Figure 2-2);
together with bundles of SMC in a longitudinal and circumferential pattern preserved from the
uterus®>>*B371 provide the cervix with its load-bearing properties and allow for force transmission

and signaling mechanisms between the structures[34].

The cervix acts as a mechanical barrier to the uterine cavity. Its load-bearing component,
the stroma, undergoes remodelling during pregnancy to allow for the expulsion of the fetus

during labour.[39]
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Figure 2-2 — The oblique frontal cross section of the human uterus. Uterine and cervical function is dictated
by its hierarchical smooth muscle cell (SMC, i.e., myocyte) and collagen fiber structures at various biological length
scales. Reproduced with permission from [34].



The oviduct wall, like the uterus and other hollow organs, presents with an inner mucosa,

an intermediate muscular layer, and an outermost serosa or peritoneum.

The tubal muscularis is a continuation of the uterine myometrium and is organized in an
inner thick circular layer and a thinner outer longitudinal layer of SMC bundles. The mucosa
forms folds and is lined by a simple columnar epithelium with ciliated and non-ciliated secretory
cells, which aid in the transportation of particles within the tubes and produce a nutritive fluid for

the ovum, respectively[37][44].

The vaginal wall has a structure similar to that of the uterus and the uterine tubes with the
addition of a highly vascularized elastic layer, the lamina propria, also considered a submucosa;
which together with the inner adventitia contributes to the elasticity and strength of the vaginal

wall.

All tissues are surrounded by an ECM, which provides a support network for cells and
tissues, amongst other functions [35],[45],[46]. It contains a variety of proteins, proteoglycans,
and glycoproteins that are arranged in different configurations to create fibrils, like collagen and
elastin, or other structures. These configurations provide biological tissues with specific

mechanical properties [45]-[47].

Collagen is a protein fibre with a triple-helical conformation and over 25 different
types[41]. It provides structure to cells and is the major component of fibrous tissues. Elastin,
another protein of the ECM, is a cross-linked elastic fibre, organized in a three-dimensional
network, it allows tissues to stretch and distend[35],[47]. These fibres are interwoven with each
other in different proportions and greatly determine tissues’ mechanical properties, which will be

further described in Chapter 3.



2.2 CLINICAL AND EPIDEMIOLOGICAL CONSIDERATIONS: OVARIAN
AND ENDOMETRIAL CANCER

Ovarian and endometrial cancers (OVECA), although different in origin and affected
structures, share similar age-specific incidence curves, risk factors, signs and symptoms as well
as diagnostic and therapeutic options. For this reason, we present them together. This section will
discuss the epidemiology and pathophysiology of OVCA and EDCA and will look deeper into

the available diagnostic options.

2.2.1 EPIDEMIOLOGY AND PATHOPHYSIOLOGY

Ovarian cancers include tubal and peritoneal cancers, while endometrial cancer refers to
cancers occurring in the body of the uterus, together with uterine sarcomas and placental cancer.
Ovarian and endometrial cancers are the most common of them with a worldwide age-adjusted

incidence rate’ of 6.6 and 8.4, respectively;, and 8.4 and 20.5 in North America[13].

Table 2-1 — Age-adjusted incidence rates for OVECA in different regions of the world’.

Region Incidence Mortality
All ages 45 + All ages 45 +
ovcC ovcC ovC ovC
EDCA A EDCA A EDCA A EDCA A
World 8.4 6.6 29.1 19.3 1.8 3.9 6.6 13.2
Developed regions 16.7 8.6 58.9 26.3 2.7 43 9.9 15.2
North America 20.5 8.4 73.1 26.8 3.0 4.1 11.1 14.8
USA 20.1 8.5 71.6 27.1 3.0 4.1 11.2 14.7
Canada 23.6 7.9 85.5 24.7 2.7 4.4 10.3 15.9

Together, OVCA and EDCA accounted for 8.2% of all new female cancer cases in 2018,
and 7% of cancer-related deaths for females aged 45 or more [13]. Worldwide, they represent an
estimated 619,000 new cases and 242,000 deaths annually. Mortality rates are high because more

than 70% of women with ovarian cancer are diagnosed at advanced stages, when the five-year

5 Age-adjusted rates per 100,000 standardized to world population
¢ Age-Adjusted Rates are per 100,000 and are adjusted to the World Standard. [6]



survival rate is only 29% [48]. For endometrial cancer, the survival rate drops from 95% to 16%

at later stages of detection [11].

Table 2-1 shows incidence and prevalence data for ovarian and endometrial cancers.
According to the WHO[14], in 2004 there was a total of 24,000 DALY’ lost due to ovarian and
endometrial cancer in Canada alone. Table 2-2 summarizes the overall 1- and 5-year survival

rates for OVECA by stage at diagnosis.

The etiology of OVECA is not yet fully understood; however, they can be categorized by
their histologic origins as epithelial, transitional, or squamous. Eighty percent of OVCAs are
epithelial, with high-grade serous being the most problematic due to their usual diagnosis at late
stages. EDCA presents with a somewhat mirrored histologic origin, with 80% of epithelial
cancers being of the endometrioid type; Table 2-3 and Figure 2-3 provide more detailed

information on the different types of OVEDCA and their prognosis.

Table 2-2 — Overall survival rates for patients with epithelial ovarian or endometrial cancer. [6],[49],[50]

Epithelial Ovarian Cancer Endometrial Cancer
FIGO Stage 1-Year Survival 5-Year Survival 1-Year Survival S-Year Survival
I 96-100% 83-90% 98-99% 91-93%
11 93-94% 65-71% 94-96% 70-77%
111 85-88% 33-47% 82-85% 45-50%
v 72% 19% 45-49% 17%

The progression of the disease depends on the origin, and the grade of differentiation of the
tumorous cells. Initial stages begin with confined tumorous cells, that depending on their
differentiation will remain confined or will begin to spread to adjacent and/or distant regions.

Figure 2-4 illustrates and correlates the metastasis of OVCA to the stages and prognosis.

"DALY: Disability-Adjusted Life Year (Years of Life Lost + Years Lost to Disability)—1 DALY equals to 1 lost
year of healthy life
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Table 2-3 — Review of epithelial cancers based on the 5-disease classification by Prat [49]-[51]

Pathologic class

Serous

Mucinous

Endometrioid

Clear Cell

I Confined
*|A: Invasion <50%
*|B: Invasion >50%
*|C: Ascites

Il Confined but
invasive

*Stroma

11l = Local/ Regional
invasion
+|IlA- Serosa and
adnexa
*|11B- parametrial
*|1IC-C1- pelvic
nodes
*(2- paraaortic
nodes

IV- Distant invasion
*|VA- Bladder/
bowel

¢|VB- Distant

| including nodes

OVCA

EDCA
OVCA
EDCA

OVCA

EDCA

OVCA

EDCA

% of Epithelial Median Molecular
cancers Age abnormalities
(years)

75- G3 95% 64 P53 /BRCA
80%  G1<5% 43 BRAF, KRAS
10% 67 P53
10% 45-50 KRAS, HER2
1—9% 45-50 KRAS
ARIDIA,
10% 40-45 PTEN
PTEN, KRAS,
80% (G1-G3) 40-45 ?Il;(l? Cl:,
CTNNB1
HNF1b,
3.7—12.1% 55 ARIDIA,
PIK3CA, MET
1—4 % 67 P53

Grade (Differentiation)

1- Low grade

*Normal looking

*Highly

differentiated
*Slow growing

' Stage (Invasion) '

Prognosis

Poor
Intermediate
Poor

Favorable
Favorable

Favorable

Favorable

Intermediate

Poor

2 — Medium grade
*Somewhat
abnormal

*Moderately
differentiated

*Likely to spread

3 - High grade
*\/ery abnormal
*Poorly
differentiated
*Fast growing

Type (Origin)

N

Epithelial > 80% EDCA /95% OVCA

*Serous = 10% EDCA / 75-80% OVCA
*Mucinous = 1-9% EDCA / 10% OVCA
*Endometrioid = 80% EDCA/10% OVCA
sClear cell = 1-4% EDCA/3-12% OVCA
*Transitional = 25% of EEDCA /3%
*Squamous => extremely rare

* Ovarian surface /Oviduct
/Mesothelium / Endometrium

|| Germ cell

OVCA~ 5%
Good prognosis

Sarcomas/
Myomas

Figure 2-3 — Ovarian and endometrial cancers by type, grade, and stage. With information from [52]-[55]
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Figure 2-4 — Carcinoma of the ovary. Staging ovarian cancer: primary tumor and metastases (FIGO and
TNM). With permission from [24]
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2.2.2 DIAGNOSTIC AND THERAPEUTIC SOLUTIONS

OVCA and EDCA present without specific symptoms, which may include abnormal
bleeding, vaginal discharge, lower abdominal cramps, abdominal pain or bloating, early satiety

and/or urinary urgency or frequency (Table 2-4). These characteristics makes the disease hard to

detect at an early stage. Differential diagnosis with benign gynecological conditions is

determined using a series of tests and exams on a case -by -case basis.

These exams include a physical examination, routine laboratory exams, pelvic and chest

imaging for metastasis, endocervical or endometrial cytology, as well as genetic testing before

surgery, which remains the main therapeutic option.

Table 2-4 — OVECA symptom index and ACOG guidelines. Data from [56],[57]

OVARIAN CANCERS
SYMPTOM INDEX

Development of, change in
and/or persistence in:

Bloating

Pelvic or abdominal pain
Difficulty eating or feeling full
quickly

Urinary symptoms of urgency or
frequency

ENDOMETRIAL CANCERS
SYMPTOM INDEX (in
addition to OVCA)

Abnormal uterine bleeding

The main treatment for OVCA and EDCA is surgery, including total hysterectomy with

ACOGS3 guidelines
premenopausal women with
mass suspicious for OVCA
1 or more of:

CA125>200U/mL

Ascites

Evidence of abdominal or distant
metastasis

Family history of 1 or more first-
degree relatives with ovarian or
breast cancer

Irregular  menstrual  bleeding,
spotting,  bleeding  between
periods

ACOG guidelines
postmenopausal women

1 or more of:

Elevated CA125
Ascites
Nodular or fixed pelvic mass

Evidence of abdominal or distant
metastasis

Family history of 1 or more first-
degree relatives with ovarian or
breast cancer

Any bleeding

bilateral salpingo-oopherectomy and staging with pelvic and periaortic lymphadenectomy.

Radiation therapy as a primary approach is only indicated for patients who cannot undergo

8 American Congress of Obstetricians and Gynecology
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surgery or present with advanced pelvic disease.[21],[24],[49],[58] Adjuvant or combination
therapies are also available, including radiotherapy or chemotherapy as initial therapies; or a

combination of either one with surgery as primary therapy.[24]

Despite advances in the treatment of ovarian cancer, to date there is no effective screening

methodology for early detection relevant for the general population.[48]

2.2.2.1 APPROACHES FOR DETECTION AND SCREENING

Cancer antigen 125 — CA125 1s a large membrane glycoprotein [21], recognized by the
OC125-murine monoclonal antibody although it is found in greater concentrations in cancer
cells, it is widely distributed in adult tissues [59], and higher levels can be found not only in
OVCA and EDCA, but also in cancers that have spread to the peritoneum, like pancreatic,
stomach, liver, or breast and lung cancers. It is used as a monitoring tool for at-risk or diagnosed
patients. Only 50% of stage | OVCA and 75% to 90% of advanced cases present elevated levels
of CA125[48]. Other tumoral markers can be found in Table 2-5.

Transvaginal ultrasound (TVUS) — Ultrasound imaging allows the observation of the
ovaries and uterine cavity and the identification of changes in the structures and the possible
presence of masses, as well as other abnormalities. However, a mass or any other abnormality
must be observable and persistent to be considered for differential diagnosis without the risk of a

false-positive.

A combined screening approach using CA125 and TVUS has proved to be more effective
than either approach alone. [15],[49],[60]-[62]
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Table 2-5 — Ovarian tumoral markers and their clinical significance [48],[63] [64]

Marker Significance Clinical levels Tumor type

Serum Cancer Prognostic, circulating High levels

CA125 . correlates with stage and indicate ovarian
Antigen 125 o
tumor burden tumor Epithelial
e Prognostic, circulating Increases by > tumors
HE4 Humgn Epididymis correlates with stage and 25% associate
protein 4 .
tumor burden with relapse

Diagnostic and prognostic;

o-FP Alpha fetoprotein circulating and nonspecific Levels vary by
i age and sex
(liver cancer)
Di e and . Germ cell
beta-human iagnostic and prognostic; P
B-hCG  chorionic Only rules in the presence - One/mL
. of a tumor, does not rule ng/m
gonadotropin

out presence of tumor

Endometrial biopsy — Endometrial biopsy is a cost-effective test that can be performed in
the outpatient clinical setting. Samples of endometrium and fluids from the uterine cavity are

collected and sent out for further cytology/histology-based analysis.

It is believed that the amount of endometrium removed from an endometrial biopsy reflects
the adequacy of a sample for cytology- and/or histology-based diagnosis [65], however,
diagnosis remains linked to the availability of tissue and the probability of collecting a
representative sample. These limitations for tumor genetic analyses call for new
methodologies[66]. One such methods is called liquid biopsy, which aims at identifying tumoral
DNA in the form of cell-free circulating DNA (ctDNA) and circulating tumor cells (CTCs)
typically in the bloodstream[67]-[69]. However, the same principles can be used to identify
these genetic and protein markers in any biofluid sample[68],[ 70]-[74].

Maritschnegg et al [18] proved that tumor cells from ovarian neoplasms are shed into the
uterine cavity, where they can be collected via lavage of the uterine cavity. However, the tools
available for the collection of liquid samples from the uterine cavity are limited, often
complicated to use, require specialized equipment and are painful and uncomfortable for the

patients.
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Currently available endometrial sampling devices (Table 2-6), have been so far designed
for tissue-based cytology, where the retrieval of a strip of tissue is essential. Vacuum-based
curettes like the Pipelle®, the Accurette® and the Explora® are based on the combination of
cutting edges or ports and suction, either by an internal piston, a vacuum syringe or a vacuum
pump. Brush-based devices, like the TAO Brush™ rely on abrasive force of nylon fibres to

dislodge tissue from the uterine lining. These devices are shown in Figure 2-5.

Table 2-6 — Outpatient endometrial sampling devices — adapted from [75]

TYPE MANUFACTURER DIAMETER DESCRIPTION
Vacuum-based
Accurette® Axcan, Plattsburg 4 mm Fl'ex¥ble plastic c'ure’tte W'lth fogr cutting edges
USA within a tube; aspiration with syringe
Explora ® Cooper Surgical 3 mm Fleglble plastic curette with a large single tooth
cutting edge
Pedema AG 3 mm Flexible curette consisting of two wings and a
Gynoscan ® . C
loop contained within a tube
Karman cannula Rocket Medical 4-6 mm Plastic cannula with two distal opposing ports
®
. Cooper surgical 3.1 mm Flexible cannula with a distal side port and an
Pipelle ® . . .
mner piston to generate suction
Tis-U-trap® Cooper surgical 2-4 mm Flexible plastlc. curett.e with a self contains tissue
filter and electric suction pump
Zinnanti 3.1 mm Flexible cannula with a distal side port, tapered
Z-sampler® . . . .
tip and an inner piston for suction.
Brush-based

TAO Brush ™ Cook Medical 3 mm Flexible braided wire brush with a distal round
tip.

Figure 2-5 — Top to bottom: Accurette®, Explora®,Pipelle®[76] and TAO Brush ™ endometrial sampling
devices.
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3 BIOMECHANICAL BACKGROUND

Biological tissues are built hierarchically, and as composite materials, their mechanical
properties are strongly related not only to those of their constituents, but also their geometric
arrangement and organisational properties. The ECM proteins together with the functional
cellular components are organized to provide specific mechanical properties, related to the
organ’s function, maintained by a self-stimulated cycle in which the forces acting on the organ as

a unit affect the structure at the cellular level to maintain homeostasis and structural integrity.

It is known that pathologically induced mechanical alterations to biological tissues can lead
to the onset of other pathologies. In the case of the female reproductive organs, these alterations
can lead to multiple health issues in all stages of life, ranging from pelvic floor disorders (PFDs)
to preterm birth, amongst others. However, the mechanical characterization of these tissues
remains a challenge, mainly due to the variability and complexity of the structures; the lack of
clear testing guidelines and protocols, and the superficial aspect of research available in the field
to date [77]. For a long time, the bulk of female reproductive research was focused towards the
understanding of the mechanics of pregnancy and the onset of labour. Yet a deeper and more
complete understanding of the mechanical properties of the female reproductive organs that

allows for women’s reproductive and sexual health remains unmet.

Understanding the mechanical properties of these organs and tissues, and their relation to
the onset of pathological states, can potentially lead to the identification and development of new
prevention, detection and treatment strategies; as well as the development of tools for the

evaluation of new technologies, and aid in the training of healthcare professionals.

In this chapter, we will discuss the mechanical considerations relevant to the design of an

intrauterine sampling device and its testing and characterization.
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3.1 MECHANICAL PROPERTIES OF LIVING TISSUES

Structural and material properties can be obtained by means of different in vivo and ex vivo
testing. Ex vivo techniques include uniaxial and biaxial tensile and compressive tests, inflation,
aspiration, puncture and indentation tests. /n vivo methods include tensile, suction, ultrasound-
based and inflation tests. When combined with histological and microscopy data, they can be
used to guide the development of constitutive equations, then implemented into finite element
and other numerical models. [78] or physical models for the testing and development of new

technologies.

3.1.1 MECHANICAL CONSIDERATIONS OF SOFT TISSUE

Uterus — Uterine tissue has been tested ex-vivo. Conrad et al. first measured the passive
stress relaxation of uterine muscle in pregnant and non-pregnant human tissue excised at the time
of hysterectomy or caesarean section, they found uterine tissue from pregnant women to be more
compliant and observed a lower stress relaxation rate than non-pregnant tissue (Figure 3-1)
[79][80]. Pearsall and Roberts performed uniaxial tensile and compressive tests to explore the
mechanics of human uteri obtained after normal vaginal hysterectomies. They discovered that
the stress increases exponentially with strain and that the stiffness of the myometrium was lower
under compression than in tension (Figure 3-2). Their findings revealed the anisotropy of the
tissue, determined by the orientation of collagen and muscle fibres[81]. Kauer et al. performed
aspiration tests and explored the behavior of uterine tissue excised from different physiological
locations and found that the properties of uterine tissue were location-dependent[82]. Manoogian
et al used uniaxial and biaxial testing methods on human and porcine uteri and determined the

non-linearity of the stress-strain behaviour of the tissue. [83],[84].

Goldstuck et al. evaluated the uterine resistance to puncture (toughness) in vitro using
freshly excised tissue and found puncture forces equivalent to 2-3 [N/mm?] (20.7 - 28.4 N) of
myometrial surface area.[85],[86] Turok et al. assessed the mean ex-vivo compressive force

required to cause uterine perforation as 20 N (5.8 - 42.3 N). [87]
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Figure 3-1 — Passive length-tension curves of human myometrium obtained from 3 -cm. long strips of
pregnant and nonpregnant tissue. Adapted from [79]
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Figure 3-2 — Tensile and compression data for three specimens of myometrium taken from a single uterus.
Curves A and B represent tensile data while curve C represents compressive data. Adapted from [81]
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Cervix — Cervical tissue has been tested ex vivo under uniaxial tension and compression.
In vivo testing included aspiration and indentation methods. Myers et al. performed ring uniaxial
tension and compression tests on excised cervices from pregnant and non-pregnant women[39]
and found a nonlinear stress-stress response; tissue was notably stiffer under tension than on
compression. Cervical tissue from parous’ women was found to be more compliant than that of
nulliparous women. Myers et al. also observed a stiffer response on the external os when
compared to that of the internal os [39]. When comparing results from in vivo and ex vivo
specimens subjected to aspiration testing, Mazza et al. [88] found no significant difference in
stiffness, creep, or rise time. In indentation tests, Yao et al. found that tissue had a time-
dependent response and observed that age, parity, pregnancy and specimen location had an
impact on the mechanical properties observed; non pregnant tissue showed larger shear moduli
than pregnant tissue, and an increase in the number of vaginal deliveries correlated with a stiffer
cervix[89]. As for the mechanical dilation of the cervix, Young and Craven studied the
relationship between longitudinal force and dilation, and created a model to predict the amount
of tissue damage for any given dilation[90], which can be in turn correlated with pain. In other
studies, a correlation was established between the presenting surface area of the inserter tube and
the force required for its insertion[85],[86],[91],[92], as well as the parity and gestational age,
[92] Fisher et al introduced the concept of a cervical resistance index (CRI)[92]-[94]. Table 3-1
shows the insertion forces from several dilators and intrauterine device inserters. In another
study, Goldstuck et al showed that when cervical resistance forces are greater than those

withstood by the inserted devices, these show “bowing” or kinking[95].

° Parity refers to the number of births a woman has given to throughout her life.
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Table 3-1 — Longitudinal forces required to insert an intrauterine device and to dilate the cervical canal.
Adapted with permission from [86]

Study Dilator (mm) Mean force (N)
Anthony et al.[92] Hegar 3 2.45
Hegar 4 3.43
Hegar 5 8.33
Nicolaides et al.[91] Hegar 3 1.3
Hegar 4 1.4
Hegar 5 34
Goldstuck [85] Copper-7® *3.07 1.5
Nova T200® * 3.6 2.13

Notes: * Presenting diameter of intrauterine device inserter tube; Copper-
7, GD Searle and Co (High Wycombe, UK). Nova T200, Bayer,
(Wuppertal, Germany)

Cervical dilation and pain — Pain in the inner female reproductive tract arises from
distention, injury or inflammation, also called visceral nociception ' [96]. Tingaker et al
identified the presence of sensory corpuscles in the uterus and the cervix[97], identified as Pacini
and Ruffini-like corpuscles. These corpuscles are known to react to distension and pressure
(mechanoreceptors); they play a role as starting points of sensory pathways and convey

proprioceptive information.

The insertion of a device through the cervical canal and into the uterine cavity produces
mechanical stimulation via stretching of these pain receptors at the internal os, and both
mechanical and chemical stimulation of pain receptors throughout the uterine body[98]. Young
and Craven modeled the cervix as a thick cylinder of isotropic, homogeneous and incompressible

hyper-elastic material under internal pressure and used this theoretical approximations to predict

19 From latin nocere to harm or to hurt; refers to the sensory nervous system response to harmful or
potentially harmful stimuli.
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tissue damage for any given dilation and dilation rate required to minimize damage and
compared their results to experimental data[90]. They found that if present, the friction
coefficient would not exceed 0.05, and that irrespective of the longitudinal (axial) force applied
for dilation, tissue damage, i.e. rupture, occurs at a critical extension ratio, dependent of dilation

and dilation rate.

The response to pain at the cervical os, although subjective, is then correlated with the
degree of stretching and deformation sensed by local corpuscles, and hence to the diameter and

profile of the device inserted and the cervical resistance to its insertion (CRI).

Lower profiles (diameters), together with slower dilation rates will present with a
significantly lower overall deformation, directly related to the longitudinal insertion force and
the corresponding cervical radial force generated[90],[98], which can then be used for the

definition of an “objective” pain scale for in vitro device performance evaluation purposes.
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3.1.2 MECHANICAL CONSIDERATIONS OF BIOFLUIDS

As previously mentioned, the functional epithelium that lines the genital tract secretes
fluids with different functions, in this section the mechanical characteristics of these fluids and
their impact on the design and performance of intrauterine devices and procedures will be

discussed.

Intrauterine fluid (IUF) — Due to its low availability (average volume < 1.5 mL) and the
ethical and technical difficulties for sourcing[31], human IUF has not been fully characterized
thus far[34]. However, Allen et al. have studied the rheological properties of estrous uterine fluid
in mares, and have found this biofluid to be non-Newtonian, with a linear viscoelastic strain
region between 5 and 20% strain (Figure 3-3) [30]; and an apparent instantaneous viscosity at

low shear rates of about 1000cP[99].
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Figure 3-3 — Apparent viscosity of intrauterine fluid of estrous mares with increased rate of shear stress.
Reproduced with permission from [30]

The composition and mechanical properties of IUF have an impact on the overall
transportation of cells and molecules into and within the uterine cavity and are highly sensitive to
hormonal influence. Roberts et al. studied the composition of IUF and found a variation in the
protein content of 1-21 mg, with a lower protein concentration around the time of ovulation
(mean 3.1 mg.), and higher just before the start of menstruation; for post-menopausal women, the

protein content in IUF was between 8-14 mg[31]. It has also been established that a higher
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content of protein increases the viscosity of fluids[100]. Clinically speaking, these impact
natural and assisted reproduction; transport of cells and pathogens, including tumoral cells and
cell-free DNA, potentially affecting metastasis and infection spreading, and consequentially,

detection and therapeutic options.

Cervical mucus — This biofluid is more accessible than IUF due to its anatomical location
and volume, and hence has been studied in more detail; however, the difficulties associated with
sample acquisition render highly variable characterizations. Like IUF, cervical mucus is highly
responsive to hormonal changes and presents with a high cycle-dependent variability. Its
mechanical properties are modulated through the protein and water content. [25]-[28],[33],[101]
It presents with apparent viscosities as low as 10-240 Poises at the time of ovulation, to allow for
sperm penetration, and as high as 1000-1700 Poises by the end of the menstrual
cycle[101],[102]. Its viscosity could impact the CRI.
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Figure 3-4 — Variation of viscosity of cervical mucus in healthy non-pregnant subjects (119 samples). The
dotted line is drawn to emphasize the main feature of the graph. The number above each point indicates he number
of samples averaged. Each vertical line indicates + standard deviation of individual readings about the mean. With

permission from [25]
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3.2 BIOMEDICAL IMAGING SEGMENTATION AND MODEL
GENERATION

The use of physical three-dimensional medical models has greatly increased as additive
manufacturing technologies have evolved and become more available in the clinical and research
setting. This section will address the process (Figure 3-5) for the successful generation of

anatomically correct three-dimensional physical models, from data acquisition to application.

Image acquisition Image segmentation Generation of 3D
eResolution e Automatic model
eContrast eManual eComputational
eSlice width eCombination Physical

Figure 3-5 — Three-dimensional model generation from medical imaging.

3.2.1 IMAGING AND SEGMENTATION

Medical imaging techniques such as Magnetic Resonance (MR) and Computed
Tomography (CT), provide bidimensional images of bodies at controlled distances and directions
amongst each other and then use the relationship between these multiple contiguous projections
to reconstruct the internal composition image of the original object (Figure 3-6), stored as spatial

representations of energy intensity emitted from the object [103].

In the case of MR, images from the internal physical and chemical properties of the body
are formed by measuring the nuclear magnetic resonance (MNR), and their quality depends on
several factors, of which the contrast, the spatial encoding (resolution), the slice width and the
signal to noise ratio (SNR) and contrast to noise ratio (CNR) are of particular importance for the

three-dimensional reconstruction of medical images.
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The image information is stored in voxels, or volume elements, which correspond to the
smallest sampled element in a 2D image (pixel) and the slice thickness (Figure 3-6). Much like a
regular scan or photograph resolution, the size of the voxel influences the final quality of the

image.[104]

The process of tagging image pixels and/or voxels with meaningful labels such as
anatomical structures and tissue types, is called segmentation [105], it also often represents the

most time-consuming step of three-dimensional extraction.

In the case of complex anatomical structures, like the female pelvis, automated
segmentations may not always be possible, and a semiautomated approach or user guided

segmentation may be required[106],[107].

Segmentation of medical images is widely used for the generation of medical models[108].
In the case of the female pelvis, it has been previously used to assess new algorithms for the
identification of well-defined structures [109], or the measurement of uterine fibroids [110]; the
assessment of cervical changes during pregnancy [111]; preterm labor[112],[113] and childbirth
simulation [107]; for surgical planning strategies [114],[115]; virtual reality training [116], or the
generation of anatomically correct phantoms for in vitro testing of new technologies[117],

amongst other applications.

Figure 3-6 — Magnetic Resonance imaging of the female pelvis in different planes, left to right, sagittal
(vellow), axial (red), oblique coronal (blue). The uterus (***), oviducts (**) and vagina (*) are observable in all
three planes, with a clear radiopaque line delimitating the junctional zone (arrow). Extracted from research data.
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MATERIAL SELECTION

Materials selection is key for the success of the model, it is important not only to replicate
the geometrical features, but also the mechanical behaviour of the tissues involved. Polyvinyl
alcohol (PVA) hydrogels have been widely used to represent the mechanical properties of
different soft tissues, as their mechanical response can be fine-tuned by modifying the processing
parameters such as the concentration, solvents, thermal cycles or thawing rate[118]-[126].
Silicone rubbers are also used because of their similar mechanical properties and added shelf-
life, which makes them more suitable for multiple use models, however, they offer higher

surface resistance and often must be used with a lubricant.

27



4 METHODS AND MATERIALS

This chapter presents the different methodologies used throughout this work, starting with
the general design methodologies followed by the design results, in section 4.1.1. Details on the
verification and validation testing methodologies used to establish safety and proof of concept
follow: section 4.2 presents structural and integrity testing; In vitro performance tests are

presented in section 4.3. Results for these sections will be discussed in Chapter 5.

4.1 DESIGN METHODOLOGIES: UTERINE COLLECTOR

Using a combination of the Pahl, Beitz and Pugh design models and a divergent-
convergent model [127] described in Figure 4-1; a series of clinical and stakeholders’ needs were
identified and translated into design criteria (Table 4-1) and technical specifications, of which
values and constraints are drawn from available information in the literature and from
experimentation. Design for verification, validation and manufacturability was followed at all
stages. Stakeholders identified include healthcare professionals, patients, payers, policy makers,

and manufacturers amongst others.

|

Verlﬁcatlon -
Concept Detailed
*Define problem generation *Elaborate on Design
«ID nee.d «ID and evaluate selected solutions «Finalize details,
*Establish possible solutions *Determine layout materials and
requirements and structure dimensions

Task Embodlment
clarlﬁcatlon design
VALIDATION

Figure 4-1 — Design process, including verification and validation cycles.
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After a series of meetings with clinicians, the problem was identified and defined as the
need for women’s health professionals to obtain samples of “floating” DNA from the uterine
tubes and fundus, in a quick, innocuous and painless manner, for ovarian and endometrial cancer

screening in women 45 years of age or older.

Following this phase, a functional analysis was performed, the main functions were
identified, and the functional and technical requirements were determined, which were then

translated into technical specifications (Figure 4-2).

Table 4-1 — Design criteria and challenges

(- )
+ Standard kit

Ease of use * Non disruptive

* Requires fewer instruments / steps

Y4
J

* Adapts to anatomy
» Reaches intended areas with ease

Sample viability * Protects sample
9 * Vial design for sample preservation
~ ~
» Adapts to anatomy
Pain reduction * Low profile (OD)
* Does not disrupt endometrial lining
\_ y y

A series of conceptual designs were generated in collaboration with the clinical team at the
MUHC, a group of undergraduate students and stakeholders, at which point, the converging
designs were kept and further iterated to better fit the specifications. CAD modeling was used for

the development of the conceptual designs, as well as the embodiment and final detailed designs.

Materials were chosen for biocompatibility, resistance to sterilization, as well as strength.
Dimensions were computed to better fit both the anatomical average dimensions to account for
anatomical variability, as well as mechanical properties, manufacturing limitations, and desired

performance.

29



Prototypes were manufactured for verification and validation purposes. Feedback from
clinicians and stakeholders was obtained and input back into the design process for the next
iterations. Prototypes were manufactured and assembled by GSE Biomedical in Hermosillo,
Mexico. GSE also collaborated in the analysis for manufacturability and provided us with great
insight into the verification and validation processes, as well as the final documentation and

transfer for manufacturing and validation.

Structural and performance testing for the assessment of safety and proof of concept were
performed. Further testing and results are expected in a feasibility clinical study to begin in May

2020 at the Research Institute at McGill University Health Center (RI-MUHC).

—  Obtain collector
Prepare collector
(Get ready) | _[Mark sample vial with
patient ID
o’ Insert collector in
vaginal cavit
L £ t Hurts patient if not
o, done gently
E —|  Cross uterine Os
g Device cannot be used
O if this is not achieved
(! — Retrieve samples (Go) —— Reach Fundus
g
O
—
g —  Collect sample
= Hurts patient if not
o done properly
o p— 9
—|  Remove device
13!
O Sample damage risk
= o
) — Insert collector in vial
O
| | q Sample analysis not
Transfer sample to V1a||— possible if fails
— Store sample (Stop) —— Close vial
—  Check patient ID
— Send to laboratory

Figure 4-2 — FAST diagram for an intrauterine sample collector. Shaded entries denote critical steps in
which failure can occur, directly related to the devices’ operation (red entries), related or not related to the devices’
operation (gray entries)
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4.1.1 UTERINE LIQUID BIOPSY SAMPLER DESIGN

Four concepts were generated to comply with design criteria and specifications shown in
Table 4-2. Two were selected for prototyping based on manufacturability, the only difference
between them being the final configuration of the collection surface. These iterations are here on
identified as UC-AO1 or collector A (Figure 4-3) and UC-A02 or collector B. Figure 4-4 shows

the differences between design.

2) Collection surface : .
Nylon filaments (30-61 4) Collector sheaths: Medical 5) Flush valve: PC'Y connector 6) Handle
K grade Pebax 72D a. 2mm OD, (HDPE)
b. 3.5mm OD ; " l
< A f —11}- ' W—'—'-
3) Collector shaft: Sie, AN

1) Coll : Twisted SS 316LVM Suction port

ollector guide: wire 22 Ga Tube/Valve assembly: medical

y: medica

TPUSHGIERES grade adhesive

Figure 4-3— Uterine liquid biopsy collector (UC-A01), components and materials.

Table 4-2 — Design criteria for proposed solution for early detection of ovarian and endometrial cancers

Criteria Specification

Sterilizable EtO gas / Gamma rays

Ease of use Simple / No need of specialized training
Pain reduction <3.5 on a 0-10 scale

Sample quality High sample content in low volume
Volume collection ~ 1 mL

DNA inert Yes

Reusable No

Affordable Yes < C$20.00

Figure 4-4 — Detail of uterine liquid biopsy collector surfaces in UC-A01 (left) and UC-AQ2 (right) before
(top) and after (bottom) deployment.
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Materials were chosen for biocompatibility, manufacturability and regulatory compliance,
their mechanical properties are detailed in Table 4-3. All concepts comprise a tapered tip for a
progressive cervical dilation (collector guide) (see section 3.1.1—Cervical dilation and pain); a
soft, fibrous surface for cell recovery (collection surface); a suction/injection port and a sheath
for sample protection. Suction is achieved by means of a standard syringe. These features
provide added functionalities including: 1) progressive cervical dilation for pain reduction; 2)
suction for added volume collection and 3) flushing / injection for therapeutic indications or aid

in collection. Figure 4-3 shows the uterine liquid biopsy collector components and materials.

Table 4-3 — Mechanical properties of selected materials

SS 316 LVM TPU PEBAX HDPE

Modulus of elasticity 187.5 GPa 896 MPa 1.3GPa 1.50GPa
Compressive Yield 170 MPa - L 3.0 MPa
Strength

Flexural Modulus — 552 MPa 513 MPa 1.86 Gpa
Shore Hardness — 94 A 66 D 50-76 D
UTS 1.3-2.2 GPa 62.1 Pa 56 MPa  43.0 MPa
Elongation at break 45% 400% >300% 32%
Elongation at yield — — 18 % 3.0%
Tensile stress at yield 190 MPa — 26 MPa 43 MPa

Collector components, from distal to proximal, are: 1) a conical thermoplastic urethane
(TPU) guiding tip (collector guide); 2) an arrangement of nylon microfilaments (collector
surface); 3) a two-stranded braided stainless steel guidewire (collector shaft); 4a) a polyether
block amide (Pebax®) inner sheath; 4b) a Pebax® protective sheath (collector sheath); 5) a
polycarbonate (PC) hemostatic Y connector (flush valve); 6) a high density polyethylene
(HDPE) handle (collector handle). The inner sheath in collector B also aids in the fixation and

deployment of the collection filaments.

The collector shaft is cleaned with ethanol and dipped in a bonding agent (Loctite 4011,
Henkel), before being embedded in the polymeric blocks. UC-BO1 refers to the collector
assembly (guide, shaft and handle) with no distinction as to the collection surface configuration.
UC-B02 refers to the collector sheath/flush valve assembly. Detailed information on the

components can be found in Table 4-4.
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Table 4-4 — Materials selection and specifications

Component

Collector guide;
Os-dilator

Collection
surface filaments

Collector shaft:
Braided wire
guide

Collector sheath

Flush valve:
Y connector

Collector handle

Adhesive

Specification

D:1-3.5mm=0.05 mm

L: 15 mm £ 0.05 mm

?:30-60 um

22 gauge
Pitch: 1 mm + 0.05 mm

Inner sheath:
OD: 2 mm + 0.05 mm
WT: 0.13 mm £+ .03 mm

Outer sheath
OD: 3.3 mm £ 0.07 mm
WT: 0.13 mm + .03 mm

Off the shelf
Female Luer-Lock port
0 — 9 Fr. valve

0: 6.35 mm =+ 0.55 mm
L: 25mm £ 0.05 mm

UV Curable

Material

TPU Shore 90A

PA USP 8/0
Nylon

SS 316LVM

Pebax ® 72 D
Medical tubing

Medical grade
PC, Silicone

HDPE

Medical Grade

9: diameter, L: length, OD: Outer diameter;, WT: wall thickness, Fr. French

Rationale

Mechanical properties
Processing

Sterilization properties
Regulatory Compliance
DNA affinity

inertness

Mechanical properties
Corrosion resistance
Component interaction
Sterilization properties
Regulatory Compliance
Low density
Resistance to fatigue
Dimension stability
Versatile processing
Sterilization properties

Regulatory Compliance

Component compatibility

Sterilization properties
Regulatory Compliance
Manufacturability
Sterilization properties
Regulatory Compliance
Sterilization properties

Regulatory Compliance
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4.2 STRUCTURAL AND INTEGRITY TESTING

The purpose of this testing protocol is to define the rationale, test methodologies, test
levels and pass/fail criteria for a critical component dislodgement validation using tensile tests,
and to determine the strength and integrity characteristics of the critical and non-critical

components. Table 4-5 summarizes the structural integrity tests, as well as their rationale.

Two design iterations were tested: UC-A0O1 (collector A) and UC-A02 (collector B). UC-
BO1 refers to the collector assembly (guide, shaft and handle) with no distinction as to the

collection surface configuration. UC-BO02 refers to the protective sheath/flush valve assembly.

Table 4-5 — Structural strength and integrity test summary

Test Test Article Rationale
Collector guide UC-B01 — Collector Assembly  CC — risk assessment
dislodgement force TAO Brush™ device failure
Collector handle UC-B01 — Collector Assembly NCC - integrity
dislodgement force TAO Brush™
Sheath dislodgement UC-B02 — Collector Assembly  NCC — integrity
force
Fibre dislodgement test UC-A01 — Collector A CcC - risk' assessment
UC-A02 — Collector B device failure
Compressive strength UC-A0T — Collector A Risk assessment — uterine
e UC-A02 — Collector B perforation
TAO Brush™

*CC — critical component, NCC — non-critical component
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4.2.1 TENSILE TESTING FOR MAXIMAL ADHESION STRENGTH (PULL-
OUT FORCE)

THEORETICAL CONSIDERATIONS

A pull-out test is a simple way of measuring adhesion between two surfaces. The pull-out
force increases when the contact area between both surfaces increases. The debonding fracture
propagates through the interface starting at the embedded end. Thus, the pull-out force is directly
related to the work of breaking the interfacial bond and the work of stretching the material [128]

and the force of adhesion of the two surfaces.

In a rubber-metal interface, if the metallic rod is considered inextensible, and the elastic
properties of the rubber are known, the fracture work per unit area of interface can be calculated
[129]. For propagation of debonding along a rod by a distance d, work of detachment is given by

dw, = 2nrG,d (1)

where 1 is the radius of the rod and Ga the energy required to fracture a unit area of the material
interface (rubber-rod). Work of deformation conveyed to the freshly detached portion of rubber

surface is given by
dW, = (F? / 2AE)d 2)

where F'is the pull-out force, 4 is the cross-sectional area of the rubber block and F is the tensile
modulus of the block material, assumed to be linear elastic. The work provided to the system by

the additional extension of the block is given by
dW =Fed = (F? / AE)d 3)

where e is the elongation of the detached portion of rubber material under the pull-out force F.

Conservation of energy dW = dW; + dW, 4)
thus from (1), (2) and (3)in (4)
F? = 4nrAEG, (5)
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EXPERIMENTAL DETAILS

Maximum force before component dislodgement was assessed by uniaxial tension on an
Instron Electropuls E1000 (Instron Co.) mechanical tester with a +2 kN dynamic load cell
(Dynacell 2527-129, Instron Co.). Samples were mounted for a 0-degree test, as shown in Figure
4-6 and Figure 4-7; and held in place with MARK-10 grips and clamps (MARK-10 Co.). All
tension tests were performed under dry conditions at room temperature with a preload value of

I N, at 1 N/min and a displacement of 20 mm/min.

SN

UC-B02 b ®/

Figure 4-5 — Uterine liquid biopsy collector A, and subassemblies UC-B0I and UC-B02: 1) collector guide;
2) Collection surface; 3) Protection sheath; 4) Flush Y valve connector, 5) Collector shaft; 6) Collector Handle

Prepared specimens (subassembly UC-BO1 Collector shaft and guide assembly) (Figure
4-5, top) were tested for maximal force needed for collector guide and collector handle

dislodgement and/or yield. The test setup is shown in Figure 4-6.

Figure 4-6 — Collector guide dislodgement test setup, Instron Electropuls el000 (Instron Corp.). UC-B01 —
Collector Guide (red circle), Collector Shaft (white arrow), Collector handle (red arrow)
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Subassembly UC-B02 (protective sheath and flush valve assembly) (Figure 4-5, bottom)
was tested for maximal force required for sheath dislodgement and/or yield. Test setup is shown
in Figure 4-7. Test end conditions were determined as sheath yield or dislodgment from the valve

port.

Figure 4-7 — Sheath Dislodgement Test Setup, Instron Electropuls e1000. UC-B02: Collector Sheath (red
arrow), Collector Valve (white arrow), adhesion interface (red circle).

The samples were then loaded to failure at a displacement rate of 20mm/min. Maximum
pull-out force and displacement were defined by the peak force and maximum displacement
withstood by the samples prior to failure. Test end conditions were determined as collector
guide/handle yield or dislodgement from the collector shaft and collector sheath yield or
dislodgement from collector valve. Results for the collector guide, the collector handle, and the

collector sheath are presented in sections 5.1.1.1, 5.1.1.2, and 5.1.1.3 respectively.
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4.2.2 QUALITATIVE ASSESSMENT OF FIBRE DISLODGEMENT UNDER
SIMULATED USE CONDITIONS AND PROBABILITY OF FAILURE

Given the diameter of the fibres used, a pullout test was not possible, and was replaced by
a probabilistic approach for the observation of dislodged fibres under a worst-case scenario

setting, defined as repeat use in a highly viscous environment.

THEORETICAL CONSIDERATIONS

The risk of failure can be assessed using probabilistic risk analysis (PRA) techniques,
which quantify risk metrics, in this case the probability of fibre dislodgement under extreme
conditions. Using a relative frequency approach, the probability of event A P(A4) to happen can
be calculated by

(6)
where N(A) refers to the frequency with which the event of interest 4 occurs, and n the number

of experiments performed. Thus, an initially qualitative/binary analysis (i.e. pass/fail) can be

associated to a quantitative assessment, in this case the probability of failure.

EXPERIMENTAL DETAILS

A pass/fail experiment was setup to evaluate the presence or absence of dislodged fibres
from the collection surface into a solution simulating an extremely viscous intrauterine fluid

(IUF)[25],[30], and the unlikely event of multiple uses.

Uterine collector design UC-AO1 was used to assess the dislodgement of fibres under
simulated conditions. The collectors were inserted in a 1.38-wt % gelatine solution at 4 °C and
manually rotated 5 full counter-clockwise turns, by smoothly rotating the handle of the device
between two fingers, and then pulled-out. After the rotation cycle was completed, the test articles
(Figure 4-5) were removed, and the gelatine solution explored to evaluate the presence or

absence of dislodged fibres.

38



A test is considered to fail if any fibres can be observed in the gelatine solution after
cycling is completed. This was repeated a total of 30 times per specimen. Cycling was chosen to
follow current practice, where an endometrial biopsy device is inserted into the uterine cavity
and rotated clockwise or counter-clockwise 3 to 5 full rotations and then discarded after the

sample is transferred into a vial.

The overweighed probability of a device being used multiple times was established as 0.1
(event A), and a combined probability of multiple uses (event A) and fibre dislodgement (event

B) was calculated. Results are presented in section 5.1.2.
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4.2.3 COMPRESSIVE STRENGTH FOR EVALUATION OF RISK OF
UTERINE PERFORATION

THEORETICAL CONSIDERATIONS

Load-bearing structures that support tensile loads but are flexible in bending are
categorized as rope or rope-like structures. These structures consist of redundant parallel load-

bearing elements, operating as a whole; and can be analyzed as slender columns.

Columns fail by buckling or kinking when their critical load F is reached:

F_nZE-I Pa-m*
— (kL)? m?

(N) (7)

where k represents a factor accounting for end conditions (effective length factor), £ the material

properties (modulus of elasticity), and 7 and L the geometric properties (second moment of area

and the length of the column respectively).

0 /|

Figure 4-8 — Cross section (left), and side view (right) of a helical twisted wire assembly of two wires.

The resistance to bending of a helical structure such as a twisted wire (Figure 4-8) ; is
given by the second moment of area, which for a solid circular cross section with radius » about

its center line is:

(m?) (¥
If bending occurs about an axis that is offset from its own center line by a distance d, the

second moment of area about axis /; is:
I; = Ic + Ad?

(m?) )
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For a bundle of fibres assembled in such a way that there is no relative movement between
each other, the superposition principle applies, and the second moment of area is equivalent to
the sum of the individual I; of the fibres about the center line of the bundle, or that of a circular

bar of the same overall radius.[130]

m2E - 1 E (5
F= = (—n3r4)
(kL)?  (kL)?\2
(N) (10)
Knowing a material’s resistance to puncture, and comparing it to the column’s critical load,

one can determine if a column of a determined composition would buckle or perforate a block of

material when a load F is applied. Figure 4-9 shows different end conditions accounted for by

factor k.
Case:
Buckled shape of column
) ) Free end
End condition Fixed ends Pinned Pinned end to fixed
ends to fixed end
end
Theoretical k value 0.5 1.0 0.7 2.0
Recommended design k 0.6 1.0 0.8 2.1

Figure 4-9 — Effective length factors. Theoretical values and recommended values when ideal conditions are
approximated. Fixed ends allow for guided movement,; pinned ends allow rotation about one or more axes.
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EXPERIMENTAL DETAILS

Theoretical resistance to bending was calculated for uterine collectors UC-A01 and UC-
AO02 in different scenarios and compared to typical intrauterine device insertion (Table 3-1) and
uterine perforation forces obtained from the literature [85]-[87],[131] to obtain a safety factor
and risk assessment for uterine puncture or device bending before insertion. Relevant material
properties are presented in Table 4-3, relevant dimensions are found in Table 4-4. Devices
should withstand insertion forces, and buckle before reaching the critical load associated with

uterine tissue puncture, a complication of intrauterine procedures.

Clinical scenarios considered, summarized in Table 4-6, represent different column
buckling cases, encountered at different stages of sample collection. The initial approach of the
device on the external cervical os, right before insertion, when the collector guide is in contact
with the tissue, and the handle is held by a health professional, can be represented by cases 2 or
3; Once the collector guide has been introduced into the cervical canal, past the external os, both
ends of the collector are fixed (case 1). In the event the collector guide is placed within the
cervical canal or uterine cavity, and the handle is released, a free to pinned end condition is

present (case 4). Results are presented in section 5.1.2
Table 4-6 — Case conditions and effective length factors for buckling analysis

Theoretic Recomm.

Case  Description Clinical scenario al k value Kk value
1 Both ends Guide within the cervical canal 0.5 0.6
fixed (fixed), handle held tightly (fixed). ’ ’
2 Guide in contact with external
Both ends ; .
. cervical os (pinned), handle held 1 1
pinned .
loosely (pinned).
3 Pinned to Guide within the cervical canal 0.70 0.8
fixed (fixed), handle held loosely (pinned). ' '
4 Free to fixed = Guide within the cervical
canal/uterine cavity (fixed), handle 2 2.1
not held (free).
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4.3 IN VITRO PERFORMANCE

The purpose of this testing protocol is to define the rationale, test methodologies, test
levels, and pass/fail criteria to characterize the intended use performance of the device. Section
4.3.1 describes the methods for sample collection and transfer; section 4.3.2 correlates the
biomechanics of cervical dilation to pain; section 4.3.3 describes the assessment of ease of use

and the generation of an anatomically correct uterine model.

Table 4-7 — Summary of in-vitro performance test protocols and rationale

Test Test Article Rationale

UC-A01— Collector
Assembly
Volume collection test UC-A02 — Collector  Non-inferiority
Assembly
TAO Brush
UC-A01 — Collector
. . Assembly
Pain sc?le r.elatlon UC-A02 — Collector  Patient discomfort
determination Assembly
TAO Brush

UC-A01 — Collector

E f d Assembly OV(;rall
ase B2 1oe ISE UC-A02 — Collector =~ Pertormance

simulated conditions Physician

A bl )
SSEIm O experience

TAO Brush
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4.3.1 VOLUME COLLECTION AND TRANSFER

THEORETICAL CONSIDERATIONS

The collection of volume from suspension can be estimated by a simple weight mass

experiment.

From the equation of density, where m is the mass and ¥ the volume,
P=% (kg/m?) (11)

Thus, the density for a solution is the sum of mass concentrations of the components of the

solution and is determined by,
p=2Xi0; (12)

Where g; refers to the individual densities of the different components, and is expressed as

a function of @; and their volume participation to the solution,

p= ZiPi (%) = 2i Pi®i (13)

and the relationship between density and viscosity

n=vp (Pa's) (14)

where v refers to the kinematic viscosity, and u is the dynamic or absolute viscosity, and its

dependence on changes in temperature [132] [133][134] expressed by
u(T) = AeV/RT (15)

where 4 is a constant representing the entropic factor, U'! is the activation energy for shear flow,

R is the gas constant and 7 the absolute temperature.

' Litovitz assumes the activation energy “E” as E = a/Tz where a is the activation energy constant
dependent on the specific properties and concentrations of the liquid.
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Volume collection and solution concentration and resultant solution density and viscosities
can be estimated. However, a quantitative assessment of concentration of a solute of interest in a

solution can be obtained by spectrophotometry using the Beer Lambert Law.

When a beam of light of intensity I, crosses a solution of known length b, containing a

light-absorbing substance, the intensity of the transmitted light decreases with the increase in

concentration of the absorbing substance, hence the transmittance 7 is defined by, T = I / I

The light absorbed by the substance is then represented by
A= —1log(T) = Mb (16)

This principle can be used to calculate the concentration of a solution if its extinction
coefficient is known. By measuring the absorbance (16) of a known concentration M of a
solution, the wavelength dependent extinction coefficient &, can be determined and thus, the

concentration of specific samples computed.
EXPERIMENTAL DETAILS

Volume collection was initially assessed by a mass to volume correlation and verification
by comparing the known density and the calculated density. Samples collected were then

analyzed by spectrophotometry to assess sample concentration.
SAMPLE PREPARATION

Collection was performed using both test articles, collectors UC-A01 and UC-A02; and a
control, the TAO brush™. Figure 8-1 shows a flowchart of the collection process. Intrauterine
fluid (IUF) was represented by 99% glycerin at 20 °C due to its similarity with the biofluids
characteristics[29],[30],[135].

All devices and instruments were weighed before and after each step using an analytical
balance (Quintix64-1S, +0.1mg, Sartorius AG). A cold bath was prepared using a chilling plate
(Ecotherm, Torrey Pines Scientific Incorporated) and a 350mL beaker filled with 300 mL of
distilled water, to maintain a constant temperature of 20°C+2°C (JUI 14997, £1°C,
Fisherbrand™). A graduated cylinder (Class A, 0.9 mL) with 10 mL of 99% glycerin dyed blue
(FD&C Blue No.1), was weighed (Symmetry EC2000, £0.05 g, Cole — Parmer®), and placed in
the cold bath. Known density (p) and viscosity (n) for 99% glycerin at 20°C +2 °C, are
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1.26 g/cm?® and 1150 centipoise (cP) respectively[136][137]. Figure 4-10 shows the experimental
setup. Individual vials containing 5 mL of preserving solution were prepared and measured

(mass and volume).

Ten measurements were taken with each test article. Collection was performed by inserting
the test article at a 0-degree angle (vertical) into the graduated cylinder, immediately followed by
5 full cycles of counter-clockwise rotation by smoothly rotating the handle of each device
between two fingers; after which the device was removed, and the sample transferred to a vial
containing SmL of methanol-based preservation solution (TP) (Preservcyt®, ThinPrep Pap Test,
Hologic, Inc. Marlborough, MA) , after which aliquots of each sample were transferred to a 96-
well microplate, as shown in Figure 4-10 (right), and analyzed in a TECAN SPARK M10
spectrophotometer for a quantitative measurement of the sample transferred to the preservation

vial. A series of dilutions (dyed glycerine/TP) were prepared for spectrophotometer calibration.
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Figure 4-10 — Sample collection experimental set-up left to right: Cold bath; sample weighing after collection
(control); Sample arrangement for spectrophotometry analysis and concentration determination
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4.3.2 PAIN ASSESMENT: A QUANTITATIVE APPROACH

THEORETICAL CONSIDERATIONS

The Young and Cravens model for cervical dilation and tissue damage [90] was adapted to
our devices’ geometry and that of a commercially available device (TAO brush™, Cook Medical
LLC, IN), and combined with literature-reported data on required forces for intrauterine device
insertion, to obtain the theoretical radial force transferred to the cervical tissue, thus creating a
quantitative approach to tissue damage and pain, which allows for the comparison of different

devices with different geometries:
W = P cot(a + @)

(17)
where W represents the radial force on the cervix; P the longitudinal force applied to the

dilator and « and ¢ the dilator taper angle and friction angle respectively[90]
EXPERIMENTAL DETAILS

Radial force transmitted to the cervical tissue was computed for a tapered collector guide
profile, with a 3.5 mm diameter (Omin: 1 mm, 0=4.76°) and compared to that of the TAO brush
with a ball-point tip with a 3mm diameter (1:1, a = 60°). Longitudinal force P, required for
insertion, was taken from the literature, based on maximum insertion force reported for the
device diameter as 2.5 N (Table 3-1); friction coefficient was assumed to be zero, due to the

presence of lubricating fluids in the cervical canal.

The generated quantitative pain scale is to be compared and validated against patient

perceived pain results from the clinical trial phase.
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4.3.3 EASE OF USE UNDER SIMULATED CONDITIONS
This section refers to the generation of a thee-dimensional reconstruction of the uterine

cavity (section 4.3.3.1) and the evaluation of ease of use of the device (section 4.3.3.2)

4.3.3.1 THREE-DIMENSIONAL RECONSTRUCTION OF THE UTERINE
CAVITY

Anonymized magnetic resonance (MR) images of the female pelvic organs were obtained

from the DOVEEgene trial (A08-M79-13B, NCT02288676) at the RI-MUHC.

Sagittal and axial T2'? weighted FRSFE!*> MR images of the female pelvis were loaded
into the segmentation freeware ITKSnap (ITKSnap 3.6.0)[106] and 3D Slicer (slicer 4.10.1)
[138],[139], and the contrast was adjusted to highlight the anatomical structures of interest. The
uterus, uterine cavity and vagina, as well as reference anatomic landmarks such as the bladder
and iliac arteries, were identified using different semi-automated segmentation tools available in
ITKSnap and 3D Slicer, followed by user inspection and correction, due to the complexity of the

female pelvic anatomy and the radio-homogeneity of the different structures [109].

Once fully segmented, three-dimensional solids of the uterus and uterine cavity were
generated, a series of smoothing filters were applied to fill in the gaps between slices and lower

the stepwise appearance obtained from the segmentation alone. (Figure 4-11)

12 T2 is a signal contrast protocol used in MR, obtained with long repetition and echo times.

13 Fast Recovery Fast Spin Echo, or FRFSE, is a pulse sequence used in MR, provides high signal intensity of
fluids and better contrast between tissues.
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Figure 4-11 — Medical image segmentation workflow for three-dimensional model reconstruction.

Moulds of the uterine cavity and uterus were designed using Autodesk Fusion and 3D
printed for the creation of a water-soluble isomalt-based negative of the uterine cavity, then used
to cast a block representative of the myometrium and surrounding tissues on silicone rubber
(ECOFLEX 00-10, Smooth-on Inc., PA). This model was then used to assess the anatomical
compatibility of the uterine collector, as well as its ease of use, as a function of the steps required

to successfully collect a sample.
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4.3.3.2 EASE OF USE UNDER SIMULATED CONDITIONS

Ease of use was evaluated as a function of the number of steps required for a successful
sample collection in a combination of possible situation encountered in the clinical setting. Both
versions of our uterine collector were compared to the commercially available endometrial
sampler TAO Brush®. Number of steps required for a successful sample collection were
identified and registered with the combination of three situations. 1) No dilation aid required/no
suction (minimum number of steps); 2) Dilation aid required; 3) Use of suction. Details for the

test are provided in the table below (Table 4-8).

Table 4-8 — Test details: Ease of use under simulated conditions, step-count for sample collection.

Test Article UC-A01 Collector Assembly
UC-A02 Collector Assembly
TAO Brush Assembly

Parameters Test conditions: Simplified simulated use

Test Temperature: Room temperature. Usually between 20C to 25C
Number of steps required for sample collection
Number of steps required for sample transfer to vial

Test ?1.1d Test Measure Step number
conditions

Test Measure:
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5 RESULTS

This chapter presents the results for the verification and validation tests used to establish
safety and proof of concept. Section 5.1 presents structural and integrity testing; In vitro

performance results are presented in section 5.2.

5.1 STRUCTURAL AND INTEGRITY TESTING

5.1.1 ADHESION STRENGTH: RISK OF FAILURE BY COMPONENT
DISLODGEMENT

In pull-out experiments the force rose continuously with continuous extension of the
sample to reach a maximum value taken as the pull-out force F; Displacements at maximum
force were recorded, as well as the failure mode. All tests were stopped once a steady decline in

the measured force was observed.

5.1.1.1 COLLECTOR GUIDE (PULL-OUT) FORCE

The overall mean collector guide dislodgement force observed was 108 N (SD 13.81 N).
The mean displacement at maximum force was 3.9 mm (SD 0.45 mm). As for specific failure
cases, 14.3% of the samples were dislodged (93.5 N, SD 4.7 N; at 3.7 mm, SD 0.50 mm) while
in 85.7% the collector guide yielded before being dislodged (110.3 N, SD 13.4 N; 3.9 mm, SD
0.5 mm). Table 5-1 shows the specific maximum forces reported, with displacements and failure

modes for the dislodgement of the collector guide.

Figure 5-1 shows the force/displacement graphs for all the individual cases. Irregularities
in the curves suggest that debonding began at a relatively low force of about 40 N, and the
subsequent yield or dislodgement of the rubber collector guide from the metallic rod. Figure 5-2

shows the force/displacement curves for dislodgement cases.

Figure 5-3 shows the force/displacement curve for collector guide yield. Irregularities in
the curves are consistent with different sites of debonding across the rubber-adhesive-metal
interface. A longer plateau indicates the rubber deformation and eventual yield. Scattered data-

points represent measured maximum pull-out forces.
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Table 5-1 —Collector guide Dislodgement Force Test— Maximum force and mode of failure per specimen

Specimen  Max Force Mode of Specimen = Max Force Mode of
(N) Failure (N) Failure
1 106.7 Tip Yield 16 88.5 Dislodgement
2 102.9 Tip Yield 17 86.3 Tip Yield
3 100.56 Tip Yield 18 115.5 Tip Yield
4 114.2 Tip Yield 19 125 Tip Yield
5 107.23 Tip Yield 20 110 Tip Yield
6 98.5 Tip Yield 21 107.3 Tip Yield
7 90.5 Dislodgement 22 130.6 Tip Yield
8 105 Tip Yield 23 108.8 Tip Yield
9 111 Tip Yield 24 144.8 Tip Yield
10 98.3 Tip Yield 25 133.2 Tip Yield
11 125.5 Tip Yield 26 97.8 Dislodgement
12 104.9 Tip Yield 27 103.7 Tip Yield
13 97.2 Dislodgement 28 97.5 Tip Yield
14 97.4 Tip Yield Average 108
15 114.2 Tip Yield Std Dev 13.8
Dislodgement force tests (tests 1-15) Dislodgement force tests (tests 16-28)
150 200

Force (N)

Force (N)
S o
o o

W
o

Displacement (mm) Displacement (mm)

Figure 5-1 — Force-displacement graphs for specimens 1 to 15 (left) and 16-28 (right)— collector guide
pull-out force.
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Figure 5-2 — Collector guide pull-out force/displacement curve for dislodgement cases. Circled areas show
irregularities consistent with different sites of debonding across the rubber-adhesive-metal interface. Results are
normalized for displacement. Maximum forces and displacements are shown. The tests were stopped once a decline
in force was observed.
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Figure 5-3 — Collector guide pull-out force/displacement curve for yield cases. The tests were stopped once
a decline in force was observed. Irregularities in the curves are consistent with different sites of debonding across
the rubber-adhesive-metal interface. A longer plateau indicates the rubber deformation and eventual yield.
Scattered data points represent measured maximum pull-out forces. The solid line shows the mean
force/displacement curve with error bars for standard deviation.
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5.1.1.2 HANDLE PULL-OUT FORCE

The mean overall handle dislodgement force observed was 107.9 N + 21.9 N. The mean
displacement at maximum force was 1.6 £ 0.5 mm. All samples failed by dislodgment of the
handle. Table 5-2 shows the specific maximum forces reported, with displacements for the

dislodgement of the handle.
Table 5-2 — Handle dislodgement force test— Maximum force and displacement at handle dislodgement

Max Force Displacement

Specimen IN] at Fuax [mm]
S1 104.5 2.37

S2 156.1 1.68

S3 73.9 1.59

S4 108.4 1.2

S5 95.6 1.4

S6 111.2 2.4

S7 100.9 2

S8 129.1 1.1

S9 97.9 1.2

S10 100.9 1.4
AVERAGE 107.9 1.6
STD DEV 21.85 0.4

Figure 5-4 shows the force/displacement graphs for all the individual cases. Irregularities
in the curves suggest the initial debonding began at relatively low forces of about 15-20 N, and

the subsequent dislodgement of the plastic collector handle from the metallic rod.
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Max force [N] 104.50 156.06 73.87 108.42 95.64
Max displacement [mm] 3.17 1.76 1.01 1.92 1.82

Figure 5-4 — Handle dislodgement force for specimens 1 to 5. Maximum displacement values are shown for
each sample, as well as maximum force.
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5.1.1.3 SHEATH PULL-OUT FORCE

This test was designed to assess the quality of the valve/sheath assembly shown in Figure
4-7. All samples showed yield of the sheath before debonding at the assembly site shown in
Figure 5-5, with a mean maximum force of 56.8 N + 2.2 N, and displacements before yield of

122 mm + 0.5 mm, as shown in Figure 5-6. Table 5-3 shows detailed information per test

specimen.

Figure 5-5 — Sheath Dislodgement, Instron ElectroPulsE1000. Collector Sheath (red arrow), Collector Valve
(white arrow) — before (left) and after (right) testing. Note clear sheath yielding, circled in black.
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Figure 5-6 — Displacement—Dislodgement force graphs for specimens 1 to 5, sheath yield can be observed at
a displacement of about 10-12 mm.

Table 5-3 — Sheath dislodgement force test— Maximum force/displacement per specimen

Displacement Max
Specimen  Max Force at F max Displacement

[N] [mm] [mm]

1 61.1 6.9 11.3

2 56.8 8.8 12.1

3 55.4 10.5 12.4

4 55.1 9.9 12.4

5 55.5 11.0 12.8
MEAN 56.8 9.4 12.2
STD DEV 2.5 1.6 0.5
STD. E. M. 1.1 0.7 0.2
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5.1.2 FIBRE DISLODGEMENT ASSESSMENT

The observed probability of fibre dislodgement was zero. The combined probability of a
device being used multiple times (event A) and of fibres being dislodged (event B) was 0.001.
The probability of a device being used multiple times and its fibres not being dislodged was
0.099 and that of fibres being dislodged without the device being used several times as 0.009.
The probability of a device being used as intended (single use) and there being no fibre
dislodgement was 0.891. Figure 5-7 shows the Weibull cumulative distribution of

failure/reliability for the use of the device as intended and the observed probability of failure.

Table 5-4 — Probabilistic analysis for fibre dislodgement. Observed and overweighed probabilities and
calculated probabilities.

A Prob. OWP OP** OWP* OP**
%

Event A* 0.1 P (A)! 01 01 | P(A) 0.099 0.1

Event B*  0.01 P (B)! 0l 0 P (B) 0.009 0

Event B¥* 0 P(AINBY) 001 0 P (AUB)’) 0.891 0.9

* overweighed probability | P (AU B!)  0.109 0.1
** observed probability P (A!ABY) 0.108 0.1

1.1
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Figure 5-7 — Cumulative distribution of failure and device reliability for a single use device after repeated
use with a safety factor of 30.
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5.1.3 COMPRESSIVE STRENGTH AND RISK OF PERFORATION

All cases presented with device buckling or bowing without critical failure

(bending/breaking). Case 1 (Table 4-6) presented with the higher force required for buckling at

7.5 N. A critical load of 20 N [85]—[87], required to perforate the uterine tissue, was used to

calculate the safety factor. The average force required for device insertion is shown in Table 3-1.

Table 5-5 — Column buckling analysis for compressive testing

Case
1

2
3
4

K
0.5
1.0
0.707
2.0

Force [N]
7.5
3.5
4.8
6.7

BLF
0.4
0.2
0.5
0.3

SF
2.7
5.7
4.2
3.0
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5.2 IN VITRO PERFORMANCE

5.2.1 VOLUME COLLECTION

In simplified volume collection tests, the control device (TAO™ Brush), showed a mean
collection volume of 600 pL =204 pL. The liquid biopsy devices A0l and A02 collected
643 uL +£370 puL and 774 uL + 151 pL, respectively. The mean transferred volumes were
320 uL £207 pL, 424 uL =347 pL, and 436 uL = 160 uL for the control, collector AO1 and
collector A02 respectively. The designed collectors show an increase of 131% and 135% of

transferred sample with respect to the control.

5.2.2 THEORETICAL PAIN ASSESSMENT

Radial force transferred to the cervical tissue for dilation, computed as a function of the
taper of the dilation instrument used, and the longitudinal force show that at steeper dilation steps
(ball-point), the radial pressure transferred to the cervical tissue is equivalent to the longitudinal
force applied, while for a device with a taper angle of 4.76°, only about 68% of the longitudinal
force is transferred radially. When looking at the rate of dilation, both profiles show a negative
slope, with a 10-fold increase for the ball-point dilator compared to the 4.76° taper dilator

(Figure 5-8).
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Figure 5-8 — Calculated pain scale based on device geometry and applied longitudinal force for insertion.
Semi-logarithmic scale is used for better visualization.
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5.2.3 EASE OF USE UNDER SIMULATED CONDITIONS
As mentioned in section 4.3.3, the number of steps required for a successful sample
collection were identified and registered with the combination of three situations. 1) No dilation

aid required/no suction (minimum number of steps); 2) Dilation aid required; 3) Use of suction.

The control device (TAO™ Brush) required a minimum of 14 steps out of 20 identified
steps, from removal of the device from the package, to transfer of sample to a preservation vial.
This increased to 19 when requiring external dilation aid. Both collectors UC-A01 and UC-A02
required 16 steps for sample collection with no dilation aid; 21 with dilation aid; and 19 to 20 for
sample collection with use of suction functionality. Because the collector guide acts as an os
dilator, the need of external dilation aid is not expected when using UC-AO1 or UC-A02. The
added steps are related to the deployment of the collection surface and use of suction. These can

be further minimized with a redesign of the handle.

Table 5-6 — Steps identified for successful collection of uterine samples.

Device No aid / no suction @ External dilation Suction
TAO ™ Brush 14 19 NA

UC-A01 16 21 19-20

UC-A02 16 21 19-20

5.2.4 THREE-DIMENSIONAL RECONSTRUCTION OF THE UTERINE
CAVITY

A dimensional verification was performed on the solid models to ensure correlation with
radiographic data (Table 5-7), the final model was in average 4% smaller in all dimensions than

the measured MRI, due to the gap filling and smoothing filters applied after segmentation.

Table 5-7 — Dimensional verification of the solid models against radiographical data.

. %E %E %E

Structure MRI  Solid Model (so-MRI) (mod-sol) (mod-MRI)
Fundus 60.64 59.63 58.15 -2% -2% -4%
Uterine length 455 45.06 44.14 -1% 2% -3%
Cervical length 2935 2931  28.36 -0.14% -3% -3%
Cervical diameter 5.63 5.58 542 -1% -3% -4%
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Figure 5-9 shows the segmentation label masks used to extract the anatomies of interest,
and the resulting three-dimensional reconstruction. Figure 5-10 shows the obtained solid models,
mold design and final physical silicone (ECOFLEX 00-10, Smooth-on Inc., PA) model, held
open to allow for visualization of the uterine cavity. This model was intended to serve as an
anatomically accurate and mechanically representative model for in vitro testing of design

iterations for gynecological medical devices.

Figure 5-9 — Segmentation of the female pelvic organs. Left to right: sagittal, axial and coronal planes with
overlaid segmentation labels, and 3D rendering of uterus (dark pink), uterine cavity, vagina (light pink), and
surrounding anatomical references (bladder (vellow) and iliac vessels red and blue)).

Figure 5-10 — Three-dimensional reconstruction of female pelvic organs. STL solids of the uterus (a) and
uterine cavity (b); Mold assemblies for uterine sleeve/skin (c, d), uterine cavity (arrow), uterus (*) ; silicone rubber
pelvic model held open for visualization of the uterine cavity (e).
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6 DISCUSION

An initial approach to a liquid biopsy collector for the uterine cavity was generated for a
simplified manufacturing process. Structural and integrity testing suggest that the devices will
withstand their intended use, however, simplification of the design for a better physician

experience and increase adoptability and ease of use are required.
STRUCTURAL INTEGRITY AND SAFETY

Collector guide —Irregularities observed along the curves in Figure 5-2 are consistent with
the onset of debonding at specific sites. In Figure 5-1 and Figure 5-3 a temporary increase in
force towards the end of the test, suggests the compression of the rubber polymeric chains
providing an increase in resistance to pull-out. The variability in the results for
dislodgement/yield can be attributed to variations in the application of adhesive and suggest

variability in the manufacturing processes.

The longitudinal force needed for a cervical dilation ranges from 10 to 30 N for dilations in
10 mm steps[92],[93],[140]. This force decreases as the dilation diameter increases, giving the
device a safety factor of at least 4. It is also important to note that the critical tensile direction
occurs during the withdrawal of the device —when the cervix is already dilated to the device’s

maximum diameter (10 Fr / 3.3mm)—, making it highly unlikely for the tip to dislodge.

Although it may seem the selected geometry of the guide potentially increases the risk of
uterine puncture, its dimensions and material properties have been selected to ensure it will bend
before puncturing the tissue; the collector guide will bend at compressive loads of 1-4 N, well

below the reported uterine puncture forces of 20 N [85],[131],[141].

Collector handle — This is a low-risk, non-patient-contacting component. The design
control requirement was set to SON, with a safety factor of at least 1.5. Failure of this component
does not compromise functionality. Irregularities in the graph (Figure 5-4) may represent the
initiation of debonding. After the maximum force, a drastic drop in forces can be observed,
followed by a plateau, which may represent the frictional forces required to dislodge the handle
from the rod after all adhesive bonds have been fractured. In this case, due to the properties of

the handle material, no yielding is observed, and consequently, displacements are limited.
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Outlier values (S2 and S3) can be explained by the variability of the assembly process. The
pull-out force observed on S3 suggests there was no adhesive bonding between the two
materials. Under standardized manufacturing processes and quality control assessment, it is

expected that handle dislodgement would not occur.

Collector sheath — The valve/catheter assembly is handled as a single unit and not subject
to tensile forces during intended use. The mode of failure was catheter yielding in all tests, with
no dislodgement at all. As for the compressive forces, the component will bow under large
compressive forces and may kink, but, the kinking does not constitute device failure and is

noncritical to the overall performance.

Fibre dislodgement — Fibre dislodgement was assessed under highly unlikely
assumptions, i.e. the probability of a single-use device being reused in the clinical setting. This
scenario is unlikely due to current good clinical practice standards and regulations; also, the risk
associated with the dislodgement of a fibre within the uterine cavity is minimal due to the
material composition (medical grade nylon fibres). This material is also used for sutures, and on

intrauterine devices, which can remain in the uterine cavity for up to 10 to 12 years.
PERFORMANCE

Volume collection — An increase in volume collection compared to the control was
observed, which can be attributed either to the use of suction in the newer devices, or simply by
the increase in the surface collection area available. Despite the fact that all devices were used

following the same sequence of steps (

), a high variability in the results was observed. It should be noted that amongst all devices

tested, UC-A02 was the more consistent both for volume collection and volume transfer.

The extra two steps required for the collection of samples using the new devices seems a
fair trade-off when considering the increase in volume collection and transfer. This metric can be
further improved with a redesign of the handle, to remove the requirement of the valve. A trade-

off between ease of use and functional features might be necessary.

Pain assessment — Although pain is subjective, a correlation between insertion forces,
resistance to dilation and deformation can be helpful to objectively assess and compare different

technologies. We obtained a scale of the radial force transmitted to the cervical tissue with a
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given longitudinal force, and it became apparent, that regardless of the longitudinal force
applied, the dilation rate plays a more important role in tissue deformation and rupture. A simple
method to predict pain is the correlation between the radial dilation and longitudinal length of
insertion or device taper angle. So a smooth incremental dilation with a lower strain rate would

induce less trauma and pain to the tissue than a blunt dilation step. [140]

Model — The generation of computational and physical models, representative of all stages
in the female reproductive cycle are required for the safe evaluation of new technologies as well

as elucidating the mechanical processes involved in the onset of disease.

Automated segmentation of complex structures is often not achievable and requires user
intervention.  Because of this, some segmentation algorithms have been
developed[115],[142],[143], to aid in the identification of structures across slices applying filters
or allowing for the propagation of delineated images or atlases which can in turn be used with

machine learning applications[105].

Although this model was generated using silicones due to their durability, high shelf life
and relatively easy and quick curing time, while obtaining properties as close to those reported in
the literature as possible, other materials like hydrogels (PVA, chitosan, alginate, etc.) could be
more suitable for better biomechanical representation, but their use presents particular

manufacturing challenges, related specifically to the cross-linking of the polymeric chains.

Further work is required to streamline the process from medical imaging to biomechanical
models. The use of machine learning together with the development of bio inks, or new cross-
linking methods for hydrogels, could potentially facilitate the generation of patient-specific,
biomechanically compatible engineered models. These fine-tuned mock-ups could be useful in

the assessment of new technologies, surgical training and planning, and tissue engineering.

Women around the globe lack access to gynecological health due to varied socio-
economical and cultural barriers. With this in mind, the use of self-sampling devices for cervical
cancer (Papanicolaou test), and sexually transmitted diseases has been studied for non-inferiority
compared to sample collection in the clinical setting[144],[145]; if adopted, these self-sampling
devices could improve the health of millions of women worldwide, hence the feasibility of the

transformation of this intrauterine sampler into a self-collection device should be explored.
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7 CONCLUSION

This thesis presents the design of a device for intrauterine liquid biopsy sample collection
and analyses the structural integrity and performance of such a device. The proof of concept was
validated in vitro and rendered a structurally sound, safe and effective device, yet to be tested in

clinical trials beyond the scope of this work.

Mechanical characterization of the female reproductive tissues has been greatly limited to
its relevance towards human reproduction. Ethical considerations limit the access to these tissues
for full mechanical characterization, this fact together with the cyclic nature of the tissues and the
lack of standardized testing protocols, render the data available in the literature highly variable
and inconclusive, leaving an important gap in the understanding of the role of biomechanically

induced changes in the onset and pathophysiology of disease.

Further improvement of the design is required, including the combination of simplified use
and added functionalities, and the testing and validation of the design changes. The feasibility of

the transformation into a self-collection device should also be considered.
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8 APPENDICES

A. SAMPLE COLLECTION PROCESS
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Figure 8-1 — Flowchart of sample collection for volume performance assessment.
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B. OVARIAN AND ENDOMETRIAL CANCER DEMOGRAPHICS

Global, Females, 2017
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Figure 8-2 — Global Disability Adjusted Life Years (DALYs) for ovarian and endometrial cancers per
age group. [146]
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Figure 8-3—Years of Life Disabled (YLDs) for ovarian and endometrial cancers per age group. [146]
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Deaths
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Figure 8-4—Global deaths due to ovarian and endometrial cancer in 2017 per age group. [146]
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Figure 8-5—Number of deaths due to ovarian and endometrial cancers per country in 2017. [146]
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