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Abstract

Parathyroid gland identification is an important consideration in order to decrease the inci-

dence of post-surgical complications associated with thyroid surgeries. Electrical Impedance

Spectroscopy (EIS) based tissue di↵erentiation recently emerged as a promising non-invasive

technique that could enhance the tissues separation, and parathyroid preservation in a surgery

setting.

The aim of the work presented in this thesis is to implement a computational modelling

approach in order to elucidate the di↵erences between healthy thyroid and parathyroid tissue

impedance spectra which could permit their di↵erentiation during surgery. Multiscale finite

element thyroid and parathyroid models have been constructed with the main objective to

investigate the impact of morphology and composition on the bulk electrical behaviour of

both tissues. The multiscale pipeline represents the hierarchical tissue structure from cellu-

lar to tissue scale including a novel mesoscale for the thyroid follicular arrangements.

A comprehensive inter- and intracompartmental sensitivity study provided an insight into

the impact of the variations in geometrical and electrical properties of tissue structures on

electrical impedance spectra of both tissue types suggesting a successful separability between

the computed thyroid and parathyroid impedance spectra indices. Moreover, the modelled

results obtained through the variation of geometrical parameters demonstrating the natural

variability in tissue morphology provided a good agreement with the in vivo measured data

acquired and published by Hillary et al.

In addition, the verification of selected homogeneity assumptions and the exploration of

measurement accuracy and di↵erent probe configurations provided further recommendations

for future work concerning computational modelling, experimental data collection and EIS

device design improvements. In particular, the outcomes of this computational study re-

vealed the importance of additional experimental work concerning the electrical properties

measurements of biological tissue materials, and the significance of tissue preparation and

measurement accuracy in obtaining thyroid and parathyroid measurements with a tetrapolar

EIS probe.
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Chapter 1

Introduction and background

1.1 Introduction

The motivation for the study presented in this thesis arises from the complications associated

with the accidental damage or removal of healthy parathyroid glands during surgery. It is

often challenging to distinguish parathyroid glands from the surrounding tissues due to their

small size and location on the posterior surface of thyroid gland [1]. It would be beneficial

for the procedure outcomes to identify a non-invasive screening method that enables tissue

evaluation in real time which could be incorporated into thyroid and parathyroid surgery.

Electrical Impedance Spectroscopy (EIS) is a prospective tissue identification technique that

utilises the dielectric properties of biological tissues that vary between tissue types due to

the di↵erences in their micro- and macrostructure, composition, and possible pathological

state. EIS and its e↵ectiveness in detecting the parathyroid glands and tissues surrounding

them have already been investigated experimentally through in vivo rabbit [2] and human

[3] tissue measurements. In this study, the utility of EIS for thyroid and parathyroid tissue

applications will be further investigated using computational methods in order to elucidate

the di↵erences in the electrical properties of both tissue types. Notably, the examination of

the relationship between the electrical properties and the structure and composition of the

thyroid and parathyroid tissues will be of particular interest.

This chapter will provide the introductory information on the anatomy and histology of

thyroid and parathyroid glands, thyroidectomy and the complications associated with this

procedure which are the main motivation for this study. This will be followed by the overview

of EIS and other parathyroid identification methods, the theory on electrical properties of

biological tissues and the introduction of computational modelling methods. This chapter

will be concluded by summarising the aims and objectives for this project with further thesis

outline.

1
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1.2 Thyroid and parathyroid glands – anatomy and morphol-

ogy

1.2.1 Thyroid tissue

The thyroid gland (Fig. 1.1) is an endocrine gland located in the central part of the neck

and it consists of two lateral symmetrical lobes connected by the medial structure called the

isthmus. A typical size of the thyroid gland is of a few centimetres in all three dimensions

– each lobe being about 5 x 2.5 x 2.5 cm in size [4]. The main structures present in thyroid

tissues are two types of cells: follicular and parafollicular (C-cells), and spherical follicles

filled with colloid (Fig. 1.2).

Figure 1.1: Thyroid and parathyroid glands, posterior view

Follicular cells, also known as thyrocytes, are responsible for thyroxine and triiodothyronine

secretion which is the main function of the gland. They are the most abundant cells, and

they build a single layer of cuboidal epithelium that encapsulates each follicle. Parafollicular

cells, known as C cells, in contrast, produce calcitonin and are scattered across the whole

gland separately or in groups of a few cells. These only account for about 0.1% of the thyroid

mass [5]. Spherical structures, filled with protein-rich colloid, called follicles, are the most

characteristic features of thyroid tissue that distinguishes it from the other endocrine glands,

such as parathyroids where the follicles are entirely absent in the structure of those glands.

The main function of thyroid follicles is to store thyroglobulin.

The entire thyroid gland is divided into several lobules encapsulated in collagenous con-

nective tissue. Each one of them contains approximately 20-40 follicles which measure about

30-500 µm in diameter [5]. Size of the follicles is specific to every individual and it has been
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reported that it varies with age, gender, can be altered by di↵erent pathologies and also

depends on the location in the gland [6].

Figure 1.2: Histology images of thyroid and parathyroid tissue with marked char-

acteristic substructures highlighting di↵erences in their morphology, stained with

eosin and haematoxylin (K. Hunter – personal communication)

1.2.2 Parathyroid tissue

The parathyroid glands are spherical structures of 3-7 mm in diameter [7] which are located

on the posterior surface of the thyroid gland (Fig. 1.1). The typical number of the parathy-

roid glands is four, however, their number can vary. The main function of these glands is to

maintain physiological calcium levels in the organism. In contrast to thyroid tissue, parathy-

roid glands have much denser structure consisting of closely packed groups of cells (Fig. 1.2).

The main cell types that make up the tissue volume are chief, oxyphil and adipose cells.

Chief cells are the most abundant cells in parathyroid tissue with the main function of se-

creting parathormone (PTH), they are usually of spherical shape and 8-10 µm in size [8].

The second type of cells – oxyphil cells – are characterised with slightly bigger size and larger

intracellular space content, however, their role in the parathyroid gland is unclear. All types

of cells are randomly distributed across the tissue and are typically scattered in clusters.

1.3 Thyroidectomy

1.3.1 Surgery and complications

The term thyroidectomy refers to various surgical procedures comprising partial and total

removal of the thyroid gland. Indications for the surgery can arise from both benign and

malignant pathologies, and the type and severity of the disease determine to what extent the
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gland has to be resected. The surgery carries the risks of unintentional damage or excision

of one or more of the parathyroid glands, which are directly located on the posterior surface

of thyroid. Such a situation might lead to adverse short- or long-term complications such as

post-surgical hypoparathyroidism (PoSH) and hypocalcaemia [9].

Hypoparathyroidism is a state of lowered level of PTH that is followed by hypocalcaemia, a

subsequent state of lower levels of calcium in the blood. The connection between di↵erent

types of thyroid surgeries and aforementioned complications has been studied since the 1920s

as documented in the review by Walter [10] and have continued also in more recent decades.

Despite the modernisation in technology and treatment approach, PoSH and hypocalcaemia

continue to be the most frequent thyroidectomy-related complications.

The incidence rates of both conditions vary wildly in the literature, making it di�cult to

estimate their significance. The discrepancy between the documented incidence rates arises

mainly due to insu�cient unification of the definitions used to describe PoSH and hypocal-

caemia alongside with their determinants, such as severity and duration [9]. Moreover, both

terms are often used interchangeably and there are non-uniform treatment approaches that

have an impact on resultant PTH and calcium levels that might misrepresent the severity of

the post-surgical conditions. The UK Registry of Endocrine and Thyroid Surgeons governed

and collected data from about 90,000 endocrine procedures since 2004 and, to date, this is

the most unified document concerning the outcomes of thyroid surgery and following the

procedure complications [9]. According to that registry, 23.6% and 6.5% of the first-time

thyroidectomy patients develop short- and long-term hypocalcaemia after the procedure re-

spectively. Furthermore, the prevalence of PoSH can be estimated to be around 23 per

100,000 [11] .

Parathyroid glands can be impaired accidentally during thyroidectomy or, due to their small

size and location on the posterior wall of the thyroid (Fig. 1.1), could be mistaken for other

biological structures, such as benign thyroid nodules, clumps of adipose tissue or lymph

nodes [12]. In order to reduce the risks of PoSH and hypocalcaemia among thyroidectomy

patients, it is recommended that several improvements should be incorporated to the surgical

procedure, such as the requirement to develop a surgical technique with a focus on the neck

dissection region. To date, the ability to locate parathyroid glands has mostly depended

on the surgeon’s experience. To highlight the importance of the surgeon’s skills in parathy-

roid detection, the quote by Doppman [13] is often cited as an example that ‘[. . . ] the only

localizing study (indicated in a patient with untreated hyperparathyroidism) is to localize

an experienced parathyroid surgeon’. However, exploring additional methods of parathyroid

identification has the potential to guide the surgeon to further decrease the risks of PoSH

and hypocalcaemia.
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1.3.2 Parathyroid detection methods

Currently, there are a few methods of di↵erentiating the healthy or diseased parathyroid

glands from the adjacent tissues. It is a common practice to perform ultrasonography imag-

ing prior to the surgery, which is an accessible and non-invasive method to locate the patient’s

parathyroid glands. However, as reported in the literature, whilst ultrasonography is a good

tool to detect abnormal and enlarged glands, it is, however, usually insu�cient to help in

locating healthy parathyroid glands [14]. Ultrasonography often accompanies other methods

such as fine needle aspiration (FNA) which is a biopsy technique to detect pathologic changes

in thyroid and parathyroid, and is substantially less invasive in comparison to conventional

surgical biopsy techniques [15]. Nonetheless, carrying out a biopsy is time consuming as its

results do not appear right away after the sample is acquired. Moreover, FNA seems to be a

more suitable method for pathology diagnostics rather than for healthy parathyroid detection.

A promising technique to enhance the di↵erentiation of parathyroids from adjacent tissues

that emerged recently exploits the natural autofluorescence of these glands [16; 17]. This

method utilises the parathyroid tissue’s intrinsic fluorescent properties which exhibits in a

natural tissue illumination after the exposition to radiation of a near-infrared wavelength

without the need of additional agent injection. Parathyroid glands hold such properties pos-

sibly due to the substantial concentration of calcium-sensing receptors [18]. The advantage

of this method is low cost and safety (no toxicity which is often associated with radioactive

contrast injection), along with a reported satisfactory high rate of parathyroid glands iden-

tification. However, the accidental false positive illuminations from adjacent tissues (such

as clumps of brown fat, thyroid nodules or metastatic lymph nodes [19]) might decrease the

e↵ectiveness of successful preservation of parathyroid glands.

In contrast to autofluorescence, there are a few methods of parathyroid identification bene-

fiting from the injection of the exogenous fluorescent agent, such as indocyanine green (ICG)

angiography. ICG binds to the plasma protein and illuminates when exposed to near-infrared

radiation. This method is advantageous in detecting parathyroid glands, which have increased

blood intake in comparison to the surrounding tissues, and therefore the elevated concentra-

tion of ICG. Using a radioactive agent, such as Tc-99m sestamibi, administered orally or

through an injection before surgery is another way to detect parathyroid tissue. Similarly,

through the rich blood uptake of the parathyroid glands, the reagent is delivered to parathy-

roids which makes them visible in the images taken with a scintigraphy machine. This method

is usually introduced to detect abnormal parathyroid glands, e.g., in hyperparathyroidism. In

a study with a substantial number of cases (290), the abnormal parathyroid glands detection

with a sestamibi scintigraphy was documented with 74% sensitivity [20].
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1.4 Electrical Impedance Spectroscopy

Electrical impedance spectroscopy (EIS) is another technique that could potentially enhance

parathyroid tissue discrimination from the surrounding tissue in the surgery setting. EIS

is based upon the biological tissues properties attributed to conducting and retaining the

electrical current due to the presence of free and bound charges. This allows the measure-

ment of these properties in a form of electrical impedance, where complex impedance can be

defined as the frequency-dependent opposition expressed by the tissues to the flow of alter-

nating current. During the measurement, the substantial fall in the real part of impedance

resulting from the cell membrane polarisation (known as b dispersion) is measured by the

EIS device after applying an alternating current. The measurement is repeated at various

frequency points from the range of 100Hz-10MHz where the absorption of the electromagnetic

radiation is mostly determined by the cellular structure [21]. There are many forms of the

measured complex impedance data presentation, however, for biological tissues applications,

the results are often plotted in a form of a real impedance spectrum (Fig. 1.3). The shape

of the dispersion and the magnitude of impedance is characteristic for each tissue type based

on the structure and composition, which makes it a potentially suitable method for tissue

di↵erentiation.

Figure 1.3: An example of electrical impedance spectrum showing b dispersion,

significant fall in real part of the impedance around the kHz region

The EIS instrumentation developed and documented in the literature come in many dif-

ferent configurations of number and arrangement of electrodes, usually encompassing two to

eight electrodes (bipolar: [22], tetrapolar: [23], six: [24] and eight: [25]). A tetrapolar tip

is the most widely used configuration which benefits from lower electrode surface impedance

compared to bipolar probes. The electrode polarisation occurs due to the molecular charge
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organisation on the tissue-electrode contact surface caused by the presence of water molecules

and hydrated ions [26]. This phenomenon dominates in the lower frequencies and depends

highly on the electrode material and the measured tissue (the more conductive the tissue,

the more prominent the electrode polarisation). It is a common practice to use gold or other

noble metals for the electrodes of the device in order to mitigate the polarisation e↵ects and

to avoid measurements at frequencies lower than 100 Hz.

(a)

(b) (c)

Figure 1.4: Electrical Impedance Spectroscopy device: (a) ZedScan™ [23], (b)

the schematic showing the current injected from EIS probe and flowing through

the tissue, (c) tip of the tetrapolar probe showing the principle of the impedance Z

measurement, a known current I flows between the active electrodes (I1 and V0)

while the passive electrodes (V1 and V2) capture the potential di↵erence at each

frequency

Fig. 1.4a shows one of the commercial tetrapolar EIS probes, ZedScan™, produced by

Zilico Limited, originally developed and applied for the use in Cervical Intraepithelial Neo-

plasia (CIN) diagnosis. Fig. 1.4b visualises the current path induced by the EIS probe, and
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Fig. 1.4c shows a diagram with a tip of a ZedScan™ tetrapolar measuring probe configuration

highlighting the principle of its measurement. Impedance at each frequency is calculated ac-

cording to the Ohm’s law, as a ratio of the potential di↵erence captured by a pair of passive

electrodes V1 and V2, and the small current applied to a driving electrode I1, penetrating

the underlying structures, and flowing to the ground electrode V0.

1.5 Electrical properties of tissues

1.5.1 Historical context

The utility of the EIS technology in the field of biological tissues is mainly attributed to the

passive electrical properties of the tissue structures. These properties were the subject of re-

searchers’ interest for over a century and which were focused on understanding the interaction

between electromagnetic fields and biological structures. Historically, the first studies were

initiated in the early XXth century with the work of Höber [27] who was the first to observe

the decreased impedance with increasing frequency in a suspension of erythrocytes. This led

to the conclusion, that cells most likely consist of cytoplasm of low resistivity encapsulated in

poorly conductive membrane. Those outcomes were further verified by Fricke and Morse [28],

who obtained the capacitance of cell membrane from the suspension of erythrocytes through

theoretical and experimental analysis and proposed a simple equivalent circuit demonstrat-

ing the behaviour of a singular cell consisting of conducting interior and exterior separated

by capacitive cell membrane. Cole and Cole presented an empirical model to represent the

dispersion and absorption properties of dielectrics [29] while Schwan continued the work in

the frequency-dependent electrical properties of tissues and cell suspensions [30].

Typically, with increasing frequency of the external field applied to the tissues, there are

three main regions of decreasing real part of measured impedance that are known as a, b and
g dispersions [31]. a dispersion occurs in the low frequencies (below 10kHz) and is a result

of the counterion polarisation along the cell membrane. That type of relaxation is charac-

teristic for muscle tissue and does not occur for some of the cell types, such as erythrocytes.

g dispersion (above 1GHz) is associated with the polarisation of water molecules. Around

the kHz-MHz region, b dispersion occurs, which is related to the polarisation of cell mem-

branes and big polar molecules, such as proteins (first observed in the work of Höber [27] and

formulated by Schwan [30]).

1.5.2 Electrical properties of tissue structures

In basic terms, after being exposed to an external electrical field, the charge conduction

by the biological structures is possible due to the ions concentrated in di↵erent structures.

Moreover, tissues can conduct and retain electrical charge, the latter being attributed mainly

to the properties of biolipid membranes, such as the cell membranes, or polar molecules. The
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dielectric properties of tissues are often expressed in a form of electrical conductivity s and

dielectric permittivity ". Electrical conductivity can be defined as the ease of the movement

of the free charge within the material under the influence of an external electric field. There

are two types of conductivity that can be distinguished, the steady state conductivity which

occurs mainly due to the presence of hydrated ions in the biological tissues, and the frequency-

dependent conductivity which is associated with the dielectric polarisation and the bound

charges. Dielectric permittivity is often expressed as relative permittivity (also known as

dielectric constant) "r (Eq. 1.1):

"r =
"

"0
, (1.1)

which relates a specific material permittivity " with the permittivity of free space e0=
8.854 x 10-12 Fm-1. Permittivity can be described as the ability of the bound charges to be

disturbed or polarised under the influence of the external electric field. Such bound charges

are often associated with the electrical bilayers, e.g. occurring at cell membranes or polar

molecules with a permanent dipole moment. Dipole moment m (Eq. 1.2) can be given by a

relationship of the distance s between the permanent unit charges q of the opposite sign:

m = qs, (1.2)

The permanent charges in complex molecules are associated with the presence of ionisable

acidic and basic amino acid sidechains in the protein structure [32]. Examples of structures

with permanent electric dipole moment are water molecules, amino acids, polypeptides, pro-

teins, DNA. Permittivity is a complex value, where the real part is responsible for the capac-

itive properties of tissues and the imaginary part is the dielectric loss and is an e↵ect of the

dissipative loss associated with the friction opposing the movement of polarisable molecules

in the external medium.

Cell membranes are double layers of long-chain lipid molecules with a thickness of a few

nanometres. The e↵ective capacitance per unit area Cm [Fm-2] of cell membrane is given by

Eq. 1.3:

Cm =
"0"m
d

(1.3)

where "m is the permittivity of cell membrane and d – its thickness. The permittivity

of cell membrane can be obtained directly through transmembrane measurements or derived

from the model fitting methods from measurements on cell suspensions, which will be ex-

plained in more detail in the following Chapter. Cell membrane properties have a dominating

role in the b dispersion, in the low frequencies the cell interior is insulated and the current

flows through the extracellular space (ECS). However, with the increasing frequency, the

membrane resistance is progressively short-circuiting by the reactance, the current starts
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penetrating the cytoplasm, and the cell membrane capacitive reactance falls with increas-

ing frequency. This results in an increasing conductivity and decreasing permittivity and

impedance throughout the b dispersion.

Biological tissues have the ability to also interact with the magnetic fields, however, this

kind of interaction is highly specific to nuclear magnetic moments or the unpaired electrons

associated with paramagnetic ions or free radicals [32]. These, however, have a small impact

on the bulk electrical properties compared to the impedance associated with the resistive

and capacitive nature of the tissues. Moreover, the majority of EIS devices are insusceptible

to the tissues magnetic properties, hence, the tissue-magnetic field interactions are not of a

further interest of this thesis.

1.5.3 Impedance calculation for simple geometries

With the simplest example of electrical properties of a homogeneous, isotropic material of

cuboid shape (Fig. 1.5), it is possible to derive the e↵ective impedance of such material by

calculating in the first instance its resistance (R) and capacitance (C ) (Eq. 1.4 and 1.5):

R =
d

�A
(1.4)

C =
"0"rA

d
(1.5)

where d – material thickness, and A – cross-sectional area that define the dimensions of

the model, "0 permittivity of free space, while s and "r are the conductivity and permittivity

that describe the electric behaviour of a specific material.

Subsequently, given R and C, the resultant complex impedance (Z*) for a dielectric ma-

terial representing behaviour of a simple circuit comprising a resistor and capacitor in series

can be calculated from the relationship (Eq. 1.6):

Z⇤ = R+Xc (1.6)

where R is the resistance resulting from the resistive nature of material and Xc – reactance

related to the capacitive nature of dielectric and is represented by (Eq. 1.7):

Xc =
1

i!C
(1.7)

Moreover, it is possible to calculate impedance of simple models consisting of a few layers

of di↵erent materials connected in series or in parallel (Zs and Zp), it can be derived from

Eq. 1.8 and Eq. 1.9:

Zs = Z1 + Z2 + ...+ Zn (1.8)
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Figure 1.5: Homogeneous, isotropic material of cuboid shape, with conductivity

s and relative permittivity "r, cross-sectional area A and thickness d

Zp =
1

1
Z1

+ 1
Z2

+ ...+ 1
Zn

(1.9)

where Zi defines the impedance of a single component or layer of the circuit. Nonethe-

less, most biological tissues are characterised with behaviours represented by more complex

electrical circuits than a simple resistor-capacitor in series presented above. The alternative

defining models describing the impedance tissue and biological structures are summarised in

Chapter 2.

1.6 Computational modelling

The fundamental idea behind computational modelling is to use the available tools of math-

ematics, physics, and computer science in order to describe and predict the theoretical be-

haviour of complex systems and is a widely used tool in engineering and science. Even

in the field of the frequency-dependent electrical properties of the biological tissues, there

are well documented and developed approaches using fundamental physical principles, start-

ing from simple analytical calculations and moving to more sophisticated numerical methods.

The principle of analytical modelling is deriving a direct and exact solution from a single

or a system of mathematical equations describing the underlying physical phenomena of the

investigated environment. Nonetheless, the accuracy of the solution is determined by the

level of complexity considered in the model and the extent of assumptions that simplify the

calculation. The analytical modelling methods can be used to predict the electrical prop-
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erties of simplified tissue geometries (e.g. to investigate the layered skin structure [33]) or

can be implemented for the analysis and interpretation of complex experimentally acquired

impedance data (e.g. equivalent circuit model fitting methods used to parameterise the mea-

sured data [34]).

For systems representing more complex morphologies which cannot be easily investigated

with the analytical methods, numerical modelling methods are implemented, where instead

of a direct solution, an approximation of the real result is obtained. The main concept behind

numerical modelling is the discretisation process, which reduces continuous partial di↵erential

equations that describe a given behaviour or phenomenon to their discrete alternatives which

are easier to solve. The finite di↵erence and finite volume methods are the simpler numerical

methods in comparison with the finite element approach, which will be described in more

detail in section 2.3 Chapter 2. The finite di↵erence method is the most straightforward

approach where the numerical solution is only computed at the discrete and regularly spaced

grid points and the continuous di↵erential equations are approximated with finite di↵erences

which are typically derived using Taylor series expansion [35]. However, in the finite volume

method, often used in computational fluid dynamics problems, the di↵erential equations so-

lutions are approximated over finite-size volumes, known as ‘cells’, instead of just points as

in the finite di↵erence approach [35]. In this method the governing equations are integrated

across the model cells in order to generate the finite volume equations.

The finite element (FE) method is a well-established numerical modelling tool which has

been utilised in numerous fields, comprising engineering, mathematics, and physics. The

main idea behind the FE method is dividing the domain, which is often a simplified geomet-

rical representation of the object or system of interest, into smaller elements of defined shape

and size to create a finite element mesh, upon which the governing equations are solved during

a simulation under previously defined and known initial or boundary conditions [36]. In this

method, the results are calculated at specific points, known as nodes, and are subsequently

interpolated into the spaces between them using the initially chosen shape or interpolation

functions. The more nodes and elements generated for an FE mesh, the higher order of shape

functions and the more realistic initial conditions for the simulation, the more reliable the

obtained results for the defined problem. However, with higher complexity comes increased

computational expenses, hence, finding a compromise between accuracy, computational time

and required resources is crucial for many applications. This is of great importance, e.g.

in bioengineering, where the time aspect is critical in cases where FE aims to improve the

decision-making process during medical procedures. Nonetheless, FE is a convenient tool for

predictive and diagnostic tasks which allow to assess the current state of the studied biolog-

ical system and to test the possible outcomes of treatment to support the clinicians. The

FE modelling approach was successfully implemented to investigate the electrical properties

of biological tissues such as skin [37], cervical epithelium [38], urinary bladder [39; 40] or
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oesophagus [24].

In the following Chapter 2, various analytical and numerical modelling methods with ex-

amples of research aimed to investigate the electrical properties of tissues will be introduced

and discussed.

1.7 Aims of the project and research objectives

The di↵erences in the thyroid and parathyroid electrical properties acquired for healthy and

pathological tissues with EIS devices have already been investigated empirically and docu-

mented in the literature [3; 34]. In particular, the commercial ZedScan™ device has been

utilised for tissue di↵erentiation during thyroid and parathyroid surgery [3] investigating the

distinguishing features between healthy and pathological parathyroid glands impedance spec-

tra from those obtained from the surrounding tissue. As reported by Hillary et al. [3], there

are similarities in the in vivo median impedance spectra measured for healthy thyroid and

parathyroid tissues, which did not provide su�cient evidence on how to distinguish both

tissues by solely comparing their impedance spectra. Moreover, EIS, despite its advantages,

such as real time and non-invasive assessment of tissues, is a technique that can only provide

information on the bulk electrical properties without the ability to reveal the connection

between the measured spectra and specific tissue characteristics responsible for observed be-

haviour. However, this connection can be investigated by applying computational modelling

to complement and accompany the EIS experimental data.

As previous research in cervical epithelium [38] or oral tissues [41] has shown, the geomet-

rical features and organisation of the structures within the tissue, along with the tissues’

material composition and electrical characteristics, all influence the impedance spectra and,

consequently, the impedance magnitude and the shape of the dispersion. Therefore, it is

possible to anticipate that impedance curves with di↵erent characteristics will result from

structural and composition variations at the cellular or supracellular level between tissue

types. As highlighted in Fig. 1.2, the di↵erences between thyroid and parathyroid tissue are

substantial. Thyroid structure consists of an arrangement of cell-lined spherical follicles filled

with a protein rich colloid, structures that are entirely absent in parathyroid glands, which

are composed of closely packed clusters of chief cells. Computational modelling can be of

great benefit to aid the implementation of the mechanistic approach into predicting theoret-

ical electrical tissues’ behaviour. This can also assist us in comprehending how each tissue

component, relating to tissue morphology or tissue composition, can influence the respective

characteristic of a ”measured” EIS spectrum. It is therefore plausible to hypothesise

that computational modelling can elucidate the di↵erences between the measured

thyroid and parathyroid spectra that are driven by di↵erences in their structure

and composition.
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The aim of this study is to develop and apply computational modelling methods to investigate

the potential of Electrical Impedance Spectroscopy to di↵erentiate thyroid and parathyroid

tissues during surgery. The constructed modelling framework is intended to elucidate how

the tissue specific features (such as the morphological, structural characteristics and material

composition), the surgery related conditions (the accuracy of the measurement) or the instru-

mentation (the arrangement of the electrodes on the EIS probe) can impact the measured

electrical impedance spectra of both tissues. Additionally, modelling will aid to quantify how

the aforementioned factors could influence the thyroid and parathyroid separability based on

EIS measurements. This further permits the formulation of the main Research Objectives

(RO) that will be explored in this thesis:

• RO1: to recreate the thyroid and parathyroid tissues’ characteristic structure and

composition and to simulate their electrical impedance;

• RO2: to compare the obtained results against the in vivo measurements provided by

Hillary et al. [3];

• RO3: to assess the separability between thyroid and parathyroid tissue computed and

in vivo measured EIS spectra from Hillary et al. [3];

• RO4: to investigate the influence of morphological and electrical properties of thyroid

and parathyroid tissue structure on di↵erent characteristics of the impedance spectra

through two complementary and comprehensive sensitivity study approaches;

• RO5: to explore the heterogeneous tissue morphology and its impact on the theoretical

impedance spectra on di↵erent scales;

• RO6: to investigate the importance of accuracy of the measurement with the ZedScanTM

probe and to propose suggestions for EIS tetrapolar hardware improvements for parathy-

roid glands identification.

Chapter 2 will present the literature review comprising di↵erent computational mod-

elling methods used to investigate the electrical properties of biological tissues. Additionally,

di↵erent techniques of acquiring electrical material properties of cellular and supracellular

structures will be introduced along with review of studies concerning EIS applications in the

thyroid and parathyroid surgeries. In Chapter 3 the multiscale model development for thy-

roid and parathyroid will be discussed by highlighting the impact of their unique micro- and

macroscale structure on the created computational models for both tissue types. Moreover,

model sensitivity to the natural tissues’ geometrical characteristics variability and the uncer-

tainties in the material properties of thyroid and parathyroid structures across various levels

of complexity will be investigated using local and global methods and presented alongside

the reference simulated impedance spectra in Chapter 4. The computational model results



CHAPTER 1. INTRODUCTION AND BACKGROUND 15

verification and comparison with in vivo measured data will be covered in Chapter 5. This

would also include a concluding discussion on the feasibility of the EIS measurement to dis-

tinguish between thyroid and parathyroid tissue. Chapter 6 summarises the exploration of

di↵erent approaches to model tissue heterogeneity and irregular structure at various levels

of complexity. Chapter 7 comprises complementary studies examining the e↵ects of the EIS

measurement precision with the proposed changes to the EIS probe design to increase the

parathyroid tissue measurement accuracy and tissues separability. The final discussion of the

results will be addressed in Chapter 8, along with a discussion of the methodology’s limita-

tions and recommendations for further research on the electrical properties of thyroid and

parathyroid tissue using computational methods.



Chapter 2

Literature review

The purpose of this literature review was to evaluate the current state of knowledge in the

analytical and numerical modelling methods in the field of electrical properties of biological

tissues. Furthermore, the techniques of electrical properties measurements for tissues and

their substructures will be introduced along with the overview of the applications of electrical

impedance spectroscopy with the emphasis on the thyroid and parathyroid tissue applications.

2.1 Electrical Impedance Spectroscopy and Electrical Impedance

Tomography applications

2.1.1 Applications of Electrical Impedance Spectroscopy

Electrical impedance spectroscopy is a technique with many applications across di↵erent fields

of science and engineering. It is predominantly and extensively used in material science, eg.

to investigate electronic ceramics and composite materials [42; 43]. EIS methods are also

implemented in food quality assessment [44] or in biology with the examples of tree condition

analysis [45], plant roots [46] or leaves research [47].

Over the years EIS has also been introduced as a diagnostic technique to monitor, compare,

and detect various types of tissues in their healthy or pathological states. The significance

of EIS has been broadly studied and exploited in the analysis of impedance spectra between

di↵erent organs in various species for cancer and other pathologies detection, also for tissue

di↵erentiation. EIS has been studied as a tool to distinguish between di↵erent animal tissue

types [48] or to monitor the state of tissues, such as myocardium during the occlusion of left

anterior descending artery [49] or lungs, during bronchoscopy as an alternative to histological

biopsy [50]. Nonetheless, the broadest application of EIS in medicine is for cancer diagnosis,

where we can highlight works relating to benign and malignant skin pathologies [51], cervical

[52], oral tissues [53], breast tissue [54] and prostate [55] cancers. Thyroid and parathyroid

tissues have been a subject of several EIS studies in cancerous or benign pathologies diagnosis

16
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[22; 34; 56; 57]. In particular, the identification of thyroid and parathyroid tissues in both

their healthy and diseased states has also been the interest of a study in rabbit [2] and two

studies on human [3; 34] neck tissues which will be evaluated in more detail later in this

chapter along with other selected thyroid and parathyroid clinical studies.

2.1.2 Electrical Impedance Tomography

In contrast to EIS, which acquires the impedance at a particular point of interest and due

to the small size and low number of electrodes provides the assessment of tissues’ electrical

properties from a relatively small region, Electrical Impedance Tomography (EIT) instrumen-

tation is characterised by multiple electrodes. In EIT measurement, comparable to EIS, small

electric current is applied to the tissue across the chosen frequency range and the resulting

voltage is measured by an array of electrodes which is then converted into a visual impedance

map. One of the first EIT systems was developed for pulmonary function monitoring appli-

cations [58], in particular for ventilation imaging and blood clot detection. Other common

applications are breast tissue imaging for tumour detection [59] or brain tissue imaging to

localise lesions in focal epilepsy [60].

Despite the feasibility of EIT for non-invasive tissue imaging in many applications provid-

ing more insight into the electrical assessment of the tissues compared to EIS devices, the

impedance map (2D or 3D) is obtained using image reconstruction methods which can be

time-consuming and are prone to reconstruction errors. Other drawbacks of this approach are

the poor spatial resolution, the sensitivity to the ribcage movements in the lungs measure-

ments, as much as the high impedance of the skull in the brain tissue assessment. Moreover,

the high skin-probe contact impedance is a significant source of the measurement error since

most of the measurements are performed superficially and are not applied to the tissues

directly as in many measurements with EIS devices.

2.1.3 EIS and EIT studies relating to thyroid and parathyroid tissues

Out of the studies of the EIS applications for tissue di↵erentiation during thyroidectomy, there

are two studies, in particular, that explored the applicability of the commercial ZedScan™
EIS device with the emphasis on the parathyroid glands’ discrimination from the adjacent

tissues [3; 2]. Antakia et al. [2] performed impedance measurements on 9 rabbit specimens

where thyroid, parathyroid, adipose and muscle tissues were examined at 14 frequencies from

the range of 76-625,000 Hz. The median impedance spectra for thyroid, parathyroid and

muscle tissue showed substantial di↵erences across all frequencies. The results show that the

thyroid tissue exhibits higher impedance below the 80 kHz relative to the parathyroid tissue.

At higher frequencies the situation is reversed, and the parathyroid tissue showed greater

impedance. This was explained by the assumption that thyroid cell-lined follicles are more

resistive in the low-frequency range compared to parathyroid tissue with a compact cellular
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structure. Furthermore, the in situ and ex vivo measurement conditions were compared,

which exhibited clear variability in the obtained results, occurring due to di↵erences in tem-

perature and time between the in situ and ex vivo measurements. Additionally, the ex vivo

results exhibited higher impedance for both tissue types across the whole frequency range

compared to the in situ measurements.

Subsequently, Hillary et al. [3] performed a follow-up study where the electrical impedance

measurements were performed on human neck tissues in fifty-six patients undergoing neck

surgeries due to thyroid and parathyroid pathologies. In this case, the scope of the study

was to use EIS to discriminate not only di↵erent tissue types, but also to detect parathy-

roid pathologies. Similarly to the previous study, there are di↵erences in median impedance

spectra between thyroid and parathyroid tissue especially in the shape and the dispersion re-

gion, however, the di↵erences were more subtle compared to the study outcomes from rabbit

tissues’ measurement. Nonetheless, the results showed a similar trend in higher impedance

values for thyroid compared to parathyroid. It is also worth noting that higher dispersion

frequency and impedance after the dispersion was recorded for the parathyroid tissue, which

is another characteristic that distinguishes the tissue types. Finally, similar di↵erences be-

tween the in vivo and ex vivo measurements was documented in the preceding study [2],

explaining the impedance results vary with the changes in the temperature during both sets

of measurements. A concluding remark of this study was that, while there are EIS spec-

tra characteristics that have potential to improve the separation between parathyroid from

thyroid, the di↵erences in those parameters, however, are too subtle to clearly distinguish

between both glands and between healthy and diseased parathyroid tissue.

In addition, both studies acknowledged several limitations of the commercial ZedScanTM

EIS device during thyroidectomy procedures, which was initially designed and manufactured

for the cervical epithelium measurements accompanying colposcopy. One major restriction

is the size and shape of the measuring probe. In comparison to the tissue specimen such as

parathyroid glands (3-7 mm), the tip of the probe (5.5 mm in diameter) is often too large

for precise coverage of the whole gland which can have direct impact on obtained results and

the tissues adjacent to parathyroid can ‘contaminate’ the results. Moreover, the Cervical

Intraepithelial Neoplasia being the primary application of the device, the device has a long-

necked design which is ergonomically cumbersome and uncomfortable in the neck surgeries,

where tissues are well exposed and located superficially after the neck incision.

More recently, a similar study by Wang et al. [34] has been performed on a larger group

of patients (n=512) and focused on various neck tissues discrimination (thyroid, parathyroid,

fat and lymph nodes) using a di↵erent tetrapolar EIS device. In addition, they performed

a Cole-Cole model (which will be discussed in the following sections) fitting to the in vivo

measured impedance curves and compared the obtained fitted Cole indices (Z0, Z1, fc and
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a). As reported in the study, parathyroid tissue shows higher mean fc values and lower mean

Z0/Z1 relative to thyroid. However, the ranges of Z0/Z1 ratio shows a significant overlap

between these tissue types.

EIS measurements have also been introduced to enhance detection of pathological tissues, as

demonstrated in another study by Yun et al. [22], a bipolar EIS probe was utilised for ex

vivo measurements to compare and di↵erentiate cancerous and noncancerous thyroid tissues.

The reported results showed similarities for lower frequencies with the largest di↵erence of

real part of impedance around the 250 kHz, where, for all the specimen, the cancerous tissue

was characterised with higher impedance compared to healthy tissue. This observation was

explained that the di↵erences in results could be attributed to the conductive properties of

the colloid material filling each follicle. In the cancerous tissue, there is a significant level

of degradation of follicle structures being replaced by higher density of follicular cells, which

can be contributing to the increase in impedance in the frequency range around 100 kHz.

Moreover, Cheng and Fu [61] used a coaxial probe to distinguish between normal and can-

cerous thyroid tissue in 48 patients in the gigahertz frequency range (between 0.5-8 GHz),

frequencies considerably higher than the range explored in the previous studies. The study

reported higher e↵ective relative permittivity and higher e↵ective conductivity for the can-

cerous tissue compared to healthy thyroid across the investigated frequency range.

EIS has also been used by Stojadinovic et al. [56] with an EIS probe setup which is placed

on the skin superficially to the thyroid gland to measure the conductivity and capacitance of

the underlying thyroid tissue. The voltage was applied to the tissue and the behaviour was

captured by a 8x8 matrix of sensors making it closer to the EIT device, however, without

the following image reconstruction. The aim of the study was to di↵erentiate health and

cancerous thyroid tissue under the assumption that cancerous tissue has higher conductivity

or capacitance compared to healthy tissue as implied by the outcomes of the breast tissue

study [62]. However, this assumption might not be correct for the thyroid tissue, as previous

studies mentioned in this section suggest the increased impedance/decreased conductivity for

the cancerous lesions in comparison with the healthy tissue. Another similar EIT device with

64 electrodes has been used for the applications to detect the cancerous thyroid nodules [63]

suggesting that the thyroid tumours exhibit higher impedivities in comparison to the healthy

tissue. Another superficial EIS device has been introduced by Zheng et al. [57], where not

only capacitive but also inductive properties of tissues and changes in the resonance frequency

in the case of the healthy and cancerous thyroid tissue were investigated. According to the

study, such a device could indicate if a patient shows evidence of cancerous tissue, however,

one of its limitations is that it is unable to identify a malignant nodule. Moreover, both stud-

ies ([56] and [57]) developed EIS inspired devices that during the measurement are not in the

direct contact with the tissues of which properties they attempt to capture, and are placed
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superficially on the skin above the thyroid tissue. Stojadinovic et al. [56], however, explained

the calibration process and how the recorded data is processed to reduce the contamination

from the skin, muscle and other surrounding tissue, a similar explanation is not provided by

Zheng et al. [57].

2.2 Analytical modelling

There are a number of directions of analytical modelling in the field of electrical properties of

tissues. First are the prognostic models trying to predict the electrical impedance of biological

structures if the properties of its substructures are known. The examples of predictive models

could be impedance studies of simplified layered structure (such as homogenised layers in skin

[33]), or the prediction of properties of cell suspensions based on Maxwell’s homogenisation

theory [64]. Another group comprises descriptive models that utilise the knowledge obtained

through previous empirical studies in order to explain the behaviour of a given system. The

equivalent circuits are an example of the descriptive models, which are often used in the

model fitting techniques. These are performed for the purpose of parameterisation of the

measured impedance spectra and to further understand each tissue features’ contribution to

the measured bulk electrical behaviour.

2.2.1 Maxwell’s mixture theory

One of the relevant analytical modelling methods is based on the work of Maxwell Gar-

nett that proposed a homogenisation theory in 1904 [64] that has been adapted to the field

of electrical properties of tissues. In its principle, the Maxwell’s mixture theory estimates

the e↵ective permittivity of a heterogeneous material "⇤mix (usually particles suspended in

a medium) based on the permittivities of specific compartments, and the volume ratio of

particles and the external medium. The formula in its most basic form is represented by Eq.

2.1:

"⇤mix = "⇤m
1 + 2'f⇤

cm

1� 'f⇤
cm

(2.1)

where: f⇤
cm = ("⇤p � "⇤m)/("⇤p +2"⇤m) and the indexes mix, m, and p represent the complex

permittivities "⇤ of the mixture, medium and particle respectively, ' is the volumetric frac-

tion of the particles in the suspension.

The Maxwell-Wagner equation (Eq. 2.2) is derived from the Eq. 2.1, which is adjusted

to calculate the e↵ective permittivity of the cell suspension "⇤eff :

"⇤eff = "⇤m

✓
1 + 3vc

"⇤cell � "⇤m
"⇤cell + 2"⇤m

◆
(2.2)
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where "⇤cell and "⇤m represent the complex permittivity of cell and medium, vc is the

volumetric fraction calculated from Eq. 2.3:

vc =
nR3

cell

R3
m

(2.3)

under the assumption of n number of spherical cells of radius Rcell suspended in a spherical

medium of radius Rm. The e↵ective permittivity of a cell "⇤cell can be obtained from the

simplest single-shell model which assumes a single membrane is separating the cell interior

(cytoplasm) from the medium. The compartments of a single-shell model are visualised in

Fig. 2.1. In this example, however, the presence of a nucleus surrounded by a nuclear

membrane is discarded. In the Eq. 2.4 the volumetric fraction vc is replaced by (R1 � R2)3

where the R1 and R2 are the radii of the whole cell and the cytoplasm respectively:

"⇤cell = "⇤mem

(2"⇤me + "⇤cyt)R
3
2 + 2("⇤cyt � "⇤mem)R3

1

(2"⇤me + "⇤cyt)R
3
2 � ("⇤cyt � "⇤mem)R3

1

(2.4)

Figure 2.1: Single shell cell model visualisation

Despite the simplicity of deriving the dielectric permittivity of cells based on the properties

of their components or assessing the properties of the cell substructures based on the bulk

electrical properties obtained from the cell suspension measurements, this method has several

limitations that arise from (i) the assumption of the particles being uniform, and spherical

in shape, where cells often come in irregular shapes and sizes and (ii) is applicable mainly

for a small volumetric fraction of cells, assuming there is abundant extracellular material in

the tissue. Both of those assumptions are not suitable for many tissue structures, hence, over
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time the equation was adapted depending on the application. A comprehensive summary

of di↵erent variations of Maxwell’s mixture theory and applications can be found in Markel

[65] and Nasir and Ahmad [66]. Nonetheless, this approach would be of limited value for

more complex tissue structures, in particular, it would not be feasible to use this analytical

approach to account for the properties of the cell-lined follicular structure of the thyroid

tissue.

2.2.2 Equivalent circuit models

Electrical equivalent circuit models are a method that can be used in conjunction with the

EIS measurement to parameterise the impedance spectrum in terms of representing the elec-

trical behaviour of di↵erent structures by combining its resistive and capacitive components

in series or parallel in order to recreate the measured electrical spectrum of the whole tissue

system [67]. There are a few examples of the electric equivalent circuits describing the elec-

trical properties of cells and tissues which vary in complexity and the structures considered

in the model.

For example, the electric behaviour of a single cell or cell suspension is often described by

a simple resistor-capacitor (RC) electric circuit (Fig. 2.2) including components that define

the resistances of ECS (resistor R) and intracellular content (resistor S ), and capacitance of

cell membrane (capacitor C ). This equivalent electric circuit for cell has been first proposed

by Fricke and Morse [28], and further summarised in a form of the Debye model (Eq. 2.5)

initially concerning the impedance of suspension of dipoles:

Z(f) = Z1 +
Z0 � Z1

1 +
⇣
i f
fc

⌘ (2.5)

In the case of simple cell and cell suspension models, Z⇤ is the complex impedance, f –

frequency, Z0 – low frequency impedance describing the properties of ECS (Eq. 2.6), Z1 –

high frequency impedance describing the properties of intracellular space (cytoplasm) when

the current flows throughout the whole structure past the b dispersion (Eq. 2.7), fc – specific

frequency defining the middle of the b dispersion (Eq. 2.8).

Z0 = R (2.6)

Z1 =
RS

(R+ S)
(2.7)

fc =
1

2⇡C(R+ S)
(2.8)
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Figure 2.2: Equivalent electric circuit of a single cell with resistive and capacitive

elements: resistor R characterising extracellular space, resistor S – intracellular

space and capacitor C – cell membrane

An empirical Cole-Cole relaxation model [29] is an improved version of the Debye model

which accounts more realistically for the width of the b dispersion in experimentally measured

tissues, and is shown in Eq. 2.9:

Z(f) = Z1 +
Z0 � Z1

1 +
⇣
i f
fc

⌘1�↵ (2.9)

where a – is a parameter that characterises the width of the dispersion and takes the

values from the range [0, 1]. The larger the parameter, the wider the dispersion, with the a
values close to 0 indicating the behaviour represented by a Debye relaxation model.

The a parameter initially had no molecular and physical origin and was treated as an empir-

ical parameter introduced to the model solely in order to better match with the impedance

measurements of biological materials. However later it was hypothesised, that this parameter

can indicate numerous Debye-type relaxations with a distribution of relaxation times. This

could be further explained by the tissue’s heterogeneity knowing the relationship between

the relaxation time and sizes of cells or other tissue structures [32; 68]. Another justification

points to the assumption that in biological tissues the charge conduction and dipole orien-

tation processes are interdependent [68]. The first one is the most widespread and widely

acceptable hypothesis, nonetheless, as the experimental work by Markx et al. [69] and Zhang

et al. [47] suggest, there are most likely multiple factors influencing the a parameter and it is
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not su�cient to attribute the cells sizes and time constant distribution in the tissues as the

only influential factors.

2.2.3 Analytical modelling studies relating to EIS applications

An example of analytical modelling in EIS relating to skin tissues is the work presented by

Birgersson et al. [33]. The proposed analytical model permits the investigation of stratum

corneum properties from the EIS skin measurements with a circular tetrapolar probe. The

simplified analytical calculations were verified against results obtained with a standard nu-

merical analysis. This study determined the frequency range for which the analytical model

is able to derive valid results to estimate the thickness and electrical properties of stratum

corneum without the need of computationally expensive numerical solution for di↵erential

and constitutive equations. One important simplification introduced in this study was the

fact that the cellular structure of tissues was not recreated and each of the skin layers were

treated as homogenised compartments.

The Cole-Cole model and other equivalent circuit models are of often used for the parame-

terisation of the complex experimental or computed data for the comparison purposes with

uniform fitted parameters. For example, the combined Cole-Cole and Maxwell mixture model

fitting was implemented to derive the parameters characterising the liver and lungs of di↵erent

levels of water content and presented by Etoz and Brace [70]. In study by Bora and Dasgupta

[71], various alternative circuit models were fitted to the in vivo experimental skin impedance

to propose the model that provides the best fit for the skin properties from ten di↵erent sides

on human body. The Cole-Cole model fitting technique can also be implemented to compare

the Cole parameters in order to quantitatively di↵erentiate various tissues which electrical

properties are acquired in vivo during thyroid surgery [34] or complementing colposcopy [72].

2.3 Numerical modelling: Finite Element Method

2.3.1 The principle of Finite Element Method

A detailed description of an FE pipeline for geometries of di↵erent levels of complexities

and the applications in electromagnetism are described in the textbook by Polycarpou [36].

Following the textbook, a typical FE simulation methodology under the Galerkin scheme

consists of following steps: domain discretisation, shape functions selection, deriving linear

equations for each element, global matrix system formulation, boundary conditions imposi-

tion, solving the linear system of equations, and postprocessing.

Domain discretisation is the process of dividing the domain into a substantial number of

small and finite elements. The visualisation of the model discretisation is presented in Fig.

2.3. Subsequently, the selection of suitable shape functions, also known as interpolation
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functions, follows. These functions specify how the results calculated at the nodes can be

interpolated to the rest of the element. The requirement for the shape function is to be con-

tinuous within an element and at least once di↵erentiable. The number of shape functions

relates to the number of nodes of the element or its degrees of freedom.

(a)

(b) (c)

Figure 2.3: Two-dimensional domain discretisation with a 2D 8-node element

generated in Ansys Mechanical APDL, (a) the domain before discretisation, (b)

discretised domain, (c) discretised domain with visualised nodes

Subsequently, the finite element equations are derived by constructing the weighted resid-

uals which are derived by moving all terms from governing di↵erential equation on one side,

multiplying by a weight function w(x) and integrating over the element. By minimising the

weighted residual and constraining it to equal zero, the approximate solution for the electric

scalar potential V is calculated. For each choice of weighted function, an equation is formed

to predict the electric scalar potential at given node, and the number of the weighted func-

tions is required to be equal to the number of nodes.

Additionally, in the Galerkin FE method, for convenience, it is suggested that the weighted

functions should be identical to the previously selected shape functions. The finite element

equation for a single finite element can be obtained by substituting the approximate solution
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in the weak form of the di↵erential equation and taking identical weighted functions as the

shape functions. The system of equations with unknown scalar potential values can be writ-

ten in a matrix form where a matrix system corresponds to only one element. Subsequently

from the element matrices, the global matrix system is constructed knowing how the elements

are assembled with their connecting nodes.

Elements assembly is performed to generate the global matrix system and then the Dirichlet

(Eq. 2.10) and Neumann (Eq. 2.11) boundary conditions are imposed to solve the electric

scalar potential distribution:

V = V0 (2.10)

�rV · n = 0 (2.11)

The Dirichlet boundary condition restricts the electric scalar potential V known values

of V0, and the Neumann boundary condition confines the current flow within the model by

stating that the normal component of the electric field is zero.

Constructing the global system matrix is performed in a way that the equations regard-

ing the same node are added together and the matrix size reduces from 2Ne to Ne+1, where

Ne is the number of nodes. The boundary conditions application further eliminates the num-

ber of the equations to solve by constraining the value of electric scalar potential at certain

nodes. Subsequently the global system matrix is solved and the electric scalar potential is

derived at each node of the FE mesh, and the in-between values are obtained through the

shape functions initially constructed for each element.

2.3.2 FE modelling studies relating to EIS applications

There have been several documented studies developing computational numerical models to

investigate the electrical behaviour of the biological structures – starting from single cell

studies and moving on to more complex tissue or organ models. Miller et. al [73] in the late

1980s were the first to implement the FE approach to investigate the bioimpedance of a single

erythrocyte suspended in the medium to predict the transmembrane potential in comparison

the results from spherical cell geometry which was verified against the analytical calculation.

More recently, a novel parameterisation method to investigate the impact of the cell shapes

on their electrical properties was proposed by Huclova et al. [74]. This study provided evi-

dence that the cell shape is an influential factor in predicting the electrical properties in the

frequencies below 1 MHz showing up to 35% and 15% deviations in e↵ective conductivity

and permittivity respectively from a reference spherical geometry.
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Multiscale FE models relating to the measurements with the commercial tetrapolar ZedScan™
probe have been developed for several tissues to investigate the di↵erences in the impedance of

healthy and pathological tissues [38; 39; 41]. In the multiscale modelling method implemented

in these studies, the macroscopic model is assigned with properties obtained from lower level,

cellular simulations in order to decrease the computational expense that would result from

including cellular details directly in the macroscopic geometry. The first published study

on cervical epithelium by Walker [38] focused on computing the electrical impedance of the

healthy epithelium and the changes resulting from the development of Cervical Intraepithelial

Neoplasia. Additionally, a sensitivity analysis looking into the epithelial cell’s geometrical

and electrical properties impact on the EIS theoretical spectra has been performed. Similar

multiscale methodology was expanded to the bladder tissue applications presented by Walker

et al. [39] to investigate the changes in this organ’s impedance due to oedema and inflam-

mation, and more recently to oral tissues by Heath et al. [41], to determine the changes in

tissues electrical properties in the case of oral potential malignant disorder.

There are several studies focusing on skin impedance models, such as a 3D multiscale FE

model simulating the electrical properties of skin pathologies and predicting the current flow

depth in an impedance measurement by the Electrical Impedance Tomography system as

presented by Hartinger et al. [37]. They present an interesting approach of reducing the

computational expenses associated with meshing small cellular substructures. Instead of

meshing these structures with 3D elements which requires high level of refinement, cellular

and nuclear membranes, and extracellular space were treated as surfaces (structures of negli-

gible thickness) separating other compartments and meshed with 2D elements. Subsequently,

the approximated electrical properties have been obtained from a bricked configuration of cells

for each layer of epithelium, and assigned to a microscale level, similarly to the approach pre-

sented in the aforementioned cervical epithelium study [38]. Another example is a study by

Huclova et al. [75] which is the continuation of the previous work on dielectric properties of

cells [74], here, focusing on investigating skin properties using multiscale modelling approach

with combined analytical and numerical methods. The main objective was to determine the

optimal complexity of the multiscale model which would permit simulation of properties of

skin obtained through in vivo experimental measurements. The results suggest a detailed

numerical method (that considers realistic shapes of the cells and the anisotropy of each skin

layer) provided the best fit with the experimental data. Additionally, the results revealed the

limitations of each chosen analytical method in assessing the dielectric properties of skin.

Nonetheless, it has been demonstrated that the FE methods are not only useful to pre-

dict the electrical properties of biological tissues but can also be used as a tool to support the

EIS probe manufacturing to determine the type, size and number of electrodes most adequate

for a given application as demonstrated for oesophagus in the study by Jones et al. [76] and

cervical epithelium by Gandhi et al. [77]. Additionally, the benefits of numerical methods
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in assessing the importance of measurement accuracy are also shown by Schooling et al. [78]

in a study investigating the precision of the Electrical Impedance Myography eight-electrode

device placement on the impedance measurement of the tongue in the amyotrophic lateral

sclerosis diagnosis. In this study, the heterogeneous muscle fibrous structure was considered

in the FE model by generating a simplified layered geometry with varied material properties

assigned to the layers. The results presented in this study revealed the dependence of the

measured impedance magnitude and phase on the eight-electrode probe contact and place-

ment on the lateral tongue.

There is only one study presented by Lv et al. [79] that documents a Finite Element model

development to investigate the electrical and heat transfer properties of the thyroid tissue,

with the emphasis on the impact of colloid’s conductivity by taking the follicular structure

into account in their framework. However, in this study the cellular structures have not been

included in the model, instead of that the spaces separating each follicle (which usually is oc-

cupied by layers of cell and connective tissue) were assigned with electrical properties found in

the literature and obtained from the whole thyroid gland measurement. To date, there are no

computational studies investigating the electrical properties of parathyroid glands published

in the literature.

2.4 Measurements of properties of fundamental tissue struc-

tures

In order to obtain reliable results through computational modelling, it is crucial to pro-

vide adequate material properties from the experimental measurements. An experimental

study comprising dielectric properties of various biological tissues that was published and

performed in the 1990s by Gabriel [26] is to date the most comprehensive compilation of the

electrical properties data used in various computational modelling studies. The data was col-

lected with various electrical impedance spectroscopy instrumentation and covered a broad

frequency range from 10 Hz to 3 GHz.

The EIS technique provides an insight into the electrical impedance of whole tissue structures

at a given tissue-probe contact point, however, it is impossible to use the obtained measure-

ments to deliver the electrical properties of smaller substructures building the tissue. An EIS

based instrumentation utilised specifically to investigate the properties of membranes and

epithelia is known as Ussing chamber with examples of application for ventral epithelium

[80] or glandular mucosa [76]. Analytical methods such as the equivalent circuit and model

fitting techniques can convert the bulk impedance or e↵ective permittivity measurements into

estimated electrical properties of the substructures building the tissues. Nonetheless, it is

additionally crucial to consider single cell spectroscopy methods as measurement techniques
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for obtaining the electrical characteristics of single cells or cell suspension and its substruc-

tures.

Dielectrophoresis (DEP) is a phenomenon of the relative movement of the particles by a

trapping force being a result of di↵erences in polarisability of particles (cells) and surround-

ing medium when exposed to a non-uniform electric field. DEP is mostly used for many

applications in medicine to investigate the healthy and pathological state of various cells.

The induced translation force ~F by the non-uniform field ~E can be derived from the field

gradient and the real part of the polarisation vector ~P (Eq. 2.12):

~F = (~Pr) ~E (2.12)

DEP can also be utilised to derive the electrical properties of cell compartments, such as

cell membrane of murine myeloma cell line as documented in [81] or measurements of the

dielectric properties of human blood cells with the emphasis on the protein rich cytoplasm

[82].

Electroporation is another phenomenon used in single particle measurement, with the prin-

ciple of a non-uniform rotating external field ~E exerting a torque ~N on a polarised particle

(cell) which is proportional to the imaginary part of the polarisation vector ~P and can be

derived as the cross product (Eq. 2.13):

~N = ~P ⇥ ~E (2.13)

Flow cytometry is a method through which the electrical properties of a single cell are

obtained through a large number of cells passing at high speed and this approach is mostly

widespread in the blood cells analysis with the first cytometer developed in 1950s [83]. The

principle of measurement is to capture the properties of the cell flowing through two isolated

channels in a form of the disruption to the electric field between two electrodes caused by the

passing cell. This method is used to detect cells of di↵erent sizes and dielectric properties,

since the impedance measured by a cytometer depends on those factors. Newer cytometers

exploit other methods of cell detection such as optical systems where the absorption, re-

flection, scattering, or fluorescence emission is recorded following the cell’s flow disturbance

through the beam of laser light, or the piezoelectric properties of cells.

Advantages of the single cell spectroscopy methods are their simplicity that do not require

sophisticated instrumentation and permits the analysis of the electric characteristics of a

single cell, which is not possible with the EIS devices. Nonetheless, these methods provide

the information on the electrical properties of a single cell or cell suspension, that is why, in

order to derive the electrical conductivity and permittivity values of the cell substructures,

adequate assumptions (of a fixed or uniform size of cells and cell membrane thickness) and
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model fitting methods are required. Consequently, the assumptions made and the chosen the-

oretical model – which, even for a single cell, can take many di↵erent forms and have varying

degrees of complexity — both play a significant role in the accuracy and dependability of

the material properties that are derived from model fitting to experimentally obtained data.

The importance of the model selection, methodology and measurement technique selection

manifests in the di↵erences in the obtained dielectric properties of tissues substructures doc-

umented in the literature which are often across multiple ranges of magnitude. The dielectric

properties of the biological structures will be further discussed and presented in Chapter 3

in the context of the computational models development of thyroid and parathyroid tissue.

2.5 Summary

This Chapter comprised the current state of the EIS technology application in medicine, and

in particular, the applications for thyroid and parathyroid surgery tissue di↵erentiation have

been examined and reviewed. Moreover, di↵erent computational modelling methods were

introduced in order to highlight their applicability in the field of biological tissues electrical

properties investigation, along with alternative measurement methods of electrical properties

of tissue structures.

To summarise the review of EIS-based experimental studies, the electrical impedance of the

health and pathologic neck soft tissues with the use of EIS and EIT devices was a subject of

prominent number of studies, however, there are clear discrepancies between the reported re-

sults. These can be explained by di↵erences in the studies’ methodology, such as di↵erences in

studied species, measurement environment (in vitro, in vivo, in situ, temperature, humidity),

type of measurement probe or device, which, without results normalisation or the conversion

of impedance results into electrical conductivity or permittivity values, makes it di�cult or

even impossible to compare the presented raw impedance values measured by di↵erent de-

vices of various geometrical characteristics. Despite the discrepancies, it is suggested that the

low frequency impedance values should be higher for thyroid compared to parathyroid tissue.

There is no similar consistency between the studies in the healthy and cancerous thyroid

tissue impedance. Table 1 summarises the electrical conductivity and relative permittivity

values presented in the literature for thyroid tissue obtained from the studies referenced in

this review which can be used to verify the outcomes of the computational model developed

in this thesis.

The analytical modelling methods highlighted in this Chapter permit the calculation of

an exact solution for electrical properties of the tissues using mathematical equations and

physical phenomena describing the behaviour. It is noteworthy that the calculation process

is not demanding since the solution can be obtained relatively fast with low computational

resources by solving single or a set of mathematical equations. However, the analytical cal-
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Parameter [unit] Frequency range Value Reference

Conductivity [Sm-1] <100 Hz 0.5 [26] modelled

Relative permittivity [-] >1 MHz >1e3 [26] measured

Conductivity [Sm-1] >1 MHz >0.7 [26] measured

Conductivity [Sm-1]

healthy, ex vivo
251 kHz 0.405 ± 0.082 [22] measured

Conductivity [Sm-1]

cancerous, ex vivo
251 kHz 0.289 ± 0.056 [22] measured

Conductivity [Sm-1]

healthy
0.5-8 GHz 0.8395±0.2013 - 1.8730±0.0979 [61] measured

Conductivity [Sm-1]

cancerous
0.5-8 GHz 1.8960±0.5024 - 9.7461±0.9349 [61] measured

Table 2.1: Comparison of the bulk electrical conductivity and permittivity val-

ues of thyroid tissue obtained through di↵erent methodology and presented in the

literature

culation is often associated with a significant level of assumptions, such as homogeneity and

structures idealisation by omitting the complexity arising from the electrical properties of

individual cells, their compartments and other molecules present in the biological material.

Finally, none of the highlighted methods seems feasible to provide the estimation of the elec-

trical impedance obtained through an EIS measurement with a tetrapolar probe which is

the primary goal of this project, nor account for the e↵ects arising from the unique follicular

structure of the thyroid tissue. That is why numerical methods, despite their challenges asso-

ciated with high computational time and resource requirements, seem to be more appropriate

for the purpose of this computational study. The complexity of the thyroid and parathyroid

micro- and macrostructures can be generated through a numerical modelling framework, and

due to the availability of commercial numerical modelling software, this computational mod-

elling approach will be feasible in order to investigate the addressed in this thesis research

questions.



Chapter 3

Multiscale finite element model

development

This chapter focuses on RO1 which is to recreate the characteristic structure and to simulate

the reference electrical impedance of thyroid and parathyroid tissues. To fulfil this goal, it is

necessary to derive the potential distribution in simulated tissue types when they’re exposed

to AC at multiple frequencies relating to the EIS measurement. It is, therefore, crucial to

determine:

• The governing equations for the electric scalar potential distribution and how to solve

them using numerical methods;

• The methods on how to recreate the complex structure of the biological tissues;

• Electrical properties of the tissues and their substructures investigated in this study;

• And model boundary conditions relating to the EIS measurement;

which will be addressed and detailed in the sections of this chapter.

3.1 Finite element modelling

3.1.1 FE software

In the literature review presented in Chapter 2, the limitations of the analytical methods

applications, in particular, of the Maxwell’s mixture theory, in predicting the electrical be-

haviour of complex biological structures were discussed. The numerical methods, mainly, the

Finite Element Modelling approach is implemented in this study, in order to simulate the

electrical behaviour of thyroid and parathyroid tissue after exposing them to alternating cur-

rent. The numerical methods give the opportunity to investigate models of complex shapes

without the strict shape and structure assumptions associated with the analytical approach,

32
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e.g. they permit the exploration of the detailed cellular and follicular structures of parathy-

roid and thyroid tissues.

For all the FE simulation and geometries generation presented in this study, a commer-

cial software Ansys Mechanical APDL with its quasi-static time-harmonic simulation [84]

has been utilised. This type of analysis allows the simulation of the e↵ects of an alternating

electrical field without the need of running computationally demanding transient simulations.

The assumptions for this analysis are that:

• The electromagnetic field is viewed as quasistatic,

• The time-harmonic electrical and magnetic fields remain uncoupled,

• Eddy currents are considered negligible,

• Electric field is derived from electric scalar potential.

According to the Ansys documentation [84], for this electric analysis with the quasistatic

approximation, the following governing and charge density continuity equations which are

derived from the Ampere’s equation (Eq. 3.1 and 3.2) are solved:

{E} = �rV (3.1)

r ·
✓
{J}+

⇢
@{D}
@t

�◆
= 0 (3.2)

where {E} is electric field intensity vector, V – electric scalar potential, {J} – current

density vector, and {D} – electric flux density vector. Eq. 3.1 informs us that the electric

field intensity vector equals the negative gradient (r) of the electric scalar potential, while

the Ampere equation provides that the divergence (r·) of a sum of the current density vector

(conduction electric current density) and the rate of change of electric flux density with time

(displacement electric current density) equals zero.

Constitutive equations Eq. 3.3 and 3.4 for the electric fields describe the relationship between

current density vector and the electric flux density vector with the electric field intensity vec-

tor:

{J} = [�]{E} (3.3)

{D} = ["]{E} (3.4)

where: [s] – electrical conductivity matrix (Eq. 3.5) and ["] – permittivity matrix (Eq.

3.6).
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and where: �xx, "xx, etc., is the conductivity and permittivity in one of three directions

x, y and z. These components, however, all take the same value under the assumption of

homogeneous and isotropic materials.

The di↵erential equation for the electrical scalar potential after substituting constitutive

equations (Eq. 3.3 and 3.4) into Eq. 3.2, considering the governing equation (Eq. 3.1), takes

the form of Eq. 3.7:

r · ([�]rV )�r ·
✓

["]r@V

@t

◆
= 0 (3.7)

The element type dedicated for the current based simulation in Ansys Mechanical ADPL

is SOLID231 – a 3D 20-node current-based electric element with one degree of freedom –

electric scalar potential. The SOLID231 element with its nodes is visualised in Fig. 3.1,

however, it can take a shape of hexahedron or tetrahedron depending on the chosen meshing

method. For a quasistatic time-harmonic electric analysis, knowing that the time derivative

component @
@t is replaced by j! and hence, Eq. 3.7 can be rewritten in a form of Eq. 3.8:

�r · (["]rV ) +
i

!
r · ( [�]rV ) = 0 (3.8)

where i is the imaginary number and ! is the angular frequency (!=2⇡f). The electric

scalar potential distribution is then predicted solely based on the conductive and dielectric

properties of a given biological material and the frequency of the external electric field.

Overall, the governing equations are solved upon all nodes and subsequently, depending

on the type and shape of the element, and the selected shape functions, interpolated to the

rest of the element. The information on the electric scalar potential approximation over the

element based on the calculated values at the nodes further explained in the Ansys docu-

mentation (Theory Reference for the Mechanical APDL and Mechanical Applications [84]),

in the section concerning electric analysis with the quasistatic approximation. Additional in-

formation concerning the SOLD231 element and its shape functions and interpolation points

depending on the shape of the solid element selected (hexahedron, tetrahedron, pyramid or

wedge) can be found in Ansys documentation [84] in the SOLID231 - 3-D 20-Node Electric

Solid section.
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Figure 3.1: SOLID231 element [84] I-Z, A-B mark the 20 nodes of the element

which are marked at the element’s corners and in the middle of each edge, r,s,t

mark the local coordinate system of the element in which the translations u,v,w

can occur

3.2 Multiscale model development

As explained in Chapter 1, the unique frequency-dependent properties of tissues in the b dis-
persion region result from the capacitive properties of cell membranes, which makes them

a crucial component to include in the computational model of biological tissues. However,

due to their small size (approximately 8 nm), it is not computationally feasible to include

them in a tissue model recreating the impedance measurement with a tetrapolar EIS probe,

which requires a simulation volume in the order of a few centimetres. The initial estimation

indicated that a tissue level model including such detailed cellular structures would result in

a mesh comprising over 1012 nodes for a thyroid tissue geometry with the thickness of only

1 mm, which is computationally intractable.

To overcome this limitation, a multiscale modelling approach can be implemented, where the

tissue’s structure is considered as a set of connected hierarchical substructures, representing

di↵erent levels of tissue complexity. In the case of thyroid and parathyroid tissues hierarchi-

cal structure, the cellular (microscale) and tissue (macroscale) levels can be distinguished.

The multiscale modelling approach investigating the cellular and tissue structures separately

has been implemented in the computational studies concerning the electrical properties of

cervical epithelium [38], oral tissues [41] and skin [37; 75]. Nonetheless, the characteristic
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structure of the thyroid tissue requires introduction of an additional scale (mesoscale) that

would represent this tissue’s basic structural unit – a follicle – which is not present in the case

of parathyroid tissue. Therefore, in this study a novel follicle mesoscale model will be pro-

posed and introduced to investigate the thyroid tissue electrical properties with the multiscale

modelling approach. Fig. 3.2 shows the histology images of thyroid and parathyroid tussles

with a marked hierarchy of substructures considered for each tissue’s multiscale model.

Figure 3.2: Parathyroid and thyroid histology images with labelled levels of com-

plexity corresponding to the levels of the multiscale computational model

The simulation results at each level, starting with the lowest model hierarchy (microscale)

are passed to the higher-level models in the form of element material properties. For lower

scale models (cell and follicle), the e↵ective transfer impedance is simulated. Subsequently,

the computed transfer impedance results are processed to calculate e↵ective conductivity (�)

and relative permittivity ("r) from Eq. 3.9 and 3.10, to assign as material properties in the

appropriate higher-level model compartments:

�(f) =
d

A · Z 0(f)
(3.9)

"r(f) =
Y

00
(f)

2⇡f · "0
d

A
(3.10)

where:

Y
00
(f) =

�Z
00
(f)

(Z 0(f))2 + (Z 00(f))2
(3.11)

and knowing that:

C(f) = "0"r
A

d
(3.12)
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and:

C
0
(f) =

Y
00
(f)

!
(3.13)

where: d and A – thickness and cross-sectional area of the model, "0 – permittivity of

free space (8.854 x 10-12 Fm-1), Z
0
and Z

00
– real and imaginary part of e↵ective impedance

obtained from lower-level simulation, Y
00
– imaginary part of admittance, C - complex ca-

pacitance, C
0
- real part of complex capacitance, ! - angular frequency (! = 2⇡f).

The simulation frequency points were determined mostly considering the b dispersion region

(kHz-MHz). Moreover, the computed theoretical results are aimed to be compared against

the in vivo experimental data of thyroid and parathyroid tissue measured with the commer-

cial tetrapolar Zedscan™ device presented by Hilary et al. [3]. In this in vivo experimental

study, the impedance measurement is performed at 14 frequency points from the range of

76 Hz – 625 kHz. The exact 14 frequencies will be considered for the simulated impedance

calculation in this computational study, in order to facilitate the qualitative and quantitative

comparison of the data.

For simplification purposes, the homogenisation approach has also been implemented to

this study, with the assumption that material properties from just one substructural unit

on the micro- or mesoscale represents the material properties on the bigger scale. For ex-

ample, it is assumed that a few cells or follicles with the same shape, size or composition

are representative of the properties of the whole tissue. This assumption considerably re-

duces the computational time and resources required for solving the simulation. However,

such an approach is insu�cient to explore the impact of the biological tissues’ inherent het-

erogeneity on both meso- and macroscales, which will be explored in more detail in Chapter 6.

A modelling pipeline implemented for each step in multiscale modelling, micro-, meso- and

macroscale model simulations, is visualised in Fig. 3.3. The development of each substruc-

tural model will be presented separately based on the level of complexity in the following

sections.
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Figure 3.3: Flow chart visualising the main stages of the preparation and simu-

lation of the finite element multiscale models

3.2.1 Microscale model development

3.2.1.1 Cell structure

Mammalian cells, regardless of their location and function in the organism, all exhibit equal

heterogenous inner structure. A typical cell consists of a few compartments: innermost nu-

cleus separated from the cytoplasm by a nuclear membrane, various organelles, cytoplasm

filling in the cell and separating the organelles, the cell membrane separating the intra- and

extracellular cell content, and the extracellular space (ECS).
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To attempt to reproduce all of these cellular substructures would not be computationally

practical, hence, for simplification purposes the choice of the structures included into the mi-

croscale level model was made based on the significance of these cell components in the bulk

electrical properties of a singular cell. In particular, the nucleus has not been incorporated

in the microscale model as prior research in the cervical epithelium [38] revealed, that these

structures inclusion, mainly the nucleus and its membrane, had a negligible e↵ect on the

cell electrical properties. This can be linked to the nucleus membrane’s greater conductive

properties (0.7 mSm-1) compared to the cell membrane (approximately 10-4 mSm-1). Ad-

ditionally, the same computational study investigated the cervical intraepithelial neoplasia

where the nuclear-cytoplasmic ratio is one of the indices of the pathology progress which is

not the case of this study where only the healthy tissues are considered. The importance of

the cell membrane dielectric properties on the b dispersion has been highlighted in Chapter

1, which makes it a key structure to include in the model. Additionally, the extracellular

space is often included even in the simplest cell models, such as in the cell equivalent circuit

proposed by Fricke and Morse [28] and the impact of the ECS on the bulk tissue impedance

in the frequencies below b dispersion was explored previously in computational and experi-

mental research [38; 72].

To summarise, the microscale model for both thyroid and parathyroid tissue will consist

of three compartments: cytoplasm, cell membrane and ECS layer. The three-compartmental

cell geometry with the generated mesh is presented in Fig. 3.4.

(a) (b)

Figure 3.4: Microscale model (a) geometry including marked cell compartments

and its geometrical features: xcell, ycell and zcell – size of the cell in three direc-

tions, dECS – ECS thickness; (b) the meshed geometry
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3.2.1.2 Microscale model properties

To simulate the electrical properties of a cell, the geometrical characteristics of each compart-

ment are required along with their electrical conductivity and permittivity. Table 3.1 shows

the mean values of the electrical properties of the selected cell compartments which have been

documented in the literature. These are obtained from the studies on various cell types and

species, there is no specific data on the human thyroid (thyrocytes) and parathyroid (chief

cells).

Material Conductivity [Sm-1] Relative permittivity [-] Reference

Cytoplasm 0.55 150 [82; 85; 86; 87]

ECS 1.1 72 [82; 85; 88; 89]

Cell membrane 10-7 8.7 [38; 90]

Table 3.1: Mean material properties for the compartments of the microscale model

presented in the literature

To further simplify the computational model generation, the most abundant cell type was

selected to represent each thyroid (thyrocyte) and parathyroid (chief cell) gland’s microstruc-

ture, neglecting the presence of parafollicular, oxyphil cells and adipocytes in the respective

tissue. Although thyrocyte and chief cells have slightly di↵erent shapes and sizes (the first

being more cuboidal in shape while the later resembles more spherical shapes), one microscale

model has been constructed for both tissue types where each size of the compartment is ad-

justed to serve the purpose of di↵erent cell types. To determine the size of each cell type, an

additional literature search on their sizes has been performed. In particular, there are a few

sources providing the quantitative data on the sizes of thyroid, parathyroid cells and their

values are summarised in Table 3.2.

Structure (species) Dimension Reference

Thyrocyte (rat)

Height: 9.5-11 µm

Area: 700-800 µm2

Volume: 1,200-1,500 µm3

[91]

Thyrocyte (rat) Height: 8.26 ± 0.452 µm [92]

Chief cell (human) 8-10 µm [8]

Chief cell (human) 6-8 µm [93]

Table 3.2: Geometrical parameters of thyroid and parathyroid tissue structures

as documented in the literature
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Additional manual histology images measurements (images provided by Prof. K. Hunter

– personal communication) have been performed to provide further data of the morphology

of cells of both tissue types. For this purpose, the image analysis software, such as ImageJ

and ImageScope, has been used. Table 3.3 shows the results of the histology samples manual

measurement. The sample size for the measurement was determined based on the mean value

convergence – change of <0.5% compared to the mean value from a smaller sample size. The

data convergence is visualised in the Appendix A. The measurements have been performed

in up to four di↵erent locations in one histology image to investigate intrasubject variability

of the structures.

Structure Sample size Specimen (Images) Locations Mean ± sd [µm]

Thyrocyte 200 5 (5) 3-4 8.53 ± 1.84

Chief cell 270 7 (7) 4 7.59 ± 1.45

Table 3.3: The summary of selected geometrical parameters measured for thyroid

(thyrocyte and follicle) and parathyroid tissue (chief cell), equal number of images

and specimens means one image was taken per specimen

The cell membrane’s thickness is of a constant value for each cell type and is of order of

a few nanometres ( 8 nm according to [94]). However, such a small thickness remains a chal-

lenge in the FE modelling of a cell since the surrounding compartments’ size is a few orders

of magnitude higher. Bearing this in mind, it is important to construct appropriate FE mesh

where all the cell compartments are correctly connected, and the error associated with the nu-

merical modelling and the mesh construction is small enough to not interfere with the results.

Due to the lack of high-resolution transmission electron microscopy (TEM) images for human

thyroid and parathyroid tissue, the ECS thickness parameter had to be estimated for both

studied cell types. This parameter has been mostly determined based on the values used

in computational cervical epithelium cells simulations [38]. Additionally it was possible to

perform manual measurements on ECS of the chief cells from camel parathyroid gland TEM

images published by Al-Zghoul [95]. The measured ECS thickness ranged between 0.2-0.9

µm, which is similar to the values used for modelling the cells of cervical epithelium (0.05-

0.8 µm) [38]. The e↵ect of the ECS thickness on the electrical behaviour of cells and the

tissue scale impedance values will be investigated in the following Chapter 4. Nonetheless,

for the default thyrocyte and chief cell microscale models the values 0.3 µm and 0.5 µm have

been selected respectively. This choice was based on exploratory simulations that suggested

parathyroid cells with a thicker ECS compartment have a better agreement between com-

puted and in vivo measured impedance spectra. Such an assumption can also be justified by

the function these both cells play in the respective glands, e.g. thyrocytes’ main function is

to build a thin epithelial layer surrounding and containing the colloid in spherical structures,
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which raises the assumption of more compact cell alignment compared to the parathyroid

gland’s structure which is less organised and allows more ECS between respective cells.

3.2.1.3 Meshing technique

Di↵erent meshing techniques have been verified in the APDL Mechanical, specifically the

free and mapped meshing techniques with di↵erent element shapes (tetrahedral and hexa-

hedral elements). Free meshing is an automated method which can generate elements in an

unorganised pattern, however, is suitable for elements of di↵erent shapes to fit the geometry.

Mapped meshing is a less automated method through which a highly organised mesh pattern

of solely 2D quadrilateral or triangular or 3D hexahedron elements is created, which gives

more freedom in determining the meshing process of each model volume. In particular, it

permits the user to specify the number of element required along each edge of the model.

Fig. 3.5 visualises the di↵erences between a mapped hexahedral mesh and free tetrahedral

mesh of an early-stage microscale model.

(a) (b)

Figure 3.5: Visual di↵erences between a) mapped mesh and b) free mesh per-

formed on the 3D model prepared for mapped meshing, the thickness of the cell

membrane is exaggerated in those models

The mapped approach with the SOLID231 elements in the hexahedral shape was deter-

mined to be the preferred method of meshing for geometries across all levels of the multiscale

modelling. Despite being a more time-consuming procedure, the main benefit of this type

of mesh generation is that it comes with more control to create a well-structured mesh by

manually defining the size and number of elements partitioning each edge, surface, or volume.
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This approach allows a greater re-use of the a priori defined meshing procedure, e.g. in a

sensitivity analysis where models with compartments of varied sizes are investigated.

For any geometry to match the requirements for a mapped mesh, it is necessary that it

should be specially prepared beforehand or subdivided into smaller entities. For this ap-

proach to be successful, each volume must be brick-shaped, with six areas defining it, and

the surfaces must be formed by three to four edges. In order to achieve this, each volume needs

to be divided appropriately, or its lines and surfaces to be merged through a concatenation

command.

3.2.1.4 Boundary conditions

To simulate the transfer impedance on the microscale level, the Dirichlet boundary conditions

(Chapter 2 Eq. 2.10) were applied to opposite surfaces of the cuboid microscale model (as

seen in Fig. 3.6) which constricts the potential of nodes on both surfaces to known values

(for the micro- and mesoscale model V1 = 10 V and V0 = 0 V). The remaining surfaces are

automatically assigned in Ansys APDL with the Neumann boundary conditions (Chapter 2

Eq. 2.11) which constrains the current flow within the domain.

Figure 3.6: Voltage Dirichlet boundary conditions applied to the microscale model

for the transfer impedance simulation where V1 = 10 V and V0 = 0 V
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3.2.1.5 Solution

The reaction current on the surfaces with defined potential values is obtained through the

simulation to derive the complex impedance results, which are subsequently converted into the

e↵ective conductivity and relative permittivity following Eq. 3.9-3.11. These are transferred

to the mesoscale level in the case of thyroid tissue or macroscale level for parathyroid.

3.2.2 Mesoscale model development

3.2.2.1 Follicle structure

A follicle is a structural unit typical for the thyroid tissue and, as highlighted and visualised

in Fig. 3.2, is characterised with a spherical shape. Each follicle comprises three main com-

partments: (i) colloid which fills the follicles and stores the thyroglobulin, (ii) single epithelial

layer of thyrocytes which encapsulates the colloid and (iii) a thin layer of loose connective

tissue which separates follicles from each other. Therefore, these three compartments have

been chosen as the components of the thyroid mesoscale level model. Since the follicular

structure is absent in the parathyroid tissue, the mesoscale model will only be implemented

to investigate the electrical properties of the thyroid follicles. Fig. 3.7 visualises the mesoscale

model geometry with its marked compartments and the constructed mesoscale mesh.

(a) (b)

Figure 3.7: Mesoscale model (a) geometry including marked follicle compart-

ments and its geometrical features: dfollicle – size of the follicle, ycell – cell thick-

ness obtained from the microscale model, dCT – connective tissue thickness; (b)

the meshed geometry
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3.2.2.2 Mesoscale model properties

The geometrical characteristics of the follicle, specifically the size of the colloid compart-

ment was based on the values reported in the literature and the manual measurements of

the available thyroid histology images (images provided by Prof. K. Hunter – personal com-

munication) which are summarised in Table 3.4. The principle of the manual measurement

of follicles is similar to the approach presented for cell measurements in Section 3.2.1.2 and

futher details are comprised in Appendix A. To determine the follicle sizes, each individual

follicle size was calculated as a mean from the shortest (dmin) and longest (dmax) diameter

of the structure as visualised in Figure 3.8.

Data from the literature

Parameter Reference

Diameter: 40-600 µm

Most prevalent: 80-160 µm
[96]

Data from the histological measurements

Sample size Specimen (Images) Locations Mean ± sd [µm]

186 6 (14) 1-4 113.77 ± 63.13

Table 3.4: The geometrical characteristics of colloid compartment as documented

in literature and determined by manual histology measurements, higher number of

images than specimens means a few images were taken from the same specimen

The cell layer thickness is determined by the size of the cell in the y direction (ycell) which

was used in the microscale level simulation for a given multiscale modelling simulation run.

Due to the insu�cient resolution of the thyroid histology images and the lack of the data

published in the literature concerning the thickness of the connective tissue layer, the size of

this compartment had to be estimated. Based on the exploratory simulations, the connective

tissue default thickness was decided to be 1 µm (the range of 1-5 µm will be considered in

the following sensitivity analysis presented in Chapter 4).

The electrical properties for the mesoscale model have been either acquired from the hi-

erarchically lower microscale model (thyrocyte microscale simulation discussed in Section

3.2.1) and through the literature search (colloid and connective tissue). Since the electrical

properties of the latter materials were not as thoroughly experimentally studied compared to

those of the cell compartments, obtaining material properties for colloid and follicular con-

nective tissue was not a straightforward process. Hence, an additional literature search on

the materials composition and adequate substitutes has been performed which is summarised

in the following sections.
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Figure 3.8: Histology image of thyroid tissue showing the shortest (dmin) and

longest (dmax) diameter manual measurement (K. Hunter – personal communica-

tion)

3.2.2.3 Electrical properties of colloid

Colloid is a protein-rich homogeneous material filling up the thyroid follicles and its com-

position can vary from one specimen to another and within a single gland [6]. The major

protein in the colloid is thyroglobulin which is a glycoprotein synthesised inside follicular

cells. Thyroxine and triiodothyronine are peptide thyroid hormones that are synthesised

during the process of iodinating the tyrosine residues on thyroglobulin and stored in thy-

roglobulin molecules that are accumulated in colloid. According to the literature [97; 98; 99],

the relative thyroglobulin level compared to the entire protein amount is approximately 40-

90%, in addition to the larger iodoproteins and albumin or pre-albumin fractions that can

also be identified in the follicle colloid.

There are several studies investigating the electrical properties of colloid and thyroid tis-

sue published throughout a few decades with first cases reported in the 1960s. Gorbman and

Ueda [100] studied the electrical properties of thyroid follicles throughout the maturation

period of tadpoles and in adult frogs. Moreover, the impact on the injection of thyroid-

stimulating hormone (TSH) has been examined on mature specimens. Similarly, Krüskemper

and Reichertz [101] were first to demonstrate that TSH hormone level, being an index of the

thyroid gland activity, induces changes in thyroid gland electric behaviour. Williams [102]

have reported that TSH treatment decreases the transmembrane potential that initiated the

rise in capacitance of the follicle.
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Despite the interest in the electrical properties of colloid and its dependence on the TSH

levels in the aforementioned studies, neither of them provided data on the electrical conduc-

tivity or relative permittivity of this material that would be useful for this computational

modelling study. Nonetheless, the presented examples show a connection between the thyroid

electrical properties with the physiological activity of the gland, which is the direct response

to the level of thyroid-stimulating hormone in the blood plasma. TSH stimulates the thyroid

gland hormone production which means that the colloid composition varies with time and

depends on the gland’s activity.

The lack of measured data concerning the electrical properties of colloid remains a chal-

lenge, thus, it was crucial to examine the possible substitutes that would mimic this material

in the mesoscale model. As previously mentioned, the most abundant protein in colloid is

the thyroglobulin which is a certain type of glycoprotein. Therefore, significant amounts of

glycoproteins was the first criterion for the search for appropriate colloid material substitutes.

The materials that were taken into account were biological in nature and did not necessarily

have to be specific to human tissues.

The material with significant glycoprotein concentration that was most broadly studied in

terms of its electrical behaviour is vaginal mucus. Most of the reported studies concern vagi-

nal electric resistance or conductance measurements. The presented data, however, remains

of limited benefit since without any information concerning the geometrical characteristics

of the material studied (area or thickness) or of the measurement probe, it is di�cult to

convert the conductance [S] values into conductivity [Sm-1]. Other materials that have been

considered are egg white and cytoplasm. Moreover, the main aim of the reported studies

was to find a correlation between conductivity and temperature (egg white), fertility or the

conceiving success (vaginal mucus). Finally, a set of gel-like materials (agar, agarose and

gelatine) properties has also been included after being reported as appropriate substitutes

for biological tissue phantoms, especially the brain tissue gel phantoms.

All materials considered as colloid substitutes and their electrical properties are summarised

in Table 3.5. This literature review provided the possible range of conductivity (0.1-1.8 Sm-1)

and relative permittivity (75-150) to assign to the colloid compartment in the mesoscale

model. The impact of the uncertainties in these parameters on the thyroid tissue simulated

impedance will be further investigated in Chapter 4.

3.2.2.4 Electrical properties of connective tissue

Di↵erent types of connective tissue are present in many forms in the human organs, and in

the case of thyroid tissue, it’s a thin collagenous layer separating each follicle and follicles

that are organised in lobules. This is a type of loose connective tissue with unstructured
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Material Species Conductivity [Sm-1] Conductance [S] Relative permittivity [-] Reference

Vaginal mucus Murrah bu↵aloes
Mean: 1.40

Range: 0.92-1.59
[103]

Weaned sows 0.02-0.04 [104]

Egg white Chicken 0.8-1.8 [105]

0.4-1 [106]

0.5

0.4 (at 300 MHz)

0.71 (at 40 MHz)

75 (at 100-300 MHz) [107; 108]

0.94 50-87 [109]

Gel materials N/A
Mean: 0.25

Range: 0.1-0.4
[110]

Cytoplasm

(mean values)
Various 0.55 150 Table 3.1

Range 0.1-1.8 0.02-0.04 75-150

Table 3.5: Summary of the electrical properties of biological materials consisting

of significant amounts of glycoproteins and thyroid colloid potential substitutes

collagen, elastin and reticular fibres embedded in the extracellular matrix. Similarly to the

colloid material, there is no specific experimental data on the electrical properties of this

tissue, therefore, the electrical properties of other types of connective tissue (based on the

collagen content in the tissue) will been summarised in following, with the emphasis on the

properties of tendon and dura mater.

However, it is important to bear in mind the di↵erences in the structure and the arrangement

of the collagen fibres in both substitutes compared to the loose connective tissue. Tendon is

characterised by the dense, highly organised and hierarchical structure of the collagen fibres

which comes from the requirement for their primary function to sustain high tensile forces

and to transfer them from muscles to the skeletal system. Dura mater, by contrast, is made of

dense irregular connective tissue which is the outermost layer of meninges that mechanically

protect the brain and spinal cord. Structurally, the dura mater consists of fibroblasts and

extracellular collagen fibres of slightly less regular arrangement in comparison to the tendon

structure.

Table 3.6 summarises the literature review on the tendon and dura mater electrical prop-

erties. It is worth highlighting that the presented relative permittivity values are in the

range across multiple orders of magnitude and the significant spread of this parameter will

be investigated in the following Chapter 4.
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Material Conductivity [Sm-1] Relative permittivity [-] Reference

Tendon 0.3 5 x 107 [26]

0.25 105 [111]

Dura mater 0.05-0.67 [112]

0.03 [113]

0.6 [114]

0.5 15 x 104 [115]

27 x 104 [26]

Table 3.6: Summary of the electrical properties of the thyroid connective tissue

substitutes

3.2.2.5 Boundary conditions

The methodology of assigning the voltage boundary conditions presented for the microscale

model has been adapted for the mesoscale model due to the similarities in the cuboidal shape

of both geometries and the feasibility to deliver the electrical properties from simulating the

transferer impedance which is necessary for passing onto the higher-level model.

3.2.3 Macroscale model development

3.2.3.1 Model characteristics and boundary conditions

The macroscale models for thyroid and parathyroid tissues are hierarchically the final sub-

models in the multiscale modelling pipeline, where the generated geometries enable the sim-

ulation of impedance relating to EIS measurement with the tetrapolar ZedScanTM device for

both glands respectively. The thyroid macroscale model is a single compartmental geometry

(Fig. 3.9a, while the parathyroid model consists of two compartments (Fig. 3.9b). Due to

the small size of the parathyroids (around 3-7 mm), it was necessary to include the tissue

adjacent to this gland in its macroscale geometry which is in order of a few centimetres. For

the default parathyroid model, thyroid was chosen as the surrounding tissue which recreates

the location of parathyroid glands on its posterior surface. The frequency dependent proper-

ties assigned to the thyroid and parathyroid compartments are obtained from the lower-level

model simulations (mesoscale results for thyroid, and microscale results for parathyroid).

The constructed tissue scale models replicate the electrode configuration of the tetrapolar

EIS ZedScanTM probe, with the 0.6 mm diameter electrodes arranged with the centres lo-

cated on a circle of 2 mm diameter as shown in Fig. 3.10. The electrodes are not physically

incorporated into the model due to the high impedance of the electrodes themselves and high

surface impedance. The macroscale impedance is obtained according to Ohm’s law by divid-

ing the injected current of 6 µA assigned to the driving electrode (I1) and flowing through
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(a) (b)

Figure 3.9: Default macroscale model for (a) thyroid and (b) parathyroid tissue

the underlying tissues to the ground electrode (V0), by the potential di↵erence recorded by

the passive electrodes (V1 and V2). The electrode placement on the glands in the macroscale

model geometry with their arrangement and FE mesh are visualised in Fig 3.10. The outer

dimensions of the macroscale models were kept the same for both tissue types at 40x40x15

mm which was determined in the model shape study highlighted in Section 3.3.4.

3.2.3.2 Model configurations – fascia compartment

Fascia is a superficial loose connective tissue that has the main function of securing the organs

and it’s a thin layer that covers both thyroid and parathyroid glands (Fig. 3.11). During

surgery prior to the EIS measurements, the surgeon removes the excessive fascia layer (S.

Balasubramanian, endocrine surgeon - personal communication), however, it is impossible to

guarantee the extent of the tissue removal. Hence, the remaining fascia can ‘contaminate’

the recorded impedance for both glands, that is why it is practical to investigate its electrical

properties in this computational study at the macroscale level (Fig. 3.12). For simplification,

both the connective tissue associated with thyroid follicles and fascia were treated as a similar

material with the exact electrical properties that were summarised in Table 3.6. The e↵ects

of the uncertainty in this material’s electrical properties and its thickness will be investigated

in the following Chapter 4.
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(a) (b)

Figure 3.10: Typical mesh for the macroscale model, refined around the electrodes

by the surface (a) isometric view, (b) side-on view

(a) (b)

Figure 3.11: Histology images visualising the superficial fascia layer on (a) thy-

roid and (b) parathyroid, samples stained with eosin and haematoxylin, Prof. K.

Hunter - personal communication
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(a) (b)

Figure 3.12: Cross-sectional view through (a) thyroid and (b) parathyroid (dpara)

macroscale models with the superficial fascia layer (dfascia)

3.3 Computational model verification

3.3.1 Solver verification

The first exploratory simulations were aimed to show the comparison between analytic and

computed solutions for simple models and to ensure the reliability of the computed results.

Single and multiple layered models have been constructed and the transfer impedivity (⇢⇤)

simulated for each model consisting of layers arranged in series and in parallel. Fig. 3.13

shows the boundary conditions for the layered model configuration.

(a) (b)

Figure 3.13: Boundary condition for the numerical impedivity simulation in two

configurations of layered model (a) in series, (b) in parallel

To compute the transfer impedivity, a known value of voltage is assigned to the opposite

parallel surfaces of a cuboid model as visualised in Fig. 3.13. Subsequently, the reaction
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current values are obtained through the simulation and the complex impedivity ⇢⇤ was cal-

culated utilising the Ohm’s low and the relationship between computed complex impedance

Z⇤ and impedivity (Eq. 3.14):

⇢⇤ = Z⇤A

d
(3.14)

where A is the area of the surface where the boundary conditions are applied to, d is the

thickness of the model. The layered model compartments composed of homogeneous mate-

rials, and were assigned with the electrical properties of the cell structures summarised in

Table 3.1, where: Mat 1 – cytoplasm, Mat 2 – cell membrane, Mat 3 – ECS. These electrical

properties were selected in order to verify the applicability of the chosen software to simulate

the electrical behaviour of biological materials. The analytical solution has been calculated

according to the selected number of material layers and boundary conditions type, using the

Eq. 1.4-1.9 from Chapter 1. Fig. 3.14 shows the qualitative comparison between the com-

puted and analytical impedivity results for a few simple layered geometries.

As seen in Fig. 3.14, there is a good agreement in the results in all studied cases, which

indicates that the solver is providing computational results that correspond well to these ob-

tained analytically. Results at each frequency were compared quantitatively, and errors under

0.5% were observed which is considered as negligible. This means that the chosen FE solver

with the quasistatic time-harmonic electric simulation is suitable to predict the frequency-

dependant behaviour of biological structures, which material properties were assigned to the

simplified models for verification purposes. Moreover, this provides the confidence that the

selected commercial solver is capable to model the electrical characteristics of tissues in the

b dispersion region.
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Figure 3.14: A summary of the verification study of the computed and analytic

impedivity results comparison. Mat1, Mat2, Mat3 refer to materials from Table 3.1

and represent cytoplasm, cell membrane, and ECS respectively comparing models

with: (a) one, (b) two and (c) three layers
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3.3.2 Microscale results verification

Due to the lack of available experimental cell impedance data to validate the microscale

model, the transfer impedance simulation results had to be verified di↵erently. To achieve

this, the simulation results were compared against the simple analytical calculation through

the Eq. 1.1-1.7 from Chapter 1. To further simplify the verification process, uniform material

properties of purely resistive material were assigned to all the compartments of the cell, with

conductivity � of 1 Sm-1 and without any dielectric properties (the relative permittivity "r
set to 0). With this approach the model could have been treated as a simple cuboid geometry

in the analytic calculation.

The results of a verification study with pure resistor properties assigned to the model should

be characterised with: (i) the impedivity values remaining constant with the increasing fre-

quency and (ii) for a well refined mesh, the error between the analytic and computed results

should be smaller than the chosen error criterium (0.5% for models developed for this study).

Both requirements were satisfied by the refined microscale model comprising 10,575 elements

as visualised in Fig. 3.15. The mesh refinement of the microscale compartments is sum-

marised in Appendix B Fig. B1.

Figure 3.15: Microscale level model mesh verification against the analytic calcu-

lation, where the relative di↵erence between the computed and analytic impedivity

showing the numerical error below 0.5%

The reasons for the deviation between the analytical and numerical results arises from

the interpolation of the results which are calculated at discrete points (nodes) in the domain.

The numerical error can be minimised by increasing the number of nodes (increasing the

mesh density) or by choosing higher-order shape functions which are used in the results
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interpolation. It is also worth pointing out that this di↵erence will never achieve zero which

is associated with the precision of the machine used for the computational calculation and

the resulting rounding error [36].

3.3.3 Mesoscale results verification

The thyroid mesoscale model underwent a similar verification process introduced for the mi-

croscale model due to the inaccessibility of experimental impedance data for a single or a

group of follicles. At this stage of multiscale modelling, transfer impedivity data obtained

through a simulation with uniform resistive material properties was verified against the an-

alytical calculation. Fig. 3.16 shows that the results from the final refined mesoscale model

with the mesh comprising 15,075 elements, are within the error threshold of 0.5% di↵erence

from the analytical solution which ensures the reliability of the constructed mesh. The mesh

refinement of the mesoscale compartments is summarised in Appendix B Fig. B2.

Figure 3.16: Mesoscale level model mesh verification against the analytic calcu-

lation, where the relative di↵erence between the computed and analytic impedivity

showing the numerical error below 0.5%

3.3.4 Macroscale model verification

The size of the macroscale model has been determined through a process of expanding its

length in each direction until the e↵ects of the model boundaries had no e↵ect on the simu-

lated impedance results, e.g. the increase in the size and the element number did not di↵er

the impedance by over 0.5% compared to the previous setting (summarised in Appendix B,

Fig. B4).
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In the refinement process, the mesh density was maintained at its greatest level around the

tetrapolar electrodes, as the element size and the density gradually decreased further from

the model centre. The most impactful geometrical parameter on the computed impedance

results uncertainty was the model depth, and as illustrated in Fig. 3.17, the impedance re-

sults converge around the model depth of 15 mm based on the thyroid model results. The

refinement of other regions of the model (the number of elements along the long edges in

x, y, and z direction, around the electrodes, as well as the element growth factor, were less

impactful and mostly showed variations in the results in the order of 0.1% (Appendix B, Fig.

B4). The default macroscale level consists of 91,504 and 137,700 elements for thyroid and

parathyroid tissues respectively.

Figure 3.17: The convergence of the real part of impedance depending on the

depth of the macroscale model geometry

3.4 Reference thyroid and parathyroid impedance spectra

3.4.1 Reference model parameters

For reference purposes, the multiscale modelling pipeline presented ealier in this Chapter

was utilised to simulate and compare an initial set of computed macroscale impedance curves

with both thyroid and parathyroid models assigned with the default geometrical and material

properties. These parameters are summarised in Table 3.7. The model input characteristics

for this set of simulations was decided based on the selected mean values documented in the

literature or estimated. For example, as introduced earlier, the ECS thickness was estimated

based on the values documented for cervical epithelium and electron emission microscopy
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Parameter [unit] Thyroid Parathyroid

Microscale

cellx [µm] 8.5 8.5

celly [µm] 8.5 8.5

cellz [µm] 8.5 8.5

dECS [µm] 0.3 0.5

Mesoscale

dfollicle [µm] 100 n/a

dct [µm] 1 n/a

�colloid [Sm-1] 0.55 n/a

"rcolloid [-] 150 n/a

�ct [Sm-1] 0.35 n/a

"rct [-] 1e5 n/a

Macroscale

dpara [mm] n/a 5

Table 3.7: The default model parameters utilised for the reference thyroid and

parathyoid simulations, where: cellx, celly, cellz - cell dimensions, dECS - ECS

thickness, dfollicle - follicle size, dct - follicular connective tissue thickness, �colloid

- conductivity of colloid, "rcolloid - relative permittivity of colloid, �ct - conductivity

of follicular connective tissue, "rct - relative permittivity of follicular connective

tissue, dpara - size of the parathyroid gland

images of dromedary camel parathyroid gland found in the literature [95]. Neither of the

reference macroscale models contained a layer of superficial fascia layer.

3.4.2 Reference results

The frequency-dependent reference impedance spectra obtained for thyroid and parathyroid

tissues with the nominal values of geometrical and electrical parameters presented in Table

3.7 are displayed in Fig. 3.18. These results suggest that it is expected to observe higher

impedance across all frequencies for the parathyroid compared to thyroid when both models

are at their default configuration of properties. According to the results, the parathyroid’s

impedance values are approximately 95% and 37% higher than the thyroid’s impedance at 76

Hz and 625 kHz respectively. Moreover, these reference results are in qualitative agreement

with the in vivo results acquired and published by Hillary et al. [3], which will be addressed

and discussed in more detail in Chapter 5. The results presented in Fig. 3.18 are reference

curves used for comparison with the results presented in the following result chapters.
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Figure 3.18: Comparison between the reference thyroid and parathyroid computed

spectra with both models assigned to the default values of the input parameters

3.5 Computational resources

The multiscale model simulations were performed using Ansys Mechanical APDL 2019 R2

using the University of She�eld High Performance Computing cluster ShARC (She�eld Ad-

vanced Research Computer) in Shared Memory Parallel environment. The computational

time to obtain the reference 14-frequency macroscale thyroid and parathyroid spectra was

0:40h and 1:15h respectively with 3 cores and over 11 GB memory requested for the simula-

tion. The computation time of the remaining simulations presented in this thesis depended on

the ShARC node selected for the simulation, the number of nodes requested for the analysis

(approximately 3-8 throughout the study) and the complexity of the mesh. Each macroscale

simulation required approximately between 0:30-1:30h of computational time.

3.6 Summary

This Chapter fulfilled the RO1 to provide the methodology for multiscale finite element

modelling that recreates the specific hierarchical structure of thyroid and parathyroid in

order to obtain the macroscale electrical impedance spectra for these tissue types. At each

level of multiscale modelling, the model setups and simulation process were described by

introducing and discussing each compartment’s geometrical and electrical properties, along

with boundary conditions, which were used to generate the results presented in this thesis.

Moreover, the solver and mesh verification studies were carried out to minimise the numerical

error associated with inadequate FE mesh construction, and to ensure the reliability of the

results computed by following the presented methodology. Additionally, the reference results
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obtained with the default model parameters, given in Fig. 3.18, show the initial set of

the results, which further confirms the feasibility of the used methodology to compute the

electrical impedance spectra of thyroid and parathyroid tissue. The reference results also

highlighted the initial di↵erences between these tissues, which suggest higher parathyroid

impedance in comparison to thyroid results across studied frequency range.



Chapter 4

Model sensitivity analysis

This chapter introduces the concept of di↵erent model uncertainty and sensitivity analysis

approaches and explores the RO4 in order to investigate the e↵ect of natural variability of ge-

ometrical parameters and the material properties uncertainties on the computed impedance

of thyroid and parathyroid tissues through a multiscale model sensitivity analysis using local

and global approaches.

The local sensitivity study presented in this chapter formed the basis of the peer reviewed

paper published in IEEE Open Journal of Engineering in Medicine and Biology, and titled:

‘Multiscale Model Development of Electrical Properties of Thyroid and Parathyroid Tissues’

[116].

4.1 Intoduction

4.1.1 Uncertainty and sensitivity analysis – aims

Uncertainty and sensitivity analyses methods are frequently employed in computational mod-

elling studies in a variety of engineering fields in order to evaluate and understand the results

provided by a previously developed model and to determine its limitations [117]. While

uncertainty analysis is focused on quantifying the uncertainties in the model outcomes, sen-

sitivity analysis attempts to identify the model inputs accountable for these uncertainties in

the results.

In the multiscale FE thyroid and parathyroid models, whose development was shown in

Chapter 3, three main sources of uncertainty can be recognised and these are associated with

(i) the finite element numerical error, (ii) geometrical parameters natural variability and (iii)

electrical properties uncertainties. The first source of uncertainty was addressed in the model

development phase and was aimed to be minimised through appropriate geometry and mesh

preparation (the mesh refinement and mesh density studies). At each level of the multiscale

61
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modelling, the independence of the results from the constructed mesh was demonstrated by

measuring the relative di↵erence between the numerical and analytical impedance values and

confirming that di↵erence to be negligible (below 0.5%). Since the remaining sources of uncer-

tainty have not yet been investigated, the sensitivity analyses presented in this chapter were

designed primarily with the objective to investigate the e↵ects of model input parameters

relating to the geometrical parameters of the tissue structures and their electrical properties.

Firstly, as it has been observed in previous computational and clinical studies ([38; 72]),

it is crucial to consider the dependence of impedance on the sizes and the organisation of

the substructures in the tissue (e.g., cells or follicles in the case of thyroid tissue). Biological

structures are often characterised by inter- and intrasubject variability, meaning that the

di↵erences can occur between specimens from di↵erent patients and vary depending on the

location within the same tissue. Regarding thyroid and parathyroid tissues, the variation in

the cell and follicle sizes (both documented in the literature and measured) have been sum-

marised in Chapter 3. The sensitivity analysis will be performed to elucidate each geometrical

parameter’s impact on the resultant computed impedance and will allow a construction of

a dataset visualising and quantifying the spread of the tissue impedance results exclusively

associated with the natural variability of their structures. Moreover, the study presented

in this Chapter will be solely focused on the tissues’ geometrical characteristics, however,

the organisation of the structures within the tissue and the validity of the homogenisation

assumption will be explored separately in Chapter 6.

Secondly, the bulk impedance of biological materials naturally depends on the tissues ca-

pability to retain and conduct the electrical current which can be represented by electrical

conductivity and relative permittivity parameter values. The range of electrical properties

of the thyroid and parathyroid tissue substructures have been previously collected and dis-

cussed in the Chapter 3. Among the challenges recognised for the properties of the tissue

types investigated in this thesis is the lack of documented electrical properties of thyroid and

parathyroid specific materials, such as, follicular colloid, follicular loose connective tissue, or

fascia layer encapsulating both glands. As discussed previously, the values estimated for these

tissue structures are derived from substitutes considered to have similar properties based on

comparable composition. Moreover, the electrical properties of some compartments docu-

mented in the literature lack in consistency – specifically, they are measured from di↵erent

species (human, animal and other biological structures), in di↵erent conditions (temperature,

humidity, DC or di↵erent AC frequencies, in vivo vs in vitro) or by using di↵erent instrumen-

tations, previously highlighted in Chapter 2 Section 2.3.3. Furthermore, in a few instances,

the range of documented material properties encompasses values across a few orders of mag-

nitude. Such an example is the relative permittivity of tendon and dura mater acting as the

substitute for fascia and follicular connective tissue, where these discrepancies are most likely

associated to the di↵erences in the structure of these tissues. Thus, sensitivity analysis will
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be an e↵ective tool to investigate directly how these inconsistencies in material properties

will impact the computationally derived impedance, and the proposed models’ accuracy.

A summary of the most common approaches for uncertainty and sensitivity analysis will

be provided before discussing the methodology that was followed in this study.

4.1.2 Model uncertainty analysis methods

The aim of an uncertainty analysis, as mentioned before, is to determine the uncertainty of

the results and to quantify the degree of confidence in the input parameters characterising

the model. If the investigated model is deterministic (for a given set of input characteristics,

the exact solution is derived from the model without additional e↵ect of randomness), the

uncertainty study is carried out through the repeated model evaluations by varying the cho-

sen input parameter configurations, selected from their studied range. That variation and

uncertainty in the input parameters influences the spread of the model results. The model

uncertainty is presented as the distribution of the model output parameters, along with their

statistical indices such as mean, median or variance.

A benchmark technique for the uncertainty analysis is the Monte Carlo (MC) simulation

[118] characterised with multiple simulation runs performed using random or pseudo-random

sampling of the parameter range based on previously identified probability distribution func-

tions for each parameter. Standard MC methods require a high number of model evaluations

as means to ensure the whole parameter space will be su�ciently represented in the study.

That is why, with the random sampling approach, a typical MC simulation consists of a few

thousands of model evaluations and this number usually varies depending on the number of

input parameters associated with the model.

The Latin Hypercube Sampling (LHS) algorithm, which was firstly proposed by McKay,

Conover and Beckman [119], is another sampling method belonging to the MC class, which is

advantageous in terms of equal parameter space coverage with much fewer model evaluations

required for the analysis. In the LHS approach, each parameter’s distribution is divided

into equiprobable intervals which the samples are independently chosen from. Additionally,

the sampling is performed without the replacement, which means that a sample from each

interval is selected only once. An example of an uncertainty study where the advantages of

LHS and its comparison to the standard MC methods are investigated and further discussed

is presented by Khan et al. [120].

4.1.3 Model sensitivity analysis methods

Sensitivity study usually accompanies and follows an uncertainty analysis and seeks to provide

additional information on the contribution and influence that each individual parameter (and
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its uncertainty) has on the range of model outcomes. Depending on the parameter space

coverage considered in each study and the quantity of model evaluations required, we can

distinguish between local and global methods.

4.1.3.1 Local sensitivity analysis methods

The local methods explore only a small section of the parameters’ range where the param-

eters are varied around their reference or nominal values. A most common approach of a

local sensitivity analysis is a one-at-a-time (OAT) method [117]. The principle behind this

approach is to examine each input parameter separately, varying only one of them at a time.

The remaining model parameters are set to their nominal values, and the model sensitivity

is assessed based on selected input parameters’ isolated e↵ects on the model outputs. The

examples of a local sensitivity analysis in a similar research context can be the investigation

of the variations of the input parameters of a model investigating the tight junctions in the

epithelial monolayer which is presented by Tervonen et al. [121] or the OAT model sensitivity

study evaluating the impact of the electrical and geometrical properties of epithelial cells on

the electrical impedance of cervical epithelium investigated by Walker [38].

The advantage of local methods is they usually do not require numerous model simula-

tion runs, which is predominantly useful in initial parameter space screening. Moreover, the

e�ciency and low computational cost are beneficial in performing a local model sensitivity

assessment which would preliminarily di↵erentiate the influential parameters from these that

are insignificant for the model results before moving onto more sophisticated global methods

assessing the model sensitivity. However, it is crucial to be aware of the limitations of the

local approaches and to verify the outcomes of the analysis, particularly for nonlinear models

with a large number of input parameters. As discussed by Saltelli et al. [117], an investi-

gation encompassing just a few points from the input parameter space cannot su�ciently

and reliably assess the nonlinear input-output relationship. Moreover, the selective param-

eters range screening leaves the vast majority of the parameter space unexplored, which is

additionally rising and gaining in significance with an increased number of input parameters

included in the study. In these instances, it is crucial to implement global methods with

adequate parameter sampling techniques in order to verify the local methods results and to

broaden the understanding of the model’s sensitivity.

4.1.3.2 Global sensitivity analysis methods

Global methods are a more sophisticated assessment of the model sensitivity, where the global

impact of the variations of the input parameters is investigated at the same time and allows

to capture the e↵ect of the interactions between the input parameters. Global sensitivity

methods usually utilise the same sampling approaches which were previously introduced for

the uncertainty analysis – MC and LHS – where the LHS approach being the preferred op-
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tion, due to the requirement of a smaller sample size and model evaluations.

Additionally, two categories of global model sensitivity assessment methodologies can be

recognised: the correlation-based, and the variance decomposition methods [122]. The

correlation-based methods determine the strength of the association between given input-

output pair. For linear models, correlation measures, such as the Pearson correlation coef-

ficient, partial correlation coe�cients, and standardised regression coe�cients can be recog-

nised. For the nonlinear and monotonic models, however, more appropriate are approaches

utilising Spearman rank correlation coe�cient, partial rank correlation coe�cient, and stan-

dardised rank correlation coe�cient. The relevant sensitivity indices for correlation-based

approaches take values from the range ±1, with the values closer to +1 and -1 implying a

strong linear association between an input-output pair, while values closer to 0 suggest a

lack of such relationship. A comparison between the correlation-based methods is further

explained in detail and visualised by assessing the sensitivity of the predator-prey Lotka-

Volterra model by Marino et al. [122].

For nonlinear and non-monotonic models, the methods based on the variance decomposi-

tion are more appropriate compared to the introduced correlation approaches [122]. The

golden standard in the variance decomposition sensitivity assessment is the Sobol method

[123] with its sensitivity indices. In this method, the derived indices determine the con-

tribution of each studied input parameter, and the possible interactions between them, to

the model outputs variance. This is, however, a computationally demanding approach, and

generally requires the number of model evaluations of order of a few thousands, depending

on the chosen sampling method and number of parameters included in the study. There are

reported global sensitivity studies where the Sobol indices are derived by following both the

MC [124] and LHS [125] sampling methods.

The detailed methodology of calculating the Sobol indices is described by Zhang et al. [126]

with the examples on the system pharmacology models. In summary, the first order Sobol

indices indicate the fractional contribution of each parameter to the output variance, while

the second order indices reveal the fractional contribution of the parameters’ interactions.

Finally, the total order indices take into account all lower order e↵ects. The sum of all the

lower order indices should take the value of 1 indicating that the whole variance of the output

parameters is impacted solely by the input parameters and by the interactions between them.

Another variance-decomposition based sensitivity method worth mentioning is the Fourier

amplitude sensitivity test (FAST) [127] and its extended method (eFAST) [128]. In this

approach, similarly to the Sobol method, the sensitivity is assessed by varying all input

parameters simultaneously and by evaluating their e↵ects on the output variance. In the pa-

rameter sampling process, each parameter’s space is assigned to a specific sinusoidal function
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with a characteristic frequency, which is determined based on each parameter’s range and

distribution. Then, every parameter is varied according to di↵erent frequencies and the in-

formation about these parameters’ samples is encoded at those frequencies. The subsequent

Fourier analysis provides the information on the strength of each frequency in the model

output and the parameters associated with these frequencies have the most significant e↵ect

on the model results.

4.1.4 Sensitivity analysis for multiscale models

Sensitivity analysis is more challenging when the complexity of the models expands, e.g. in

the biological system models that range between di↵erent spatial and temporal scales. Since

the models developed for thyroid and parathyroid tissue in this computational study are

of a multiscale nature, it was crucial to review the existing methodology to approach this

challenge during the sensitivity analysis. Renardy et al. [129] proposed three groups of sen-

sitivity analysis approaches for multiscale models, and this categorisation was followed in the

following summary.

The first group includes all-in-one sensitivity studies, which treats the model as a black

box while investigating all of the model’s parameters that belong to di↵erent scales, which

is the simplest and most intuitive sensitivity analysis approach for multiscale models. Such

an approach has been implemented, e.g, in a study by Possenti et al. [130] which investi-

gates the microvascular flow including vasculature- and interstitium-related compartments.

This approach requires a full multiscale model evaluation for each parameter’s sample set,

or evaluation of a particular part of the model, determined by the modelled hierarchy. The

all-in-one approach, advantageous for its simplicity, works well with models of low complexity

or with a small number of input parameters investigated. This is due to the fact that a bigger

sample size and model evaluations demand a significant increase in computational resources,

making this method ine↵ective.

The inter- and intracompartmental approach, on the contrary, aims to explore the model

sensitivity separating the e↵ects of the parameter variations within each level of a multiscale

model (intercompartmental analysis) before moving into investigating the lower scale param-

eters’ impact on the results in the higher-level scales (intracompartmental analysis). In this

approach the multiscale model is no longer treated as a black box, but rather, the submodels

from the various scales are considered to be independent systems interacting with one another

according to the multiscale model architecture. Such an analysis provides a more thorough

understanding of the investigated multiscale model compartments and their role in the entire

hierarchy. An example of this approach could be the sensitivity performed on the cervical

epithelium model [38], where the parameters associated with each scale (cellular and tissue

scale) have been investigated separately within each scale before propagating the e↵ects of
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lower scale to the highest, tissue scale level.

In multiscale models that exhibit evident hierarchical structure with numerous compart-

ments it is a common approach to perform the sensitivity analysis in a top-down manner.

The sensitivity analysis is firstly carried out within each compartment, and their results are

subsequently transferred, as now input parameters range, in the respective compartments in

the higher levels. The main analysis begins with the highest level in the hierarchy and is

moved down only to the significant compartments whose results had a crucial impact on the

top level results. Limiting the number of compartments for evaluation and focusing solely on

the submodels with the significant impact on the results in the compartment highest in the

hierarchy considerably reduces the computational resources required for the analysis. The

hierarchical approach for sensitivity analysis is further discussed in detail with examples on

various mathematical models by Liu et al. [131].

Finally, the use of surrogate modelling (such as emulators and machine learning techniques)

appears promising in cases where it is challenging to carry out a su�cient number of model

evaluations for a thorough sensitivity analysis, especially by computationally demanding

models like biological systems multiscale models. Surrogate models aim to mitigate compu-

tational demand by making a prediction of the model response based on previously computed

results, providing additional model evaluation results with lower computational expenses. In

the literature, there are examples documenting the utility of the emulators in the sensitivity

analyses, such as the implementation of Gaussian process emulators to decrease the compu-

tational demands of a sensitivity analysis with the variance-decomposition method for the

cardiac cell model [132] and the use of various machine learning algorithms as a surrogate

model for agent based models [133].

4.2 Methodology

In this chapter, the multiscale model sensitivity will be investigated using local and global

methods, in which results will be compared based on (i) the information on the model sensi-

tivity they provide and (ii) the computational time they require. Moreover, local sensitivity

analysis will be explored in the first instance as a parameter screening method, and its re-

sults will identify the parameters with their range, for inclusion in the subsequent global

sensitivity analysis. The thyroid and parathyroid multiscale model impedance results are, as

discussed previously, influenced by the input parameters variations which arise from the nat-

ural variability of the geometrical parameters and the uncertainties in the electrical material

properties of the tissue structure. Considering the hierarchical nature of biological tissues and

hence the models constructed, these two groups of input parameters are either introduced to

a given compartment or transferred from the lower levels in the hierarchy.
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The process of transferring the e↵ect of input parameter variations in the hierarchy of the

multiscale model for both tissue types is illustrated by a flow chart in Fig. 4.1. Geometrical

input parameters and the material properties at each level originate either from the litera-

ture, histological measurements, estimation or are determined by the frequency-dependent

conductivities and permittivities derived from the impedance results obtained from the lower

scale submodels simulations. The thickness of the thyrocyte (ycell), which defines the cell

layer thickness compartment in the mesoscale of the thyroid tissue model, is, however, the

only exception where the geometrical parameter is also passed from lower level and a↵ects

the dimensions of the higher-level compartment. The presented hierarchy and the input pa-

rameters are considered and addressed in the design of the local and global sensitivity studies

presented in the following sections.

Figure 4.1: The schematic showing the sources of the input parameters for dif-

ferent levels of the multiscale model for thyroid and parathyroid tissues

4.2.1 Local sensitivity analysis

A local intercompartmental sensitivity analysis was performed in a one-at-a-time (OAT) man-

ner to determine the isolated e↵ects of the parameters on the macroscale scale simulation

results. In the intercompartmental analysis, the studied input parameters belong to struc-

tures across di↵erent scales and their e↵ects are propagated and evaluated at the highest

scale, in this case by comparing the macroscale computed EIS spectra. For each parame-

ter, its default value (usually the mean of values reported in the literature), minimum and

maximum values have been chosen for analysis. In a few instances, more than three points

have been selected to better cover the whole parameter range. For each input parameter

evaluation, the remaining parameters are fixed to their reference values. The parameters’

range has been decided based on the values documented in the literature and the histology

measurements, which was discussed in more detail in Chapter 3 at each level of the multiscale
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model development.

There are thirteen input parameters investigated for thyroid tissue (seven relating to morpho-

logical characteristics and six to electrical properties uncertainties), and eight for parathyroid

(six geometrical, two electrical). In previous work by Walker [38] in electrical properties of

cervical cells, the e↵ects of the uncertainties in the material properties of the cell compart-

ments have been investigated, hence, were excluded from this study and remained constant

throughout all simulations along with the cell membrane thickness (8 nm). Tables 4.1 and

4.2 provide a full list of the parameters and their values considered in the local sensitivity

study for both thyroid and parathyroid tissues with the reference values marked in bold.

4.2.2 Global sensitivity analysis

4.2.2.1 Study design

In the process of designing the global sensitivity study and choosing the appropriate method-

ology, it was important to consider a few factors: (i) the computational expense associated

with a given method and (ii) the model nonlinearity. As highlighted in the Introduction

(Section 4.1 Chapter 4), the variance-based sensitivity analysis, such as the Sobol method,

is considered as a benchmark approach for complex nonlinear models. However, this method

requires a high number of model evaluations, which is of the order of few thousands for a

MC simulation and a few hundred to a few thousands for LHS. Since the proposed mul-

tiscale modelling pipeline for both glands is considered to be computationally demanding

(depending on the model configurations, one full 14-frequency multiscale model simulation

takes approximately 0:30-1:30h using the university High Performance Computing platform),

the alternative global sensitivity method was selected in order to diminish the number of

required model evaluations.

An initial exploration of the Sobol method has proven that <150 model evaluations are

not su�cient for a correct calculation of the sensitivity indices. The obtained indices sum

di↵ered from 1, and a few of the calculated indices acquired negative values, which are indi-

cators for an insu�cient sample size. In contrast, a complete sensitivity analysis using the

Sobol method would take longer than a month to complete for a single gland alone (with

the assumption that 1000 simulation runs lasting one hour each), which is computationally

intractable. For this reason, correlation-based approaches were considered to be more ap-

propriate instead. In particular, the correlation-based Partial Rank Correlation Coe�cient

technique has been selected for this global sensitivity to address the model’s nonlinearity and

its methodology will be covered in more detail in the following sections.

To further decrease the computational expenses and the number of simulation runs, the

Latin Hypercube Sampling method has been utilised, which will be described in detail in
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the following section. Moreover, the decision to investigate two groups of input parameters

(geometrical and electrical) separately resulted in a further decrease in the sample size for the

global sensitivity analysis. The parameters division has also an additional advantage, as it

can address two fundamentally di↵erent research question: first, highlighting the e↵ects of the

natural geometrical variability of the tissue structures on the observed electrical behaviour,

and the other specifying the variability resulting from the lack of su�cient experimental data

on the electrical properties of biological materials.

The model parameters selected for the global sensitivity study along with their range and

distribution are summarised in Tables 4.3 to 4.6 and are divided by gland and the parameter

group investigated. In a few instances, the range of the parameters shown below were also

based on the local sensitivity outcomes, in particular, for the relative permittivity of fascia

and follicular connective tissue. The initial local sensitivity analysis parameter screening also

contributed to the reduction of the number of parameters for the global study, e.g. due to

negligible variation of the obtained results. On this basis, it was decided to exclude the zcell
(cell size in the z direction) and "rcolloid (relative permittivity of colloid) parameters from the

scope of the global sensitivity analysis.

Moreover, to further explore the e↵ects of the superficial fascia layer on the results, the

geometrical parameter sensitivity analysis has been performed twice for each gland: one

including and one excluding this superficial compartment. In summary, the global sensitiv-

ity analysis comprises six separate substudies, where, for each gland, three sets of model

evaluations have been performed and these are (i) geometrical parameters including fascia

compartment, (ii) geometrical parameters excluding fascia compartment, (iii) electrical ma-

terial properties (including the fascia compartment to study its electrical properties).

Finally, the organisation and hierarchy of the multiscale models (as shown in Fig. 4.1) per-

mits the assessment of the impact of the input variations in an inter- and intracompartmental

analysis, which will be the preferred approach for this global sensitivity analysis. Firstly, the

intercompartmental analysis considers each parameter’s influence on the calculated transfer

impedivities at a given lower-scale level. Following this, it is possible to estimate how this

e↵ect is propagated in the multiscale model’s hierarchy and how is a↵ecting the results the

macroscale, which is the main interest of this computational project. Utilising the inter-

and intercompartmental approach will provide a more comprehensive understanding of the

relevance of each level’s properties on the bulk electrical behaviour of both tissues.
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Description Parameter [unit] Values Reference

Thyroid: geometrical parameters

Microscale

Cell length xcell [µm] [6.5, 8.5, 11.0] [91; 92] + measurements*

Cell height ycell [µm] [6.5, 8.5, 11.0] [91; 92] + measurements*

Cell width zcell [µm] [6.5, 8.5, 11.0] [91; 92] + measurements*

Extracellular space

thickness
dECS [µm] [0.3, 0.5, 0.8]

Estimated from cervical epithelium

measurements* [38; 95]

Mesoscale

Follicle diameter dfollicle [µm] [50, 100, 150, 200] [96] + measurements*

Connective tissue

thickness
dct [µm] [1.0, 2.5, 5.0] Estimated

Macroscale

Fascia thickness dfascia [mm] [0.00, 0.10, 0.25, 0.50, 1.00] Estimated

Thyroid: material properties

Mesoscale

Colloid conductivity �colloid [Sm-1] [0.25, 0.55, 0.82, 1.48] Table 3.5

Colloid relative

permittivity
"rcolloid [-] [50, 70, 87, 150] Table 3.5

Connective tissue

conductivity
�ct [Sm-1] [0.03, 0.35, 0.67] Table 3.6

Connective tissue

relative permittivity
"rct [-] [1.5e4, 1e5, 1e6, 1e7, 5e7] Table 3.6

Macroscale

Fascia conductivity �fascia [Sm-1] [0.03, 0.35, 0.67] Table 3.6

Fascia relative

permittivity
"rfascia [-] [1.5e4, 1e5, 1e6, 1e7, 5e7] Table 3.6

Table 4.1: Parameters’ values investigated in the one-at-a-time local sensitivity

study for thyroid, * where noted the range of the parameters taken for the study was

decided based on the literature values and own histological measurements discussed

in section 2.1 in Chapter 3
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Description Parameter [units] Values Reference

Parathyroid: geometrical parameters

Microscale

Cell length xcell [µm] [6.0, 8.5, 13.0] [93] + measurements*

Cell hight ycell [µm] [6.0, 8.5, 13.0] [93] + measurements*

Cell width zcell [µm] [6.0, 8.5, 13.0] [93] + measurements*

Extracellular space

thickness
dECS [µm] [0.3, 0.5, 0.8]

Estimated from cervical

epithelium measurements* [38; 95]

Macroscale

Fascia thickness dfascia [mm] [0.00, 0.10, 0.25, 0.50] Estimated

Parathyroid diameter dpara [mm] [3, 5, 7] [7]

Parathyroid: material properties

Macroscale

Fascia conductivity �fascia [Sm-1] [0.03, 0.35, 0.67] Table 3.6

Fascia relative

permittivity
"rfascia [-] [1.5e4, 1e5, 1e6, 1e7] Table 3.6

Table 4.2: Parameters’ values investigated in the one-at-a-time local sensitivity

study for parathyroid, * where noted the range of the parameters taken for the

study was decided based on the literature values and own histological measurements

discussed in section 2.1 in Chapter 3
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Parameter [unit] Distribution Distribution indices Value Reference

Microscale

cellx [µm] Normal
Mean

Standard deviation

8.53 µm
1.84 µm

Histology measurements

(Chapter 3)

celly [µm] Normal
Mean

Standard deviation

8.53 µm
1.84 µm

Histology measurements

(Chapter 3)

dECS [µm] Uniform
Min

Max

0.1 µm
0.5 µm

Initial local sensitivity

results and estimated

from cervical epithelium

measurements [38; 95]

Mesoscale

dfollicle [µm] Normal
Mean

Standard deviation

113.77 µm
63.13 µm

Histology measurements

(Chapter 3)

dct [µm] Uniform
Min

Max

0.8 µm
2.5 µm

Estimated

Macroscale

dfascia [mm] Uniform
Min

Max

0.025 mm

0.5 mm
Estimated

Table 4.3: Thyroid tissue model input geometrical parameters and their probabil-

ity distribution information

Parameter Distribution Distribution indices Value Reference

Mesoscale

�colloid [Sm-1] Uniform
Min

Max

0.44 Sm-1

1.00 Sm-1

Estimated based on

previous simulation results

�ct [Sm-1] Uniform
Min

Max

0.10 Sm-1

0.67 Sm-1

Estimated based on

previous simulation results

"rct [-] Uniform
Min

Max

1.5e4

1e6

Estimated based on

previous simulation results

Macroscale

�fascia [Sm-1] Uniform
Min

Max

0.10 Sm-1

0.67 Sm-1

Estimated based on

previous simulation results

"rfascia [-] Uniform
Min

Max

1.5e4

1.0e6

Estimated based on

previous simulation results

Table 4.4: Thyroid tissue model input electrical parameters and their probability

distribution information
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Parameter Distribution Distribution indices Value Reference

Microscale

cellx [µm] Normal
Mean

Standard deviation

7.59 µm
1.45 µm

Histology measurements

(Chapter 3)

celly [µm] Normal
Mean

Standard deviation

7.59 µm
1.45 µm

Histology measurements

(Chapter 3)

dECS [µm] Uniform
Min

Max

0.4 µm
0.9 µm

Estimated based on previous

simulation results and on

cervical epithelium measurements

[38; 95]

Macroscale

dfascia [mm] Uniform
Min

Max

0.025 mm

0.500 mm
Estimated

dpara [mm] Uniform
Min

Max

3 mm

8 mm
Estimated based on literature [7]

Table 4.5: Parathyroid tissue model input geometrical parameters and their prob-

ability distribution information
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Macroscale

�fascia [Sm-1] Uniform
Min

Max

0.10 Sm-1

0.67 Sm-1

Estimated based on

previous simulation results

"rfascia [-] Uniform
Min

Max

1.5e4

1.0e6

Estimated based on

previous simulation results

Table 4.6: Parathyroid tissue model input electrical parameters and their proba-

bility distribution information

4.2.2.2 Latin Hypercube Sampling

As mentioned previously, the Latin Hypercube Sampling method [119] generates the samples

from the parameters range based on their probability density function by dividing it into N

(number of samples) nonoverlapping and equiprobable intervals. The example of the divi-

sion of normal and uniform distributions into the equiprobable intervals is visualised in Fig.

4.2. From each interval, a sample is selected randomly without replacement, and all samples

are assigned with a sampling index i from 1 to N. The sampled parameters are afterward

paired together randomly with the remaining sampled parameters to create a K ·N LHS ma-

trix, where K represents the total number of parameters. For each of N model evaluations,

the model is assigned with the ith sample for all K parameters and the results for each sim-

ulation run are computed and assigned with the ith sampling index for organisation purposes.

The parameters’ range sampling was performed using the pyDEO Design for Experiments for

Python open-source python package. The list of parameters included in the study with their

range and the distribution indices used for the LHS are summarised in Tables 4.3 to 4.6.

(a) (b)

Figure 4.2: Equiprobable intervals for parameters with (a) uniform and (b) nor-

mal probability density functions for the Latin Hypercube Sampling
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4.2.2.3 Partial Rank Correlation Coe�cient (PRCC)

The Partial Rank Correlation Coe�cient method measures the strength of the linear asso-

ciation between a chosen input and output after the raw parameters’ data is transformed

into the ranking system. This approach permits the use of the correlation-based sensitivity

method on the data exhibiting a nonlinear but monotonic relationship which is the case of

this computational model presented in the study.

The standard correlation coe�cient between kth input parameter xk and output y is given

by Eq. 4.1 [122]:

CC =
Cov(xk, y)p

V ar(xk)V ar(y)
=

PN
i=1(xki � xk)(yi � y)qPN

i=1(xki � xk)2
PN

i=1(yi � y)2
(4.1)

where Cov(xk, y) – covariance between x and y, V ar(xk),V ar(y) – variance of xk and y

respectively, N – number of samples, xk, y – mean values of xk and y. The partial correlation

coe�cient (PCC) investigates the linear association between xk and y after disregarding the

linear e↵ects of the other inputs on y. For PCC calculation, the Eq. 4.1 residuals (xki � xk)

and (yi� y) are substituted with (xki� x̂k) and (yi� ŷ), where x̂k and ŷ are linear regression

models defined by Eq. 4.2 and 4.3:

x̂k = c0 +
KX

p=1
p 6=k

cpxp (4.2)

ŷ = b0 +
KX

p=1
p 6=k

bpxp (4.3)

where cp and bp – regression model coe�cients, c0 and b0 are the constant term coe�-

cients, K – number of input parameters.

In the PRCC correlation-based sensitivity the association between input and output pa-

rameter is calculated not on the raw data but based on their ranked-transformed equivalents.

For each input and output parameter, the samples are organised from lowest to highest values

and are assigned with integer ranks from 1 to N (number of samples).

The PRCC ranges from -1 to 1, with the extremities indicating the highest linear association

between the investigated input-output pair, which is decreasing when the PRCC approaches

zero (no linear association). Positive PRCC indicates that the output parameter increases

with the increase of the input, while negative PRCC suggests the inverse input-output rela-

tionship. Based on the coe�cient’s range, the association strength between parameters was
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divided into three groups: Low (<0.4), Medium (>0.4 and <0.7), and High (>0.7) associ-

ation levels. One of these categories will be assigned to each input-output pair and PRCC

will act as a sensitivity index in these global analyses.

The model evaluations are performed within two parameter groups for both tissue types

and the PRCC sensitivity index is calculated for all input-output pairs at each level of thy-

roid and parathyroid multiscale model to explore and assess the inter- (parameters impact

on the results belonging the same sublevel) and intracompartmental sensitivity (impact of

the parameters belonging to di↵erent level compartments on the higher-scale results).

4.2.2.4 Sample size

In order to determine the optimal sample size, an initial convergence study has been per-

formed on the geometrical parameters group for the thyroid tissue. The PRCC for each

input-output pair was compared after performing repeated studies comprising various num-

ber of model evaluations: 30, 40, 60, 80, 100 and 150. As the results indicated, the PRCC for

most of the input-output combinations did not converge, however, regardless of the sample

size, the results exhibited the same level of association in each case (the PRCC were fluctu-

ating around a value from the same range of Low, Medium or High association, as visualised

in Appendix C). Therefore, it was decided to maintain the sample size at 100 samples per

study.

4.2.3 Impedance spectra parameterisation – model output parameters

The resultant impedance spectra generated by simulations with each set of input parameters

were evaluated qualitatively by plotting all impedance values against 14 frequencies relating

to the in vivo measurements with the ZedScanTM device. All plots presented in this chapter

show the frequency-dependent real part of impedance values computed through each model

evaluation.

However, for more detailed result analysis, the quantitative comparison was performed by

selecting spectra indices characterising each region of the impedance curve. All simulated

spectra have been parameterised by choosing three output indices: two impedance Z1 and

Z14 values at the first and last simulated frequency points (76 Hz and 625 kHz), relating to

the impedance values before and after b dispersion, and the frequency fmid at the middle of

the dispersion (frequency for when impedance takes the middle value between Z1 and Z14).

All three parameters have been displayed in Fig. 4.3 on an exemplary EIS curve. Both local

and global sensitivity analyses have been evaluated based on the input parameters’ e↵ects on

these three selected spectra indices.
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Figure 4.3: Visualisation of three selected parameters of impedance curve, Z1 –

low frequency (76 Hz) impedance, Z14 – high frequency impedance (625 kHz) and

fmid – frequency in the middle of the b dispersion

This spectra parameterisation was the preferred method for this study over the more

established Cole parameters. Despite Cole-Cole model (Eq. 2.9 from Chapter 2) fitting being

most commonly used for impedance spectra analysis, especially in the studies on biological

tissues, the initial exploration of this method revealed limitations associated with the shape of

the parathyroid spectra and the studied frequency range. In a few instances, the parathyroid

spectra do not achieve the high-frequency plateau which resulted in underprediction of Z1

parameter with values generated being unrealistically close to zero. The attempt of the Cole-

Cole model fitting parameterisation method and the Cole parameters comparison is further

summarised in Appendix D.

4.3 Results

4.3.1 OAT local sensitivity study results

Following the implementation of the computational multiscale methodology outlined in Chap-

ter 3, a full set of complex impedances were simulated at each frequency. However, in accor-

dance with the commonly used data presentation for the experimental spectra, the computed

results presented in this study are real impedance values at 14 frequency points in the range

between 76 Hz - 625 kHz from the macroscale model simulations. For each computed spec-

trum, the Z1, Z14, and fmid spectra indices have been specified in order to facilitate the

quantitative comparison of the results. The lower-scale results for thyroid and parathyroid

tissues are presented in Appendix E in a form of electrical material properties derived from
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the micro- and mesoscale simulation results.

The local sensitivity study resulted in 36 and 19 computed EIS spectra where each of the

input parameters was investigated in the OAT sensitivity study for thyroid and parathyroid

respectively. Fig. 4.4 shows the range of the thyroid and parathyroid results with marked

reference curves (Section 3.5 Chapter 3) for both glands. The results demonstrate a similar

trend of higher impedance values for parathyroid tissue spectra compared to the thyroid

seen in the reference curves. Nonetheless, the results ranges exhibit an overlap between the

computed results that increases with the frequency.

Figure 4.4: Baseline computed impedance spectra obtained with the default input

parameters for thyroid (black spectrum) and parathyroid (pink spectrum) tissues

with marked range of all computed results obtained through the variation of geo-

metrical and electrical properties summaries in Table 4.1 and 4.2

The presentation of each simulated spectra rather than simply the baseline curves (as

shown in Fig. 4.4) permits the inspection of the variation in the shape of individual spectra

according to the investigated variation in the morphology and electrical properties, which

is shown in Fig. 4.5a and 4.5b. A few outliers (marked with arrows) in both thyroid and

parathyroid spectra represent the outcomes of the investigation of the parameter range ex-

tremities. In particular, the thyroid tissue outlier EIS curves characterised with decreased

high-frequency impedance, result from high values of fascia or follicular connective tissue

permittivities ("rfascia and "rct >1e6). In contrast, low colloid conductivity (�colloid=0.25

Sm-1) resulted in a thyroid spectrum of increased impedance in the whole frequency range.

Similarly to the thyroid outcomes, high permittivity fascia values induced significant devia-
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tions from the reference curve in parathyroid tissue spectra. Additionally, high values of cell

dimension (xcell= 13 µm) and thinnest layer of extracellular space (dECS=0.3 µm) resulted in

spectra with unusually high impedance values across the frequency range. These particular

outlier cases permitted the narrowing down of the parameter range in the subsequent global

sensitivity.

(a) (b)

Figure 4.5: Qualitative comparison of impedance spectra computed for the OAT

local sensitivity study with marked reference curves (red dotted curve) and outliers

(red arrows) for (a) thyroid and (b) parathyroid, where: "rct – relative permittivity

of follicular connective tissue, �colloid - conductivity of colloid, "rfascia – relative

permittivity of fascia, xcell – cell size in x direction, dECS – extracellular space

thickness

The isolated e↵ect of each morphological and electrical input parameters on the selected

EIS spectra indices (Z1, Z14 and fmid) is visualised in Fig. 4.6, where each bar shows

the maximum and minimum percentage change from the mean result for each individual

parameter.

4.3.1.1 Thyroid: geometrical parameters

As shown in Fig. 4.6a, thyroid impedance results were predominantly sensitive to changes in

the size of the follicles (dfollicle) at the low frequencies (Z1) and the thickness of the connective

tissue (dct) at high frequencies (Z14). The greatest di↵erences in the middle frequency (fmid)

results were observed for the variations in the ECS thickness (dECS). All three spectra indices

were insensitive to the changes in the cell width - dimension in the z direction (zcell).

4.3.1.2 Thyroid: material properties

Fig. 4.6b shows the results for the local sensitivity analysis of the material properties of

the thyroid model compartments. Among the parameters studied, the colloid conductivity
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(�colloid), connective tissue and fascia relative permittivities ("rct and "rfascia) are these that

have the most substantial impact on all three spectra indices, while the investigation of the

remaining parameters resulted in less than ± 25% variation from the mean value of the

spectra parameters.

4.3.1.3 Parathyroid

Fig. 4.6c shows that the ECS thickness (dECS) and cell length - size in the x direction (xcell)

- have the most significant influence on the low frequency impedance (Z1). Similarly to the

results from the thyroid model, the high frequency impedance (Z14) is more sensitive to the

changes in fascia thickness (dfascia) and its permittivity ("rfascia), with the middle frequency

also exhibiting sensitivity to the latter ("rfascia).

4.3.2 Global sensitivity study results

The global sensitivity study resulted in 600 multiscale model evaluations for both thyroid

and parathyroid tissues: 100 from geometrical parameter variability investigation including

a fascia compartment, 100 from geometrical parameters without the fascia compartment,

and 100 from the material property uncertainties examination for each gland respectively.

The parameter space sampling was performed using the LHS method taking into account

the previously defined range and probability density functions for each parameter which are

summarised in Tables 4.3 to 4.6. Each simulated impedance spectrum was parameterised

with three indices the Z1, Z14, and fmid, similar to the local sensitivity study outcomes.

The input parameters and results matrices were subsequently transformed into their ranked

equivalents in order to calculate the PRCC for each input and output parameters pair.

PRCCs were calculated for the results at each level of the multiscale model to assess the

inter- and intracompartmental sensitivity. The visual comparison of the exemplary results

showing High, Medium and Low association between a chosen input-output set is presented

in Fig. 4.7 with the raw data and their rank-transformed form with the PRCC index.
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(a) (b) (c)

Figure 4.6: Parameter sensitivity analysis results: (a) thyroid geometrical pa-

rameters, (b) thyroid material properties, (c) parathyroid parameters; xcell, ycell,

zcell - cell dimensions, dECS - ECS thickness, dfollicle - dimensions of colloid com-

partment in the mesoscale model, dct - connective tissue thickness, dfascia - fas-

cia thickness, dpara - dimensions of parathyroid, �colloid - conductivity of colloid,

"rcolloid - relative permittivity of colloid, �ct - conductivity of connective tissue,

"rct - relative permittivity of connective tissue, �fascia - conductivity of fascia,

"rfascia - relative permittivity of fascia
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Figure 4.7: Examples of the High, Medium and Low input-output linear asso-

ciation based on the PRCC of selected global sensitivity results for the thyroid

tissue macroscale level showing the scatter plots of the raw (top row) and rank-

transformed data (bottom row): (a) dfascia and Z14, (b) dfollicle and Z1 (c) dfascia
and Z1

Fig. 4.8 shows the impedance spectra obtained through the global sensitivity showing the

spread of the results with regards to the reference curves obtained with the model default

parameters (Section 3.5 Chapter 3). The qualitative comparison of the shape of the spectra

reveals the wide range of the impedance results across all studied frequencies resulting from

the variation of the geometrical parameters and material properties. Additionally, it is worth

highlighting that the reference curves were obtained without the inclusion of any fascia com-

partment, which could explain the discrepancies seen Fig. 4.8 a, c, d, f between the default

results and the EIS curves obtained in the global sensitivity analysis.
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Figure 4.8: Global sensitivity results in comparison to the reference results (red

curves) for thyroid (a-c) and parathyroid (d-f) tissues: (a) and (d) show the in-

vestigation of geometrical parameters variations including fascia, (b) and (e) show

the investigation of geometrical parameters variations including fascia
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The PRCC results of the global sensitivity study are presented in Tables 4.7 to 4.10 and

are divided by glands and by the group of input parameters investigated. Each table com-

prises the inter- and intracompartmental sensitivity results, where the parameters from the

intracompartmental study are marked with an asterisk. The Low, Medium, High association

levels are additionally marked with green, yellow and red respectively. The PRCC indices

included are characterised with the probability parameter p<0.001. The majority of the

PRCC indices from the Low association level (PRCC <0.3) have not been included among

the sensitivity study results. The negative PRCC values denote the opposite trend between

input and output (increase in input parameter causes a decrease in the output values).

4.3.2.1 Thyroid: geometrical parameters

As Table 4.7 shows, cell thickness (ycell) and the ECS thickness (dECS) are the most influen-

tial parameters on the microscale level results. Moreover, these parameters, especially dECS ,

continue to be impactful at the higher scales, e.g. showing a High association between dECS

and Z1, or a High association for dECS and Medium for ycell with fmid at the mesoscale. At

the mesoscale, the Z1 and Z14 results show Medium and High-level sensitivity to the size of

the follicle (dfollicle), and also noteworthy is the Medium level association between Z14 and

follicle connective tissue thickness (dct).

The macroscale results, mainly the high frequency impedance Z14 from the model evalu-

ations including a fascia compartment, show the highest sensitivity to its thickness (dfascia).

Meanwhile, the low frequency impedance Z1 is mostly correlated with the ECS thickness

(dECS) and size of the follicle (dfollicle) which are parameters significantly associated with

the lower scale results. Moreover, the dispersion frequency (fmid) exhibits the highest asso-

ciation with dECS .

The results from the macroscale model simulations excluding the fascia compartment, as

expected, show higher impact of the lower scale parameters compared to the results from the

fascia comprising model equivalent. For the Z14 especially, a High association with the size

of the follicle (dfollicle) can be observed, which was not considered as an influential parameter

in the study including fascia. Moreover, High association can also be noted between Z1 and

input parameters such as dECS and dfollicle, and between fmid and dECS .
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Multiscale model level Output parameter Input parameter PRCC Association level

xcell 0.58 Medium

Microscale Z1 dECS -0.86 High

Z14 ycell -0.95 High

ycell -0.58 Medium

fmid dECS 0.81 High

xcell* 0.40 Low

dECS* -0.70 High

Mesoscale Z1 dfollicle -0.61 Medium

dfollicle 0.72 High

Z14 dct -0.60 Medium

ycell* -0.49 Medium

fmid dECS* 0.87 High

dECS* -0.68 Medium

dfollicle* -0.61 Medium

Macroscle

(fascia)
Z1 xcell* 0.41 Medium

Z14 dfascia -0.97 High

dECS* 0.73 High

fmid dfollicle* 0.41 Medium

xcell* 0.39 Low

dECS* -0.87 High

Macroscale

(no fascia)
Z1 dfollicle* -0.70 High

Z14 dfollicle* 0.85 High

xcell* -0.50 Medium

fmid dECS* 0.87 High

Table 4.7: Global sensitivity analysis results for geometrical parameters investi-

gation of the thyroid tissue model, * denotes the parameters from the lower-level

models for the intracompartmental study investigation
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Multiscale model level Output parameter Input parameter PRCC Association level

Mesoscale Z1 �colloid -0.98 High

�colloid -0.75 High

Z14 "rct -0.61 Medium

�colloid -0.58 Medium

"rct 0.41 Low

fmid "rct -0.64 Medium

Macroscale Z1 �colloid* -0.97 High

Z14 "rfascia -0.85 High

Table 4.8: Global sensitivity analysis results for electrical properties investigation

of the thyroid tissue model, * denotes the parameters from the lower-level models

for the intracompartmental study investigation

4.3.2.2 Thyroid: electrical properties

The results presented in Table 4.8 provides the information on the thyroid model sensitivity to

the uncertainties in electrical material properties on meso- and macroscale. On the mesoscale,

the results Z1 and Z14 show High, and fmid - Medium association to colloid conductivity

(�colloid). Both material properties characterising the follicular connective tissue (�ct and

"rct) influence the Z14 and fmid spectra parameters at Low or Medium levels. Meanwhile

on the macroscale, Z1 exhibits High level association with colloid conductivity (�colloid), and

Z14 is the most sensitive to the changes in permittivity of fascia ("rfascia) with a High level

association. It is interesting to highlight, the fmid spectrum parameter does not demonstrate

any High nor Medium association with any of the investigated input parameters from the

thyroid electrical properties group.
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Multiscale model level Output parameter Input parameter PRCC Association level

xcell 0.60 Medium

Microscale Z1 dECS -0.77 High

ycell -0.76 High

dECS -0.42 Low

Z14 xcell 0.37 Low

ycell -0.71 High

dECS 0.54 Medium

fmid xcell -0.35 Low

xcell* 0.49 Medium

Macroscale

(fascia)
Z1 dECS* -0.70 High

Z14 dfascia -0.88 High

dECS* 0.42 Medium

xcell* -0.34 Low

fmid dfascia -0.77 High

xcell* 0.58 Medium

Macroscale

(no fascia)
Z1 dECS* -0.78 High

Z14 ycell* -0.85 High

ycell* -0.65 Medium

fmid dECS* 0.44 Medium

Table 4.9: Global sensitivity analysis results for geometrical parameters investiga-

tion of the parathyroid tissue model, * denotes the parameters from the lower-level

models for the intracompartmental study investigation

Multiscale model level Output parameter Input parameter PRCC Association level

Macroscale Z1 �fascia -1.0 High

Z14 "rfascia -1.0 High

fmid "rfascia -0.99 High

Table 4.10: Global sensitivity analysis results for electrical properties investiga-

tion of the parathyroid tissue model, * denotes the parameters from the lower-level

models for the intracompartmental study investigation
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4.3.2.3 Parathyroid: geometrical parameters

At the microscale of the parathyroid multiscale model, the impedance spectra indices are

mostly sensitive to the ycell and dECS in the geometrical parameters investigation (Table

4.9), which is comparable to the outcomes presented for the thyroid tissue model. This situ-

ation was anticipated by considering the similarities between the compartment structures of

both microscale models.

In the parathyroid macroscale model including the superficial fascia layer, this compart-

ment continues to be an influential parameter displaying a High association with the Z14 and

fmid spectra indices. Moreover, dECS remains an important parameter at the macroscale,

showing a High and Medium association with Z1 and fmid spectra indices respectively. Addi-

tionally, it is worth mentioning that the cell length (xcell) exhibits Medium association with

both micro- and macroscale low frequency impedance Z1.

The results computed using the macroscale model without the inclusion of fascia reveal

that ycell and dECS have stronger association to the Z1 and Z14 parameters, compared to

the parathyroid results from the simulation including the superficial layer. Moreover, the

fmid index is also impacted by these two parameters, where the PRCC suggests a Medium

association.

4.3.2.4 Parathyroid: electrical properties

Only two input parameters have been investigated in the parathyroid electrical proper-

ties group (Table 4.10), and these two parameters exhibit a High association with all the

impedance spectra indices: fascia conductivity (�fascia) with low frequency impedance (Z1),

and fascia permittivity ("rfascia) with high frequency impedance (Z14) and middle frequency

(fmid).

4.3.2.5 Comparison of the local and global sensitivity study results

Tables 4.11 and 4.12 summarise the key model parameters identified through the local and

global sensitivity studies to have the highest impact on the selected spectra indices. Both

study outcomes revealed a similar group of the parameters, which are: ECS thickness (dECS),

cell size (xcell and ycell), and fascia thickness (dfascia) with its electrical material properties

(�fascia and "rfascia) for both tissue types, and the size of the follcile (dfollicle) and the

conductivity of colloid (�colloid) for thyroid tissue only. Nonetheless, the local sensitivity

study appointed a few additional parameters that have not been among key parameters in

the global sensitivity results. These are, for example, fascia conductivity (�fascia) and its

thickness (dfascia) with regards to the impact on low frequency impedance for thyroid and

parathyroid respectively.
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Output parameter Significant input parameter

Thyroid

Z1 �colloid, dfollicle, dECS , �fascia
Z14 "rfascia, "rct, dct, �colloid, dfascia
fmid "rfascia, "rct, dECS , ycell

Parathyroid

Z1 dECS , xcell, dfascia
Z14 "rfascia, dfascia, ycell
fmid "rfascia, dfascia, dECS , ycell

Table 4.11: Parameters significant for the changes in the output parameters for

each gland as identified from the local sensitivity study in the order from showing

the highest to lowest variation from the mean value

Output parameter Significant input parameter

Thyroid: geometrical parameters

Fascia study No-fascia study

Z1 dECS , dfollicle, xcell dECS , dfollicle, xcell
Z14 dfascia dfollicle
fmid dECS , dfollicle dECS , xcell

Thyroid: material properties

Z1 �colloid
Z14 "rfascia
fmid -

Parathyroid: geometrical parameters

Fascia study No-fascia study

Z1 dECS , xcell dECS , xcell
Z14 dfascia ycell
fmid dfascia , dECS , xcell ycell , dECS

Parathyroid: material properties

Z1 �fascia
Z14 "rfascia
fmid "rfascia

Table 4.12: Parameters significant for the changes in the output parameters for

each gland as resulted from the global sensitivity study in the order from highest to

lowest level of linear association
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4.4 Discussion

The presented sensitivity analysis aimed to investigate the impact of the characteristic fea-

tures of thyroid and parathyroid tissue on the electrical behaviour of both tissue types across

multiple spatial scales. The main objective was to explore the multiscale models’ sensitiv-

ity to the variation of the geometrical properties of tissue structures related to the natural

inter- and intrasubject variability, and the electrical material properties uncertainties associ-

ated with the lack of su�cient experimentally derived data. The model sensitivity has been

evaluated using two separate methods by comparing the local and global approach.

4.4.1 Local sensitivity analysis – key findings

The range of all results computed for the OAT local sensitivity analysis is presented in Fig.

4.5 against the reference thyroid and parathyroid impedance spectra. Despite a distinct sep-

aration initially observed for the reference impedance curves (Section 3.5 Chapter 3), there

is an overlap in the computed spectra across the whole studied frequency range resulting

from the variations of numerous input parameters. Nonetheless, as seen in Fig. 4.5, most of

the computed curves are in close proximity to the reference results for both glands. A few

outliers mostly characterised with a low high-frequency impedance are the outcome of the

examination of connective tissue and fascia permittivities, and do not represent the trend

of the remaining results. The high values of permittivity (>1e6) assigned in those instances

correspond to the values reported for tendon, which, despite its high collagen composition, is

characterised with a much denser and highly organised structure of these fibres in comparison

to fascia or thyroid connective tissue. Thus, these high permittivity values were subsequently

excluded from the following global sensitivity analysis.

The OAT local sensitivity analysis approach is a blunt tool for assessing parameter sensi-

tivity, with more sophisticated global parameter sensitivity analyses being the gold standard

[117], especially for nonlinear models. However, given the long computational runtimes of the

multiscale model (up to 5 min per frequency for the parathyroid macroscale model, giving

>1h of computational time to obtain each 14-point impedance curve), the OAT method pro-

vides a convenient screening tool for the e↵ect of individual parameters within a reasonable

range and, despite covering only a fraction of the parameter space, has already highlighted

significant and non-significant parameters for both tissues with less than 60 model evalua-

tions for both glands combined. The parameters that have been considered significant are

responsible for over 20% variation from the mean spectra parameters for each parameter.

To summarise, the most influential geometric parameters on the macroscale simulation re-

sults recognised by the local sensitivity study are size of the follicle (dfollicle), ECS thickness

(dECS), follicular connective tissue (dct) and cell thickness (ycell) for thyroid tissue, and ECS
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thickness (dECS), cell dimensions (xcell, ycell) and fascia thickness (dfascia) for parathyroid.

Furthermore, the results demonstrated that all three spectra indices are insensitive to vari-

ations in the input parameters: cell size in the z direction (zcell) and relative permittivity

of colloid ("rcolloid), hence, these parameters have been excluded from the subsequent global

sensitivity analysis presented in this chapter. Nonetheless, the lack of documented electri-

cal properties for colloid (�colloid), connective tissue ("rct) and fascia ("rfascia) remains a

significant challenge since, as visualised in Fig. 4.6b and 4.6c, uncertainties in these parame-

ters are responsible for over >100% variation from the mean values of the investigated indices.

To summarise, with an feasible number of less than 60 model evaluations, the outcomes

of this sensitivity study allowed a reduction in the number of the key model parameters, as

well as their ranges (such as for the fascia permittivity) in the subsequent global sensitiv-

ity study. This demonstrates the utility and the benefits of the local OAT approach in the

sensitivity investigation of a computational model.

4.4.2 Global sensitivity analysis – key findings

Global sensitivity methods were implemented into the study to provide a more comprehensive

analysis with a much higher number of model evaluations to elucidate the parameters sig-

nificance in determining the electrical impedance of both tissue types, where all the selected

input parameters were varied simultaneously. Moreover, the model sensitivity was assessed

at each level in the model hierarchy through the inter- and intracompartmental approach.

Finally, this analysis permitted the verification of the outcomes of the much simpler local

sensitivity analysis presented earlier in this Chapter.

The global sensitivity analysis results identified the important parameters that influence the

impedance spectra indices at all levels of the multiscale model for both thyroid and parathy-

roid tissue when investigating the geometrical features. Out of the geometrical parameters

investigated, the model results showed the highest sensitivity for microscale parameters such

as the cell thickness (ycell) and ECS thickness (dECS) for both glands. On the thyroid

mesoscale, both the size of the follicle (dfollicle) and ECS thickness (dECS) were recognised

as key parameters. For the same group of investigated parameters, two model variations

have been explored, either including or excluding the superficial fascia compartment. From

the models without the fascia compartment, the thyroid results continue to exhibit strong

association with the lower scale parameters such as the size of follicle (dfollicle) and ECS

thickness (dECS). Similar outcomes are observed for the parathyroid tissue results, for which

cell size (ycell and xcell) and ECS thickness (dECS) are recognised as key parameters.

By comparison, after the fascia inclusion, all these parameters exhibit decreased level of

association with the results, at the expense of the prominent role of fascia thickness (dfascia).
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In particular, after the inclusion of the fascia compartment, the association of low-frequency

impedance (Z1) with the ECS thickness (dECS) and size of the follicle (dfollcile) decreased

from -0.87 to -0.68 and -0.70 to -0.61. Moreover, the fascia thickness predominantly a↵ects

the high-frequency impedance (Z14) and the middle frequency (fmid) parameters. These re-

sults provide evidence that the presence of the fascia layer not only influences the macroscale

results but also dominates over the remaining lower-scale parameters, diminishing their im-

pact on the impedance spectra indices as seen in the results summarised in the Tables 4.7

and 4.10. Therefore, it is recommended that all superficial fascia to be removed completely in

future in vivo measurements in order to acquire accurate thyroid and parathyroid impedances

during surgery.

Furthermore, the global sensitivity results revealed the dependence of results on the vari-

ation in the electrical properties of colloid and fascia by showing the High and Medium

level association with the selected spectra indices of both tissue types. These results further

highlight the consequence of the uncertainties in these structures properties a↵ecting the

prediction of the computed electrical behaviour of thyroid and parathyroid tissue.

Finally, the inter- and intracompatmental sensitivity analysis at each multiscale level allowed

the examination of the impact of how each lower-scale parameter is propagated to the higher

levels as additional influencing features are included in the higher levels. In most instances,

the key parameters identified in the lower scale results gradually lost their significance when

moving up in the model hierarchy which is a result of including more tissue features at higher

scales. Despite having lower PRCC values, however, most of the lower-scale parameters con-

tinue to appear among the parameters impacting the macroscale results. Nonetheless, the

parameters associated with the highest-level models (e.g. fascia properties) were often the

most impactful on the macroscale scale spectra indices.

4.4.3 Local and global sensitivity analysis comparison

Despite using two di↵erent approaches (local and global), the results showed that both meth-

ods were successful in identifying a similar set of parameters significant for the results at the

macroscale. ECS thickness (dECS), cell size (xcell and ycell), and fascia thickness (dfascia)

with its electrical material properties (�fascia and "rfascia) are the key model features recog-

nised through both sensitivity studies to have the most influence on the outcomes for both

glands. Moreover, mesoscale parameters, such as the size of the follicle (dfollicle) and the

conductivity of colloid (�colloid), were additionally identified as significant for the thyroid

model outcomes.

As demonstrated by the results by both sensitivity analysis methods, the variation in the

identified morphological parameters relating to tissue structure, as well as in the uncer-
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tainty in the electrical properties of di↵erent tissue compartments, are considerable factors

influencing the theoretical EIS curves. Therefore, the limitation in obtaining reliable model

parameters can explain the wide variation of the results presented in Fig. 4.5 and 4.8. Model

cell and follicle sizes have been determined based on the values reported in the literature and

our own measurements. However, other morphological parameters were not investigated as

thoroughly and their values were estimated for the purpose of this study (e.g. ECS thickness

has been determined based on values used in previous cervical epithelium cells simulations

[38] and electron emission microscopy images of dromedary camel parathyroid gland found

in the literature [95]). The importance of appropriate ECS values is highlighted by the out-

comes of these sensitivity studies, since this is one of the most important parameters that

influences the low-frequency impedance for both tissue types. This is also in agreement with

previous computational studies in EIS modelling of cervical epithelium [38].

A similar situation concerns the electrical properties of colloid, fascia and follicular con-

nective tissue. The results demonstrate that the uncertainty in these parameters appear

to have the most influence on the impedance spectra indices. Therefore, the uncertainty

in the material properties remains a significant challenge that contributes to the uncertain-

ties in computational model results. As mentioned in Chapter 3, since there is no reliable

data provided in the literature on these properties which could be of use in the thyroid and

parathyroid impedance investigation, these parameters had to be estimated based on other

materials characterised by similar composition. However, constraining the properties of the

colloid and fascia by additional computational or experimental investigation has the poten-

tial to reduce the variability of the outcomes of the proposed thyroid and parathyroid models.

Despite the similarity in the outcomes from both sensitivity analyses, it is important to

note that the di↵erences in the computational resources required for the chosen local and

global methods are substantial. The OAT local sensitivity comprised less than 60 model

evaluations, which is merely 10% of the simulations performed and required by the global

sensitivity study. Given that the results from both approaches were comparable, the advan-

tages in favour of the local method should be highlighted. The local sensitivity methods

provided a successful parameter range screening that was achieved with relatively low com-

putation resources.

Nonetheless, it is important to highlight that the OAT approach is not the most appro-

priate to identify the non-linear behaviour, since a limited number of points chosen from

each parameters’ range (3-5 points per parameter) cannot comprehensively represent the

actual input-output relationship of the constructed thyroid and parathyroid models. This

relationship, however, was possible to observe in the global sensitivity results, where 100

model evaluations have been performed for each parameter group, visualising the nonlinear

relationship in the pre-processed data with the high PRCC (as demonstrated in Fig. 4.7a).
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Additionally, it’s important to remember that the chosen local and global approaches quan-

tify the model sensitivity in two entirely distinct ways. The local OAT results present the

model sensitivity as the relative change of maximum and minimum values from the mean

result separately for each parameter. Meanwhile, the global correlation-based methods, such

as the chosen calculation of PRCC, determine the strength of linear association between

given input and output (in this case the calculation is performed on their rank-transformed

values). This means that the rank-transformed parameter values with the highest PRCC

are strongly associated with a given output parameter. These di↵erences in appointing the

key model parameters could have been a reason for observed discrepancies in the local and

global results in a few instances (fascia conductivity and thickness recognised only in local

sensitivity results). A notable impact of the isolated parameter variations does not necessar-

ily suggest a strong linear relationship with an output parameter. The significance of each

parameter can also be overshadowed during a global investigation where all the model param-

eters are varied simultaneously. Moreover, a notable disadvantage of the correlation-based

method is that it is impossible to assess directly each parameter’s absolute impact on the

variance of the results. This means that, even for high PRCC values, the variation in the

input parameters can cause relatively small changes in the output parameters. Additionally,

the correlation-based method does not permit the investigation of the parameter interactions.

Therefore, future work based on the variance-based sensitivity method, such as the Sobol

analysis, would permit to further elucidate the contribution of each geometrical and electrical

property associated with the multiscale model compartments to the inter- and intracompart-

mental variability in the results. The apparent practical challenge in the Sobol method is

the requirement of a high number of model evaluations (in order of a few thousands), which,

as discussed previously, would require a very long computational time to provide su�cient

dataset. To overcome this challenge, the future studies could also benefit from implement-

ing surrogate modelling (such as Gaussian process emulators) which, trained on the existent

dataset, could potentially deliver additional model evaluation results without the need of the

computationally demanding multiscale simulations.

In summary, this Chapter fulfilled the RO4 that concerns the influence of the morphological

and electrical properties of tissue features across multiple scales on the computed impedance

spectra. In addition, the outcomes of the presented sensitivity analysis provided recommenda-

tions for future computational and experimental work. In particular, the analysis permitted

the selection of the important tissue properties, such as properties of fascia, colloid, ECS

thickness, cell and follicle sizes, which have the most significant impact on the computed EIS

spectra. Therefore, the uncertainties in these parameters have a substantial impact on the

computed spectra indices variation and should be considered in future modelling work. The

outcomes of the sensitivity study also demonstrated that the natural variability of morpholog-
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ical features can be responsible for a wide spread of the future measured impedance spectra

across the studied frequency range, which can impact both tissues separability. In addition,

the high correlation between the fascia compartment properties and the computed results em-

phasises the importance of this tissue’s surgical removal prior to the thyroid and parathyroid

tissue impedance acquisition in order to obtain reliable, ‘uncontaminated’ measurements.



Chapter 5

Computational and in vivo results

comparison

In this chapter the results from previous local and global sensitivity analyses will be used

to address the RO2, which aims to compare them against the in vivo measured electrical

impedance spectra of thyroid and parathyroid previously acquired by Hillary et al. [3].

Through the comparison, the RO3 will be investigated where the respective thyroid and

parathyroid separability will be evaluated based on both the computed and experimental

measured in vivo results.

The comparison of the local sensitivity and in vivo measured results [3] presented in this

chapter formed the basis of the peer reviewed paper published in IEEE Open Journal of En-

gineering in Medicine and Biology, and titled: ‘Multiscale Model Development of Electrical

Properties of Thyroid and Parathyroid Tissues’ [116].

5.1 Introduction

The initial reference thyroid and parathyroid results (Fig. 3.18 Chapter 3) suggested a clear

separation between both tissue types signifying the higher impedance values should be ex-

pected for the parathyroid tissue relative to the thyroid across the investigated frequency

range. The results presented in Chapter 4 investigated the di↵erences in the computationally

derived impedance spectra and their characteristic features for the thyroid and parathyroid

tissues based on the outcomes of the local and global sensitivity studies, where the e↵ects of

the morphological and electrical parameters of these tissues were explored.

In order to get a more comprehensive understanding of the reliability of the computed EIS

spectra presented in Chapter 4, the theoretical results were verified against the in vivo mea-

sured human thyroid and parathyroid EIS spectra. The latter were acquired and previously

97
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published by Hillary et al. [3] in the context of investigating the EIS applicability in di↵er-

entiating healthy and pathological parathyroid glands from the adjacent soft tissues during

surgery. Moreover, through the comparison, the feasibility of thyroid and parathyroid tissue

di↵erentiation based on their EIS spectra indices will be evaluated.

5.2 Methodology

5.2.1 In vivo dataset

The in vivo measured dataset provided by Hillary et al. [3] utilised the tetrapolar ZedScanTM

EIS device to acquire the electrical impedance spectra of thyroid and parathyroid tissue and

was used in this study with the authors’ permission. The in vivo measured dataset comprises

mean impedance spectra (mean impedances calculated at each frequency from multiple mea-

surements performed for each patient) of thyroid (n=53) and parathyroid (n=42) tissues. The

in vivo measured spectra were obtained from the physiologically healthy sections of thyroid

and parathyroid glands from the patients undergoing various types of thyroid or parathyroid

surgeries. In the study, the impedance measurements have been additionally performed on

the pathological parathyroid glands, as well as for the muscle and adipose tissues. Nonethe-

less, these measurements have not been included in the model verification, since the aim of

the computational study is the investigation of healthy thyroid and parathyroid tissues.

The theoretical and in vivo measured results were compared both qualitatively, by plotting

the theoretical spectra against the range of the experimental results range, and quantitatively,

based on the impedance spectra parameterisation. The impedance spectra parameterisation

method has been introduced in the previous Chapter 4 section 4.2.4 and was implemented to

represent three most significant regions of an impedance spectrum for biological tissues: low-

frequency impedance (Z1), high-frequency impedance (Z14) and the middle of the b dispersion
(fmid).

5.2.2 Thyroid and parathyroid tissue separability

In order to investigate the potential separation of thyroid and parathyroid based on the com-

puted and in vivo measured data, the qualitative comparison of the results data has been

performed through scatter plots visualising the relationship between each pair of the three

spectra indices. Additionally, the Support Vector Classification (SVC) algorithm from scikit-

learn, the open-source machine learning Python library, was used to separate the thyroid

and parathyroid results using all three spectra indices. SVC is a type of supervised machine

learning method used predominantly for classification tasks. The principle of the SVC is

to find an optimal surface (or a hyperplane in a multidimensional dataset) separating the

data by the most substantial margin, where the distance between the datapoints from dif-

ferent classes is maximised [134]. The datapoints closest to the hyperplane are known as the



CHAPTER 5. COMPUTATIONAL AND IN VIVO RESULTS COMPARISON 99

support vectors, and their location determines the orientation and position of the hyperplane.

Receiver Operating Characteristic (ROC) curves have been subsequently plotted for the

computed results (thyroid and parathyroid global sensitivity results from the geometrical

parameters excluding fascia investigation) and in vivo experimental results separately. ROC

curves visualise the relationship between the true positive rate and false positive rate at

di↵erent thresholds for a binary classification. The ROC curve is constructed based on the

given percentage of true positive cases and false positive cases that changes due to the in-

creasing cut-o↵ value (a parameter or parameters on which the classification is based on)

[135]. Area under the ROC curve (AUC) is an indicator that determines the e↵ectiveness of

the classification model, with values close to 1 characterising a perfect classifier. AUC can

be interpreted as the probability of correct positive case classification between a randomly

selected pair of negative and positive cases [136]. AUC values of 0.5 or lower suggest that

the model’s performance is equal or worse than a random classification. This classification

methodology has been implemented to di↵erentiate Cervical Intraepithelial Neoplasia (CIN)

from healthy cervical tissue using EIS [72] and combined EIS and colposcopy methods [137].

5.2.3 Comparison with the literature

Finally, the computed and in vivo measured results from Hillary et al. [3] for thyroid tissue

will be compared against the impedivity results documented in the literature for this tissue

type from modelled and experimental studies investigating both healthy and pathological

tissues which have been summarised in Table 2.1 in Chapter 2.

5.3 Results

5.3.1 Reference curve comparison

A comparison of the reference thyroid and parathyroid curves, computed with the default

set of model parameters, with the range of the in vivo experimental spectra is shown in

Fig. 5.1. This visualisation implies that the reference computed spectra lie within the range

of the experimental results. However, at frequencies below 100 kHz, the computed thyroid

spectrum corresponds to the lower impedance values from the experimental data (Fig. 5.1a),

with the opposite trend for the parathyroid (Fig. 5.1b).

5.3.2 Local sensitivity study results comparison with in vivo measured

data

5.3.2.1 Qualitative comparison

Local sensitivity analysis was aimed to screen the parameter space in order to limit the range

and number of key parameters prior to a more comprehensive global sensitivity investigation,
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(a) (b)

Figure 5.1: The computed reference curves (red spectra) comparison with the

range of in vivo experimental results for (a) thyroid and (b) parathyroid tissue

that is why the results from these two studies have been compared separately. The computed

spectra obtained through the local sensitivity analysis (Chapter 4 Section 4.3.2) are plotted

against the range of the experimental results in Fig. 5.2. The presentation of individual

simulated spectra rather than simply the reference curves (as shown in Fig. 5.1) permits the

inspection of the variation in the shape of individual spectra according to the investigated

variation in the morphology and electrical properties in the local sensitivity analysis. It is

apparent that there are similarities with in vivo measurements observed for both thyroid and

parathyroid tissues with most of the computed EIS spectra falling within the range of the

experimental results. As the majority of the computed curves are in a close proximity to the

reference spectra, most of the thyroid and parathyroid results fit within the lower and higher

impedance experimental ranges respectively.

5.3.2.2 Quantitative comparison

The quantitative comparison of the mean (± standard deviation) values of selected spectra

parameters (Z1, Z14 and fmid) is presented in Table 5.1. A visual comparison of the experi-

mental and computational spectra indices is presented in Fig. 5.3. Similar trends of higher

mean Z14 and fmid for parathyroid compared to thyroid tissue is apparent for both computed

and experimental results, as seen in Table 5.1 and Fig. 5.3b and 5.3c. Conversely, the Z1

computed results did not predict higher values for thyroid tissue over the parathyroid as

observed in the experimental data. Nonetheless, the visual comparison of the spectra indices

highlights that the majority of the computed results are in agreement and within the range of

the experimental data. Moreover, most of the computed outliers (such as the curves obtained

with very high fascia permittivities on macroscale and thin ECS layers on microscale) fall

outside the in vivo measured range for both thyroid and parathyroid tissue. This provides

further justification for the decision to narrow down these parameters in the following global
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(a) (b)

Figure 5.2: Comparison of computed spectra from the local sensitivity analy-

sis (black dashed lines, with blue spectra marking the outliers and the red dotted

line marking the reference spectrum) against the range of experimental data (grey

range) for: (a) thyroid, (b) parathyroid tissue

sensitivity study.

Computed Experimental

Thyroid

Z1 [⌦] 239.02 (±40.26) 325.42 (±117.00)

Z14 [⌦] 103.58 (±50.43) 112.50 (±15.67)

fmid [kHz] 139.86 (±62.26) 62.23 (±48.52)

Parathyroid

Z1 [⌦] 464.92 (±114.95) 280.58 (±97.37)

Z14 [⌦] 120.06 (±66.31) 132.70 (±35.50)

fmid [kHz] 192.00 (±79.48) 157.26 (±69.67)

Table 5.1: The mean (± standard deviation) values for the spectra parameters of

the local sensitivity computed and in vivo measured results for both tissue types.

5.3.3 Global sensitivity results comparison with in vivo measured data

5.3.3.1 Qualitative comparison

The computed impedance spectra obtained through the global sensitivity analysis and di-

vided based on the investigated group of the input parameters for both glands are presented

in Fig. 5.4 with the comparison to the range of experimental results. The computed results

obtained through the variation of the geometrical parameters including the fascia compart-

ment (Fig. 5.4 a and d) exhibit good fit and distribution of the impedance curves within the
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(a) (b)

(c)

Figure 5.3: Box and whisker plot of the spectra indices (Z1- impedance at 76

Hz, Z14 - impedance at 625 kHz and fmid - dispersion frequency) comparing both

glands and the computed and experimental results

range of the in vivo spectra for both glands. The best agreement between the computed and

experimental data is especially noticeable in frequencies below 100 kHz, while above these

frequencies the computed results underpredict the impedance when compared with the in

vivo experimental results.

A better agreement in this high frequency region can, however, be observed in Fig. 5.4

b and e, where the impedance spectra have been acquired through the geometrical parame-

ters variation excluding the superficial fascia compartment. However, in the frequency region

below 100 kHz a few of the thyroid and parathyroid impedance spectra from this group of

results fall above the upper limits of the in vivo measured results.

The computational investigation of the electrical property uncertainties (Fig. 5.4 c and

f) shows that the default selected conductivity and relative permittivity values for the folli-

cle, follicular connective tissue and fascia compartment (red reference curves) provide better

agreement with the experimental results compared to the spread of the curves acquired

through the variations in the properties of these compartments for both tissue types (marked

with black dashed lines). The material property uncertainties mostly a↵ect the impedance at



CHAPTER 5. COMPUTATIONAL AND IN VIVO RESULTS COMPARISON 103

the frequencies above 10 kHz, where the most substantial di↵erences between computed and

in vivo measured spectra are observable. In this region, the computed prediction shows lower

impedance compared to the in vivo measured results. Moreover, a substantial number of

computed curves show impedance values tending to zero in the high-frequency region, which

mostly results from the investigation of high values of fascia permittivity (as seen in Table

4.8 and 4.10 from Chapter 4 showing a high association between fascia properties and Z14).

5.3.3.2 Quantitative comparison

The qualitative comparison of the same group of computed and experimental results in the

form of mean (± standard deviation) values of the selected spectra indices is summarised in

Table 5.2. Furthermore, the visual comparison in a form of box and whisker plots is pre-

sented in Fig. 5.5. The inspection of the Z1 results in Table 5.2 reveals that the mean thyroid

computed results from all three groups of global sensitivity investigation underpredicts the

experimental mean results, with the opposite trend seen in the parathyroid results. However,

considering the large standard deviation values for both computed and experimental data

and the Z1 spread visualised in Fig. 5.5, the similarities between the range and distribu-

tion of computed results from geometrical parameters investigations, and the experimental

low-frequency impedance results are evident. These similarities were earlier confirmed by the

assessment of the impedance curves from Fig. 5.4.

The high-frequency impedance (Z14) comparison shows that the best agreement between

the computed and experimental thyroid results is provided by the results from the geometri-

cal properties investigation excluding the fascia compartment. In contrast, for parathyroid,

based on the mean value and the distribution of the data, the results from this parameter

group overpredict the Z14 parameter when compared to the in vivo results. The remaining

computed result groups (geometrical parameters including fascia and material properties in-

vestigation results) show a high level of discrepancies when compared to the experimental

data, exhibiting low Z14 impedance values for both tissue types.

The dispersion frequency (fmid) in all computed result groups and for both glands is over-

predicted in comparison to the experimental in vivo results as shown in both the mean value

in Table 5.2 and the results visualisation in Fig. 5.5.
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Figure 5.4: Comparison of the computed spectra (black dashed lines, with the red

dotted line marking the baseline spectrum) against the range of experimental data

(grey range) for: (a-c) thyroid, (d-f) parathyroid tissue investigations, where (a)

and (d) show the results from the investigation of geometrical properties including

fascia, (b) and (e) the investigation of geometrical properties excluding fascia, (c)

and (f) the investigation of material properties
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(a) (b)

Figure 5.5: Box and whisker plot of the spectra indices (Z1- impedance at 76

Hz, Z14 - impedance at 625 kHz and fmid - dispersion frequency) comparing the

experimental results with each parameter group from the global sensitivity analysis

for (a) thyroid and (b) parathyroid
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Parameter

Geometrical

parameters

including fascia

Geometrical

parameters

excluding fascia

Material properties Experimental

Thyroid

Z1 [⌦] 253.74 (± 88.93) 278.24 (± 131.05) 208.99 (± 60.83) 325.42 (± 117.00)

Z14 [⌦] 50.38 (± 27.87) 107.23 (± 17.43) 60.83 (± 35.73) 112.50 (± 15.67)

fmid [kHz] 157.61 (± 63.40) 154.17 (± 61.43) 145.99 (± 30.90) 62.23 (± 48.52)

Parathyroid

Z1 [⌦] 300.83 (± 68.64) 343.67 (± 107.55) 353.18 (± 19.78) 280.58 (± 97.37)

Z14 [⌦] 55.12 (± 43.35) 177.83 (± 34.12) 62.92 (± 51.86) 132.70 (± 35.50)

fmid [kHz] 197.51 (± 77.10) 196.38 (± 52.40) 173.27 (± 81.70) 157.26 (± 69.67)

Table 5.2: The mean (± standard deviation) values for the spectra parameters

of the global sensitivity computed and experimental results for both tissue types in

comparison to the in vivo measured dataset

5.3.4 Classification of thyroid and parathyroid results

The separability of the thyroid and parathyroid spectra was assessed qualitatively using the

scatter plots visualising the relationship between each pair of impedance spectra indices and

is shown in Fig. 5.6 for both glands for both in vivo experimental and computed data. Due to

the best agreement with the in vivo experimental results based on all three spectra indices,

the computed dataset obtained through the geometrical properties investigation excluding

the fascia compartment was chosen for this comparison.

Inspection of Fig. 5.6 reveals a good visual separation of the computed thyroid and parathy-

roid data (signified with the x markers) based on all pairs of spectra indices. Nonetheless, the

experimental in vivo results (signified with o markers) suggest more di�culty in separating

thyroid and parathyroid results due to the notable overlap between the data. The overlap is

especially apparent in Fig. 5.6b, where the Z1 and fmid results are plotted against each other.

The Support Vector Classification algorithm was implemented to classify the thyroid and

parathyroid data based on all three spectra indices from the computational global sensitivity

analysis investigating the geometrical parameters excluding the fascia compartment and the

in vivo experimental studies. The classification results are displayed in Fig. 5.7 in the form of

the ROC curves, showing the Area Under the Curve (AUC) of 0.97 for the computed and 0.89

for the experimental results. These results indicate a good performance of the classification

algorithm in di↵erentiating between thyroid and parathyroid tissue spectra indices from both

the computed and experimental dataset.
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(a) (b)

(c)

Figure 5.6: Scatter plots of the selected spectra indices visualising the spread of

the computed (x markers) and in vivo experimental (o markers) thyroid (TH) and

parathyroid (PTH) results, (a) Z14 against Z1 results, (b) Z1 against fmid results

and (c) Z1 against fmid results

Figure 5.7: The Receiver Operating Characteristic curves for the classification

study performed with a Support Vector Classification algorithm on computed data

from the global sensitivity analysis on results from the geometrical properties in-

vestigation excluding fascia (blue curve) and in vivo experimental data (orange

curve)
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5.3.5 Comparison with the literature

Fig. 5.8 summarises the di↵erences between the reference thyroid impedivity spectrum com-

puted in this study and measured or modelled results reported in the literature. The impe-

divities of the in vivo measured data provided by Hillary et al. [3] and the computed results

have been obtained by dividing the impedance results by ZedScanTM calibration constant

(68.41, which was derived thorough a macroscale model simulation with assigned uniform

element material properties of 1 Sm-1). This allows the direct comparison of these results

with the thyroid impedivities documented in the literature.

As visualised in Fig. 5.8, the impedance values documented by Gabriel [26] are located

outside the impedance or frequency range of the results measured by Hillary et al. [3]. The

impedance modelled by Gabriel [26] at 100 Hz is about 100 ⌦ smaller than the reference thy-

roid impedance computed in this study. Comparing and interpreting the results presented by

Cheng and Fu [61] is equally challenging since these specific impedivities have been measured

in much higher frequencies (in the gigahertz region). There are, however, similarities between

the outcomes of this computational work and the results collected by Yun et al. [22]. The

reference computed curve lies within the measured range of healthy ex vivo measured range

and additionally agrees with the range documented by Hillary et al. [3].

Figure 5.8: Comparison of the thyroid impedivity results from additional mod-

elling and experimental studies as reported in the literature
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5.4 Discussion

The purpose of this Chapter was the comparison between the thyroid and parathyroid com-

puted impedance spectra with the in vivo experimental results performed in order to partly

validate the developed multiscale models’ outcomes. Additionally, the feasibility of di↵eren-

tiating and classifying the thyroid and parathyroid glands based on their computed and in

vivo measured electrical behaviour has been evaluated.

The qualitative comparison between the simulated and in vivo results from Fig. 5.1, 5.2

and 5.4 show that the majority of the computed spectra predicted by the multiscale mod-

els falls within the range of the experimental EIS curves. Nonetheless, the most prominent

discrepancies with the in vivo measured spectra are associated with the investigation of the

electrical properties uncertainties (Fig. 5.4 c and f), which will be discussed separately from

the remaining two groups of global sensitivity results.

A good agreement between the reference thyroid and parathyroid results and the in vivo

experimentally acquired range of impedance presented in Fig. 5.1 highlights the reliability of

the EIS theoretical prediction for both glands when both models are assigned with the default

parameter values. It is important to note that the baseline results were generated without

any attempt to adjust parameters to ”fit” the measured data, which suggests the validity of a

multiscale modelling approach and at least the approximate range of the morphological and

electrical parameters selected in these instances.

For the local sensitivity analysis results, the best fit can be observed in the frequency re-

gion above 100 kHz for both tissue types. However, a closer inspection of the spectra indices

presented in Fig. 5.2 and Table 5.1, reveals discrepancies between the computed and in vivo

results in the Z1 index representing the low-frequency impedance. In contrast to the di↵er-

ences between glands in computed results, the experimental data reports the opposite trend

of higher low-frequency values for thyroid compared to parathyroid. Nonetheless, the global

sensitivity results obtained through the investigation of the geometrical parameters show

an improved agreement between computed and experimental Z1 parameter for both tissue

types, which can be observed in Fig. 5.4. This favourable agreement is further supported by

the qualitative visualisation of the results (in Fig. 5.4 a, b, d, and e) where the computed

impedance spectra are well distributed within the plotted experimental range. This observa-

tion also points to the possibility that the substantial variation in the in vivo experimental

thyroid and parathyroid results, particularly at the frequencies below 100 kHz, may be ex-

plained by the inherent inter- and intrasubject variability of the morphological features of

these tissues.

In contrast to the discrepancies in the low-frequency impedance of the local sensitivity re-
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sults, both Z14 and fmid indices show a similar trend for both computed and experimental

results (Table 5.1) where both indices remain higher for the parathyroid than thyroid tissue

in simulated and measured data. This situation is also demonstrated in the global sensitivity

results summarised in Table 5.2. Moreover, the global sensitivity thyroid results from the

geometrical parameters investigation show the best fit with the in vivo experimental results

at high frequency impedance (Z14) in the group of results excluding the fascia compartment

(Fig. 5.5a). For the parathyroid (Fig. 5.5b), however, the fascia inclusion leads to underpre-

dicted Z14 impedance when compared to experimental results, while its exclusion causes this

parameter’s overprediction. These results might indicate that some of the in vivo parathy-

roid glands, from which EIS data were collected, were covered with this thin superficial fascia

layer, explaining the discrepancies between both computed datasets.

Finally, the local and global sensitivity results show that the computational model over-

predicts the fmid value for both tissue types. The reason for this could be the inappropriate

selection of the poorly defined fascia and connective tissue relative permittivity, since these

parameters mostly influence fmid as much as the ECS thickness as revealed in Chapter 4. An

additional explanation could be in the invalid assumption of the homogeneous structure for

the models, which, as discussed by Markx et al. [69], can result in a sharp and narrow the-

oretical dispersion, compared to the results obtained experimentally. As explained further,

the heterogeneity in the structures of the biological material is suspected to be responsible

for wider b dispersion, possibly moving the fmid towards lower frequencies. This could be

verified through e.g., a larger multifollicular mesoscale model representing the thyroid folli-

cles of di↵erent shapes and sizes. The heterogeneity of the thyroid follicular structure will be

further addressed and investigated in Chapter 6.

The discussed discrepancies between the global sensitivity results concerning the electrical

property uncertainties and the in vivo experimental data, especially in the high-frequency

region above 10 kHz, are predominantly a consequence of the uncertainties of the fascia prop-

erties. As demonstrated in the previous Chapter 4, the model outcomes at high frequency

(Z14) are sensitive to this compartment’s properties and thickness which was supported by

the outcomes of local and global sensitivity analyses for both glands. The results visualised in

Fig. 5.4 c and e suggest the validity of the initial parameter values selected for the reference

thyroid and parathyroid results, implying that these values provide a better fit with the in

vivo results in comparison to the computed spectra from the material properties uncertainty

investigation obtained using non-default parameter values. Additionally, the small variation

of the Z1 and fmid results for this group of computed results (Table 5.2) suggest that mate-

rial property variations would not significantly a↵ect the computational model prediction in

the low-frequency impedance and the b dispersion regions. Moreover, this material property

investigation, which was a part of the global sensitivity analysis, was not intended to pro-

vide reliable impedance spectra for the two tissue types; rather, its goal was to quantify the
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model output uncertainties resulting from the poorly defined electrical properties of colloid,

connective tissue, and fascia.

Alongside the discussed computational modelling limitations potentially a↵ecting the pre-

dicted impedance spectra, the observed di↵erences in the simulated and in vivo measured

impedance could possibly also be explained by various measurement conditions associated

with the experimental data collection. Firstly, the surgeon separates the superficial fascia

from the glands before taking the EIS measurement, however, the removal might be incom-

plete, and it is not possible to quantify how much fascia is present on the tissue during the

measurement. As demonstrated in the computational sensitivity study in Chapter 4, all three

spectra indices are sensitive to the fascia thickness and its electrical properties. The impact

of fascia inclusion is also visualised in Fig. 5.5 and Table 5.2, where the fascia presence in

the computational model significantly lowers the Z14 and Z1 parameters. Additionally, the

presence of any fascia during the in vivo measurement could also explain the discrepancies

in the high frequency impedance Z14 as observed in Fig. 5.5.

Moreover, as suggested by Hillary et al. [3], the substantial variation of in vivo results could

be explained by the di↵erences in the measurement conditions (temperature, humidity) and

in the glands vascularity and viability (which is also di�cult to assess during or after the

surgery). Furthermore, Hillary et al. [3] discussed that the tip of the probe of the ZedScanTM

device (5.5 mm) initially manufactured for the applications for cervical epithelium, is rela-

tively large in comparison to parathyroid glands (typically 3-7 mm). Imprecise coverage of

the parathyroid gland with the probe could lead to ’contamination’ of measurements by ad-

jacent tissues – thyroid, fascia, or adipose tissue – which is impossible to verify after the

measurement has been acquired. Additional computational work on probe optimisation and

various probe-tissue misplacement scenarios could help to better comprehend the importance

of precision in in vivo EIS measurements which will be further discussed in Chapter 7.

Despite the similarities between the computed and in vivo measured EIS spectra for thyroid

and parathyroid tissue it is not possible to validate the model due to the limited information

that was provided along with the in vivo experimental dataset. In order to definitively assess

the multiscale models’ performance and the validity of the predicted results, and to evaluate

the impact of the tissues’ morphological features on their electrical behaviour, it would be

crucial to provide histology images associated with each tissue EIS measurement. Having

access to the real tissue morphology information, it would be possible to provide the model

with the geometrical parameters specific to each tissue sample and evaluate the resultant

computed impedance spectrum against the in vivo measurement.

The additional comparison of the results computed in this study and the results presented by

Hillary et al. [3] against the thyroid impedivity results modelled or experimentally measured
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and documented in the literature is presented in Fig. 5.8. The comparison reveals dis-

crepancies between all these groups of results which could be explained by the di↵erences in

the measurement conditions, the instrumentation used and di↵erences in the frequency range.

Finally, the possibility of distinguishing the thyroid and parathyroid tissues based on their

electrical behaviour was investigated based on both computed and in vivo measured impedance

results. As documented in Fig. 5.6, the presented computational results exhibit promising

separability of thyroid and parathyroid based on all the variations of the selected spectra

indices pairs. The visual separation, however, becomes challenging when accounting for the

in vivo measured spectra indices, given the notable overlap of the in vivo measured thyroid

and parathyroid results in all three cases in Fig. 5.7. Nonetheless, the promising outcomes

of the classification study with a Support Vector Classification algorithm shows that both

computed and experimental EIS spectra of thyroid and parathyroid tissue should be feasible

to separate based on the indices characterising the impedance spectra of both tissues. More-

over, the performance of this thyroid and parathyroid classification model using the spectra

indices for both computed (AUC of 0.97) and in vivo measured (AUC of 0.89) EIS data

is comparable with the reported separability of normal and CIN cervical epithelium tissues

using EIS methods (AUC of 0.95 and 0.88 for the separability based on two di↵erent Cole

parameters) [72] and combined EIS and colposcopy in a follow up study comprising bigger

patient group (AUC of 0.887) [137].

Nevertheless, it is important to highlight the limitations of the introduced classification

method, which is the model performance dependence on the dataset size, and overfitting

due to lack of division between training and testing datasets. It was assumed that splitting

an already small in vivo measured dataset would lead to classification results not representing

the whole dataset. Furthermore, the aim of this substudy was to demonstrate that there is a

potential to distinguish thyroid and parathyroid tissues based on their EIS spectra indices.

To further explore the classification algorithm’s applicability in the tissue di↵erentiation, it

will be crucial to acquire a larger in vivo experimental dataset of thyroid and parathyroid

tissues electrical impedance spectra for a more comprehensive classification study.

To summarise, this chapter fulfilled the RO2 and RO3 where the comparison of the com-

puted and in vivo measured spectra was presented, and the tissue separability based on the

spectra indices was assessed. Through the comparison with the in vivo measured spectra,

the outcomes of this computational study were further verified. In particular, the results

obtained through the variation of geometrical properties through the global sensitivity study

showed a good agreement with the spread of the in vivo measurements, suggesting that the

morphological features variation provide the variability in the results that is also observed and

expected in the experimentally acquired spectra for thyroid and parathyroid tissues. Addi-

tionally, the positive qualitative and quantitative assessment of the thyroid and parathyroid
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tissues di↵erentiation suggest a good separability between these tissue types based on the

computed spectra indices.



Chapter 6

Modelling tissue heterogeneity

In this chapter RO5 will be explored through the investigation and verification of previously

implemented assumptions concerning tissue homogeneity at di↵erent scales. More complex

meso- and macroscale geometries will be introduced and developed in order to assess the

impact of follicular arrangement in the thyroid tissue and irregular boundaries between tissue

structures on the electrical properties of thyroid.

6.1 Introduction

The implemented homogenisation approach in the presented computational models assumes

that the properties of a single repeating structure is a representation of the electrical be-

haviour of the entire tissue itself. For that reason, the geometries up to this point represent

simple cuboid shapes with a very regular arrangement on each level of multiscale modelling.

Leading from that assumption, a single cell and follicular geometries have been selected at

the lower scale levels to simulate the transfer impedivity to be transferred into the higher

scale compartments. However, from the biological perspective observed in histology images

(Fig. 1.2 from Chapter 1), the arrangement of structures in the thyroid and parathyroid

tissue is much more heterogeneous and random compared to the regular tissue structure as-

sumed so far in this computational study. Moreover, a comprehensive study investigating the

follicle morphology changes reported that the follicle sizes can vary with age of the patient

and location in the thyroid gland [6].

In other fields of bioengineering related computational modelling studies, with the example of

mechanical properties of the bone tissue, there are well established methods of approaching

the structural and compositional heterogeneity of the biological material. In particular, the

tissue geometrical features can be obtained through high resolution imaging segmentation

methods (e.g. Micro Computed Tomography imaging [138]) and the patient specific mechan-

ical properties of bones derived from computed tomography images based on the relationship

114
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between the images grayscale, the x-ray absorption of the bone and their mechanical proper-

ties [139]. To date, a similar established methodology to address heterogeneity has not been

introduced to the studies investigating the electrical properties of biological tissues.

Nonetheless, previous clinical and computational research [38; 72] demonstrated the signifi-

cance of the cellular structure in relationship to the electrical properties of epithelial tissue.

In particular, in the computational study on the electrical behaviour of cervical epithelium

by Walker [38], the arrangements of cells in a layered epithelium have been investigated

and reported the impedivity di↵erences of around 10 ⌦m which are associated with the cell

arrangement (bricked or stacked) and the number of cell layers included in the microscale

geometry. The investigation of the number of cell layers in a microscale geometry has also

been provided by Heath et al. [41] for oral tissues which reported the di↵erence of 0.5 ⌦m

between impedivity of one and five cell layers. However, the influence of follicle arrangement

and structure on electrical properties has not yet been investigated in the literature. As a

result, it will be examined in this chapter by comparing the regular and irregular distribu-

tion of these structures in multifollicular mesoscale geometries with a single spherical follicle

model under the homogeneity assumption.

In addition, in the previously developed macroscale models (Fig. 3.9 and 3.12 in Chap-

ter 3) the transition between tissues assumes regular horizontal boundaries between di↵erent

compartments, e.g. between fascia and thyroid or parathyroid tissue on the macroscale. Nev-

ertheless, this simplification of recreating the complex tissue transitions could influence the

macroscale level results, since, as seen in Fig. 6.1, the transition between tissues is often

irregular and the fascia thickness can vary depending on the location on the gland. The thy-

roid macroscale model including the superficial fascia compartment will be modified in order

to investigate the impact of the tissues boundary irregularities and compare to the results

from the previous macroscale simulations assuming smooth and regular boundary between

these compartments.

6.2 Methodology

6.2.1 Follicular arrangements

In order to investigate the e↵ect of follicle organisation in a tissue, a single follicle and two

multifollicular geometries representing a regular and random arrangement of follicles have

been developed (Fig. 6.2) and the transfer impedance simulated for a thyroid mesoscale level

investigation. Each model’s geometry consists of two compartments – spherical follicles and

exterior space representing the follicular cells separating each follicle. Each spherical follicle

was assigned with the reference material properties of colloid material and the follicles’ exte-

rior – with cell properties obtained from the thyroid microscale simulation with the reference
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Figure 6.1: Parathyroid histology image showing an irregular fascia layer, red

arrows marking di↵erent thicknesses of superficial fascia covering the same gland,

(K. Hunter – personal communication)

geometrical parameters configuration. To aid the comparison, all three geometries (Fig. 6.2)

have been generated to represent equal volumetric fraction of follicles (the percentage the

follicles that occupy the whole volume). Three di↵erent values of follicles’ densities in the

tissue (10%, 15% and 20%) have been investigated using spherical geometries of equal size

(100 µm of diameter). All three types of geometries have been utilised to derive the mesoscale

transfer impedivity which was simulated in three directions (x, y, z) to further explore the

e↵ect of follicles arrangement with regards to the direction of the measurement. Due to the

symmetry of the single follicle geometry (Fig. 6.2 a), in this case the transfer impedivity was

simulated only in one of the model directions.

The regular follicular arrangement geometry (Fig. 6.2 b) was constructed using the Hexago-

nal Close Packing (HCP) of follicles to ensure equal distance between the spherical structures

with the centres calculated based on Eq. 6.1-6.3:

2i+ [(j + k)mod2] · (r + s) (6.1)

p
3[j + 1/3(k ·mod2)] · (r + s) (6.2)

2
p
6

3
k (6.3)
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where, i, j, k are the indices (starting with zero) representing the number of sphere for

x, y, z coordinates, r – radius of spheres, s – separation. The follicle radius (r=50 µm) was

constant for all three geometries and the separation s was adjusted in order to achieve a

desired volumetric fraction of follicles in each geometry.

The irregular follicular arrangement (Fig. 6.2 c) was generated with a random spheres’ dis-

tribution script implementing the restrictions of non-overlapping spheres separated at least

by 5 µm distance from each other and the outer cuboid geometry boundary.

Figure 6.2: Mesoscale model geometries for the follicular arrangement study: (a)

single spherical follicle model, (b) regular arrangement of hexagonal close packed

follicles, (c) random arrangement of follicles

6.2.2 Irregular tissue boundaries

A thyroid tissue macroscale geometry including the superficial fascia compartment has been

generated with a sinusoidal boundary between them (Fig. 6.3a in order to investigate the

e↵ect of the tissue boundary irregularities. Determined by the symmetry of the macroscale

geometry, both compartments have been separated with a boundary defined by a cosine

function (Eq. 6.4) where the function parameters, such as the amplitude A (range [0.10,

0.15, 0.20, 0.25] mm), number of periods n (range [2, 3, 4]) and the phase shift ✓ (range [0,

p]) have been varied in order to explore their impact on the macroscale impedance:

y = A · cos(n · x+ ✓) (6.4)

The cosine function indices in relationship to the irregular boundary are visualised in Fig.

6.3b. The impedance results were compared against the previously computed outcomes from

the macroscale model simulation with the uniform and regular transition between thyroid

and fascia compartments. The depth of the thyroid-fascia boundary was set to 0.5 mm, the



CHAPTER 6. MODELLING TISSUE HETEROGENEITY 118

investigation concerning di↵erent number of periods was performed with the amplitude A set

to 0.25 mm, and in the study exploring the amplitude variation e↵ect, the number of periods

n included in the separating boundary was set to 3.

(a)

(b)

Figure 6.3: Thyroid macroscale model geometry with the sinusoidal boundary be-

tween thyroid and fascia compartments: (a) one quarter of the macroscale thyroid

model (blue) with superficial fascia (purple), (b) schematic highlighting the sinu-

soidal boundary indices and the di↵erences to the reference horizontal boundary
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6.3 Results

6.3.1 Follicular arrangements study results

Nineteen additional mesoscale simulations have been performed to investigate the e↵ect of the

follicular arrangement and distribution in the thyroid tissue: for the multifollicular geometries

(Fig. 6.2b and c) three transfer impedivity simulations have been performed per investigated

density, and only one in the case of single follicle geometry (Fig. 6.2a) due to its symmetry.

The comparison between the real part of the impedivity results is visualised in Fig. 6.4

which reveals that the results associated with all three geometries align across the simulated

frequency range (results within 1% from the reference single sphere model), suggesting that

the specific arrangement of follicles within the tissue is not significant, provided that the

volumetric fraction of follicles is maintained. Moreover, a good agreement of the results

is observed between the impedivity spectra associated with the same geometry (transfer

impedivity simulation in three model directions) and between results computed from di↵erent

follicle arrangement geometries.

Figure 6.4: Impedivity spectra obtained from three geometries of di↵erent follicle

arrangement and complexity, green curves represent the results associated with the

geometries with regular arrangement, blue – the irregular arrangement results and

black – the single follicle model results

6.3.2 Tissue boundary irregularity study

The tissue boundary irregularity investigation has been performed to explore the e↵ect of

the features of the cosine function separating the tissues on the di↵erences in macroscale

impedance when compared to the results assuming an even horizontal boundary between

thyroid and parathyroid tissue. Fig. 6.3b shows a schematic visualising the di↵erences in

the boundary configurations resulting from the phase shift (blue spectra represent the phase
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shift ✓=0, red spectra: ✓=p) in comparison to the horizontal boundary.

The e↵ect of the number of periods n representing the frequency of the boundary irregu-

larities is demonstrated in Fig. 6.5a, while Fig. 6.5b shows the results from the amplitude A

investigation. All results from the irregular boundary investigation were compared against

the results from the horizontal and regular thyroid-fascia boundary (black spectra in Fig. 6.5

a and b). The results in Fig. 6.5a report minimal di↵erences between boundary irregulari-

ties characterised with di↵erent number of periods included along the thyroid and fascia edge.

The e↵ect of the cosine function amplitude (Fig. 6.5b), that defines the maximal distance of

the boundary irregularities from the centreline, is, however, more impactful than the number

of periods as observed in Fig. 6.5a. The larger the amplitude magnitude, the higher the

divergence in the low- and high frequency impedance results from the results with regular

thyroid-fascia boundary. In particular, the impedance curves associated with the 0.1 mm

amplitude slightly di↵er from the horizontal boundary results, showing the di↵erences up to

2% and 3.5% in the low- and high-frequency impedance (Z1 and Z14). In contrast, the am-

plitude of 0.25 mm induces the di↵erences in the parameters Z1 and Z14 of up to 6% and 11%.

Additionally, the e↵ect of the phase shift visualised in both Fig. 6.5 a and b shows the

comparison between the blue and red spectra (✓=0 and ✓=p respectively) which reveals the

symmetrical placement of the curves with regards to the spectrum resulting from geometry

with the horizontal boundaries (black curves).

(a) (b)

Figure 6.5: Macroscale results from the simulation with the sinusoidal boundary

between thyroid and fascia (a) investigation of the number of periods n, (b) inves-

tigation of the amplitude A
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6.4 Discussion

The additional studies presented in this chapter fulfilled the RO5 to verify two implemen-

tations of homogeneity assumptions in this multiscale model by investigating the e↵ects of

the follicles’ arrangement on the mesoscale impedivity and the irregularities of the tissues’

boundaries on the macroscale impedance.

The follicular arrangement investigation, seen in Fig. 6.4, provided the evidence that if

the volumetric fraction of the follicles in the tissue is maintained, the variations in their

arrangement (regular vs irregular arrangement) or the geometry simplicity (multifollicular

vs single follicle geometry) play a minor role as the impedivity spectra obtained from each

geometry align at all three examined densities within 1% from the reference curve obtained

from a single follicle model. Moreover, the overlap of the results associated with the transfer

impedivity simulations in three directions for each geometry specifically further implies that

for the low volumetric fraction of the follicles in the tissue, the heterogenous arrangement of

the structures will not impact the mesoscale results also with regards to the direction of the

applied current. Therefore, the previously introduced homogeneity assumption utilising a

simple single follicle geometry on the mesoscale level can be considered as justified, especially

when compared against the di↵erences arising from the previously introduced arrangements

and complexity of the cellular structures on the microscale level simulations presented in the

case of the cervical epithelium [38] and oral tissues [41].

Nonetheless, it is worth highlighting the limitations of the presented exploration of the

mesoscale structure study. Firstly, the geometries representing di↵erent follicle distribu-

tions were characterised with a very low volumetric fraction of follicles in the tissue. The

selected densities values were determined by the feasibility to create the irregular follicles

arrangement geometries. Due to the random placement of the follicles it was challenging to

increase the number of the spheres packed within the outer cuboid geometry without ad-

ditional changes in the script determining the distance of each randomly generated sphere.

However, modifying the script with the additional option to define a priori the position or

region of each newly placed sphere has the potential to increase the follicular density in the

random follicular arrangement [140]. Additionally, the volumetric fraction of the spherical

structures in the Hexagonal Close Packing method has a limit of approximately 74%, which

may still be too low to realistically replicate the exceptionally dense and tight arrangement of

follicles in thyroid tissue. In order to broaden the understanding on the e↵ect of the follicular

arrangement it would be crucial to explore geometries characterised with higher volumet-

ric ratio compared to the geometries investigated in this study. Considering the limitations

arising from the spherical structures’ generation, di↵erent geometry construction methods

should be explored, such as di↵erent image segmentation techniques, preferably based on the

3D histology imaging.
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Secondly, in this study the mesoscale model geometries consist of spherical follicles and the

space separating them which was assigned with the cell electrical properties obtained from

the microscale level simulation for the thyroid tissue. It is, however, a simplification and

does not recreate the real thyroid tissue structure, where each follicle is encapsulated by a

single layer of cuboidal epithelium with a thin sheet of loose connective tissue separating

them. Nonetheless, such a structural assumption can be justified considering the purpose of

this study, which was to investigate the e↵ect of arrangement of the follicle structures and

compare them to a simple spherical geometry. Additionally, by considering the limitations

in achieving su�cient and realistic density of follicles, it may be challenging to obtain reli-

able mesoscale results with the presented follicular arrangement geometry variations, hence,

improving the structural composition will play a minor role in increasing the accuracy of the

results.

In the future work it would be beneficial to expand the presented mesoscale level study

by investigating the e↵ects of tissue heterogeneity manifesting in di↵erent sizes of the struc-

tures. As discussed previously in Chapter 2, the distribution of the cellular structures sizes in

a tissue could influence the width of the impedance dispersion and the Cole model parameter

- relaxation frequency fc. The investigation of follicular arrangement comprising structures

of various sizes could expand our understanding on how these spectra parameters could be

influenced by the mesoscale heterogeneity.

Another area of future research could be focused on exploring the heterogeneity arising from

variations in the follicle composition across the tissue. The possible deviations in colloid

composition a↵ecting the electrical properties of the tissue have been highlighted in Chapter

3 when discussing the mesoscale model development. It is documented that, depending on

the activity of the gland, the colloid composition might di↵er between follicles in the same

tissue and can change over time [101]. The outcomes of such an investigation could further

reveal the limitations associated with the homogeneity assumptions concerning the structures

and material properties on the mesoscale level of the computational model of thyroid tissue.

Finally, the e↵ects of boundary irregularities between di↵erent tissue compartments on the

macroscale have been verified against the results obtained with the geometries of a regu-

lar and horizontal boundary. In this study, the sinusoidal curve separating the thyroid and

fascia compartments has been generated by varying the cosine function parameters: ampli-

tude, number of the periods and phase shift that define the height, frequency and spatial

orientation of the boundary irregularities. The results observed in Fig. 6.5 expose that the

di↵erences in the phase shift and the amplitude of the sinusoidal boundary have the most

significant impact on the macroscale results and can raise up to 11% variation in the low-

frequency impedance when compared to the results obtained with geometries with a regular
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boundary between both tissues. The shape and irregularities of the tissue boundary directly

determine the amount of the fascia material in the close proximity to the electrodes. The

thicker fascia compartment underneath the electrodes, the more variation in the results is

observed in comparison to the regular horizontal boundary results. This agrees with the out-

comes previously discussed computational sensitivity study which highlights the significance

of the fascia compartment thickness and its properties on the macroscale impedance.

This substudy revealed also that the irregularities in the tissue boundaries can raise di↵er-

ences in the macroscale results compared to the assumption of even and regular boundaries.

However, the nature of the study was purely exploratory and theoretical, and the cosine

function parameters were not derived from any histology images. Additionally, only two

variations of the cosine function shift phases have been investigated which was determined

by the symmetry of the macroscale model. Moreover, in the case of a gradual transition

between two tissues that is seen in Fig. 6.1, it will be the fascia thickness directly underneath

the probe that will predominantly a↵ect the EIS measurement. Moreover, additional factors

such as the di↵erences in the material properties of the tissues investigated and the depth

of the tissue edge can also influence the di↵erences between the regular and irregular tissue

boundaries with the hypothesis that edge irregularities may be more significant if they occur

superficially.



Chapter 7

Probe misalignment and

optimisation

This chapter addresses the RO6, where the e↵ects of the tetrapolar ZedScanTM probe mis-

alignment on the parathyroid measurements and the exploration of di↵erent tetrapolar probe

configurations in order to enhance the di↵erences between measured thyroid and parathyroid

spectra were investigated.

The work presented in this chapter formed the basis of the conference paper presented at

MeMeA 2023 symposium titled: ‘Computational Modelling of Probe Configurations for Elec-

trical Impedance Spectroscopy-based Di↵erentiation of Thyroid and Parathyroid Tissues’

[141].

7.1 Introduction

As introduced in Chapter 1, the ZedScanTM EIS probe is a commercial electrical impedance

device which was primarily designed and manufactured for the diagnosis of Cervical In-

traepithelial Neoplasia. The novel application of this probe in human thyroid and parathy-

roid tissue measurements presented by Hilary et al. [3] revealed several limitations of the

ZedScanTM device in the clinical environment concerning these tissue types. The encountered

limitations, including the probe’s long neck and the 5.5 mm tip size, demonstrated that the

current ZedScanTM device hardware might not be suitable to precisely cover structures as

small as parathyroid glands (3-7 mm). The imprecisions in gland coverage arising from the

size of the tetrapolar probe could potentially lead to data ‘contamination’ by tissues sur-

rounding the glands and could prevent the explicit parathyroid glands identification.

In a potential future ZedScanTM device designs dedicated specifically to the thyroid and

parathyroid applications, it might be crucial to modify the current size and separation of

124
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the electrodes in order to improve the ease of the parathyroid glands measurements and

increase both tissues separability. To date, computational modelling techniques have been

demonstrated to be a useful tool to explore novel EIS probe configurations, especially for the

applications relating to cervical epithelium [77] and oesophagus [24].

In this Chapter, the previously developed computational models (Chapter 3) will be em-

ployed to explore and quantify the uncertainty associated with the imprecise parathyroid

coverage with the ZedScanTM EIS device. Moreover, the potential advantages arising from

the probe size optimisation on the parathyroid tissue measurement, and the parathyroid and

thyroid glands separability will be further evaluated.

7.2 Methodology

7.2.1 Probe misalignment study

In order to investigate the e↵ects of the imprecise coverage of the parathyroid gland with

the tetrapolar probe, models recreating two di↵erent scenarios were generated where either

one (25% of the probe – Fig. 7.1a) or two (50% of the probe – Fig. 7.1b) of the electrodes

are in contact with the parathyroid gland. To further inspect the possible influence associ-

ated with the type of contact electrodes (active or passive) on the measured impedance, all

possible gland-electrode variations have been constructed. The parathyroids are considered

to be surrounded by thyroid tissue for the probe misalignment simulation purposes. The

obtained results were compared to the reference parathyroid and thyroid spectra generated

and presented in Section 3.5 Chapter 3 in order to assess the relative e↵ect on the tissues

separation feasibility.

7.2.2 Electrode configuration optimisation study

In order to investigate whether the current size of the tip of the ZedScanTM device may not

be optimal for the parathyroid impedance measurement, a number of configurations con-

sidering the probe optimisation have been explored. The simulations have been performed

to explore the e↵ect of decreased electrode separation S and electrode radius R (marked in

Fig. 7.2) on the measured electrical properties to suggest a configuration that could enhance

thyroid and parathyroid separability. Nine di↵erent arrangements of electrode separations

S=[1.4, 1.2, 1.0] mm and radii R=[0.3, 0.2, 0.1] mm have been investigated in both thy-

roid and parathyroid tissue models. The reference macroscale model recreates the electrode

arrangements of the current tetrapolar ZedScanTM probe with four electrodes (radii R=0.3

mm) arranged with the centres located on a circle of 2 mm diameter (separation S=1.4 mm).

For comparison, the variation in electrode size and separation have been tested on models

with and without the superficial 0.1 mm fascia compartment as seen in Fig. 3.12 in Chapter 3.
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(a) (b)

Figure 7.1: Model schematics for the probe misalignment study illustrating two

measurement scenarios when (a) one (25% of the probe) or (b) two (50% of the

probe) electrodes are in contact with parathyroid gland, the simulation is repeated

for the gland position in quarts 1-4; I1, V0, V1, V2 correspond to the tetrapolar

electrode types

Since impedance values recorded by the tetrapolar probe are sensitive to its geometrical

features which are investigated in this part of the study, it is not sensible to compare the raw

impedance data between the various cases. Therefore, the impedivity values were compared

instead. These have been obtained through dividing the macroscale impedance results by

geometric constants specific to each probe configuration. The latter were acquired through

additional calibration simulations by assigning the model with each electrodes’ setup with a

material of 1 Sm-1 conductivity � and without dielectric properties (0 relative permittivity

"r).

7.2.3 Macroscale model characteristics

For the purposes of these probe misalignment and optimisation studies, the macroscale thy-

roid and parathyroid models have been utilised (Fig. 3.9 and 3.12 from Chapter 3) with

assigned material properties obtained from the previous baseline micro- and mesoscale level

simulations. For the models including the 0.1 mm superficial fascia layer, the baseline ma-

terial properties of conductivity �=0.35 Sm-1 and relative permittivity "r=1e5 have been

selected.
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Figure 7.2: Schematic of the tip of the ZedScanTM probe marking the geometrical

characteristics investigated in the probe optimisation study: R – electrode radius,

S – electrodes separation; I1, V0, V1, V2 correspond to the tetrapolar electrode types

7.3 Results

Eight and thirty-six macroscale simulations were performed for the probe misalignment and

probe optimisation studies respectively. Each simulation provided a real part of impedance

results at 14 frequencies from the range of 76 Hz – 625 kHz. The impedivity values have been

calculated using the calibration constants for all the results from the probe optimisation study.

Similarly to the parameterisation method introduced in Chapter 4, to aid the quantitative

comparison of the results, each computed spectrum was parameterised with three indices: Z1

– impedance at 76 Hz, Z14 – impedance at 625 kHz and fmid – frequency in the middle of

the dispersion (corresponding to the impedance value between Z1 and Z14).

7.3.1 Impact of the probe misalignment

Fig. 7.3 shows the results of the probe misalignment study with the spectra for di↵erent

configurations of 50% (green spectra) and 25% (red spectra) probe-parathyroid coverage.

Additionally, two reference spectra showing the thyroid (black solid line) and parathyroid

(black dashed line) outcomes resulting from the accurate and symmetrical electrode place-

ment were included for comparison. Table 7.1 summarises and compares the selected spectra

indices obtained from the probe misalignment study and with the reference thyroid and

parathyroid results.

As demonstrated in Fig. 7.3 and Table 7.1, the probe misalignment a↵ects the parathy-
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roid impedance values across the studied frequency range and all three spectra parameters

Z1, Z14 and fmid. Furthermore, the computed impedance is reduced as the number of elec-

trodes in contact with the parathyroid gland decreases, bringing the ‘parathyroid’ spectra

closer to the reference thyroid result. It is also worth noting that the type of the contact

electrode was an influential factor for the 50% probe coverage scenario – the impedance was

higher for the mixed (one active and one passive) electrodes relative to the other combina-

tions. Nonetheless, for the setup with a single contact electrode, there was no variation in

the computed impedance values with respect to the electrode type. The data summarised in

Table 7.1 shows that the imprecise parathyroid coverage reduces not only the real impedance

values, but the dispersion frequency fmid as well.

Figure 7.3: Probe misalignment study results for 50% (green spectra) and 25%

(red spectra) of probe-gland coverage, black spectra show the baseline parathyroid

(solid line) and thyroid (dashed line) results from simulation with the probe placed

symmetrically on the gland, I1, V0, V1, V2 labels correspond to the electrode types

marked in Fig. 7.2
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Probe coverage Z1 [⌦] Z14 [⌦] fmid [kHz]

Parathyroid baseline
480.69

(0%)

169.60

(0%)

240.25

(0%)

Thyroid baseline
246.47

(-49%)

122.31

(-28%)

150.46

(-37%)

50%:

I1-V1, V2-V0

371.54

(-23%)

147.18

(-13%)

220.65

(-8%)

50%:

I1-V0, V1-V2

325.71

(-32%)

144.04

(-15%)

191.37

(-20%)

25%:

V0, I1, V1, V2

290.75

(-40%)

133.96

(-21%)

177.25

(-26%)

Table 7.1: The quantitative data of the selected spectra indices (Z1 – impedance

at 76 Hz, Z14 – impedance at 625 kHz, fmid – dispersion frequency) showing the

results of the probe misalignment in comparison to parathyroid and thyroid results

from precise (symmetrical) probe placement; I1, V0, V1, V2 correspond to the elec-

trode types shown in Fig. 7.2, values in brackets show the relative di↵erence to the

parathyroid baseline results

7.3.2 Probe optimisation study

In the probe optimisation study, each separation S and radii R configuration was investigated

for both thyroid and parathyroid models, and the obtained impedivity spectra for simula-

tions with and without fascia are shown in Fig. 7.4 and Fig. 7.5 respectively. This resulted

in additional thirty-six simulations, nine for each gland and model configuration with and

without the fascia inclusion.

Given that the probe optimisation had no impact on the thyroid impedivities in the models

without fascia (Fig. 7.4), there is just the thyroid reference curve marked on the graph.

Nonetheless, the di↵erent probe configurations were demonstrated to have an impact on the

parathyroid results. In particular, there is a slight increase in the parathyroid impedivity at

frequencies below 100 kHz with the decreased separation S between the electrodes. However,

the results at 76 Hz show a di↵erence of only 2.1% and 3.7% higher impedance for the cases

characterised with optimised electrode separation S of 1.2 mm and 1.0 mm compared to

the default ZedScanTM electrode configuration (S=1.4 mm). In addition, the changes in the

electrodes’ radii did not a↵ect the obtained impedivities for either tissue type.

Fig. 7.5 shows that including a 0.1 mm fascia layer influences the tissues’ impedivity

and slightly changes the impact of the electrodes’ radius R and separation S on simulated

electrical behaviour in comparison to the results obtained from models without this com-
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Figure 7.4: Probe optimisation study results showing the e↵ect of the electrodes

separation S and radii R on the computed electrical properties of thyroid and

parathyroid using models without fascia

partment (Fig. 7.4). Firstly, the fascia compartment inclusion in the model reduces the

separation between thyroid and parathyroid tissues by overall decreasing the recorded impe-

divity of parathyroid in the frequency range before the dispersion. It is also responsible for

the overlap of the results in the region above 100 kHz between both tissue types. In partic-

ular, the di↵erence between thyroid and parathyroid impedivity for the current ZedScanTM

configuration obtained through the simulation using models without and with fascia shows

the decrease in those glands separation in Z1: from 95% to 84% at 76 Hz, and Z14: 39%

to -24% at 625 kHz, where the percentage di↵erence represents the relative di↵erence of the

parathyroid results with regards to the thyroid.

Fig. 7.5 a-d visualises the e↵ects of electrodes radii R and separation S on the thyroid and

parathyroid impedivity spectra separately. Fig. 7.5 a and b show the impact of the radius

at di↵erent electrode separations. These results indicate that the smaller electrode distance

increases the impedivity of parathyroid tissue across the investigated frequency range with

the decreased electrode size. In addition, Fig. 7.5 c shows that the decreased electrode sep-

aration gradually decreases the parathyroid impedivity across all frequency points for the

current ZedScanTM electrode radius of 0.3 mm. For the smaller electrode size (R=0.1 mm),

as visualised in Fig. 7.5 d, the decreased electrode separation reduces the parathyroid impe-

divity in the frequency range over 10 kHz. Moreover, the fascia properties result in variation

in the simulated thyroid impedivity in the region above 100 kHz for both decreased electrode

separation and radii.
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A summary of the relative di↵erence in the selected spectra indices between thyroid and

parathyroid tissues including the fascia compartment, resulting from all possible variations

of separation S and radius R, is presented in Fig. 7.6. As seen in the results, there are

three probe configurations where the separability based on all three spectra is improved in

comparison to the current ZedScanTM device, and these are: S=1.2mm R=0.2 mm, S=1.2

mm R=0.1 mm and S=1.0 mm R=0.1 mm. Additionally, there is an overall trend in increas-

ing thyroid-parathyroid di↵erence based on fmid parameter with the decreased separation S.

The Z1 and Z14 results do not follow any clear, similar pattern, most likely due to the extent

of the di↵erences (a few percentage) compared to the di↵erences in fmid (which reach over

200%) and the fact that the fascia layer has a di↵erent e↵ect on the current flow through

thyroid and parathyroid tissue respectively. It is worth noting, however, that considering the

cases with the constant radii, the thyroid/parathyroid di↵erence in low-frequency impedance

index Z1 decreases with reduced separation S.

Figure 7.5: Probe optimisation study results showing the e↵ect of the electrodes

separation S and radii R on the computed impedivity spectra of thyroid and parathy-

roid models including 0.1mm superficial fascia compartment; investigation of ra-

dius variations at separation (a) S=1.4mm and (b) S=1.0mm, and investigation

of the separation variations for electrode radii (c) R=0.3mm and (d) R=0.1mm
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(a) (b)

(c)

Figure 7.6: Heatmaps visualising the e↵ect of the electrode radius and separation

on the di↵erences in selected spectra indices Z1, Z14 and fmid relative to the de-

fault ZedScanTM electrode configuration from the simulation including the fascia

compartment into the models

7.4 Discussion

The purpose of the study presented in this Chapter was the assessment of the parathyroid

results variation arising from the inaccuracies in the EIS probe placement to fulfil RO6. Fur-

thermore, the potential advantages on thyroid and parathyroid tissue separability resulting

from the smaller size and separation of the ZedScanTM tetrapolar electrodes were evaluated.

As demonstrated in the probe misalignment study, an inexact coverage of the parathyroid

gland could result in lower impedance recordings across the whole studied frequency range

compared to the expected (reference) value for parathyroid glands obtained from an accu-

rate probe placement. Furthermore, it can be concluded that successful parathyroid tissue

identification can be challenging in the cases of imprecise measurements. As visualised in
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Fig. 7.3, the simulations from the misaligned probe cases lead to the ‘contaminated’ results

which gradually get closer to the reference thyroid spectrum instead. By solely comparing

the low-frequency index Z1, the misalignment can reduce the di↵erence in impedance be-

tween thyroid and parathyroid from 95% to nearly 18%. That also suggests that imprecise

parathyroid coverage could partially explain the wide range of recorded in vivo parathyroid

results (138.99-572.67 ⌦ in [3]) along with the e↵ects of inter- and intrasubject variability in

the morphology and composition of parathyroid and thyroid tissue investigated in Chapter 4

through local and global sensitivity study. In particular, by solely evaluating the parathyroid

results, the probe misalignment can be responsible for a change up to 40% in low-frequency

impedance Z1 index compared to the baseline parathyroid spectrum. Such a di↵erence is com-

parable to the e↵ect of the parathyroid cell size (xcell) and ECS thickness (dECS) variations

and larger than the isolated e↵ects of the remaining parameters investigated for parathyroid

tissue.

Additionally, it is worth noting that the parathyroid spectra from the misalignment study are

characterised by decreased impedance exclusively through the assumption that the parathy-

roid gland is surrounded by a material of lower conductivity such as thyroid tissue. The

opposite trend of increased impedance would have been observed in an instance of the gland

surrounded by the adipose tissue, known for its insulating properties (low frequency conduc-

tivity of 0.04 Sm-1 [26]).

It is moreover important to highlight that the ZedScanTM device is equipped with a quality

control setting which can detect if the tetrapolar probe was placed on a boundary between

tissues with di↵erent properties (P. Heighfield, technical director of Zilico Ltd. – personal

communication). The principle of the boundary detection is based on the methodology pre-

sented in ‘Method and Probe for Measuring the Impedance of Human or Animal Body Tissue’

patent by Brown and Tidy [142]. In this approach, the quality checks are performed prior to

the impedance measurements, where the current is applied to the diagonal electrodes, and

the remaining two electrodes measure the resultant potential. The new ‘reference’ electrodes

are in the equal distance from the current path and should provide the same potential mea-

surement in the case of the probe being placed on a tissue type with the same properties.

Reference electrodes measurements showing di↵erent potential values (with the di↵erences

larger than a threshold value of over 10% or 20%) indicate that the probe was placed on the

tissue boundary.

The boundary detection setting, however, was disabled in the initial set of the in vivo mea-

surements collected by Hillary et al. [3]. Therefore, it is di�cult to determine the extent

of the impact of the probe misalignment that had on the spread on the parathyroid tissue

results. However, due to the small size of the parathyroid glands, the boundary detection set-

ting might prevent or obstruct the parathyroid tissue measurements in the follow-up studies,
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therefore, alternative improvements to the EIS device hardware might need to be considered

in the future.

An increase in parathyroid impedivities were seen in the probe optimisation investigation

without including the fascia compartment (Fig. 7.4) in the cases of decreased electrode sep-

aration S. This indicates that measurements with a smaller electrode separation could more

e↵ectively distinguish between thyroid and parathyroid tissue for models without fascia. The

increase in the impedivity could be explained, that, as a result of the smaller distance be-

tween the drive electrodes, I1 and V0, the injected current flows more superficially (which was

demonstrated previously in the probe size investigations on the cervical epithelium [77]), gets

constrained flowing solely through the parathyroid gland without capturing the properties of

the adjacent thyroid tissue.

However, the documented extent of the separation improvement (up to 4% change in the low

frequency impedance index Z1 compared to the parathyroid results for current ZedScanTM

electrodes configuration) suggests, that the geometry of the tip of the probe is a far less

significant factor compared to measurement precision responsible for up to 40% decrease in

Z1 index. Additionally, as demonstrated in Fig 7.4, decreasing the size of electrodes does

not interfere with the recorded impedivity, hence, if there are no constraints on the technical

and manufacturing side, smaller electrodes could successfully be incorporated into an opti-

mised EIS probe to further improve the measurement accuracy. It is especially important

to remember that smaller electrodes are more prone to surface polarisation, that is why a

compromise in the size of the electrodes needs to be established in any potential future probe

dedicated for parathyroid measurements.

Despite the observation that the optimised size of the tetrapolar probe has the potential

to slightly improve the separation between the thyroid and parathyroid, it is important to

highlight that this situation only applies when the EIS device is in direct contact with either

of the glands. As seen in Fig. 7.5, the presence of just a thin superficial fascia layer (0.1

mm) brings the thyroid and parathyroid spectra closer in the low frequencies (the di↵erences

in Z1 reduced from 95% to 84%). In the meantime, the impedance curves for both tissue

types above 100 kHz tend to overlap which reduces the ability to distinguish between both

tissue types. Such a situation can be explained by the more superficial current flow through

the tissues in the cases of smaller electrode separation and the more conductive properties

assigned to the fascia relative to parathyroid. However, further examination of the e↵ect of

the electrode arrangement in relation to the relative di↵erences in thyroid and parathyroid

selected spectra indices (Fig. 7.6) revealed three configurations that resulted in an increase

in all studied spectra indices. These configurations are characterised with decreased radii R

and separation S, which further suggests the reduced probe size would be more convenient

and practical for the applications in thyroid and parathyroid tissue measurements, even in
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the instances where the glands are covered with fascia.



Chapter 8

Discussion and Conclusions

The main hypothesis investigated in this dissertation was that computational modelling is

a feasible tool to permit the elucidation of the di↵erences between thyroid and parathyroid

tissues based on their predicted electrical impedance. As demonstrated in the previous com-

putational ([38; 74]) and in vivo ([72]) research on the electrical properties of tissues, structure

and composition are the key factors influencing the frequency dependent impedance magni-

tude and the shape of the b dispersion for biological tissues. However, assessing the e↵ects of

each tissue characteristic on the electrical properties directly from EIS in vivo data is di�cult

since it only represents the bulk electrical properties of the entire examined tissue.

Computational modelling is an approach that allows the exploration of the connection of

the tissue features with ‘measured’ EIS spectra and their indices. In particular, in the pre-

sented thesis this relationship is investigated by implementing a finite element multiscale

modelling approach. The motivation for a multiscale model methodology application was

related to the computational limitations arising from the requirement to include the cell

membrane details in the model volume due to their characteristic dielectric properties. To

date, the multiscale modelling has been implemented in the studies investigating the Cervical

Intraepithelial Neoplasia [38], Oral Potentially Malignant Disorders [41] and skin properties

[37; 75]. In this study the multiscale methodology was adapted by generating thyroid and

parathyroid specific models from micro- to macroscale interconnected through the propa-

gation of the lower-scale results in the model hierarchy. The multiscale approach was also

broadened by including the follicular structures which are unique for the thyroid tissue, and,

to date, have not been a subject of any computational multiscale investigation in the field of

electrical properties of biological tissues.

The main area of interest of this thesis was the investigation of the tissue morphology and

composition with their impact on the impedance spectra using comprehensive inter- and in-

tracompartmental sensitivity analyses (Chapter 4). Moreover, the theoretical spectra were

136
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compared against in vivo measured EIS spectra of healthy thyroid and parathyroid glands

in order to verify the outcomes of the previously developed multiscale model of thyroid and

parathyroid tissues (Chapter 5). The tissue separability based on computed and in vivo mea-

sured spectra indices was also presented and discussed in the same chapter. Following the

outcomes of these investigations, additional simulations evaluating the homogeneity assump-

tions on the thyroid meso- and macroscale models were performed (Chapter 6). Furthermore,

the assessment of the impact of the EIS measurement inaccuracies on the parathyroid results

along with the examination of alternative electrodes configurations to suggest a potential

enhancement in the thyroid and parathyroid tissues separability were presented in Chapter

7.

The main findings drawn from the study discussed in this thesis are outlined in this chapter,

along with the discussion of the suggested future work directions.

8.1 Summary and main findings

8.1.1 RO1: Computational modelling of electrical impedance of thyroid

and parathyroid tissue

As presented in Chapter 3 and 4, computational modelling is a feasible tool that can pre-

dict the electrical behaviour of biological tissues and can evaluate the relationship between

these tissues characteristics and the resultant variations in the electrical impedance spectra

on the example of healthy thyroid and parathyroid tissues. The electrical behaviour predic-

tion permitted the assessment at each level in the tissue hierarchy by recreating the specific

geometries of all substructures from the micro- to macroscale as presented in Chapter 3.

The electrical impedance results for the thyroid and parathyroid tissues obtained with the

default setup of the model parameters showed that the parathyroid tissue impedance is an-

ticipated to be higher than the thyroid tissue in the frequency range between 76 Hz and 625

kHz (frequencies corresponding to the ZedScanTM device operating range).

8.1.2 RO2: Model results verification against in vivo measured data

The computed results verification performed against the in vivo measured healthy thyroid

and parathyroid spectra (collected and published by Hillary et al. [3]) revealed a good

agreement across all frequencies between the computed and in vivo measured EIS datasets,

which confirms reliability of the proposed modelling methodology. A small number of outliers

in the computed results (seen in Fig. 5.2 in Chapter 5) represent curves that were computed

with either very high relative permittivities of fascia or connective tissue compartments or

small extracellular space thickness values. The investigation of the wide ranges of these

parameters which a↵ects the EIS computed results was necessary due to the uncertainty in
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these parameters reported in the literature. The remaining discrepancies observed between

computed and in vivo measured results, especially in the high frequency impedance (Z14) and

the dispersion frequency (fmid), similarly could be impacted by the insu�cient experimental

data on electrical properties of biological materials found in the literature. Nonetheless, it

is possible that additional tissue, and surgery specific aspects (that were not considered in

this computational study) could have contributed to the discrepancies. In particular, factors,

such as presence of di↵erent tissues, structures or pathologies [3; 34; 143], the e↵ects of

temperature [144], glands’ activity [101], viability [3; 2] and hydration [145] of the tissues

were excluded from the scope of this thesis, however, have the potential to be responsible for

the observed discrepancies with the in vivo measured results.

8.1.3 RO3: The Evaluation of thyroid and parathyroid tissue separability

The sensitivity study presented in Chapter 4 demonstrated that computational modelling

can elucidate the distinguishing features between thyroid and parathyroid tissue EIS spectra

that are driven on by their di↵erences in morphology and composition. Taking into account

the set of multiscale model evaluations for thyroid and parathyroid tissues computed through

the variation of the geometrical parameters characterising features at multiple spatial scales

demonstrated a promising qualitative (Fig. 5.6 Chapter 5) and quantitative (Fig. 5.7 Chap-

ter 5) separation of these tissues based on three computed spectra indices: low and high

frequency impedance (Z1 and Z14) and the dispersion frequency (fmid). The computed data

therefore, suggest that the thyroid and parathyroid tissue separability based on the EIS spec-

tra indices should be achievable.

Despite a positive agreement between the in vivo experimental results and the computed

impedance spectra, there is a clear overlap between the thyroid and parathyroid spectra

indices derived from the in vivo measured EIS curves (Fig. 5.6 Chapter 5) which results

in poorer tissue qualitative separability in comparison to the simulated results obtained in

this study. Such a situation is a result of a dataset very limited in number of the in vivo

measurements and suggests that EIS based di↵erentiation between thyroid and parathyroid

tissue in the clinical environment remains challenging. Additional in vivo data collection,

will be, therefore, recommended for future thyroid and parathyroid EIS-based separability

investigation. Nonetheless, the classification study revealed that the thyroid and parathyroid

tissue separability (AUC of 0.97 and 0.89 for computed and in vivo measured results respec-

tively) based on the impedance selected spectra indices is comparable to the ones reported

for di↵erentiation of Cervical Intraepithelial Neoplasia from healthy tissues using EIS mea-

surements (AUC of 0.95 and 0.88 for the separation based on two di↵erent Cole parameters)

[72] and combined EIS with colposcopy methods (AUC of 0.887) [137].



CHAPTER 8. DISCUSSION AND CONCLUSIONS 139

8.1.4 The investigation of factors influencing electrical properties of thy-

roid and parathyroid tissues

In this study, several groups of factors influencing the computed electrical behaviour of thy-

roid and parathyroid tissues have been selected and investigated. Table 8.1 and Fig. 8.1

show the summary of the results obtained in all previously discussed substudies (presented

in Chapters 4-7) in a form of coe�cient of variation (CoV). CoV is a relative measure of the

data dispersion around the mean value and is derived as a ratio of standard deviation and

mean values. This coe�cient is an advantageous tool to compare the relative extent of the

variation and spread of the results from di↵erent datasets, especially useful for the results

comparison obtained in di↵erent sections of this computational study. Moreover, through

this evaluation it is possible to assess the contribution of each parameter group to the overall

computed results variability.

In the following sections, all examined groups of parameters, which are: morphological fea-

tures, electrical properties, e↵ects of tissue homogenisation assumptions, and e↵ects of probe

misalignment and optimisation, will be restated and evaluated in the context of the remaining

findings of this thesis.

8.1.4.1 RO4: The e↵ects of geometrical and electrical properties variations

Two separate sensitivity analyses methods (local and global) revealed the extent of the theo-

retical EIS results deviations due to the variations in the geometrical parameters (associated

with natural variability in sizes of tissue structures across the multiscale) and the electrical

material properties uncertainties (arising from poorly defined and measured electrical prop-

erties of colloid, connective tissue and fascia). The results indicate that of the geometrical

parameters investigated, the extracellular space thickness, cell sizes and fascia thickness have

the most significant impact on all three explored electrical impedance spectra indices for both

tissue types. Both thyroid and parathyroid results also exhibit significant sensitivity to the

uncertainties in the fascia electrical properties. Additionally, it was revealed that the size of

the follicle and the colloid conductivity uncertainty are important factors when assessing the

thyroid tissue impedance.

Furthermore, the evaluation of the coe�cient of variation calculated for each results group

(Table 8.1) shows that the geometrical parameters variations are most notably responsible for

the variation in all three investigated spectra indices (Z1, Z14 and fmid) for thyroid tissue and

the variation in low- (Z1) and high frequency (Z14) impedance for parathyroid tissue. It is

worth highlighting that there are di↵erences between the simulation results obtained through

the variation of geometrical parameters including and excluding the fascia compartment. In

particular, these outcomes further accentuate the importance of the fascia compartment ex-

cision during surgery due to its capability to ‘contaminate’ the true EIS measurement of both
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Parameter group

investigated
Z1 [⌦] Z14 [⌦] fmid [Hz]

Thyroid

Geometrical parameters

(fascia included)
0.35 0.55* 0.40*

Geometrical parameters

(fascia excluded)
0.47* 0.16 0.40*

Electrical material

properties
0.29 0.58* 0.21

Follicular arrangement 0.0041 0.0003 0.0075

Uneven boundaries 0.020 0.008 0.005

Parathyroid

Geometrical parameters

(fascia included)
0.23 0.79* 0.39

Geometrical parameters

(fascia excluded)
0.31* 0.19 0.26

Electrical material

properties
0.05 0.82* 0.47*

Probe misalignment 0.23 0.10 0.14

Probe optimisation’ 0.04 0.08 0.04

Table 8.1: Coe�cient of variation comparison between the results from all com-

putational substudies presented in this thesis defining the impact of each parameter

group on the selected spectra indices (Z1, Z14, fmid), * marks the highest coe�-

cient of variation for each thyroid and parathyroid spectra index, ‘ the CoV was

calculated for the results of simulations that excluded the superficial fascia layer

glands. In contrast, the material property uncertainties most significantly influence the vari-

ation in the high frequency impedance (Z14) for both tissue types and the spectra frequency

(fmid) for the parathyroid tissue.

The presented comparison of the local and global sensitivity analyses highlighted the value of a

local approach in preceding and supporting a global analysis. In particular, the advantageous

time e�cient parameter screening method permits to limit the number and range of the key

parameters that will be included in a more comprehensive analysis. In addition, the similarity

of the outcomes from the local analysis matches with the global sensitivity results, suggesting

that both approaches were appropriate for the purpose of assessing the model sensitivity to

the geometrical parameters variability and electrical properties uncertainties. Nonetheless,

expanding the presented sensitivity study using the variance decomposition methods (such as

the Sobol analysis) and enhanced by the implementation of a surrogate modelling approach
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could further verify and improve the sensitivity evaluation of the presented multiscale model

of thyroid and parathyroid tissue.

Surrogate modelling using Gaussian process emulators has been successfully implemented

to investigate the model sensitivity investigating the cardiac cell electrophysiology [132] or

four chamber heart hemodynamics model [146]. Both studies performed a global sensitivity

analysis using the variance-decomposition methods with relatively low number of model eval-

uations (220 and 180 for the cardiac cell model and the CFD heart model respectively). The

benefits of decreasing the computational time to obtain the model results using the surrogate

model are especially evident in the heart hemodynamics study, where each patient-specific

CFD model required 10-20h to obtain the simulation outcomes of 4 heartbeats per case

(which resulted in 7700h of computational time). By contrast, the Gaussian process emula-

tor training and the global sensitivity study comprising a sample size of 10,000 required 5h to

compute. The challenges with the surrogate model approach are finding the optimal number

of model evaluations required for the emulator’s training which might be time consuming,

and the decreased e�ciency in the case of a high number of input parameters considered.

8.1.4.2 RO5: The e↵ects of tissue heterogeneity

The aim of the verification of the homogeneity assumptions on the meso- and macroscales

was to investigate the e↵ects of di↵erent spatial arrangement of follicles in the thyroid tissue

and tissue boundary irregularities. The presented results revealed that, especially with the

comparison to the remaining parameters inspected in this study (Table 8.1), both features

resembling tissue heterogeneity have a marginal impact on the variation of the investigated

spectra indices. The e↵ects represented by the coe�cient of variation of the follicular ar-

rangement and irregular boundaries on the thyroid spectra indices was one and two orders of

magnitude smaller when compared to the CoV obtained from the investigation of geometrical

and electrical properties. Although it is important to further explore more complex geome-

tries to better understand the impact of heterogeneity on the electrical simulation outcomes

in the future studies, in particular due to the small number of heterogeneous models investi-

gated in this study and the low follicular volumes considered in the mesoscales arrangements

investigation. The tissue heterogeneity should be further explored especially by considering

more sophisticated model generation based on morphology segmentations which will be dis-

cussed in the following sections.

Additionally, the proposed study concerning the tissue boundary irregularities despite hav-

ing a marginal e↵ect on the thyroid impedance, could be implemented in future in similar

studies concerning di↵erent tissues. In particular, this methodology could be beneficial in the

investigation of electrical properties of tissues that are characterised with ‘grooves’ in their

morphology or in the transition between di↵erent tissue layers, broadening the studies on the
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oesophageal glandular mucosa [24] or rete pegs in the oral tissue [41].

8.1.4.3 RO6: The e↵ects of probe misalignment and optimisation

The exploratory simulations investigating the inaccuracies in parathyroid glands measure-

ments with the tetrapolar ZedScanTM device reported a significant variation of results arising

from di↵erent extents of probe misalignment, especially in the frequencies below the b dis-

persion. As shown in Table 8.1, the extent of variation in the low frequency impedance

(Z1) associated with the misalignment is equivalent to the results variations associated with

variability of geometrical parameters (CoV of 0.23). This suggests that measurement inac-

curacies have a comparable e↵ect on the spread of results as geometrical parameters, making

them an important factor to consider, in particular, by highlighting the importance of the

parathyroid measurement accuracy in the follow-up in vivo measurements.

The electrode size and separation optimisation study has been performed as a continuation

of the misalignment investigation in order to explore the potential benefits coming from a

decreased size and separation of the electrodes on the tip of the tetrapolar ZedScanTM device.

The results demonstrated that the EIS spectra are insensitive to electrode size di↵erences in

both tissues without the superficial fascia layer. In contrast, a decreased separation of the

electrodes provides a slight improvement in the thyroid and parathyroid separation, however,

the improvement of the results is minimal (CoV is an order of magnitude smaller) when com-

paring the coe�cient of variation between the probe optimisation results with the geometrical

parameters and electrical properties. Nonetheless, it is important to note that the smaller tip

of the probe resulting from a reduced separation of electrodes could be advantageous during

surgery in order to increase the ease of the electrical impedance acquisition from small struc-

tures, such as the parathyroid glands, and reduce the likelihood of misalignment. However,

in the future manufacturing process concerning the EIS device it is important to bear in

mind the challenges associated with the increased electrode-tissue surface impedance which

is an issue concerning electrodes of a smaller size [26]. Additionally, a potential direction for

future work is the exploration of non-tetrapolar electrode configurations which could provide

more insight on the measurement technique that could enhance tissue di↵erentiation during

thyroid and parathyroid surgery.
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Figure 8.1: Visual representation of the Coe�cient of Variation for (a)-(c) thy-

roid and (d)-(f) parathyroid tissue impedance spectra indices (Z1, Z14, fmid)
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8.2 Limitations and future directions of the project

8.2.1 Model validation

Despite the promising agreement between the computed and in vivo measured EIS spectra

(presented in Chapter 5), it was not possible to perform the comprehensive model validation.

The ability to perform model validation was mostly restricted due to the limited number of

the available in vivo measured thyroid and parathyroid impedance spectra and the lack of

existing histology images of the tissue samples on which the EIS measurement was performed.

Moreover, it is further challenging to augment the available in vivo measured dataset with the

measurements from other studies documenting thyroid and parathyroid electrical properties.

It is di�cult to compare the impedance measurements from di↵erent studies since each sep-

arate research study has been conducted with distinct methodologies, instrumentation and

in di↵erent conditions while exploring di↵erent frequency ranges. In particular, due to the

di↵erences in the EIS instrumentation and the impact of the electrodes arrangement on the

resultant impedance, it is not possible to compare the raw data without their conversion to

the electrical conductivity/impedivity or relative permittivity values. The comparison of im-

pedivity results shown in Fig. 5.8 in Chapter 5 revealed the discrepancies between this study

results with the thyroid spectra provided by Hillary et al. [3] with the remaining limited data

from modelling and experimental studies investigating electrical properties of thyroid.

In order to fully validate the proposed computational model, it will be necessary to gather

a larger, coherent dataset of in vivo measured electrical impedance spectra of thyroid and

parathyroid tissues in future studies. Furthermore, in order to associate each in vivo mea-

sured spectrum with a corresponding computed curve, it will be necessary to obtain case

specific tissue features for each computational model evaluation. Knowing the significance of

the tissue morphology on the electrical impedance of tissues provided by the results presented

in this thesis sensitivity analysis, it would be desirable to derive the geometrical parameters

for each individual case, e.g. from histology images obtained from each patient. Nonetheless,

for the purposes of the model validation and with the ethical considerations to minimise

the necessity of invasive biopsy on healthy human tissues, the additional EIS measurements

and the histology samples collection possibly could be performed on an animal model. An

additional comprehensive dataset, similar to the one for the rabbit tissues published by An-

takia et al. [2], comprising EIS in vivo measurements with corresponding histology images

would be adequate to perform the thyroid and parathyroid computational model validation.

The challenge associated with the EIS measurements of the rabbit structures is the smaller

size of thyroid and parathyroid glands in comparison to the human organs. In particular,

the decreased thickness of thyroid gland (approximately 2-3 mm in rabbit against 2.5 cm in

human thyroid) would require the inclusion of the structures underneath the thyroid gland
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in the macroscale model, such as cartilaginous trachea. Additionally, the presence of a thy-

roid capsule comprising layers of adipose and fibrous tissue [147] might also be required for

consideration in the computational model of rabbit thyroid tissue.

Another alternative to invasive biopsies from healthy tissues for model validation is the

implementation of tissue engineering, which is predominantly used and explored in regen-

erative medicine and aims to restore and improve the functionality of a given organ after an

in vitro derived graft implantation. There are examples in the literature demonstrating a

successful reconstruction of a functional thyroid follicular structures [148] and parathyroid

tissue patches [149] using bioprinting methods. Tissue engineered samples of thyroid and

parathyroid tissue could be used for both in vitro EIS measurements and subsequent his-

tology images analysis for the computational model validation without the requirement of

human or animal tissue biopsies.

8.2.2 Model geometries

The presented geometries incorporated in the multiscale modelling framework for both thy-

roid and parathyroid tissue represent very simplified shapes of cells and follicles under the

homogeneity assumption. Despite demonstrating the low impact of the follicular arrange-

ments on the thyroid mesoscale impedivity, it would be desirable to study more realistic

geometrical representation of the tissue morphology and the 3D organisation of the tissue

structures. Especially since the follicular arrangement study explored a narrow range of fol-

licular volume ratios of the thyroid tissue due to the challenges in achieving higher densities.

A feasible starting point would be to adapt the segmentation methods that are already estab-

lished and utilised in other fields of computational modelling and bioengineering. Unfortu-

nately, just as vital as CT and MRI imaging are in mechanical engineering in musculoskeletal

applications, their resolution is insu�cient for the reconstruction of the microstructure of

thyroid and parathyroid tissues. Furthermore, due to the dielectric properties of cellular

membranes, it is necessary to include cellular features in modelling work when investigating

the electrical properties of biological tissues. Therefore, it is crucial to identify an imaging

technique with high accuracy (of a few hundred nanometres) that permits cellular and follic-

ular level segmentation. There are two technologies worth considering in the morphological

segmentation in the future work, and these are standard 2D or 3D histology images or optical

coherence tomography imaging.

As mentioned before, a constraint associated with obtaining patient-specific histology sam-

ples is the invasive nature of biopsy itself. Nonetheless, due to the accessibility of previously

collected histology data (K. Hunter – personal communication) and wide collection of his-

tology data published in the literature (including virtual pathology databases such as [150]),
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follicular segmentation from generic images could be a good starting point for the investiga-

tion of more realistic and heterogeneous follicular structure. Fig. 8.2 presents an attempt

to recognise the contours of follicles from a histology image with an open-source image pro-

cessing software Fiji (ImageJ) [151] with its Morphological Segmentation setting aimed for

biological images segmentation, labelling and analysis. The limitation of follicular structure

segmentation presented in Fig. 8.2 is the lack of cell layer and connective tissue compart-

ments. Nonetheless, with further modifications to the segmentation methodology and the

incorporation of 3D images, histological image analysis could be a viable approach for re-

alistic thyroid tissue mesoscale geometries that could be incorporated into the multiscale

modelling framework.

(a) (b)

Figure 8.2: Follicular structure segmentation example, (a) thyroid histology im-

age, stained with eosin and haematoxylin (K. Hunter – personal communication),

(b) follicular structure contours recognised with Morphological Segmentation oper-

ation in Fiji

The feasibility of a segmentation approach based on histology has already been demon-

strated in the studies of tissue reconstruction utilising this imaging technique to recreate the

heterogenous structure of tissues. In particular, Lv et al. [79] introduced the heterogeneous

follicular structure segmentation from 2D histology images in the first computational model

proposed in the literature, created to explore electrical and heat transmission properties of

thyroid tissue during electroporation. It was, however, not possible to compare the results of

this study with the thyroid simulation outcomes provided in this thesis due to the modelling

limitations presented in Lv et al. [79], which included disregarding the cellular features in

the model and using a direct current simulation.

Additionally, worth mentioning are studies using deep learning methods in blood vessels

segmentation from 3D histology [152] or segmentation of hepatic steatosis [153] from 2D im-

ages. The latter, due to their spherical shapes, show some structural similarities to thyroid

follicles. Both papers highlight the benefits of the unsupervised machine learning methods in
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image analysis and morphological segmentation, which could be considered in future studies

when addressing the thyroid tissue heterogeneity.

An important consideration of the histology imaging for the morphology is the shrinkage

and distortion of the tissue structures associated with the preparation of the histology sam-

ples [154]. These types of alterations in the tissue structures impose restrictions on the

reliability of the microstructural information that can be obtained from the histology images

and are necessary to be accounted for and minimised in the future morphology segmentation.

In contrast to histology imaging, optical coherence tomography (OCT) is a non-invasive

imaging method with the typical transverse resolution of a few to dozen micrometres and the

depth penetration of a few millimetres (1-3 mm) [155]. OCT was previously documented as a

successful 3D imaging technique of thyroid tissue, visualising the follicular structure in case

of healthy and pathological thyroid tissue [156; 157]. Considering the non-invasive nature of

the OCT imaging, which utilises the broadband near-infrared light to create microstructure

images, this technique could be safely incorporated to assist the EIS measurements during

thyroidectomy. This imaging approach could also be a feasible alternative to the histology

samples acquisition via invasive biopsy procedure. From the computational perspective, how-

ever, the depth penetration provided by OCT imaging could be a limitation in the thyroid

image segmentation, especially since the presented macroscale model geometry represents a

tissue volume of 15 mm. However, even a few millimetres of model volume segmented from

the OCT imaging could be su�cient for the mesoscale structure investigation. Knowing the

constraints of low follicular densities in the developed model geometries, it would be espe-

cially useful to utilise OCT-based model segmentation for the follicular arrangements in order

to verify the previously obtained results and methodologies.

8.2.3 Geometrical and electrical model properties

As revealed in the sensitivity analysis and by the comparison with the outcomes of the re-

maining substudies in this thesis, the variations in morphology and the uncertainties in the

electrical material properties are the most prominent groups of tissue features that influence

the macroscale electrical impedance. As highlighted in Chapter 3, it is often challenging to

obtain reliable model parameters of thyroid and parathyroid tissue, especially in the cases of

the extracellular space thickness or for the electrical properties of colloid and fascia, which had

to be estimated and their ‘real’ values remain unknown. Given the outcomes of the sensitivity

analyses, both thyroid and parathyroid macroscale impedance spectra are sensitive to these

three key parameters. Therefore, the lack of su�cient material property measurements and

the high-resolution microscopy images of thyroid and parathyroid tissue structures continue

to be a significant challenge which impacts the accuracy of the model predictions. Additional

experimental work concerning the elucidation of the properties of colloid and fascia, and in-
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vestigation of the ECS thickness of thyrocytes and chief cells is, therefore, advised and will

be crucial in the future for the reliable quantification of thyroid and parathyroid impedance.

Moreover, the overall lack of the electrical properties measurements of the biological material,

the wide variation of these parameters where they are reported and the insu�cient informa-

tion considering the measurement conditions remains a significant challenge in computational

modelling of electrical properties of tissues.

8.2.4 Data presentation

In electrical impedance investigation studies concerning biological materials, it is often a

common practice to assess the tissues impedance by visualising the real part of impedance

changes against the frequency, also known as the real impedance Bode plot. This data pre-

sentation was also a preferred approach in this thesis due to the convenience for the in vivo

measured data comparison. Nonetheless, in the fields of material science and electrochemical

engineering, where electrical impedance spectroscopy methods are commonly used, di↵erent

data presentation methods are utilised for di↵erent applications. In example, the relationship

between frequency-dependent real and imaginary part of impedance (Z’ and Z”) is often anal-

ysed in a form of a Nyquist plot or the complex impedance is transformed into and presented

in three di↵erent formalisms: admittance Y ⇤, electric modulus M⇤ and complex capacitance

C⇤. A comprehensive summary of various equivalent circuits and schematics visualising be-

haviour of di↵erent materials using di↵erent complex impedance formalisms is presented in

a thesis by Heath [42].

In future work, it would be valuable to explore di↵erent complex impedance formalisms and

data presentation methods in order to extract additional parameters that could characterise

and potentially di↵erentiate thyroid and parathyroid tissues based on the in vivo measured

impedance. The Nyquist plot, for example, takes a semi-circular form for an equivalent circuit

consisting of a resistor and a capacitor connected in parallel, which is an equivalent model

that frequently represents the behaviour of biological structures. The Nyquist plot is espe-

cially convenient to define the relaxation frequency (where f = RC!), which is represented

by the highest point of the semicircle.

Fig. 8.3 shows the Nyquist plots of in vivo measured data collected by Hillary et al. [3]

and the data computed in this thesis through the variation in geometrical parameters. The

semi-circular shape of the curves can be recognised in the computed data and in a few curves

from the in vivo experimental examples. There are a few instances in the in vivo measured

spectra (especially visible in the thyroid tissue group – Fig. 8.3 a) where Nyquist plot’s shape

reveals the appearance of a beginning of a second semi-circle. Such a situation suggests a

more complex equivalent circuit behaviour of two parallel resistors and capacitors connected

in series. This equivalent circuit is characterised with two distinct relaxation frequencies
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that suggest multiple current paths through the tissues and layered structure of tissues with

di↵erent properties.

Nonetheless, the Nyquist plots presented in Fig. 8.3 show the limitation of this data presenta-

tion for the currently available set of in vivo measured and computed results, mainly that the

frequency range investigated in this study (up to 625 kHz) is not su�ciently broad to observe

the full characteristic semi-circular shape. This is most prominently visualised in Fig. 8.3 c,

where most of the in vivo measured parathyroid curves do not represent the characteristic

shape. This suggests that collecting in vivo measured impedance in a higher frequency range

for the Nyquist plot analysis would potentially provide additional information to discriminate

thyroid and parathyroid tissue. The benefits of exploring a higher frequency range in future

in vivo measurements could also permit the Cole-Cole model (Eq. 2.9 Chapter 2) fitting to

extract the Cole parameters which is the golden standard in impedance spectra parameteri-

sation.

To summarise, exploring di↵erent complex impedance data presentation methods and com-

plex impedance formalisms could potentially increase understanding of the di↵erences in the

electrical properties of thyroid and parathyroid tissue. This will permit identifying additional

impedance spectroscopy-based parameters which could provide a more favourable separation

of these two tissue types compared to the spectra parameters evaluated in this study.
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Figure 8.3: The comparison of Nyquist plots for: (a) in vivo measured thyroid

results, (b) computed thyroid results, (c) in vivo measured thyroid results, (d) com-

puted thyroid results

8.2.5 Discrimination of other tissue types

The main aim of the presented thesis was the comparison of the computed electrical proper-

ties of healthy thyroid and parathyroid tissues. However, as Hillary et al. [3] mentioned, the

parathyroid glands can be mistaken for soft tissue structures other than benign thyroid tissue

nodules, such as adipose or lymphatic tissue. The consideration of additional tissue types in

the future experimental and modelling work would provide a more comprehensive group of

properties. This would further aid the definition of the benefits and limitations associated

with EIS-based parathyroid detection during thyroidectomy.

Nonetheless, some of the limitations associated with the in vivo measurements and the mod-

elling work on adipose and lymphatic tissue can already be recognised. Firstly, adipose tissue

is characterised by a very low conductivity which is approximately one order of magnitude

lower than the other soft tissue types found in the neck, according to the results presented

by Gabriel [26] (low-frequency thyroid conductivity: 0.50 Sm-1 against adipose tissue con-
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ductivity: 0.04 Sm-1). The substantial di↵erences in tissue conductivities could in theory be

advantageous to distinguish the adipose tissue. However, high tissue resistivity can cause dif-

ficulties in data acquisition using the EIS ZedScanTM probe, which was discussed by Hillary

et al. [3]. Increasing the complex impedance acquisition range could permit impedance

measurement for tissues with very widespread conductivities, nonetheless, it would require

additional improvements in the ZedScanTM instrumentation.

Secondly, other structures worth considering in future investigations are lymph nodes which

are typically slightly larger than parathyroid glands (about 1 cm in diameter). Lymphatic

tissue is highly heterogeneous, consisting of various types of cells with di↵erent arrangements,

functions and sizes. Additionally, di↵erent morphological structures are located in the con-

vex and concave halves of the nodes, which would be challenging to reconstruct in the future

computational work.

Finally, the presented multiscale modelling framework for thyroid and parathyroid tissues

could also be adjusted and utilised to investigate the impedance changes induced by di↵erent

pathologies of these two glands. In example, Yun et al. [22] and Cheng and Fu [61] have

already experimentally investigated the EIS based detection of cancerous changes in the thy-

roid tissue. It could be an interesting direction and an application of the generated models

to explore how the cancer-induced changes in follicular sizes and arrangements could impact

the thyroid tissue impedance and how this information could improve the cancer EIS-based

detection during surgery.

8.3 Conclusions

In this thesis the multiscale modelling framework has been implemented for novel applica-

tions in simulating the thyroid and parathyroid electrical impedance relating to the electrical

impedance spectroscopy measurements during surgery. In particular, this study comprises the

first ever computational model to explore parathyroid tissue electrical properties. The formu-

lated research hypothesis has been supported through the proposed methodology and results

obtained by successfully fulfilling the research objectives. These demonstrated the feasibility

of the computational methods to explore the di↵erences between thyroid and parathyroid

tissue electrical impedance driven on by the variations in their morphology and composition.

The proposed comprehensive inter- and intracompartmental sensitivity analysis presented

in this study elucidated the model’s sensitivity to the variations of di↵erent tissue features

and revealed the geometrical and electrical parameters crucial for both tissues macroscopic

electrical behaviour, which has been performed for the first time for healthy thyroid and

parathyroid tissues. Moreover, the results presented in this thesis suggest a good di↵erenti-

ation of computed healthy thyroid and parathyroid tissue based on the selected impedance

spectra indices and demonstrate positive tissue separability comparable to the ones reported
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for healthy and dysplastic cervical epithelium using EIS measurements.

Additionally, the work presented in this thesis is an example of how computational mod-

elling can broaden the understanding of the relationship between the features of biological

tissues and their morphology with its application aimed to enhance and improve existing

medical procedures. In particular, the outcomes of this project suggested that it should be

possible to recognise the di↵erences between theoretical impedance spectra of thyroid and

parathyroid tissues and presented specific recommendations, both for the surgical procedure

and for future hardware developments, in order to improve the electrical impedance-based

di↵erentiation of these tissues during surgery. In particular, the study revealed the impor-

tance of additional experimental elucidation of electrical properties of tissue structures, the

significance of the fascia compartment removal a priori to the thyroid and parathyroid EIS

measurements and the benefits resulting from potential optimisation of the EIS probe elec-

trode size and separation on the parathyroid measurement accuracy. Moreover, this study

further emphasises the utility of computational modelling as a complementary tool to in

vivo experimental work highlighting how the cooperation between engineering, science and

medicine can provide better interdisciplinary research and improve healthcare.
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Appendix A

Histology measurements

The measurement of the cell and follicle sizes for thyroid (thyrocyte and follicle) and parathy-

roid (chief cell) tissues were performed through manual measurement using image analysis

software ImageJ and ImageScope. The sample size for the measurement was determined

based on the mean value convergence – change of <0.5% compared to the mean value from

a smaller sample size, which is shown in Fig. A.1 for all measured structures. The mea-

surements have been performed in up to four di↵erent locations in one histology image to

investigate intrasubject variability of the structures.
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(a) (b)

(c)

Figure A.1: Plots visualising the size of the measured structures based on the

sample size for (a) thyrocyte, (b) chief cell, (c) thyroid follicle



Appendix B

Mesh convergence study

Fig. B.1, B.2, and B.4 show the results for mesh convergence study for the models at

each level of multiscale. In the mesh density study, the variations in impedivity (for micro-

and mesoscale) or impedance (macroscale) were investigated when increasing the number of

elements or aspect ratio along the edges of each model. Fig. B.3 clarifies the edges A, B, C

that were considered in the mesh density study on the macroscale level.
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Microscale model

Figure B.1: The relative e↵ect of the element number on the impedivity when

investigating (a) number of elements along cell member compartment, (b) number

of elements along cell edge, (c) number of elements along ECS compartment
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Mesoscale model

Figure B.2: The relative e↵ect of the element number on the impedivity when

investigating (a) number of elements along follicle edge, (b) number of elements

along cell layer compartment, (c) number of elements along connective tissue com-

partment
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Macroscale model

Figure B.3: Macroscale model with marked edges A-C which were considered in

the mesh density study
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Figure B.4: The relative e↵ect of the element number or aspect ratio on the

impedance when investigating (a) number of elements along edge A, (b) number

of elements along edge C, (c) number of elements along edge B (d) aspect ratio of

the elements along edge B



Appendix C

Sample size for global sensitivity

study

The sample size study was performed to determine the variations of the PRCC results based

on the number of model evaluations considered in the analysis. Fig. C.1 presents a few

examples of the PRCC values for sample size 30, 40, 80, 100, 150 based on the microscale

level thyroid results. Despite the increased model evaluation numbers, all results fell within

the same association category: Low (red), Medium (yellow) or High (green).
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Figure C.1: The results of the sample size study showing the variation in the

PRCC value for the microscale results: (a) and (b) xcell association with the Z1

(medium) and Z14 (low) spectra indices, (c) and (d) ycell association with the Z1

(low) and Z14 (high) spectra indices, (e) and (f) dECS association with the Z1

(high) and Z14 (low) spectra indices



Appendix D

Cole-Cole model fitting

The Cole-Cole model fitting has been performed using the scipy.optimize python library us-

ing the curve fit function that use of the nonlinear least squares method to fit the defined

function (in this case the Cole-Cole equation Eq. 2.9 from Chapter 2) to the data in order

to extract the Cole parameters.

In the case of the computed results, the initial model fitting resulted with satisfactory re-

sults, when the threshold of the parameters were partly reinforced manually before the model

fitting: the Z0 parameter was required to within ±20 ⌦ from the impedance value at the

frequency point of 76 Hz, Z1 lower than 180 ⌦, fc from the range between 103-107 Hz, and

↵ between [0,1]. Similar bounds were introduced to the model fitting to the experimental

results.

Unfortunately, due to the shape of the experimental curves for some of the thyroid and

most of the parathyroid spectra, the Z1 parameter was incorrectly assessed to the values

close to zero, which is highly unlikely representing the real high-frequency impedance value,

bearing in mind the current still flows through the intracellular space which is characterised

with its own resistivity. Fig. D.1 shows the box and whisker plot for all four fitted Cole

parameters between computed and in vivo results for both tissue types.

As shown in Fig. D.1, the di↵erence between the computed and experimental Z1 are sub-

stantial. Especially for parathyroid tissue, the majority of experimental results fall close to

zero, while the computed result are within a wide range between 0-125 ⌦, similarly to Z1

for in vivo thyroid. This suggests that Cole-Cole model fitting is not an appropriate method

of impedance spectra parameterisation in the case of the available data set, and the results

from Fig. D.1 discarded.

Interestingly, the fitted a parameter is characterised with considerable discrepancy between
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the computed and in vivo results for both glands. This is in agreement with previous com-

putational research documented in the literature [69], that also noticed that the theoretical

computational models underestimates the dispersion width, mainly due to the homogenisa-

tion assumption. It can be implied that the wider experimental spectrum is a result of the

distribution of many relaxation times associated with di↵erent structures and their shape and

sizes building the tissue [32]. On the other hand, it is also hypothesised that the movement of

the free and bound charges in the biological tissues is a cooperative process which increases

the width of the dispersion [68].

Figure D.1: Fitted Cole parameters comparison between experimental and com-

puted results for thyroid and parathyroid tissue



Appendix E

Lower scale level results from local

sensitivity analysis

This Appendix comprises the e↵ective conductivity and relative permittivity results obtained

during the micro- and mesoscale simulations for thyroid and parathyroid tissues during the

local sensitivity analysis presented in Chapter 4.
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Conductivity 

 [Sm-1] 
frequency [Hz] baseline xcell 6.5µm xcell 11µm ycell 6.5µm ycell 11µm zcell 6.5µm zcell 11µm dECS 0.3µm dECS 0.5µm dECS 0.8µm 

 
76 0.07960 0.10291 0.06205 0.08094 0.07865 0.07960 0.07959 0.07961 0.13430 0.21918 

 
152 0.07960 0.10291 0.06205 0.08094 0.07865 0.07960 0.07959 0.07961 0.13430 0.21918 

 
305 0.07960 0.10291 0.06205 0.08094 0.07865 0.07960 0.07959 0.07961 0.13430 0.21918 

 
610 0.07960 0.10291 0.06205 0.08094 0.07865 0.07960 0.07959 0.07961 0.13430 0.21918 

 
1220 0.07960 0.10292 0.06205 0.08094 0.07865 0.07960 0.07960 0.07961 0.13430 0.21918 

 
2441 0.07961 0.10292 0.06206 0.08094 0.07866 0.07961 0.07960 0.07961 0.13430 0.21919 

 
4882 0.07963 0.10294 0.06209 0.08096 0.07871 0.07963 0.07963 0.07964 0.13432 0.21919 

 
9765 0.07973 0.10303 0.06221 0.08101 0.07891 0.07974 0.07973 0.07974 0.13438 0.21923 

 
19531 0.08014 0.10339 0.06268 0.08121 0.07971 0.08014 0.08014 0.08015 0.13461 0.21935 

 
39062 0.08175 0.10482 0.06455 0.08204 0.08286 0.08176 0.08175 0.08176 0.13552 0.21987 

 
78125 0.08810 0.11044 0.07189 0.08533 0.09502 0.08811 0.08810 0.08811 0.13915 0.22190 

 
156250 0.11176 0.13148 0.09904 0.09801 0.13722 0.11177 0.11176 0.11178 0.15306 0.22984 

 
312500 0.18517 0.19768 0.18141 0.14245 0.24365 0.18518 0.18517 0.18521 0.20078 0.25878 

 
625000 0.32633 0.32894 0.33234 0.25738 0.38416 0.32634 0.32632 0.32644 0.31718 0.34244 

Table E.1 Electrical conductivity derived from the thyroid tissue microscale model simulations performed for local sensitivity analysis 

 

 

 

 



  

Relative 

permittivity 

[-] 

frequency 

[Hz] 
baseline xcell 6.5µm xcell 11µm ycell 6.5µm ycell 11µm zcell 6.5µm zcell 11µm dECS 0.3µm dECS 0.5µm dECS 0.8µm 

 
76 5579.26410 5809.54491 5405.99359 4031.31970 7748.21987 5579.40363 5579.15322 5580.12193 5185.93666 4596.91600 

 
152 5579.26405 5809.54485 5405.99355 4031.31968 7748.21972 5579.40359 5579.15317 5580.12188 5185.93662 4596.91597 

 
305 5579.26385 5809.54460 5405.99338 4031.31961 7748.21912 5579.40338 5579.15297 5580.12168 5185.93647 4596.91585 

 
610 5579.26305 5809.54360 5405.99270 4031.31934 7748.21671 5579.40258 5579.15216 5580.12088 5185.93583 4596.91538 

 
1220 5579.25984 5809.53962 5405.99001 4031.31826 7748.20708 5579.39938 5579.14896 5580.11767 5185.93330 4596.91349 

 
2441 5579.24700 5809.52367 5405.97921 4031.31392 7748.16853 5579.38653 5579.13611 5580.10484 5185.92316 4596.90592 

 
4882 5579.19565 5809.45987 5405.93602 4031.29656 7748.01436 5579.33519 5579.08476 5580.05353 5185.88262 4596.87566 

 
9765 5578.99021 5809.20463 5405.76325 4031.22713 7747.39757 5579.12975 5578.87932 5579.84825 5185.72043 4596.75457 

 
19531 5578.16856 5808.18384 5405.07224 4030.94938 7744.93144 5578.30812 5578.05765 5579.02726 5185.07172 4596.27025 

 
39062 5574.88494 5804.10497 5402.31044 4029.83888 7735.08613 5575.02461 5574.77396 5575.74625 5182.47880 4594.33416 

 
78125 5561.79585 5787.85493 5391.29732 4025.40399 7696.00304 5561.93589 5561.68456 5562.66752 5172.13592 4586.60752 

 
156250 5510.16182 5723.89310 5347.78886 4007.77968 7544.31056 5510.30328 5510.04935 5511.07380 5131.22563 4555.98629 

 
312500 5314.51878 5483.57439 5182.00168 3939.07332 7003.10261 5314.66483 5314.40251 5315.57560 4974.62089 4437.88886 

 
625000 4672.46420 4717.00454 4627.18194 3689.99513 5526.82980 4672.61668 4672.34232 4673.90862 4442.70579 4026.14717 

Table E.2 Relative permittivity derived from the thyroid tissue microscale model simulations performed for local sensitivity analysis 

 

  



 

Conductivity 

[Sm-1] 

frequency 

[Hz] 
baseline xcell 6.5µm xcell 11µm ycell 6.5µm ycell 11µm zcell 6.5µm zcell 11µm dECS 0.3µm dECS 0.5µm dECS 0.8µm 

 
76 0.27767 0.31387 0.24352 0.31236 0.24567 0.27768 0.27767 0.26954 0.33945 0.40526 

 
152 0.27767 0.31387 0.24352 0.31236 0.24567 0.27768 0.27767 0.26954 0.33945 0.40526 

 
305 0.27767 0.31387 0.24352 0.31236 0.24567 0.27768 0.27767 0.26954 0.33945 0.40526 

 
610 0.27767 0.31387 0.24352 0.31236 0.24567 0.27768 0.27767 0.26954 0.33945 0.40526 

 
1220 0.27768 0.31388 0.24353 0.31237 0.24569 0.27769 0.27768 0.26955 0.33946 0.40526 

 
2441 0.27771 0.31390 0.24357 0.31238 0.24573 0.27771 0.27770 0.26958 0.33947 0.40527 

 
4882 0.27781 0.31398 0.24371 0.31245 0.24592 0.27782 0.27781 0.26968 0.33952 0.40531 

 
9765 0.27824 0.31429 0.24429 0.31271 0.24665 0.27824 0.27823 0.27010 0.33972 0.40545 

 
19531 0.27990 0.31554 0.24656 0.31374 0.24955 0.27991 0.27990 0.27176 0.34051 0.40601 

 
39062 0.28617 0.32020 0.25509 0.31753 0.26030 0.28617 0.28616 0.27800 0.34337 0.40786 

 
78125 0.30711 0.33573 0.28294 0.33012 0.29416 0.30711 0.30710 0.29897 0.35259 0.41267 

 
156250 0.36005 0.37732 0.34790 0.36515 0.36711 0.36005 0.36004 0.35251 0.37925 0.42469 

 
312500 0.44353 0.45014 0.44065 0.43211 0.46278 0.44353 0.44352 0.43815 0.43827 0.45686 

 
625000 0.52998 0.53105 0.53090 0.51324 0.54713 0.52998 0.52997 0.52797 0.52157 0.52173 

Table E.3 Electrical conductivity derived from the thyroid tissue mesoscale model simulations performed for local sensitivity analysis, part 1 

 

 

 

 

 



 

Conductivity 

[Sm-1] 

frequency 

[Hz] 
dfollicle 50µm 

dfollicle 

100µm 

dfollicle 

150µm 

dfollicle 

200µm 
dct 1µm dct 2.5µm dct 5µm 

scolloid 

0.25   

[Sm-1] 

scolloid 

0.55   

[Sm-1] 

scolloid 

0.82   

[Sm-1] 

scolloid 

1.48   

[Sm-1] 

 
76 0.20470 0.27767 0.32535 0.36016 0.27767 0.32548 0.33503 0.18162 0.27767 0.32806 0.39486 

 
152 0.20470 0.27767 0.32535 0.36016 0.27767 0.32548 0.33503 0.18162 0.27767 0.32806 0.39486 

 
305 0.20470 0.27767 0.32535 0.36016 0.27767 0.32548 0.33503 0.18163 0.27767 0.32806 0.39486 

 
610 0.20470 0.27767 0.32535 0.36016 0.27767 0.32548 0.33504 0.18163 0.27767 0.32807 0.39487 

 
1220 0.20471 0.27768 0.32536 0.36017 0.27768 0.32550 0.33506 0.18163 0.27768 0.32808 0.39488 

 
2441 0.20474 0.27771 0.32538 0.36019 0.27771 0.32557 0.33514 0.18164 0.27771 0.32811 0.39493 

 
4882 0.20485 0.27781 0.32548 0.36028 0.27781 0.32585 0.33549 0.18169 0.27781 0.32826 0.39514 

 
9765 0.20529 0.27824 0.32588 0.36065 0.27824 0.32696 0.33685 0.18188 0.27824 0.32884 0.39598 

 
19531 0.20702 0.27990 0.32743 0.36207 0.27990 0.33129 0.34216 0.18264 0.27990 0.33114 0.39930 

 
39062 0.21357 0.28617 0.33325 0.36740 0.28617 0.34722 0.36148 0.18550 0.28617 0.33984 0.41190 

 
78125 0.23595 0.30711 0.35239 0.38474 0.30711 0.39625 0.41972 0.19492 0.30711 0.36928 0.45549 

 
156250 0.29657 0.36005 0.39886 0.42568 0.36005 0.49996 0.54219 0.21836 0.36005 0.44632 0.57639 

 
312500 0.40705 0.44353 0.46670 0.48258 0.44353 0.63955 0.71991 0.25797 0.44353 0.57251 0.79472 

 
625000 0.54800 0.52998 0.52998 0.53242 0.52998 0.79047 0.97730 0.31302 0.52998 0.69826 1.02451 

Table E.4 Electrical conductivity derived from the thyroid tissue mesoscale model simulations performed for local sensitivity analysis, part 2 

 

 

 

 

 



 

 

Conductivity 

[Sm-1] 

frequency 

[Hz] 

ercolloid 

50 
ercolloid 70 ercolloid 87 ercolloid 150 

sct 

0.03[Sm-1] 

sct 

0.35[Sm-1] 

sct 

0.67[Sm-1] 
erct 1.5e4 erct 1e5 erct 1e6 erct 1e7 erct 5e7 

 76 0.27767 0.27767 0.27767 0.27767 0.24447 0.27437 0.28560 0.27767 0.27767 0.27767 0.27772 0.27869 

 152 0.27767 0.27767 0.27767 0.27767 0.24448 0.27437 0.28560 0.27767 0.27767 0.27767 0.27787 0.28032 

 305 0.27767 0.27767 0.27767 0.27767 0.24454 0.27437 0.28560 0.27767 0.27767 0.27768 0.27838 0.28325 

 610 0.27767 0.27767 0.27767 0.27767 0.24478 0.27438 0.28560 0.27767 0.27767 0.27771 0.27971 0.28898 

 1220 0.27768 0.27768 0.27768 0.27768 0.24571 0.27438 0.28561 0.27768 0.27768 0.27782 0.28218 0.30094 

 2441 0.27771 0.27771 0.27771 0.27771 0.24887 0.27442 0.28563 0.27770 0.27771 0.27821 0.28691 0.33295 

 4882 0.27781 0.27781 0.27781 0.27781 0.25655 0.27455 0.28572 0.27781 0.27781 0.27939 0.29680 0.44686 

 9765 0.27824 0.27824 0.27824 0.27824 0.26614 0.27505 0.28609 0.27811 0.27824 0.28209 0.32129 0.89226 

 19531 0.27990 0.27990 0.27990 0.27990 0.27288 0.27701 0.28755 0.27941 0.27990 0.28821 0.40381 2.66156 

 39062 0.28617 0.28617 0.28617 0.28617 0.28093 0.28391 0.29319 0.28444 0.28617 0.30414 0.71666 9.61593 

 78125 0.30710 0.30710 0.30710 0.30711 0.30259 0.30548 0.31287 0.30212 0.30711 0.34818 1.87697 35.78611 

 156250 0.36001 0.36002 0.36002 0.36005 0.35588 0.35869 0.36469 0.34941 0.36005 0.46108 5.71043 124.73384 

 312500 0.44335 0.44339 0.44342 0.44353 0.43913 0.44214 0.44803 0.42727 0.44353 0.69267 17.31592 404.90626 

 625000 0.52922 0.52937 0.52950 0.52998 0.52542 0.52855 0.53455 0.50514 0.52998 1.22285 56.03356 1358.1019 

Table E.5 Electrical conductivity derived from the thyroid tissue mesoscale model simulations performed for local sensitivity analysis, part 3 

  



 

 

Relative 

permittivity 

[-] 

frequency 

[Hz] 
baseline xcell 6.5µm xcell 11µm ycell 6.5µm ycell 11µm zcell 6.5µm zcell 11µm dECS 0.3µm dECS 0.5µm dECS 0.8µm 

 
76 12768.4126 11126.7925 14592.7993 10098.6382 16328.7759 12768.2701 12768.5232 12700.5092 8772.7395 6600.5642 

 
152 12768.4061 11126.7869 14592.7919 10098.6331 16328.7675 12768.2646 12768.5166 12700.5030 8772.7346 6600.5577 

 
305 12768.3817 11126.7639 14592.7637 10098.6121 16328.7285 12768.2403 12768.4923 12700.4800 8772.7139 6600.5308 

 
610 12768.2855 11126.6728 14592.6480 10098.5279 16328.5751 12768.1430 12768.3950 12700.3890 8772.6321 6600.4239 

 
1220 12767.8977 11126.3084 14592.1854 10098.1905 16327.9615 12767.7552 12768.0082 12700.0222 8772.3044 6599.9963 

 
2441 12766.3474 11124.8499 14590.3349 10096.8403 16325.5071 12766.2049 12766.4569 12698.5549 8770.9940 6598.2861 

 
4882 12760.1602 11119.0349 14582.9447 10091.4632 16315.7053 12760.0177 12760.2707 12692.7036 8765.7775 6591.4832 

 
9765 12735.6307 11096.0681 14553.5532 10070.2644 16276.6949 12735.4882 12735.7411 12669.4949 8745.2754 6564.8283 

 
19531 12640.8312 11008.5973 14438.6637 9990.1042 16123.8448 12640.6902 12640.9415 12579.7303 8668.6788 6466.4674 

 
39062 12302.5417 10711.2969 14014.0676 9724.5223 15556.2942 12302.4027 12302.6506 12258.4838 8425.9645 6169.8812 

 
78125 11277.2647 9899.7995 12649.2828 9044.5215 13755.5999 11277.1442 11277.3587 11277.3665 7880.7545 5620.2169 

 
156250 8864.8906 8108.9967 9446.6126 7605.3010 9919.8946 8864.8270 8864.9403 8935.6962 6910.6561 5041.0889 

 
312500 5603.4372 5479.9771 5595.1207 5262.3411 6008.1535 5603.4260 5603.4461 5701.5439 5287.7502 4368.7416 

 
625000 3600.5324 3603.8440 3560.2824 3374.0705 3927.2501 3600.5363 3600.5293 3666.6580 3667.3810 3457.4817 

Table  E.6 Relative permittivity  derived from the thyroid tissue mesoscale model simulations performed for local sensitivity analysis, part 1 

 

 

 

 



 

Relative 

permittivity [-] 
frequency [Hz] dfollicle 50µm dfollicle 100µm dfollicle 150µm dfollicle 200µm dct 1µm dct 2.5µm dct 5µm 

 76 13188.6656 12768.4126 11892.9527 10922.9281 12768.4126 24989.1839 30862.3862 

 152 13188.6609 12768.4061 11892.9452 10922.9203 12768.4061 24989.1701 30862.3685 

 305 13188.6430 12768.3817 11892.9177 10922.8917 12768.3817 24989.1088 30862.2931 

 610 13188.5723 12768.2855 11892.8090 10922.7788 12768.2855 24988.8667 30861.9940 

 1220 13188.2880 12767.8977 11892.3705 10922.3235 12767.8977 24987.8983 30860.7976 

 2441 13187.1512 12766.3474 11890.6176 10920.5032 12766.3474 24984.0246 30856.0114 

 4882 13182.6164 12760.1602 11883.6215 10913.2379 12760.1602 24968.5643 30836.9202 

 9765 13164.6671 12735.6307 11855.8784 10884.4269 12735.6307 24907.1875 30761.2974 

 19531 13095.7294 12640.8312 11748.5653 10772.9759 12640.8312 24668.9375 30470.2101 

 39062 12854.6771 12302.5417 11364.7990 10374.5711 12302.5417 23810.0643 29449.9849 

 78125 12151.4090 11277.2647 10204.9386 9178.5204 11277.2647 21241.3799 26584.4338 

 156250 10469.3495 8864.8906 7584.7964 6566.8998 8864.8906 16054.7234 21145.7661 

 312500 7799.5019 5603.4372 4387.1196 3597.3348 5603.4372 10855.5564 15763.9450 

 625000 5674.4351 3600.5324 2661.5771 2119.0624 3600.5324 8046.1666 12755.2159 

Table  E.7 Relative permittivity  derived from the thyroid tissue mesoscale model simulations performed for local sensitivity analysis, part 2 

 

 

 

 

  



Relative 

permittivity 

[-] 

frequency 

[Hz] 

scolloid 0.25   

[Sm-1] 
scolloid 0.55   [Sm-1] scolloid 0.82   [Sm-1] scolloid 1.48   [Sm-1] ercolloid 50 ercolloid 70 ercolloid 87 ercolloid 150 

 76 6670.4956 12768.4126 17099.3248 24059.0561 12745.1562 12749.8075 12753.7611 12768.4126 

 152 6670.4921 12768.4061 17099.3170 24059.0475 12745.1496 12749.8009 12753.7545 12768.4061 

 305 6670.4791 12768.3817 17099.2880 24059.0152 12745.1253 12749.7765 12753.7301 12768.3817 

 610 6670.4277 12768.2855 17099.1735 24058.8873 12745.0289 12749.6802 12753.6339 12768.2855 

 1220 6670.2207 12767.8977 17098.7119 24058.3724 12744.6404 12749.2919 12753.2456 12767.8977 

 2441 6669.3929 12766.3474 17096.8664 24056.3138 12743.0875 12747.7395 12751.6936 12766.3474 

 4882 6666.0893 12760.1602 17089.5022 24048.1019 12736.8897 12741.5438 12745.4998 12760.1602 

 9765 6652.9903 12735.6307 17060.3187 24015.5972 12712.3183 12716.9807 12720.9438 12735.6307 

 19531 6602.3508 12640.8312 16947.7035 23890.7226 12617.3527 12622.0484 12626.0397 12640.8312 

 39062 6421.8181 12302.5417 16547.4680 23453.0588 12278.4205 12283.2447 12287.3453 12302.5417 

 78125 5885.6358 11277.2647 15333.8115 22152.9944 11250.7770 11256.0744 11260.5772 11277.2647 

 156250 4744.2294 8864.8906 12338.6424 18803.7987 8830.7589 8837.5850 8843.3872 8864.8906 

 312500 3462.0320 5603.4372 7758.8994 12658.0170 5553.4580 5563.4544 5571.9512 5603.4372 

 625000 2745.1496 3600.5324 4564.1532 7182.8885 3535.2060 3548.2736 3559.3802 3600.5324 

Table  E.8 Relative permittivity  derived from the thyroid tissue mesoscale model simulations performed for local sensitivity analysis, part 3 

 

 

 

 

 

 



Relative 

permittivity [-] 
frequency [Hz] sct 0.03[Sm-1] sct 0.35[Sm-1] sct 0.67[Sm-1] erct 1.5e4 erct 1e5 erct 1e6 erct 1e7 erct 5e7 

 76 94816.3320 13539.8755 12052.7823 10259.7295 12768.4126 39326.7900 303785.7883 1377166.8935 

 152 94777.2431 13539.8613 12052.7781 10259.7256 12768.4061 39323.3855 300542.2520 1233484.9322 

 305 94619.8745 13539.8062 12052.7635 10259.7121 12768.3817 39309.6771 289633.5308 1083841.5342 

 610 93997.7652 13539.5872 12052.7061 10259.6591 12768.2855 39255.4054 264619.5324 961061.3733 

 1220 91601.6031 13538.7085 12052.4731 10259.4440 12767.8977 39045.1406 233575.9311 861936.9728 

 2441 83279.0302 13535.1985 12051.5424 10258.5846 12766.3474 38298.8623 207533.1099 804967.1185 

 4882 62385.5310 13521.2672 12047.8200 10255.1477 12760.1602 36291.9555 185762.6199 781070.3848 

 9765 35544.8487 13467.1647 12032.9572 10241.4239 12735.6307 33198.5730 171607.6020 772915.3269 

 19531 19957.1147 13273.0226 11973.9579 10186.9352 12640.8312 30316.8643 165203.4882 770549.6380 

 39062 14348.5559 12708.4798 11745.0460 9975.3715 12302.5417 27740.7548 162719.4315 769726.6551 

 78125 11859.7967 11444.0717 10929.3605 9219.8235 11277.2647 25351.9587 161261.8749 768781.0724 

 156250 9027.5616 8915.0676 8724.2779 7167.2209 8864.8906 22536.7963 158970.5652 766626.2031 

 312500 5639.3071 5614.6704 5568.2864 4197.3070 5603.4372 19339.2070 155926.2347 763616.3869 

 625000 3609.5434 3603.3309 3591.7126 2274.8299 3600.5324 17352.9816 153976.2067 761681.6108 

Table  E.9 Relative permittivity  derived from the thyroid tissue mesoscale model simulations performed for local sensitivity analysis, part 4 

 

 

  



 

Conductivity 

[Sm-1] 
frequency [Hz] baseline xcell 6.5µm xcell 11µm ycell 6.5µm ycell 11µm zcell 6.5µm zcell 11µm dECS 0.3µm dECS 0.5µm 

 
76 0.27767 0.18585 0.08958 0.13946 0.13016 0.13430 0.07961 0.13430 0.21918 

 
152 0.27767 0.18585 0.08958 0.13946 0.13016 0.13430 0.07961 0.13430 0.21918 

 
305 0.27767 0.18585 0.08958 0.13946 0.13016 0.13430 0.07961 0.13430 0.21918 

 
610 0.27767 0.18585 0.08958 0.13946 0.13016 0.13430 0.07961 0.13430 0.21918 

 
1220 0.27768 0.18586 0.08959 0.13946 0.13017 0.13430 0.07961 0.13430 0.21918 

 
2441 0.27771 0.18586 0.08959 0.13946 0.13018 0.13431 0.07961 0.13430 0.21919 

 
4882 0.27781 0.18587 0.08961 0.13947 0.13022 0.13432 0.07964 0.13432 0.21919 

 
9765 0.27824 0.18592 0.08969 0.13949 0.13040 0.13438 0.07974 0.13438 0.21923 

 
19531 0.27990 0.18611 0.08999 0.13958 0.13113 0.13461 0.08015 0.13461 0.21935 

 
39062 0.28617 0.18689 0.09119 0.13996 0.13398 0.13552 0.08176 0.13552 0.21987 

 
78125 0.30711 0.18996 0.09594 0.14148 0.14502 0.13915 0.08811 0.13915 0.22190 

 
156250 0.36005 0.20176 0.11406 0.14745 0.18364 0.15306 0.11178 0.15306 0.22984 

 
312500 0.44353 0.24256 0.17458 0.16988 0.28303 0.20078 0.18521 0.20078 0.25878 

 
625000 0.52998 0.34409 0.31266 0.24148 0.41786 0.31718 0.32644 0.31718 0.34244 

Table  E.10 Electrical conductivity  derived from the parathyroid tissue microscale model simulations performed for local sensitivity analysis 

 

  



 

Relative 

permittivity 

[-] 

frequency 

[Hz] 
baseline xcell 6.5µm xcell 11µm ycell 6.5µm ycell 11µm zcell 6.5µm zcell 11µm dECS 0.3µm dECS 0.5µm xcell 6.5µm 

 
76 12768.4126 5295.7742 5090.5724 3420.0388 9000.3681 5186.0079 5185.6656 5580.1219 5185.9367 4596.9160 

 
152 12768.4061 5295.7741 5090.5724 3420.0387 9000.3679 5186.0078 5185.6655 5580.1219 5185.9366 4596.9160 

 
305 12768.3817 5295.7739 5090.5723 3420.0387 9000.3669 5186.0077 5185.6654 5580.1217 5185.9365 4596.9159 

 
610 12768.2855 5295.7731 5090.5718 3420.0386 9000.3630 5186.0070 5185.6648 5580.1209 5185.9358 4596.9154 

 
1220 12767.8977 5295.7698 5090.5698 3420.0379 9000.3472 5186.0045 5185.6622 5580.1177 5185.9333 4596.9135 

 
2441 12766.3474 5295.7566 5090.5617 3420.0354 9000.2842 5185.9944 5185.6521 5580.1048 5185.9232 4596.9059 

 
4882 12760.1602 5295.7039 5090.5295 3420.0255 9000.0320 5185.9538 5185.6115 5580.0535 5185.8826 4596.8757 

 
9765 12735.6307 5295.4930 5090.4008 3419.9856 8999.0232 5185.7917 5185.4493 5579.8483 5185.7204 4596.7546 

 
19531 12640.8312 5294.6496 5089.8861 3419.8262 8994.9904 5185.1430 5184.8006 5579.0273 5185.0717 4596.2702 

 
39062 12302.5417 5291.2790 5087.8282 3419.1886 8978.9001 5182.5501 5182.2076 5575.7463 5182.4788 4594.3342 

 
78125 11277.2647 5277.8434 5079.6159 3416.6409 8915.1779 5172.2074 5171.8644 5562.6675 5172.1359 4586.6075 

 
156250 8864.8906 5224.8424 5047.0746 3406.4936 8670.1269 5131.2979 5130.9529 5511.0738 5131.2256 4555.9863 

 
312500 5603.4372 5024.0377 4921.6344 3366.5870 7824.3794 4974.6960 4974.3444 5315.5756 4974.6209 4437.8889 

 
625000 3600.5324 4365.8239 4484.8412 3217.1320 5725.1795 4442.7876 4442.4247 4673.9086 4442.7058 4026.1472 

 Table E.11 Relative permittivity derived from the parathyroid tissue microscale model simulations performed for local sensitivity analysis 
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Multiscale Model Development for Electrical
Properties of Thyroid and Parathyroid Tissues

M. Matella, K. Hunter, S. Balasubramanian, *D. C. Walker

Abstract—Goal: Electrical impedance spectroscopy (EIS) has
been suggested as a possible technique to differentiate between
thyroid and parathyroid tissue during surgery. This study aims
to explore this potential using computational models to simulate
the impedance spectra of these tissues, and examine how they
are influenced by specific differences in tissue composition and
morphology. Materials and methods: Finite element models of
thyroid and parathyroid tissues at multiple scales were created,
and simulated spectra were compared to existing data collected
using ZedScanTM probe during surgery. Geometrical and material
properties were varied in a local sensitivity study to assess their
relative influence. Results: Both simulated and measured EIS
parathyroid spectra show a higher b dispersion frequency relative
to thyroid. However, impedances exhibit overlap at frequencies
below 100 kHz. A computational sensitivity study identified
uncertainties in extracellular space dimensions, and properties
of colloid and fascia compartments as having a significant effect
on simulated impedance spectra characteristics. Conclusions:
We have demonstrated the utility of our multiscale model in
simulating impedance spectra and providing insight into their
sensitivity to variations in tissue features. Our results suggest
that distinguishing between the thyroid and parathyroid spec-
tra is challenging, but could be improved by constraining the
properties of colloid and fascia through further computational or
experimental research.

Index Terms—Electrical Impedance Spectroscopy, Finite Ele-
ment Modelling, Thyroid and Parathyroid Tissue Discrimination,
Thyroidectomy

Impact Statement- The presented computational study
investigated the electrical impedance spectroscopy as a
potential method to discriminate thyroid and parathyroid
tissue during thyroidectomy.

I. INTRODUCTION

THYROIDECTOMY is a well-established surgical pro-
cedure that encompasses various types of thyroid surg-

eries. The most prevalent complications associated with the
procedure are hypoparathyroidism and hypocalcaemia that are
both a result of inadvertent damage or excision of the ad-
jacent parathyroid glands. According to the UK Registry of
Endocrine and Thyroid Surgeons which is the most coherent
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documentation of thyroidectomies performed between 2010-
2014 in the UK, 23.6 and 6.5% of patients having whole
gland thyroidectomy, respectively, experienced temporary or
late hypocalcaemia [1].

The major concern during the surgery are the parathyroid
glands themselves, which, due to their small size and location,
could be mistaken for other structures (adipose tissues, lymph
nodes or benign thyroid nodules) [2]. In general, surgeons rely
on their own experience and judgement during the surgery
to locate and preserve normal parathyroid glands. However,
introducing an additional measurement tool that would guide
the surgeon during the procedure, would be beneficial to
decrease the risks of hypoparathyroidism and hypocalcaema.
To date, fluorescence imaging has been considered a potentially
useful aid to the surgeon to differentiate parathyroid glands
from adjacent tissues [3], [4].

A. Electrical Impedance Spectroscopy

Electrical Impedance Spectroscopy (EIS) is a measurement
technique that could be incorporated to the thyroidectomy
procedure. In its principle, a small alternating current is passed
through soft tissues, and the resultant impedance is measured
across a range of frequencies, allowing the construction of a
characteristic impedance curve, or ”spectrum” for that tissue.
The diagnostic value of EIS has been documented and imple-
mented to detect lesions in skin [5], cervix [6], oral tissue [7],
bladder [8], prostate [9], breast tissue [10] and oesophagus
[11]. After being exposed to electrical field, the electrical
conduction by the biological structures is possible due to the
ions concentrated in different structures. Moreover, tissues are
capable not only of conducting, but also of retaining electrical
charge, which is attributed mainly to the properties of the cell
membranes. In the case of biological tissues, EIS spectra are
characterised by the b dispersion – a substantial fall in the real
part of impedance values in the kHz-MHz region, which is a
result of the capacitive nature of the cell membrane.

The principle of measurement of a typical tetrapolar EIS de-
vice is shown in Fig. 1 with the example of a commercial probe
ZedScanTM, Zilico Limited, currently licensed for use to detect
changes in cervical epithelium accompanying colposcopy. A
known magnitude of the alternating current I flows through the
two active electrodes, meanwhile, passive electrodes capture
the potential difference required to the impedance calculation
at each frequency.

Furthermore, the electrical behaviour of biological tissues
has been a subject of various computational studies docu-
mented in the literature. Multiscale Finite Element (FE) models
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(a) (b)

Fig. 1. Electrical Impedance Spectroscopy device: (a) ZedScanTM

[12], (b) tip of the tetrapolar probe showing the principle of the
measurement, a known current I flows between the active electrodes
(I1 and V0) while the passive electrodes (V1 and V2) capture the
potential difference at each frequency

relating to the EIS tetrapolar probe measurements of cervical
epithelium [13], bladder [14] and oral tissues [15] have been
developed to determine the changes in tissues electrical prop-
erties due to cancerous lesions. Some studies have focused on
skin, such as a FE model simulating the electrical properties
of skin pathologies [16], or assessing the thickness of stratum
corneum with an analytical model [17]. Another research
group proposed a parameterisation method to investigate the
impact of the cell shapes on their electrical properties [18] and
expanded the research to skin properties investigation using
analytical and numerical methods [19]. There is only one study
[20] constructing a FE model to explore the electrical and heat
transfer properties of thyroid tissue, with the emphasis on the
follicular structure and colloid’s conductivity. Nonetheless, the
cellular details have not been included in this model nor studied
separately in this case.

Fig. 2. Thyroid and parathyroid histology images with labelled levels
of complexity corresponding to the levels of the computational model

B. Aim of the study

The differences in the thyroid and parathyroid impedance
recorded with an EIS probe have already been evaluated empir-
ically in [2] suggesting the regions in both tissues’ spectra that
could allow their discrimination. However, the EIS measure-
ments solely inform of the bulk electrical properties without the
ability to make the connection between the recorded impedance
spectra and the tissue characteristics responsible for the ob-
served behaviour. That connection, however, can be explored
by implementing computational modelling to accompany the
EIS experimental results and complement them in order to

provide more insight into the mechanisms that influence tissue
impedance.

Moreover, as previous research has demonstrated [6], [13],
the frequency-dependent impedance, and hence the shape of
the dispersion, depend on the geometrical characteristics and
organisation of the structures within the tissue, along with the
tissues’ material composition and their electrical properties.
Therefore, tissue types’ structural differences at the cellular or
supra-cellular level might be expected to give rise to different
impedance curves. Those differences in the case of thyroid
and parathyroid tissue (Fig.2) are substantial with thyroid
being composed of an arrangement of cell-lined colloid-filled
follicles, which are entirely absent in parathyroid, the latter
being composed of closely packed chief cells.

The aim of this project is to develop a mechanistic model
recreating thyroid and parathyroid tissues’ structure and com-
position, to simulate their theoretical electrical behaviour and
to compare against the in vivo measurements presented in
[2]. Furthermore, the influence of specific features of thyroid
and parathyroid tissue structure on different characteristics of
the impedance spectra will be investigated through a local
sensitivity study.

II. MATERIALS AND METHODS

A. Finite element modelling of electrical tissue properties

As highlighted in the Introduction, computational models
can be a useful tool to simulate and evaluate the effect of
various tissue characteristics on the impedance spectra. For
the purposes of this study, numerical modelling (of which
the FE approach is an example) is more suitable than the
analytical methods, such as Maxwell Mixture Theory [21], that
requires numerous assumptions in the structure of the model
and its homogeneity which are not adequate in the context
of thyroid and parathyroid. FE analysis is a well-established
numerical method for solving electric field problems, including
in biological systems. Through the process of discretisation,
boundary conditions and assignment of element material prop-
erties, FE modelling can approximate the potential distribution
within the domain. The latter is divided into a substantial
number of small elements connected at nodes where the
electric scalar potential is being approximated based on the
assigned boundary conditions and material properties, such as
electric conductivity and relative permittivity in the case of
an electrical simulation. For this study, the quasistatic time-
harmonic simulation approach has been applied using the FE
commercial software Ansys Mechanical APDL. Further details
concerning the electrical scalar potential approximation are
summarised in the Supplementary Materials Section I.

B. Multiscale model development

As previously mentioned, the unique frequency-dependent
properties of tissues are a result of the capacitive nature of
cell membranes, which makes them a crucial component for
inclusion in the model. However, due to their small size (⇠8
nm), it is not computationally feasible to include them in a
tissue model recreating the impedance measurement with EIS
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probe, which requires a simulation volume of the order of
centimetres. Such a model would comprise over trillion nodes
for thyroid tissue only, which is computationally intractable.

To overcome this limitation, a multiscale modelling approach
was implemented, where the tissue’s structure is considered
as a set of hierarchical substructures, representing different
levels of complexity from cellular level (microscale) to tissue
level (macroscale). For the thyroid tissue, an additional scale
(mesoscale) has been included to reconstruct this tissue’s basic
structural unit – the follicle. The models of different scale are
visualised in Fig. 3.

Transfer impedivities are calculated, starting with the lowest
model hierarchy (microscale) and passed to the higher level
models in the form of element material properties. For lower
scale models (cell and follicle), the effective impedivity is
simulated at 14 frequency points f from the range of 76Hz
– 625kHz which correspond to the measurement points and
range of the ZedscanTM device. Subsequently, the results are
processed to calculate electric conductivity (s) and relative per-
mittivity (er) from (1) and (2), to assign as material properties
in the appropriate higher-level model compartments:

s( f ) = d/(A ·Z0( f )) (1)

er( f ) = (Y 00( f )/2p f · e0) · (d/A) (2)

where:

Y 00( f ) =�Z00( f )/((Z0( f ))2 +(Z00( f ))2) (3)

where:
where: d and A – thickness and cross-sectional area of the

model, e0 – permittivity of free space (8.854 x 10-12 Fm-1),
Z’ and Z” – real and imaginary part of effective impedance
obtained from lower level simulation, Y” – imaginary part of
admittance. The derived electrical material properties are then
transferred to the appropriate elements of the adjacent higher
scale model, according to the tissues’ hierarchical structure, i.e.
thyroid microscale level results are assigned to the cell layer
compartment elements of the mesoscale model, and then the
follicle mesoscale results are passed on to the thyroid com-
partment at macroscale. Similarly, the parathyroid microscale
results are assigned to elements of this gland’s compartment
at the macroscale level (as there is no mesoscale model for
parathyroid tissue).

Thyroid model:
The microscale model (Fig. 3a) consists of three com-

partments: cytoplasm, cell membrane and extracellular space
(ECS) layer. All simulated cells are anuclear due to the
outcomes of previous research [13] which concluded that due
to the more conductive properties of the nuclear membrane
in comparison to the cell membrane, the nucleus and its
membrane have a negligible effect on the effective electrical
properties of cells. The mesoscale model (Fig. 3b) comprises
colloid (a protein-rich material), homogenised cells (material
properties obtained from the microscale level simulation) and
connective tissue layer compartments. All models assume
simplified cuboidal structures after initial exploration demon-
strated that shape and arrangement have a negligible effect
on impedance properties compared to other characteristics of

interest (data not shown).
The macroscale model recreates the electrode arrangements

of a tetrapolar EIS ZedScanTM probe with the 0.6 µm elec-
trodes arranged with the centers located on a circle of 2 mm
diameter (Fig. 3e). The impedance is obtained by dividing the
injected current of 6 µA assigned to the driving electrode (I1)
by the potential difference recorded by the passive electrodes
(V1 and V2). The dimensions of the macroscale models were
identical for both tissue types: 40x40x15 mm (the cross-section
through the cuboid thyroid model is shown in Fig. 3c). A
superficial fascia layer was included in this model, representing
loose connective tissue which encapsulates the glands. The
surgeon is able to distinguish and peel off the superficial fascia
before placing the probe for the EIS measurement, however,
the extent of tissue removal cannot be guaranteed. Hence the
effects of fascia layer, its thickness and material properties are
also explored in this study.

Parathyroid model:
Reflecting on the parathyroid’s tight cellular morphology,

only two sublevels in multiscale modelling have been recog-
nised. The microscale parathyroid model was constructed in
the same manner as the three-compartmental thyroid cell model
(Fig. 3a). Moreover, the parathyroid macroscale model shows
similarities to the thyroid model in terms of dimensions and the
boundary conditions set up. The model adjusted to the parathy-
roid recreates the tissue layout when the EIS measurement is
performed when parathyroid is surrounded by thyroid tissue -
on the posterior surface of the thyroid - and the electrodes are
positioned symmetrically in the centre of the gland (Fig. 3d).

C. Parameter sensitivity study

To investigate the impact of various geometrical and elec-
trical properties of the compartments in all submodels on the
macroscale impedance, a local intercompartmental sensitivity
analysis was performed in an one-at-a-time (OAT) manner to
determine the isolated effects of the parameters on the simu-
lation results. In the intercompartmental analysis, the studied
input parameters belong to structures across different scales
and their effects are propagated and evaluated at the highest
scale, in this case by comparing the macroscale computed
EIS spectra. For each parameter, its baseline (usually mean
of values reported in the literature), minimum and maximum
values have been chosen for analysis (in a few cases, more
than three points have been selected to better cover the whole
parameter range), with remaining parameters fixed to their
baseline value. The parameters’ range has been decided based
on the values documented in the literature and our own
histology measurements.

There have been thirteen input parameters investigated for
thyroid tissue (seven relating to morphological characteristics
and six to electrical properties uncertainties), and eight for
parathyroid (six geometrical, two electrical). In previous work
[13] in electrical properties of cells, the effects of the uncer-
tainties in the material properties of the cell compartments have
been investigated, hence, were excluded from this study and
kept constant throughout all simulations along with the cell
membrane thickness (8 nm).
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(a) (b)

(c) (d)

(e)

Fig. 3. Multiscale model developments with labeled compartments: (a) microscale model, (b) mesoscale model, (c) thyroid macroscale model,
(d) parathyroid macroscale model, (e) macroscale model with the electrode pattern, where: xcell, ycell, zcell - cell dimensions, dECS - ECS
thickness, dfollicle - dimensions of colloid compartment in the mesoscale model , dCT - connective tissue thickness, dfascia - fascia thickness,
dpara - dimensions of parathyroid gland, (I1 and V0) - active electrodes, (V1 and V2) - passive electrodes

Full list of the values of the investigated and fixed param-
eters is summarised in detail in Section II of Supplementary
Materials (Tables II and III) with further discussion.

D. Parametrisation of simulated spectra

In order to make a quantitative comparison between the
results, each simulated spectrum has been parameterised by
selecting three indices: two impedance values Z1 and Z14
at the lowest and highest frequency points (76 Hz and 625
kHz), and the dispersion frequency fmid at the centre of the
dispersion (frequency for when impedance takes the mid-point
value between Z1 and Z14).

E. Comparison with in vivo measurements

The in vivo measurements were previously published [2]
and the experimental data from the thyroid and parathyroid
tissue was used in the study with the authors’ permission. The
mean EIS measurements of thyroid (n=53) and parathyroid
(n=42) have been taken for the analysis and, similarly to the
simulated spectra, three indices, Z1, Z14 and fmid extracted for
each experimental spectrum for the quantitative comparison.

III. RESULTS

All computed results presented are real impedance values
at 14 frequencies in the range between 76Hz-625kHz from
the macroscale model simulations (the lower-scale results in
a form of electrical material properties are summarised in
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the Supplementary Dataset). The study resulted in 36 and 19
computed EIS spectra, where each of the input parameters
was investigated in the OAT sensitivity study for thyroid and
parathyroid respectively. To aid the quantitative comparison,
the Z1, Z14 and fmid spectra indices have been derived for each
computed and measured in vivo spectrum.

Fig. 4. Baseline computed impedance spectra obtained with the
default input parameters for thyroid (black spectrum) and parathyroid
(pink spectrum) tissues with marked range of all computed results
obtained through the variation of geometrical and electrical properties
summaries in Table II and III from Supplementary Materials

A. Computed impedance spectra
The frequency-dependent baseline impedance spectra ob-

tained for thyroid and parathyroid tissues with the range of
the curves generated by varying geometrical and electrical
properties (summarised in Table II and III from Supplementary
Materials) are displayed in Fig. 4. These results imply that it
is expected to observe higher impedance across all frequencies
for the parathyroid compared to thyroid when both models are
at their default configuration of morphological and electrical
properties. However, the inspection of the results’ range reveals
an overlap between the computed results that increases with the
frequency.

B. Computed and measured in vivo impedance comparison
Computed spectra are plotted against the range of the exper-

imental results in Fig. 5. The presentation of individual simu-
lated spectra rather than simply the baseline curve (as shown
in Fig. 4) permits the inspection of the variation in the shape
of individual spectra according to the investigated variation in
the morphology and electrical properties. It is apparent that
there are similarities with in vivo measurements observed for
both thyroid and parathyroid tissues. However, at frequencies
below 100kHz, the computed thyroid spectra correspond to the
lower impedance values from the experimental data, with the
opposite trend for the parathyroid case.

The quantitative comparison of the mean (±standard de-
viation) values of extracted spectra parameters (Z1, Z14 and
fmid) is presented in Table I. A visual comparison of the
experimental and computational chosen spectra parameters is

pictured in Fig. 6. Similar trends of higher mean Z14 and fmid
for parathyroid tissue is documented for both computed and
experimental results as seen in Table I and Fig. 6b and 6c.
Conversely, the Z1 computed results did not predict higher
values for thyroid tissue over the parathyroid as observed in
the experimental data. Nonetheless, the visual comparison of
the spectra indices highlights that the majority of the computed
results is in agreement and within the range of the experimental
data.

SELECTED SPECTRA INDICES

Thyroid Parathyroid
Computed:
Z1[W] 239.02 (±40.26) 464.92 (±114.95)
Z14[W] 103.58 (±50.43) 120.06 (±66.31)
fmid [kHz] 139.86 (±62.26) 192.00 (±79.48)
Experimental:
Z1[W] 325.42 (±117.00) 280.58 (±97.37)
Z14[W] 112.50 (±15.67) 132.70 (±35.50)
fmid [kHz] 62.23 (±48.52) 157.26 (±69.67)

TABLE I. The mean (±standard deviation) values for the extracted
spectra indices for the computed and experimental results for both
tissue types.

C. Parameter sensitivity study

Finally, an itercompartmental local sensitivity study has
been performed to investigate the isolated effect of each
morphological and electrical input parameter on the selected
macroscale spectra indices: Z1, Z14 and fmid. The parameters
were varied accordingly to the values presented in Section II of
Supplementary Materials (Tables II and III) in the OAT manner.
Each bar shows the maximum and minimum percentage change
from the mean result calculated for each parameter.

Thyroid: geometrical parameters
As shown in Fig. 7a, thyroid impedance results were pre-

dominantly sensitive to changes in the size of the follicles
(dfollicle) at the low frequencies (Z1) and the thickness of the
connective tissue (dct) at high frequencies (Z14). The greatest
differences in the middle frequency (fmid) results were observed
for the variations in the ECS thickness (dECS). All three
extracted indices were insensitive to the changes in the cell
width - dimension in the z direction (zcell).

Thyroid: material properties
Fig. 7b shows the results for the sensitivity analysis of the

material properties of the thyroid model compartments. Among
the parameters studied, the colloid conductivity (scolloid), con-
nective tissue and fascia relative permittivity (erCT and erfascia)
are those that have the most substantial impact on all three
indices, while variation in the other parameters resulted in
less than ±25% variation from the mean value of the spectra
parameters.

Parathyroid parameter study
Fig. 7c shows that the ECS thickness (dECS) and cell length

- size in the x direction (xcell) - have the most significant
influence on the Z1. Similarly to the results from the thyroid
model, the high frequency impedance is more sensitive to
the changes in fascia thickness (dfascia) and its permittivity
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(a) (b)

Fig. 5. Comparison of the computed spectra (black dashed lines, with the red dotted line marking the baseline spectrum) against the range of
experimental data (grey range) for: (a) thyroid, (b) parathyroid tissue

(a) (b) (c)

Fig. 6. Box and whisker plot of the extracted spectra indices (Z1 - impedance at 76 Hz, Z14 - impedance at 625kHz and fmid - dispersion
frequency) comparing both glands and the computed and experimental results

(erfascia), with the middle frequency also exhibiting sensitivity
to the latter (erfascia).

IV. DISCUSSION

The purpose of this study was to develop and apply a
computational model to investigate the potential of electrical
impedance spectroscopy to differentiate tissues during thy-
roidectomy. The presented multiscale finite-element modelling
pipeline was designed to simulate the theoretical EIS spectra
for thyroid and parathyroid tissues in order to analyse and
compare them to curves obtained during in vivo measurements.
Moreover, the effects of the variability in geometrical param-
eters and uncertainty in material properties of these tissues at
micro-, meso- and macroscales on the ”measured” impedance
have been evaluated.

A qualitative comparison of simulated results, as shown in
Fig. 4, indicates a distinct difference between the baseline
thyroid and parathyroid spectra. The baseline results suggest
the parathyroid impedance is expected to be higher than thyroid
impedance, with the parathyroid impedance value being about
95% and 37% higher than for the thyroid at 76Hz and 625kHz
respectively. However, it is worth noting that there is an overlap
in the whole range of computed spectra resulting from various
input parameters investigation. Nonetheless, as seen in Fig. 5
most of the theoretical curves are in close proximity to the

baseline result of both glands. A few outliers characterised
with low-frequency b dispersion that are affecting the low
range of results are the outcome of the examination of varying
connective tissue and fascia permittivities, and do not represent
the trend of the remaining computed results. The high values of
permittivity (over 1e6) assigned in those instances correspond
to the values reported for the tendon, which, despite its high
collagen composition, is characterised with a different structure
compared to fascia or thyroid connective tissue and thus such
values can be excluded from future simulations.

The comparison between the simulated and in vivo results
from Fig. 5 shows that the majority of the theoretical spectra
predicted by our model lies within the range of the experimen-
tal EIS curves. The best fit can be observed in the frequency
region above 100kHz for both tissue types. However, a closer
inspection of the spectra indices presented in Fig. 6a and
Table I, reveals discrepancies between the computed and in
vivo results in the Z1 index representing the low-frequency
impedance. In contrast to the differences in computed results
seen in in Fig. 4, the experimental data reports the opposite
tendency, with higher low-frequency values for thyroid com-
pared to parathyroid. Fig. 5 and 6 show wide variation in
both modelled and measured data, which will contribute to
this discrepancy.

It is important to note that the baseline results (red curves
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(a) (b) (c)

Fig. 7. Parameter sensitivity analysis results: (a) thyroid geometrical parameters, (b) thyroid material properties, (c) parathyroid parameters;
xcell, ycell, zcell - cell dimensions, dECS - ECS thickness, dfollicle - dimensions of colloid compartment in the mesoscale model, dCT - connective
tissue thickness, dfascia - fascia thickness, dpara - dimensions of parathyroid, scolloid - conductivity of colloid, ercolloid - relative permittivity
of colloid, sct - conductivity of connective tissue, erct - relative permittivity of connective tissue, s f ascia - conductivity of fascia, er f ascia -
relative permittivity of fascia

in 5) were generated without any attempt to adjust parameters
to ”fit” the measured data, which suggests the validity of a
multiscale modelling approach and at least the approximate
range of the morphological and electrical parameters selected.
A useful feature of this computational model is the ability to
explore how variations or uncertainties in either morphological
features included in the model, or estimated electrical proper-
ties associated with features on different scales can impact the
simulated results. In particular, our multiscale approach allows
us to calculate the intercompartmental sensitivity of selected
model outputs (in this case the extracted spectra indices) at
the macroscale to changes in the inputs at lower scales.

As demonstrated by this sensitivity analysis, the variation in
morphological parameters relating to tissue structure, as well as
in the uncertainty in the electrical properties of different tissue
compartments, are significant factors influencing the theoretical
EIS curves. Therefore, the limitation in obtaining reliable
model parameters for the model could partially explain the
observed discrepancies in low-frequencies. Model cell and fol-
licle sizes have been determined based on the values reported
in the literature and our own measurements, however, other
morphological parameters were not investigated as thoroughly
and their magnitudes were estimated for this study purposes
(e.g. ECS thickness has been determined based on previous
cervical epithelium cells simulations [13] and electron emission
microscopy images of dromedary camel parathyroid gland

found in the literature [22]). As shown in Fig. 7a and 7c, the
ECS thickness is one of the most important parameters that
influences the low-frequency impedance for both tissue types,
which is in agreement with previous computational studies in
EIS modelling of cervical epithelium [13]. Additionally, the
parameter study presented here mostly explored the effect of
the extremities of the values reported in the literature which
very coarsely covers the parameters’ range.

The discrepancies in the simulated and in vivo measured
low-frequency impedance could possibly also be explained by
the measurement uncertainties associated with the experimental
data collection. The surgeon separates the superficial fascia
from the glands before taking the EIS measurement, however,
sometimes the removal may be incomplete and it is not possible
to quantify how much fascia is present on the tissue during the
measurement. As demonstrated by our computational sensitiv-
ity study, all three spectra indices are sensitive to the fascia
thickness and its electrical properties, with variation in fascia
parameters associated with up to 150% change in impedance
and dispersion frequency, notably decreasing the feasibility of
tissue differentiation.

As noted in [2], the substantial variation of in vivo results
could be explained by the differences in the measurements’
conditions (temperature, humidity) and in the glands vascular-
ity and viability (which is also difficult to assess during or
after the surgery). Furthermore, in [2] it is discussed that the
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tip of the probe of the ZedScanTM device (5.5 mm) initially
manufactured for the applications for cervical epithelium, is
relatively large in comparison to parathyroid glands (typically
3-7 mm). Imprecise coverage of the parathyroid gland with
the probe could lead to “contamination” of measurements by
adjacent tissues – thyroid, fascia or adipose tissue – which
is impossible to verify after the measurement. Additional
computational work on probe optimisation and various probe-
tissue misplacement scenarios could help to better grasp the
importance of precision in EIS in vivo measurements.

In contrast to the discrepancies in the low-frequency
impedance, both Z14 and fmid indices show a similar trend for
both computed and experimental results (Table I): i.e. both
indices are higher for the parathyroid than thyroid tissue in sim-
ulated and measured data. Nonetheless, when the magnitude of
the differences (less than 10%) and the standard deviation are
taken into consideration, there is a large overlap in the range of
both parameters, preventing a clear separation of thyroid and
parathyroid.

Lastly, the computational model over-predicts the fmid pa-
rameter for both tissue types. The reason for this could be
inappropriate selection of the poorly defined fascia and connec-
tive tissue relative permittivity, since those parameters mostly
influence fmid, as much as the ECS thickness (Fig. 7b and 7c).
An additional explanation could be in the invalid assumption of
the homogeneous structure for the models, which, as discussed
in [23], can result in a sharp and narrow theoretical dispersion,
compared to the results obtained experimentally. As explained
further, the heterogeneity in the structures of the biological
material is suspected to be responsible for wider b dispersion,
possibly moving the fmid towards lower frequencies. This
could be verified through e.g. a larger multifollicular mesoscale
model representing the thyroid follicles of different shapes and
sizes.

The OAT local sensitivity analysis approach is a blunt tool
for assessing parameter sensitivity, with more sophisticated
global parameter sensitivity analyses being the gold standard
[24], especially for non-linear models. However, given the
long computational runtimes of our model (up to 5 min per
frequency for the parathyroid macroscale model, giving >
1h of computational time to obtain each impedance curve),
the OAT method provides a convenient screening tool of the
effect of individual parameters within a reasonable range and,
despite covering only a fraction of the parameter space, has
already highlighted significant and non-significant parameters
for both tissues. In particular, all three spectra indices are
insensitive to variations in the input parameters: cell size in the
z direction (zcell) and relative permittivity of colloid (ercolloid),
hence, those parameters can be excluded from future param-
eter sensitivity investigation. On the other hand, the lack of
documented electrical properties of colloid, connective tissue
and fascia remains a significant challenge since, as visualised
in the Fig. 7b and 7c, uncertainties in those parameters are
responsible for over ±100% variation from the mean values in
the investigated spectra indices. Nonetheless, the outcomes of
this sensitivity study will allow to narrow down the range of
the parameters, such as the fascia permittivity, in the future

work. In addition, a future global sensitivity analysis, where
multiple input parameter values are varied simultaneously, with
suitable sampling of the entire parameter space will provide a
more accurate assessment of the effect of model parameter
uncertainty, estimate the sensitivity of the model to the input
parameters and verify the outcomes of this local sensitivity
study.

Further sensitivity analysis will also provide a larger sample
size of theoretical impedance spectra which could provide
additional input in elucidating the features differentiating the
thyroid and parathyroid, which was not possible to determine
based on the results of the local sensitivity study presented in
this paper. Establishing clear differences in the electrical be-
haviour of the two tissue types would provide the justification
for incorporating the EIS measurements as a tool for tissue
differentiation during thyroidectomy.

V. CONCLUSION

IN this study, multiscale finite element models of thyroid and
parathyroid tissues have been developed to investigate their

electrical properties and simulate their theoretical impedance
curves corresponding to the EIS measurement. The presented
macroscale impedance results are within the range of the in
vivo measured spectra. However, observed discrepancies be-
tween computed and in vivo results and similarities in studied
spectra indices for both tissues suggest that differentiation of
the two tissues based on their measured electrical impedance
in the range studied is not straightforward. Our computational
parameter sensitivity study elucidated the isolated effect of
chosen input parameters on features of the impedance spectra,
highlighting in particular, the significance of the variations
in the geometrical parameters (ECS thickness, follicle size,
connective tissue thickness) resulting from the natural inter-
and intrasubject morphological variability and uncertainties in
material properties (colloid conductivity, relative permittivity
of connective tissue and fascia) that come from insufficient
experimental data on electrical properties of biological mate-
rials.

Our study emphasises the utility of computational models
as a complement to in vivo EIS data measurement, particularly
as a tool to study the influence of multiscale tissue features on
macroscopic electrical properties. Further work will include
a global sensitivity study, as well as an investigation into
the impact of probe-misalignment and potential benefits of a
smaller probe tip, to further broaden the understanding of the
electrical properties of thyroid and parathyroid tissue and how
impedance measurement may enhance tissue differentiation
in thyroid surgery. Given the non-invasive nature of EIS
measurement, this would be advantageous for both the
surgeon and the patient, in terms of the potential benefits of
the EIS-guided parathyroid detection in reducing the risks of
hypoparathyroidism and hypocalcaemia.

SUPPLEMENTARY MATERIALS
Supplementary Materials document provides additional

information for the Materials and Methods section, including
additional description of the Finite Element modelling
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approach (Section I) and a detailed summary on the model
parameters (Section II). Additionally, the conductivities and
permittivities derived from the lower-scale model simulations
are summarised in the Supplementary Dataset.

ACKNOWLEDGMENT
The authors would like to acknowledge Zilico Ltd. (https:

//zilico.co.uk) for obtaining the funding for the project, Prof.
Brian Brown for the expertise in the computational modelling
relating to Electrical Impedance Spectroscopy, and the IT
Services at The University of Sheffield for the provision of
services for High Performance Computing.

REFERENCES

[1] D. R. Chadwick, “Hypocalcaemia and permanent hypoparathyroidism
after total/bilateral thyroidectomy in the BAETS Registry,” Gland
surgery, vol. 6, no. Suppl 1, pp. S69–S74, dec 2017.
[Online]. Available: https://pubmed.ncbi.nlm.nih.gov/29322024https:
//www.ncbi.nlm.nih.gov/pmc/articles/PMC5756750/

[2] S. L. Hillary, B. H. Brown, N. J. Brown, and S. P. Balasubramanian,
“Use of Electrical Impedance Spectroscopy for Intraoperative Tissue
Differentiation During Thyroid and Parathyroid Surgery,” World
Journal of Surgery, 2019. [Online]. Available: https://doi.org/10.1007/
s00268-019-05169-7

[3] S. W. Kim, H. S. Lee, and K. D. Lee, “Intraoperative real-time local-
ization of parathyroid gland with near infrared fluorescence imaging,”
Gland surgery, vol. 6, no. 5, pp. 516–524, oct 2017.

[4] Y. Shinden, A. Nakajo, H. Arima, K. Tanoue, M. Hirata, Y. Kijima,
K. Maemura, and S. Natsugoe, “Intraoperative Identification of the
Parathyroid Gland with a Fluorescence Detection System,” World
Journal of Surgery, vol. 41, no. 6, pp. 1506–1512, jun 2017. [Online].
Available: http://link.springer.com/10.1007/s00268-017-3903-0

[5] P. Mohr, U. Birgersson, C. Berking, C. Henderson, U. Trefzer,
L. Kemeny, C. Sunderkötter, T. Dirschka, R. Motley, M. Frohm-Nilsson,
U. Reinhold, C. Loquai, R. Braun, F. Nyberg, and J. Paoli, “Electrical
impedance spectroscopy as a potential adjunct diagnostic tool for
cutaneous melanoma,” Skin Research and Technology, vol. 19, no. 2, pp.
75–83, may 2013. [Online]. Available: https://doi.org/10.1111/srt.12008

[6] B. H. Brown, J. A. Tidy, K. Boston, A. D. Blackett, R. H.
Smallwood, and F. Sharp, “Relation between tissue structure and
imposed electrical current flow in cervical neoplasia,” The Lancet,
vol. 355, no. 9207, pp. 892–895, 2000. [Online]. Available: https:
//www.sciencedirect.com/science/article/pii/S0140673699090959

[7] C. Murdoch, B. H. Brown, V. Hearnden, P. M. Speight, K. D’Apice,
A. M. Hegarty, J. A. Tidy, T. J. Healey, P. E. Highfield, and
M. H. Thornhill, “Use of electrical impedance spectroscopy to detect
malignant and potentially malignant oral lesions,” International
journal of nanomedicine, vol. 9, pp. 4521–4532, sep 2014.
[Online]. Available: https://pubmed.ncbi.nlm.nih.gov/25285005https:
//www.ncbi.nlm.nih.gov/pmc/articles/PMC4181751/

[8] B. A. Wilkinson, R. H. Smallwood, A. Keshtar, J. A. Lee, and
F. C. Hamdy, “Electrical Impedance Spectroscopy and the Diagnosis
of Bladder Pathology: A Pilot Study,” The Journal of Urology,
vol. 168, no. 4, Part 1, pp. 1563–1567, 2002. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0022534705645211

[9] V. Mishra, H. Bouayad, A. Schned, J. Heaney, and R. J. Halter, “Electrical
impedance spectroscopy for prostate cancer diagnosis,” in 2012 Annual
International Conference of the IEEE Engineering in Medicine and
Biology Society, 2012, pp. 3258–3261.

[10] A. Stojadinovic, A. Nissan, Z. Gallimidi, S. Lenington, W. Logan,
M. Zuley, A. Yeshaya, M. Shimonov, M. Melloul, S. Fields, T. Allweis,
R. Ginor, D. Gur, and C. Shriver, “Electrical Impedance Scanning for the
Early Detection of Breast Cancer in Young Women: Preliminary Results
of a Multicenter Prospective Clinical Trial,” Journal of clinical oncology
: official journal of the American Society of Clinical Oncology, vol. 23,
pp. 2703–2715, apr 2005.
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Abstract—Background: The ZedScanTM probe is an electrical
impedance spectroscopy (EIS) device originally developed as a
tool to diagnose Cervical Intraepithelial Neoplasia (CIN), recently
explored as a potential tool to distinguish parathyroid glands
from the surrounding tissues during surgery [1]. As reported,
the relatively large size of the tip of the probe (5.5 mm) can
be problematic to accurately cover and measure the impedance
of small structures, such as parathyroid glands (3-7 mm). In
this study, we will utilise a computational model to quantify the
uncertainty associated with the probe misalignment and evaluate
the benefits of reducing the size of the probe on thyroid and
parathyroid differentiation. Materials and Methods: Multiscale
finite element models of thyroid and parathyroid were developed
to investigate the impact of the EIS measurement accuracy of
various probe-parathyroid misalignment scenarios. Subsequently,
the macroscale impedivity of thyroid and parathyroid tissues
was simulated with smaller probe configurations to explore the
benefits of probe optimisation. Results: The probe misalign-
ment study reported up to 40%, 21% and 26% decrease in
low- and high-frequency impedance and impedance frequency,
respectively, compared to results with a desirable parathyroid-
probe coverage. The decrease in parathyroid impedance brings
the results closer to thyroid baseline EIS spectrum, reducing
the feasibility of tissues separation. The probe optimisation
study reported about 4% increase in parathyroid’s low-frequency
impedance, showing a slight improvement in the thyroid and
parathyroid differentiation. Conclusions: This study revealed the
importance of the accuracy of the EIS measurement with the
ZedScan™ device by demonstrating that imprecise parathyroid
coverage could result in ‘contaminated’ measurements constrain-
ing their differentiation. Moreover, a smaller probe-tip design has
the potential to further increase the ease of acquiring accurate
parathyroid results, slightly improving the separation between
the tissues on the basis of EIS measurements.

Index Terms—Electrical Impedance Spectroscopy, Finite Ele-
ment Modelling, Thyroid and Parathyroid Tissue Discrimination,
Probe Misalignment, Probe Optimisation

I. INTRODUCTION

ZedScanTM, Zilico Limited (Fig. 1a) [2], is a commercial
electrical impedance spectroscopy (EIS) probe primarily de-

The study was funded by Zilico Ltd. (https: //zilico.co.uk) and EPSRC Case
Studentship

signed and manufactured for applications in cervical epithe-
lium. Specifically, it has been demonstrated to provide en-
hanced effectiveness in the detection of cervical intraepithelial
neoplasia compared to the standard colposcopy procedure [3].
This EIS device, however, was also explored as a tool in ap-
plications for other tissues, such as diagnosis of oral potential
malignant disorder [4], [5], and lately, also during thyroid
and parathyroid surgeries ( [1], [6]) to distinguish parathyroid
glands from the surrounding tissues. Due to their small size
and location on the posterior wall of the thyroid tissue, healthy
parathyroids may get damaged or accidentally removed, which
could lead to hypoparathryodism and hypocalceama which are
the most frequent complications associated with this type of
surgery [7]. The EIS device has the potential for a non-invasive
parathyroids identification, and therefore, could enhance their
location and preservation.
In their in vivo experimental study, Hillary et al. [1] discussed
several limitations of the ZedScanTM device in the thyroid and
parathyroid surgery setting, including its long neck and the 5.5
mm tip size (Fig. 1b), which, anticipated for the use during
colposcopy, might not be adequate to precisely cover structures
as small as parathyroids (3-7 mm). Imprecise coverage of the
parathyroid glands with the probe could potentially lead to
the data ‘contamination’ by tissues surrounding the glands and
could prevent clear parathyroid glands identification.
In a previous study (under review [8]), we developed mul-
tiscale finite element (FE) models that recreate the cellu-
lar and supracellular structure of thyroid and parathyroid
tissues in order to investigate the relationship between the
macroscale impedance relating to the EIS measurement with
the ZedScan™ probe, and the variation of tissue morpholog-
ical features and material properties uncertainties at different
scales. In this paper we will employ the previously generated
computational models to explore and quantify the uncertainty
associated with the imprecise parathyroid coverage with the
ZedScanTM EIS device. Additionally, the potential advantages
associated with the size optimisation of the tip of the probe on
the parathyroid tissue measurement, and the parathyroid and



thyroid glands separation will be further evaluated, which, to
date has been explored computationally for the applications
relating to cervical epithelium [9] and oesophagus [10].

(a)

(b)

Fig. 1: Electrical impedance spectroscopy device: (a) Zed-
ScanTM, Zilico Limited probe image [2]; (b) schematic of
the tip of the ZedScanTM probe marking the principle of
measurement: a known current I flows between the active
electrodes (I1 and V0) while the passive electrodes (V1 and
V2) capture the potential difference at each frequency, R –
electrode radius, S – electrodes separation

II. MATERIALS AND METHODS

A. Finite element tissue models
The multiscale FE modelling framework was developed in

order to decrease the computational expenses associated with
cell membrane details inclusion, which are a crucial structure
responsible for the unique frequency-dependent behaviour of
biological tissue, mainly for the considerable fall in the real
part of impedance around the kHz-MHz region known as �
dispersion. The inclusion of such small cellular substructures
(8 nm) into a model volume of several centimeters required for
EIS related electrical simulation would result in over trillion
nodes, which is computationally intractable. This constraint is
overcome by multiscale modelling, which divides the tissue’s
structure into hierarchical substructures that represent vari-
ous levels of tissue’s complexity, from cellular (microscale),
through follicular (mesoscale) appearing solely in thyroid, to
tissue scale level (macroscale). Submodels’ transfer impediv-
ities are simulated and calculated, starting with the lowest
model hierarchy (microscale) and passed to the higher-level
models in the form of element material properties (electrical
conductivity s and relative permittivity "r). To simulate the
electrical impedance of both tissues, the commercial software
ANSYS Mechanical APDL with its quasistatic time-harmonic

simulation [11] was utilised.
For the purposes of this study, the macroscale thyroid and
parathyroid models have been implemented (Fig. 2) with as-
signed material properties obtained from previous micro- and
mesoscale level simulations (under review [8]). The default
macroscale model recreates the electrode arrangements of the
tetrapolar ZedScan™ probe with four electrodes (radius R=0.3
mm) arranged with the centres located on a circle of 2 mm
diameter (separation S=1.4 mm).

B. Probe misalignment study

In order to investigate the effects of the imprecise coverage
of the parathyroid gland with the tetrapolar probe, models
recreating two different scenarios were generated where either
one (25% of the probe – Fig 3a) or two (50% of the probe -
Fig. 3b) of the electrodes are in contact with the parathyroid
gland. To further inspect the possible influence associated
with the type of contact electrodes (active or passive) on the
measured impedance, all possible gland-electrode variations
have been constructed. The parathyroids are considered to be
surrounded by thyroid tissue for the purposes of this study
(Fig. 2). The obtained results were compared to the baseline
parathyroid and thyroid spectra generated in the previous study
(unpublishd [8]) to assess the relative effect on the tissues
separation feasibility.

C. Probe optimisation study

In order to investigate whether the current size of the tip of
the ZedScanTM device may not be optimal for the parathyroid
impedance measurement, a few model setups looking into the
probe optimisation have been investigated. The simulations
have been performed to explore the effect of decreased elec-
trodes’ separation S and electrodes’ radii R (marked in Fig. 1b)
on the measured electrical properties to suggest a configuration
that could enhance thyroid and parathyroid differentiation.
Nine different arrangements of electrode separations S=[1.4,
1.2, 1.0] mm and radii R=[0.3, 0.2, 0.1] mm have been
investigated in both thyroid and parathyroid tissue models.
Since impedance values recorded by the tetrapolar probe
are sensitive to its geometrical features investigated in this
part of the study, it is not sensible to compare the raw
impedance data between the various cases. Therefore, the
impedivity values were compared instead that have been
obtained through dividing the macroscale impedance results by
geometric constants specific to each probe configuration. The
latter were acquired through additional calibration simulations
by assigning model with each electrodes’ setup with material
of 1 Sm-1 conductivity s and without dielectric properties (0
relative permittivity "r).

III. RESULTS

The study resulted in eight and eighteen macroscale sim-
ulations for the probe misalignment and probe optimisation
studies respectively. Each simulation provided real part of
impedance values at 14 frequencies from the 76Hz-625kHz
range corresponding to the ZedScanTM operating frequency



Fig. 2: Macroscale model for thyroid or parathyroid tissue (shaded orange region highlights the location of parathyroid) with
marked electrodes configuration from the current ZedScanTM device, where I1 – driving electrode, V0 – ground electrode, V1
and V2 – passive electrodes

range. To aid the quantitative comparison of the results, each
computed spectrum was parameterised with three indices: Z1
– impedance at 76Hz, Z14 – impedance at 625kHz and fmid
– frequency in the middle of the dispersion (relating to the
impedance value between Z1 and Z14).

A. Probe misalignment study
Fig. 4 shows the results for the probe misalignment study

with the spectra for different configuration of 50% and 25%
probe-parathyroid coverage and two baseline spectra show-
ing the thyroid and parathyroid outcomes resulting from the
accurate and symmetrical electrodes’ placement. The probe
misalignment affects the impedance values across the studied
frequency range and all three spectra parameters Z1, Z14
and fmid, as presented in Table I. Furthermore, the computed
impedance is reduced as the number of electrodes in contact
with the parathyroid gland decreases. It is also worth noting
that the type of the contact electrode was an influential factor
for the 50% probe coverage scenario – the impedance was
higher for the mixed (one active and one passive) electrodes
relative to the other combinations. Nonetheless, for the setup
with a single contact electrode, there was no variation in the
computed impedance values with respect to the electrode type.
The data summarised in Table I shows that the imprecise
parathyroid coverage lowers not only the real impedance
values, but the dispersion frequency fmid as well.

B. Probe optimisation study
In the probe optimisation study, each separation S and

radii R configuration was investigated for both thyroid and
parathyroid models, and the obtained impedivity spectra are

Probe coverage Z1 [⌦] Z14 [⌦] fmid [kHz]

50%:

I1-V1, V2-V0
371.54 147.18 220.65

50%:

I1-V0, V1-V2
325.71 144.04 191.37

25%:

V0, I1, V1, V2
290.75 133.96 177.25

Parathyroid baseline 480.69 169.60 240.25

Thyroid baseline 246.47 122.31 150.46

TABLE I: The quantitative data of the selected spectra indices
(Z1 – impedance at 76Hz, Z14 – impedance at 625kHz, fmid
– dispersion frequency) showing the results of the probe
misalignment in comparison to parathyroid and thyroid results
from precise (symmetrical) probe placement. I1, V0, V1 and
V2 labels correspond to the electrode types from the Fig. 1b
and Fig. 3

shown in Fig. 5. Given that the probe optimisation had no
impact on the thyroid impedivities, there is just one thyroid
curve marked on the graph (black spectrum). Nonetheless,
there is a slight increase in the parathyroid impedivity at
frequencies below 100kHz with the decreased separation S
between the electrodes. However, the results at 76Hz show
a difference of only 2.1% and 3.7% higher impedance for
the cases characterised with optimised electrode separation S



(a) (b)

Fig. 3: Model schematics for the probe misalignment study illustrating two measurement scenarios when (a) one (25% of the
probe) or (b) two (50% of the probe) electrodes are in contact with parathyroid gland, the simulation is repeated for the gland
position in quarts 1-4

Fig. 4: Probe misalignment study results for 50% (green
spectra) and 25% (red spectra) of probe-gland coverage,
black spectra show the baseline parathyroid (solid line) and
thyroid (dashed line) results from simulation with the probe
placed symmetrically on the gland, I1, V0, V1 and V2 labels
correspond to the electrode types from the Fig. 1b and Fig. 3

of 1.2 mm and 1.0 mm compared to the default ZedScanTM

electrode configuration (S=1.4 mm). Additionally, the changes
in the electrodes’ radii did not affect the obtained impedivities
for both tissue types.

IV. DISCUSSION

The objective of the presented study was to utilise com-
putational modelling to investigate, quantify, and reveal the
significance of potential imprecision in the parathyroid tissue
EIS measurements on the parathyroid and thyroid tissues
differentiation during surgery. Moreover, the study was aimed
to suggest changes in the ZedScanTM tetapolar probe’s tip

Fig. 5: Probe optimisation study results showing the effect of
the electrodes separation S and radii R on the simulated elec-
trical properties of thyroid and parathyroid, Para – parathyroid

geometry to improve these tissue’s separation based on their
electrical properties.
As highlighted in the probe misalignment study results, an
inexact coverage of the parathyroid gland could result in
lower impedance recordings across the whole studied fre-
quency range compared to the expected (baseline) value for
parathyroid glands obtained from an accurate probe place-
ment configuration. Furthermore, it can be concluded that the
successful parathyroid tissue identification can be challenging
in the case of imprecise measurements, since, as visualised
in Fig. 4, the simulations from the misaligned probe cases
(Fig. 3) lead to the ‘contaminated’ results which get closer to
the baseline thyroid spectrum instead. By solely comparing
the low-frequency index Z1, the misalignment can reduce



the difference in impedance between thyroid and parathyroid
from 95% to nearly 18%. That also suggests that inaccurate
parathyroid coverage could partially explain the wide range of
recorded in vivo parathyroid results (138.99-572.67 ⌦ in [1])
along with the effects of inter- and intrasubject variability in
the morphology and composition of parathyroid and thyroid
tissue verified in the previous computational study (under
review [8]).
Additionally, it is worth noting that the parathyroid spectra
from the misalignment study are characterised with decreased
impedance exclusively through the assumption that parathy-
roid gland is surrounded by a material of lower conductiv-
ity such as thyroid tissue. The opposite trend of increased
impedance would have been observed e.g. in an instance of
the gland surrounded by the adipose tissue, known for its
insulating properties (low frequency conductivity of 0.04 Sm-1

[12]).
An increase in parathyroid impedivities were seen in the probe
optimisation investigation (Fig. 5) in the case of decreased
electrode separation S, which shows that measurements with
a smaller probe could more effectively distinguish between
thyroid and parathyroid tissue. That increase in the impedivity
could be explained, that, as a result of the smaller distance
between the drive electrodes, I1 and V0, the injected current
flows more superficially (which was demonstrated previously
in the probe size investigations on the cervical epithelium [9]),
gets constrained flowing solely through the parathyroid gland
without capturing the properties of the adjacent thyroid tissue.
However, the documented extent of the separation improve-
ment (up to 4% change in the low frequency impedance
index Z1 compared to the parathyroid results for current
ZedScanTM electrodes configuration) suggests, that the tip of
the probe’s geometry is a far less significant factor compared
to measurement precision responsible for up to 40% decrease
in Z1 index. Additionally, as it was demonstrated in Fig. 5,
decreasing the size of electrodes does not interfere with the
recorded impedivity, hence, if there are no contraindications
from the technical and manufacturing point of view, smaller
electrodes can successfully be incorporated into an optimised
EIS probe to further improve the measurement accuracy.
Finally, in this study we demonstrated the benefits of computa-
tional modelling techniques which may be useful to optimise
the hardware of medical devices. In particular, the FE sim-
ulations presented in this study offer fast, safe and low-cost
predictions of the impact of the size and arrangement of the
ZedScanTM EIS probe electrodes, in comparison to the process
of manufacturing different sets of the probe-electrodes config-
urations and the collection of numerous in vivo measurements,
similar to the experimental study presented by Hillary et al.
[1]. A potential direction for future work is the exploration
of non-tetrapolar electrode configurations which could provide
more insight on the measurement technique that could enhance
tissue differentiation during thyroid and parathyroid surgery.

V. CONCLUSIONS

This study explored the significance of measurement
accuracy using the ZedScanTM device by illustrating how
inaccurate parathyroid coverage could lead to ‘contaminated’
EIS readings which constrain the ability of EIS to aid in
the differentiation of the parathyroid and thyroid tissues’
during surgery. Furthermore, the probe misalignment was
suggested as a possible explanation for the wide range of the
in vivo parathyroid impedance measurements documented in
the literature. Finally, results of the probe optimisation study
suggested that a smaller tip design has the potential to further
increase the ease of acquiring reliable parathyroid results by
improving the separation between the parathyroid and thyroid
tissues on the basis of their EIS spectra.
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