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Abstract:

Electrical impedance tomography (EIT) is a medical imaging technology that uses electrodes placed on the
patient's skin to inject a current or voltage pattern. The electrodes then collect voltages, which are then used to
rebuild the internal conductivity distribution of the patient.

EIT has several advantages over conventional imaging modalities, including excellent temporal resolution, non-
invasiveness, and the absence of ionising radiation. Additionally, its great portability and inexpensive cost make
it appropriate for bedside monitoring in real time.

Poor spatial resolution is a result of several technical restrictions that are also present in EIT. The ability to use
EIT in the design of wearable devices has recently given this technology a boost. This paper reviewed the EIT
physical foundations, hardware architecture, and significant clinical applications, ranging from traditional to
wearable setups. A wearable, wireless EIT system appears to be a potential development in this field since it can
enable new applications for EIT systems, such home monitoring, and make clinical measurements easier.
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1. Introduction

With the use of electrical stimulation and surface measurements, Electrical Impedance Tomography (EIT) is a
real-time, radiation-free imaging method that reconstructs a subject's interior conductivity distribution. It is not
a true tomographic technique, even if the traditional name was decided upon long ago, at the first Sheffield

meeting in 1986. In fact, reassembling an image slice by slice is unfeasible due to the unconfined nature of low-
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frequency electrical current, as any alteration in conductivity within the domain impacts all data, not just those
on that particular slice [1].

EIT has various benefits as a medical imaging method. It is non-invasive, free of ionising radiation, has a high
temporal resolution, and could be affordable. Its primary drawbacks include its poorer spatial resolution in
comparison to other imaging modalities (echography, magnetic resonance imaging, and computed tomography),
a high degree of inter-subject variability, artefacts from the movement of the electrodes, and poor contact
quality. To increase picture resolution, many hardware options [2,3] and reconstruction techniques [4,5] have
been put forth. EIT has a great deal of promise to be used in tandem with other imaging techniques to address
many of their shortcomings, even though it can't yet match their high spatial resolution and precision.
Furthermore, this technology has lately received a boost from the ability to construct wearable devices based on
EIT, which might potentially represent a novel wearable imaging method.

A large number of review papers, such as general overviews [6], reviews of image reconstruction techniques
[7], and works on clinical applications [8], have been published on EIT. With a focus on the advancements in
hardware design from traditional systems to the most promising wearable implementations, this review paper
seeks to provide a fresh perspective on this technology. Prior to presenting the traditional configuration of an
EIT system and its primary application domains, the electrical characteristics of tissues are first explained. This
is followed by a discussion of the stimulation approach, hardware implementation, and electrode design
decisions. After that, the key characteristics of wearable EIT technology are examined, along with the most
recent and pertinent wearables that have been documented in the literature.

The Biological impedance

Electric current can be impeded by living tissue, a property known as bioimpedance [9]. The electric resistance,
or R, and the capacitive reactance, or Xc, are the real and imaginary components of a complex number that
together make up bioimpedance.

Z=R+jXc

Many studies have been conducted on the electrical characteristics of biological tissues in the literature [10],
even relating them to physiological processes [11]. Cells floating in extracellular fluid make up biological
tissues. Intracellular fluid is surrounded by a membrane in every cell. The extracellular and intracellular fluids
offer resistive pathways and are very conductive. In addition to serving as a dielectric and supplying capacitive
reactance, the lipid bilayer cell membrane divides the intracellular and external fluids.

The frequency of the applied electromagnetic field affects the tissues' electrical characteristics. Extracellular
space is the primary conduit for current flow at low frequencies because to the high membrane impedance.
Because of the long electrical route length caused by the current flowing around the cells, the medium's
resistance rises. Higher frequencies cause the membrane's resistance to decrease, allowing current to pass
through both the extracellular and intracellular media. The effective electrical path length decreases with
increasing cross-sectional area through which current flows, lowering the medium's resistance. The impedance
declines with frequency across the majority of frequency ranges, however dielectric dispersions, or plateaus, are
scattered across the curve [12].
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The bioimpedance of human tissues varies from about hundreds of € to hundreds of kQ depending on their
unique makeup. Large cells, a high concentration of extracellular water, a high number of cell connections, and
a high cell content all lower resistance, whereas air, bone, and fat buildup raise impedance [13]. As a result,
modifications to the physiological and pathological tissue composition also affect the regional bioimpedance
[14]. When measuring tissue impedance, additional elements that may affect the electrical characteristics of the
tissue, such as temperature, chemical and pH fluctuations, neuronal and muscle activation, and anisotropy

dependance, must be taken into account [15, 16].

2. Imaging using Electrical Impedance Tomography

A low-intensity alternating current injected at the object boundary creates the surface potential, from which an
EIT system reconstructs the bioimpedance map of a conducting domain. The following actions are needed for
the system design:

* Select the imaging modality (differential or absolute), and specify the differential approach's reference dataset.
* Pick the right electrodes in terms of quantity, location, and substance.

* Specify the measuring approach (current-mode or voltage-mode).

* Create the electronic hardware, which includes the readout blocks for voltage and current generation.

* Select the numerical method for resolving the inverse problem.

The inverse problem, also known as the EIT problem, is a difficult one that involves reconstructing the
impedance distribution from the applied current patterns and the observed electrode voltages. Image
reconstruction is a very nonlocal and theoretically ill-posed issue in EIT since the current flow is dictated by the
impedance distribution inside the object, as opposed to X-ray computed tomography, where the photons'
pathways are straight lines [1]. It is important to emphasise that the current evaluation does not include the
specifics of EIT reconstruction techniques. The literature has extensively examined potential solutions [7,17],

along with several methods to boost resilience [18].

2.1. Imaging Modality of EIT

It is possible to use absolute or differential EIT imaging modalities [19]. In order to create a map of the absolute
impedance, Absolute EIT needs a single experimental dataset. Although theoretically feasible, image
reconstruction is not dependable in clinical settings due to many factors such as unclear boundary geometry,
ambiguity surrounding electrode placements, and other sources of systematic artefacts [20].

As an alternative, differential EIT uses measurements of two datasets at different frequencies (frequency-
difference EIT) or times (time-difference EIT) to create an image by detecting changes in impedance between
the datasets. Errors in modelling and instrumentation are more resistant to this technique [21].

Time disparity EIT is an excellent tool for tracking physiological phenomena that change over time, however it
is only useful in certain situations where time variation is present, including perfusion and lung ventilation. As
an alternative, frequency-difference EIT allows for picture reconstruction in situations when time-referenced
data are not available by measuring the various impedance characteristics of tissues at different measurement

frequencies. However, its sensitivity is dependent on how the electrical frequency characteristics of the tissues
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differ from one another, which might not be enough in some situations [22, 23]. Table 1 lists the various EIT

imaging techniques along with their benefits and drawbacks.

Table 1: EIT imaging methods' benefits and drawbacks

Imaging Output Application Advantages (+) and Disadvantages (-)

Technique

Absolute Absolute Computer Always applicable modelling errors
impedance simulations Sensitive to | Not reliable in a clinical

instrumentation setting

Time-difference | Time-dependent Time-varying Robust to | Time-referenced data
impedance change phenomena modelling errors required

Frequency- Frequency-dependent | Identification of | Time-referenced Sufficient contact

difference impedance change different tissues data not required between tissues’

electrical frequency

properties required

2.2. Approaches to Measurement

Two methods are available for acquiring the signals: (1) voltage-mode EIT, which measures the induced
currents after applying a known voltage to the tissue; (2) current-mode EIT, which measures the voltage
produced on the body's surface after injecting a known current. VVoltage-mode EIT devices exhibit a steady
response across a large frequency range and are less expensive and easier to construct [24]. However, as
current-mode EIT devices are easier to limit the maximum current injected to ensure system safety and are less
susceptible to noise, they are typically chosen [24].

Current injection use several tactics based on the application:

» Adjacent method: Voltage is obtained between each of the remaining pairs of adjacent electrodes after current

is injected between two adjacent electrodes. This is the method that is used the most [25].

* Polar or opposite method: Voltage is measured in pairs between the reference electrode and the remaining

electrodes after current is injected between two electrodes spaced 180 degrees apart. This method is applied in

the field of brain imaging [26].

* Cross or Diagonal method: In this method, one electrode is used as a reference for the voltage measurement,

and current is injected between each pair of electrodes in turn. This process is repeated until all electrodes have

been utilised as references. In EIT, this approach is not frequently employed [26].

e The trigonometric approach measures the voltage in relation to a reference electrode by injecting current
into each electrode simultaneously. With the greatest number of independent measures guaranteed, this
method is the one [25].

The conductivity and permittivity of the tissue being studied determine the frequency of the injected current

[27]. The typical measuring frequency is 50 kHz, but in order to enhance image quality and examine various

tissues, several instruments examine frequencies between 10 Hz and 10 MHz. High-performance circuit
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components and data acquisition modules are necessary for frequencies above 1 MHz, as they can be difficult to
achieve primarily because of parasitic impedances that distort the signals [24, 28].

2.3. The Electrode

The most important component of a bioimpedance measurement system is the electrode system, which stands
for the electrochemical interface between the electronic system and the bodily tissue.

2.3.1 The Number

The quantity of electrodes to be employed is the first unresolved issue. While more independent measurements
are available, increasing the number of electrodes improves image resolution but reduces precision and
necessitates longer measurement and processing times [18]. Furthermore, contact impedance rises with the
number of electrodes [25]. Although 16 electrodes is the most typical form, creative arrangements with up to 90
electrodes have been proposed for cancer detection [29]. For lung imaging applications, a greater number of
electrodes—between 48 and 128 electrodes—is needed in 3D systems [30, 31]. Rotational EIT has been offered
as a way to enhance the number of possible independent measurements without adding more electrodes: the
electrodes are rotated to obtain more data. To accurately alter the electrode placements, a micro stepping motor
[32] is used for the rotation. Positive outcomes have been attained [33], especially in the area of breast cancer
detection [34].

2.3.2: Positioning

Also crucial to image reconstruction techniques is the electrode placement on the borders, which might result in
a lack of resilience [18]. Because each electrode application requires a unique positioning, it might be
challenging to establish standard placement on the human surface [35]. With wearable technology, this issue is
exacerbated since non-specialized workers may apply or at the very least re-collocate a system. The time spent
on manual positioning and the inter-operator variability are significantly decreased using a belt solution to
address this issue [25]. A wearable system's inability to conform to varying body sizes may also be resolved by
an elastic or adjustable electrode belt [36].

2.3.3: Impedance of Contact

Concerns of contact impedance exist in EIT as well. A decrease in the observed voltage at each electrode is the
result of an electrochemical process that takes place at the electrode-skin interface. This process involves a
change in the charge carriers, who are in charge of the current flow, at the interface between the metallic
electrode and the body surface. Since body movement and surface conditions can affect contact impedance, it is
typically high, unpredictable, and variable [35]. The reconstructed image may have flaws due to modelling
mistakes that are not estimated or adjusted for [37]. A multi-pole measurement technique with four or more
electrodes can be used to lessen the impact of contact impedance. This type of measurement yields a larger
impedance of the measuring device in comparison to contact impedances [38].

Also, the capacitively coupled EIT approach (CCEIT), which creates a voltage excitation by a capacitive
coupling, has been recently introduced as a contactless solution [40].

Furthermore, a novel contactless approach, the capacitively coupled EIT technique (CCEIT), has been recently

introduced. It works by inducing a voltage excitation through a capacitive connection [40].
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2.3.4 Sources of Interference

Additionally, a high contact impedance indicates that all types of interference, including crosstalk between
cables, common mode gain error, thermal noise, and electromagnetic interference, reduce image resolution [35].
Active electrode-based EIT systems, which have each active electrode equipped with a separate signal
conditioning circuit to lower input impedance, have been presented as a solution to this problem. In addition to
lowering input impedance, this architecture has other benefits such as decreased susceptibility to
electromagnetic interference and fewer cables required between the patient and the main electronics, which
together make the system more comfortable [30,35,41-44].

2.3.5. Contacts

Since the electrodes are frequently positioned on pliable tissue in biomedical applications, making sure there is
good contact is also essential [18]. Commonly used electrodes are adhesive Ag/AgCl with conductive gel.
Volume electrodes may provide a safer contact, but their size and invasiveness are limited to reduce the risk of
skin damage from injected current [18].

Another option would be to employ a defective contact detector algorithm [45], which would identify damaged
electrodes so that staff could replace them and ensure adequate image reconstruction even in the case of partial
detachments.

2.3.6. Wearable EIT Requirements

For wearable applications, maintaining a strong contact for extended periods of time and while moving is a
special necessity. As wearables are often wireless and non-invasive, they are actually appropriate for long-term
physiological parameter monitoring.

Since wearables are particularly helpful in monitoring chronic illnesses like heart failure or COPD, a long-term,
autonomous use in an uncontrolled setting (like the patient's home) is envisaged. Ag/AgCI electrodes with
conductive gel may present challenges for these applications: the patient's skin preparation may be difficult in
an uncontrolled setting [46]; the conductive gel may be uncomfortable, raising the possibility of skin damage
during extended measurements; and it may evaporate, degrading the quality of the signal [47]. For wearable
devices, stiff electrodes composed of metallic plates are favoured over flexible electrodes that require
conductive gel [46]. The adhesion problem during motion might be solved by flexible electrodes. Because of
this, they are the most widely used kind, typically shown on a belt that is both elastic and adjustable [36,46—48].
A brief summary of the features of fabric-based flexible electrodes is as follows: the textile material used should
have a high conductivity; cotton-based fabrics are better for increased comfort; the textile electrode should be a
fixed component of the clothing for easier system application and stability; and the textile material should be
easily cleaned and ironed [47]. The literature has widely suggested textile electrode belts with good
performance [47, 48]. For brain EIT, Lin et al. also suggested dry and flexible electrodes [36]. In order to
maintain low skin-electrode interface impedance even when moving, their method is based on a dry foam made
of electrically conductive polymer foam coated in conductive fabric. This also permits a high degree of

geometric conformity between the electrode and irregular scalp surface. These innovative electrode solutions
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generally outperform the conventional Ag/AgCl in terms of performance, but they are more wearable device
friendly.
Table 2 provides a summary of the problems, difficulties, and creative solutions encountered during the

electrode selection and design process.

Issue Challenge Innovative Solutions

Optimal number Trade-off between image resolution | Rotational time

and computation time

Correct positioning Lack of robustness of image Elastic or adjustable electrode belt

reconstruction algorithms

Contact impedance Modelling errors Multi-pole measurement strategy; simultaneous

reconstruction of electrodes and

properties; capacitively coupled EIT

Noise at the interface Degradation of image resolution Active electrode-based EIT

Ensure good contact Variable contact impedance and Conductive gel; faulty contact
reconstruction errors detection algorithm

Ensure good contact Variable contact impedance and Dry and flexible electrodes

(wearable systems) reconstruction errors

2.4. Design of Hardware

The block diagram of the hardware components is shown in Figure 1. The voltage-to-current converter, the
DAC (which transforms the digital signal into an analogue signal), and the digital signal generator are all
included in the current injection block. The data acquisition block, which houses the instrumentation amplifier,
ADC, and demodulator, collects the voltage produced on the tissue's surface once the excitation current is
delivered into it in accordance with the selected approach. The impedance distribution is recreated after
processing the registered voltage's amplitude and phase.
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An illustration of an EIT signal acquisition platform's hardware components. The voltage-to-current (\V/I)

converter, the digital signal generator, and the digital to analogue converter (DAC) are components of the
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current generation block. The tissue receives an injection of current, and the voltage Figure 1. Schematic
schematic of an EIT signal acquisition platform's hardware components. The voltage-to-current (\V/I) converter,
the digital signal generator, and the digital to analogue converter (DAC) are components of the current
generation block. After injecting the current into the tissue, the signal acquisition block—which houses the
instrumentation amplifier (1A), the ADC, and the demodulator—acquires the voltage produced on the tissue's
surface. The impedance distribution is recreated by processing the registered voltage's amplitude and phase.
2.4.1. Injection and Current Generation

A voltage-to-current converter or DAC-based open-drain current mirror can be used to achieve current injection
[41]. A circuit known as a "current mirror" duplicates the current flowing through the input terminal onto the
output terminal. The digital signal is converted into an analogue signal using a digital-to-analog converter
(DAC), which is subsequently utilised to produce the excitation current. The voltage from the DAC amplifier is
used as the input voltage by the voltage-to-current converter [27]. Square waves or pseudosine waves are the
waveforms utilised to generate the signals [49]; the square wave has poor accuracy but good power efficiency,
whereas Compared to a pure sine wave, the pseudo sine has less total harmonic distortion (THD) but more
accuracy and power efficiency. While the pseudo sine wave has less total harmonic distortion (THD) than a
pure sine wave, it nonetheless has good power efficiency and limited precision. The square wave has both
power efficiency and accuracy. According to the IEC 60601-1-11:2015 standard [50], electrical safety
considerations have the following limitations on the total input current level across all electrodes:

100y Ayys 0.1 Hz < f < 1kHz
I = 100pApms ¥ £z 1kHz < f < 100 kHz
10 mAyms f > 100 kHz

The current must be entirely differential for this application [51]; that is, the current at the current driver's
source and the washbasin must be equal. The voltage that is measured in this scenario is the differential voltage
that the current injection creates on the load. A common-mode voltage that results from a mismatch in current
between the driver's source and sink can either saturate the current driver's output or produce a common-mode
signal that the instrumentation amplifier has to reject in the voltage acquisition block's later stages [52]. A
frequency-selective common mode feedback is provided in [53] in order to lower the common-mode voltage
amplitude. By utilising an active feedback current sink in conjunction with a fully differential current driver that
has a common mode rejection mechanism, the problem is lessened in [52].

Recent research suggests altering this fundamental arrangement to accomplish particular objectives. A buffer-
mirrored current source is suggested in [54]; it guarantees a high SNR and a wide range of continuous current.
In [55], an FPGA-generated input current is employed in a mirror circuit to create an adjustable current with
varying frequencies and amplitudes. In [56], an FPGA is also utilised to carry out the acquisition for real-time
imaging with a high sampling rate and accuracy. The digital signal in [27] is stored in the ROM by an FPGA
and then transferred to the DAC at predetermined intervals to be converted into an analogue excitation voltage.

A new current driver with a servo loop to modify the DC output voltage is introduced in [57].
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2.4.2. Acquisition of Voltage Signals

In biomedical applications, the voltage signal acquisition circuit for EIT needs to have a high common-mode
rejection ratio, a wide dynamic range, low noise, and high precision [58]. The presence of "U"-shaped voltages,
which occur when the amplitude of the voltage signal obtained decreases with distance from the injecting
electrodes and creates an odd pattern of voltage amplitude, allows the instrumentation amplifier to be connected
with a programmable gain amplifier, or PGA [41]. A PGA can modify its gain by taking into account the
significant variation in amplitude of each electrode pair's various measurements. Before the PGA [59], a pre-
amplifier made up of a low-noise instrumentation amplifier is employed, potentially amplifying the input signal
up to 514 times.

The automated gain controller (AGC) in [29] is connected to the PGA and dynamically modifies the PGA's gain
according on the amplitude of the input. To capture signals across a wide dynamic range, this is essential.

In [60], the PGA is digitally controlled by the DSP and preceded by a unit gain amplifier to enhance the input
impedance, with a maximum attainable gain of 8000 times the input signal. The acquisition system can take the
boundary voltage into account to guarantee data accuracy.

The most used ADC type is the SAR ADC [61], which requires a sample rate in the mega samples per second
range to meet the imaging system's frame rate requirements.

The most popular technique for demodulating bioimpedance measurements is called 1-Q demodulation. Its goal
is to extract the amplitude and phase of the acquired AC voltage signal by multiplying it by a reference signal to
get the in-phase component and using a reference signal that has been shifted by 90 degrees to get the
quadrature phase component [41].

In this scenario, we have an analogue matched filter. The in-phase and quadrature phase signals can be analogue
signals that are filtered by the low-pass filter and transformed with an ADC. Alternatively, the digitalized
original signal can be used to recover the in-phase and quadrature phase signals; in this scenario, a digital
matching filter is available. Compared to an analogue filter with the same SNR, a digital filter uses less
electricity [24].

Time stamp demodulation, pulse width demodulation, and magnitude and phase detection are the most often

used demodulation techniques [41].

3. Application

A lot of factors, such as measurement noise, electrode count, current source, and voltage measuring methods,
affect image resolution in the EIT hardware. For this reason, the image's spatial resolution differs among
devices.

3.1. Pulmonary Imaging

Thoracic bioimpedance variation is primarily caused by two physiological processes: ventilation and perfusion.
A bioimpedance change proportionate to the inspired gas volume is caused by the change in air volume during
ventilation. Lung tissue impedance varies by around 5% during quiet breathing and up to 300% during heavy
breathing [62]. Conversely, impedance changes of around 3% during systole and diastole are caused by

pulmonary perfusion [63]. Real-time coverage of perfusion and breathing is possible with a temporal resolution
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of 13 frames per second [64]. The images' spatial resolution is much poorer and restricted to the 2-3 cm gap
between electrodes. A sample of around 5 cm of lung height is obtained using the traditional 16-electrode array
arrangement.

Using existing imaging techniques [64-66] and additional reference methods, including spirometry [67,68],
ventilation EIT imaging has been validated. Figure 2 reports representative EIT images illustrating the
distribution of ventilation during silent breathing. The most promising use of ventilation EIT is mechanical
ventilation monitoring, which eliminates the need to move patients and supportive equipment by providing real-
time information on ventilation distribution at the bedside. Research has been done to monitor non-conventional
mechanical ventilation modes [72] and to guide ventilator settings to reduce lung injury caused by ventilators
[69-71]. Additionally, EIT can be utilised to spot unfavourable events that happen during mechanical breathing,
like derecruitment or pneumothorax [73], allowing for early therapeutic intervention. EIT measures have been
used to track therapies and interventions [75, 76], and studies have demonstrated that they are also possible in

premature newborns [74, 75].

S PEATO ) DD PR > > > > > BPRATON 4
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Figure 2. a series of electrical impedance tomography pictures that show how ventilation is distributed during
silent breathing in the ventral (V) and dorsal (D) regions (Enlight 1800, Timpel SA, San Paulo, Brazil). The
highest and lowest electrical impedance are represented by the gradation of colour from lighter to darker
(greater and lower air displacement during the cycle). Courtesy of Armele Dornelas de Andrade and Caio CA
Morais (Physiotherapy Department, Federal University of Pernambuco, Recife, Brazil)

The use of EIT to assess regional pulmonary perfusion has been the focus of recent studies. The main technique
for determining perfusion by EIT is the measurement of impedance pulsatility during the cardiac cycle, which is
based on electrocardiography gating or principal component analysis methods [77]. Another method is to inject
an intravenous saline bolus and examine the tracer kinetics; this approach has only been published and validated
in experimental experiments [78]. When calculating regional pulmonary perfusion, EIT perfusion imaging has
shown a high degree of agreement with multidetector computer tomography (MDCT), the gold standard [78].
Many investigations using EIT imaging have been carried out in response to the recent outbreak of severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), demonstrating its potential to optimise therapeutic
ventilation techniques [79,80].

Selecting suitable areas of interest (ROI) for the EIT scans is a major problem in the regional lung function
imaging procedure. In order to achieve this goal, several approaches for lung area estimation have been
investigated. These include active contouring techniques [82], ROI definition based on statistical techniques or

geometrical considerations [81], principal component analysis [77], and functional tidal imaging.
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3.2. Brain Imaging

Brain imaging uses the impedance variations in the cerebral cortex caused by a change in cerebral blood volume
during functional activity or in cases of stroke and ischemia. This is because the blood has a lower impedance
than the brain [83]. With current research concentrating on epilepsy, stroke, brain injury, and edoema, EIT
offers a wide range of possibilities in diagnosis and real-time monitoring in patients with brain illnesses [83].
Research employing epicortical electrodes to examine conductivity alterations in the rat cerebral cortex during
physiologically triggered activation [84] and epileptic discharges [84] has revealed temporal and spatial
resolutions of 2 ms and 200 um, for example. A penetration depth of 3 mm has been described for visualising
epileptic activity in subcortical areas using epicortical electrodes [85]. An intriguing use case for the distinct
real-time and portable features of EIT is the early and quick diagnosis of stroke, which is not possible with
existing imaging methods. According to a recent study, cerebral ischemia in rats under anaesthesia causes an
increase in impedance of roughly 60%, with an additional 10-20% identified at the cortical electrodes [86].
Capacitively coupled EIT (CCEIT) is being investigated as a potential replacement for the conventional EIT
approach in brain imaging scenarios [40]. Using phantom, saline, and carrot samples, practical tests using a 12-
electrode CCEIT device demonstrated the viability and potential of CCEIT for stroke imaging, identifying
anomalies with a diameter of roughly 10 mm that were situated 30 mm from the boundary [40]. The viability of
EIT has also been studied for real-time cerebral edoema monitoring [88] and for the detection of tiny brain
haemorrhages (volumes of around 5 mL) [87, 88]. Because the skull is so resistant, brain imaging picture
reconstruction is quite difficult. In certain cases, the image quality is also insufficient, such as when the distance
between ischemia and bleeding is too tiny. One creative way to achieve more accurate, better contrast images is
to use overlaid imagery for simultaneous reconstruction [89]. To do this, superimpose the reconstructed image
of the secondary ischemia against the haemorrhage and the reconstructed image of the haemorrhage against the
homogenous distribution [89].

While there are still a number of unresolved issues, EIT technology has the potential to be a valuable addition to
traditional imaging techniques in the diagnosis and follow-up of cerebrovascular disease. It can facilitate the
early identification of intracranial pathological alterations and offer practical instruments to enhance patient
outcomes [83].

3.3. Thermoelectric Tracking

One effective and minimally invasive therapeutic option for solid tumours, including hepatocellular carcinoma,
is hyperthermia [90]. Techniques used to treat solid tumours include microwave thermal ablation (MTA) and
radiofrequency ablation (RFA). These methods are thought to have the potential to be beneficial because they
are less intrusive and safer than alternative procedures. The underlying mechanism that results in cell death and
intracellular protein denaturation [90, 91].

This therapeutic approach's basic working concept is the transformation of electromagnetic energy into heat,
which results in the denaturation of intracellular proteins and the death of cells. In particular, the temperature is
raised to 45-50 oC to cause cell disintegration, but it is kept safely away from temperatures beyond 90 °C that

could have unfavourable effects such tissue carbonisation. This is why a cooling system is an essential
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component of the RFA probe. Ensuring treatment specificity is a crucial prerequisite for these methods [90].
Therefore, methods that can precisely track the ablation's real-time evolution and the interior structures'
temperature changes are required. The goal is to confirm that the ablation area completely encloses the tumour
location and that no healthy tissue is left exposed [90,91]. Because temperature elevation affects tissue
conductivity along the heated area and provides centimeter-scale spatial resolution, EIT is thought to be an
appropriate approach for this purpose [90,91]. Furthermore, if the RFA probe is used as an additional electrode,
the sensitivity is increased and a partially invasive form of EIT is produced [90].

EIT has been researched to track temperature variations during and after heating as well as during cooling [91].
Although phantoms and realistic human simulations were used in the investigations [90,91], in vivo tests are
still required. To acquire precise estimations of the temperature in the living tissues that will be treated, it is
also crucial to critically use a priori knowledge, such as data from literature surveys or data from other
diagnostic procedures like MRIs [90].

While prevention of undesirable overheating and injury to healthy tissue is still being investigated, EIT was
generally able to monitor the complete ablation of a tissue target [90]. Furthermore, future applications ought to
concentrate on the effects of movement, electrical noise, and carbonisation above specific temperatures in order
to enhance resolution and accuracy [90,91].

3.4. Tumor Detection

EIT may be able to detect tumours by taking advantage of the notable differences in conductivity and
permittivity that many tumours have from the surrounding normal tissues [92-94]. In fact, more research is
looking at the use of EIT for cancer screening and early detection; the primary use for this is for breast cancer,
while it can also be used for skin, thyroid, liver, cervix, and lung cancer [92, 93, 95-102]. 3D maps of
conductivity distributions in breast imaging have revealed detectable breast cancer models with sizes of around
12-14 mm [103], up to 5 mm with 4.9 mM sensitivity [104], using 3D systems with 128 and 90 electrodes,
respectively. The CCERT (capacitively coupled electrical resistance tomography) technique is more appropriate
for cancer detection than traditional EIT because it uses a higher frequency domain to obtain the relevant
information for tumour detection, whereas EIT typically operates at frequencies lower than 1 MHz [95]. While
EIT is a highly effective technique for dynamical imaging, time-difference imaging is less realistic in the
context of tumour diagnosis since it is not realistic to get the patient's reference data prior to the tumor's
development (i.e., baseline) [95]. In spite of this, phantom-based simulations and in vivo applications have
demonstrated the effectiveness of EIT approaches in localising and differentiating lesions and diseased
locations of cancer from normal tissues [92,93,95-102].

3.5. Assessment of Muscle Health

Electrical impedance myography is a non-invasive, painless technique that is used to evaluate the health of
muscles; it could be replaced by EIT [105]. EIT has the potential to address several of the primary drawbacks of
this method, including its reliance on the thickness of the skin and adipose tissue, its incapacity to identify
closely spaced muscle groups, and its incapacity to evaluate the heterogeneity of muscle tissue. Additionally,

studies have demonstrated that the combination of an ultrasound (US) equipment and an EIT system may yield
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the most accurate and comprehensive data while also improving image quality. Through the detection of
changes in the electrical properties of muscles, studies carried out on phantoms, simulation systems, and
patients have demonstrated the effectiveness of the combined US/EIT system in capturing various healthy and
pathological muscle features. More specifically, EIT is a promising tool for non-invasive and spatially localised
assessment of muscle health because US/EIT systems can distinguish between physiological and pathological

conditions by detecting differences in muscle (longitudinal and transverse) conductivity and permittivity [105].

4. Wearable Solutions

4.1. Hardware Characteristics

A wearable device [106] is a system that is integrated into clothing or worn on the human body. It is primarily
made up of receptors, including electrodes or microminiaturized sensors, that can detect and transfer the
collected data to a processing unit using common communication protocols. On a PC or smartphone, the
gathered signals can be extended to extract valuable information with the help of specialised software and
algorithms. The majority of portable EIT systems, which typically consist of a belt or wrist wrap with
embedded electrodes, are designed to be used for daily non-invasive monitoring in both clinics and at home.
The purpose of portable EIT devices is to monitor alterations in bodily fluid and pulmonary gas to track
physiological changes in the body.

Initially, researchers concentrated mostly on the wireless data transfer and microminiaturization of the
traditional EIT system [107], attempting to address the problem of bulky volume. Their module also has the
ability to digitally process the obtained signals on a separate FPGA and pre-filter them.

4.1.1. Low Power Consumption

Because portable energy sources, such as batteries, have limited power availability and a tendency to degrade
over time, it is necessary to achieve low power consumption for portable applications. In order to maximise the
current flowing in the load, a high output impedance must then be achieved in the current driver stage [56].
There are two types of current generators: oscillator-based and DAC-based. For portable devices, the latter is
preferred due to its reduced power consumption [49]. Lower frequencies can be processed at a lower sample
rate when it comes to the ADC in order to prevent oversampling and reduced power consumption in the ADC
SAR [61]. At the demodulation step, a few particular adjustments have also been made. In the demodulation
step, several particular adjustments have also been made. 1-Q demodulation is shown in [46,104]. Although the
input referred noise is larger, this approach is efficient in terms of power consumption since it operates the
signal processing chain's later steps at lower frequencies and eliminates the need for extra low pass filters. Fast
I-Q demodulation is used in the cited works to minimise power consumption. For signals at 10 kHz, this reduces
the settling time, enabling a real-time operation of 5 frames per second.

4.1.2. Electrode Configuration

As mentioned in Section 2.3.6 above, selecting the right electrodes is a crucial aspect of wearable device design.
The primary sources of limitation are the variations between operators in how the electrodes are used, which
necessitates their viability in both home and clinical settings; prolonged use, which dries out the conductive gel
required for Ag/AgCI electrodes; and, primarily, use while moving, which introduces artefacts. Applying a belt
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of dry electrodes composed of conductive fabric is the most widely utilised solution. It has been demonstrated
through experiments that there are no variations when compared to Ag/AgCl electrode measurements [48].
However, there is a greater chance of displacement with dry electrodes, which could result in motion artefacts.
Utilising a wearable wireless belt with dry electrodes in conjunction with the Gauss-Newton method to optimise
the EIT image is an intriguing idea [36]. This study highlights that using dry electrodes can result in better
durability and increased comfort due to a decreased risk of skin irritation. Furthermore, the results showed that
the reconstruction algorithm accurately located the objects in the images, and that in a human experiment, the
variations in the ratios of the lung area to the whole chest during inhalation and exhalation matched the
physiological changes of typical lung activity. As previously indicated, studies based on the integration of
textile electrodes with a garment belt have been published.

Wearable systems may demand more strict qualities in terms of noise and the input dynamic range of the
electrodes due to reduced signal amplitudes, in addition to the fundamental requirements for the voltage
acquisition circuits in classic EIT [49].

4.1.3. Examples of Wearable EIT Implementations

In this paper, two exemplary hardware solutions from investigations on human lung ventilation are reported as
examples. The first study [48] focuses on a belt with 16 embossed nanofiber web electrodes comprised of
metallic threads and Ag-plated PVDF nanofiber web that are intended to make good skin contact. With a broad
contact area and padding behind each electrode, it achieves better comfort and lower contact impedance; contact
impedance and stability were found to be similar to Ag/AgCI electrodes. The belt is made to fit a variety of
thorax sizes because it has an adjustable inner band. Additionally, sponges have been inserted into pockets on
the outer band to provide tight contact with the body in order to better conform the shape to the chest. Finally,
the EIT acquisition system uses a conventional ECG electrode as a reference. The performance of belt-mounted
electrodes has been proven to be more stable over time than adhesive electrodes, even if the proposed electrodes
permit higher resting noise levels.

In the second piece of art [47], a belt with sixteen textile electrodes—silver wire cloth on the outside and cotton
on the inside—is featured. The suggested device's validity was demonstrated by experimental results that were
in line with those obtained from commercial ECG electrodes. It was also discovered that the impedance fields
were larger, which improved image discrimination.

A system built on a novel cooperative sensor solution serves as an example of how other proposed solutions can
acquire signals simultaneously [108]. A sensor architecture for simultaneous ECG data capture and frequency-
multiplexed EIT is presented in this work. This topology has the advantages of adjustable EIT stimulation and
measurement patterns and a large reduction in cabling complexity. Cooperative sensors, which only come into
touch with the skin, digitally transfer data between the master device and the sensors over a bidirectional
communication channel. The 16 sensors in the proposed system are spaced equally across the transverse plane
and connected to the elastic belt. Four sensors are additionally positioned in the infraclavicular regions for the
purpose of acquiring ECG data. The master device is situated above the belt on the right ventral portion of the

thorax. The primary benefit of this gadget is that it offers continuous measurement because the sensors sense
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skin contact and activate automatically until the patient removes the vest. At the conclusion of the acquisition
session, data are saved in the master device and wirelessly transferred to a computer.

4.2. Applications of Wearable EIT

Many sectors, including pulmonary imaging, cancer detection, and gesture recognition, have suggested
wearable EIT devices. Moreover, multiparametric monitoring has been achieved by integrating these sensors
with other measuring systems in the past.

4.2.1. Pulmonary Imaging

The most common use of wearable technology is in pulmonary imaging. Since the electrical characteristics of
healthy and edematous lung tissue fluctuate due to changes in the mix of liquid and air, monitoring lung
resistivity has been proposed as a means of detecting pulmonary edoema [109]. These devices integrate the
transthoracic and EIT techniques to provide a low-cost, long-term, continuous, and safe system that doesn't
require ionising radiation. The ECG signal and the left and right lung resistivity values are important for
coordinating the procedure.

Unfortunately, there are still certain drawbacks. The former method relies heavily on anthropometric factors and
is unable to detect the impedance of internal organs directly, whilst the latter requires a large number of
electrodes and is extremely susceptible to measurement noise. A device with 32 active electrodes and an
application-specific integrated circuit (ASIC) installed on a flexible printed circuit board wrapped inside the belt
was proposed by another study [42] for cardio-pulmonary monitoring. This wearable system is among the
quickest due to its unique feature of using two parallel EIT data collecting channels to produce a frame rate of
107 fps. In order to help with the selection of the EIT model, the device can also capture additional information,
such as heart rate, ambient temperature and humidity, and the shape and position of the thorax.

4.2.2. Cancer Detection

For the purpose of early breast cancer diagnosis, a high-resolution EIT integrated circuit has been proposed. A
portable EIT device that can identify a 5 mm cancer mass has been put together by researchers and shaped like a
brassier [29]. A multi-layered fabric circuit board with two reference electrodes for voltage detection and
current stimulation and 90 electrodes organised in five concentric rings has been used to integrate the circuit.
Researchers ran simulations to find the bare minimum of sensors needed for good sensitivity, and the result was
eighty. The finished product is small, extremely sensitive, and has a mobile smart device connection for early
breast cancer diagnosis.

4.2.3. Gesture Recognition

The EIT device is used to monitor the inner conductivity distributions induced by forearm bone and muscle
movement in a well researched application called gesture recognition. The system is able to recognise 19 hand
gestures with an accuracy of 98% using the round-robin sub-grouping method. An example has been proposed
in [110], which presents a wearable device composed of a wrist wrap with embedded electrodes. The data is
passed to a deep learning neural network for gesture recognition. The method could be optimised by reducing
the number of robins while keeping a high classification accuracy. A new publication [111] presents an

additional instance that utilises machine learning methods and the two-terminal EIT methodology. The device
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operates at a pace of eight frames per second and recognises nine distinct gestures. Because it uses a quadratic
discriminant algorithm as its classification model, it uses fewer electrodes than earlier efforts and achieves an
accuracy gain of approximately 98.5%.

These EIT devices should not be utilised with other bioimpedance measurement methods in order to preserve
data quality because the injected high frequency currents may affect the signals. Subsequent research
endeavours will involve refining the suggested systems through enhanced spatial resolution. Additionally, more
research needs to be done to determine whether it is feasible to monitor people using portable devices.

4.2.4. Multi-Parameter EIT

Finally, the development of a belt for thorax vital multiple sign monitoring has been the main focus of wearable
EIT solutions. It has been suggested to use a system with 16 active electrodes, each of which is linked to an
ASIC [44]. This system enables voltage-sensing patterns and programmable, adaptable electrode current driving
under straightforward digital control. The gadget can record breathing cycle, heart rate, and boundary shape
information in addition to high-quality lung ventilation images at a frame rate of 122 fps. The high-performance
ASIC, which offers an improved common-mode rejection ratio while simplifying the wiring and digital control,
is the novel feature presented in this work. A few years prior [43], a comparable solution was unveiled. It
consists of an active electrode integrated circuit composed of two shape sensor buffers, a low noise voltage
amplifier, and a wideband high-power current driver. With tools that can generate a continuous tidal volume
signal from real-time EIT lung ventilation images, the diagnosis of sleep apnea and hypoventilation to
complement polysomnography and home sleep studies has also been studied [112].

4.3. Integration in Telemedicine Platforms

As previously indicated, certain wearable EIT devices currently come with corresponding smartphone
applications that provide portable access to the results. Wearable EIT can often be included into telemedicine
platforms by being integrated into body area networks (BANS). In particular, body area networks, or BANs for
short, are made up of a network of wearable devices that can be inserted into the body, fastened to the body, or
carried by the user in a bag, pocket, or on their hand [113]. The second group includes wearable EIT devices,
which are affixed to the body in certain positions.

In addition to the wearable EIT device, other sensors have also been cited in a number of situations. Because it
is so simple to position in a belt, an ECG device was frequently mentioned as a component of the system in the
wearable EIT segment. A sensor system that may give many signal kinds, including bio-impedance, electrical
biopotentials like ECG and EMG, and temperature and humidity signals, has been installed in some devices
[46]. One of these devices is a belt that has sixteen electrodes (current and potential electrodes) placed in it that
can measure ECG and EIT signals. One of these devices is a belt that has sixteen electrodes (current and
potential electrodes) placed in it that can measure ECG and EIT signals. A wearable EIT device, an ECG, a
three-axial accelerometer to measure body movement, and a pulse oximeter to determine peripheral blood
oxygen saturation can all be simultaneously acquired by other suggested systems [108]. In order to estimate
continuous tidal volume, a wearable system was proposed in the study [112]. It consists of a chest belt (16

electrodes for EIT imaging and ECG data acquisition), a finger sensor, a microphone to record snoring sounds,
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an accelerometer, a gyroscope, and a magnetometer to detect body position. The multi-parameter module,
which is controlled by an FPGA, is located in the middle of the chest and contains the necessary sensors and
circuits.

The design of most telemedicine platforms is two hops; Figure 3 illustrates this with an EIT device. Sensor data
is sent by sensor-manager link technologies to a gateway, which subsequently sends the data to the data

management section using cellular technology.

/

O

EIT electrodes

Data storage

EIT int'egr at{ed Gateway device
GIGLANg and mobile app ) .
microcontroller Service center (hospital,
\ | \ | university, research center)
Y ||
Sensor-manager link Cellular link technologies
technologies (Bluetooth/BLE) (4G, 5G, Wi-Fi)

Figure 3: Two-hop architectural telemedicine system with EIT device; taken from [115,116]. The
microcontroller and additional parts, together with the EIT electrodes, are mounted on a belt. Sensor-manager
link technologies, like Bluetooth, are used to transmit data to a gateway device, which is typically a tablet or
smartphone. On the gateway device, a mobile app for real-time picture visualisation can be installed. A distant
service centre can retrieve the outcomes of data sent by the gateway device via cellular link technologies to a
central database (data storage).

In other situations, such as one of the previously stated research [108], the signal-acquiring devices are
connected to the internet using cellular connection technologies, such as wi-fi, thus there is no sensor-manager
link technology. This is frequently the case when wearing sensor-containing clothing [115], since sensors can
be wired to a master data logger. As previously mentioned, wearable EIT devices can be thought of as smart

clothing and could offer many indications of interest at once.

5. Discussion

The evolution of EIT hardware design and applications—from traditional to wearable solutions—has been the
main topic of this review. EIT as a medical imaging technique has shown certain unusual characteristics. It has
a high temporal resolution, is non-invasive, and doesn't require ionising radiation. Furthermore, the equipment's
low cost and superior portability make it appropriate for both long-term and real-time bedside monitoring, for
example, in the case of patients—Ilike ICU patients—who are difficult to move to other areas of the hospital.
The primary drawbacks are the reduced spatial resolution in comparison to alternative imaging modalities, the
reduced susceptibility to relevant phenomena, and the elevated susceptibility to flaws in the hardware and
electrode-body interface. Nevertheless, a growing body of research focusing on refining reconstruction

algorithms and optimising measurement configurations has been conducted in tandem with the growing
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scientific interest in EIT [117]. Furthermore, the COVID-19 pandemic has served as the ideal setting for the use
of EIT, advancing both its technological advancement and use.

EIT systems have shifted towards wearable solutions, which have more portability, less power consumption,
and application-specific design—as covered in depth in Section 4. EIT systems are less cumbersome thanks to
the wearable approach, which enables the use of a wireless EIT module with a tiny volume [107]. With a few
modifications, EIT electrodes in wearable devices can be incorporated into clothing and used in motion with
satisfactory outcomes.

The potential for wearable and wireless EIT devices opens up new applications for these systems, like patient
monitoring from a distance even during ordinary life. Moreover, wearable EIT devices can be requested in
addition to other diagnostic methods in the event that abnormalities are found through ongoing EIT monitoring,

effectively serving as a "early-warning system" with EIT technology.

6. Conclusions

A current or voltage pattern is injected through electrodes placed on the patient's skin as part of the EIT medical
imaging technology, which then reconstructs the interior conductivity distribution using the voltages the
electrodes have collected. When compared to alternative imaging methods, EIT offers significant benefits. In
actuality, EIT is non-invasive, produces no ionising radiation, and has a high temporal resolution. Furthermore,
its excellent portability and inexpensive cost make it appropriate for bedside monitoring in real time. EIT can be
used as an extra tool when other medical imaging techniques aren't working, but it can't replace them due to its
low spatial resolution.

The potential to use EIT in the creation of wearable gadgets has recently given this technology a push. This
study reviews the existing research on EIT systems, including everything from clinical applications to hardware
design. The creation of wearable and wireless EIT technology may strengthen the method's application in
clinical settings and expand its range of scenarios, such as remote monitoring in uncontrolled settings like

patient homes.
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