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Abstract: Electrical impedance tomography (EIT) is a medical imaging technique based on the
injection of a current or voltage pattern through electrodes on the skin of the patient, and on the
reconstruction of the internal conductivity distribution from the voltages collected by the electrodes.
Compared to other imaging techniques, EIT shows significant advantages: it does not use ionizing
radiation, is non-invasive and is characterized by high temporal resolution. Moreover, its low cost and
high portability make it suitable for real-time, bedside monitoring. However, EIT is also characterized
by some technical limitations that cause poor spatial resolution. The possibility to design wearable
devices based on EIT has recently given a boost to this technology. In this paper we reviewed EIT
physical principles, hardware design and major clinical applications, from the classical to a wearable
setup. A wireless and wearable EIT system seems a promising frontier of this technology, as it
can both facilitate making clinical measurements and open novel scenarios to EIT systems, such as
home monitoring.
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1. Introduction

Electrical impedance tomography (EIT) is a radiation-free, real-time imaging technique
which reconstructs the internal conductivity distribution of a subject based on electrical
stimulation and measurements on the body surface. Although the traditional name was
agreed on a long time ago at the first Sheffield meeting in 1986, it is not a proper tomographic
technique. Indeed, it is not possible to reconstruct an image slice by slice because low-
frequency electrical current cannot stay confined in a plane: a change in conductivity
anywhere in the domain affects all measurements, not only those on the specific slice [1].

As a medical imaging modality, EIT has several advantages. It does not use ionizing
radiation, is non-invasive, is characterized by high temporal resolution and is potentially
inexpensive. Its major limitations include lower spatial resolution compared to other
imaging techniques (such as echography, magnetic resonance imaging, and computed
tomography), the large inter-subject variability and the artifacts derived from the electrodes’
movement and poor contact quality. Different hardware solutions [2,3] and reconstruction
algorithms [4,5] have been proposed to improve image resolution. Although EIT still cannot
compete with the high spatial resolution and accuracy of other imaging techniques, it has
significant potential to be used in parallel to overcome many of their limitations. Moreover,
the possibility to design wearable devices based on EIT has recently given a boost to this
technology, which may represent a unique wearable imaging technique.

Numerous review papers have been published on EIT, including general overviews [6],
reviews of image reconstruction algorithms [7] and works on clinical applications [8]. This
review paper is aimed to give a new viewpoint on this technology, focusing on the hardware
design developments from classical systems to the most promising wearable implementa-
tions. First, the electrical properties of tissues are described, followed by the presentation
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of the classical set-up of an EIT system and the main fields of application, with a focus
on the design choices for the electrodes, the stimulation strategy and the hardware imple-
mentation. Then, the main features requested by wearable EIT technology are discussed,
presenting the most relevant and recent wearable devices reported in the literature.

Bioimpedance

Bioimpedance is described as the ability to impede electric current by a biological
tissue [9]. Generally, bioimpedance is a complex number composed of a real part (the
electric resistance, R) and an imaginary part (the capacitive reactance, Xc):

Z = R+]'Xc,'

The electrical properties of biological tissues have been widely studied in the litera-
ture [10], even in relation with physiological phenomena [11]. Biological tissues consist of
cells suspended in extracellular fluid. Each cell has a membrane enveloping intracellular
fluid. Both the intracellular and extracellular fluids are highly conductive and provide
resistive paths. The lipid bilayer cell membrane, which separates the intracellular and
extracellular fluids, acts as a dielectric and provides capacitive reactance.

The electrical properties of the tissues depend on the frequency of the applied elec-
tric field. At low frequencies, the membrane impedance is high, and the current mainly
flows through the extracellular space. As the current flows around the cells, the electri-
cal path length is high, increasing the resistance of the medium. At higher frequencies,
the impedance of the membrane reduces, and the current flows through both the extra-
and intracellular media. As the cross-sectional area through which the current flows is
increased, the effective electrical path length lowers, decreasing the impedance of the
medium. Through most frequency ranges, the impedance decreases with frequency, but
the curve is interspersed by plateaus called dielectric dispersions [12].

The specific composition of human tissues determines their bioimpedance, which
ranges from around hundreds of () to hundreds of k(). High content of extracellular water,
high concentration of electrolytes, large cells and a high number of cell connections reduce
impedance, whilst fat accumulation, bone and air increase impedance [13]. Therefore,
changes in the tissue composition, both physiological and pathological, entail a change
in regional bioimpedance [14]. Electrical properties of tissues may also be influenced
by other factors, which must be considered when measuring tissue impedance, such as
temperature, chemical and pH changes, neural and muscular activation and anisotropy
dependance [15,16].

2. Electrical Impedance Tomography

An EIT system reconstructs the bioimpedance map of a conducting domain from
the surface potential, created by injecting a low-intensity alternate current at the object
boundary. The system design requires the following steps:

e  Choose the imaging modality (absolute or differential) and define the reference dataset
for the differential approach.
Select suitable electrodes (number, position and material).
Define the measurement strategy (voltage-mode or current-mode).
Design the electronic hardware, including both the current generation and the voltage
readout blocks.

e  Choose the numerical algorithm to solve the inverse problem.

The EIT problem that reconstructs the impedance distribution starting from the applied
current patterns and the measured electrode voltages, the so-called inverse problem, is
challenging. Compared to X-ray computed tomography, where the photons paths are
straight lines, in EIT the current flow is determined by the impedance distribution within
the object, and thus image reconstruction is a highly nonlocal and mathematically ill-posed
problem [1]. It should be highlighted that details of EIT reconstruction algorithms are
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out of the scope of the present review. Possible solutions are widely discussed in the
literature [7,17], also with some techniques to increase robustness [18].

2.1. EIT Imaging Modality

Two EIT imaging modalities can be employed: absolute and differential [19].

Absolute EIT uses a single experimental dataset to reconstruct a map of the absolute
impedance. Despite its theoretical applicability, in clinical applications unknown boundary
geometry, uncertainty in electrode positions and other sources of systematic artifacts make
image reconstruction unreliable [20].

In differential EIT, instead, the image is obtained by measuring two datasets at different
times (time-difference EIT) or frequencies (frequency-difference EIT) and measuring the
impedance changes between the two datasets. This technique is more robust against
instrumentation and modelling errors [21].

Time-difference EIT is well suited to monitor time-varying physiological phenomena,
but is applicable only to specific application cases where time variation occurs, such as lung
ventilation and perfusion. On the contrary, frequency-difference EIT measures the different
impedance characteristics of tissues at different measurement frequencies, allowing image
reconstruction when time-referenced data are not available. Nevertheless, its sensitivity
depends on the difference between electrical frequency properties of the tissues, which may
be insufficient for some application cases [22,23]. The different EIT imaging modalities and
their advantages and disadvantages are listed in Table 1.

Table 1. Advantages and disadvantages of EIT imaging modalities.

Imaging A . _
Modality Output Application Advantages (+) and Disadvantages (—)
Always applicable (+)
Absolute Computer Sensitive to instrumentation and
Absolute . ) . .
impedance simulations modelling errors (—)
Not reliable in a clinical setting (—)
Time- Time-dependent Time-varying Robust to modelling errors (+)
difference impedance change phenomena Time-referenced data required (—)

Robust to modelling errors (+)
Time-referenced data not required (+)
Sufficient contact between tissues’
electrical frequency properties
required (—)

Frequency-  Frequency-dependent Identification of
difference impedance change different tissues

2.2. Measurement Strategies

There are two possible approaches for signal acquisition: (1) voltage-mode EIT, in
which a known voltage is applied to the tissue, and the induced currents are measured;
(2) and current-mode EIT, in which a known current is injected, and the resulting voltage
generated on the body surface is measured. Voltage-mode EIT systems are easier and less
costly to design and have a stable response over a wide frequency range [24]. Nevertheless,
current-mode EIT systems are generally preferred, as they are less sensitive to noise and it
is easier to limit the maximum current injectable to guarantee the safety of the system [24].

Current injection follows different strategies, according to the application:

e  Adjacent method: Current is injected between two adjacent electrodes, and voltage
is acquired between all the remaining pairs of adjacent electrodes. This is the most
common technique [25].

e  Opposite or Polar method: Current is injected between two electrodes that are 180°
apart, and voltage is measured between the reference electrode and the remaining
electrodes in pairs. This technique is used in the brain-imaging field [26].

e  Cross or Diagonal method: One electrode is kept as a reference for the voltage measure,
and current is injected between all the possible pairs of electrodes in turn; the measure
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is repeated by taking one electrode as a reference each time until all are used. This
method is not usually used in EIT [26].

o  Trigonometric method: Current is injected through all the electrodes at the same time
instant, and the voltage is measured with respect to a reference electrode. This is the
technique that guarantees the highest number of independent measures [25].

The frequency of the injected current depends on the conductivity and permittivity of
the tissue under analysis [27]. The standard measurement frequency is 50 kHz, but some
devices analyze multiple frequencies (10 Hz-10 MHz) to improve the image quality and to
analyze different tissues. Frequencies higher than 1 MHz, however, are challenging, primar-
ily due to parasitic impedances that corrupt the signals; thus, specific high-performance
circuit components and data acquisition modules are required [24,28].

2.3. Electrodes

The electrode system represents the electrochemical interface between the electronic
system and the body tissue, and it represents the most critical part of a bioimpedance
measurement system.

2.3.1. Number

The first open problem is the number of electrodes to be used. Increasing the number of
electrodes increases image resolution, as more independent measurements are available, but
decreases precision and requires greater measurement and processing time [18]. Moreover,
increasing the number of electrodes increases contact impedance [25]. The most common
solutions employ 16 electrodes, but innovative configurations with up to 90 electrodes
have been proposed for cancer detection [29]. A higher number of electrodes is required
in 3D systems, ranging from 48 to 128 electrodes for lung imaging applications [30,31].
To increase the number of possible independent measurements without increasing the
number of electrodes, rotational EIT has been proposed: the electrodes are rotated to
acquire additional data. The rotation is performed with a micro stepping motor [32] to
precisely change the positions of the electrodes. Promising results have been achieved [33],
particularly in breast cancer detection [34].

2.3.2. Positioning

The position of the electrodes on the boundaries is also critical for image reconstruction
algorithms and may cause lack of robustness [18]. It is quite difficult to achieve standard
placement on the body surface [35], often due to the need for individual application of
electrodes. This problem is even enhanced in wearable devices where a system could be
applied or at least re-collocated by non-specialized personnel. To overcome this problem,
a belt solution greatly reduces both the time dedicated to manual positioning and the
inter-operator variability [25]. In addition, an elastic or adjustable electrode belt may even
solve the issue of adapting a wearable system to different body sizes [36].

2.3.3. Contact Impedance

Contact impedance is also an issue of concern in EIT. Contact impedance is caused by
the electrochemical process occurring at the electrode—skin interface, in which the charge
carriers, responsible for the current flow, change at the interface between the metallic
electrode and the body surface, causing a drop to the measured voltage at each electrode.
Contact impedance is usually high, unknown and variable due to body movement and
surface conditions [35]. It causes modelling errors and, if not compensated for or estimated,
leads to errors in the reconstructed image [37]. To reduce the effect of contact impedance,
a multi-pole measurement strategy with four or more electrodes can be adopted, which
provides a higher impedance of the measuring device compared to contact impedances [38].
Another approach to reduce contact impedances is to treat them as unknowns and simul-
taneously reconstruct them with internal electrical properties [39]. Also, the capacitively
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coupled EIT technique (CCEIT), which induces a voltage excitation through a capacitive
coupling, has been recently introduced as a contactless solution [40].

2.3.4. Interference Sources

A high contact impedance also means that all interference sources, such as common
mode gain error, thermal noise and electromagnetic interference and crosstalk between ca-
bles, degrade image resolution [35]. To solve this issue, active electrode-based EIT systems
have been proposed, in which each active electrode comes with its own signal conditioning
circuit, thus reducing input impedance. Other than reducing input impedance, this archi-
tecture has several advantages, including less sensitivity to electromagnetic interferences
and a reduced number of cables needed from the patient to main electronics, leading to a
more comfortable system [30,35,41-44].

2.3.5. Contact

In biomedical applications, ensuring good contact is also critical because the electrodes
are often placed on a deformable tissue [18]. Adhesive Ag/AgCl electrodes with conductive
gel are commonly used. A safer contact may be guaranteed with volume electrodes, but
they are invasive and size-constrained to limit the skin damage due to injected current [18].
A faulty contact detector algorithm [45] could also be used: despite partial detachments, a
good image reconstruction could be guaranteed, and the identification of faulty electrodes
would allow personnel to fix them.

2.3.6. Requirements for Wearable EIT

A specific requirement for wearable applications is to ensure a good contact during
motion and for long-term use. In fact, wearable devices are suitable for prolonged moni-
toring of physiological parameters because they are not invasive and generally wireless.
Wearables are especially useful in monitoring chronic conditions such as COPD or heart
failure; therefore, a long term, independent use in a non-controlled environment (such
as the patient’s home) is envisioned. Ag/AgCl electrodes with conductive gel may be
problematic for these applications: the preparation of the patient’s skin may be problematic
in a non-controlled environment [46]; the conductive gel may cause discomfort, increasing
the risk of skin injury for prolonged measurements and may evaporate, resulting in a
deterioration of the signal quality [47]. So, dry electrodes (not requiring a conductive
gel) are usually preferred for wearable devices [46], both rigid (made of a metallic plate)
and flexible. Flexible electrodes may overcome the adherence issue during motion. For
this reason, they are the most commonly used variety, usually mounted on an elastic and
adjustable belt [36,46—48]. Fabric-based flexible electrodes’ characteristics can be shortly
summarized: they should be made of a textile material with high conductivity; a cotton-
based fabric should be preferred for higher comfort; the textile electrode should be a fixed
part of the clothes for easier system application and stability; and the textile material should
allow general maintenance such as washing and ironing [47]. Textile electrode belts with
good performances have been broadly proposed in the literature [47,48]. Dry and flexible
electrodes were also proposed for brain EIT by Lin et al. [36]. Their solution is based on
a dry foam fabricated by electrically conductive polymer foam covered by a conductive
fabric which also allows a high level of geometric conformity between the electrode and
irregular scalp surface to maintain low skin—electrode interface impedance, even under
motion. In general, these novel solutions for electrodes show the same performances as the
standard Ag/AgCl, but they provide a better usability for wearable devices.

An overview of the issues, challenges and innovative solutions that are found in the
choice and design of the electrodes is reported in Table 2.
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Table 2. Issues, challenges and innovative solutions found in the choice and design of electrodes.

Issue Challenge Innovative Solutions

Trade-off between image
resolution and computation time
Lack of robustness of image
reconstruction algorithms

Optimal number Rotational EIT

Correct positioning Elastic or adjustable electrode belt

Multi-pole measurement strategy;
simultaneous reconstruction of
electrodes and electrical properties;
capacitively coupled EIT
Active electrode-based EIT
Conductive gel; faulty contact
detection algorithm

Contact impedance Modelling errors

Noise at the interface ~ Degradation of image resolution
Variable contact impedance and
reconstruction errors
Variable contact impedance and

reconstruction errors

Ensure good contact

Ensure good contact

(wearable systems) Dry and flexible electrodes

2.4. Hardware Design

In Figure 1, the block diagram of the hardware components is represented. The current
injection block comprehends the digital signal generator, the DAC, which converts the
digital signal into an analog signal, and the voltage-to-current converter. The excitation
current is injected into the tissue according to the chosen strategy, and the voltage generated
on the surface is acquired by the data acquisition block, where the instrumentation amplifier,
ADC and demodulator are found. The amplitude and phase of the registered voltage are
processed, and the impedance distribution is reconstructed.

TISSUE

AC Signal

/ P Vilt)
L pac > ° | AR e e
/ ‘ ‘ I Valt)
/ %
—~ eo . . . |
]

voltage

I-Q

ADC | bEMoD

Vi { current > 1A

AN /

Current level standard: IEC 60601-1-11:2015

Figure 1. Block diagram of the hardware components of an EIT signal acquisition platform. The
current generation block includes the digital signal generator, the digital to analog converter (DAC)
and the voltage-to-current converter (V/I). The current is injected into the tissue, and the voltage
generated on the surface is acquired by the signal acquisition block, where the instrumentation
amplifier (IA), the ADC and the demodulator are found. The amplitude and the phase of the
registered voltage are processed, and the impedance distribution is reconstructed.

2.4.1. Current Generation and Injection

Current injection can be performed by using a DAC-based open-drain current mirror or
a voltage-to-current converter [41]. The current mirror is a circuit that replicates the current
present in the input terminal on the output terminal. The digital-to-analog converter (DAC)
is used to convert the digital signal into the analog one, which is then used to generate the
excitation current. The voltage-to-current converter uses the voltage as input, from the DAC,
to produce the output current; this circuit can be implemented with a transconductance
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amplifier [27]. The waveforms used for the signal generation are square waves or pseudo
sine waves [49]: the square wave has good power efficiency but limited accuracy, while
the pseudo sine has both power efficiency and accuracy but less total harmonic distortion
(THD) than a pure sine wave. The total input current level over all electrodes is limited by
electrical safety considerations, as defined by the IEC 60601-1-11:2015 standard [50]:

100pAms 0.1 Hz < f < 1kHz

I =4 100§ Apms X 11z 1kHz < f < 100 kHz

10 mApms f > 100 kHz

For this application, the current must be fully differential [51]: the current at the
source of the current driver must be equal to the current at the sink. In this configuration,
the voltage measured is the differential voltage generated on the load by the injection of
the current. A current mismatch between the source and sink of the driver generates a
common-mode voltage that can either saturate the output of the current driver or generate
a common-mode signal that must be rejected by the instrumentation amplifier in the
subsequent steps of the voltage acquisition block [52]. To reduce the common-mode voltage
amplitude, a frequency-selective common mode feedback is described in [53]. In [52], the
issue is mitigated by the implementation of a fully differential current driver with a built-in
common mode rejection system by using an active feedback current sink.

Recent literature proposes modifications of this basic configuration to achieve specific
goals. In [54] a buffer-mirrored current source is proposed: it ensures a wide-range constant
current and a high SNR. To produce an adjustable current with different frequencies and
amplitudes, a mirror circuit with an input current generated by an FPGA is used in [55].
An FPGA is also used in [56] to perform the acquisition with a high sampling rate and
accuracy for real-time imaging. In [27], an FPGA is used to store the digital signal in the
ROM, which is sent at fixed time intervals to the DAC to convert it into an analog excitation
voltage. In [57], a new current driver is presented, and it includes a servo loop to adjust the
DC output voltage.

2.4.2. Voltage Signal Acquisition

The voltage signal acquisition circuit for EIT in biomedical applications must be
characterized by high precision, low noise, wide dynamic range, wide bandwidth and a
high common-mode rejection ratio [58].

The instrumentation amplifier can be coupled with a programmable gain amplifier,
or PGA, due to the presence of “U’-shaped voltages: the amplitude of the voltage signal
acquired decreases with the distance from the injecting electrodes, generating a peculiar
pattern of voltage amplitude [41]. By considering the large difference in amplitude of the
different measures of all the electrode pairs, a PGA can adjust its gain accordingly. In [59], a
pre-amplifier constituted by a low-noise instrumentation amplifier is used before the PGA,
resulting in a possible amplification that goes from 4 to 514 times the input signal.

In [29], the PGA is coupled with an automatic gain controller (AGC) that dynamically
adjusts the gain of the PGA according to the input amplitude. This is fundamental to
acquire signals in a large dynamic range.

In [60], the PGA is preceded by a unit gain amplifier to increase the input impedance
and is digitally controlled by the DSP, with a maximum achievable gain of 8000 times
the input signal; the acquisition system is capable of considering the boundary voltage to
ensure data accuracy.

The most used ADC type is the SAR ADC [61]: the sample rate must be in the mega
samples-per-second range to achieve the required frame rate for the imaging system.

I-Q demodulation is the most common method used in the demodulation of bioimpedance
measurements: the aim is extracting the amplitude and phase of the acquired AC voltage
signal by multiplying the signal with a reference signal to obtain the in-phase component
and using a reference signal shifted by 90° to obtain the quadrature phase component [41].
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The in-phase and quadrature phase signals can be analog signals, which are then
filtered by the low-pass filter and converted with an ADC; in this case we have an analog
matched filter. Alternatively, the in-phase and quadrature phase signals can be retrieved
from the digitalized original signal; in this case we have a digital matched filter. A digital
filter is more power-efficient than an analog one with the same SNR [24].

The most common demodulation methods are magnitude and phase detection, pulse
width demodulation and time stamp demodulation [41].

3. Applications

Image resolution largely depends on the EIT hardware, including the noise of the
measurements, the number of electrodes, the current source and the voltage measurement
techniques. Thus, the spatial resolution of the image varies from one device to another.

3.1. Pulmonary Imaging

Two main physiological processes contribute to thoracic bioimpedance change: venti-
lation and perfusion. The change in the amount of air during ventilation is responsible for
a bioimpedance change proportional to the volume of inspired gas. During quiet breathing,
lung tissue impedance changes by around 5%, while in deep breathing the change can reach
up to 300% [62]. On the other hand, pulmonary perfusion leads to impedance changes
between systole and diastole of about 3% [63]. Temporal resolution achieves 13 frames/s,
with the potential to cover both ventilation and perfusion in real time [64]. The spatial
resolution of the images is significantly lower and limited to the distance between elec-
trodes (about 2-3 cm). Approximately 5 cm of lung height is sampled with the classical
16-electrode array configuration.

Ventilation EIT imaging has been validated using established imaging techniques [64—66]
and other reference methods, such as spirometry [67,68]. Representative EIT images
showing the distribution of ventilation during quiet breathing are reported in Figure 2.
Monitoring of mechanical ventilation is the most promising application of ventilation EIT,
as it provides real-time information on ventilation distribution at bedside, with no need to
transfer the patient and supportive equipment. Studies have been performed for guiding
ventilator settings to prevent ventilator-induced lung injury [69-71] and for monitoring
non-conventional modes of mechanical ventilation [72]. Moreover, EIT may be used
to identify adverse events, such as pneumothorax or derecruitment, during mechanical
ventilation [73], enabling early therapeutic intervention. Studies have shown that EIT
measurements are also feasible in preterm infants [74], and the technique has been applied
to monitor therapies [75] and interventions [76].

[ WSPRATON DD DD DD D> D> D> D> O BPRATON 4

Y EHEEIEIE)

Figure 2. Sequence of electrical impedance tomography images, representing the distribution of
ventilation in the ventral (V) and dorsal (D) regions during quiet breathing (Enlight 1800, Timpel SA,
San Paulo, Brazil). The gradation of color from lighter to darker represents, respectively, the highest
and lowest electrical impedance (higher and lower air displacement during the cycle). Courtesy
of Caio CA Morais and Armele Dornelas de Andrade (Physiotherapy Department, Universidade
Federal de Pernambuco, Recife, Brazil).

Recent studies have focused on the use of EIT to estimate regional pulmonary per-
fusion. The measurement of impedance pulsatility during the cardiac cycle, based on
electrocardiography gating or principal component analysis algorithms, represents the
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principal method for assessing perfusion by EIT [77]. Another option, described and vali-
dated only in experimental studies, is to inject an intravenous saline bolus and analyze the
tracer kinetics [78]. EIT perfusion imaging has demonstrated a high degree of agreement
with the gold standard represented by multidetector computer tomography (MDCT) to
compute regional pulmonary perfusion [78]. With the recent outbreak of severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), several studies have been conducted
with EIT imaging, showing its potential to optimize clinical ventilation strategies [79,80].
One of the main issues in the process of regional lung function imaging is defining
appropriate regions of interest (ROI) within the EIT scans. To this aim, a number of
different algorithms for lung area estimation have been explored, ranging from principal
component analysis [77] to ROI definition based on statistical methods or geometrical
considerations [81] to functional tidal images or active contouring methods [82].

3.2. Brain Imaging

As the blood is characterized by lower impedance compared to the brain, brain imag-
ing exploits the impedance changes in the cerebral cortex induced by a change in the
cerebral blood volume during functional activity or in the case of stroke and ischemia [83].
EIT has broad possibilities in diagnosis and real-time monitoring in patients with brain
diseases, with recent research focusing on epilepsy, stroke, brain injury and edema [83].
Studies on conductive changes in the rat cerebral cortex during physiological evoked activ-
ity [84] and epileptic discharges [84] using epicortical electrodes have reported temporal
and spatial resolutions of 2 ms and 200 um, respectively. Using epicortical electrodes, a
penetration depth of 3 mm has been reported for imaging epileptic activity in subcortical
structures [85]. An interesting application for the unique real-time and portable charac-
teristics of EIT is early and rapid detection of stroke, which is not achievable with current
imaging techniques. A recent study reported that cerebral ischemia in anesthetized rats
lead to an increase in impedance of about 60%, with a detected impedance increase of about
10-20% at the cortical electrodes [86].

In brain imaging settings, capacitively coupled EIT (CCEIT) is currently being investi-
gated as a promising alternative to the traditional EIT technique [40]. Practical experiments
carried out with a 12-electrode CCEIT device on phantom, saline and carrot samples
showed the potentiality and feasibility of CCEIT for stroke imaging, detecting anomalies
of about 10 mm of diameter located 30 mm from the boundary [40]. EIT feasibility has
also been investigated for the detection of small bleeds (volumes of about 5 mL) in the
brain [87] and for real-time monitoring of cerebral edema [88]. In brain imaging, image
reconstruction is extremely challenging, as the skull is highly resistive, and the image
quality is sometimes not sufficient, for example, when the space between the hemorrhage
and ischemia is too small. An innovative solution is to use superimposed imaging for
simultaneous reconstruction in order to obtain more accurate images characterized by a
higher contrast [89]. This can be accomplished by superimposing the reconstructed image
of the hemorrhage against the homogeneous distribution, with the reconstructed image of
the secondary ischemia against the hemorrhage [89].

Although there are several issues to be addressed, EIT technology could be an effec-
tive complement to conventional imaging methods in the diagnosis and monitoring of
cerebrovascular disease, enabling early detection of intracranial pathological changes and
providing useful tools to improve patient prognosis [83].

3.3. Thermal Monitoring

Hyperthermia treatment is a minimally invasive and effective option in treating
solid tumors, such as hepatocellular carcinoma [90]. Radio-frequency ablation (RFA) and
microwave thermal ablation (MTA) are examples of techniques employed for the treatment
of solid tumors. These approaches are considered potentially effective, being minimally
invasive and safer compared to other techniques [90,91]. The principle of operation of
this treatment approach is based on the conversion of electromagnetic energy into heat to
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cause the denaturation of intracellular proteins and cell destruction. Specifically, to induce
cell destruction, the temperature is raised to around 45-50 °C, while remaining safely
away from temperatures that could induce adverse effects such as tissue carbonization at
temperatures above 90 °C. For this reason, the RFA probe must necessarily include a cooling
system as well. The critical requirement of these techniques is to ensure the selectivity
of treatment [90]. Thus, techniques able to accurately monitor the real-time evolution of
ablation and the temperature change of internal structures are needed. The aim is to check
that the tumor region is completely covered by the ablation area and that the healthy tissue
is preserved [90,91]. EIT is considered a suitable technique for this purpose, as temperature
elevation impacts tissue conductivity through the heated domain, with centimeter-scale
spatial resolution [90,91]. In addition, an enhancement in the sensitivity occurs if the RFA
probe is exploited as a further electrode, which leads to a partially invasive version of
EIT [90].

EIT has been studied to monitor both the changes in temperature during cooling and
during and after heating [91]. The studies were conducted on phantoms and on realistic
human simulations [90,91], but in vivo experiments still need to be conducted. It is also
important to critically use a priori information, for example, information coming from
other diagnostic techniques such as MRIs or form literature surveys, in order to obtain
accurate estimates of the temperature in the living tissues that are going to be treated [90].
In general, EIT was able to monitor the complete ablation of a tissue target, but prevention
of undesired overheating and damage to healthy tissue is still under study [90]. In addition,
in order to improve resolution and accuracy, future applications should be focused on the
impact of movement, electronic noise and carbonization above certain temperatures [90,91].

3.4. Tumor Detection

Because many tumors are characterized by significantly different conductivity and
permittivity from surrounding normal tissues, EIT might be able to identify them by
exploiting these different electrical properties [92-94]. Indeed, an increasing number of
studies are investigating the use of EIT for screening and early detection of cancer, with
breast cancer being the main application in addition to skin, thyroid, liver, cervix and
lung cancer [92,93,95-102]. In breast imaging, 3D maps of conductivity distributions have
reported detectable breast cancer models sized about 12-14 mm [103], up to 5 mm with
4.9 mQ) sensitivity [104] with 3D systems of respectively 128 and 90 electrodes. Because
EIT operates generally at frequencies lower than 1 MHz, while the relevant information for
tumor detection can be derived from the tumor impedance spectra, which employ a higher-
frequency domain, the CCERT (capacitively coupled electrical resistance tomography)
technique is more suitable than traditional EIT for cancer detection [95]. Although EIT
is a very good technique for dynamical imaging, in the context of tumor diagnosis, time-
difference imaging is less plausible, as it is unrealistic to obtain the reference data of
the patient before the development of the tumor (i.e., baseline) [95]. Despite this, EIT
techniques have been shown to be able to successfully localize and discriminate lesions
and pathological sites of cancer from normal tissues in both phantom-based simulations
and in vivo applications [92,93,95-102].

3.5. Assessment of Muscle Health

EIT could substitute electrical impedance myography, which is a non-invasive and
painless method used to assess muscle health [105]. EIT could indeed overcome some of
the main limitations shown by this technique, such as its dependence on skin/adipose-
tissue thickness and its inability to distinguish closely spaced muscle groups and to assess
the heterogeneity of muscle tissue. Conducted experiments have also shown that the
coupling of an ultrasound (US) device and an EIT system could provide the best and most
complete information, with improvements in the image accuracy. Studies conducted on
phantoms, simulation systems and patients have shown the coupled US/EIT system to
be successful in capturing different physiological and pathological muscle characteristics
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by detecting changes in the electrical properties of muscles. Specifically, the capability of
US/EIT systems to discriminate pathological from physiological conditions by detecting
differences in muscle (longitudinal and transverse) conductivity and permittivity suggest
that EIT is a promising tool for non-invasive and spatially localized assessment of muscle
health [105].

4. Wearable Solutions
4.1. Hardware Characteristics

A wearable device [106] is a system that can be worn on the human body or embedded
in clothing. It mainly consists of receptors, such as electrodes or microminiaturized sensors,
capable of detecting and sending the acquired data, through standard communication
protocols, to a processing unit. Thanks to dedicated software and algorithms, the collected
signals can be extrapolated to extract useful information on a PC or smartphone. Most of
the portable EIT systems are intended to be utilized both in clinic and at home for daily
non-invasive monitoring; they usually involve a belt, or a wrist wrap with embedded
electrodes. Portable EIT systems are designed to follow physiological changes in the body
through changes in pulmonary gas and body fluid.

At first, researchers focused their attention mainly on the microminiaturization of
the conventional EIT system [107], trying to solve the issue of bulky volume, and on the
wireless transmission of data. Additionally, their module can pre-filter the acquired signals
and perform the digital processing on a separated FPGA.

4.1.1. Low Power Consumption

For portable applications, it is necessary to achieve a low power consumption because
the system is powered through portable energy sources, like batteries, that have limited
power availability and tend to deteriorate with time; it is then necessary to achieve a
high output impedance in the current driver stage to maximize the current flowing in the
load [56]. The current generator could be oscillator-based or DAC-based; the latter is pre-
ferred in portable devices because it has lower power consumption [49]. For what concerns
the ADC, to reduce power consumption in the ADC SAR and avoid oversampling, lower
frequencies can be processed at a lower sampling rate [61]. Some specific modifications
have also been implemented in the demodulation stage. In [46,104], I-Q demodulation is
proposed; this method is effective in terms of power consumption because the subsequent
steps of the signal processing chain are operated at lower frequencies and no additional
low pass filters are required, but the input referred noise is higher. In the cited works, fast
I-Q demodulation is performed to reduce power consumption: the settling time is reduced
for signals at 10 kHz to allow a 5 frames/s real-time operation.

4.1.2. Electrode Configuration

As reported above in Section 2.3.6, in the design of a wearable device, particular
attention must be paid to the choice of the electrodes. The main sources of limitation are
the intra- and inter-operator variability in the applications of the electrodes, which require
feasibility for both clinical and domestic settings, for long-term usage which causes the
drying of the conductive gel needed for Ag/AgCl electrodes and mainly for usage during
motion which creates artifacts. The most used solution is the application of a belt of dry
electrodes made of a conductive fabric. Experiments have been carried out, and it has been
proved that there are no differences compared to Ag/AgCl electrode measurements [48].
However, dry electrodes can be more easily displaced, and this might lead to motion
artifacts. An interesting solution is the use of a wearable wireless belt with dry electrodes
combined with the Gauss-Newton method for the optimization of the EIT image [36]. This
study emphasizes that a lower risk of skin irritation implies better durability and increased
comfort obtained with dry electrodes. Moreover, results demonstrated accurate location
information of the objects in the images thanks to the reconstruction algorithm and that,
in a human experiment, the difference between the ratios of lung area to the whole chest
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when inhaling and exhaling fit the physiological changes of normal lung activity. Studies
based on the use of textile electrodes integrated with a clothing belt have been reported, as
previously mentioned.

In addition to the basic requirements for the voltage acquisition circuits in traditional
EIT, wearable devices may require more stringent characteristics in terms of noise and the
input dynamic range of the electrodes due to smaller amplitudes of the signals [49].

4.1.3. Examples of Wearable EIT Implementations

In this work we report as examples two representative hardware solutions presented
in studies conducted for human lung ventilation. The first study [48] focuses on a belt
which includes 16 embossed nanofiber web electrodes, designed to make good contact
with the skin, made of Ag-plated PVDF nanofiber web and metallic threads. Thanks to this,
it reaches improved comfort and a reduced contact impedance thanks to a large contact
area and padding behind each electrode; contact impedance and stability were found to
be comparable to those of Ag/AgCl electrodes. The designed belt includes an inner band
that can be stretched, allowing it to fit a range of thorax sizes. Moreover, to better adapt the
shape to the chest, sponges have been placed in pockets on the outer band to allow tight
contact with the body. Finally, a standard ECG electrode provides a reference for the EIT
acquisition system. Even if the proposed electrodes allow larger resting noise levels, the
performance of the belt-mounted electrodes over time has been found to be more stable
than that of adhesive ones.

The second work [47] concerns a belt including 16 textile electrodes, made of cotton
inside with silver wire cloth on the surface. Experimental results, consistent with the ones
from the commercial ECG electrodes, proved the validity of the proposed device, and the
impedance fields were found to be larger, thus providing better imaging discrimination.

Other proposed solutions are capable of acquiring signals simultaneously, and an
example is provided by a system based on a novel solution of cooperative sensors [108]. The
work presents a sensing architecture for frequency-multiplexed EIT and synchronous ECG
data acquisition. The advantages of this structure are a significant reduction in the cabling
complexity and flexible EIT stimulation and measurement patterns. Cooperative sensors
use a bidirectional communication bus to digitally transmit the information between the
master device and the sensors, which only have contact with the skin. In the proposed
system the master device is placed above the belt on the right ventral part of the thorax,
while the 16 sensors are distributed equidistantly on the transverse plane, connected to the
elastic belt; additionally, 4 sensors are placed in the infraclavicular regions for ECG data
acquisition. The main advantage is that the device provides continuous measurements,
as the sensors automatically turn on when they come into contact with the skin until
the patient takes off the vest. Data are stored in the master device and transmitted to a
computer via wi-fi at the end of the acquisition session.

4.2. Applications of Wearable EIT

Wearable EIT devices have been proposed in various fields, among which are pul-
monary imaging, cancer detection and gesture recognition. Furthermore, such devices have
been previously integrated with other measurement systems to obtain multiparametric
monitoring.

4.2.1. Pulmonary Imaging

Pulmonary imaging is the most prominent application for wearable devices. Monitor-
ing lung resistivity has been recently proposed [109] for the detection of pulmonary edema,
as the change in the proportion of liquid and air leads to different electrical properties
between edematous and healthy lung tissue. These devices combine the transthoracic and
EIT approaches to obtain a low-cost, continuous over long-term periods and safe system,
without the need for ionizing radiation, with the aim of obtaining the left and right lung
resistivity values and the ECG signal, valuable for the synchronization of the procedure.
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Unfortunately, there are still some disadvantages, as the former approach cannot directly
measure the impedance of internal organs, and it is largely dependent on anthropometric
parameters, while the latter needs many electrodes and is highly sensitive to measurement
noise. Another study designed for cardio-pulmonary monitoring [42] proposed a system
with 32 active electrodes, each of them provided with an application-specific integrated
circuit (ASIC) mounted on a flexible printed circuit board wrapped inside the belt. The
innovative feature of this device is the employment of two parallel EIT data acquisition
channels to achieve a frame rate of 107 fps, which makes it one of fastest wearable systems.
The system is also capable of recording other signals, including heart rate, environmental
temperature and humidity, and tracking the thorax shape and laying position to aid in EIT
model selection.

4.2.2. Cancer Detection

A high-resolution EIT integrated circuit has been proposed for early breast cancer
detection. Researchers have assembled a portable EIT system, able to detect a 5 mm
cancer mass, into a brassier shape [29]. The circuit has been integrated via a multi-layered
fabric circuit board which includes 90 electrodes arranged in five concentric circles and
2 reference electrodes for current stimulation and voltage sensing. Researchers have
conducted simulations to determine the minimum number of sensors required for a good
sensitivity, which turned out to be 80. The final device is compact, highly sensitive and can
be connected to a mobile smart device for early breast cancer detection.

4.2.3. Gesture Recognition

A widely studied application is gesture recognition, in which the EIT device is used
to measure the inner conductivity distributions caused by bone and muscle movement of
the forearm. An example has been proposed in [110], which presents a wearable device
composed of a wrist wrap with embedded electrodes, which passes the data to a deep
learning neural network for gesture recognition; the system is able to recognize 19 hand
gestures, with an accuracy of 98%, with the round-robin sub-grouping method. To optimize
the system, the number of robins could be reduced while maintaining high classification
accuracy. Another example has been published recently [111] and is based on the two-
terminal EIT technique and machine learning algorithms. The device can recognize nine
different gestures, and it works with a speed of 8 frames per second. Compared with
previous works, it requires fewer electrodes, and it gains about 98.5% in accuracy, thanks
to the quadratic discriminant algorithm it uses as a classification model.

To maintain data quality, these EIT devices should not be used with other systems
measuring bioimpedance, as the injected high frequency currents may influence the signals.
Future work will entail optimizing the proposed systems by improving the spatial resolu-
tion. Moreover, further tests must be conducted to investigate the feasibility of monitoring
portable devices on humans.

4.2.4. Multi-Parameter EIT

Finally, wearable EIT solutions have focused on designing a belt for thorax vital
multiple sign monitoring. A system with 16 active electrodes, each connected to a specific
integrated circuit (ASIC), has been proposed [44]. This architecture allows programmable,
flexible electrode current drive and voltage-sensing patterns under simple digital control.
The device can capture high-quality lung ventilation images with a frame rate of 122 fps,
as well as breathing cycle, heart rate and boundary shape information. The innovative
feature introduced in this work is the high-performance ASIC that provides a superior
common-mode rejection ratio while reducing the complexity of the wiring and digital
control. A similar solution was introduced a few years earlier [43] and comprises an active
electrode integrated circuit made of a wideband high-power current driver, a low noise
voltage amplifier and two shape sensor buffers.
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The diagnosis of sleep apnea and hypoventilation to supplement polysomnography
and home sleep tests have also been investigated, with devices capable of obtaining a
continuous tidal volume signal from real-time EIT lung ventilation images [112].

4.3. Integration in Telemedicine Platforms

As was mentioned before, some wearable EIT devices already have associated mobile
applications that allow access to the results in a portable fashion. In general, wearable
EIT can be integrated into body area networks (BANs) to become part of telemedicine
platforms. Specifically, BANs or body sensor networks (BSNs) are systems composed of a
network of wearable devices that can be implanted in the body, placed on the body in fixed
positions or carried by the person in clothes” pockets, by hand or in a bag [113]. Wearable
EIT devices fall in the second category, i.e., they are placed on the body in fixed positions.

Multiple examples have been mentioned that include other sensors in addition to the
wearable EIT device. In the section dedicated to wearable EIT, an ECG device was often
cited as part of the system, due to the ease of positioning in a belt. Some devices [46] have
been equipped with a sensor system that provides more types of signals such as electrical
biopotentials like ECG and EMG, bio-impedance and moreover temperature and humidity
signals. These devices include a belt embedded with 16 electrodes (current and potential
electrodes) which measure both ECG and EIT signals. Other proposed solutions [108] are
able to acquire signals simultaneously from a wearable EIT device, an ECG, a three-axial
accelerometer to measure body movement and a pulse oximeter to estimate peripheral
blood oxygen saturation. For the continuous measuring of multi-channel signals to estimate
continuous tidal volume [112], a wearable system proposed in the study includes a chest
belt (16 electrodes for EIT imaging and ECG data acquisition), a nasal canula and nasal
pressure sensor, a finger sensor, a microphone to record snoring sound, an accelerometer,
a gyroscope and a magnetometer to detect body position; the multi-parameter module
containing the sensors and circuits needed is in the middle of the chest and is controlled by
an FPGA.

Telemedicine platforms generally follow a two-hop architecture; an example with
an EIT device is shown in Figure 3 [114]. Data coming from sensors are transmitted to a
gateway with sensor-manager link technologies and then from the gateway to the data
management section with cellular link technologies.

Data storage

EIT jleegrated Gateway device
,mcmt and 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. Telemedicine system with EIT device following the two-hop architecture; adapted from [115,116].
The EIT electrodes are connected to the microcontroller and other components; all these elements
are placed on a belt. Data are sent via sensor-manager link technologies, such as Bluetooth, to a
gateway device, generally a smartphone or tablet. A mobile app can be installed on the gateway
device for real-time image visualization. The gateway device sends data via cellular link technologies
to a central database (data storage), and results can be accessed from a remote service center.
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In other cases, like one of the studies mentioned before [108], there is no sensor-
manager link technology because the signal-acquiring devices are connected with a cellular-
link technology like wi-fi to the internet. This is often the case when sensor-containing
garments [115] are used, as sensors can be connected to a master data logger with cables.
Wearable EIT devices can be considered smart garments and may provide more signals of
interest simultaneously, as was highlighted in the previous section.

5. Discussion

In this review we have focused on the development of EIT hardware design and
applications, from classical to wearable solutions. EIT has demonstrated peculiar features
as a medical imaging modality. It is non-invasive, does not require ionizing radiation and
is characterized by high temporal resolution. Moreover, the low-cost equipment and the
good portability make it suitable both for long-term and real-time bedside monitoring, for
instance in the case of patients that cannot be easily transported to other parts of a hospital,
such as ICU patients. Major limitations include the lower spatial resolution compared
to other imaging techniques, the low sensitivity to phenomena of interest and the high
sensitivity to any imperfections in the hardware and the electrode-body contact. Never-
theless, together with the increased scientific interest in EIT, the number of studies aiming
at optimizing measurement configurations and improving reconstruction algorithms has
increased [117]. Moreover, the COVID-19 pandemic has represented the perfect scenario
for the application of EIT, providing a further boost to its technological development
and application.

As discussed in detail in Section 4, EIT systems have tended towards wearable so-
lutions, with increased portability, lower power consumption and application-specific
design. The wearable approach permits the use of a wireless EIT module of small volume,
thus reducing the encumbrance of EIT systems [107]. In wearable systems the EIT elec-
trodes can be embedded into clothes and used under motion with good results thanks to
some adaptations.

The possibility of having wearable and wireless EIT devices allows the introduction
of these systems into more scenarios, such as remote monitoring of patients, even during
their daily life. Wearable EIT devices can also be used as complements to other diagnostic
techniques, which can be requested in the case of anomalies detected by the continuous
monitoring of EIT, i.e., using EIT technology as an “early-warning system”.

6. Conclusions

EIT is a medical imaging technique based on the injection of a current or voltage
pattern through electrodes on the skin of the patient and on the reconstruction of the
internal conductivity distribution from the voltages collected by the electrodes. Compared
to other imaging techniques, EIT has relevant advantages. In fact, EIT does not use ionizing
radiation, is non-invasive and is characterized by high temporal resolution. Moreover, its
low cost and high portability make it suitable for real-time, bedside monitoring. However,
EIT is also characterized by poor spatial resolution, and for this reason it cannot be used in
place of other medical imaging techniques, but rather as an additional instrument whenever
the other techniques cannot be used.

The possibility of designing wearable devices based on EIT has recently given a boost
to this technology. In this paper the current literature on EIT systems has been reviewed,
from the hardware design to its clinical applications. The development of wireless and
wearable EIT devices might reinforce the method’s use in the clinical setting and broaden
its field of application to new situations, such as remote monitoring in non-controlled
environments like patients” homes.
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