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Abstract

There has been a substantial increase, worldwide, in the incidence
of thyroid cancer over the past few decades. The diagnosis of thyroid
cancer poses a clinical challenge to medical practitioners. Fine needle
aspiration cytology (FNAC) is a current standard method to diagnose
thyroid cancer. FNAC has a false-positive rate of 1% - 5% and a false-
negative rate of 0% - 7.7%, whilst 20% - 30% of cases remain non-
diagnostic. Grey-scale ultrasound is a useful imaging technique for the
assessment of the thyroid gland, because it can characterize various
features of thyroid nodules such as the number, site, size, shape,
echogenicity, and internal architecture. However, grey-scale ultrasound
has limited value in differentiating benign and malignant thyroid nodules
because of its varied sensitivity (52% - 97%) and specificity (26% - 83%).
The varied sensitivity and specificity of grey-scale ultrasound might be
due to the qualitative analysis and subjective interpretation of the
characteristics of thyroid nodules and renders it thus vulnerable to inter-
and intra-observer variations. Nevertheless, certain features of thyroid
nodules can be quantified, for example tissue stiffness and the

vascularity index.

Shear wave elastography is a novel ultrasound technique that can
quantify tissue stiffness by tracking the propagation of shear waves
through thyroid nodules. In general, malignant thyroid nodules tend to be

stiffer than benign nodules. Depending upon the differences in stiffness



values, thyroid nodules can be differentiated as benign or malignant. The
first study of this thesis evaluated the feasibility of using shear wave
elastography in predicting thyroid malignancy, and determined if any (and
if so, which ones) of the shear wave elastography indices (Emaximum, Emean,
and Eminimum) are potential predictors of thyroid malignancy. The study
further evaluated the diagnostic accuracy in differentiating benign and
malignant thyroid nodules when grey-scale ultrasound was combined

with shear wave elastography.

Vascularity is a dynamic feature usually detected on Doppler
ultrasound. Central vascularity and hypervascularity are usually
associated with malignant thyroid nodules. However, not all previous
studies appreciate the usefulness of vascularity in predicting thyroid
malignancy. Controversial results might be due to the fact that previous
studies evaluated vascularity by visual assessment methods that involve
subjective interpretation and thus result in high inter- and intra-observer
variations. Moreover, in previous studies, the methods used to delineate
a border between peripheral and central regions of a thyroid nodule were
not standardized. In the second study in this thesis, we have thus
developed a computer algorithm that can perform regional segmentation
of thyroid nodules by using an ‘offsetting’ method, and quantify the overall
vascularity as well as the vascularity in peripheral and central regions of
thyroid nodules. Based on the differences in the vascularity indices,
thyroid nodules can be differentiated into benign and malignant types.

The study further evaluated the potential advantage of combining the



vascularity index with grey-scale ultrasound to enhance the diagnostic

accuracy of thyroid malignancy.

In the first and second study, a total of 111 patients with solitary
thyroid nodules were included. Each thyroid nodule was assessed with
grey-scale ultrasound, shear wave elastography, and colour Doppler
ultrasound. The diagnosis of the thyroid nodules was confirmed by FNAC
and/or histological examination. Grey-scale ultrasound features including
microcalcification (malignant: 77.8% versus benign: 7.1%), hypoechoic
(92.6% versus 33.3%), irregular margins (55.6% versus 16.7%), and a
height-to-width ratio > 1 (59.3% versus 13.1%) were found to be more
frequently associated with malignant thyroid nodules than with benign
thyroid nodules. The differences were statistically significant (all P <

0.05).

Regarding shear wave elastography, the results suggested that
Emaximum = 67.3 kPa and Emean 2 23.1 kPa are independent predictors of
thyroid malignancy. Emaxmum Was found to be the best adjunct to grey-
scale ultrasound. The combination of Emaximum Or Emean With grey-scale
ultrasound enhanced the diagnostic accuracy of grey-scale ultrasound
from 58.5% to 80.2% and 78.4%, respectively (P < 0.05). The results of
the vascularity index (VI) quantification showed that a 22% offset was
optimal for regional subdivision of thyroid nodules. At the optimum offset,
the mean VI of peripheral, central, and overall regions of malignant

nodules were significantly higher than those of benign nodules (26.5 +



16.2%, 21.7 £ 19.6%, 23.8 £ 4.6% versus 18.2 £ 16.7%, 11.9 + 15.1%,
and 16.6 + 1.8%, respectively, P < 0.05). The optimum cut-off points of
peripheral, central, and overall VI were 19.7%, 9.1%, and 20.2%,
respectively. When compared to grey-scale ultrasound alone, a
combination of VI assessment and grey-scale ultrasound evaluation of
thyroid nodules increased the overall diagnostic accuracy from 58.6% to

79.3% (P < 0.05).

Studies 1 and 2 have clinical significance in establishing methods
for accurate diagnosis of thyroid cancer. The results of Study 1 suggest
that shear wave elastography has clinical importance in differentiating
benign and malignant thyroid nodules. The combination of grey-scale
ultrasound with Emaximum Or Emean significantly improved the diagnostic
accuracy in predicting thyroid cancer. Study 2 has devised a new method
to perform regional segmentation of thyroid nodules and to quantify
vascularity in each segment. This approach is objective and standardized
to quantify thyroid vascularity and helps in differentiating benign and

malignant thyroid nodules.

Colour Doppler ultrasound (CDU) and power Doppler ultrasound
(PDU) are widely used for detecting the vasculature of tissues or organs.
In the thyroid gland, CDU and PDU have been used for the differential
diagnosis of, amongst others, Hashimoto's disease, Graves’ disease,
and Reidel’s thyroiditis. Doppler ultrasound has also been used in

monitoring treatment responses during therapy of thyroid disorders.

Vi



However, the detection of blood flow in minute blood vessels or vessels
with low blood flow is challenging due to technical limitations of previously
developed Doppler ultrasound modalities. Most recently, a new
ultrasound technology, namely AngioPLUS (Planewave UltraSensitive ™
iImaging), provides superb sensitivity in the detection of tissue vascularity.
The beauty of this technique is that all colour pixels of the tissue can be
reconstructed in a single image. AngioPLUS provides high resolution and
3D wall filtering that allow efficient discrimination between blood flow and

other soft tissues by analysing space, time, and amplitude information.

Study 3 aimed to evaluate the feasibility of using AngioPLUS
imaging in assessing thyroid vascularity when combined with CDU or
PDU. The study further evaluated whether the addition of AngioPLUS to
CDU or PDU enhances the sensitivity in detecting vasculature of thyroid
parenchyma. It also investigated whether there is any asymmetry of

vascularity between the right and left thyroid lobes.

A total of 45 healthy volunteers underwent grey-scale ultrasound,
CDU, CDU+ANgioPLUS, PDU, and PDU+AngioPLUS evaluations of both
lobes of the thyroid gland. Thyroid vascularity was evaluated using our
in-house computer algorithm. The results showed that the combination
of CDU+AngioPLUS (14.7 + 9.4%) and the combination of
PDU+ANgioPLUS (13.4 + 9%) had significantly higher thyroid VI than

CDU (8.8 + 7.3%) and PDU (4.7 = 5.4%) alone (all P < 0.05). No

Vi



asymmetry was found between the VI of the right and left thyroid lobes

(P >0.05).

Study 3 highlights the differences in sensitivity of detecting thyroid
vasculature assessed by different Doppler ultrasound modalities. The
results suggest that AngioPLUS enhances the detection of vascularity
when added to PDU or CDU. The clinical significance of the study lies in
the detection of small blood vessels and vessels with low blood flow that

may help disease diagnosis and treatment monitoring.

Study 4 highlights the scope of chemotherapeutic agents in treating
papillary thyroid cancer. Current strategies to treat papillary thyroid
cancer are largely based on surgery, where recurrence rate is high (up
to 33%). Drug development is a costly and time-consuming process.
Moreover, the identification of novel therapeutic targets is challenging.
Study 4 introduces the concept of ‘repurposing of drugs’ that evaluates
the therapeutic potential of already approved drugs beyond the scope of

their primary clinical usage.

Cannabinoids are derivatives of the marijuana plant. They have
been used for recreation and to relieve pain. Two cannabinoid receptors
(CB1 and CB2) are known to be distributed over different body organs
and systems in humans. Cannabinoids receptor expression has been
noted in many cancers including breast cancer, prostate cancer, hepatic

cancer, lung cancer, and colorectal cancer. Anti-cancer actions, including

viii



antiproliferation, antimigration, antiangiogenesis, and apoptosis, have
been validated in in vitro experiments in various cancer cell lines. In a
recent study, immunohistochemistry analysis of surgical specimens of 87
thyroid nodules demonstrated that CB1 and CB2 receptor expression
was more significantly associated with papillary thyroid cancer than with
benign thyroid nodules. It was further found that CB2 expression was

significantly higher than CB1 receptor expression.

In Study 4, the therapeutic potential of CB2 receptor agonist (JWH-
133) in treating papillary thyroid cancer was evaluated. A normal thyroid
follicular cell line (N-thy-ori-3) was used as the control, and BCPAP was
the papillary thyroid cancer cell line used in this study. Both cell lines were
treated with JWH-133 at 0, 5, 10, 15, 20, 25, and 30-uM concentrations
for 24, 48, and 72 hours. Cellular metabolic activity and cell viability were

evaluated using an MTT assay.

The results demonstrated that 25 pM was the lethal dose
concentration for BCPAP cells at which cell viability was reduced to 50%
after the optimal 48 hours of incubation. The results also suggested that
BCPAP cells were more sensitive to the JWH-133 as compared with N-
thy-ori-3. The cytotoxic effect mediated by JWH-133 was not significantly
inhibited by CB2 receptor antagonist SR144528 in both cell lines. The
results of the study demonstrated that JWH-133 has a potent cytotoxic
effect, more pronounced in a papillary thyroid cancer cell line (BCPAP)

than in a normal follicular thyroid cell line (N-thy-ori-3). Study 4 suggests



that JWH-133 induces cell death in papillary thyroid cancer cells, whilst
the survival of normal thyroid follicular cells can be maintained at an

acceptable level.
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Chapter One

Introduction

Thyroid cancer is the most common endocrine malignancy and
accounts for 3.8% of all malignant cases (Nguyen et al., 2015). Diagnosis
of thyroid cancer is critical and poses a challenge to medical
professionals. Benign thyroid nodules are common, whereas 5% - 15%
of thyroid neoplasms harbour malignancy (Veyrieres et al., 2012a, Brito
et al., 2013, Guth et al., 2009). Among thyroid malignancies, papillary
thyroid cancer (PTC) constitutes 80% - 85% of all differentiated thyroid
malignancies (Abboud and Tannoury, 2010). Currently, the diagnosis of
thyroid cancer relies on invasive techniques such as fine needle
aspiration cytology (FNAC) and/or histopathological examinations of
surgical sections of thyroid tissues (Haugen, 2016, Cooper et al., 2009).
However, 25% - 30% of thyroid aspirates remain non-diagnostic and
repeated cytology examinations are required (Yoon et al., 2011b). The
potential reasons for inconclusive FNAC results might include inadequate
sampling or ‘skipping’ of the diagnosis, due to the highly complex and

variable pathological features of thyroid neoplasms.

The US Preventive Services Task Force (USPSTF), the American
Assaociation of Clinical Endocrinologists (AACE), the Associazione Medici

Endocrinologi, and the European Thyroid Association (Cooper et al.,
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2009, Gharib et al., 2010) emphasize that ultrasonography of the thyroid
gland should be performed in all patients with clinically diagnosed or
suspected thyroid nodules. Grey-scale ultrasound (GSU) can correctly
identify malignant features of thyroid nodules such as microcalcification,
absent halo sign, heterogeneity, irregular border, and a height-to-with
ratio > 1 (Asteria et al., 2008, Unliitirk et al., 2012). However, the
sensitivity and specificity of GSU vary considerably, from 52% - 97% and

from 26% - 83%, respectively (Sun et al., 2014b).

In our current study, we have established novel methods that, in
conjunction with GSU, quantitatively assess elastic modulus and
hemodynamic properties of thyroid nodules to differentiate them as
benign or malignant. We have also determined the value of a new
ultrasound technology, AngioPLUS (PLanewave UltraSensitive™
imaging), in conjunction with colour Doppler ultrasound and power
Doppler ultrasound, in the detection of thyroid vascularity. These
ultrasound imaging methods are objective, their results are highly
reproducible, and they can therefore facilitate the diagnosis of thyroid
disorders. In the study, we have further investigated the therapeutic
potential of currently available non-cancer drugs as anti-cancer agents to
broaden our understanding of the chemotherapeutic management of

thyroid cancer.

In our first research study (Chapter 3), we have evaluated the

feasibility of using the shear wave elastography index (SWEI: Emaximum,
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Emean, Eminimum) to quantify the elastic properties of thyroid nodules for
distinguishing benign and malignant nodules. This study was based on
the rationale that malignant thyroid nodules tend to be stiffer than benign
thyroid nodules, and that this variation of tissue stiffness of the nodules
can be evaluated and measured by shear wave elastography (SWE)
(Dudea and Botar-Jid, 2015). Shear waves travel faster in harder medium
than in softer counterparts, and their velocity is directly proportional to the
square root of Young’s modulus assuming homogeneous density of the
medium (Kim et al., 2002, Papini et al., 2002). The tissue stiffness can
thus be determined by tracking the speed of shear waves through the
region of interest (ROI). Most malignant thyroid nodules, due to the
presence of excessive collagen, excessive myofibroblasts, and
desmoplastic transformation, tend to have firm stroma and thus tend to
be harder (Dighe, 2014, Koperek et al., 2007, Sun et al., 2014b). In
Chapter 3, we presented a comprehensive comparison of elastic
properties of benign and malignant thyroid nodules, and a detailed
investigation of the value of SWE in conjunction with GSU in the

differential diagnosis of benign and malignant thyroid nodules.

Angiogenesis is considered an important manifestation in the
proliferation and survival of tumours and is usually associated with
malignancy (Gacche, 2015). Colour Doppler and power Doppler
ultrasound are common imaging tools for the detection of vasculature in
thyroid nodules. Previous studies have highlighted the importance of the

usage of vascular patterns (central and peripheral vascularity) in thyroid
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nodules as a determinant of malignancy; central and hypervascularity, for
example, are frequently found in malignant thyroid nodules (Rosario et
al., 2015, Anil et al., 2011). However, not all studies agree that vascular
patterns of nodules are associated with thyroid malignancy, and some
authors have suggested that vascularity and vascular distribution
patterns are not useful for the prediction of thyroid malignancy (Moon et
al., 2010, Khadra et al., 2016). Since vascularity is a dynamic feature, it
should be quantitatively evaluated rather than using a non-standardized
qualitative method (visual assessment). The advantages of using an
objective method are that the results are more reproducible and that the
risk of inter- and intra-observer variations is minimized. In the
assessment of regional vascularity of thyroid nodules, there is a lack of
standardized and objective methods to divide a nodule into peripheral
and central regions. In previous studies, regional subdivision was
performed manually and there were no standardized guidelines to
delineate the border between peripheral and central regions of the nodule
(Sultan et al., 2015). Chapter 4 presented a novel image processing
method that can quantify regional vascular density of a thyroid nodule in
Doppler ultrasound images to predict malignancy. Our method was
based on a customized computer algorithm that uses an ‘offsetting’
principle to perform regional subdivision (into peripheral and central
regions) and quantify the regional vascularity of thyroid nodules in
Doppler ultrasound images. The method allowed objective and
standardized quantification of thyroid nodule vascularity, and eliminated

human errors associated with manual outlines of ROIs on Doppler



ultrasound images. The association between regional vascularity of
thyroid nodules and thyroid malignancy, as well as the value of assessing
thyroid nodule vascularity in conjunction with GSU in differentiating
benign and malignant nodules, were presented in this chapter. To the
best of our knowledge, this is the first study to use a customized algorithm
to perform automatic segmentation of peripheral and central regions of
thyroid nodules and to quantify their regional vascular density in Doppler

ultrasound images.

Vascularity is an important feature required by any organ or
biological tissue to maintain proliferation and homeostasis. Certain
pathological conditions alter the blood flow to affected organ/tissue.
Likewise, certain thyroid diseases, for example Grave’s disease and
acute thyroiditis, are associated with a hypervascular status of the thyroid
gland (Arslan et al.,, 2000). In contrast, hypothyroidism and Riedel's
thyroiditis cause reduced blood supply to the thyroid gland (Shrestha and
Hennessey, 2015). Whether thyroid vascularity is a predictor of
malignancy is a matter of debate and has led to controversial reports in
the literature; however, hypervascular thyroid nodules with central
vascularization raise the suspicion of malignancy (Hoang et al., 2007). In
addition, tracking the vascularity status of an organ with the help of colour
Doppler ultrasound or power doppler ultrasound during therapy might be
a useful strategy to estimate the patient’s response to the therapy.
Angiogenesis (an essential manifestation of malignancy) involves the

formation of several tiny new blood vessels. Detection of blood vessels



with very small diameter (< 100 um) or blood flow at a very low poses a
challenge (due to low frame rate and slow wall filtering) to previously
developed CDU and PDU (Bercoff, 2011). Therefore; there is a need for
new imaging modalities that can depict microvasculature with higher
sensitivity. In our third study (Chapter 5), we have comprehensively
investigated the value of AngioPLUS in conjunction with colour Doppler
and power Doppler ultrasound in the detection of thyroid vascularity in a
group of healthy volunteers. The study demonstrated the potential of
AngioPLUS in enhancing the sensitivity of colour Doppler and power
Doppler ultrasound in the detection of the vasculature of thyroid glands.
The study also compared the vascularity of the left and right thyroid lobes.
This is the first study that investigated the added value of AngioPLUS in
colour Doppler and power Doppler ultrasound examinations. The result
of the study provided novel insights into the detection of micro-

vasculature of soft tissues.

Drug discovery is a long process and is associated with a financial
burden due to various complexities regarding drug regulation and
approval. Currently, surgery is the ultimate option for the management of
thyroid cancer. The role of chemotherapeutic drugs in treating thyroid
cancer is very limited. Our fourth study (Chapter 6) introduced the
concept of ‘drug repositioning’ and evaluated the therapeutic potential of
using non-cancer drugs as anti-cancer agents in treating papillary thyroid
cancer. Cannabinoids (e.g. Nabilone) have been approved for medical

use in patients with cancer in Canada by the Canadian Cancer Society
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(Kramer, 2015) to alleviate chemotherapy-related symptoms (e.qg.
nausea and pain). Chapter 6 presented an in vitro study in which a normal
thyroid follicular cell line (N-thy-ori-3) was used as the control and a PTC
cell line (BCPAP) was used to investigate the anti-cancer effect of a
member of the group of cannabinoid agonist type 2 receptors (CBR2)
called JWH-133. We hypothesized that CBR2 can induce cancer cell
death by inducing endoplasmic stress while the survival of normal thyroid
follicular cells can be maintained at an acceptable level. The findings of
this study shed light on the potential of non-cancerous drugs in treating

cancer.



Chapter Two

Literature Review

2.1 The thyroid gland
The word ‘thyroid’ is derived from the Greek word ‘thyreos’ meaning
‘shield’. It was first described by Thomas Wharton in 1656
(Balasubramanian, 2015). The thyroid gland is the largest endocrine
gland in the body and it works in coordination with other organs to

maintain homeostasis (Greenspan and Gardner, 1997).

2.1.1 Embryology and histology of the thyroid gland

The thyroid is the first endocrine gland to develop in the embryo.
The development of the thyroid gland initiates around 24 days post
fertilization by the fusion of the median endoderm (at the junction of the
base of the tongue) and the primitive pharynx called ‘thyroid primordium’
(Figure 2.1a). With the development of the tongue, the growing thyroid
descends into the neck and passes ventrally to the developing hyoid
bone and the laryngeal cartilages (Figure 2.1b). When approaching the
seventh week of gestation, the thyroid gland reaches its destination in the
neck and adopts its definitive shape. Finally, at the tenth week of

gestation, the thyroid primordium is surrounded by vascular



mesenchyme and splits into numerous follicles lined by an epithelial

monolayer (Sofferman and Ahuja, 2011).

Pharyngeal pouches
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Figure 2.1 Sagittal sections (A and B) of the head and neck of embryos at 4
and 5" week of gestation. (A) illustrates the developing thyroid gland as
“Thyroid primordium” arising from 15t and 2"@ pharyngeal pouches (B)
lllustrates passage of descent of thyroid. Figures are amended and redrawn,

the concept originated from Moore et al. (2000).



The thyroid gland is composed of follicles. Follicles are spherical
cells filled with thyroglobulin (iodinated glycoprotein), and each follicle is
about 200 - 300 micron in diameter (Moore et al., 2000). Follicles absorb
iodine from blood in the form of lodide (I7), and the absorbed iodine is
used for the synthesis and storage of thyroid hormones (Carrasco, 1993).
Follicles are grouped in the form of ‘lobules’ and are nourished by an ‘end
artery’ (McDougall, 2013). Parafollicular cells are scattered around the
follicular cells and secrete a linear polypeptide hormone called ‘calcitonin’
that is involved in the metabolism of calcium and phosphorus in the

human body (Fujimori et al., 2013).
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Figure 2.2 Schematic illustration of histological features of the

normal thyroid gland.
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2.1.2 Anatomy of thyroid gland

The thyroid is a soft, red-coloured, butterfly-shaped endocrine gland
located in the anterior neck. The gland is in the anterior neck behind the
platysma, the sternohyoid, and the sternothyroid muscles and extends
from the sixth cervical vertebra to the first thoracic vertebra. It weighs

around 15 - 25 g in adults (Imam, 2016).

The thyroid gland has two lobes on each side of the neck that are
interconnected by a thin slice of thyroid tissue, called isthmus, at the level
of the second, third, and fourth tracheal rings. Medially, the trachea and
the oesophagus are bound to each thyroid lobe. Sternocleidomastoid and
strap muscles (superior belly of the omohyoid, sternothyroid, and
sternohyoid) lie anterolaterally, while the carotid sheath, containing the
common carotid artery, the internal jugular vein, and the vagus nerve, is

located posterolaterally to the thyroid gland (Stewart and Rizzolo, 2012).

The pyramidal lobe is a small projection that arises from the isthmus
and extends upward towards the left of the midline. The pyramidal lobe
is present in 15% - 75% of patients with thyroid diseases (Sinos and
Sakorafas, 2015). In addition to its own capsule, the thyroid gland is also
unsheathed by the pretracheal fascia that attaches posteriorly to the
‘cricoid cartilage’ and the ‘suspensory ligament of Berry’ to facilitate

upward and downward movements of the gland during deglutition.
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The red appearance of the thyroid gland owes to its rich blood
supply. The superior thyroid artery (a branch of the external thyroid
artery) descends bilaterally to reach the superior pole of each thyroid
lobe. It runs parallel to the external laryngeal nerve, pierces the thyroid
fascia, and gives off anterior and posterior branches. The anterior branch
of the superior thyroid artery bathes the anterior aspect of the thyroid
gland and the posterior branch supplies to the medial and lateral regions
of the gland. The inferior thyroid artery branches from the thyrocervical
trunk which is originated from the subclavian artery. The inferior thyroid
artery crosses the carotid sheath and reaches the middle and inferior
poles of the thyroid gland, where the artery gives off superior and inferior
branches and supplies to the posterior and inferior regions of the thyroid
gland. A small fraction (3% - 10%) of the general population, show an
uncommon variant of blood vessels called ‘thyroid ima artery’. The thyroid
ima artery is an unpaired, persistent embryonic vessel and has various
origins including the subclavian artery, the inferior thyroid artery, the
aortic arch, the brachiocephalic trunk, and the common carotid artery.
The artery ascends along the anterior surface of the trachea to reach the
isthmus of the thyroid gland. The presence of ima artery must be noted
while performing thyroidectomy or tracheostomy, as it is a potential

source of heavy bleeding during surgery (Youn et al., 2014).
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The thyroid venous plexus is a composite of the superior, middle,
and inferior thyroid veins, and is located on the anterior surface of the
thyroid gland. The superior thyroid vein runs along with the superior
thyroid artery. It emerges from the upper pole of the thyroid gland and
drains into the internal jugular vein. The middle thyroid vein drains the
lateral aspect and inferior surface of the thyroid gland. Like the superior
thyroid vein, the middle thyroid vein drains into the internal jugular vein.
There are about three to four inferior thyroid veins, and they originate
from the venous plexus of the thyroid gland. Inferior thyroid veins drain

directly into the brachiocephalic veins (Kanani et al., 2014).

Lymphatic drainage of the thyroid gland is extensive and
multidirectional, as it bathes the interlobular connective tissues first and
then proceeds to the prelaryngeal, pretracheal, paratracheal, and
mediastinal lymph nodes. Some lymphatic vessels drain into the
brachiocephalic lymph nodes and the deep cervical nodes, whereas
others drain directly (without involving lymph nodes) into the thoracic duct

(Youn et al., 2014).

The nerve innervation of the thyroid gland is derived from both the
sympathetic and the parasympathetic nervous system. Sympathetic
distribution involves superior, middle, and inferior cervical sympathetic

ganglia. They cause vasoconstriction of blood vessels. Parasympathetic
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fibres arise from the vagus nerve. The right vagus nerve gives rise to the
right recurrent laryngeal nerve, which circles around the subclavian artery
and ascends to the right lobe of the thyroid gland. The left vagus nerve
branches into the left recurrent laryngeal nerve, which circles around the
aortic arch and traverses posteriorly to reach the left lobe of the thyroid
gland (Mizrachi et al., 2015).
2.1.3 Synthesis of thyroid hormones

The thyroid gland synthesizes and secretes two important
hormones; thyroxine (T4) and triiodothyronine (T3). The synthesis of
thyroid hormones (TH) involve various steps (Mullur et al., 2014,

Braverman and Cooper, 2012).

15t step: lodide uptake by thyroid follicular cells by means of ‘active
transport’, utilizing a Na*/ I symporter.

2nd step: Oxidation of lodide to lodine by NADPH-dependent
thyroperoxidase (TPO) enzyme in the lumen of thyroid follicles.

3" step: Binding of oxidized iodine with thyroglobulin tyrosine to
form iodotyrosine.

4t step: Monoiodotyrosine and diiodotyrosine are coupled to form

Tzand Ta.

After synthesis, thyroid hormones are stored in the colloid of thyroid
follicles. Hormonal release from the thyroid gland is auto-regulated by the
hypothalamus-hypophysis-thyroid axis. Low levels of thyroid hormone in

circulation stimulate the hypothalamus to release thyroid releasing
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hormone (TRH), that is synthesized and taken to the frontal lobe of the
hypophysis via portal circulation to stimulate the release of thyroid
stimulating hormone (TSH). TSH is then secreted into the blood stream
and is taken to the thyroid gland for synthesis and secretion of Tsand Ta.
The effect of TSH and TRH is controlled by a negative feedback system
in which higher levels of Ts and T decrease the secretion of TSH and

optimum levels of thyroid hormone are restored (McKerns, 2013).

2.1.4 Functions of thyroid hormones
Thyroid hormones are essential in the human body, and they play
important functional roles in the body metabolism (Mullur et al., 2014,

Christiansen et al., 2007).

1. Thyroid hormones accelerate the basal metabolic rate of the
body which increases oxygen utilization and general thermogenesis.

2. Thyroid hormones speed up cardiac output and heart rate by
increasing the B-adrenergic count without affecting catecholamine
secretion.

3. Thyroid hormones stimulate several metabolic activities. In case
of lipid metabolism, plasma fatty acid concentrations are directly related
to the levels of thyroid hormone concentrations in peripheral blood
circulation. Thyroid hormones facilitate the oxidation of fatty acids in body
tissues (Pucci et al., 2000). Serum concentrations of triglycerides and
cholesterol are inversely proportional to thyroid hormone levels in

plasma. In carbohydrate metabolism, thyroid hormones promote
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gluconeogenesis and glycolysis to liberate free glucose and enhance
insulin-dependent glucose entry into the cells (Sinha et al., 2014). At
desired physiological concentrations, thyroid hormones stimulate the
synthesis and degradation of proteins into amino acids (Muller and Seitz,
1984).

4. Thyroid hormones potentiate the effects of insulin and
epinephrine, and therefore increase the secretion of growth hormones.

5. Thyroid hormones are essential for the pre- and post-natal
development of the brain. Thyroid hormones play an important role in
myelinization of the nerves. Deficiency of thyroid hormones during the
foetal period causes, for example, mental retardation, retardation in deep

reflexes, and cerebral hypoxia.
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2.2 Thyroid nodules and thyroid cancer

Thyroid nodules constitute abnormal growth in the thyroid
parenchyma, and may represent thyroid heterogeneity due to genetic
and epigenetic involvement (Sofferman and Ahuja, 2011). Thyroid
nodules are detected in 3% - 7% of the general population by ‘palpation’
(Tunbridge et al., 1977), whereas 20% - 76% of thyroid nodules are found
by grey-scale ultrasound and in autopsy records (Feng et al., 2012, Ross,
2008). Thyroid nodules at an estimate of 20% - 48% are incidentalomas
which are found incidentally with or without clinical symptoms (Tan and
Gharib, 1997). Incidental thyroid lesions are commonly found on
ultrasound, computed tomography (CT), magnetic resonance imaging
(MRI) (Shetty et al., 2006), and 8F-flourodeoxy-glucose positron
emission tomography (PET) (Choi et al., 2006), performed for unrelated

medical reasons.

Most thyroid nodules are benign, whilst 5% - 15% of nodules are
malignant (Ali et al., 2013, Kratky et al., 2014, Ciledag et al., 2016,
Hussein et al., 2013). Thyroid nodules are frequently found in elderly
people and in individuals with iodine deficiency. They are more common
in females than males (4:1). Other risk factors involved in the
development of thyroid nodules include an iodine-deficient diet, an
irradiation treatment history in childhood for cancers such as lymphoma,
Wilms tumour, or neuroblastoma, a family history of thyroid cancer, a

history of Hashimoto’s disease, environmental chemicals (e.g.
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thiocyanate, lithium), drugs (e.g. aniline derivatives, thionamides),
flavonoids, and various chemical carcinogens (e.g. thiamine compounds,
aminotriazole, nitrosamine, oxydianiline, methylene benzylamine, etc.)

(Salabe, 2001).

Thyroid cancer is the most common endocrine malignancy and
accounts for 2% - 3% of all cancers. The prevalence of thyroid cancer is
3 - 4 times higher in females than in males. A recent study claimed that
over 77% of all patients with thyroid cancer worldwide are female
(Kitahara and Sosa, 2016). More than 95% of thyroid cancer cases are
differentiated carcinomas (originated from thyroid follicles and with the
ability to concentrate iodine). Papillary thyroid carcinoma (PTC) and
follicular thyroid carcinoma (FTC) are classified as differentiated thyroid
carcinoma. PTC alone constitutes 80% to 85% of all thyroid malignancies
and is the most common form of thyroid malignancy, with a relatively
better prognosis than other types of thyroid cancer. FTC represents 10%
to 15% of all thyroid malignancies. Under the microscope, follicular
thyroid carcinoma resembles the microscopic features of the normal
thyroid gland. Although FTC is a well-differentiated carcinoma, it is overtly
or minimally infiltrating and has the potential to spread to distant organs
via the blood stream. FTC is a slow-growing carcinoma and has a
favourable prognosis, with a mean mortality rate of 1.5% in females and
1.4% in males. Lymphatic involvement is rare in FTC and the mean
survival rate is < 60% after 10 years of first occurrence (Sobrinho-Simoes

et al., 2011).
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Anaplastic carcinoma (1% - 2% of all thyroid malignancies) is
classified as undifferentiated or poorly differentiated thyroid carcinoma,
and has a much worse prognosis than any other form of thyroid cancer.
Anaplastic carcinomas arise from the follicular cells and present with
rapidly growing mass in older people. Patients usually present with
advanced stages of the cancer where surgery is inappropriate and
external radiation beam therapy or intensive modulated radiation therapy
with or without concurrent chemotherapy are the preferred therapeutic

options (Gharib et al., 2016).

Medullary thyroid carcinoma (MTC) originates from parafollicular
cells (C-cells) that are involved in the synthesis of calcitonin. MTC
constitutes 2% - 3% of thyroid malignancies and has a poor prognosis.
Cervical lymph node metastasis is common. An elevated level of serum
calcitonin or carcinoembryonic antigen (CEA) may help to establish the
diagnosis. Total thyroidectomy is the standard treatment for MTC. The
10-year survival rate of patients with MTC is 75%. The prognosis is
poorer than that for PTC and FTC but better than that for ATC (Bomford

et al., 1993).
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Table 2.1 List of high-risk factors for thyroid malignancy

(Gharib et al., 2016)

High-risk factors for thyroid malignancy

1. Male sex

2. Age less than 14 years or greater than 70 years

3. Irradiation history

4. Consistency: firm or hard; fixed not movable

5. A persistent cough not related to cold, dyspnoea

/dysphonia/dysphagia
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Table 2.2 List of common causes for the development of thyroid nodule

(Pacini)

Common causes for thyroid nodule development

[EnN

. Anaplastic carcinoma

2. Benign nodule/goiter

3. Chronic lymphocytic thyroiditis
4. Follicular adenomas/carcinomas
5. Haemorrhagic cyst

6. Hurthle cell carcinoma

7. Medullary thyroid carcinoma

8. Papillary thyroid carcinoma

o

. Primary lymphoma

10.Sarcoma/Teratoma
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Figure 2.4 Histological features of (a) Papillary thyroid cancer; illustrating
orphan annie eye and Psammoma bodies (b) Follicular thyroid carcinoma;
showing capsular/vascular invasion (c)Medullary thyroid carcinoma; featured
amyloid deposition (d) Anaplastic thyroid cancer; pleiomorphic giant tumor cell

nuclei. Source: http://www.thyroidmanager.org/chapter/thyroid-cancer/

Thyroid cancer, Furio Pacini, Professor of Endocrinology, Director, Section of

Endocrinology and Metabolism University of Siena, Siena, Italy.
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2.2.1 Diagnostic approaches for thyroid cancer
2.1.1 Signs and symptoms
The presence of an unusual lump or swelling near the Adam’s apple
Is the most common sign of thyroid cancer. In most cases, the lump is
painless. However, pain over the anterior aspect of the neck and radiating
to the ears is suspicious for thyroid cancer. Rapidly growing thyroid
nodules also raise suspicion of thyroid malignancy and demands
immediate investigation. Changes in the voice or hoarseness that are not
relieved with medication may also be suggestive of thyroid cancer.
Patients with thyroid cancer may present with difficulties in breathing or
complaints of a persistence cough that is not related to the cold. In few
cases, thyroid nodules may cause difficulties in swallowing (Bomford et

al., 1993, Nix et al., 2005).

2.2.1.2 Palpation

Palpation is one of the physical examination methods that is
commonly performed for patients with suspected thyroid nodules.
Palpation can be used to assess the texture (e.g. solid, cystic) and
consistency (firm/mobile) of thyroid nodules. Based on the mechanical
properties of soft tissues, palpation methods can differentiate between
soft and hard nodules. Moreover, the mobility or fixity of the nodule can
be determined. Malignant thyroid nodules tend to appear hard on
palpation (Gharib et al., 2010). Palpation is sensitive for assessing large
and superficial thyroid lesions but not for small and deeply situated

thyroid nodules. In addition, small malignant thyroid lesions are often
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devoid of suspicious features of palpation, such as hardness and fixed
nodules, compared to larger malignant nodules (Tan et al., 1995).
Therefore, palpation may not be useful for assessing smaller thyroid
nodules. In addition, the accuracy of palpation also depends on the
experience of the examiner. The sensitivity, specificity, and diagnostic
accuracy of palpation in assessing thyroid nodules are 63%, 67%, and

65%, respectively (Kharchenko et al., 2010).

Because of the limited accuracy of palpation in assessing thyroid
nodules, the American Association of Clinical Endocrinologists (AACE),
the Associazione Medici Endocrinologi (AME), and the European Thyroid
Association (ETA) suggest that all palpable thyroid nodules or clinically
suspicious thyroid nodules should be evaluated with GSU (Gharib et al.,

2016).

2.2.1.3 Blood test

During routine clinical practice, a serum blood test to detect
changes in thyroid hormone levels to rule out thyroid malignancy is not
performed (Andersen et al., 2002). However, increased serum levels of
calcitonin and carcinoembryonic antigen (CEA) are common predictors
of MTC (Barbet et al., 2005). Serum levels of thyroid hormones, such as
free thyroxine (T4), triiodothyronine (T3), and thyroid stimulating
hormone (TSH) are usually performed to determine physiological
functioning of the thyroid gland (DAVIES, 2017). Depending upon the

stage of the thyroid cancer, most thyroid cancers are found to be
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euthyroid (Hwang et al., 2016). However, abnormal thyroid hormone
levels do not exclude the risk of malignancy and should be correlated

with other clinical investigations.

2.2.1.3.1 Thyroid function test

Measurements of serum TSH should be the first step in evaluating
physiological functions of the thyroid gland. The reference values for
normal serum TSH levels, free T4, and free T3 range between 0.5 and 6
uU/ml, 0.7 and 1.9 ng/dl, and 230 and 619 pg/d, respectively. However,
the reference values used to detect normal thyroid hormone function vary
among different laboratories. A chronic increase in TSH levels raises the
risk of thyroid cancer (Haymart et al., 2008), whereas TSH levels below
the normal physiological range are associated with lower risks of papillary

thyroid cancer (Fiore et al., 2009).

2.2.1.3.2 Serum thyroglobulin levels
Serum levels of thyroglobulin (Tg) are measured before, during, and
after thyroidectomy to detect recurrence of cancer or identification of
residual tumour cells after surgery. Ideally, thyroglobulin levels should be
very low or undetectable after thyroidectomy followed by radioiodine
treatment. Persistent detection of thyroglobulin indicates recurrence of

thyroid cancer (Spencer et al., 1999).
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2.2.1.4 Fine needle aspiration cytology (FNAC)

FNAC is a minimally invasive, cost-effective, and current standard
method to characterize thyroid nodules. Fine needle aspirates may be
reported as benign (e.g. colloid nodule, hyperplastic nodules, cystic
lesions, lymphocytic or granulomatous lesions), malignant (ATC, MTC,
FTC, or PTC), non-diagnostic (poor cellularity and/or poor fixation of
specimen), or as follicular lesions (e.g. Hurthle cell neoplasm and
follicular variants of PTC) (Perros et al., 2014, Yoon et al., 2011b). FNAC
is commonly performed by endocrinologists because they have the
necessary skill to palpate the nodule and can perform adequate sampling
(Veyrieres et al., 2012a). Nevertheless, FNAC yields a wide range of
sensitivity (54% - 94%) and specificity (60% - 98%) in the diagnosis of
thyroid cancer (Cantisani et al., 2015, El Hennawy et al., 2013, Luck et
al., 2017). Due to the high complexity of cellular features, there is a
greater likelihood of skipping diagnosis in histology-proven ‘non-

diagnostic’ nodules (Cantisani et al., 2015).

Ultrasound-guided fine needle aspiration cytology (FNAC) has
played a vital role in the assessment of thyroid nodules. In comparison
with palpation-guided FNAC, ultrasound-guided FNAC has significantly
decreased the numbers of inadequate sampling or false-negative
aspirates due to the appropriate selection of suspicious areas of the
nodule that resulted in a reduction of unnecessary surgeries. The
reported sensitivity, specificity, positive predictive value, negative

predictive value, and diagnostic accuracy of ultrasound-guided FNAC are
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96.7%, 85.9%, 76.6%, 98.2%, and 89.4%, respectively (Yoon et al.,

2011a).

Nodule selection for FNA biopsy

Most recent guidelines for the selection of a nodule to perform

FNAC are provided by the AACE/AME/ETA thyroid nodule guidelines

2016 (Gharib et al., 2016) (Figure 2.7). A thyroid nodule should receive

FNAC if it meets one of the following criteria:

1)

2)

3)

4)

5)

6)

Solid and hypoechoic on GSU, and diameter > 1.0 cm.

Extra thyroidal extension or cervical lymph node involvement;
nodule of any size.

Previous history of neck irradiation; family history of PTC or MTC,;
nodule of any size.

GSuU feature involvement (microcalcification, height-to-width ratio >
1, irregular border or hypoechogenicity); suspicious of malignancy
highly increases if more than one GSU features are found; nodule
size > 10 mm.

Incidentaloma discovered on CT-scan or MRI should be evaluated
with GSU before FNA is suggested.

Incidentaloma discovered on 8F-flourodeoxy glucose carry a high
risk of malignancy and should be evaluated by GSU and ultrasound-

guided FNA.
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7

8)

Specimen should only be collected from a solid component of the
nodule facilitated by ultrasound-guided FNA when complex (solid-
cystic) nodules are encountered.

In the case of multinodular goitre (MNG), if cervical lymph node

involvement is evident, then a biopsy is indicated for both nodules.
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Indications for Fine Needle Aspiration Biopsy

‘ | 1,

(male sex; age <l4or>70,  Extrathyroidal Microcaleification; Solid intemal Mixed constitution g

ongiform  Purel
Irradiation history, solid fixed extension: ~ Iregular border ~ Structwre  (solid / cystic) a il

nodule, dyspnea, dysphoniz,  Cervical Iymph Hypoechoic  nodule Ol
Or dysphagia) with suspicious podes nodule

GSU features: irregular shape

/ margins, microcalcification,

tall to width ratio >1.solid

Figure 2.6 lllustration of guidelines to perform fine needle aspiration biopsy on
thyroid nodules. Concept based on information provided in the guidelines of

AACE/AME/ETA (Gharib et al., 2016)
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2.2.1.5 Medical imaging techniques for thyroid assessment
2.2.1.5.1 Scintigraphy
The primary role of thyroid scintigraphy is to differentiate hot and
cold thyroid nodules based on the uptake of radioactive tracers (lodine-
123 and Technetium-99m pertechnetate), compared to extranodular
tissue uptake (Van Nostrand et al., 2016). A cold thyroid nodule has a
reduced tracer uptake, and a hot nodule has an increased tracer uptake.
In common clinical practice, more than 85% thyroid nodules appear ‘hot’
and are classified as benign, whilst up to 15% of cold nodules are
malignant. However, it must be noted that not all ‘cold’ nodules are
malignant and vice versa (Treglia et al., 2013). lodine-123 (*?3l) and
Technetium-99m (®*MTc) pertechnetate are the common radioactive
tracers for thyroid scintigraphy. The American Thyroid Association (ATA)
guidelines (2015) recommend the use of 13| over ®°"Tc pertechnetate,
because of the high resolution and image quality and a reduced radiation
burden associated with the former tracer. (Haugen, 2016) However, the
European Association for Nuclear Medicine suggests that both 23|
and ®"Tc pertechnetate are useful for thyroid scintigraphy (Verburg et

al., 2016).

In comparison to °¥MTc pertechnetate, 123 is expensive and not
readily available. In contrast, ®®*"Tc pertechnetate is available at a low
price and has an uptake similar to that of 123l. Moreover, it takes
comparatively less time (10 - 20 minutes) after intravenous injection of

9mTc pertechnetate for the tracer to concentrate in the thyroid and thus
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for the subject to be ready for imaging. The uptake time of 123 is longer
and imaging must therefore be delayed for almost 24 hours (Ramos et
al., 2002). Altogether, these factors have made **"MTc pertechnetate the
radioactive tracer of choice for assessing the functional characteristics of
the thyroid gland. However, it should be noted that ion organification is
absent with °™Tc pertechnetate, and that it can therefore not replace 23|
in cases where iodide organification is required, such as for example
dyshormonogenic hypothyroidism and organification defects in

autoimmune chronic thyroiditis (Harbert et al., 1996, Agrawal et al., 2015)
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Table 2.3 Characteristics of Radiopharmaceuticals Used in Thyroid
Imaging (Agrawal et al., 2015, Van Nostrand et al., 2016)

Physical half-life

(tu2)

Photon energy

Beta emission and

energy

Mechanism of

uptake

Advantages

Disadvantages

9mTc-Pertechnetate

6 h

140 keV

No

Trapped by the thyroid

Easily available

Less expensive

Quicker examination

Low radiation burden

No organification

Poor image quality when

uptake is low

Not good for retrosternal

mass characterization

123|-1odide

13.2 h

159 keV

No

Trapped and organified

Good for visualization of

retrosternal tissue

Better image quality

Low radiation burden

Less readily available

Relatively expensive

Delayed imaging at 24 hours

is required

Higher radiation burden
compared with °™Tc-

pertechnetate
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Normal Thyroid Scan

COLD NODULE

HOT NODULE

Figure 2.7.1 Thyroid scintigraphy with 231 (Ain and Rosenthal, 2010)
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2.2.1.5.2 Positron Emission Tomography (PET)

PET is promising imaging technique with benefits of higher spatial
resolution and quantitative measurements of metabolic activities
compared to gamma camera.®F-fluorodeoxyglucose (FDG) is a PET
radiotracer which targets glucose metabolism in tumors (Lin and lagaru,
2010). Most of the thyroid cancer are differentiated thyroid cancer such
as papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma
(FTC) altogether constitutes up to 95% of all thyroid malignancies.
Differentiated thyroid cancer, recurrent tumors, and metastatic cancer
have slow growth rate and consume more glucose than normal body
tissue and this makes the best strategy of using 8F-FDG in diagnosing
recurrent and metastatic differentiated thyroid cancer (Haslerud et al.,
2016). In complicated cases, where the tumor is undetected on
scintigraphy after thyroidectomy and recurrence are suspected due to the
persistent elevated level of thyroglobulin, ¥F-FDG-PET can help to
identify cancer cells on the basis of high glucose metabolic rate (Wimmer
and Pichler, 2016). A meta-analysis by Dong et al. (2009) evaluated 571
patients with metastatic or recurrent differentiated thyroid carcinoma and
found that *8F-FDG was effective in diagnosing metastatic thyroid lesions
with elevated TSH levels. The pooled sensitivity and specificity of the
study was 84% for both diagnostic parameters (Dong et al., 2009).
Another study suggested a change in TNM staging due to the 8F-FDG
results in 21% of the patients. The authors suggested that ®F-FDG
should be established as an initial-stage modality in high-risk patients

with differentiated thyroid carcinoma (Rosenbaum-Krumme et al., 2012)
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Figure 2.7.2 8F-FDG -PET scan of medullary thyroid carcinoma

(Wimmer and Pichler, 2016)
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2.2.1.5.3 Computed tomography (CT)
CT scans provide important information regarding the local
extension of cancer or the presence of mass effect, and they are useful
in evaluating recurrent disease. Furthermore, CT examination plays a
crucial role in preoperative surgical planning for patients with

symptomatic goitre (Saeedan et al., 2016).

CT features of benign and malignant thyroid nodules are not well
established, compared to grey-scale ultrasound. Ill-defined margins and
extrathyroidal extension such as lymph node involvement or invasion to
surrounding thyroid parenchyma are suspicious features of malignancy
on CT scans of thyroid nodules. However, the absence of these features

does not eliminate the risk of malignancy (Weber et al., 2000).

One recent study suggested that the most common CT features for
PTC were taller-than-wide shape and homogenous low attenuation. The
author of the study further concluded that the degree of enhancement
(sensitivity 84.5%, specificity 47.8%), the pattern of enhancement
(sensitivity 81.9%, specificity 58.7%), and ill-defined margins (sensitivity
40.5%, specificity 80.4%) were important features in differentiating
between benign and malignant thyroid nodules (Kim, 2014). Twol other
studies reported that calcifications, nodular attenuation values > 130 HU
on contrast-enhanced CT, and nodular attenuation = 55 HU on non-

enhanced CT were associated with malignant thyroid nodules; the results
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of these studies were statistically significant (all P < 0.05) (Ahmed et al.,

2012, Kim, 2014).

CT and MR imaging are indicated for larger tumours (greater than
3 cm in diameter) that extend outside the gland to adjoining structures,
including the mediastinum and the retropharyngeal region. Metastatic
lymph nodes in the neck and invasion of the aero digestive tract are also
in the realm of the diagnostic possibilities of CT and MR imaging. In
addition, CT is usually the imaging modality of choice for the detection of

pulmonary metastasis of thyroid cancer (Kabala, 2006).
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Figure 2.7.3 lllustrates CT-scan image of Papillary thyroid carcinoma in the
right lobe of 28 years old female. The arrow shows malignant mass with
extrathyroidal extension. The arrowhead represents a small lymph node with

contrast enhancement at right level Ill. (Choi et al., 2009).
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2.2.1.5.4 Magnetic Resonance Imaging (MRI)
MRI has the potential to depict very fine details of thyroid tissue.
However, there is very little information available in the literature
regarding the description of MRI characteristics of benign and malignant
thyroid nodules. One recent study showed that MRI T2-weighted imaging
can accurately differentiate between benign and malignant thyroid

nodules with 86% sensitivity and 100% specificity (Noda et al., 2015).

The use of CT and MRI in thyroid cancer is indicated in the following

situations (King, 2008):

(1) Preoperative assessment

(2) Follow-up of disease

(3) Suspicion of a locally advanced tumour
(4) Assessment of recurrent disease

(5) Tumour staging
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Figure 2.7.4 lllustrates transverse MRI scan (T2 weighted image) of PTC
(arrows) with central cystic change. Several abnormal lymph nodes with cystic
changes can be observed bilaterally (arrowheads) in the internal jugular and

posterior cervical chains (Kabala, 2006).
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2.2.1.5.5 Ultrasonography

High-frequency (1 - 30 MHz) sound waves are classified as
‘ultrasound waves’. Ultrasound waves are longitudinal waves that travel
at a velocity of 1540 m/sec in human soft tissues. Ultrasound imaging of
the thyroid gland provides detailed anatomical information and identifies
pathological features associated with various thyroid diseases. As
suggested by the American Thyroid Association (ATA), grey-scale USG
is a useful imaging modality to assess the thyroid gland and its pathology
(Cooper et al., 2009, Blum). USG is a safe, inexpensive, and widely
available technique with relatively fair specificity and good sensitivity. It
can clearly differentiate cystic from solid nodules (Hegedis and
Bennedbaek, 2005, Shapiro, 2003) (Figure 2.5). Up to 68% of thyroid
nodules are detected by USG in randomly selected individuals (Sun et
al., 2014b). Grey-scale ultrasonography is suitable for thyroid imaging
because it depicts the internal structure of the gland without applying
ionizing radiation (Butch et al., 1985) and produces an image with a high
correlation to the thyroid anatomy. Ultrasound is also of great clinical
significance in guiding fine needle aspiration cytology (Danese et al.,

1998, Manning et al., 2017).

In general, the normal thyroid gland has a ground-glass appearance
(homogenous echotexture). It is hyperechoic as compared to adjacent
tissues (e.g. sternocleidomastoid). In adult humans, the thyroid volume
ranges from 5 - 20 cm?, and can easily be influenced by sex, age, body

weight, and other physiological and environmental factors.
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Each thyroid lobe has a globular appearance (height = 3 - 4 cm,
width =1 - 1.5 cm, depth = 1 cm) and is interconnected with the isthmus
(identified as a uniform, smooth structure lying anterior to the trachea),
approximately 0.5 cm in height and 2 - 3 cm in depth. The pyramidal lobe
is usually not visible in adults but can be observed in young children. The
trachea is filled with air and does therefore not transmit ultrasound waves.
Placing the transducer obliquely near the trachea may allow the
visualization of the region behind the trachea. The oesophagus is located
slightly to the left; air and fluid fill the lumen appearing as a hypoechoic
centre surrounded by a hypoechoic rim due to the presence of
oesophageal musculature, altogether giving a characteristic ‘bull’s eye’
shape on grey-scale ultrasonogram. Bones and other calcified tissues or
calcified lesions (e.g. micro/macro calcifications) block the ultrasound
waves and appear as bright, echo-free shadows on grey-scale images.
Organs and fleshy structures exhibit ground-glass appearance whereas

cysts exhibit homogeneous hypoechoic appearance.

Image brightness can be controlled by adjusting the ‘gain control
knob’. Blood vessels are usually echoless and can be best visualized by
CDU; using this approach, the blood vessels can be differentiated from
cystic lesions. The jugular vein usually appears in collapsed condition
and can be distended by a Valsalva manoeuvre for best visualization.

Other manoeuvres, such as swallowing of water for identification of the
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oesophagus and various degrees of hyperextension of the neck can be

adopted to enhance image quality.

For large goitres, panoramic ultrasound has been suggested in
which images with a large ‘field of view’ are produced. However, the
performance and interpretation of sonograms is subjective and therefore
prone to inter- and intra-observer variation. One previous study has
suggested that inter-observer variation can be minimized by selecting a
curved transducer instead of a linear transducer (Peeters et al., 2003). It
is recommended that a low-energy transducer should be used to
delineate the fine anatomy of the thyroid. Usually, 15 - 4 MHz is optimal
for all except large goitres. Some of the GSU features are correlated with
malignancy. The underlying pathology can be related to the gross

appearance of nodules characterized by GSU.
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Figure 2.7.5 Grey-scale ultrasound features of normal thyroid gland and its

anatomical relationship.
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normal thyroid gland
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2.2.1.5.5.1 Grey-scale ultrasound features of malignant thyroid nodules
Echogenicity
Solid tumours (e.g. PTC) are packed with denser material (e.g.
collagen) and have higher interstitial fluid pressure (IFP) compared to
normal thyroid follicles. This may reduce the interface with acoustic
impedance and decrease ultrasound reflection that results in the
hypoechoic appearance of thyroid nodules (Figure 2.8.8).
Irregular shape
Thyroid tumour cells proliferate in an uneven manner that gives rise
to the irregular shape on grey-scale USG scans (Figure 2.8.9).
Microcalcification
Microcalcifications appear as hyperechoic points without acoustic
shadows on grey-scale ultrasonograms. Ultrastructural investigation
shows thickening of the base lamina of neoplastic papillae followed by
calcification, collagen production by necrotic tumour cells, and formation
of ‘Psammoma bodies’ (Figure 2.8.9).
Solidity
The higher stiffness of malignant thyroid nodules is multifactorial.
There is increased permeability of tumour vessels, leakage of plasma
protein not effectively drained by lymphatic vessels, overproduction of
vascular endothelial growth factor (VEGF) by tumour cells, infiltration of
activated macrophages and immune cells, and inward diffusion of
extracellular matrix and collagen fibres. Therefore, malignant cells
become stiffer compared to normal thyroid follicular cells. Although GSU

can accurately identify suspicious features for malignancy (e.g. micro-
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calcification, irregular margins, hypoechogenicity, and irregular shape)
the sensitivity and specificity of GSU vary considerably, between 52%
and 97% and 26% and 83%, respectively (Sun et al., 2014b). Moreover,
these findings are based upon subjective and qualitative assessments
and vulnerable to inter- and intra-observer variability. The American
Thyroid Association (ATA) suggests that no single feature or combination
of GSU features are sensitive or specific enough to detect all malignant
thyroid nodules(Ahuja and Evans, 2000, Cerbone et al., 2000). Some
USG features are quantitative (e.g. vascularity, the stiffness of the
nodule) and should be assessed by objective methods so that their
clinical values can be evaluated (Figure 2.8.8).
Aspect ratio (taller-than-wide or anterior-posterior diameter/transverse
diameter) > 1
This feature has repeatedly been reported to be associated with
malignant thyroid nodules only (Popli et al., 2012, Anil et al., 2011,
Johnson et al., 1988). The presence of this feature raises the suspicion
of malignant potential of a thyroid nodule. Papillary thyroid carcinoma
more commonly express taller-than-wide shape (Michels et al., 2007).
Tall cell variants of papillary thyroid carcinoma might be responsible for

such characterization of PTC (Harach and Zusman, 1991) (Figure 2.9).
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Figure 2.7.7 Transverse grey-scale sonogram illustrating papillary thyroid
carcinoma (PTC) in the left lobe of the thyroid gland of the 43-year-old female
patient. PTC is hypoechoic with respect to healthy thyroid parenchyma and

adjacent muscles.
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Figure 2.7.8 Transverse sonogram of right lobe of thyroid gland illustrating

papillary thyroid carcinoma with irregular margins and microcalcification
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Figure 2.7.9 Transverse grey scale lllustration of classical feature “aspect
ratio (tall/wide >1) in A (1.34; 0.80 cm), B (0.77; 0.72 cm) and C (0.64; 0.58

cm) respectively obtained from three patients.
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2.2.1.5.5.2 Grey-scale ultrasound features of benign thyroid nodules
Benign thyroid nodules have distinct grey-scale features and can be
identified easily. Several features are associated with benign thyroid
nodules.
Cystic composition
Nodules with greater proportions of cystic components are usually
benign. Spongiform (multiple cystic components) nodules also lie in the
realm of benignity. However, predominantly solid nodules (> 10% and <
50% of the cystic component) should be investigated in more detail. It
should be noted that not every cystic nodule is benign. PTC tends to
appear cystic when it is necrotic and very large in size (Dudea and Botar-
Jid, 2015).
Comet tail sign
This sign is highly specific to benign thyroid nodules and represents
colloid lesion. The overall sensitivity, specificity, and accuracy of this sign
are 74%, 83%, and 81%, respectively (Ahuja et al., 1996). There is a high
resemblance between the ultrasonography appearance of colloid and
small punctate calcifications (a highly specific feature of PTC) and one
can easily be confused when differentiating these two features, since
both are hyperechoic. However, the distinction can be made by noticing
the presence of the comet tail artefact behind the colloid, whereas
punctate calcifications do not exhibit comet tail artefacts (Malhi et al.,

2014).
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Margins (regular border)

In comparison with malignant thyroid nodules that usually have
irregular margins due to infiltration and stromal changes, benign thyroid
nodules tend to have well-defined borders, possibly because they are
localized and do not proliferate in an uneven manner (Algin et al., 2010).

Peripheral halo sign

In benign thyroid nodules, the halo appears thin and complete,
possibly because there is rapid albeit controlled growth of thyroid
neoplastic cells that causes compression in the adjacent thyroid
parenchyma and results in the formation of the halo. A halo may also
appear in malignant lesions; however, these halos are usually
incomplete, possibly due to uneven and uncontrolled cell growth of
thyroid cancer cells. In most cases, a halo sign is absent in malignant
thyroid lesions (Asteria et al., 2008, Unliturk et al., 2012).

Multinodularity

Multinodularity is commonly observed in benign thyroid lesions.
Malignant thyroid nodules are usually solitary (Ahuja and Evans, 2000).
However, the risk of thyroid cancer with multinodularity should not be
underestimated (Mengal et al.). Benign and malignant thyroid nodules
may be found in the same gland. It has previously been reported that

10% - 20% of PTC are multicentric (Wisner and Nyland, 1998).
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Figure 2.8.1 Benign thyroid nodule characterizing isoechogenecity and

complete Halo sign
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2.3 Review of literature for Study 1
2.3.1 Soft tissue elasticity

Mechanical properties (e.g. elasticity or stiffness) of biological soft
tissues depend on molecular constitution, such as fat deposits, water
content, collagen, elastin fibres, and micro/macro structural organization
of the tissue. Desmoplastic reaction in response to tissue insult or
neoplasia might be responsible for excessive collagen production and
infiltration inside malignant cells that alter tissue elasticity and stiffness.
Koperek et al. (2007) observed desmoplastic reaction and
microcalcification in PTC and suggested that desmoplastic reaction might
be associated with tissue stiffness (Koperek et al., 2007). To date, there
IS no study available in the literature that measures the increased
stiffness of PTC nodules due to desmoplastic reaction. Unfortunately,
modern imaging techniques such as scintigraphy, MRI (except for MR
elastography), CT, and GSU do not measure elastic properties of
healthy/pathological tissues. Considering the strengths and limitations of
available imaging techniques as well as the increased incidence of
thyroid nodules, there is a need for a reliable, non-invasive, quantitative
imaging technique that can measure changes in stiffness of soft tissues
during the pathological course and aids in minimizing the number of

unnecessary biopsies.

2.3.2 Elastography principle and technique
Sonoelastography is a novel technigue that quantifies elastic

properties of healthy/pathological soft tissues. This technique provides
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information on tissue stiffness and evaluates the degree of distortion of
tissue under stress. The basic principle of sonoelastography is that the
force applied to the soft tissue is proportional to the tissue strain
(deformation). It can be expressed as Young’s modulus: E = o/g, (0 =
applied force, € = resultant tissue deformation) (Papini et al., 2002). The
elasticity (E) is dependent on the applied stress, and therefore the tissue
strain is only comparable to elasticity maps under a homogenous stress
field. Ultrasound elastography allows tissue to undergo reversible
deformation and provides data on acoustic and mechanical properties of
the area under study (AUS). Softer parts in a tissue are thus less resistant
to strain compared to stiffer regions (Dudea and Botar-Jid, 2015). There
are two main variants of elastography techniques, strain elastography
(SE) and shear wave elastography (SWE), which provide qualitative and
quantitative assessments of tissue stiffness, respectively. The former
technique requires manual compression of tissue that generates a
colour-coded map called ‘elastogram’ representing tissue elasticity
superimposed on a grey-scale sonogram. SE can provide both qualitative
and semi-quantitative information about tissue stiffness (Dudea and
Botar-Jid, 2015, Bhatia et al., 2013). SWE uses high-intensity acoustic
radiation force impulses (ARFI). ARFI pulses of short duration are
focused at varying magnitudes of depth in tissue of interest to induce
perturbation resulting in generation of shear waves. These shear waves
with their transverse component propagate away from the source
(ultrasound waves), at higher speed in stiffer tissues and at slower speed

in softer counterparts. (Bhatia et al., 2012b, Lin et al., 2014, Zhang et al.,
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2013). SWE measures tissue stiffness by tracking the speed of shear
waves through the tissue of incidence and yields an elastogram with
absolute quantification of tissue stiffness in the form of an elasticity index.
Since SWE provides absolute quantitative data, it is regarded as more
objective, accurate, and reproducible than SE. Contrary to SE, SWE is
less operator-dependent and does not involve elasticity quantification of
adjacent healthy tissue. Therefore, stiffness values obtained from SWE

do not represent a ‘ratio’; rather, SWE provides absolute tissue stiffness.

2.3.2.1 Strain Elastography (SE)

Strain elastography (SE) also known as free-hand quasi-static
elastography or real-time elastography (RTE), is an add-on module
incorporated with standard ultrasound units. It is widely available in
commercial units and can be used with a conventional ultrasound
transducer (Sebag et al., 2010a). The technology employs mechanical
force (either external force applied by a transducer, or an internal source
of compression such as carotid pulsation) to induce tissue strain
(deformation) that results in axial displacement. Ultrasound waves are
sent before and after tissue displacement. A high degree of tissue
displacement is associated with the softer regions of tissue while stiffer
regions exhibit minimal or no displacement. The time difference between
ROIs of two consecutive images is recorded while dedicated software
evaluates tissue strain. This results in the generation of a colour-coded
elastography image, called elastogram (Veyrieres et al., 2012a, Sebag

et al., 2010a).
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There is no standardized method available for the qualitative
interpretation of an elastogram (Kim et al.,, 2013). However, two
assessment methods are commonly used in clinical practice: the
‘elastography scoring system’ and the ‘strain ratio’. The former method,
which is based upon four to six scales, assesses relative tissue stiffness
within the lesion. According to this assessment method, softer lesions are
assigned lower elastography scores and stiffer lesions are assigned
higher elastography scores. For strain ratio (SR) measurements, the
sonographer/sonologist selects ROIs on the target lesion and the
reference tissue. The SR is computed as the ratio of the strain of the
target lesion and the strain of the reference tissue within the same image.
In general, an SR > 1 suggests that the target lesion has higher stiffness
than the reference tissue. The risk of malignancy of a lesion can be
interpreted as ‘higher’ with increasing strain ratio and vice versa. SE uses
an elastography scoring system and SR as diagnostic parameters, and
is thus more subjective and prone to inter-observer variability (Andrioli

and Persani, 2014, Asteria et al., 2008, Chong et al., 2013).
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Figure 2.8.2 Strain elastogram of solid thyroid nodule; red — green — blue

color map convention, hard nodule: blue nodule. (Stoian et al., 2016)
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Figure 2.8.3 Transverse image of solid thyroid nodule showing strain ratio:
red color (blue-green-red convention map), increased strain ratio: average =

3.84, maximum = 5.87(Stoian et al., 2016).
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2.3.2.2 Shear wave elastography (SWE)

SWE is a novel ultrasound technique which provides an estimation
of local tissue stiffness without being affected by any hard region in the
vicinity of the ROI (Bhatia et al., 2013). SWE does not require manual
compression but uses highly focused ultrasound impulses at various
depths of the tissue to induce tissue displacement. Tissue displacement
of a few microns results in the generation of shear waves which
propagate transversely and perpendicular to the direction of ultrasound
waves. Shear waves travel at a much faster rate in stiffer medium than in
softer regions. Shear wave velocity is directly proportional to the square
root of Young’s modulus assuming the homogenous density of the
medium of propagation. To measure the soft tissue stiffness, the
propagation speed of shear waves is tracked by an ultrafast sonographic
tracking technique, and the tissue stiffness is quantified and expressed
in units of m/s or kPa (Anvari et al., 2016, Azizi et al., 2015).

Since SWE can quantify the soft tissue stiffness and provide the
absolute stiffness value of soft tissue, it is considered less operator-

dependent, more objective, and better reproducible than SE.

In our first study (Chapter 3), we have investigated the potential of
SWE in differentiating benign and malignant thyroid nodules, and its
added value to grey-scale ultrasound in the differential diagnosis of

thyroid nodules.
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Figure 2.8.4 Transverse shear wave elastogram (upper) and transverse grey-
scale elastogram (lower) illustrating papillary thyroid carcinoma in a circle

(Region of Interest).
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2.4 Review of literature for Study 2
2.4.1 Doppler ultrasound
The ultrasound Doppler imaging technique detects blood flow and
provides hemodynamic information based on the ‘Doppler effect’. The
Doppler effect or Doppler shift refers to the change in the frequency of
sound waves due to the reflector (e.g. blood cells in a blood vessel)
moving relative (away or towards) to the source of the sound wave
(transducer) (Kremkau, 2001). The frequency of reflected ultrasound
waves increases when blood cells move towards the transducer and
reduces when they are moving away from the transducer. The Doppler
effect can be explained by the following equation (Hatle et al., 1980):
F = 2fVcos®/C (equation 1)
where F = Doppler frequency shift, f = frequency transmitted from
transducer, V = velocity of moving blood cells, C = velocity of ultrasound
waves in blood (media), and @ = the angle between the direction of

ultrasound beam and the direction of blood flow.

Blood velocity can be directly measured by re-arranging equation 1:
V = FC / 2fcos @ (equation 2)

The Doppler shift can easily be influenced by blood flow velocity,
angle of insonation, and transmitted ultrasound frequency. There is a
direct relationship between the Doppler shift and the transmitted
frequency or blood flow velocity. However, the Doppler shift has an

inverse relationship with the insonation angle (&) of blood vessels. This
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means that a decrease in the insonation angle will cause an increase in

the Doppler shift, and vice versa (Evans, 1989).

Doppler ultrasound can be useful in detecting blood flow velocity,
direction of blood flow, and type of blood flow (arterial or venous, normal,
or abnormal). The sensitivity of Doppler ultrasound relies on many factors
that must be considered while performing Doppler ultrasound
examinations. These factors include the choice of wall filter, the pulse
repetition frequency (PRF), noise adjustment, patient body movements,
and lack of cooperation by the patient in holding swallowing and
breathing movements during a Doppler ultrasound examination (De
Nicola et al., 2005). In case of assessing vascularity in thyroid nodules,
the depth of the nodule and variation in tissue attenuation are also
important factors to consider. Over-compression of thyroid nodules by a
transducer may also affect the detection of blood vessels (Chammas et

al., 2005).

2.4.1.1 Colour Doppler ultrasound
In colour Doppler ultrasound, Doppler frequency shifts are encoded
as different colours that correspond to the direction and magnitude of the
blood flow (Mitchell, 1990). A colour Doppler ultrasound image consists
of both grey-scale and colour components. The grey-scale component
corresponds to the conventional grey-scale ultrasound which
demonstrates the morphology of the soft tissues. The colour component

corresponds to the colour encoding of the blood flow. Colour Doppler
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ultrasound images are affected by aliasing when the blood flow velocity
exceeds the measurable limits. Aliasing can be explained as the
phenomenon where the velocity of the blood flow and the ultrasound
beam angle combine to give a Doppler shift value higher than half of the
PRF value that causes ambiguity in the Doppler signal. This ambiguity is
called aliasing effect (Ranke et al., 1992). Aliasing provides misleading
information about the blood flow direction because the colour signals
illustrate a blood flow direction opposite to the true flow direction. Aliasing
can be avoided by increasing the PRF or lowering the baseline, which
increases the range of positive Doppler frequency shifts but decreases

the negative Doppler frequency shift range (Hill et al., 2000).

2.4.1.2 Power Doppler ultrasound

Power Doppler ultrasound displays the integrated amplitude of
Doppler signals from the vasculature. The amplitude of Doppler signals
is dependent on the number of scatterers in the imaging area. In medical
ultrasound, scatterers usually correspond to red blood cells. Since power
Doppler ultrasound is based on the number of scatterers which produce
Doppler shifts and does not depend on the mean Doppler frequency shift
caused by scatterers, it is sensitive to low blood flow, when compared to

colour Doppler ultrasound (Matrtinoli et al., 1998, Bude and Rubin, 1996).

Power Doppler ultrasound has an advantage over colour Doppler
ultrasound in that power Doppler ultrasound is independent of the angle

of insonation (MacSweeney et al., 1996). Furthermore, power Doppler
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ultrasound does not provide directional information and does therefore
not display aliasing (Martinoli et al., 1998). The main difference between
power Doppler and colour Doppler ultrasound lies in the component of
signals that are processed. Colour Doppler ultrasound processes mean
frequency shifts representing velocity and the phase shift to depict the
direction of blood flow. Power Doppler ultrasound, in contrast, relies on
the amount of red blood cells causing Doppler frequency shifts
independent of their direction and velocity, and generates colour-coded
vascular maps reflecting the strength of the Doppler signals (Bude et al.,

1994).

2.4.2 Thyroid nodule vascularity

Angiogenesis is an essential feature for the survival of neoplastic
cells, and is associated with malignancy (Weis and Cheresh, 2011,
Carmeliet and Jain, 2011). The use of colour Doppler ultrasound and
power Doppler ultrasound to assess thyroid nodule vascularity has been
reported (Wu et al., 2013, Fukunari et al., 2004, Frates et al., 2003).
Vascular distribution patterns (peripheral and central vascularity) in
thyroid nodules and their association with malignancy have led to
controversial statements about their value in the diagnosis of thyroid
cancer. In assessing thyroid nodules, some studies reported that Doppler
ultrasound is a useful imaging modality in identifying malignant nodules
(Fukunari et al., 2004, Frates et al., 2003, Papini et al., 2002), whilst
others found that there was no significant difference in the vascular

pattern between benign and malignant thyroid nodules (Rago et al., 1998,
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Moon et al.,, 2010, Lam et al., 2014). A possible reason for these
conflicting results might be the subjective assessment of vascular
patterns of thyroid nodules that has been used in previous studies. The
subjective assessment may lead to inaccurate results and high inter- and

intra-observer variation.

In our second study (Chapter 4), we have successfully modified our
previously established algorithm that can estimate vascularity and
perform automated subdivision of thyroid nodules into peripheral and
central regions by using a standardized approach called ‘offsetting’. To
the best of our knowledge, this is the first study that used a computer-
aided method to perform segmentation of different regions of thyroid

nodules and to quantify regional vascularity.

69



2.5 Review of literature for Study 3

Imaging of microvasculature in the thyroid parenchyma is
essential for the accurate assessment of vascular density in healthy and
pathological thyroid glands. Colour and power Doppler ultrasound are
common imaging tools for the assessment of vasculature in soft tissues
including the thyroid gland (Bercoff, 2011). Clinically, the assessment of
thyroid vascularity is important because it helps the differential diagnosis
of thyroid diseases such as Graves’ disease, Hashimoto’s disease, acute
thyroiditis, and thyroid neoplasms (Demaj et al., 2016, Venkateswarulu
and Gowni, 2017, Shah, 2016, Aggarwal et al., 2017). Other useful
applications of Doppler ultrasound are in the pre-operative planning of
thyroid cancer surgery (Shimamoto et al., 1998) and in monitoring the
patients’ treatment response (Cooper et al., 2006), as well as in the
detection of angiogenesis in developing tumour sites (Lassau et al.,

2001).

However, both colour and power Doppler ultrasound have
limitations in the assessment of microvasculature of thyroid parenchyma.
CDU lacks in providing quantitative information (only mean vascularity at
a central frequency can be obtained) (Bercoff, 2011) and is less sensitive
in the detection of blood flowing at a low rate (Fleischer et al., 1999,
Lyshchik et al., 2007). PDU takes advantage of not being affected by
aliasing and angle independence and shows comparatively increased

sensitivity to blood flow with low velocity, particularly useful in imaging
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tortuous vessels. However, PDU does not provide information about the

direction of blood flow (Bercoff, 2011, Moon et al., 2010).

Most recently, SuperSonic Imagine (Aix-en-Provence, France)
has launched a new vascularity imaging technology, AngioPLUS
(Planewave UltraSensitive™ imaging), which allows assessment of the
microvasculature of soft tissues. This technique has the advantage that
all pixels of the entire tissue can be reconstructed in real time in a single
image. This is achieved by using a wave that is sent into the body at the
maximum allowed pulse repetition. AngioPLUS provides 3D wall filtering
permitting efficient discrimination between blood flow and soft tissues by

analysing space, time, and amplitude information (Bercoff, 2016).

In our third study (Chapter 5), we investigated the value of
AngioPLUS when combined with colour and power Doppler ultrasound in
the assessment of thyroid vascularity. To the best of our knowledge, this
is the first study that explored the effectiveness of this new ultrasound

technique in assessing the microvasculature of the thyroid gland.
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2.6 Review of literature for Study 4
2.6.1 Introduction

There has been a three-fold increase in the incidence of thyroid
cancer over the past 30 years (Zhang et al., 2016, Niedziela, 2014), with
an estimated 4% increase per annum (Nix et al.,, 2005). Currently,
surgical resection of thyroid cancer is the ultimate therapeutic option.
Radio iodine therapy is usually indicated after surgical treatment for well-
differentiated thyroid carcinoma to destroy residual thyroid cancer cell or
to treat metastasis (Luster et al., 2008, Sawka et al., 2004). External
radiation beam therapy is usually indicated for the treatment of Anaplastic
thyroid cancer and is not preferred in treatment of well-differentiated
thyroid cancer (Ron et al., 1995, Tsang et al., 1998). The scope of
chemotherapeutic drugs in treating thyroid cancer is limited and is often
adjunct to radiotherapy or surgery (Carneiro et al., 2015). Current
chemotherapeutic agents approved for the treatment of thyroid cancer
include doxorubicin hydrochloride, lenvatinib mesylate, sorafenib
tosylate, and cabozantinib-S-malate. However, most of these therapeutic
regimens are associated with high toxicity (Liebner et al., 2016, Lessin
and Min, 2000). Recent studies found that there is a 25% - 37% likelihood
of remission of thyroid cancer after surgical treatment (Busaidy and
Cabanillas, 2012). Complete remission after surgery followed by
radiotherapy has been achieved only in 33% of patients with thyroid
cancer (Zhang et al., 2016). Therefore, there is a need to explore new

therapeutic strategies to meet the challenges in treating thyroid cancer.
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Over the past few years, therapies targeting BRAF, PI3K/ AKT,
and RET have shown limited therapeutic effects due to their high
sensitivity to the target only. Multi-target therapy provides broad-
spectrum sensitivity and might be a more useful therapeutic regimen than
compounds with individual high sensitivity and high affinity (Carneiro et
al., 2015).

Identification of novel drug targets and new drug discovery is a
lengthy and time-consuming process. Moreover, there has been an
146% increase in the cost of developing a new drug, with a recent
estimate of US $ 2.56 billion (DiMasi et al., 2014). Even after such an
investment, there is no guarantee of further approval by the Food and
Drug Administration (FDA). One of the possible strategies to accelerate
drug development and to reduce costs is to evaluate the potential of
already developed drugs for treating other diseases. This approach is
beneficial because biosafety, pharmacokinetic data, and toxicity
evaluations are already established. As suggested in previous studies
(Gupta et al., 2013, O'Connor and Roth, 2005, Ekins and Williams, 2011,
Ashburn and Thor, 2004), repurposing of drugs for other medical
conditions than their primary medical indications might help to reduce the

economic burden on the drug industry and consumers (i.e. patients).

Among various examples of repurposing of drugs, a few selected
examples are listed here. Raloxifene (a selective oestrogen receptor
modulator, abbreviated as ‘SERM’) was initially approved for the

treatment of breast and prostate cancer. It was later approved for the
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management of osteoporosis. Bupropion (a noradrenaline enhancer)
was initially launched to treat depression and was later recommended for
smoking cessation. Zidovudine (a reverse transcriptase inhibitor) was
originally developed to treat various cancers; later, its application was

found to be useful in managing HIV/AIDS (Ashburn and Thor, 2004).
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disease conditions (Ashburn and Thor, 2004)

Table 2.6.1: Examples of drug repurposing in the treatment of various

Drug Initial use / disease Repurposing
Raloxifene Breast cancer and Prostate | Osteoporosis

cancer
Bupropion Depression Smoking cessation
Zidovudine Cancer HIV
Statin Cholesterol lowering agent | Anti-cancer
Cardiac glycosides | Cardiac arrhythmias and Anti-cancer

Congestive heart failure

Lithium

Mood stabilizer agent

Differentiated thyroid cancer

Cyclooxygenase-2

Anti-inflammatory drug

Adenomatous Polyposis

Enalidomide Morning sickness Myelodysplastic syndrome
Gemcitabine Anti-viral drug Pancreatic cancer
Sildenafil Anti-angina Erectile dysfunction
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In a previous study, the authors suggested a potential therapeutic
role of anti-lipid, anti-viral, and cardiac medicines in curing thyroid cancer
(Zhang et al., 2011). Statin (e.g. simvastatin, rosuvastatin, lovastatin) is
a cholesterol-lowering agent that limits the risk of stroke and myocardial
infarction by reducing the mevalonate concentration in serum (Baigent et
al., 2005). It has been found that malignant cells rely on the sustained
availability of mevalonate pathway end-products such as
geranylgeranylated RhoB that play a critical role in proliferation,
migration, and apoptosis (Zeybek et al., 2011, Swanson and Hohl, 2006).
Cardiac glycosides (e.g. digoxin) are known to increase cardiac output
force and simultaneously decrease the force of contraction of cardiac
muscles by inhibiting the sodium-potassium ATPase pump. Current
medical usage of cardiac glycosides is to treat cardiac arrhythmias and
congestive heart failure. Recent studies have found that cardiac
glycosides have the potential to be used as anti-cancer agents. This
notion is based on the rationale that cancerous cells are rapidly dividing
and that their DNA is highly susceptible to damage. It is now evident that
cardiac glycosides induce topoisomerase ll-inhibiting activity. Therefore,
limiting the property of repairing DNA in cancer cells might become a
useful strategy in the selective killing of cancer cells (Prassas and

Diamandis, 2008, Menger et al., 2012).

Lithium (Li) is a psychoactive compound classified under mood

stabilizer agent. Its current indication is to treat bipolar disorder (Su et al.,
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2004). Under normal physiological conditions, Li accumulation in the
thyroid gland is 3 - 4 times higher than in blood serum. Koong et al. (1999)
suggested a potential role of Li as adjunct therapy with 3! in treating
differentiated thyroid cancer, which has the advantages of increased
accumulation and localization of I and minimal side effects (e.g.
nausea, vomiting, etc.) (Koong et al., 1999). Lithium has also been shown
to exhibit anti-cancer properties in MTC. Kunnimalaiyaan et al. (2007)
found that MTC xenografts showed a significant reduction in volume
when treated with Li in in vitro and in vivo experimental settings

(Kunnimalaiyaan et al., 2007).

2.6.2 Cannabinoids as anti-cancer agents

In our literature search, we were particularly interested in evaluating
the therapeutic potential of cannabinoids in treating papillary thyroid
cancer. Cannabinoids refer to a group of chemical compounds (~ 60)
derived from the hemp plant Cannabis sativa as well as synthetic
endogenous derivatives of these compounds (Cridge and Rosengren,
2013). Two cannabinoid receptors, CB1 and CB2, are distributed in
various systems of the human body. CB1 receptors are mainly found in
the central nervous system, the uterus, the testes, the eyes, and the
spleen, whilst CB2 receptors are associated with organs of the immune
system and tumour cells (Pertwee, 2006, Guzman, 2003). Cannabinoid
receptors (CBR) and their endogenous ligands are collectively termed
‘endocannabinoid system’, and have been used as molecular targets for

the treatment of various diseases. Cannabis has been used for medicinal
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and recreational purposes for a long time. Among various cannabinoids,
nabiximols (trade name: Sativex) is already approved for medical use in
Canada (Bahji and Mazhar, 2016). Dronabinol (trade name: Marinol) has
recently been approved by the FDA for the treatment of patients with HIV
in palliative care (Benjamin and Fossler, 2016). Nabilone is still

undergoing clinical trials for approval from the FDA (Haney et al., 2013).

Several studies have reported the expression of cannabinoid
receptors (CB1 and CB2) and their therapeutic potential associated with
various cancers including prostate cancer (Morell et al., 2016), colon
cancer (Martinez-Martinez et al., 2015), hepatocellular carcinoma (Mallat
and Lotersztajn, 2016), pancreatic carcinoma (Dando et al., 2013),
glioma, astrocytoma (Vara et al., 2011), breast cancer (Pérez-Gémez et
al., 2015), lung cancer (Ravi et al., 2016), and ovarian cancer (Gaul et
al., 2015, Javid et al., 2016). Cannabinoids are reported to induce anti-
cancer action by inhibiting proliferation, angiogenesis, metastasis, and
apoptosis in a variety of cancers including lymphoma, colon cancer, lung
cancer, and breast cancer (De Petrocellis et al., 2013, Carracedo et al.,

2006b, Pacher et al., 2006, Blazquez et al., 2003).

2.6.3 Cannabinoid anti-cancer mechanism
The anti-cancer action mechanism of cannabinoids relies on
autophagy-mediated apoptotic cell death (Salazar et al., 2009b, Verfaillie
et al., 2010). Upon binding to its receptors, the cannabinoid agonist

causes the activation of ceramides which are sphingosine-based lipids
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that are involved in the regulation of proliferation, differentiation, and
apoptosis. Ceramide activation stimulates an endoplasmic reticulum
(ER) stress-related signalling pathway that causes misfolding of the
proteins. The upregulation of p8 and pseudo kinase tribbles homolog 3
(TRIB3) leads to inhibition of AKT/MTORC1-mediated autophagy
(Carracedo et al., 2006b, Carracedo et al., 2006a). Autophagy is a
cryoprotective mechanism and may also induce cell death. However, a
series of experiments have shown that autophagy induces cell death as
a mechanism of anti-cancer action of the cannabinoid agonist (Armstrong

et al., 2015, Velasco et al., 2016, del PULGAR et al., 2002).

Another hypothesis is that there is increased accumulation of
misfolded proteins in the ER after cannabinoids bind to their receptors.
This leads to the upregulation of ceramides and further upregulates
protein p8 and its ER stress-related downstream target, namely
transcription factor 6 (ATF-6). ATF-6 is a transmembrane glycoprotein
located on the endoplasmic reticulum that, upon activation, promotes the
transcription of ER chaperones (e.g. CHOP and GRP78). CHOP is a
C/EBP protein and is an indicator of autophagy in the ER stress pathway.
CHOP expression is upregulated in response to ER stress (Velasco et

al., 2016, Sano and Reed, 2013).
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2.6.4 Cannabinoids as potential therapeutic agents in papillary thyroid
cancer

PTC is the most frequently occurring cancer among all thyroid
malignancies. About 40% - 65% of all PTC cases harbour BRAF V600E
mutations. A recent study showed that treatment of both BRAF wild-type

and mutated melanoma cell lines with cannabinoid agonist THC resulted

in autophagy-dependent apoptosis in melanoma (Armstrong et al., 2015).
These results indicate that endocannabinoids are effective against
cancer cells with activated BRAF/ERK and/or Trk. A previous study had
suggested the use of cannabinoids for the treatment of BRAF-positive
PTC (Kushchayeva et al., 2014). In another recent study,
immunohistochemistry analysis of thyroid surgical specimens (n = 87)
revealed that the expression of both cannabinoid receptors, CB1 and
CB2, was more frequently observed in PTC (P = 0.001) when compared

to benign lesions (Lakiotaki et al., 2015). The study further found that
CB2 receptor expression was much higher than CB1 receptor
expression. These results provide the foundation for further studies to
validate the therapeutic potential of cannabinoid agonists in PTC (both
wild-type and BRAF-mutated). While the anti-cancerous effect of the CB1
agonist on PTC has been reported (Armstrong et al., 2015), the anti-

cancerous effect of the CB2 agonist on PTC is still unclear.

In our fourth study (Chapter 6), we conducted an in vitro study to
evaluate the anti-cancer effect of the CB2 receptor agonist (JWH-133) on

a normal thyroid follicular cell line and a papillary thyroid cancer cell line.
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Chapter Three

Study One
Shear wave elastography combined with conventional grey-scale
ultrasound improves diagnostic accuracy in differentiating benign

and malignant thyroid nodules

3.1 Introduction

Grey-scale ultrasound (GSU) is recommended by the American
Thyroid Association (ATA) as first-line investigation to evaluate every
clinically susceptible thyroid nodule (Kim et al.,, 2015, Kwak and Kim,
2014). GSU can accurately differentiate between cystic and solid thyroid
nodules (Cosgrove et al., 2017). Cystic nodules are more commonly
associated with benignity and do usually not require aggressive
treatment, unless they progress in size over a certain period of time or
induce clinical manifestations such as dysphagia, shortness of breath,
and laryngeal nerve compression (Edith et al., 1990). Most malignant
thyroid nodules (e.g. PTC) have firm stroma due to the collection of
excessive collagen and myofibroblasts (Dighe, 2014, Koperek et al.,
2007, Sun et al., 2014b). However, not every thyroid cancer has a solid
internal structure. Similarly, not every benign nodule is cystic. A previous
study found an occurrence of 14% of cystic thyroid cancer in their cohort

of patients (Edith et al., 1990). Other than a solid internal structure, GSU
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features such as microcalcification, a height-to-width ratio > 1, irregular
margins, and hypoechogenicity are also common in malignant thyroid
nodules (Gharib et al., 2016, Chan et al., 2003, Moon et al., 2010). Up to
date, no single GSU feature is found to be specific enough to correctly
identify all thyroid malignant cases (Cappelli et al.,, 2007, Sun et al.,
2014b, Razavi et al., 2013). More recently, the ATA guidelines of thyroid
nodules and management of thyroid cancer (versions 2016 & 2017)
emphasize that the risk of thyroid malignancy should be highly suspected
if microcalcification and a height-to-width ratio > 1 are observed in solid
nodules (Hossein Gharib et al., 2010, Haugen et al., 2017, Haugen,
2016). However, the ATA further suggested that GSU should not be used
as a single screening tool in the evaluation of thyroid nodules because
the sensitivity and specificity of GSU features vary significantly (Gharib

et al., 2016).

Fine needle aspiration cytology (FNAC) is a current standard
procedure to differentiate between benign and malignant thyroid nodules.
Thyroid nodules are heterogeneous entities and may contain solid and
cystic components within the same nodule. Therefore, precise and
accurate sampling from the suspicious region of the nodule is of utmost
importance and demands high skills and competency of the sampler
(Mamoon et al., 2013, Agcaoglu et al., 2013). Moreover, the collected
aspirate should contain a sufficient number of cells, so that a reliable
diagnosis can be established. Neoplastic cellular changes with ongoing

pathology in complex, differentiated thyroid nodules are difficult to
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classify, because various pathological features of thyroid nodules overlap
in different disease conditions (Wienke et al., 2003). FNAC has a 1% -
5% false-positive and a 0% - 7.7% false-negative rate, whilst 20% of
cases remain non-diagnostic (Sharma, 2016, M Regina Castro and
Gharib, 2003). Similar to GSU, FNAC has a wide range of reported
sensitivity (GSU: 52% - 97%; FNAC: 54% - 90%) and specificity (GSU:

26% - 83%; FNAC: 60% - 98%) (Cantisani et al., 2015).

Ultrasound elastography is a non-invasive imaging method that
assesses tissue stiffness by applying Young’'s modulus in biological
tissues (Gennisson et al., 2013). There are two main types of ultrasound
elastography, namely strain elastography and shear wave elastography.
Ultrasound elastography has been used for the assessment of thyroid
nodules (Monpeyssen et al., 2013). For strain elastography, one meta-
analysis evaluated 5,942 thyroid nodules and suggested that different
compression delivery methods (e.g. carotid pulsation, transducer
compression) had a significant impact on the evaluation of stiffness of
thyroid nodules. The authors concluded that carotid pulsation was a
better source of compression than other compression delivery methods

(Veer and Puttagunta, 2015).

Another meta-analysis of 3,531 thyroid nodules showed that both
the elasticity score and the strain ratio have higher sensitivity than
combined or individual grey-scale ultrasonography features in the

detection of malignant thyroid nodules (Razavi et al., 2013). The authors
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further concluded that the strain ratio performs better than the elasticity
score. However, not all studies agree that ultrasound strain elastography
has superior diagnostic value over GSU in differentiating benign and
malignant thyroid nodules, as some found that strain elastography has
limited sensitivity (16% versus 78% - 91%) and a positive predictive value
(41% versus 33% - 60%) compared to GSU in differentiating benign and
malignant thyroid nodules (Unlutirk et al., 2012, Lippolis et al., 2011).
Despite the extensive work undertaken with strain elastography in
differentiating benign and malignant thyroid nodules, the usefulness of
strain elastography is hindered by various limitations. Strain elastography
is operator-dependent and requires external pressure. In free-hand
compression, it is difficult to standardize the compression force for
different operators. Individual pressure applied by the operator could vary
even when the same operator applies it. Thyroid nodules located on the
isthmus should not be evaluated using strain elastography. Anatomically,
the thyroid isthmus is located in front of the trachea. Tracheal cartilages
are hard tissues. Upon applying external pressure from a transducer, the
nodule located on the isthmus is compressed against a hard surface,
which may produce false elastography measurements. Moreover, the
interpretation of strain elastograms is subjective and vulnerable to inter-

and intra-observer variations (Dudea and Botar-Jid, 2015).

Shear wave elastography (SWE) is a novel ultrasound technique
that estimates tissue stiffness by tracking shear wave propagation

through regions of interest in soft tissue. SWE uses high-intensity
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acoustic radiation force pulses of short durations, transmitted at varying
depths in the tissue to cause perturbations and generate shear waves.
Shear waves with their transverse component propagate faster in harder
medium than in softer counterparts. The SWE technique combines the
advantages of a higher spatial resolution, operator independency, high
reproducibility, and quantitative elastic measurements, and thus
surpasses the limitations of strain elastography (operator dependency,
poor reproducibility, subjective interpretation of results, lack of
guantitative measurements) (Veyrieres et al., 2012b, Dudea and Botar-

Jid, 2015, Liu et al., 2015b, Zhang et al., 2013, Lin et al., 2014).

SWE has been widely used in the assessment of thyroid nodules.
Sebag et al. (2010) applied SWE in the differentiation of benign and
malignant thyroid nodules, and noted that a cut-off level > 65 kPa was
useful in predicting thyroid malignancy. They further reported that
malignant nodules (150 + 95 kPa) had higher mean elasticity indices than
benign thyroid nodules (36 + 30 kPa). In the same study, the reported
sensitivity and specificity of SWE were 85.2% and 93.9%, respectively
(Sebag et al., 2010a). Another study investigated 476 thyroid nodules
and showed that elasticity indices were significantly higher (P < 0.05) for
malignant nodules than benign nodules. The optimal cut-off values for
elasticity indices were 94.0 kPa for Emaximum, 85.2 kPa for Emean, and
54.0 kPa for Eminimum (Park et al., 2015a). Another study found that Emean
= 34.5 kPa is the most significant predictor of thyroid malignancy, with a

sensitivity of 52.9% and a specificity of 77.8% (Bhatia et al., 2012b).
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These studies showed a wide range of cut-off values (34.5 - 90 kPa),
sensitivity (76.9% - 90.3%), and specificity (71.1% - 93.9%). Potential
reasons for the variations in the results may be related to different
characteristics of the population under study, different sample sizes, and

different experimental protocols.

Previous literature studies have compared the individual diagnostic
accuracies of GSU and SWE in differentiating benign and malignant
thyroid nodules. There are only few studies that evaluated the diagnostic
accuracy of a combination of GSU and SWE in the differential diagnosis
of thyroid nodules. In addition, previous studies used different methods
to draw ROIs. In some studies, the ROI was drawn in such a way that it
only encompassed the hardest region of the nodule (Sebag et al., 2010a).
Other researchers set the ROl at 5 mm the apparent limit of the nodule
(Calvete et al., 2013, Shweel and Mansour, 2013). Such methods are a
potential source of inter- and intra-observer variations in the placement
of the ROI and are not highly reproducible. Therefore, stiffness

measurements calculated in earlier studies are generally not accurate.

In this study, we aimed at evaluating the feasibility of using a shear
wave elastography index (Emaximum, Emean, Eminimum) in differentiating
between benign and malignant thyroid nodules. In addition, we further
evaluated the diagnostic accuracy of SWE in differentiating benign and
malignant thyroid nodules when it was used alone and in combination

with GSU.
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3.2 Materials and Methods
3.2.1 Subject recruitment
This retrospective study received approval from the Human Subject
Ethics Subcommittee (HSESC) of the Hong Kong Polytechnic University
and the Institutional Review Board of the Prince of Wales Hospital.
Ultrasound images of 111 patients were reviewed. Altogether, 122
consecutive patients (100 females and 22 males; age range: 21- 95
years; mean age: 53 = 13.7 years) were recruited from the Department
of Surgery at the Prince of Wales Hospital. Informed written consent was
obtained from all patients prior to ultrasound examination in accordance
with the WORLD Medical Association Declaration of Helsinki: Ethical
principles for medical research involving human subjects, 2008
(Association, 2008). The privacy rights of the human subjects in the study

were strictly observed.

The inclusion criterion was clinical or radiological detection of at
least one thyroid nodule on either side of the neck. Exclusion criteria
included completely cystic nodules or any forms of inflammatory thyroid
diseases, such as acute thyroiditis, chronic thyroiditis, Grave’s disease,
and sub-acute thyroiditis, which are associated with increased thyroid

parenchymal stiffness.

3.2.2 Ultrasound examination of the thyroid gland
All patients received GSU and SWE examinations of the thyroid

gland on both sides of the neck. The reference diagnosis was based on
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cytopathology or histopathology results of the nodules. Thyroid
ultrasound examinations were performed by the same operator, who at
the time had more than 23 years of experience in ultrasonography. All
ultrasound examinations were performed using the same ultrasound unit
in conjunction with a 4 - 15-MHz linear transducer (Super Linear™ SL15-
4, Aixplorer, Supersonic Imagine, Aix-en-Provence, France). Patients
were positioned in supine posture on the examination couch with their
shoulders supported by a pillow. The patient's neck was slightly
hyperextended and the head was turned away from the side under
examination. Ultrasound examination was performed with generous
amounts of coupling gel. Transverse and longitudinal scans of the thyroid
were performed. The transducer was scanned from the jaw to the
clavicle, and over the entire thyroid lobe to detect thyroid nodule. When
the thyroid nodule was identified, multiple transverse and longitudinal
sonograms of the nodule were acquired. For each thyroid nodule,
emphasize was given to identify suspicious GSU features, namely
microcalcification, a height-to-width ratio > 1, hypoechogenicity, an
absent halo sign, internal solid echotexture, and irregular margins

(Figures 3.1 and 3.2).
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Figure 3.1 Transverse grey-scale sonogram showing a papillary carcinoma in
the right thyroid lobe of a 43-year-old patient (arrows). The tumor is hypoechoic
when compare to the adjacent thyroid parenchyma, and has multiple

microcalcifications (arrowheads).
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Figure 3.2 Longitudinal grey-scale sonogram showing a papillary carcinoma
in the left thyroid lobe of a 51-year-old patient (arrows). The nodule appears

hypoechoic, ill-defined and had multiple microcalcifications (arrowheads).
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3.2.3 Shear wave elastography evaluation of thyroid nodules

GSU was followed by SWE evaluation of thyroid nodules. In the
case of multiple thyroid nodules, the nodule with at least one suspicious
GSU feature (as described above) and/or the largest nodule were
selected. While performing the SWE examination, the size of the SWE
acquisition area was adjusted so that it was large enough to cover the
entire nodule. For image acquisition, the transducer was held stationary
for at least two seconds to allow SWE signals to settle and to minimize
variability. Caution was exercised to avoid applying pressure onto the
patient’s neck with the transducer, which might affect the measured
stiffness of thyroid nodules. For each nodule, several longitudinal and
transverse shear wave elastograms were acquired (Figures 3.3 and 3.4).
While acquiring shear wave elastograms, scan planes showing
calcification or cystic regions within the nodule were avoided. Following
the ultrasound examination, FNAC was performed on the targeted
nodule. Thyroid nodules with proven malignancy (papillary carcinoma,
follicular carcinoma, or medullary carcinoma) or indeterminate cytology
(follicular neoplasm, follicular lesion of undetermined significance, atypia
of undetermined significance, or repeated non-diagnostic cytology) were
subsequently evaluated by surgical resection and histopathological

examination.

3.2.4 Image analysis
Acquired grey-scale sonograms and shear wave elastograms were

reviewed by a single observer (Faisal N. Baig) who at the time had two
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years of experience in thyroid ultrasound and was trained by M.Y. The
observer was blinded to the clinical diagnosis and the
cytopathology/histopathology results. GSU features of thyroid nodules
were qualitatively analysed and the presence or absence of suspicious
features (i.e. microcalcification, hypoechogenicity, a height-to-width ratio
> 1, irregular margins, and internal solid echotexture) were assessed and

recorded.

The elasticity of the thyroid nodules was calculated by using the
inbuilt quantification tool (Q-box™) of the ultrasound on the shear wave
elastograms. The quantification region of interest (ROI) was placed such
that it covered the entire thyroid nodule. Shear wave elastography indices
(Emaximum, Emean, and Eminimum) Were automatically calculated by dedicated
software in units of kilopascals (kPa) (Figures 3.3 and 3.4). Elasticity was
measured in the range of 0 kPa to = 100 kPa. For each nodule, the five
images with the highest stiffness values were selected in both transverse
and longitudinal scans, and the means of Emaximum, Emean, and Eminimum

were calculated.
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Figure 3.3 Transverse elastogram (upper) and grey-scale sonogram (lower)
of a benign nodule in the right thyroid lobe of a 37-year-old patient. The value
of elasticity indices (Emaximum = 32 kPa and Emean =17.6 kPa) were lower than

the respective cut-off values reported in the present study.
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Figure 3.4 Longitudinal elastogram (upper) and grey-scale sonogram (lower)
of a papillary carcinoma in the right thyroid lobe of a 57-year-old patient. The
value of elasticity indices (Emaximum = 82.5 kPa and Emean =53.8 kPa) were

higher than the respective cut-off values reported in the present study.
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3.2.5 Data analysis

Chi-square tests were performed to determine the significance of
differences in GSU features between benign and malignant nodules,
whereas the significance of differences in SWE indices between benign
and malignant nodules was calculated by Mann-Whitney U tests. The
diagnostic performance of GSU was evaluated by deducing the
frequency of true-positive (TP), true-negative (TN), false-positive (FP),
and false-negative (FN) cases and sensitivity, specificity, negative
predictive value (NPV), positive predictive value (PPV) and accuracy
were calculated by the following formulas:

Sensitivity (%) = TP/(TP+FN) *100

Specificity (%) = TN/(TN+FP) *100

PPV (%) = TP/(TP+FP) *100

NPV (%) = TN/(TN+FN) *100

Accuracy (%) = (TP+TN)/(TP+TN+FP+FN) *100

Receiver operating characteristic (ROC) curves were used to
determine the optimal cut-off points of different SWE indices in
distinguishing benign and malignant nodules, and their associated
diagnostic performance.

The diagnostic performance of combining GSU and SWE was
determined based on the criterion that a thyroid nodule was malignant
when it presented with at least one suspicious GSU feature and when the
SWE index was equal to or greater than the optimal cut-off. All statistical
analyses were performed using the Statistical Package for the Social

Sciences (SPSS) software (Version 20, IBM Corporation, Armonk, NY,
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USA), and a two-tailed P value < 0.05 was defined as significant.

3.3 Results

3.3.1 Histology results

Among all evaluated 122 thyroid nodules, 73 nodules were
confirmed as benign by FNAC. Of the remaining 49 nodules,
histopathological examination upon surgical resection confirmed 27
nodules as malignant and 11 as benign. The remaining 11 nodules were
excluded from the study because surgical resection had not been
performed and a final diagnosis could not be obtained. Therefore,
altogether, 111 thyroid nodules (27 malignant and 84 benign) were
included in this study. Among the 27 malignant nodules, there were 23
papillary thyroid carcinomas, three follicular thyroid carcinomas, and one

Hurthle cell carcinoma.

3.3.2 Grey-scale ultrasound

The grey-scale sonographic features of thyroid nodules are
summarized in Table 3.1. Among different grey-scale sonographic
features, microcalcification (77.8% and 7.1%, respectively), a height-to-
width ratio > 1 (59.3% and 13.1%, respectively), hypoechogenicity
(92.6% and 33.3%, respectively) and irregular margins (55.6% and
16.7%, respectively), were significantly more common in malignant
nodules than in benign nodules (all P < 0.05). There was no significant
difference in the absent halo sign and internal solid echotexture between

malignant and benign nodules (P > 0.05). Based on the above results,
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further data analysis was performed to determine the diagnostic
performance of GSU in distinguishing benign and malignant thyroid
nodules. In the data analysis, thyroid nodules with at least one of the
above four significant grey-scale sonographic features (i.e.
microcalcification, a height-to-width ratio > 1, hypoechogenicity, and
irregular margins) were defined as malignant, whereas others were
classified as benign. Using these assessment criteria, 26 malignant
nodules and 39 benign nodes were correctly identified. The results
showed that the sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), and overall accuracy of GSU in
distinguishing benign and malignant nodules were 96.3%, 46.4%, 36.6%,

97.5%, and 58.5%, respectively (Table 3.1).
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Table 3.1 Grey scale sonographic features of benign

thyroid nodules.

and malignant

Grey scale ultrasound Number of nodules P value
features (percentage) (95%
Benign (n=84) | Malignant Clonntg(rj\?a?l;:e
(n=27)

Microcalcification

Yes 6 (7.1%) 21 (77.8%) .000

No 78 (92.9%) 6 (22.2%) (0.12 - 0.49)
Tall/width ratio > 1

Yes 11 (13.1%) 16 (59.3%) .000

No 73 (86.9%) 11 (40.7%) (0.29 - 0.74)
Hypoechogenicity

Yes 28 (33.3%) 25 (92.6%) .000

No 56 (66.7%) 2 (7.4%) (0.42 - 0.71)
Irregular margins

Yes 14 (16.7%) 15 (55.6%) .000

No 70 (83.3%) 12 (44.4%) (0.38 - 0.83)
Absent Halo sign

Yes 74 (88.1%) 26 (96.3%) .061

No 10 (11.9%) 1 (3.7%) (0.65 — 1.01)
Internal solid echotexture

Yes 61 (72.6%) 27 (100%) .005

No 23 (27.4%) 0 (0%) (0.6 - 0.8)
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3.3.3 Shear wave elastography
Table 3 shows the SWE indices of benign and malignant thyroid
nodules. The results showed that malignant thyroid nodules were
associated with higher SWE indices. The median of Emaximum 0of malignant

nodules (85.2 = 8.1 kPa) was significantly higher than that of benign

+

nodules (50.3 + 3.1 kPa; P < 0.05). Similarly, the median of Emean Of
malignant nodules was 26.6 + 2.5 kPa and that of benign nodules was
20.2 £ 1 kPa, and the difference was statistically significant (P < 0.05).
However, no significant difference was found in Eminimum between benign

and malignant nodules (P > 0.05).

Since significant differences were found between benign and
malignant nodules in Emaximum and Emean 0nly, the evaluation of diagnostic
accuracy was performed in these two SWE indices. With the use of ROC
curves (Figure 5), the optimal cut-off of Emaximum and Emean in
distinguishing benign and malignant nodules were defined as 67.3 kPa
and 23.1 kPa, respectively. Using the optimal cut-off of Emaximum, 19
malignant and 59 benign nodules were correctly evaluated. The
sensitivity, specificity, and overall accuracy of Emaximum were 70.4%,
70.2%, and 70.3%, respectively. Using the optimal cut-off of Emean, 20
malignant and 56 benign nodules were correctly assessed, and the
sensitivity, specificity, and overall accuracy of Emean Were 74.1%, 66.7%,

and 68.5%, respectively (Table 3.2).
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Table 3.2 Diagnostic performance of GSU, SWE indices and

combination of GSU and SWE in evaluation of thyroid nodules.

Ultrasound Sensitivity | Specificity | PPV | NPV | Accuracy | AUC
modality

(%) 0 | @) | ) | ()
GSU 96.3 46.4 36.6 | 97.5 58.5 0.714
Emaximum (67.3 70.4 70.2 43.2 | 88.1 70.3 0.785
kPa)
Emean (23.1 74.1 66.7 41.7 | 88.9 68.5 0.710
kPa)
GSU + Emaximum 70.4 83.3 57.6 | 89.7 80.2 0.769
(67.3 kPa)
GSU + Emean 74.1 79.8 54.1 | 90.5 78.4 0.775
(23.1 kPa)

GSU, grey scale ultrasound
PPV, positive predictive value
NPV, negative predictive value

AUC, area under the curve
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3.3.4 Combination of grey-scale ultrasound and shear wave elastography

Our results showed that GSU had a high sensitivity (96.3%) but a
low specificity (46.4%), leading to an overall accuracy of 58.5% in
assessing thyroid nodules. When GSU was combined with SWE
(Emaximum Or Emean), the overall accuracy increased to 80.2% for Emaximum
and to 78.4% for Emean, With a sensitivity of 70.4% and 74.1% and a
specificity of 83.3% and 79.8%, respectively (Table 3.2, Figure 3.6).
When GSU was combined with Emaximum Or Emean, 19 or 20 malignant and

70 or 67 benign thyroid nodules were correctly identified, respectively.
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Table 3.3 Shear wave elastography measurement of benign and

malignant thyroid nodules.

SWEI Median + 1 standard error P value
. . (95% Confidence
Benign Malignant

Interval)

Emaximum | 50.3 + 3.1 85.2+8.1 0.000
(50.9-63.5; 73.0 —
106.1)

Emean 20.2+1.0 26.6 + 2.5 0.002
(19.5-23.5; 23.5 -
33.9)

Eminimum | 3.9 £ 0.6 3.8+1.2 0.045
(4.2-6.4;3.7-8.8)

SWEI: Shear wave elastography index
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Figure 3.5 Receiver operating characteristic (ROC) curves used to determine
the optimal cut-off level of Emaximum and Emean in distinguishing benign and

malignant thyroid nodules.
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Figure 3.6. Receiver operating characteristic (ROC) curves showing a
comparison between grey-scale ultrasound features alone (usg.combine) and
in combination with Emaximum (USQ.Emaximum) and Emean (USQ.Emean) in

distinguishing benign and malignant thyroid nodules.
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3.4 Discussion

The differential diagnosis of thyroid nodules to predict malignancy
poses a diagnostic dilemma in clinical settings. GSU is commonly used
to assess thyroid nodules, but no single GSU feature can accurately
predict thyroid malignancy (Duan et al., 2016). SWE is a novel ultrasound
technique that measures tissue elasticity by tracking shear wave
propagation through body tissues and provides quantitative
measurements. The technique is less operator-dependent than GSU and

highly reproducible (Sun et al., 2014a).

SWE evaluation of thyroid nodules has been documented.
However, the reported cut-off levels to differentiate benign and malignant
nodules vary, probably due to different methodologies used in earlier

studies. Among the available literature, the highest cut-off values of SWE

\

indices for evaluating thyroid malignancy were = 95 kPa for Emaximum,
85.2 kPa for Emean, and = 54.2 kPa for Eminimum (Park et al., 2015b).
However, Bhatia et al. (2012) found that an Emean 0f 34.5 kPa or higher
was a significant predictor of malignancy, with a sensitivity of 52.9% and
a specificity of 77.8% (Bhatia et al., 2012c). Other studies suggested that
SWE was useful in differentiating benign and malignant thyroid nodules
when cut-off levels of 66 kPa and 65 kPa for Emaximum Were used,
respectively (Sebag et al., 2010b, Veyrieres et al., 2012b). However,
Szczepanek-Parulska et al. (2013) found that a threshold value of 50 kPa
for Emaximum Was the most useful SWE parameter in the differentiation of

benign and malignant nodules (Szczepanek-Parulska et al., 2013).
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Using cut-off values of = 53.2 kPa for Emaximum, = 34.5 kPa for Emean,
and = 21.8 kPa for Eminimum, Duan et al. (2016) found that SWE was
superior to conventional GSU in identifying malignant nodules. Among
different SWE indices, they found that Emean Yielded the highest
diagnostic accuracy (79.6%) (Duan et al., 2016). Liu et al. (2014) reported
that an Emean 2 38.3 kPa was the most useful predictor among all SWE
indices in differentiating benign and malignant thyroid nodules (Liu et al.,

2014).

In the present study, the optimum cut-off points for Emaximum and
Emean for distinguishing benign and malignant nodules were 67.3 and 23.1
kPa, respectively, consistent with the results of previous reports of
Emaxmum (Sebag et al., 2010b, Veyrieres et al., 2012b). In the current
study, there was no significant difference in the Eminimum Of benign and
malignant nodules, which is inconsistent with previous studies (Duan et
al., 2016, Liu et al., 2014, Park et al.,, 2015b). This discrepancy is
presumably due to the different methodologies used in the present and
previous studies. Previous studies used ROIs (Q-box™) of fixed sizes
and placed them over the stiffer region of the nodules for the stiffness
measurement. This involves a subjective judgement by the operator
regarding the placement of the ROI. However, in the present study, the
size of the ROI was adjusted so that it covered the entire nodule. This
process does not involve an operator’s judgement as to where the ROI

should be placed, and is thus more objective. In addition, the method
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used in the present study allowed a more comprehensive assessment of
the nodule, because the ROI covered the entire nodule in the image. Our
results suggest that the tissue stiffness within malignant thyroid nodules
varies, with some areas significantly stiffer than benign nodules (as
demonstrated by significantly higher Emaximum and Emean in malignant
nodules), whereas some areas showing stiffness similar to benign
nodules (as demonstrated by the similar Eminimum between benign and
malignant nodules). This may be related to the uneven distribution of
tumour cells within the nodule. The results of our study demonstrate that
Emaximum and Emean are potential predictors for thyroid malignancy when
using cut-off values of 67.3 kPa and 23.1 kPa, respectively. However,

Eminimum has limited value in distinguishing benign and malignant nodules.

In the present study, we evaluated the diagnostic performance of
GSU alone and a combination of GSU and SWE. The results show that
the overall diagnostic accuracy of GSU alone was 58.5%, and that it
increased to 80.2% and 78.4% when combined with Emaximum (Cut-off:
67.3 kPa) and Emean (cut-off: 23.1 kPa), respectively. Our results also
demonstrate that when GSU is combined with SWE, specificity increased
from 46.4% to 83.3% when using Emaximum, and to 79.8% when using
Emean. However, sensitivity decreased from 96.3% to 70.4% and 74.1%,
respectively. This finding is different to what has been reported
previously. Dobruch-Sobczak et al. (Dobruch-Sobczak et al., 2016)
reported that a combination of GSU and SWE did not significantly

improve the diagnostic accuracy of malignant thyroid nodules. In other
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studies, there was no significant difference in the diagnostic accuracy of
GSU alone and a combination of GSU and SWE indices in distinguishing
benign and malignant thyroid nodules, with reported values ranging
between 86.3% and 87.2% (Park et al., 2015b), 81% and 77.9% (Liu et
al., 2015a), and 60.3% and 60.3% (Veyrieres et al., 2012b). The same
authors also found that when GSU and SWE indices were combined,
specificity decreased but sensitivity increased (Park et al., 2015b,
Veyrieres et al.,, 2012b, Liu et al., 2015a). The differences in results
between previous reports and the present study are presumably due to
the different criteria in determining malignant thyroid nodules when
combining GSU and SWE. In previous studies, thyroid nodules were
considered malignant when they either had one or more malignant grey-
scale sonographic features or an SWE index value greater than the cut-
off. This criterion increased sensitivity by yielding more true-positive
findings, but it also increased the number of false-positive findings,
leading to decreased specificity (Dobruch-Sobczak et al., 2016, Park et
al., 2015b, Veyrieres et al., 2012b, Liu et al., 2015a). Since the extent of
changes in specificity and sensitivity was similar, there was no significant
improvement in the overall diagnostic accuracy when GSU was
combined with SWE in previous reports. However, in the present study,
we considered thyroid nodules to be malignant when they had both
malignant grey-scale sonographic features (one or more features) and
an SWE index value greater than the cut-off. Using this assessment
criterion, there was a substantial improvement in specificity with a

moderate decrease in sensitivity leading to a significant improvement in
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overall accuracy. In the present study, overall diagnostic accuracy was

improved from 58.5% to 80.2% for Emaximum and to 78.3% for Emean.

During routine clinical thyroid ultrasound examinations, operators
should consider examining the internal cervical chain to identify any
metastatic cervical lymph nodes when a malignant thyroid nodule is
found. Ultrasound is a useful imaging tool to assess cervical lymph
nodes. Metastatic cervical lymph nodes from papillary thyroid carcinoma
are usually hyperechoic when compared to adjacent muscles, round in
shape, without echogenic hilus, and show punctate calcification (Ahuja
et al., 1995). In addition, the combination of ultrasound and computed
tomography can help to predict extrathyroidal extension (Lee et al.,
2014), and fluorodeoxyglucose positron emission tomography/computed
tomography (FDG-PET/CT) scans should be considered for detecting
metastases in post-operative patients with an aggressive histology of

differentiated thyroid cancer (Nascimento et al., 2015).

In the present study, 84 benign and 27 malignant thyroid nodules
were analysed. The calculated power of this sample size in evaluating
the performance of GSU and SWE indices in distinguishing benign and
malignant thyroid nodules ranged between 0.874 and 0.999 (G*Power

version 3.1.9.2, Dusseldorf, Germany).

The present study has several limitations. The majority of the

malignant thyroid nodules represented papillary thyroid cancer and we
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did thus not evaluate the differences in SWE indices among different
types of malignant thyroid nodules. Furthermore, we did not evaluate the
intra-operator and inter-operator reliability of SWE measurements of
thyroid nodule stiffness. However, a previous study reported that SWE
has satisfactory intra-operator (0.65 - 0.78) and inter-operator (0.72 -

0.77) reliability in the evaluation of neck lesions (Bhatia et al., 2012a).

110



3.5 Conclusions
SWE indices (Emaximum and Emean) were independent predictors for
thyroid malignancy. Combining GSU with SWE indices (using cut-offs of
=2 67.3 kPa and = 23.1 kPa for Emaxmum and Emean, respectively) can
improve overall diagnostic accuracy in distinguishing benign and
malignant thyroid nodules. SWE is thus a useful adjunct to GSU in the

assessment of thyroid nodules.
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Chapter Four

Study Two
Computer-aided assessment of regional vascularity of thyroid

nodules for prediction of malignancy

4.1 Introduction

Thyroid cancer is the most frequently occurring cancer among all
endocrine malignancies. The National Institute of Cancer in the USA
registered 64,330 new cases of thyroid cancer in 2016 (Siegel et al.,
2016). Despite a wide variation in specificity (54% - 92%) and relatively
low sensitivity (66%) of fine needle aspiration cytology (FNAC), it is the
current standard method to diagnose thyroid cancer (Wu et al., 2013).
Moreover, about 20% - 30% of cytology results remain non-diagnostic
with FNAC (Yoon et al., 2011b). Grey-scale ultrasound (GSU) is a
common imaging tool for assessing thyroid nodules and different GSU
features for identifying malignant thyroid nodules, including micro-
calcification, ill-defined borders, hypoechogenicity, an absent halo sign,
solid internal structure, and irregular shape, have been reported (Chan
etal., 2003, Poplietal., 2012, Wong and Ahuja, 2005, Yunus and Ahmed,
2010). However, GSU assessments of thyroid nodules are subjective and
the assessment has thus high inter- and intra-observer variability. In
addition, the same features that are used to define malignancy can, even

though less frequently, also be found in benign nodules (Anil et al., 2011).
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Angiogenesis is a major manifestation of proliferation in neoplastic
cells (Weis and Cheresh, 2011, Carmeliet and Jain, 2011). Doppler
ultrasound can detect the vasculature of healthy organs and cancerous
tissues. Previous studies reported the use of colour Doppler ultrasound
and power Doppler ultrasound in the differential diagnosis of prostate
cancer, hepatic cancer, ovarian cancer, and breast cancer (Anil et al.,
2011, Hossain et al., 2010, Kudo et al., 2004, Shigeno et al., 2000, Tao,
2016). Doppler ultrasound assessments of thyroid cancer vascularity are
also reported in the literature. However, the results of these studies are
conflicting when describing the usefulness of this technique in detecting
malignancy. Several studies indicated that colour Doppler ultrasound has
clinical significance in the differential diagnosis of thyroid nodules
(Fukunari et al., 2004, Frates et al., 2003, Papini et al., 2002), whilst other
studies suggested that colour Doppler ultrasound was not useful in
distinguishing benign and malignant thyroid nodules (Rago et al., 1998,
Bannier et al., 2010, Moon et al., 2010, Lam et al., 2014, Frates et al.,
2005, Bartolotta et al., 2006). These controversial findings might be due
to the subjective assessment of thyroid nodules and a lack of standard
guantitative methods in previous studies, and these factors cause high
inter- and intra-observer variability in the evaluation of the vascularity of

thyroid nodules (Moon et al., 2010).

Few reports in the literature found that hypervascularity of a thyroid

nodule is an independent predictor of thyroid malignancy (Chan et al.,

113



2003, Hoang et al., 2007). However, in previous studies, the diagnosis of
thyroid cancer was based on visual assessments, which are subjective
and highly vulnerable to inter- and intra-observer variability (Wu et al.,
2013, Bartolotta et al., 2006). For an accurate and reliable assessment
of thyroid nodular vascularity, a quantitative and objective method is

needed.

In previous studies, we developed a computer-aided algorithm that
can quantify the vascularity of thyroid parenchyma and cervical lymph
nodes in colour or power Doppler sonograms (Lam et al., 2014, Ying et
al., 2016, Ying et al., 2009). Previous studies suggested that ‘peripheral
vascularity’ is usually associated with benign nodules and ‘central
vascularity’ is common in malignant thyroid nodules (Papini et al., 2002,
Frates et al., 2003). However, these previous studies used subjective and
qualitative methods to assess the vascular distribution of thyroid nodules,
which are not accurate and reliable. In the present study, we modified our
previously reported algorithm so that it can perform segmentation of
thyroid nodules into peripheral and central regions and quantify the
vascularity of these regions. This study also aimed to evaluate the
diagnostic accuracy of using regional vascularity of thyroid nodules in
differentiating benign and malignant nodules, and to investigate the
added value of this new assessment method (i.e. computer-aided
assessment of regional vascularity of thyroid nodules) to conventional

GSU examinations of thyroid nodules.
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4.2 Materials and Methods

This institutional review board-approved retrospective study
involved 111 consecutive patients (20 males, 91 females; mean age =
52.5 £ 13.6 years) who were recruited from the Department of Surgery at
the Prince of Wales Hospital, Hong Kong. All patients provided informed
written consent. The inclusion criteria comprised the presence of thyroid
nodule(s) and the availability of cytology/histology results of the
nodule(s). Exclusion criteria included associated thyroid diseases (e.g.
Grave’s disease and Hashimoto disease) and patients with unconfirmed

cytological or histological results of the nodules.

4.2.1 Ultrasound evaluation

All patients underwent grey-scale and colour Doppler ultrasound
examinations of the thyroid gland on both sides of the neck. An expert
sonographer (more than 23 years’ experience in ultrasound) carried out
all ultrasound examinations using the same scanning protocol. The same
ultrasound unit in conjunction with a 4 - 15-MHz linear transducer was

used (Aixplorer, Supersonic Imagine, Aix-en-Provence, France).

During ultrasound examination of the thyroid gland, patients lay
supine on the examination couch with their shoulders supported by a
pillow so that the neck was hyperextended. The patient’'s head was

turned away from the side under examination to facilitate the ultrasound

115



scanning. The transducer gently scanned over the entire thyroid lobe
without exerting pressure onto the patient’s neck. After the nodule was
localized, multiple transverse and longitudinal images were acquired in
grey-scale and colour Doppler ultrasound modes. For each nodule, the
grey-scale sonographic features of the thyroid nodule were assessed
with GSU, whereas the vascularity of the nodule was evaluated with
colour Doppler ultrasound. In GSU, the nodule was assessed for the
presence/absence of microcalcification, the regularity of the nodular
margins, echogenicity, and the height-to-width ratio of the nodule. The
margin of the nodule was classified as either regular or irregular. The
echogenicity of nodules was classified into hypoechoic, isoechoic, and
hyperechoic, compared to the adjacent thyroid parenchyma. The height-
to-width ratio of the nodule was also assessed by measuring the antero-
posterior (i.e. height) and medio-lateral (i.e. width) dimensions of the
nodule in the transverse scan that showed the maximum cross-sectional
area of the nodule. The height-to-width ratio of nodules was classified

into<1or>1.

In colour Doppler ultrasound examinations, scanning settings were
standardized to ensure high sensitivity, with the use of a medium wall
filter and a pulse repetition frequency (PRF) of 1000 Hz. Colour gain was
standardized by initially increasing so that the noise was apparent and
then gradually decreasing until the noise disappeared (Lam et al., 2014).
For each nodule, multiple transverse and longitudinal colour Doppler

sonograms were obtained.
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Quantitative analysis of colour Doppler sonograms was performed
by an independent observer using a customized algorithm incorporated
in MATLAB software (version 7.3.0.267 R2006b; The Math Works,
Natick, MA, USA). The observer was blind to the clinical diagnosis
results. All image analyses were performed in a computer workstation
with MATLAB installed. To determine the vascularity of thyroid nodules,
the nodule (i.e. the region of interest, ROI) was manually outlined on the
Doppler ultrasound image using Microsoft Paint (version 5.1: Microsoft
Corporation, Redmond, W.A, USA). After drawing the ROI on the Doppler
sonogram, it was saved in tagged image file (TIF) format and further
processed with MATLAB. Using the customized software algorithm
developed by our team, the ROI was extracted and the number of colour
pixels as well as the total number of pixels (grey-scale pixels + colour
pixels) were counted. The vascularity index (VI) of the nodule was
calculated and expressed as the percentage of the number of colour
pixels divided by the total number of pixels within the ROI. This
calculation method was the same as described in our previous studies
(Ying et al., 2016, Lam et al., 2014, Ying et al., 2009). For each thyroid
nodule, the colour Doppler ultrasound image that showed the highest VI

was selected for further analysis of the regional vascularity of the nodule.
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Figure 4.1 Transverse color Doppler sonogram of a nodule in the right thyroid
lobe which was proven to be follicular thyroid carcinoma (outlined). The nodule
showed both peripheral (arrows) and central (arrowheads) vascularity. SCM,
sternocleidomastoid muscle; CCA, common carotid artery; I3V, internal jugular

vein.
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Figure 4.2 Image analysis of peripheral, central, and overall vascular index (VI)
of the thyroid nodule as shown in Figure 2. The primary region of interest (ROI),
i.e. the thyroid nodule, was extracted from the outlined area. Using an offset

level of 10%, the peripheral (a, left) and central (b, left) regions of the nodule
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were segmented and the total number of the pixel within the segmented area
was counted by the computer algorithm. The color pixels coded by the color
Doppler ultrasound were extracted by eliminating the grey-scale pixels, and
the color pixels were counted by the algorithm (a right and b, right). The VI of
peripheral and central regions of the nodule was the percentage of the number
of color pixels to the total number of pixels within the segmented area. The
overall VI of the nodule was evaluated by counting the total number of the pixel
within the ROI (c, left) and the number of color pixel in the image with the grey-

scale pixels eliminated (c, right).
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To determine the VI of the peripheral and central regions of the
nodule, the primary ROI (i.e. the entire thyroid nodule, Figure 4.1) was
sub-divided into peripheral (Figure 4.2a) and central (Figure 4.2b)
regions using the so-called ‘offsetting’ method. This sub-division of the
nodule was done to investigate whether the vascular distribution is useful
for identifying malignant nodules. Figure 4.2c demonstrates the

quantification of the overall vascularity of the entire thyroid nodule.

‘Offsetting’ is a method used to increase or decrease the area of
arbitrary shapes without distorting the shape and keeping the contour of
the ROI. The inner segment (i.e. secondary ROl = central region of the
primary ROI) is an inward offset (an operation also known as ‘deflating’
or ‘buffering’ of the primary ROI) (Figure 4.3a and 4.3b). The outer
segment is obtained by subtracting the primary ROI by the secondary
ROI. (Figure 4.3c). The thickness of the outer segment is determined by
the magnitude of the offset (n% offset in Figure 4.3b). The magnitude of
offset was varied as a percentage of the maximum diameter of the

primary ROI.
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Figure 4.3 Schematic diagrams show the segmentation of peripheral and
central regions of a thyroid nodule. After the primary ROl was segmented by
the algorithm, the maximum diameter of the ROI was identified (a). With the
predefined offset level (n%) given to the algorithm, the secondary ROI was
obtained (b). The secondary ROI represents the inner segment (i.e. central
region) of the nodule (c). The outer segment (i.e. peripheral region) of the

nodule was obtained by subtracting the primary ROI by the secondary ROI (d).
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Instead of treating the ROI as a polygon for mathematical offsetting,
our algorithm uses a raster image-based approach that iteratively erodes
the primary ROI with a small kernel. This approach produces results with
the benefit of not having to implement polygon clipping in MATLAB so
that the contour of the secondary ROI (i.e. the inner segment of the
nodule after offsetting) is smoother and can be maintained as the contour

of the primary ROI (i.e. the thyroid nodule).

The optimum offset was determined by exploring the difference in
VI between benign and malignant nodules in both inner (i.e. central) and
outer (i.e. peripheral) segments. In the present study, we tested a range
of offsets with an interval of 5% (i.e. 5%,10%,15%, 20%, and 25%). We
did not exceed offset levels of 25%, because previous report suggested
that the central region of a thyroid nodule is the inner 90% of the diameter
of the nodule (Wu et al., 2013). At each offset level, the VI of the
peripheral and central segments of benign and malignant nodules were
quantified. The offset level that showed a significant difference (P < 0.05)
in VI between benign and malignant nodules at both central and
peripheral segments was defined as the optimum offset level. The total
duration of MATLAB processing of each thyroid nodules to perform
setting and to calculate thyroid vascularity in segmented regions is less
than a minute. The technique is user-friendly and can be translated to

daily clinical use.
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The significance of differences in GSU features between benign
and malignant thyroid nodules was calculated using Chi-square tests.
Unpaired t-tests were used to evaluate the significance of differences in
VI between benign and malignant thyroid nodules. Receiver operating
characteristic (ROC) curves were used to determine the optimum cut-off
of VI in distinguishing benign and malignant thyroid nodules, as well as
the associated diagnostic performance at the optimum cut-off level. All
statistical analyses were performed using the Statistical Package for the
Social Sciences (SPSS) software (Version 24, IBM Corporation, Armonk,

NY, USA), and a two-tailed P < 0.05 was considered significant.
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4.3 Results
4.3.1 Histopathology
The mean age of patients with benign nodules (n = 84) and of
patients with malignant nodules (n = 27) was 51.2 + 12 and 56.6 + 17.6
years, respectively (P > 0.05). In each patient, a thyroid nodule with
confirmed cytological/histological results was included in the study.
Among the 111 thyroid nodules in the 111 patients, 62 benign nodules
were identified by fine needle aspiration cytology, and the remaining 49
nodules received pathological evaluations after surgical resection.
Among these 49 nodules, pathology results revealed 22 benign and 27
malignant nodules (23 papillary thyroid carcinomas, three follicular

carcinomas, and one Hurthle cell carcinoma).

4.3.2 Grey-scale ultrasound
GSU evaluations of 111 thyroid nodules showed that malignant
nodules tended to show microcalcification (77.8%), were hypoechoic
(92.6%), had irregular margins (55.6%), and a height-to-width ratio > 1
(59.3%), whereas these features were less common in benign nodules
(microcalcification: 7.1%; hypoechoic: 33.3%; irregular margins: 16.7%;
height-to-width ratio > 1: 13.1%). The differences were statistically

significant (P < 0.05).

4.3.3 Colour Doppler ultrasound
The results showed that the mean overall vascular index (VI) of

malignant nodules (23.8 + 4.6%) was significantly higher than that of
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benign nodules (16.6 £ 1.8%) (P < 0.05). Table 4.1 shows the mean VI
of the peripheral and central regions of benign and malignant nodules at
different offset levels. When the offset level increased from 5% to 20%,
the mean VI of the central region of malignant nodules was significantly
higher than that of the benign nodules (P < 0.05), whereas there was no
significant difference in the mean VI of the peripheral region of benign

and malignant nodules (P > 0.05).
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Table 4.1. Vascular index (VI) of peripheral and central regions of benign

and malignant thyroid nodules at different offset levels.

Offset levels

Mean Peripheral VI £ SD
(P value)

Mean Central VI £ SD
(P value)

5%-Offset
Benign
Malignant

21.7 + 20.3%
23.5 + 19.3%
(0.692)

15.2 +15.3%
23.4+17.7%
(0.014)

10%-Offset
Benign
Malignant

21.4 + 19.6%
25.3 + 18.7%
(0.324)

13.5 + 14.6%
23.3 + 18.0%
(0.021)

15%-Offset
Benign
Malignant

20.0 + 18.4%
24.0 + 16.6%
(0.336)

12.4 + 14.5%
22.3+19.3%
(0.025)

20%-Offset
Benign
Malignant

18.7 + 17.1%
25.0 + 17.0%
(0.098)

12.0 + 14.7%
21.6 + 20.1%
(0.028)

21%-Offset
Benign
Malignant

18.4 + 16.9%
25.0 + 17.1%
(0.083)

11.9 + 14.9%
21.3 + 20.1%
(0.031)

22%-Offset
Benign
Malignant

18.2 + 16.7%
26.5 + 16.2%
(0.036)

11.9 + 15.1%
21.7 + 19.6%
(0.039)

23%-Offset
Benign
Malignant

17.9 + 16.5%
11.9 + 15.4%
(0.020)

24.9 +17.1%
20.9 + 20.3%
(0.051)

24%-Offset
Benign
Malignant

17.8 + 16.4%
24.9 + 17.2%
(0.013)

11.9 + 15.6%
20.6 + 20.1%
(0.065)

25%-Offset
Benign
Malignant

17.7 + 16.3%
26.6 + 18.7%
(0.008)

11.9 + 16.0%
20.4 + 20.1%
(0.752)
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In contrast, at an offset level of 25%, the mean VI of the
peripheral region of malignant nodules was significantly higher than that
of the benign nodules (P < 0.05), whereas there was no significant
difference in the mean VI of the central region of benign and malignant
nodules (P > 0.05). To determine the optimum offset level, we evaluated
the VI of the nodules at the offset levels of 21%, 22%, 23%, and 24%.
The results showed that at an offset level of 22%, the mean VI of both
central and peripheral regions of malignant nodules was significantly
higher than that of benign nodules (P < 0.05); we thus determined the

optimum offset level to be 22%.

Receiver operating characteristic (ROC) curves demonstrated the
optimum cut-off values of VI when the overall VI, peripheral VI, and
central VI of the nodule were used to differentiate benign and malignant

nodules; the results are summarised in Table 4.2.

Using the overall VI to distinguish benign and malignant nodules,
we achieved a diagnostic accuracy of 70.3% with a sensitivity of 74.1%,
a specificity of 69%, a negative predictive value (NPV) of 89.2%, and a
positive predictive value (PPV) of 43.5% at the optimum cut-off level of
20.2 (Table 4.2).

At the 22% offset, both the peripheral VI and central VI had a
diagnostic accuracy of 64% with a sensitivity of 74.1%, a specificity of
60.7%, a NPV of 87.9%, and a PPV of 37.7% at the optimum cut-off

levels of 19.7% and 9.1%, respectively (Table 4.2).
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Table 4.2. Comparison of the diagnostic performance of peripheral

VI, central VI and overall VI at 22% offset in distinguishing benign

and malignant nodules.

Color Optimum| SEN | SPEC | NPV | PPV |Accuracy
Doppler VI | cut-off | (%) (%) (%) (%) (%)

at 22% (%)

Offset

Peripheral

\ 19.7 74.1 60.7 879 | 37.7 64.0
Central VI 9.1 74.1 60.7 879 | 37.7 64.0
Overall VI 20.2 74.1 69.0 89.2 | 435 70.3

VI, vascular index

SEN, sensitivity

SPEC, specificity

NPV, negative predictive value

PPV, positive predictive value
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After determining optimum cut-off levels of the peripheral, central,
and overall VI, the criterion was set that a thyroid nodule was considered
malignant when all three vascular indices (peripheral VI, central VI, and
overall VI) were equal or greater than their respective cut-off values. True
positive, true negative, false positive, and false negative cases were
evaluated. The diagnostic accuracy of the combined VI assessment in
distinguishing benign and malignant nodules was 71.2% (Table 4.3,

Figure 4.1).

In the evaluation of the diagnostic performance of GSU, a thyroid
nodule was considered malignant when it presented with at least one of
the suspicious GSU features (i.e. microcalcification, a height-to-width
ratio >1, hypoechoic, and irregular margins). The diagnostic accuracy of
GSU in differentiating benign and malignant thyroid nodules was 58.6%
(Table 4.3). The diagnostic performance of combining GSU and VI was
determined based on the criterion that a thyroid nodule was malignant
when it presented with at least one suspicious GSU feature and the
combined VI was equal to or greater than the optimum cut-offs (i.e.
peripheral VI > 19.7%, central VI > 9.1%, and overall VI > 20.2%). The
combination of colour Doppler VI and GSU significantly increased the
overall diagnostic accuracy from 58.6% to 79.3% (P < 0.05) (Table 4.3,

Figure 4.1).
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Table 4.3: Comparison between diagnostic performance of grey scale

ultrasound, combined color

Doppler

vascular

indices and their

combination in the differentiation of benign and malignant thyroid

nodules.
SEN SPEC NPV PPV Accuracy
(%) (%) (%) (%) (%)
GSU alone 96.3 46.4 97.5 36.6 58.6
Combined vascular | 70.4 71.4 88.2 44.2 71.2
indices
Combined vascular | 66.7 83.3 88.6 56.3 79.3

indices + GSU

GSU, grey scale ultrasound

SEN, sensitivity
SPEC, specificity

NPV, negative predictive value

PPV, positive predictive value
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4.4 Discussion

Angiogenesis has been reported as an important manifestation of
proliferation in cellular neoplasms and is linked to malignancy
(Appetecchia and Solivetti, 2006, Lyshchik et al., 2007, Varverakis et al.,
2007). Increased vascularization in the central region of thyroid nodules
detected on Doppler ultrasound is an indication for fine needle aspiration
cytology (FNAC) of the nodules, as recommended in the guidelines
provided by the American Association of Clinical Endocrinologists
(AACE), the American College of Endocrinology (ACE), and the
Associazione Medici Endocrinologi (AME) (Papini et al., 2002, Mandel,

2004, Nodules, 2006, Frates et al., 2003).

One previous study evaluated 254 thyroid nodules and found that
the prevalence of malignancy was higher (41.9%) in hypervascular
nodules than in hypovascular nodules, whereas only 14% of malignant
cases were reported (Frates et al., 2003). In another study, the
vascularity of 55 cases of papillary thyroid carcinoma was evaluated, and
the results show that 19% had central vascularity (Chan et al., 2003).
Rago et al. (1998) evaluated the vascular pattern of benign and malignant
thyroid nodules and found that there was no significant difference
between the two (Rago et al., 1998). Moon et al. (2010) reported that
assessments of thyroid nodular vascularity alone or in combination with
GSU features were not as useful as GSU features alone in predicting
thyroid malignancy (Moon et al., 2010). However, Brunese et al. (2008),

Fobbe et al. (1998), Chammas et al. (2005), and Varverakis et al. (2007)
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found that intranodular vascularity was significantly associated with
thyroid malignancy. The controversial findings of previous studies may
be due to the fact that thyroid nodular vascularity was subjectively
evaluated, and that blood flow in peripheral and central regions of
nodules was assessed by visual judgement rather than by a standardised
guantitative method. The subjective visual assessment of intranodular
vascularity is prone to inter- and intra-observer variations and the results

may therefore not be accurate.

In the present study, we have developed an innovative method that
can automatically divide thyroid nodules into central and peripheral
regions on sonograms and compute the overall VI of the nodule as well
as the regional VI of the peripheral and central areas of the nodule.
Standardised and automated regional subdivision of thyroid nodules and
quantification of regional vascularity of nodules are useful to eliminate
human errors and variances in the assessment of intranodular vascularity
of thyroid nodules. In this study, we found that a 22% offset level is
optimal in the differentiation of benign and malignant nodules. To the best
of our knowledge, this is the first study that uses a computer-aided
method to subdivide thyroid nodules into different regions in ultrasound

images, and quantify the regional vascularity of the nodule.

Lyshchik et al. (Lyshchik et al., 2007) analysed power Doppler
images of 86 thyroid nodules and found significant increases in central

vascularity of benign nodules with increases in tumour size. The authors
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found that the sensitivity and specificity in assessing intranodular
vascularity varied with the size of the thyroid nodule, and they suggested
that quantitative analysis is useful for assessing nodules smaller than 2
cm. However, only the overall vascularity of the nodules was evaluated
in this, study whereas a regional subdivision of the nodule and an
analysis of regional vascularity were not performed (Lyshchik et al.,

2007).

Sultan et al. (Sultan et al., 2015) analysed 100 thyroid nodules and
quantified the vascular fraction area, the mean flow velocity index, and
the flow volume index of thyroid nodules in Doppler ultrasound images.
Without assessing the diagnostic accuracy to determine the optimal
separation of different regions of the nodule, they manually segmented
thyroid nodules into three equal sections (peripheral, intranodular, and
surrounding parenchyma). The authors concluded that quantitative
evaluation of central vascularity of thyroid nodules has higher value in the
differential diagnosis of benign and malignant nodules. In Sultan et al.
(Sultan et al., 2015), manual segmentation was used to divide the nodule
into different regions. This method was subjective and prone to lead to
intra- and inter-operator variations. In comparison to Sultan et al. (2015),
we adopted a more standardized method by using a dedicated algorithm
that uses the optimum offset level to divide the thyroid nodule into
peripheral and central regions, accurately and objectively. Using the

same optimum offset level, different thyroid nodules can be assessed
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consistently, and the same regional division of nodules can be performed.
The new approach developed in the present study is more robust,
objective, and highly reproducible, with a quantitative evaluation of

vascularity that could not be achieved with visual inspection methods.

In this study, 27 malignant and 84 benign thyroid nodules were
analysed. The calculated power of this sample size in assessing the
diagnostic performance of regional vascularity of thyroid nodules in
distinguishing malignant and benign nodules ranged between 0.62 and
0.71. A further study with a larger sample size is suggested. Besides the
sample size, there is another limitation of the present study. Of the
malignant nodules in the study, the majority represented papillary thyroid
carcinoma (n = 23), only three cases were follicular carcinoma, and one
case represented Hurtle cell carcinoma. The value of assessing
intranodular VI in distinguishing different types of malignant nodule was

thus not determined in this study.
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4.5 Conclusions

To conclude, the present study developed a novel image
processing algorithm which allows accurate and objective division of
thyroid nodules into peripheral and central regions in ultrasound images.
The algorithm also allows the quantification of VI of the peripheral and
central regions of thyroid nodules. Our results show that the optimum
offset level of dividing central and peripheral vascularity of thyroid
nodules is 22%. Malignant thyroid nodules tend to be more vascular than
benign nodules. The optimum cut-off values of VI for overall, peripheral,
and central vascularity in differentiating benign and malignant thyroid
nodules were 20.2%,19%, and 9.1%, respectively. The combination of VI
assessment and GSU can improve the diagnostic accuracy for thyroid

malignancy.
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Chapter Five

Study Three

AngioPLUS enhances the sensitivity of colour flow Imaging and
directional colour power imaging in assessing the vascularity of

the thyroid gland

5.1 Introduction

Doppler ultrasound is a non-invasive imaging technique that can
assess the vasculature of organs and soft tissues. In the assessment of
the thyroid gland, the detection of blood flow is of utmost clinical
importance, as it helps the differential diagnosis of thyroid diseases such
as Graves’ disease, Hashimoto’s disease, acute thyroiditis, and thyroid
neoplasms (Demaj et al., 2016, Venkateswarulu and Gowni, 2017, Shah,
2016, Aggarwal et al., 2017). Certain thyroid diseases are associated
with hypervascularity of the gland, such as papillary thyroid carcinoma,
Grave’s disease, thyrotoxicosis, and acute thyroiditis (Gong et al., 2016,
Xue et al., 2016), whilst diminished blood flow to the thyroid parenchyma
is common in most benign or cystic thyroid nodules and hypo-functioning
thyroid glands (Rago et al., 1998). Another useful application of Doppler
ultrasound is to monitor treatment responses of patients with thyroid

diseases by serial assessment of thyroid vascularity (Lagalla et al.,

137



1998). Colour Doppler ultrasound (CDU) is commonly used to assess the
vascularity of soft tissues including the thyroid gland (Fleischer et al.,
1999, Lee et al.,, 2016). Power Doppler ultrasound (PDU) is less
dependent on the ultrasound beam insonation angle and has significant
clinical value in detecting blood flow with high sensitivity (Cao and Yuan,

2011, Chammas et al., 2005).

Most recently, a new ultrasound technology, namely AngioPLUS
(Planewave UltraSensitive™ imaging), provides superb sensitivity in the
detection of soft tissue vascularity. The advantage of this technique is
that all colour pixels of the soft tissue can be reconstructed in a single
image (Bercoff, 2016). This is achieved by using a plane of non-focused
ultrasound waves that are sent into the body at the maximum allowed
pulse repetition. AngioPLUS provides high resolution and 3D wall filtering
that allow efficient discrimination between blood flow and other soft
tissues by analysing space, time, and amplitude information (Bercoff,

2016).

Anatomical asymmetries exist between the right and left thyroid
lobes. A previous study that included thyroid glands of 62 healthy
volunteers reported differences in size and volume between the right and
left thyroid lobes. The results of this study suggested that the right thyroid
lobe is larger in volume and size than the left thyroid lobe (P<0.05) (Ying
and Yung, 2009). Another study that involved the assessment of

anatomical variations of thyroid glands in 72 cadavers reported that the
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mean size of the right thyroid lobe was larger than the mean size of the
left thyroid lobe (Prakash et al., 2012). Moreover, the right thyroid lobe is
slightly higher in position than the left thyroid lobe (Ahuja and Evans,
2000). Considering these differences in anatomical relations of the
thyroid gland, it would be of great clinical interest to evaluate whether
there exist any asymmetries in the vasculature of the two thyroid lobes.
Since certain thyroid diseases alter the vascularity of the thyroid
parenchyma, knowing the differences in vascularity of the right and left
thyroid lobes may help to establish the differential diagnosis of thyroid
diseases. Ying et al. (2009) evaluated the asymmetry in vascularity of the
right and left thyroid lobes by using conventional colour Doppler and
power Doppler ultrasound and found no significant difference between
the two lobes of the thyroid (Ying et al., 2009). In this prospective study,
we hypothesized that AngioPLUS can increase the sensitivity of Doppler
ultrasound in the detection of thyroid vascularity. To the best of our
knowledge, this is the first study that investigated the value of AngioPLUS
in ultrasound assessments of thyroid vascularity. The aims of the present
study were to evaluate the differences in the detection of thyroid
vascularity when wusing CDU, PDU, CDU+AngioPLUS, and
PDU+ANngioPLUS, and to explore differences in vascularity between the

right and left thyroid lobes.
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5.2 Materials and Methods

It was a prospective study. The Human Subject Ethics
Subcommittee of the Hong Kong Polytechnic University approved this
study. Informed written consent was obtained from all subjects recruited
in the study, and their data was protected according to the research data
protection policies of our institution. The same operator (Faisal N. Baig)
performed all study procedures including the ultrasound examination,
and a standardized scanning protocol was used. All ultrasound
examinations were performed using the same ultrasound unit in
conjunction with a 2 - 10-MHz linear transducer (SuperLinear™ SL10-2,

Aixplorer, Supersonic Imagine, Aix-en-Provence, France).

A total of 49 healthy volunteers without personal or familial medical
history of thyroid disease or relevant signs and symptoms were recruited
for this study. Exclusion criteria included the detection of thyroid
nodule(s) on grey-scale ultrasound or failure to receive consent from the
participant. Physical examinations of the thyroid and serum blood tests
for assessing physiological thyroid function were not performed in the
subjects, due to ethical issues regarding the collection of blood samples

from healthy volunteers.

Grey-scale ultrasound examinations of the thyroid gland were
conducted to detect any thyroid nodules in the thyroid lobes. Subjects
were asked to lie supine on the examination couch with their neck

hyperextended, and a pillow was placed underneath their shoulders for
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support. Both sides of the neck were examined, and the subject’s head
was turned away from the side under examination. Coupling gel was
applied to the subject’s neck for scanning. Transverse and longitudinal
scans were performed from the base of the jaw to the clavicle, and the
entire thyroid lobe was examined to detect thyroid nodules. Subjects with
thyroid nodules detected in the ultrasound examination were excluded
from the study. For subjects without detected thyroid nodules, transverse
and longitudinal scans of both thyroid lobes were performed. At the
transverse and longitudinal scan planes showing the maximum cross-
sectional area of the thyroid lobe, Doppler ultrasound examinations were

performed using the following Doppler techniques:

1. CDhU
2. CDU+ANgioPLUS
3. PDU

4. PDU+ANgioPLUS

For PDU, directional power Doppler imaging was used in this study.
For each Doppler technique, multiple images showing the thyroid
vascularity were acquired (Figure 5.1). Settings of all Doppler techniques
were standardized to achieve high sensitivity, and a medium wall filter
was used to detect low flow blood vessels within the thyroid parenchyma.
To achieve the optimal colour gain setting, the colour gain was first

increased to the maximum level and then gradually reduced to the level
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where the noise just disappeared. Frequency of AngioPLUS was

adjusted to 27Hz.

Figure 5.1: lllustration of differences in vascularity detected in left transverse
thyroid lobe assessed by (a) Color Flow Imaging (b) Color Flow Imaging +
AngioPLUS (c) Directional Color Power Imaging (d) Directional Color Power

Imaging + AngioPLUS
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Persistence was standardized at ‘medium’ level. For both
transverse and longitudinal scans of each thyroid lobe, the three CDU,
CDU+AnNngioPLUS, PDU, and PDU+ANngioPLUS images with the most
abundant vascularity were chosen for vascularity quantification.
Therefore, for each subject, a total of 24 images from the right lobe (12
transverse and 12 longitudinal scan images) and 24 images from the left
lobe (12 transverse and 12 longitudinal scan images) were analysed. The
Doppler ultrasound images were then exported to an external computer
workstation in JPEG format. In each Doppler ultrasound image, the
thyroid lobe (i.e. the region of interest, ROI) was outlined manually
(Figure 5.2a) in Adobe Photoshop software (version 8.0, Adobe Systems
Incorporated, San Jose, CA, USA). The Doppler ultrasound images with
manually outlined ROIs were analysed with MATLAB software (version
7.3.0.267 R2006b) in conjunction with our previously established
quantification algorithm (Ying et al., 2009, Lam et al., 2014). Briefly, the
algorithm extracts the ROI from the Doppler ultrasound image and counts
the total number of pixels as well as the number of colour pixels within
the ROI. The vascularity index (VI) was calculated in percentage
expressed as the number of colour pixels within the ROI divided by the

total number of pixels (colour + grey-scale pixels) within the ROI.

For the transverse scan of each thyroid lobe, three images were
analysed for each Doppler techniqgue. Among these three images, the
one with the highest VI was selected for the data analysis. A similar image

selection was applied for the four Doppler techniques as well as for the
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longitudinal scan of each thyroid lobe. Therefore, for each thyroid lobe, a
total of four transverse Doppler ultrasound images (one each for CDU,
CDU+ANngioPLUS, PDU, PDU+AngioPLUS) and four longitudinal
Doppler ultrasound images (one each for CDU, CDU+AngioPLUS, PDU,
and PDU+AnNngioPLUS) were included in the data analysis. For each
Doppler technique, the total VI of the thyroid lobe was calculated as the
summation of the VI in the transverse and longitudinal Doppler ultrasound

images.

In the current study, the thyroid vascularity between CDU and
CDU+ANgioPLUS as well as between PDU and PDU+ AngioPLUS was
compared. The Shapiro-Wilk test was used to determine the normality of
the vascular indices of the right and left thyroid lobes (when sample size
was < 50, n = 45) whilst the Kolmogorov-Smirnov test was used to
evaluate the normality of the vascularity index assessed by different
ultrasound modalities (sample size > 50, n = 90). Parametric tests were
used when the data was normally distributed, whereas non-parametric
tests were used when the data was not normally distributed. Paired t-
tests were used to determine the level of significance of differences in
thyroid vascularity between different Doppler ultrasound techniques. The
Wilcoxon signed-rank test was used to determine the significance of
differences in vascularity between the left and right thyroid lobes. All
statistical analyses were performed using the Statistical Package for the
Social Sciences (SPSS) software (version 20, IBM Corporation, Armonk,

NY, USA) and a two-tailed P value < 0.05 was considered significant.
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Figure 5.2: The sequence of image analysis of combination of color flow
imaging + AngioPLUS (a) illustrates region of interest, ROI i.e. transverse
view of right thyroid lobe in 28-year-old male healthy volunteer (b)
represents extraction of ROI with use of dedicated algorithm that quantifies
number of colors and grey pixels to deduce vascularity within the ROI (c)

shows vascularity within the ROI (vascular index 12.47%).
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5.3 Results
Among the 49 subjects that were recruited, one subject refused to
provide consent and three subjects were found to have thyroid nodules
and were therefore excluded from the study. There were 12 females and
33 males, and the age range of the subjects was 22 - 51 years (mean
age: 29.6 years). Of the 45 subjects included in the study, a total of 90
thyroid lobes (45 right + 45 left) were assessed with the four Doppler

ultrasound techniques, and the VI of the thyroid lobes was evaluated.

The results suggested that the mean VI of thyroid lobes in
CDU+ANgioPLUS (14.7 £ 9.4%) was significantly higher than that in CDU
(8.8 + 7.3%) (P < 0.05). Similarly, the mean VI of thyroid lobes in
PDU+ANgioPLUS (13.4 £ 9%) was significantly higher than that in PDU

(4.7 +5.4%) (P < 0.05).

In the comparison between colour Doppler and power Doppler
ultrasound, the mean VI of thyroid lobes in CDU and CDU+AngioPLUS
was significantly higher than that in PDU and PDU+AngioPLUS,

respectively (P < 0.05).

Comparing the VI between the right and left thyroid lobes as

evaluated by the same Doppler ultrasound technique, there was no

significant difference (P > 0.05) (Table 5.1).
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Table 5.1: Comparison of vascularity index between right and left

thyroid lobes as evaluated using color Doppler ultrasound (CDU),

power Doppler ultrasound (PDU) and their combination with

AngioPLUS.
Median (Interquartile
Doppler Ultrasound range)
Techniques Left thyroid | Right P-value
lobes thyroid
(n=45) lobes
(n=45)
CDU 6.5 (8.3) 6.1 (9.6) 0.349
CDU+ANgioPLUS 12.5(13.6) | 12.7 (17.1) |0.302
PDU 2.6 (5.5) 3.0 (6.6) 0.219
PDU+ANgioPLUS 10.8 (11.4) |9.5(14.4) |0.401
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Table 5.2. Comparison of vascularity index of 90 thyroid lobes
measured with color Doppler ultrasound (CDU), power Doppler

ultrasound (PDU) and their combination with AngioPLUS.

VI of Number of thyroid lobes (%)
thyroid
lobes
CDhu CDU+ANgioPLUS PDU PDU+AnNngioPLUS
0 0 0 4 (4.4%) 0
<0.1 55 (61.1%) 37 (41.1%) 73 44 (48.9%)
(81.1%)
>0.1and | 28 (31.1%) 24 (26.7%) 9 (10%) 26 (28.9%)
<0.2
>0.2 and 5 (5.6%) 25 (27.8%) 4 (4.4%) 16 (17.8%)
<0.3
>0.3 and 2 (2.2%) 3 (3.3%) 0 3 (3.3%)
<0.4
0.4 and < 0 1(1.1%) 0 1(1.1%)
0.5
20.5 0 0 0 0
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5.4 Discussion

Doppler ultrasound has clinical value in the differential diagnosis of
thyroid diseases (Donkol et al., 2013, Eaton et al., 2002, Corona et al.,
2008). CDU and PDU have provided promising results in assessing the
vascularity of target soft tissues and organs (Corona et al., 2008, Ceylan
et al., 2014). However, imaging of smaller blood vessels and vessels with
low blood flow is critical, because changes in vascularity may be subtle
in some patients, particularly in patients who are at the early stage of the
disease or at the early stage of treatment. Power Doppler ultrasound has
limited temporal and spatial resolution when assessing slow blood flow
velocities in tortuous and smaller vessels (Rubin et al., 1996). Therefore,
guantification of VI in soft tissues or organs with small blood vessels is

needed to be re-evaluated when using CDU or PDU.

Most recently, a new microvascular imaging technology,
AngioPLUS, has been made available, which can improve colour
sensitivity and spatial resolution of Doppler ultrasound imaging while
maintaining the image quality of grey-scale ultrasound. The present study
prospectively evaluated the VI of thyroid glands of 45 healthy subjects
with CDU, PDU, and their respective combination with AngioPLUS. The
results of the study showed that there was a significant increase in the VI
of the thyroid lobes when CDU (8.8 + 7.3%) or PDU (4.7 £ 5.4%) were
combined with AngioPLUS (14.7 £ 9.4% and 13.4 + 9%, respectively).

The higher VI of the thyroid glands when using AngioPLUS was probably
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due to the technique’s higher sensitivity in detecting weak Doppler
signals from slow blood flow in minute blood vessels. The higher
sensitivity of AngioPLUS in detecting weak Doppler signals owes to the
3D wall filtering which allows efficient discrimination between blood flow
and tissue by analysing space, time, and amplitude information (Bercoff,
2016).

In the present study, vascular signals were detected on all thyroid
lobes as evaluated by the four Doppler ultrasound techniques, except for
four thyroid lobes that did not demonstrate vascular signals on PDU. Most
of the thyroid lobes that demonstrated vascularity on Doppler ultrasound
had a VI < 0.3 (95.5% - 97.8%). Less than 5% of thyroid lobes had a VI
between 0.3 and 0.5, and none of the thyroid lobes had a vascular index
> 0.5 (Table 2). These findings are consistent with previous studies
showing that normal thyroid glands have minimal to moderate vascularity
whereas hypervascularity is usually associated with thyroid pathologies
(Godding and Clark, 1992, Folkman, 1986, Lohan et al., 2008). Despite
higher sensitivity of AngioPLUS in detecting minute blood vessels, none
of the thyroid lobes in the present study demonstrated abnormal

hypervascularity in CDU+AngioPLUS and PDU+AngioPLUS.

Some previous reports suggested that the right thyroid lobe is
generally more vascular than the left thyroid lobe (Lanzer and Topol,
2013, Kohn et al., 1993, Salvatore et al., 2011). However, in our study,
no significant differences in the VI of the right and left thyroid lobes were

found. This finding is in agreement with our previous study that suggested
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that there is no asymmetry in vascularity between the right and left thyroid

lobes (Ying et al., 2009).

The main purpose of study 3 was to determine the value of
AngioPLUS in combination with colour Doppler ultrasound and power
Doppler ultrasound to detect thyroid vasculature in normal thyroid
parenchyma. This study only involved healthy volunteers and thyroid
cancer patients were not included because of limited time of the study
and unavailability of significant number of thyroid cancer patients.
However, the results of study 3 can be translated to the vascularity of
thyroid nodules as both the normal thyroid parenchyma and thyroid
nodules have tiny, subtle vasculature with minute blood flow or blood flow
at slower rate. The results of the present study suggest that AngioPLUS
has significantly increased the sensitivity of CDU and PDU in detecting
blood flow through thyroid parenchyma. These results have clinical value
when translating to thyroid nodules that AngioPLUS in combination with
CDU or PDU, based on increased sensitivity in detection of tissue
vascularity, allows more accurate assessment of thyroid nodule
vascularity of which the sensitivity in detecting tiny and subtle vascularity

is increased.

AngioPLUS has the potential to be used in the differential diagnosis
of thyroid diseases, as most thyroid diseases alter the vascularity of the
thyroid gland. Some thyroid diseases such as Graves’ disease and

thyrotoxicosis increase thyroid vascularity (Arslan et al., 2000), whilst
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other pathological conditions such as hypothyroidism and Riedel's
thyroiditis cause reduced blood supply to the thyroid gland (Shrestha and
Hennessey, 2015). AngioPLUS can thus provide useful and accurate
information to help the disease diagnosis. Angiogenesis in cancer
involves the formation of minute blood vessels. With the advent of
AngioPLUS, it may be useful to detect angiogenesis of thyroid nodules
facilitating early diagnosis of neoplasms. Further studies investigating the

value of AngioPLUS in identifying malignant thyroid nodules are needed.

A limitation of this study is that thyroid function tests were not
performed in the subjects, due to ethical issues regarding the collection
of blood samples from healthy volunteers. Moreover, only healthy
subjects were recruited for this study and a comparison of the VI between

normal and abnormal thyroid glands was thus not conducted.
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5.5 Conclusions
In conclusion, AngioPLUS is a useful ultrasound imaging technique
that increases the sensitivity of CDU and PDU in mapping the vasculature
of the thyroid gland. Using a dedicated algorithm to quantify thyroid
vascularity was feasible in images obtained from different Doppler
ultrasound techniques. This computer-aided quantification method allows

objective and accurate evaluation of thyroid vascularity.
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Chapter Six

Study Four
JWH-133 (cannabinoid receptor agonist 2) induces death in

papillary thyroid cancer cell lines

6.1 Introduction
Despite their recreational and palliative use, several studies have
documented the potential anti-cancer role of cannabinoids in in vitro and
in vivo experiments (Maida and Daeninck, 2016, Sarfaraz et al., 2006,
De Petrocellis et al., 2013, Velasco et al., 2016). Certain studies have
claimed that cannabinoids induce autophagy in several cancer cell lines
(Salazar et al., 2009a, Salazar et al., 2009b, Koay et al., 2014, Dando et

al., 2013, Donadelli et al., 2011).

Autophagy is an essential, catabolic degradation process that
removes damaged or long-lived proteins from the cell to sustain cellular
metabolism and homeostasis. The ultimate outcome of autophagy relies
upon the internal cellular context and the strength and duration of
signalling inducing autophagy. In the case of cancer, autophagy plays a
dual role. It can act via a cytoprotective mechanism by removing the

damaged proteins or organelles and thus limit the tumour cell growth
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(Mathew et al., 2009), or it may act through the mechanism of
programmed cell death induced by sustained autophagy or prolonged

stress stimuli (Yang et al., 2011).

Previous literature has shown cross-talk between ER stress and
autophagy (Verfaillie et al., 2010). Different conditions, which induce ER
stress, also contribute to the initiation of autophagy (Yorimitsu and
Klionsky, 2007). It is well established that under normal physiological
conditions, the ER is responsible for protein translocation, protein folding,
protein transportation to the Golgi apparatus, and the protein’s further
determination, either secretion from vesicles or display on the plasma

surface (Schwarz and Blower, 2016).

Cannabinoid agonists, when binding to their endogenous receptors,
perturb the physiological function of the ER, leading to the accumulation
of unfolded proteins in the lumen of the ER. A sustained increase in the
accumulation of unfolded protein triggers ER stress, resulting in a
condition called ‘unfolded protein response’ (UPR) (Sano and Reed,
2013). UPR can be marked by three signalling proteins: (1) activating
transcription factor 6 (ATF-6), (2) inositol-requiring protein 1-a (IRP1-a),
and (3) protein kinase RNA-like ER kinase (PERK). Under physiological
conditions, the luminal domains of ATF-6 and PERK remain activated
and bound to binding immune globulin protein (BiP). However, a bond
cleavage occurs between BiP and ATF-6 or PERK, due to the increased

load of unfolded proteins in the lumen of the ER. The released BiP
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facilitates the folding of accumulated proteins. However, free ATF-6,
PERK, and IRP1-a are activated upon binding with accumulated proteins.
This leads to the initiation of signal transduction events that promote the
accumulation of misfolded proteins in the ER and inhibit the
transportation of misfolded proteins from the lumen of the ER to the

cytosol, resulting in ‘ER-assisted degradation’ (Sano and Reed, 2013).

The activation of autophagy due to prolonged ER stress and a
progressive increase in the accumulation of unfolded proteins relies on
the accumulation of de novo ceramide that causes dilation of the lumen
of the ER and phosphorylation of eukaryotic translation initiation factor
2A (EIF2A). This causes upregulation of CHOP-, ATF-4-, and TRB3-
dependent inhibition of the Akt/mTORcl axis, and stimulation of
autophagy. In several studies, ER stress-mediated autophagy-induced
cancer cell death has been regarded as an upstream pathway of
autophagy (Salazar et al., 2009b, Armstrong et al., 2015). One recent
study reported the distinguished distribution of both cannabinoid
receptors (cannabinoid receptor 1, CB1, and cannabinoid receptor 2,
CB2) on surgical sections of papillary thyroid carcinoma (PTC) (n = 44)
and benign thyroid nodules (n = 43), as assessed by
immunohistochemistry analysis. The authors found that CB2 expression
had a significantly higher association with PTC samples than with benign
nodules (Armstrong et al., 2015). PTC is the most common (80% - 85%)

malignancy among all types of thyroid cancer (Gild et al., 2011).
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However, the literature is devoid of any reports on the effect of

cannabinoid receptor 2 agonists in treating PTC.

In the current study, we particularly aimed to investigate whether
JWH-133 (a cannabinoid receptor 2 agonist) induces cell death in normal
and papillary thyroid cancer cell lines (BCPAP). We further aimed to
investigate whether cannabinoid-induced cell death is a direct apoptosis

effect or a consequence of autophagy-mediated apoptosis.
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6.2 Materials and Methods
6.2.1 Cell lines and reagents
The human normal thyroid follicular epithelial cell line N-thy-ori-3
and the human papillary thyroid cancer cell line B-CPAP were purchased
from the European Collection of Cell Cultures (ECACC, UK) and the
Leibniz Institute Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ, Germany), respectively. Cannabinoid agonist
drug (JWH-133 in Tocrisolv 100, Batch #7A/188276), cannabinoid
antagonist (SR 144528 Batch #1A/184807), and drug base solution
(Tocrisolv 100 Batch #10A/173443) were purchased from Tocris, UK. A
cell proliferation kit (MTT) was purchased from Roche Diagnostics,

Germany.

6.2.2 Cell cultures
Both cell lines were cultured in RPMI Medium1640 (Gibco® Life
Technologies™) supplemented with 10% FBS (Gibco® Life
Technologies™), L-glutamine, and 2.0 g/L NaHCOs at standard cell

culture conditions (37 °C, 100% humidity, 5% CO2).

6.2.3 Determination of cell metabolism and proliferation
Ten thousand cells from each cell line (N-thy-ori-3 and B-CPAP)
were resuspended in 100 pl RPMI1640 medium and treated with different
concentrations (0, 5, 10, 15, 20, 25, 30 puM) of JWH-133 followed by
incubation for 24, 48, and 72 hours at 37 °C under 100% humidity and

5% CO2. Untreated cells were used as a control for each time point. At
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the end of the treatment, cells were further incubated with 10 pul MTT
solution for 4 hours. Purple formazan crystals were formed, which were
solubilized with 100 pl MTT solubilization solution and incubated for
another 12 hours in humidified atmosphere (37 °C, 5% CO2). Optical
density was measured by using the Microplate Manager (Bio-Rad, USA,
version 5.2) at an absorbance of 550 nm -660 nm. Each condition was
performed in triplicate. Means were calculated and expressed as percent
viability relative to controls. Data are shown as mean + standard

deviation.

To inhibit the effect of JWH-133, 4 uM of SR 144528 (selective
cannabinoid receptor 2 antagonist) were added 20 minutes post
treatment with JWH-133 at concentrations of 0, 5, 10, 15, 20, 25, and 30

UM for 24, 48, and 72 hours.

6.2.4 Statistical Analysis

One-way ANOVA was used to determine whether JWH-133
treatment had a significant effect on cell viability at different
concentrations, and, specifically, to evaluate the significance of the
interaction between predictors (drug concentration, type of cells, and time
points) and outcomes (an optical density; O.D value representing cell
viability).

All statistical analyses were performed using the Statistical Package
for the Social Sciences (SPSS) software (Version 20, IBM Corporation,

Armonk, NY, USA) and a two-tailed P value < 0.05 was significant.
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6.3 Results
6.3.1 JWH-133 inhibits cell viability of BCPAP cells
The viability of N-thy-ori-3 and BCPAP cells treated with different
concentrations of JWH-133 was determined using an MTT assay and are
summarised in Figure 6.1. In N-thy-ori-3 cells, after 24 hours of
incubation, JWH-133 induced a decrease in cell viability at doses of 25
and 30 pM, but the difference did not reach statistical significance (Figure
6.1a). After 48 hours of incubation, JWH-133 was shown to induce cell
death in a dose-dependent manner, with a slight decrease in viability at
a dose of 20 uM, reaching statistical significance at a dose of 30 uM. After
72 hours, the results were more stable, showing significant decreases at

doses of 25 and 30 uM of JWH-133.

In BCPAP cells after 24 hours of incubation, JWH-133 induced a
significant decrease of > 50% in viability at doses of 25 and 30 pM (P <
0.05) (Figure 6.1b). These results remained consistent after a 48- and a
72-hour incubation, showing a progressive decrease in viability in a dose-

dependent manner.
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Figure 6.1: Cytotoxic effect of cannabinoid receptor 2 agonist (JWH-133)
Viability of (a) N-thy-ori-3 and (b) BCPAP cell lines after 24, 48 and 72 hours
incubation. Data shown were mean = S.D from three independent

experiments *P <0.05, *P<0.01 (n=3).
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6.3.2 SR144528 inhibition of cytotoxic effect mediated by JWH-133

Twenty minutes post treatment with JWH-133, 4 uM of SR144528
were added to both cell lines and incubated for 24, 48, and 72 hours. Cell
viability measured by MTT is summarized in Figure 6.2. A dose-
dependent induction of cell death similar to that in cells treated with JWH-
133 alone was observed, and the addition of SR144528 did not induce
significant changes in cell viability (P > 0.05). Interestingly, the addition
of SR144528 alone induced significant cell death in both cell lines after

48 or 72 hours of treatment (P < 0.05).
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Figure 6.2 Effects of SR144528 (cannabinoid receptor 2 antagonist) on cell
viability induced by JWH-133. The viability of (a) N-thy-ori-3 and (b) BCPAP
cell lines after 24, 48 and 72 hours incubation. Data shown were mean =S. D

from three independent experiments *P <0.05, **P<0.01 (n=3).
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6.4 Discussion

A high rate (> 33%) of cancer recurrence after surgical treatment
(Busaidy and Cabanillas, 2012, Zhang et al., 2016) and the high toxicity
of currently available pharmaceutical agents (Liebner et al., 2016)
emphasize the need for developing new strategies in treating thyroid
cancer. ‘Drug repurposing’ can be a useful strategy to bypass some of
the challenges posed by the from-scratch development of new drugs (e.g.
reduction in financial burden, identification of novel drug targets, and
lengthy research period) (O'Connor and Roth, 2005, Ekins and Williams,
2011). Over the past three decades, cannabinoid receptor agonists (CB1
and CB2) have shown marked improvements in treating various cancers.
The literature is devoid of any reports on the effects of cannabinoid
receptor 2 agonist in treating papillary thyroid cancer. Apart from affecting
various other pathways, cannabinoid receptor agonists have shown to
induce ER stress- and autophagy-mediated apoptosis (Salazar et al.,
2009b). This study was focused on the evaluating therapeutic potential
of JWH-133 when used in N-thy-ori-3 and BCPAP cell lines, with a
particular interest in identifying the mode of induction of death in both cell

lines.

The results of the current study suggested that JWH-133 has both
time- and dose-dependent effects on cell viability in both cell lines (N-thy-
ori-3 and BCPAP). In comparison to the N-thy-ori-3 line where no
significant effect on cell viability was observed post 24 hours JWH-133

treatment, the viability of BCPAP cells was reduced by > 50%. Further
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incubation for 48 hours showed a significant reduction in cell survival in
both cell lines. However, significant reduction in viability of N-thy-ori-3
cells was only observed at a dose of 25 uM of JWH-133 after 72 hours of
incubation. These results demonstrated that 25 pM of JWH-133 can
induce a rate of > 50% cell death in papillary thyroid cancer cell lines
(BCPAP), even after 24 hours of incubation. Our results suggested that
BCPAP cells are more sensitive to JWH-133 than N-thy-ori-3 cells. One
possible explanation for the higher sensitivity of BCPAP cells might be
their higher expression of CB2 receptors, compared with normal follicular
thyroid cells. This explanation is supported by a finding in a recent study
that showed significantly higher distribution of CB2 receptors over
papillary thyroid cancer nodules than over benign thyroid nodules

(Lakiotaki et al., 2015).

The effects of cannabinoid receptor 2 antagonists (SR144528) were
also evaluated in this study. SR144528 has high affinity and exhibits an
> 700-fold selectivity for CB2 over CB1 receptors (Rinaldi-Carmona et
al., 1998). Previous studies showed that SR144528 has strong inverse-
agonist activities and blocked mitogen-activated protein kinase activity
coupled to the CB2 receptor in Chinese hamster ovary cell lines
transfected with the CB2 receptor (Bouaboula et al., 1999). In another
study, the apoptotic effects induced in Jurkat cells by a CB2 receptor
agonist (THC 1.5 uM) was inhibited by 2 uM of SR144528. (Herrera et
al., 2006). In the most recent study, it was shown that the effects of JWH-

133 in reducing pulmonary oedema were significantly reversed by
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SR144528 (Fujii et al., 2016). In contrast to these previous studies,
SR144528 showed no effect to reverse the cytotoxic effect mediated by
JWH-133 in the current study, even though a dose of 4 uM was used.
The cell death caused by SR144528 alone that we observed is
unexpected, and further experiments are needed to determine the

underlying mechanisms.

There might be several reasons that explain why SR144528 did not
show an effect in the current study. In contrast to previous studies which
used in vivo experimental models, we used an in vitro experimental
setting. Several chemical compounds have different outcomes in in vitro
and in vivo models, potentially because of metabolite degradation in in
vivo settings (Wightman et al., 2001). In comparison, in a study
conducted by Herrera et al. (2016), in which in vitro experimental settings
were used with a different CB2 receptor agonist (TCH), a dose of 2 uM
of SR144528 could reverse the apoptotic effect of TCH on Jurkat cells.
The results of our study may imply that the action of JWH-133 on thyroid
cells is too strong to be inhibited by SR144528. Moreover, in previous
studies, SR144528 was used to reverse the non-detrimental action of
cannabinoid receptor 2 agonists; however, this study investigated the
potential of SR144528 in inhibiting the cytotoxic action of JWH-133 in
different thyroid cell lines. In addition, the type of cancer being studied is
also an important factor, since that means that the same chemical agents
can have different intrinsic effects even under the same conditions.

Heterogeneity within tumour cells may alter the effect of drugs in treating
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cancer (Cohen et al., 2008). To further test the effect of SR144528, cells
may be treated with SR144528 prior to be treated with JWH-133. This
action will block the available receptors sites (CB2) and can potentially

limit the cytotoxic action of JWH-133.

Since cannabinoid receptor 2 agonists have the potential to induce
ER stress that can stimulate autophagy and leads to cell death, we further
plan to investigate the ER stress pathway and the Akt/mTORc1 axis, to
confirm that the death induced in the papillary thyroid cancer cell line in
the current study is a consequence of autophagy-mediated apoptosis.
We aim to perform western blot and investigate the expression and
regulation of proteins associated with the ER stress pathway (ATF6,

CHOP) and autophagy (Bcl2, LC3B-I and -II, and p62).

A limitation of this study is that we have only investigated the CB2
agonist, and have not evaluated the efficacy of the CB1 agonist. Another
limitation is that we have only employed a very specific inhibitor of JWH-
133 and have not investigated the efficacy of other available cannabinoid
antagonists. Further investigation is warranted to investigate the role of

cannabinoids in the treatment of PTC in more detail.
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6.5 Conclusion
In conclusion, the cannabinoid receptor 2 agonist (JWH-133) has
anti-cancer properties other than its documented palliative effects in
patients with cancer. Its cytotoxic effects in a BCPAP cell line suggest its

potential usefulness in treating papillary thyroid carcinoma.
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Chapter Seven

Summary of the Thesis

This PhD study investigated novel applications of ultrasound and
the use of computer-aided assessments of vascularity facilitating the
diagnosis of thyroid cancer. It further investigated the therapeutic
potential of a non-cancer drug (JWH-133) in treating papillary thyroid

cancer.

The accurate diagnosis of thyroid cancer is challenging, due to the
overlapping of cytology/histology features in biological samples obtained
from thyroid nodules. Moreover, grey-scale ultrasound features of thyroid
nodules are qualitatively analysed, which carries the risk of inter- and
intra-observer variations. Altogether, this leads to an increase in the
number of unnecessary biopsies and in the incidence of skipped

diagnoses.

Certain ultrasound features of thyroid nodules can be accurately
guantified and yield highly reproducible results as well as minimizing the
risks of inter- and intra-observer variations. ‘Tissue elasticity’ and
‘vascularity index quantification’ are two potential predictors of
malignancy that can be quantified in numerical figures and evaluate the

tissue stiffness and the vasculature of thyroid nodules, respectively.
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Shear wave elastography (SWE) is a novel ultrasound technique
that quantitatively measures tissue stiffness by making use of high-
intensity acoustic radiation force to generate shear waves within the
tissue. Shear waves travel faster in stiffer medium than in softer or cystic
counterparts. Malignant lesions including thyroid cancer tend to be
harder. Thus, shear wave elastography indices (Emaximum, Emean, and
Eminimum) have the potential to predict thyroid malignancy, because

malignant nodules might have higher value of these indices.

Our first study (Chapter 3) involved 111 patients with thyroid
nodules, and we assessed the feasibility of using SWE alone and in
combination with grey-scale ultrasound to differentiate malignant and
benign thyroid nodules. Our study results suggested that Emaximum = 67.3
kPa and Emean = 23.1 kPa are useful independent predictors of thyroid
malignancy. Our results also showed that Emaximum Was the best adjunct
parameter to grey-scale ultrasound and enhances diagnostic accuracy in
determining thyroid malignancy from 58.5% when using grey-scale
ultrasound alone to 80.2% when used in combination (P < 0.05). Our
study results have significant clinical value for a more accurate diagnosis
of thyroid malignancy, and we recommend the use of SWE evaluation for
every thyroid nodule that is found to have at least one suspicious grey-

scale feature of malignancy prior to a decision about biopsy.
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Vascularity is an important indicator of maintaining homeostasis
and promoting proliferation in normal tissues and body organs. The
thyroid gland receives rich blood supply from the superior and inferior
thyroid arteries. Certain  pathological conditions such as
hyper/hypothyroidism, Grave’'s disease, and malignancies lead to
hemodynamic changes in the vasculature of the thyroid parenchyma. In
the case of thyroid nodules, hypervascularity is believed to be associated
with malignancy. Previous studies also suggested that ‘peripheral
vascularity’ is an indication of benignity whilst ‘central vascularity’ is
suggestive of the malignant potential of a thyroid nodule (Papini et al.,
2002, Frates et al., 2003). However, these findings are controversial,
mainly due to two potential reasons: (1) vascularity, despite being a
dynamic feature, was subjectively evaluated by a visual assessment
method, which is a qualitative approach and brings inter- and intra-
observer variations into the analysis; (2) the terms ‘peripheral’ and
‘central’ regions in thyroid nodules are used extensively in the literature;
however, no standardized method was defined to delineate the boundary
between central and peripheral regions, and the determination of the
boundaries of these regions was performed on a visual basis, which is
an inaccurate and unreliable method. Considering these issues as well
as the importance of the quantification of vascular indices in establishing
the diagnosis of thyroid nodules, we modified our previously developed
algorithm that can quantify the overall vascularity of a ROI with the aim
to perform ‘regional segmentation’ of thyroid nodules. The modified

algorithm uses a novel approach called ‘offsetting’ to segment the central
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and peripheral regions of a thyroid nodule. After the segmentation, the
algorithm can quantify the vascularity index of the peripheral and central

regions of thyroid nodules.

Our results showed that the optimum offset for dividing peripheral
and central regions of a nodule was 22%. At the optimum offset, the
mean VI of peripheral, central, and overall regions of malignant nodules
were significantly higher than those of benign nodules (26.5 + 16.2%,
21.7 £ 19.6%, and 23.8 £ 4.6% versus 18.2 £ 16.7%, 11.9 + 15.1%, and
16.6 + 1.8%, respectively, P < 0.05). The optimum cut-off of the
peripheral, central, and overall VI was 19.7%, 9.1%, and 20.2%,
respectively. When compared to GSU alone, a combination of VI
assessment and GSU evaluation of thyroid nodules increased the overall

diagnostic accuracy from 58.6% to 79.3% (P < 0.05).

In conclusion, a novel algorithm for regional segmentation and
guantitative assessment of the VI in ultrasound images was established,
and the optimum offset and cut-off values were derived. Assessment of
an intranodular VI in conjunction with GSU can increase the accuracy in

ultrasound diagnosis of thyroid cancer.

Colour and power Doppler ultrasound are useful in the evaluation
of the vasculature of healthy and diseased tissues or organs. In the
assessment of the thyroid gland, Doppler ultrasound has clinical value in

the differential diagnosis of various thyroid diseases such as Hashimoto's
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thyroiditis, Reidel's thyroiditis, Grave’s disease, thyroid nodules, and
others. Another useful application of Doppler ultrasound is monitoring the
treatment response during therapy. All the above applications require the
detection of the vasculature in a ROI with high resolution and high
sensitivity. Power Doppler ultrasound and colour Doppler ultrasound
have revolutionized the visualization of blood flow maps through organs
or tissues. Most recently, a new ultrasound technology named Angio
Plane Wave Ultrasensitive™ (AngioPLUS) imaging has been made
available and provides high resolution and 3D wall filtering that allow
efficient discrimination between blood flow and other soft tissues by

analysing space, time, and amplitude information.

In the third study of this thesis, we compared the sensitivity of CDU
and PDU alone and in combination with AngioPLUS in detecting the
thyroid vascularity of 45 healthy volunteers. We further investigated any
differences in vascularity between the right and left thyroid lobes. The
results of this study showed that the combination of CDU+ANngioPLUS
(14.7 £ 9.4%) and the combination of PDU+AngioPLUS (13.4 + 9%)
demonstrated a significant higher thyroid VI than CDU (8.8 + 7.3%) and
PDU (4.7 £ 5.4%) alone, respectively (P < 0.05). No asymmetry was
found between the VI of the right and left thyroid lobes (P > 0.05). This
study suggested that AngioPLUS provides enhanced detection of the
thyroid vasculature when combined with CDU and PDU. Its application is
particularly useful in identifying smaller blood vessels and vessels with

low blood flow.
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In current clinical practice, surgery is the ultimate therapeutic option
to treat thyroid cancer. Chemotherapy has a limited role in managing
thyroid cancer due to its higher toxicity. Identification of novel drug targets
and the development of a novel drug is a lengthy and costly process.
‘Drug repositioning’ can be a useful strategy for the identification of new

markers beyond their primary use.

Cannabinoids are derivatives of the marijuana plant sativa.
Cannabinoids have been used for recreation and for the relief of pain.
Few cannabinoid derivatives have been approved for palliative care in
patients with cancer. Two cannabinoid receptors (CB1 and CB2) are
known to be distributed in various organs and body systems including the
immune system, the central and peripheral nervous system, the testes,
the ovaries, the spleen, and the thymus. Different studies have shown
the distribution of cannabinoid receptor expression in several types of
cancer, including lung cancer, prostate cancer, breast cancer, hepatic
cancer, and colorectal cancer. Cannabinoids have been shown to have
anti-cancer effects including the inhibition of cancer cell proliferation, a
reduction in tumour size and volume, anti-angiogenic effects, anti-
migration effects, cell cycle arrest, and apoptosis. Most recently,
cannabinoid receptor expression was noted on histological specimens of
87 thyroid nodules (44 papillary thyroid cancer cases, 43 benign). CB1
and CB2 were both found to be frequently distributed on PTC nodules,

compared with benign nodules, whereas CB2 expression was much
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higher than CB1 receptor expression on PTC nodules than benign
nodules (P < 0.05). This finding highlights the potential role of the CBR2

agonist in managing PTC.

In our fourth study, we evaluated the therapeutic potential of JWH-
133 (CBR2 agonist) on a papillary thyroid cancer cell line (BCPAP), using
a normal follicular thyroid cell line (N-thy-ori-3) as the control. Cells were
treated with different drug concentrations (0, 5, 10, 15, 20, 25, and 30
MM) and incubated over 24, 48, and 72 hours under standardized
conditions. Drug toxicity analysis was performed with MTT.

The results of our study showed that JWH-133 induced death in the
BCPAP cell line, whilst it demonstrated little effect on N-thy-ori-3 cellular
viability. The results further demonstrated that BCPAP cells were more
sensitive to the cytotoxic effects of JWH-133 than N-thy-ori-3 cells (P <
0.05). We found that a 25-uM dose produced the most lethal effect on
cell viability after a 48-hour incubation period. The results of our study
suggest that JWH-133 has the potential to induce anti-cancer effects in

managing PTC.

In summary, this thesis compiles novel useful findings for

diagnosing and treating thyroid cancer, and concludes with the following

recommendations:
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1.

In thyroid ultrasound examination, when a thyroid nodule
demonstrates one or more suspicious grey-scale ultrasound features,
the nodule should be evaluated with SWE. Nodules found to have an
Emaximum 2 67.3 kPa or an Emean 2 23.1 kPa are highly suspicious for
malignancy, and fine needle aspiration cytology (FNAC) should be

performed on these nodules.

. In Doppler ultrasound evaluations of thyroid vascularity, computer-

aided assessments of regional vascularity of thyroid nodules as well
as AngioPLUS are recommended. These methods increase
diagnostic accuracy and sensitivity in detecting thyroid vascularity,
which may help disease diagnosis and treatment monitoring.

The applications of SWE and computer-aided VI quantification can be
considered in cases where grey-scale ultrasound features are
suspicious for malignancy and FNAC is inconclusive in differentiating

between benign and malignant thyroid nodules.

. For the management of PTC, a new chemotherapeutic agent (JWH-

133) has shown anti-cancer effects in in vitro experiments. Further in
vitro and in vivo studies are needed to validate the effect of JIWH-133

in PTC cell lines as well as in animal models.
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