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2 Electrical Impedance Tomography: Hardware Fundamentals And Medical Applications

Abstract

Introduction: The following article shows a systematic review of publications on hardware topologies used
to capture and process electrical signals used in Electrical Impedance Tomography (EIT) in medical applica-
tions, as well topicality of the EIT in the field of biomedicine. This work is the product of the research project
“Electrical impedance tomography based on mixed signal devices", which took place at the University of Cauca
during the period 2017-2019.

Objective: This review describes the operation, topicality and clinical use of Electrical Impedance Tomography

systems.

Methodology: A systematic review was carried out in the IEEE-Xplore, ScienceDirect and Scopus databases.
After the classification, 106 relevant articles were obtained on scientific studies of EIT systems; applications

dedicated to the analysis of medical images.

Conclusions: Impedance-based methods have a variety of medical applications as they allow for the recons-
truction of a body region, by estimating the conductivity distribution inside the human body; this is without
exposing the patient to the damaging effects of radiation and contrast elements. Impedance-based methods
are therefore a very useful and versatile tool in the treatment of diseases such as: monitoring blood pressure,

detection of atherosclerosis, localization of intracranial hemorrhages, determining bone density, among others.

Originality: It describes the necessary components to design an EIT system, as well as the design characteris-
tics depending on the pathology to be visualized.

Restrictions: The review focuses on aspects of the performance of an EIT system, depending on the pathology
analyzed. Considering the hardware advances, it is possible to increase the acquisition speed (temporal reso-

lution), thus improving the spatial resolution and the quality of the reconstructed image.

Keywords: Electrical Impedance tomography, bioimpedance, EIT medical applications.

Resumen

Introducciodn: En el siguiente articulo se muestra una revision sistematica de publicaciones sobre topologias
hardware utilizadas para capturar y procesar sefiales eléctricas utilizadas en tomografia por impedancia eléc-
trica (TIE) en aplicaciones médicas, asi como la actualidad del TIE en el campo de la biomedicina. Este trabajo
es producto del proyecto de investigacion “Tomografia de impedancia eléctrica basada en dispositivo de sefial
mixta", que tiene lugar en la Universidad del Cauca durante el periodo 2017-2019.

Objetivo: Esta revision describe la estructura hardware de los sistemas de TIE, ademas de sus caracteristicas,
como frecuencia y magnitud de sefiales de corriente, patrones de inyeccién y medicion de sefiales y nimero de

electrodos orientado a, uso clinico.

Metodologia: Se realizé una revision sistematica, en las bases de datos IEEE-Xplore, ScienceDirect y Scopus.
Tras la clasificacion se obtuvo 106 articulos relevantes sobre estudios cientificos de sistemas, aplicaciones

dedicadas al analisis de imagenes médicas.

Conclusion: Los métodos basados en impedancia, tienen una variedad de aplicaciones médicas, puesto que
permite la reconstruccién de una regién corporal, mediante la estimacion de la distribucion de conductividad
al interior del cuerpo humano, sin radiacién y elementos de contraste, tan perjudiciales para la salud de los
pacientes; convirtiéndola en una herramienta muy util y versatil en el tratamiento de enfermedades como:
monitorear la presion arterial, deteccion de arterosclerosis, localizaciéon de hemorragias intracraneales, deter-

minar la densidad dsea, entre otras.

Originalidad: Se describe la composicion de las diversas propuestas para el disefio de sistemas TIE, asi como

las caracteristicas dependiendo de la patologia a estudiar.
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Limitaciones: La revision se centra en aspectos de rendimiento de un sistema TIE, dependiendo de la patologia
a analizar. Considerando los avances Software/Hardware de esta técnica, se puede aumentar la velocidad de

adquisicion (resolucion temporal), mejorando la resolucion espacial, y la calidad de la imagen reconstruida.

Palabras clave: Tomografia de impedancia eléctrica, bioimpedancia, aplicaciones médicas TIE.

Resumo

Introdugdo: o a seguir mostra uma revisdo sistematica das publicagdes sobre as topologias de hardware
usadas para capturar e processar sinais elétricos usados em Tomografia de Impedancia Elétrica (EIT) em
aplicagdes médicas, bem como a actualidade do EIT no dominio da biomedicina. Este trabalho é produto do
projeto de pesquisa “Tomografia de impedancia elétrica baseada em dispositivos de sinais mistos”, realizada

na Universidade de Cauca durante o periodo 2017-2019.

Objetivo: esta revisao descreve o funcionamento, a atualidade e o uso clinico da tomografia de impedancia

elétrica sistemas.

Metodologia: Foi realizada uma revisao sistematica nas bases de dados IEEE-Xplore, ScienceDirect e Scopus.
Ap0s a classificagao, foram obtidos 106 artigos relevantes sobre estudos cientificos de sistemas EIT; formula-
rios dedicado a andlise de imagens médicas.

Conclusées: os métodos baseados em impedancia tém uma variedade de aplicagdes médicas, pois permitem
a reconstrugao de uma regido do corpo, estimando a distribuigao da condutividade dentro do corpo humano;
isso é sem expor o paciente aos efeitos prejudiciais da radiagao e dos elementos de contraste. Métodos ba-
seados em impedancia sao, portanto, uma ferramenta muito Util e versatil no tratamento de doengas como:
monitoramento da pressao arterial, deteccdo de aterosclerose, localizacdo de hemorragias intracranianas,

determinacéo da densidade dssea, entre outros.

Originalidade: descreve os componentes necessarios para projetar um sistema EIT, bem como as caracteristi-

cas do projeto dependendo da patologia a ser visualizada.

Restrigbes: A revisdo enfoca aspectos do desempenho de um sistema EIT, dependendo da patologia analisado.
Considerando os avangos do hardware, é possivel aumentar a velocidade de aquisigao (resolugao temporal),

melhorando assim a resolugao espacial e a qualidade da imagem reconstruida.

Palavras-chave: tomografia de impedancia elétrica, bioimpedancia, aplicagées médicas EIT.

1. INTRODUCTION

Electrical Impedance Tomography (EIT) is a non-invasive, radiation-free technique
that supports diagnosis by medical imaging, with the extraction of information on
the physiological and pathological condition of a patient's tissues and organs [1].
EIT estimates the conductivity distribution in a region through the injection of alter-
nating current by means of an electrode array and measuring the voltages on them,
managing to reconstruct images of transverse planes, which allow for analysis of
pathologies in the medical field [2].
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4 Electrical Impedance Tomography: Hardware Fundamentals And Medical Applications

The processing of medical images faces several challenges such as noise,
speed of signal processing and spatial and temporal resolution regarding the dimen-
sions of the object; problems that have been addressed in different works, through the
development of EIT system prototypes based on FPGA's (Field Programmable Gate
Array), DSP’s (Digital Signal Processing) and Microcontrollers [3,4,5]. The different
proposed EIT systems have characteristics that restrict the field of application, where
the potentialities of the systems designed depend on the processing device used,
for example, prototypes based on FPGA's and DSP's have a higher signal processing
speed, in the order of 50 fps (frames per second), which allow for the monitoring of
biological processes with high temporal variability, such as blood pressure measure-
ment [6]. On the other hand, there are systems based on microcontrollers, which have
a low frequency of frames, which allows for their incursion in biological processes
of low temporal variability such as monitoring of bladder emptying and detection of
cranial hemorrhages [7,8].

The impedance-based methods have a variety of medical applications, since
they allow for the reconstruction of a body region by estimating the distribution of
conductivity inside the human body, converting it into a very useful and versatile
tool in the treatment of diseases such as: monitoring blood pressure, detection of
atherosclerosis, localization of intracranial hemorrhages, determining bone density,
among others.

This review presents the hardware structure of EIT systems designed for medi-
cal applications, with the aim of establishing the methods that researchers use for the
generation of the current signal, the definition of injection patterns and measurement
of signals and demodulation, essential aspects in the design. On the other hand, the
characteristics such as frame frequency, number of electrodes, current signal fre-
guency and magnitude of current, used for medical applications, are analyzed to iden-
tify relevant aspects in the selection of devices for implementation into EIT systems.

2. Literature Review

2.1 EIT Systems

The EIT system structure, shown in Fig. 1, is composed of a direct digital synthesizer
(DDS) that generates a sinusoidal voltage signal at a frequency between 2 Hz and 5
MHz. This signal is the input to the current source. The current generated is direct-
ed towards a switching block which injects the current through boundary electrodes
on the object under study. The potential generated by the current is then measured
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by an amplification stage that can be differential or referenced to ground. The mea-
sured potential is demodulated in order to extract the magnitude and phase of the
voltage signal. These modules must be synchronized with the signal generator so
that the magnitude and phase of the signal at the time of being measured is cor-
rect. Finally, the conductivity is processed through an EIT image reconstruction
algorithm [5], [9], [10].
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Figure. 1 EIT systems scheme.
Source: own work

The use of EIT systems in medicine for the diagnosis of pathologies, such as
the analysis of intrapulmonary gas distribution, evaluation of pulmonary ventilation in
patients with chronic obstructive pulmonary disease (COPD), blood pressure monitor-
ing, location of intracranial bruising, vesicoureteral reflux or determining bone mineral
density (BMD), among others, shows promising results; especially where the electrical
characteristics of the tissues or organs under observation allow the EIT to determine
pathologies. In the field of medical applications, EIT system characteristics such as
injection and measurement patterns, geometric arrangement and number of elec-
trodes [11], [12], in addition to the frame rate, are relevant [13]—[15]. Below are EIT works
regarding the monitoring and detection of various pathologies and the characteristics
defined for the EIT systems used [11].

Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 16, no. 3 /2020 / Bogota D.C., Colombia
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6 Electrical Impedance Tomography: Hardware Fundamentals And Medical Applications

2.2 Electrode arrays

A singlering array, with 16 electrodes, is the most common feature used in EIT medical
applications; although other research in the field of pulmonary ventilation, present-
ing good results, employs double ring arrangements for a better EIT analysis [16]. In
urodynamic studies, different configurations such as single ring, double ring, planar
and vertical ring have been used, showing that ring arrangements have a reduced
sensitivity compared to matrix and vertical arrangements [17]. Studies of the cranial
cavity have used semicircular arrangements, allowing for the detection of intracranial
hemorrhages [18]. The previous studies reveal the importance of the analysis of the
EIT electrode configuration in the monitoring and detection of various pathologies, an
important aspect to be evaluated for the design of EIT systems.

2.3 Injection and measurement patterns

The adjacent injection and measurement patterns method is the most commonly
used in EIT medical applications. Silva and his colleagues [19], in their work, study
the influence of injection and measurement patterns on EIT, concluding that it is not
possible to generalize which is the best pattern for reconstruction of EIT images. This
implies a study of this characteristic, according to the oriented application of EIT.

The choice of injection and measurement patterns depends on whether the
system will make use of the variations in frequency in the measurement of electri-
cal potential on the phantom; EIT systems are subdivided into mono-frequency or
multi-frequency [20]. Mono-frequency systems make use of a current signal at a
single frequency in the 100 kHz range, measuring the real part of the voltage. The
multi-frequency systems inject a current signal at different frequencies, obtaining the
real and imaginary voltage part, increasing the error in the measurements due to the
parasitic capabilities of the multifrequency. Therefore, when using different electrode
configurations for current injection and voltage measurement, this is known as the
tetra-polar configuration, which was developed by Brown and Seagar in the Mark-
Sheffield project in 1987 [19], [21]. One of the methods is that of adjacent electrodes
Fig 2a, which uses pairs of adjacent electrodes for current injection, and measures
the voltage for the remaining 14 electrodes. This provides 13 voltage measurements,
rotating through the 8 pairs of electrodes in the form of a ring, getting 208 measure-
ments that will be used to reconstruct conductivity [22]. The polar configurations 2c
and quasi-polar 2d, use electrodes defined for current injection and for voltage mea-
surement. As the current density is at the center of the object, it generates a more
homogeneous spatial resolution [23], [24].
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Figure. 2. Electrode configurations for an EIT system.
Source: Adapted from [25].

3. Methodology

A systematic review was carried out using the methodology proposed in [26], focus-
ing on hardware and medical applications of EIT systems.

3.1 Search Strategies: First, a search was conducted in the IEEE-Xplore, ScienceDirect
and Scopus databases. This search is based on a series of inquiry questions, an
analysis and classification of the literature. To perform the search, chains such as:
Algorithm AND Image AND Tomography, Processing AND Image AND Tomography,
Pulmonary AND Impedance AND Tomography, Electrical AND Impedance AND
Tomography AND Hardware were used.

3.2 Inclusion and exclusion criteria: Subsequently, some papers were discarded
due to restrictions such as: gray literature, publication date (2012-present), journal

Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 16, no. 3 /2020 / Bogota D.C., Colombia
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g Electrical Impedance Tomography: Hardware Fundamentals And Medical Applications

classification, low added value. These criteria were applied after reading the abstracts
of the papers found through the search chains.

3.3 Data extraction: The systematic review found 628 works; 107 studies, rele-
vant to the objective of this review, were left after applying the exclusion criteria
mentioned above.

3.3 Data analysis: Subsequently, the selected articles were studied to identify the
hardware characteristics of the EIT systems and the requirements of those systems
in medical applications.

4. RESULTS

Investigations have been made around the development of the EIT system, such as
the PULMOVISTA 500 commercial system of the Drager company, which uses a
16-electrode topology for injection and measurement of signals using the "adjacent”
method and has the capacity to generate up to 50 frames per second (fps); this is
used in the monitoring of the complete ventilation cycle in real time [27], [28]. The
Maltron Sheffield Mark system, designed by Brown and Seagar in 1987, is an EIT sys-
tem consisting of 16 electrodes that has been in development for 20 years. Like the
PULMOVISTA 500, it uses an adjacent injection and measurement pattern. Its later
versions, the Mark | and Mark 2.5 systems, include a self-calibration system of the
voltage injection source along with other modules that provide great performance but
lead to a more complex system [29], [30]. Other systems such as OXBACT-5 [31] and
Darmouth [32] consist of 64 electrodes and use the adjacent method for excitation
and measurement. These systems, as can be evidenced, are restricted to a single
method of current injection and measurement of potentials, limiting the image recon-
struction process [33].

Other EIT systems have been developed by different researchers (see Table 1).
For the most part, the proposed systems have FPGA-based architectures, as this tech-
nology provides the necessary characteristics for application in biological processes
of high temporal variability. This is because FPGA allows for the implementation of
several of the modules of the EIT system, such as the direct digital synthesizer (DDS)
and the A/D and D/A converters, reducing hardware and interfaces between modules,
facilitating their implementation and generating a performance similar to commercial
systems in terms of frame rate.

The systems in Table 1 have been evaluated considering the characteristics of
the biological process to be monitored, although few present in-vivo tests. For exam-
ple, in [34] the proposed system generates 131 fps by means of 16 surface electrodes,

Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 16, no. 3 / 2020 / Bogoté D.C., Colombia
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measuring the heart rate in healthy patients. In addition, it reconstructs the images of
conductivity distribution of the thoracic cage, clearly differentiating the cross section
of the lungs and heart. The injection and measurement method used in the tests
is of the "adjacent” type. Another study is that presented by Shi and his colleagues
[35]. They designed an EIT system with 16 electrodes that generates 1 fps, making it
possible to determine the alterations in the brain caused by temporary occlusion in
the unilateral carotid artery.

Other prototypes based on FPGA's are in the stage of testing, using them on
phantoms to characterize them and evaluate their potential in medical applications,
such as the system presented in [5] which generates 100 fps with 32 electrodes and
uses the adjacent injection and measurement method to reconstruct conductivity dis-
tribution images within a phantom with saline solution. The limitation of this system
is the need of National Instruments hardware for its implementation, which impacts
on costs. Another system tested on phantoms is the one presented by Artem and his
colleagues [36], which does not depend on a proprietary data acquisition system,
as in the system mentioned above, and consists of 16 electrodes for signal injection
and measurement. Both works only present results using the adjacent injection and
measurement method.

The DSP's (Digital Signal Processor) are another alternative for the develop-
ment of EIT systems in [37] and [30]; the first system has the capacity to manage
128 electrodes, the second system obtains 100 fps with 8 surface electrodes. Both
proposals are evaluated using phantoms and employ the adjacent method in injection
and measurement. A differentiating element in the system developed by Wi and his
colleagues [30] is the ability to reconfigure the injection and measurement pattern
between the methods adjacent and polar. This gives more versatility to the system.
The implementation of EIT systems with DSP implies the use of a greater number of
electronic components, compared to those implemented with FPGA's, which makes
it difficult to connect and implement.

Table 1. HARDWARE CHARACTERISTICS OF EIT SYSTEMS.

Signal . .
. Signal Discrete Frequency
Reference Main module generator A
Reading card components range

method

Direct Digital Virtex-6 FPGA

Santos S [34]. Virtex-6 FPGA Synthetizer (DDS)  DSP Kit con AD/ 60-960 kHz
Compiles v5,0 DA
(continua)
Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 16, no. 3 /2020 / Bogota D.C., Colombia
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10 Electrical Impedance Tomography: Hardware Fundamentals And Medical Applications

(viene)
Signal . .
. g Signal Discrete Frequency
Reference Main module generator A
Reading card components range
method
ADC Module (NI
Shi X [35] FPGA 5751), (AD9252), (AD844) 1-190 kHz
signal condition-
er (THS 7002T1)
) Relay Control NI
FPGANI Rio (N1 5406), DAC DRIVER/ADC  XSeries
Khan'S [5]. T952R, Vitex synchronizer NI DRIVER 6341 ADGT32
5LX50 6674t .
(multiplexer)
NCO (numeri-
cally controlled
Artem [36]. }Eernﬁ Cyclone oscillator) f\NDlggf)dules - 10 - 100kHz
Y M4K block SIN/
COoS
khan S [103] FPGA (NI Flex Rio SNy‘ :fmis'f AMP (AD8250), (NI X-Series Card
7952R) (NI66741) ADC (AD7367) 6341)
FPGA Cyclone I EP3C10F256C8N
Zhang Z [104] Family AD 9852 FPGA PCI 9054, PCIS052
ADC (AD9235), )
Zeng Y [91] Ezgﬁ Cyclone (DTDMSS320F2812> ROM(EPCS4), /1\5&5 bits, DAC 1 5 112250 kHz
y DAC (AD9783)
Port
(DS1267E-010),
AD624 (Pre-am- switches (MAX-
Wi H [105] (DTSV\;DS\%ZOFZSIZ) EEéilOF256C8N plifier) MAX 275 4545CAP1009), 1Hz-50kHz
(Butterworth) source (EC-
M100USO07,
ECM 100US09)
AD624 (Pre-am-
DSP - MAX306 CPLD
Xu G [37] (TMS320F2812 T) AD852 plifier) MAX 275 (EPM1270) 0.1 Hz-1MHz
(Butterworth)
Comparison and
Kukharenko amplification )
PSoC (CY8C58LP) . ADC 12 bits PSoC ~ -- 100 Hz - 1 MHz
[106] modules integrat-
ed in PSoC.
ADC (ADS7947),
buffer (LMV651,
to output
Fouchard A [38] Raspberry Pi DDS(AD9837) DDS), Current Redd Relays 0.1 Hz - 1MHz
sensor (OPA380),
measure
voltage (SR560)
ChitturiV.[107]  Arduino Mega Generator [C Amp (TLO7LOPA)  Mux (CD4067B)  1-60 kHz

ICL8038

Microprocessor

Demodulator

Huang J [39] (MSP 430) Microprocessor ADB30 10 Hz - 200 kHz
LF4121C, AD844, LF412, 74HC4053,
L Microprocessor XR-2206 (EXAR LM393, AD844, AD625JNZ,
KnalighiM[40]  imega 128 Inc) ADC TCAO08tBP, 10Hz -1 MHz
(AD1674), AD625.  ADG506AKN.

Source: own work
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The adjacent injection and measurement method, without option to re-config-
ure patterns, is the most frequently studied system. This makes it difficult to analyze
the effect when using others patterns of the reconstruction process. This void is faced
by Fouchard and his colleagues [38], who designed a system that allows for the recon-
figuration of injection and measurement patterns through a switching matrix consist-
ing of electronic relays managed by a Raspberry PI. The system has the limitation of
generating a frame every 45 seconds, well below the 1 fps frame rate required for the
monitoring of biological processes. Another of its limitations is that the system only
works offline. In [39], another EIT system based on a microprocessor can be observed,
which consists of 16 channels that, unlike the prototype presented in [38], manages to
reconstruct the cross-section of the rib cage of living beings, differentiating between
the distribution of conductivity of the lungs without an alternative reconfiguration
system in the patterns of injection and measurement. Another EIT system proposal
is the one presented in [40], whose purpose is the detection of cancer. It consists of a
phantom tank with an array of 16 electrodes with an adjacent injection pattern, using
Arduino-one as the main module. Prototypes based on microcontrollers require exter-
nal devices such as DDS modules, voltage controlled current sources, switching sys-
tems, demodulators, etc. This limits these architectures due to the frequency response
characteristics of the elements that compose them, along with a low frame rate. To
verify the EIT system's performance, a saline tank is used, with electrical conductivity
emulating that of a homogeneous region or medium containing tissue such as the
bladder, skull or rib cage. In the center is a small plastic cylinder of lower conductance
that resembles the organ to be analyzed such as a lung (12.5 Qm), blood (1.4 -1.7 Qm),
liver (8.3 Qm) or radial bone (160 Om), and by means of the injection and measurement
of the current and potential, because the conductivity in the analyzed region decreas-
es, the change of resistance values is obtained. The number of electrodes used in the
injection and measurement can influence the spatial and temporal resolution, as well
as the number of frames and SNR of the reconstructed image [11], [12]. Therefore, the
EIT systems use 8 to 16 electrodes, with an injection current between 30 yA and 5 mA
at frequencies of 10 Hz to 5 MHz, depending on the region analyzed.

4.1 Medical applications of EIT

Current applications of medical images with EIT include: the analysis of intrapul-
monary gas [41], [42], monitoring blood pressure [43], detection of intracranial
hemorrhages [44], [45], resuscitation of volume of bladder urine [46], [47], establishing
bone density [48], cardiac minimization after cardiac arrest [49]. Then, the pathologies

Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 16, no. 3 /2020 / Bogota D.C., Colombia
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12 Electrical Impedance Tomography: Hardware Fundamentals And Medical Applications

covered by EIT by intra-corporeal region are analyzed. The most relevant medical
applications in which the EIT presents promising results are detailed below.

4.1.1 The Respiratory System:

One of the most studied organs by EIT is the lung. In Table 2, it is possible to observe
different works related to this organ and the characteristics used by the EIT system
in the development of the respective study. It is evident that many of the works do
not present precise information on the characteristics used for the study, especially
those that perform tests on humans. This is due to the use of a commercial system
called PulmoVista 500, or its predecessors Sheffield Mark | or GOE MF Il, developed
in 1980 and 1990 respectively, and it is inferred that they used the maximum benefits
offered by this equipment. For example, the PulmoVista system has the capacity to
generate up to 50 frames per second, using a ring of 16 electrodes, with a current in-
jection of T mA. The investigations of EIT in the field of the respiratory system can be
divided into two:

4.1.1.1 Pathology Oriented: These works employ EIT systems previously developed
by other researchers or commercial systems and focus on in-vivo applications. In
[50]—[56] for example, pulmonary ventilation under anesthesia, mechanical ventilation,
embolism and pulmonary edema detection are analyzed and monitored in animals, to
evaluate and monitor the pathology under analysis. This is then brought over to hu-
man applications. The results obtained in these works present a high accuracy in the
reconstruction of the images that support the medical diagnosis. On the other hand,
there are works such as [57]-[60], in which this technology is applied to a population
of patients with the pathologies listed above, confirming the feasibility of making EIT
a valid technique in processes of detection and monitoring of pulmonary pathologies.

Table 2. Characteristics of EIT in lung applications.

Number of Frequency SNR Current Frames

Patholo
34 electrodes (kHz) (mA) (fps)

Analysis of intrapulmonary gas distribution [50] 16

Evaluation of the effects of non-invasive venti- 16

lation during spontaneous breathing [57]

Lungimpedance distribution measurement [39] 16 10-200

(continua)
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(viene)

Number of Frequency SNR Current Frames

Patholo
34 electrodes (kHz) (mA) (fps)

Measurement of pulmonary impedance
distribution [34] 16 60-960 106.9 <131
Inhomogeneity detection of ventilation [50] 16 - ---
Mechanical ventilation distribution monitoring 16 50 50 3
(51]
Pulmonary recruitment and endotracheal 16 44
suction in ventilated premature infants [58]
Evaluation of pulmonary ventilation in neo- s 481275 . . 7
nates [61]
Air distribution evaluation in preterm infants

16 50
(62]
Lung ventilation monitoring [63] 32 20
Tidal Volume Monitoring [64] 16 48 1 17
Evaluation of the level Qf instability of bron- 16 91600 s 25
chopulmonary dysplasia [65]
Real-time lung ventilation monitoring [66] 32 10-200 0lal 20
Lung impedance distribution monitoring [67] 32 10-200 56.3 0.lal 20
Lung function monitoring [68] 32 10-200 - 0.1-8 30
Pulmonary embolism detection [52] 32 100 5 10
Pulmonary congestion classification [69] 5
Baseline selection for pulmonary impedance
distribution [53] 16 1o ? 20
Evaluation of pulmonary ventilation in pa-
tients with COPD [59] 16 2 > 33
Pulmonary_v_entwlat\on study in different o 144 3 30
patient positions [54]
Pulmonary Function Evaluation [70] 16
3D lung function monitoring [60] 16 90 5 40
Quantification of pulmonary edema [55] 32 50

Source: own work

4.1.1.2 EIT System Orientated: In [39], [61], [66], [68], [71], [72], systems developed by
researchers oriented to pulmonary applications are evaluated. These works detail the
development and hardware characteristics; their results are based on tests using phan-
toms, and sometimes on healthy volunteers. This strategy seeks to validate that the
developed system complies with the requirements for the diagnosis and monitoring
of pathologies, to project it as a future commercial alternative for medical applications.

Other pathologies, such as tumors and lung cancer, have been the subject of
study. Yang and his colleagues [73], for example, were able to monitor lung tumors
through image reconstruction, and in [74], a study of healthy and lung cancer tissue is
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presented. It is concluded that it is possible to detect and differentiate the two types
of tissue using electrical impedance, expanding the field of exploration of EIT systems
for the diagnosis of cancer.

According to the literature, the study of the pulmonary system requires high
performance from the EIT system, due to the high frequency of frames necessary to
analyze medical pathologies. This leads to high hardware characteristics, necessary
for the processing of the collected signals, increasing the cost of the system.

4.1.2 Blood vessels

Hemodynamic system monitoring is a necessity in following the evolution of a pa-
tient. EIT technology has ventured into this topic, allowing continuous measurement
of hemodynamic parameters in a non-obstructive and non-invasive manner [75], [76].
One of the first experiments in pigs shows that this technique is a good candidate for
the development of a new family of continuous non-invasive blood pressure monitors
[77]. A characteristic to highlight the EIT system used in this work is the generation
of 50 fps, which calls for the system to include high performance hardware, such as
that required in the pulmonary system. In [78], [79] there are tests of EIT on humans;
the first in the measurement of systolic volume and the second in the detection of
atherosclerosis. Both works show satisfactory results, despite the poor resolution of
the images due to the use of 16 electrodes, unlike the 32 used by Sola and his col-
leagues in [77]. To monitor the pulmonary artery pressure through the use of a ring of
16 electrodes, Proenga and his colleagues [6], [80] achieved, with 25 fps, estimates of
blood pressure by measuring the pulse transit time. These works highlight the poten-
tial of EIT in this field. The in-vivo advances shown in [80] generate an opportunity to
develop EIT systems with less demanding characteristics and good results. However,
the methods based on the observation of the time series of certain pixels or regions,
derived from the behavior of the impedance with the movement of the fluids (perfu-
sion, breathing), intrinsically require high speed and high resolution simultaneously.

4.1.3 Brain

Miscellaneous investigations have been conducted to determine the impedance of
head tissues with the aim of diagnosising and monitoring brain edemas and intracra-
nial hemorrhages in both animal and human models, as well as in-vitro models that
are waiting to be validated. Table 3 shows the different works that have been carried
out using EIT in this field. In these, the number of electrodes is a highlighted aspect for
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which there is no evidence of a consensus for the same pathology. For the number of
frames per second, the researchers mostly agree on using one frame per second in
their studies, which decreases the processing characteristics in the design of EIT sys-
tems. Concerning the current signal frequency and its amplitude, they are adjusted
to the normativity for medical equipment; 50 kHz and 1 mA__. The in-vivo advances
presented in [7], [35], [81]—[84], show the feasibility of using EIT in monitoring brain
activity and detecting and monitoring cranial hemorrhages. Although the results help
detect the change in terms of impedance of cerebral fluids, there are still aspects to
explore in this field, such as optimal number and arrangement of electrodes and im-
age reconstruction algorithms.

Table 3. Characteristics of EIT in brain applications.

Numberof Frequency SNR Current Frames

Phatology electrodes (kHz) (dB) (mA) (Fps)

Location of intracranial hematoma [18] 8 50 1

Cerebral Edema Monitoring [81], [82] 16 50 80 1 1
CDreat:iranlﬂtiEEzg [(Zgﬁhe impedance of intra- 6 25 B 0.14

Focal monitoring of cerebral infarction [73] 16 50 1 1
Brain activity monitoring [7] 30 1.7 --- 1

Brain activity monitoring [35] 16 50 83 1 1
Intracranial hemorrhage detection [83] 32 10 20

Source: own work

4.1.4 Bladder

The so-called vesicoureteral reflux, is a pathology that involves the leakage of urine
from the bladder to the kidneys. This pathology can generate chronic renal failure,
urinary tract infections, kidney infection, nephrotic syndrome, scarring of the kidneys,
etc. For this reason, EIT seeks to monitor the bladder volume and support the diagno-
sis of this pathology. In the case of Li et al. [86], who designed an EIT system based on
16 electrodes, with a frequency range of 0 to 12.5 MHz, they managed to reconstruct
the distribution of impedance in the bladder, and so establish a close relationship
between bladder volume and estimated conductivity in healthy patients. On the other
hand, Schlebusch and collaborators [87], [88], with the aim of supporting paraplegic
patients suffering from the sensation of a decreased bladder volume sensation due
to damage to their neuronal structures, used EIT to monitor the bladder volume. The
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in-vitro experiments carried out in this work used a planar arrangement of 64 (8 x 8)
electrodes, unlike the classic ring arrangements. A feature to highlight in this appli-
cation, is the need for 1 frame per second, to determine the bladder emptying. These
results demonstrate an opportunity to make contributions using EIT in this field.

4.1.5 Osseous System

Osteoporosis is another disease in which EIT has dabbled, by determining bone min-
eral density (BMD); it was used in [89] to estimate the degree of osteopenia. This study
focused on in-vitro tests, obtaining very good results, though due to the physiological
characteristics of future patients, this technique would present inaccuracies in esti-
mations. In [33], it was possible to identify the change in pelvic density when applying
a current with a frequency of 100 kHz to the patient. The experiments developed in
this work demonstrated that it is possible to measure the bone mineral density via EIT,
helping to define the seriousness of osteopenia of male patients; a field of exploration
remains regarding women due to their physiological characteristics requiring a differ-
ent model for the estimation of BMD.

Bone impedance can also become a support for forensic science, as it can help
determine the time of death of an individual, as concluded in [90], which, by measuring
the electrical bioimpedance of the femur or tibia and the height of the subject, it is
possible to set the time of death more accurately. It is important to note that the
number of electrodes used in these case studies is small; 5 electrodes in the first case
and 2 in the second.

5. DISCUSSION

The review carried out in this article demonstrates the potentiality of electrical
impedance tomography due to its evolution through technical advances. The devel-
opment of a high speed and high resolution tomography system is usually performed
by experts on the subject. On the other hand, research based on high performance
tomography is usually focused on the pathology diagnostics capacity and employs
commercial equipment. In addition, the works that are based on the development of
high-performance tomography are oriented to the design and testing of modules of
said equipment and do not show a complete development due to its complexity.
Therefore, with EIT being a technology that is not easily accessible, the medical
industry has ventured into the development of EIT equipment. It has shown good
performance in the study of medical pathologies related to the respiratory and gastric
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systems, like the Sheffield Mark equipment manufactured by Maltron, which has more
than 20 years of research in the field of EIT [91]-[93]; likewise Drager Medical with the
Pulmovista 500 [94], [95].

These investigations have evidenced that the spatial and temporal resolution,
the frequency of frames, and the geometric arrangement of the electrodes have anim-
portant role with regards to information extraction in medical images. Other aspects
to consider are noise and irregularities due to the anatomical structure of the human
body [96]; this is as EIT systems guide their designs to meet these challenges. The EIT
prototypes proposed by the scientific community are integrated with analog compo-
nents and control devices [97], especially used in the processes of signal generation,
measurement and processing. This is how proposals are based on FPGA [5], [34],
[36], [98], [99], DSP [91], [100] and Microcontrollers [39], [40], which present modular
architectures. Although they have sufficient characteristics for particular medical ap-
plications, these proposals have limitations such as the calibration of the modules for
generating sinusoidal signals, reconfiguration of injection patterns and measurement
of signals, which may require a hardware reconfiguration [101], [102].

Consequently, it is very important to continue the exploration of new technolo-
gies that help in the efficiency of EIT systems. This will create a better scenario for the
use of this technique in the analysis of medical images, providing reliability, efficiency
and low cost.

6. CONCLUSION

Electrical impedance tomography has ventured into various medical applications,
showing good results. This has led to research groups around the world focusing on
the development of EIT systems that meet the requirements of the medical field. The
developments found in this review show that the advances in analog and digital elec-
tronics have allowed for the development of low-cost prototypes with the necessary
features for the study of tissues and organs. On the other hand, the use of current
signals of T mA at frequencies of 50 kHz, are the characteristics most used in EIT for
monitoring of biological processes and tissues. Also, the number of electrodes greatly
improves the spatial resolution of the images, resulting in a better operation of this
technique; especially in processes with high temporal variability.
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