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ABSTRACT Current carotid atherosclerosis diagnostic protocols do not feature techniques that would
allow for early or frequent medical examinations, leaving a significant number of asymptomatic carotid
stenosis cases undetected and often leading to strokes. The key challenge is that current diagnostics are
highly operator-dependent. In this work we used idealised biological models to demonstrate a new rapid,
potentially inexpensive and operator-independent diagnostic method, aimed at detecting whether a stenosis
exists, rather than seeking to be accurately quantifying or localising it. An array of electrodes was used to
obtain sequential bioimpedance values over the skin, through a novel scanning technique, covering an area
over the artery of interest. FEM simulations, verified through in-vitro experiments on gelatine phantoms,
were used to validate the method. The final results, obtained through image processing algorithms, were
in the form of planar bio-impedance maps and were successful both in identifying arterial features and
detecting the presence of stenoses of different sizes. The results could also be used to indicate the artery’s
relative orientation to the sensor, eliminating the need for manual alignment by a specialist operator.
Therefore, this method shows promise for routine medical examination, either in primary care, or even
at home, to indicate whether a patient would require further, more detailed examinations at a specialist
clinic.

INDEX TERMS Bioimpedance sensing, Cardiovascular Diagnostics, Carotid artery screening, FEM
modelling, Image processing, Impedance scanning, Planar bioimpedance mapping, Stenosis detection

I. INTRODUCTION

CAROTID artery disease can have devastating conse-
quences, as it is one of the main causes of stroke. Stroke

affects 15 million people around the world annually, with
more than 60% of all cases caused by carotid atherosclerosis,
80% of which are asymptomatic [1], [2]. The resulting arte-
rial stenosis or occlusion can become symptomatic in people
over 40 years of age, while asymptomatic stenosis may occur
at an earlier age [3].

To date, ultrasound imaging [4] is the gold standard for
non-invasive detection of carotid artery stenosis once symp-
toms appear, referring positive outcomes for further tests
based on CT or MRI scans. The method is almost always
used by means of a hand-held probe, which is moved and
rotated by a specialised operator, visualising the structure of

interest from different angles [5] (Fig. 1(a)). However, the
quality and reliability of the outcome strongly depends on
the expertise of the person handling the probe, making the
process highly operator-dependent. This results in up to 18%
of the diagnoses being erroneous, either as false positives or
false negatives [1], [6]. This operator dependency coupled
with the cost of a full ultrasound imaging system makes
the technique suitable for use predominantly in specialist
clinics [7], being carried out only when clear symptoms
occur [1], which is often too late. More importantly, these
issues preclude ultrasound carotid scanning from being part
of routine medical checks. As a result, for the asymptomatic
majority of patients [1], such a scan will not take place at all
before a potentially life changing or fatal stroke occurs.

In order to carry out regular carotid screening tests to
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every person meeting certain criteria (e.g., age, diet), it is
desirable to have a low cost, operator-independent, non-
invasive method to provide an indication of arterial stenosis
or occlusion without waiting for symptoms to occur. Such a
method would not aim at replacing ultrasound, but rather it
would allow for suspected cases to be referred for ultrasound
examination and subsequent further tests, if needed. It would
ideally be available in primary care, as well as low resourced
healthcare settings and even for home use. Enabling routine
tests on all patients that visit a doctor could potentially allow
for preventive action for a great number of stroke sufferers
annually [1].

Acknowledging these issues with conventional ultrasound
apparatus, recent research studies have presented attempts to-
wards more portable, even wearable, ultrasound devices [8],
[9]. Still these devices require a specialist operator to achieve
orthogonal (perpendicular or parallel) placement relative to
the underlying artery and they are relatively cumbersome and
thus sensitive to movement and potentially obstructive to the
patient. A sensing modality that would allow for a point-of-
care (PoC) diagnostic device to satisfy the above criteria is
bio-impedance (or electrical impedance). Bioimpedance has
been used in a variety of medical applications, ranging from
cardiovascular plethysmographic measurements [10]–[13],
lung monitoring [14], [15], detection of breast cancer [16],
mapping wound areas in chronic ulcers [17] and many others
[18], [19]. Bioimpedance systems are inexpensive, easy to
use without specialist training, providing rapid outcomes
without the use of harmful ionising radiation [10]. While
measurements can be prone to errors due to the surface
electrochemistry of the electrodes used, this can be overcome
through the use of tetrapolar (four-electrode) configurations
[20]. In a tetrapolar setup, measurements are carried out by
applying a small amplitude alternating current using a pair of
electrodes placed on the skin and then measuring the result-
ing potential using a second pair of electrodes [19]. Recent
studies have shown that it is possible to detect atherosclerotic
plaques through tetrapolar bioimpedance measurements [21],
making this sensing modality a possible candidate for early
detection of carotid stenosis.

However, single tetrapole arrangements ideally need to
be aligned to the targeted artery, thus requiring the latter’s
location and orientation to be known in advance. Failing
to place and size the electrodes accordingly, degrades mea-
surement sensitivity due the surrounding tissue’s impedance
[13]. Moreover, the approach of analysing plethysmographic
waveform features for indications of stenosis presence, while
valuable, does not reveal any topological information. Such
information can typically be offered by imaging, with elec-
trical impedance tomography (EIT) [20] meeting several of
the above criteria. However, the method is too cumbersome,
complicated and expensive for routine medical examinations
as, in its most portable embodiment, it requires an electronic
setup similar to a "tower" desktop computer on wheels, mak-
ing it unsuitable for the majority of primary care practices,
remote areas, or home use [22], [23]. Additionally, for EIT-

based carotid artery scanning, electrodes would need to be
applied around the neck of the patient and, given its poor
spatial resolution [18], [19], [24], it would not offer useful
information about a localised structure, such as the carotid
artery. Solutions that include elements from both the single
tetrapole and the EIT approaches have been described in
[13], [25]. For the desired method, topological information
is needed to detect the outline of the artery, in terms of
position and orientation, to avoid the operator dependence
of manually re-positioning the sensor. While the presence of
features, such as arterial bifurcations and possible stenoses,
need to be detected in order to generate an indicative di-
agnostic outcome, there is no need at a routine screening
test to extract a detailed image involving elaborate hardware,
algorithms and forward models.

The work presented here proposes and assesses a multi-
electrode sensing method using bioimpedance measure-
ments to provide what we introduce as localised planar
bioimpedance mapping (PBiM) of transcutaneous vascular
features. A possible neck-worn realisation is shown in Fig.
1(b), along with the methodological steps followed in this
research. While - in a similar fashion to EIT - we use
imaging techniques to extract the aforementioned data, there
is no requirement to use a forward model or computationally
demanding reconstruction algorithms.

More specifically, in this work an electrode array is used
to carry out a novel bioimpedance scanning sequence, both
by using finite element modelling (FEM) simulations and ex-
perimentally on gelatine phantoms, to detect non-invasively
the position and orientation of a blood vessel underneath
the skin, thus eliminating the need for sensor alignment
that would require a specialised operator. The associated
bioimpedance images are processed for blood vessel features,
including bifurcations and, in particular, the presence of
stenosis.

This work builds on our previous work, described in [13]
and [25]. In [13] we identified the advantage of localised
electrodes, placed directly above the targeted subcutaneous
vasculature, relative to larger more commonly used elec-
trodes (e.g. ECG electrodes). In [25] we presented an array
and a unidirectional scanning approach and we separately
identified the advantages of localised electrodes. Here we
expand on these concepts, using a planar array as a potential
non-operator dependent imaging tool with a newly intro-
duced quadruple sweep scanning approach, analysing the
sensor’s operational principles, and highlighting its strengths
in terms if spatial resolution and in detecting arteries of
different angles and bifurcations.

The novelty of this approach lies in the aforementioned
properties, which allow for portability and minimal operator
dependency. To the best of the authors’ knowledge, there is
no state-of-the-art solution for planar mapping of the carotid
artery. PBiM utilises tetrapolar bioimpedance interfacing. It
features further innovative aspects in the methodology, as it
interrogates tissue through tetrapoles of fixed inter-electrode
distance, as opposed to EIT, where the tetrapole dimensions
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FIGURE 1: Carotid artery scanning using: (a) A standard
ultrasound probe. (b) The proposed - operator independent
- planar bioimpedance mapping method.

vary. In this manner, the measurements are directly com-
parable without the need for a forward model. Moreover,
given the fact that a tetrapole provides measurements over
the underlying tissue volume rather than point measurements
at the tetrapole centre [19], we introduced a novel scanning
method, whereby an area is swept four times in each of
four different directions (i.e., Vertical, Horizontal, Diagonal-
right and Diagonal-left) automatically through electrode-
addressing instrumentation. The four resulting images, or
bio-impedance "planar maps", are combined so as to achieve
higher spatial resolution and less dependency on the underly-
ing blood vessel’s orientation. A COMSOL model with sim-
plified biological features [26], [27], [28] was used to assess
the method, while experimental verification was performed
on a smaller physical model (gelatine phantom).

In section II, the procedure for setting up the simulation
and performing the experimental studies with four variants of
a biological model and a multi-electrode array is discussed.
In particular, the parameters, i.e., vessel orientation, bifurca-
tion angles and percentage stenosis, used to assess the per-
formance of the method, are described. Section III presents
and discusses the results obtained from the application of
the method. Finally, section IV presents the conclusions and
avenues for further work.

II. METHOD
A three-dimensional biological model was designed to cal-
culate electrical impedance sensed by electrodes placed on
the top surface, representing the skin. Aiming to explore the
principles and merits of planar mapping and similar to other
studies (e.g. [13]) this model was simplified in terms of its
composition and its geometrical complexity, as it was limited

to three homogeneous tissue layers (see section II-A) without
any other vasculature in the vicinity. Two versions were
realised, as described later: an FEM model and a gelatine
phantom for experimental verification. An array of electrodes
was used with the active tetrapole being dynamically re-
configurable in terms of position and orientation, in resem-
blance to [13], modelled to assess local impedance variations
corresponding to vascular structures underneath the skin.
The first objective was to check whether it is possible to
detect the presence of a blood vessel and subsequently, to
detect its orientation, towards the goal of making the method
operator-independent by eliminating the need of manually
aligning the sensor to the vessel. The next objective was to
assess the possibility of detecting the presence of a stenosis
within the blood vessel from the electrical impedance scan.
Blood vessels with and without stenoses were studied, both
of straight-line and bifurcated shapes. The latter was included
to represent the most usual region of atherosclerotic plaque
build-up in the carotid artery, at the bifurcation between the
external and internal carotid arteries. A reduced-size version
of the model with a straight-line vessel was experimentally
verified. In all cases, the 2D impedance map obtained from
each scan was processed with advanced image processing
algorithms to automate the detection of the various features
of interest.

A. FEM MODEL
The objectives of the simulations were: a) To construct a sim-
plified biological model (similar to [13]) including the tissue
layers that contribute the majority of the sensed impedance
values (i.e., skin, fat) and a blood vessel representing the
carotid artery. b) To model scenarios that represent relatively
random placement of the electrode array over the blood ves-
sel through variations in their relative orientation and slight
shifts in their relative position. c) To model arterial features,
such as bifurcations, and the occurrence of atherosclerosis,
i.e., stenosis through local plaque buildup. d) To perform
sweeps or "scans" of impedance measurements by moving
fixed-size electrode tetrapoles in four different directions,
using an electrode array placed over the blood vessel.

The simulations were carried out using the COMSOL 5.3
electric currents (ec) module, where the quasi-static solutions
of Maxwell’s equations were used to solve for the electrical
potential. The electrodes placed on the top surface were used
as current injection or recording terminals. As biocompati-
bility and electrode corrosion are issues in simulation, the
simulated injection current was kept at 1A for simplicity.
Adaptive physics controlled meshing at the finer setting was
used, where the mesh density was kept very high at locations
of interest, i.e. the vascular features.

A cuboid shape model was considered with two layers, a
2 mm thick skin layer and an 8 mm thick fat layer, where
the carotid artery was considered to be in the fat layer (Fig.
2(a)) and the anatomical properties of the model were kept
consistent with [29], [30]. The typical depth of the carotid
artery in the neck from the outer skin layer is (6 ± 3) mm
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(a) (b) (c)

FIGURE 2: Overview of the biological model with the 20 × 30 electrode array used for the FEM simulations on top: (a) 3D
COMSOL model. (b) Top view of the −37◦ straight artery model with stenosis shown as a yellow region in the straight vessel.
The smaller group of dark-coloured electrodes in the middle of the main array represent the 8 × 16 sub-array used for the
experimental verification. (c) Top view of the bifurcated artery model with stenosis shown as a yellow region in one branch of
the bifurcation.

[31], and in the model the depth was taken as 7 mm. For
the sake of model simplicity, it was assumed that the carotid
artery is embedded in a fat layer underneath the skin and
no muscle tissue is present between the skin and the arterial
wall. It was also assumed that all media are homogeneous
and that the top surface of the skin is flat. The conductivity
and relative permittivity values assigned to the skin, fat and
blood layers were obtained from [32], [33].

Specifically, the conductivity values for skin, fat and blood
were set to 2.937mS/m, 42.954mS/m and 700.04mS/m,
respectively, while the relative permittivity values were set
to 29010, 911.54 and 5248.2 respectively, at a frequency of
10KHz, calculated using Eq.(1) [33], [34]:

ε̂ (ω) = ε∞ +

4∑
m=1

∆εm

1 + (ȷωτm)
(1−αm)

+
σi

ȷωε0
(1)

In the above equation ε̂ (ω) is the complex relative per-
mittivity as a function of frequency, ε∞ is the permittivity
at frequencies, where ωτ >> 1, and τ represents a time
constant. The magnitude of the dispersion is given as ∆εm,
σi is the static ionic conductivity and ε0 is the permittivity of
free space. The distribution parameter, α, is a measure of the
broadening of the dispersion.

Atherosclerotic plaques within the blood vessel comprise
fat deposits and calcium hydroxyapatite (CHA, commonly
referred to as pathological calcification), which can make up
to a maximum of 30% of the total stenosis [35]. Therefore,
the conductivity and relative permittivity of fat [33] and those
of CHA at room temperature [36] at 10kHz were taken and
combined in the ratio of 70 : 30 to obtain the electrical
properties of the stenosis to be used in our simulations.
Considering this, the conductivity and relative permittivity of
the stenosis were set to 1.4 (mS/m) and 280, respectively.

The dimensions of the COMSOL model were 100 mm ×
60 mm × 10 mm with a 2 mm thick skin layer at the top
and an 8mm fat layer underneath the skin. The blood vessel
was placed in the fat layer with its centre 7 mm below the

top surface of the skin. By changing various parameters, it
was possible to change the location, orientation and diameter
of the blood vessel. Both straight (Fig. 2(b)) and bifurcated
(Fig. 2(c)) blood vessels were considered. It was also possible
to vary the size and the location of an atherosclerotic plaque
stenosis within a blood vessel. The stenosis was modelled as
an ellipsoid with radii of rlength × rwidth × rheight. Using
the top view of the model (Fig. 2(b)), its centre was placed
on the vessel-fat boundary at the middle of the blood vessel’s
length on the side facing the bottom left of the electrode array.
The depth of its centre was 7 mm and its length rlength was
6 mm, parallel to the vessel’s longitudinal axis. Its height
rheight = 3mm was vertical to the electrode plane. Its radius
along its width was rwidth = Dbv ×Xocc, where Dbv is the
diameter of the vessel in mm and Xocc is the stenosis size as
a percentage of the vessel diameter.

In the simulation, the top surface was considered as the
xy plane and the depth was along the z axis. All parameter
variations in this study can be categorised into the following
four test cases:

• Case I: Straight vessel without stenosis.
Parameter variations: Orientation = {0◦, −15◦, −37◦,
−45◦, −90◦}. For each of the orientations, the simula-
tion was carried out for five slightly different variants in
the vessel’s position, in order to test whether the scan-
ning method and the image processing algorithm could
still detect the vessel with some degree of randomness
added to the blood vessel parameters. The five (x,y)
position coordinates of the vessel’s centre in relation
to the initial central position were (-2 mm,0), (0,0),
(2 mm,0), (0,-2 mm) and (0,2 mm), with the vessel’s
diameter fixed at 5 mm. Subsequently, with the vessel
at its original position, four different diameters were
considered with values of {5.5 mm, 6 mm, 6.5 mm, 7
mm} resulting in a total of 45 simulations.

• Case II: Straight vessel with stenosis.
The percentages of stenosis were {0%, 20%, 40% 60%,
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80%}. For each of the stenoses, the same nine total
variations in the vessel’s location and diameter as in case
I were considered, while keeping the vessel orientation
at −37◦. A total of 45 simulations were considered.

• Case III: Bifurcated vessel without stenosis.
Again, as in case I, five variations of location and
four variations of diameter were considered, keeping
the orientation of the main vessel at 0◦ and the angle
between the bifurcated vessels at 73◦, bringing the total
number of simulations to 9.

• Case IV: Bifurcated vessel with stenosis
Five variations of stenosis, i.e., {0%, 20%, 40%, 60%,
80%} were simulated. For each of the stenoses, five
variations of the blood vessel’s location, and four vari-
ations of its diameter were considered, while keeping
the orientation of the main vessel at 0◦ and the angle
between the bifurcated vessels at 73◦, resulting in 45
simulations.

B. SIMULATION SCANNING SEQUENCE
All simulations featured "shifting" tetrapoles formed by in-
line neighbouring electrodes, with the outer pair always
being the current-carrying (CC) electrodes, and the inner
pair assigned the voltage pick-up (PU) function. One of the
CC electrodes was modelled as a current terminal with a
boundary condition of 1 A, while the other was modelled
as a ground terminal of a zero potential. It was assumed
that no current flows through the exterior boundaries of the
phantom, modelled as air. The two PU electrodes were mod-
elled as boundary probes, from which the resulting potentials
were measured. The transfer impedance was then obtained
by dividing the difference of the voltage values at the two
boundary probes by the applied current. A 20× 30 electrode
array was used in the FEM simulations (Fig. 2). The overall
array size must be kept as small as possible for practical
reasons and in order to span over a limited scanning area
and thus the inter-electrode distance should be kept to a
minimum. Studies such as [37] and [38] have indicated that
the depth of penetration of the bioelectric field is predomi-
nantly influenced by the inter-electrode separation. Although,
in theory, the electric fields can extend to infinite depth, for
the practical purpose of impedance measurements, detection
accuracy diminishes significantly beyond a depth of 4-5
times the inter-electrode distance. Initial simulations for the
model dimensions of this paper indicated that measurement
sensitivity for inter-electrode distances smaller than 2mm is
inadequate for vessel detection while it plateaus for distances
larger than 5 mm. Therefore, the minimum acceptable inter-
electrode distance is 2 mm, which is the value that was used
here, and for which a maximum penetration depth of 10mm
is possible for this inter-electrode distance. For structures
located deeper, we have to adjust the inter-electrode distance.
For similar reasons, the electrode should be kept at a mini-
mum. The chosen size here was 1mm as smaller sizes would
contribute higher thermal noise [39], [40] and electrode-
electrolyte contact impedance. These parameters play no role

in this paper, however in an experimental implementation
they would affect both the current injection and the voltage
measurement instrumentation.

FIGURE 3: Four directional scanning. The vertical, horizon-
tal, diagonal left and diagonal right scanning sequences are
indicated in green, red, blue and magenta outlines and arrows,
respectively.

Fig 3 illustrates a 4 × 4 segment of the full array to vi-
sualise the four scanning sequence orientations, i.e., vertical,
horizontal, diagonal left, and diagonal right scans.

The vertical scan (red outline in Fig. 3) started with the
first four horizontal electrodes of the array.After obtaining
the transfer impedance, the tetrapole was shifted by one row
at a time until the last row, before shifting by one column and
repeating the sequence until the bottom right four electrodes
in the last row were reached. In a similar fashion, rotated by
90◦, the horizontal scan (green outline in Fig. 3) started with
the left-top vertical tetrapole, shifting to the right, until even-
tually reaching the bottom four electrodes of the rightmost
column of the array. Each of the diagonal left and diagonal
right scans (blue and magenta outlines respectively in Fig.
3) started with first possible forward slash and backslash
diagonal tetrapoles at the upper left and upper right corners
respectively. As in the previous scans, the transfer impedance
was obtained for all similar tetrapoles in the array.

The four scanning sequences were used in all simulation
steps, using the full 20×30 electrode array. For each step, the
resulting impedance values of the overlapping areas covered
in the four respective directions were used to calculate the
overall impedance of the underlying volume of that area, as
described in section II-D.

C. EXPERIMENTAL VERIFICATION
The experimental part of the work was carried out to validate
the simulation outcomes. One of the straight vessel orien-
tations of Case I, namely −37◦, was replicated in gelatine.
Generating a more sophisticated system beyond expanding
the slightly the one presented in [13] was beyond the scope
of this work and thus due to circuit complexity constraints
it was deemed adequate to confirm the simulation findings
using a smaller array and a smaller phantom. Therefore a
downsized version of the model was simulated and a match-
ing experimental model was generated. They both used a
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smaller 8× 16 electrode array (termed elsewhere in this text
as the "sub-array") which was just enough to achieve a vessel
orientation identification and thus to allow for a comparison
of simulations and experiments. Six identical phantoms were
constructed with dimensions 30 mm × 50 mm × 10 mm
using gelatine (Fig. 4) with multiple layers with a range
of conductivities [41], [42]. The phantom layers and shape,
including the straight blood vessel at an angle of −37◦, were
formed by sequentially pouring and cooling gelatine in 3D
printed moulds.

FIGURE 4: Gelatine phantom used in experiments with dif-
ferent layers designated, placed face-down on the electrode
array PCB.

Tissue conductivities were calculated at 10KHz using Eq.
(1) and values taken from [33]. The conductivities of the
corresponding phantom layers were matched to those of the
respective biological tissues at 10KHz, by calculating the
required NaCl concentrations through Eq. (2) and according
to the work in [42], similar to the work in [41]–[43]:

σ = 200× MNaCl

VSolution
(2)

where σ (S/m) is the target conductivity of the layer in S/m,
MNaCl is the mass of required NaCl in grams and VSolution

is the volume of the solution in ml.
Table 1 lists the resulting NaCl concentrations used for

making the gelatine phantom layers. A PCB with a planar

TABLE 1: NaCl Concentration of the phantom layers

Layer Layer Layer NaCl
Conductivity (S/m) Concentration (g/100ml)

Skin 0.003 0.0014
Fat 0.043 0.02

Blood 0.70004 0.325

electrode array with 8 × 16 electrodes was fabricated to
experimentally verify the results obtained from a simulation
model with identical dimensions. The PCB electrodes were
disk-shaped with the same diameter and spacing as in the
simulations. Using instrumentation as in [13], a Keysight
E4980A impedance analyzer was used to obtain the transfer
impedance from each tetrapole, following the same scanning
sequence as in the simulation studies, described in section
II-B. The analyzer was configured to give real and imaginary
(R & I) values at 10kHz. The impedance analyser features
four terminals, which are labeled Lcur, Hcur,Lpot and Hpot.

The Lcur and Hcur terminals are used to inject current and
were connected to the CC electrodes. The Lpot and Hpot
terminals are used to measure potential and were connected
to the PU electrodes.

D. IMAGE PROCESSING FOR VESSEL FEATURE
ESTIMATION
The objectives of the image processing were: a) to combine,
for each of the cases, the data from the four individual scans
in one 2D impedance map so as to detect the vessel, if this is
located under the electrode array; b) to calculate vessel ori-
entation relative to the array; c) to perform the identification
of features, including vessel boundaries and bifurcation using
image processing methods; and d) to detect the occurrence of
vessel stenosis using appropriate information.

The data obtained with the scanning procedure set out in
section II-B correspond to horizontal (0◦), vertical (90◦) and
diagonal (45◦ and 135◦) scanning directions. For all models
using m × n electrodes (including the smaller sub-array
used in experimental verification), these resulted in arrays
with respective sizes of m × (n − 3) for the vertical scan,
(m − 3) × n for the horizontal scan and (m − 3) × (n − 3)
for each for the two diagonal scans. In order to produce a
composite image, which combines the information from each
of the scans, the impedance measurement of each tetrapole
was allocated to the (x, y) coordinates of the corresponding
two PUf electrodes on the top surface of the volume. In order
to reduce the effect of measurement noise, distance-based
weighted averaging was then performed, taking into account
the scanning orientation. The Euclidean distance was used
in the experiments, with the corresponding weights being
proportional to 1 for the horizontal/vertical matrices, and

√
2

for the diagonal ones, respectively. The result of this process,
which combined together the measurement data from the four
scanning directions, is an array of size (m− 2)× (n− 2).

The image processing steps were as follows:
(a) Thresholding was applied to separate the vessel from

background tissues using Otsu’s method [44]. The
concept of Otsu’s approach is to find the threshold
value that maximizes the between-class variance of the
image histogram, which is a measure of the separation
between the two classes of the image pixels, i.e., back-
ground and vessel. This method has several advantages
including simplicity, speed, and the ability to handle
images with varying contrast and lighting conditions.

(b) The vessel boundaries were detected using the mathe-
matical operator of closing [45]. This is a combination
of the erosion and dilation operators. Firstly, erosion is
applied to remove small noisy objects and smooth out
the boundaries of the vessel. Next, dilation is applied
to fill in gaps in the vessel boundaries and restore the
size of the vessel region. Following this, thinning [46]
is applied, thus resulting in single-pixel width vessel
boundaries

(c) In order to detect the presence of bifurcations, skele-
tonization [46] was applied to the binary vessel region,
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obtained in step (a). The number of neighbours, Nskel

of the electrodes belonging to the skeleton of the vessel
was calculated and used to classify them as follows:

Nskel =


1, electrode is an endpoint

2,
electrode is part of the

skeleton

otherwise,
electrode indicates the

location of a bifurcation

This produced a list of candidate bifurcation points
along the skeleton of the vessel object, which could
then be used to segment it into main vessel and side
branches.

(d) Identification of the parts of the object, which belong
to the main vessel and side branches was performed
by finding the intersection points of the normal vectors
on either side of the bifurcation and the end points
belonging to the skeleton of the vessel, using the vessel
boundaries detected in step (b).

(e) The orientation of each segment of the vessel object
was estimated by averaging the orientations of the left
and right vessel boundaries. Boundary orientation was
determined by calculating the least squares estimates
of the best fitting straight line to the boundary pixels.

(f) The bifurcation angle was estimated by subtracting the
orientations of the two vessel branches, obtained in
step (e).

(g) To detect the presence of stenosis in a vessel, the
k-means++ method was used. k-means clustering is
a popular clustering approach, which partitions data
into k clusters based on their similarity. However, it
is sensitive to the initial centroid selection and tends
to converge to local optima. Arthur and Vassilvitskii
[47] proposed the k-means++ method which selects the
initial centroids in a way that reduces the changes of
convergence to a poor local optima. The basic steps of
the methods are as follows:

a) Initialization: The first centroid is randomly cho-
sen from the data points.

b) Iterate over the remaining k-1 centroids:
i) For each data point, compute the squared dis-

tance between the data point and the nearest
centroid that has been already chosen;

ii) Select the next centroid randomly, with prob-
ability proportional to the squared distance
computed in the previous step.

c) Assign each data point to the nearest centroid.
d) Recompute the centroids as the mean of the data

points assigned to them.
e) Repeat steps 3 and 4 until convergence.

The key idea of the method is that the initial cen-
troids are chosen in a way that maximizes the dis-
tance between them. By choosing the centroids using
a probability distribution which is proportional to the
distance between the data points and the nearest cen-
troid, k-means++ selects centroids that are father apart

from each other, leading to a better initialization and
a more accurate clustering. We ran the experiments
using four clusters, corresponding to image regions,
i.e., background, blood-filled vessel region, external
vessel wall and internal vessel wall. The latter region
includes pixels belonging to the stenosis. The output of
the algorithms is a number of connected components,
each with a unique label. The occurrence of a stenosis
is detected by identifying more than one blood-filled
regions within the vessel, or equivalently, the discon-
nection of the blood-filled region of the vessel due to
the presence of a stenosis.

This method was applied to all simulation and experimen-
tal models.

III. RESULTS AND DISCUSSION
A. BIO-ELECTRIC FIELD PERTURBATION BY VESSEL
The perturbation by the subcutaneous vessel of the bio-
electric field generated by each electrode tetrapole is evident
in the simulation results shown in parts (a) to (c) of Fig.
5. To demonstrate the effect, a side view of the model is
used with a single tetrapole placed along the top, in the
middle over the skin layer. In line with the tetrapolar im-
pedimetric theory defining the sensitivity distribution [19],
i.e. the contribution to the impedance measurement by each
point inside the measurand volume, both the injection and
the measuring electrode pairs can be shown as generating
bio-electric field lines. In Fig. 5(a)-(c) the respective current
density fields are shown in red and blue and a vessel vertical
to the plane of view is moved from outside the frame to the
middle, underneath the tetrapole middle. The field lines are
visibly perturbed and this is confirmed in Fig. 5(d) where the
resulting impedance generated by the tetrapole for several
positions of the vessel from the left to the right of the
sensing area results in a symmetrical bell-like curve with the
lowest impedance value corresponding to the vessel position
shown in Fig. 5(c).Top view snapshots of the isopotential bio-
electric field distributions from the four scan sequences on
a straight vessel with an orientation of −37◦ are shown in
Fig. 6, generated by tetrapoles located at the model centre.
This indicates both the distribution variability between the
scanning orientations, demonstrating the merits of this novel
approach , that shows that the tetrapole orientation affects the
measurement outcome.

B. IMAGE PROCESSING
Fig. 7 illustrates the image processing results from simulation
data for each of the four scans of case I, and orientation
of −37◦: (a) vertical scan, (b) horizontal scan, (c) and (d)
diagonal left and right scans, respectively. It can be seen
that the results differ according to the sequence directions. In
particular, sequences where the tetrapoles were perpendicular
to the blood vessel axis resulted in larger vessel diameter
than those featuring tetrapoles parallel to the blood vessel.
This suggests that it is not adequate to exclusively rely on
the results of a single scanning direction for the study of a
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(a) vessel not in vicinity (b) vessel in vicinity outside the
tetrapole vertical projection

(c) vessel directly underneath the
tetrapole middle point

(d) Impedance values with vessel
position

FIGURE 5: Side-view along the tetrapole length of the bio-
electric field lines for different relative positions of a sub-
cutaneous vessel. Red field lines correspond to the injecting
electrodes and blue ones correspond to the measuring ones.
(a) vessel not in vicinity, (b) vessel in vicinity outside the
tetrapole vertical projection, (c) vessel directly underneath
the tetrapole middle point (d) Impedance values for a range
of positions of the vessel, starting from far left to far right.

(a) horizontal (b) vertical

(c) diagonal left (d) diagonal right

FIGURE 6: Bio-electric field distribution of the model with
all four scanning directions, (a) horizontal, (b) vertical, (c)
diagonal left and (d) diagonal right, with the tetrapole posi-
tioned at the centre of the electrode array.

straight blood vessel. For a bifurcated blood vessel, informa-
tion obtained from a single scan would not be sufficient for
the entire region. The procedure of combining measurements
from the four scanning sequence helps eliminate bias due to
the geometric relationship between the scanning directions
and vessel orientations, as detailed in section II-D. The
results of this combination are shown in Fig. 8(a), where after

combining all four scans a single image is formed on which
further processing is performed.

(a) Vertical scan (b) Horizontal scan

(c) Diagonal left scan (d) Diagonal right scan

FIGURE 7: Image processing results from simulation data of
each of the four scans for case I, and orientation of −37◦: (a)
vertical scan (electrodes located at the left and right edges
did not contribute). (b) horizontal scan (electrodes located
at the top and bottom edges did not contribute). (c) & (d)
diagonal scans (electrodes located at the image borders did
not contribute).

(a) image after combining four
scans

(b) thresholded image

(c) vessel boundary

FIGURE 8: Image processing results from simulation data
for case I, and orientation of −37◦: (a) Composite image
using the measurements of the four scanning directions. ( b)
Thresholded image. (c) Vessel boundary.

C. ESTIMATION OF VESSEL ORIENTATION AND
EXPERIMENTAL VERIFICATION
To evaluate the proposed method’s capability in accurately
identifying the orientation of blood vessels with respect to
the electrode geometry, blood vessel orientations of 0◦, −
15◦, − 37◦, −45◦ and −90◦ were simulated. Using the
process described in section II-D, measurement data from
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the four scan directions for each vessel orientation were
combined together with the corresponding 2D bioimpedance
map (henceforth referred to as the "composite image") for
the orientation of −37◦ shown in Fig. 8(a). Thresholding
was then applied, indicating the location of the blood vessel
relative to the electrode array, as shown in Fig. 8(b). The
extracted orientations for simulated vessels at different ori-
entations are given in Table 2. It is also noteworthy that when
the vessel orientations are 0◦, − 45◦ or −90◦, the angles
can be estimated with minimal errors. For other angles, the
extracted angles are within ±3◦ of the actual angles.

1) Experimental Verification

The detection of a blood vessel with an orientation of −37◦

was experimentally verified through measurements on six
gelatine phantoms fabricated through the same procedure.
The composite image and the resulting detected boundaries
of the vessel at the orientation of −37◦ in the simulation
studies using the smaller model and the electrode sub-array
are shown in Fig. 9(a,b). Fig. 9(c,d) show the composite
image resulting from the experimental measurements and
the resulting extracted boundaries of the vessel at the same
orientation. We can observe that the results of the image
processing algorithms on both simulated and experimental
data are similar. Using the image processing algorithm the
extracted angles from the gelatine phantoms resulted to an
average value of −37.37◦ ±3.09◦. Thus, it was conclusively
demonstrated that the relative orientation of the blood vessel
with respect to the electrode array can be identified using the
method described in this study. Comparing resolutions from
the results of the 20 × 30 and the 8 × 16 arrays it is evident
that the minimum number of electrodes used in a potential
implementation of the method should be between these two
numbers.

(a) composite image for simulated
image

(b) vessel boundary for simulated
image

(c) composite image for phanton (d) vessel boundary from phantom

FIGURE 9: Experimental verification: Extraction of vessel
boundaries from the experimentally verified 8 × 16 sub-
array scans at orientation of −37◦. (a) composite image for
simulated vessel. (b) simulated vessel boundary. (c) compos-
ite image for gelatine phantom vessel. (d) gelatine phantom
vessel boundary.

TABLE 2: Vessel Orientation: Estimated values from the
image data vs reference values

Reference Estimated Mean Standard
Orientation (◦) Orientation (◦) Deviation

0 0 0
-15 -14.77 0.19
-37 -36.1 3.17
-45 -45 0
-90 -90 0

D. VESSEL FEATURE DETECTION
The procedure described in II-D for case III resulted in the
images shown in Fig. 10 for the bifurcated vessel. Fig. 10(a)
shows the composite image for case III without the presence
of stenosis. Applying thresholding to this image results to
Fig. 10(b), while the vessel edges are shown in Fig. 10(c).
As it can be seen, increasing the size of the electrode array
results in better identification of the bifurcation. This shows
that, with a sufficient number of electrodes, straight vessels,
as well as vessels with bifurcations, can be identified using
the method described in this work.

(a) composite image for simulated
bifurcation

(b) thresholded image

(c) vessel boundary

FIGURE 10: Image processing results from the simulation
data of case III and orientation of 0◦ for the straight part of the
vessel structure (no stenosis present): (a) Composite image
using the simulation results of the four scanning directions,
(b) Thresholded image, (c) Vessel boundary.

E. DETECTION OF STENOSIS
The detection of stenosis was studied for two cases, i.e., case
II (stenosis in a straight vessel) and case IV (stenosis in a
vessel with bufurcation).

1) Straight Vessel with Stenosis
The results for the straight-line vessel with the presence
of stenosis, obtained from the simulations were processed
using the procedure described in section II-D to evaluate the
ability of the proposed method in detecting the occurrence
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of stenosis. A number of stenosis scenarios were considered,
specifically, 0 % (no stenosis), 20 %, 40 %, 60 % and 80
%. Fig. 11(a) shows the image obtained after processing,
with the slightly lighter grey area within the vessel boundary
indicating the stenosis region, for the reference value of 40
%. The estimated stenosis area (shown in Fig. 11(b)) was
obtained by following the method described in section II-D,
step ’g’. Table 3 provides stenosis detection accuracies for
different levels of stenoses in the case of straight vessels,
and shows that stenoses can be detected with accuracy of
97.78%. The results demonstrate that stenosis detection ac-
curacy drops to 88.89% in the case of low degree stenosis
(defined as less than 40%), specifically, at 20%. A possible
reason for this is the limited size of the composite image,
which impacts on the accurate determination of the size of
the stenosis region.

(a) composite image (b) segmented image

FIGURE 11: Image processing results for case II at an
orientation of −37◦ and reference stenosis percentage of
40% (simulation data): (a) composite image (stenosis barely
visible as slightly lighter grey inside the vessel boundaries),
(b) segmented image showing background, inner/outer vessel
boundaries and blood filled region. The stenosis area is
clearly visible with the same colouration as the inner vessel
boundary.

TABLE 3: Accuracy of stenosis detection in a straight line
vessel (out of 9 scans)

Stenosis % Detection Accuracy %
0 100

20 88.89
40 100
60 100
80 100

Average 97.78

TABLE 4: Accuracy of stenosis detection in a bifurcated
vessel (out of 9 scans)

Stenosis % Detection Accuracy %
0 100

20 66.67
40 88.89
60 100
80 100

Average 91.11

2) Vessel with Bifurcation and Stenosis
The simulations for a bifurcated vessel with stenosis were
carried out as in the previous section. The resulting composite
image is shown in 12(a) and the boundary of the bifurcated
vessel and its stenosis can be seen in Fig. 12(b). Table 4
provides stenosis detection accuracies for different levels of
stenoses in the case of bifurcated vessels, and shows that
stenoses can be detected with an average accuracy of 91.11%.
As in the previous case, the results demonstrate that stenosis
detection accuracy drops to 66.67% and 88.89% in the case
of 20% and 40% stenoses, respectively, i.e., low degree
stenosis.

(a) composite image (b) segmented image

FIGURE 12: Image processing results for case IV for a
bifurcated vessel with orientation of 0◦ and reference stenosis
percentage of 20% (simulation data): (a) composite image
(stenosis barely visible as slightly lighter grey inside the ves-
sel boundaries), (b) segmented image showing background,
inner/outer vessel boundaries and blood filled region. The
stenosis area is clearly visible with the same colouration as
the inner vessel boundary.

IV. CONCLUSIONS
In this work, a new planar bioimpedance mapping method
was presented, which is based on a fourfold scanning pro-
cedure using a planar electrode array. The contributions of
the method, especially in relation to conventional EIT, in-
cluded: the fact that the impedimetric sensor is planar, rather
than encompassing the targeted biology, thus providing more
flexibility for accessing superficial biological features; the
tetrapole geometry being kept constant throughout the scan-
ning process, thus requiring no inter-measurement weighting;
and the quad-directional scanning. The latter offers three
advantages, namely higher spatial resolution offered by the
combined results of the four scans; less dependency on the
tetrapole shape (here rectangular); and less dependency on
the blood vessel’s orientation. The proposed approach was
studied through FEM simulations using a simplified biologi-
cal model consisting of skin and fat layers and blood vessels
with and without bifurcations and stenoses. The model did
not include more complex biological features like neighbour-
ing vasculature or muscle tissue, which are the next logical
step for further research. Similar to a plethora of FEM based
research simplified models are very appropriate for demon-
strating a proof-of-concept assessment of a new method.
Experimental verification was carried out for one of the cases
examined through the use of a multi-layered gelatine vascular
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phantom. Using image processing methods, the results ob-
tained demonstrate that this method is able to provide good
quality impedance information on blood vessel location and
orientation. The precise positioning of electrodes is critical
for reliable measurements, and any inaccuracies in placement
could impact the effectiveness of the sensing method; how-
ever, the proposed method reduces the need for precise place-
ment to some extent. Practical implications of our proposed
method in clinical applications will require further detailed
analysis of the sensor array. Although valuable for a range of
clinical applications, the sensors placed on the skin present
some clinical challenges, encompassing issues like accurate
electrode placement, skin variability, including differences in
thickness and composition among individuals, motion arte-
facts can introduce noise, which is crucial for reliable data
control in clinical settings, Patient-specific factors like hydra-
tion status, body composition, and skin conditions influence
bioimpedance measurements, requiring tailored calibration
and interpretation. The problems that could arise during clin-
ical applications are beyond the proof-of-concept stage and
can be addressed in future studies. The results of each of the
four scans individually also demonstrated that the orientation
of the tetrapole in electrical impedance imaging (e.g., in
EIT) plays a role in the quality of the outcome. Beyond
its potential low cost, the proposed system does not require
specialist training to be operated, e.g., to ensure exact and
well-aligned sensor placement over the targeted vasculature
as in other methods. Most importantly, information was ex-
tracted regarding vascular features, such as bifurcations and
stenoses, demonstrating the ability not only to detect features
but to accurately detect the presence of stenosis even when
it is of a low grade. Given the large amount of undetected
carotid atherosclerosis cases that lead to debilitating or even
fatal strokes, the findings of this study are significant as they
can lead to a low-cost diagnostic method for early screening
medical examinations. Such screening examinations could be
practised in primary care or at remote clinics - possibly even
at home - providing a warning even without the presence of
any symptoms, thus allowing for the referral of patients for
further in-depth examinations when needed.
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