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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 ZedScan™ 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 3 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

HYROIDECTOMY 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 [j5]], cervix [6], oral tissue [7]],
bladder [8f], prostate [9], breast tissue [[10] and oesophagus
[L1]. 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
ZedScan™, Zilico Limited, currently licensed for use to detect
changes in cervical epithelium accompanying colposcopy. A
known magnitude of the alternating current / 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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Fig. 1. Electrical Impedance Spectroscopy device: (a) ZedScan™
[12]], (b) tip of the tetrapolar probe showing the principle of the
measurement, a known current / flows between the active electrodes
(I; and Vp) while the passive electrodes (V; and V;) 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.
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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
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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 1.

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 Zedscan™ device. Subsequently, the results are
processed to calculate electric conductivity (o) and relative per-
mittivity (¢,) from (1) and (2), to assign as material properties
in the appropriate higher-level model compartments:

o(f)=d/(A-Z(f)) (1)
e (f)="(f)/2nf &) (d/A) )

where:

Y'(f)==Z"(N/(Z (/) +(Z"(1)?) 3)

where:

where: d and A — thickness and cross-sectional area of the
model, gy — permittivity of free space (8.854 x 101> Fm!),
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. 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. 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
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interest (data not shown).

The macroscale model recreates the electrode arrangements
of a tetrapolar EIS ZedScan™ probe with the 0.6 um elec-
trodes arranged with the centers located on a circle of 2 mm
diameter (Fig. [3¢). The impedance is obtained by dividing the
injected current of 6 pA assigned to the driving electrode (I;)
by the potential difference recorded by the passive electrodes
(V; and V5). 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. Ba). 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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Fig. 3. Multiscale model developments with labeled compartments: (a) microscale model, (b) mesoscale model, (c) thyroid macroscale model,
(d) parathyroid macroscale model, (¢) macroscale model with the electrode pattern, where: X.ei;, Yeells Zeeil - cell dimensions, dgcs - ECS
thickness, dpyjicie - dimensions of colloid compartment in the mesoscale model , dcr - connective tissue thickness, dfy.i, - fascia thickness,
dpara - dimensions of parathyroid gland, (I; and V) - active electrodes, (V; and V) - 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 Z; and Zj4
at the lowest and highest frequency points (76 Hz and 625
kHz), and the dispersion frequency f,;; at the centre of the
dispersion (frequency for when impedance takes the mid-point
value between Z; and Z;4).
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E. Comparison with in vivo measurements

The in vivo measurements were previously published
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, Z;, Z;4 and f,;s 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 Z;, Z;4 and f,,;4 spectra indices have been derived for each
computed and measured in vivo spectrum.
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700 Parathyroid
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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. ] 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 (zstandard de-
viation) values of extracted spectra parameters (Z;, Z;4 and
fmia) 1s presented in Table A visual comparison of the
experimental and computational chosen spectra parameters is
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pictured in Fig. @ Similar trends of higher mean Z;4 and fyiq
for parathyroid tissue is documented for both computed and
experimental results as seen in Table [[] and Fig. [6b] and
Conversely, the Z; 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:

Z,]Q] 239.02 (+40.26) 464.92 (x114.95)
Z14]Q] 103.58 (+50.43) 120.06 (+66.31)
fnia[kH?Z] 139.86 (+62.26) 192.00 (+79.48)
Experimental:

Z,1Q] 325.42 (+117.00) 280.58 (+97.37)
Z14]Q] 112.50 (+15.67) 132.70 (+35.50)
fnia[kHZ] 62.23 (+48.52) 157.26 (+69.67)

TABLE 1. The mean (zstandard 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: Z;, Z;4 and f,,;s. 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. thyroid impedance results were pre-
dominantly sensitive to changes in the size of the follicles
(dpotticie) at the low frequencies (Z;) and the thickness of the
connective tissue (d.s) at high frequencies (Z;4). The greatest
differences in the middle frequency (f;,;s) results were observed
for the variations in the ECS thickness (dgcs). All three
extracted indices were insensitive to the changes in the cell
width - dimension in the z direction (Z.e).

Thyroid: material properties

Fig. shows the results for the sensitivity analysis of the
material properties of the thyroid model compartments. Among
the parameters studied, the colloid conductivity (Gceiid), cON-
nective tissue and fascia relative permittivity (ercr and €rfugcia)
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. shows that the ECS thickness (dgcs) and cell length
- size in the x direction (x.y) - have the most significant
influence on the Z;. Similarly to the results from the thyroid
model, the high frequency impedance is more sensitive to
the changes in fascia thickness (djciq) and its permittivity
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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
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Fig. 6. Box and whisker plot of the extracted spectra indices (Z; - impedance at 76 Hz, Z;4 - impedance at 625kHz and f,;; - dispersion
frequency) comparing both glands and the computed and experimental results

(€7fascia), with the middle frequency also exhibiting sensitivity
to the latter (€rfuscia)-

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. @] 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. [3]
most of the theoretical curves are in close proximity to the
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baseline result of both glands. A few outliers characterised
with low-frequency [ 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 Z; index representing the low-frequency
impedance. In contrast to the differences in computed results
seen in in Fig. ] 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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Fig. 7. Parameter sensitivity analysis results: (a) thyroid geometrical parameters, (b) thyroid material properties, (c) parathyroid parameters;
Xeell> Yeells Zeell - C€ll dimensions, dgcg - ECS thickness, dfyjicie - dimensions of colloid compartment in the mesoscale model, dcr - connective
tissue thickness, dpciq - fascia thickness, dpqr, - dimensions of parathyroid, G.oj0iq - conductivity of colloid, €r¢yyj0iq - relative permittivity
of colloid, 6., - conductivity of connective tissue, €r - relative permittivity of connective tissue, Gfasciq - conductivity of fascia, €rfageia -

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 and electron emission
microscopy images of dromedary camel parathyroid gland
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found in the literature [22]). As shown in Fig. [7a] and [7] 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 [I3]. 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 it is discussed that the
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tip of the probe of the ZedScan™ 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 Z;4 and f,,;4 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 fi,;s 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 f,,;4, 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 f,;; 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 (z.ey;) and relative permittivity of colloid (e7cos10iq),
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. and 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

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

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

N 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.
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