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Abstract:

Electrical impedance tomography (EIT) imaging is capable for human lung imaging based on its continuous self-
monitoring capabilities, and suitability for daily routines. This paper introduces a simulation work for EIT signal
conditioning circuit and its simulated waveform response using Multisim software. EIT circuit simulations consist of
several signal processing circuits for the receiving part of the EIT, band pass filter circuit, amplifier, and analog-to-
digital circuit. The system produced a unit function signal of 5V from an input 250 kHz sine function via band pass
filter, operational amplifier and AC/DC conversion. The waveform pattern result is presented for each processing
stage aim to demonstrate the basic work of an EIT circuitry setup.
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1. Introduction

Electrical impedance tomography (EIT) is one of the most popular lung imaging approaches due to the cost effective
and high efficiency characteristics of the approach. In general, the electrical properties of different materials are distinct
from each other, and these differences produce varied distribution of electrical impedance within a volume. The general
principle of EIT is an inverse problem which determines the digital values of currents and voltages at the electrodes
within the region of interest placed on the boundaries and the evaluation of impedance on the region provides the
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necessary information for imaging. There are many reviews and technical studies regarding the principles and
functionality of EIT devices and techniques in lung imaging. In fact, EIT can be characterized by the combination of
electrical capacitance tomography (ECT) and electrical resistance tomography (ERT). The two main functional
components of ECT and ERT devices are the capacitance (permittivity) and resistance (conductivity) respectively [1].
However, practitioners explain that EIT as an approach that uses conductance component. Among the existing EIT
methods, the most challenging issue is the determination of the material distribution within the ill-posed boundary
regions. In many cases, this problem not only produces one solution but also many reconstruction algorithms are needed
to develop and implement for the numerical construction of the material distribution within the interest region [1-5].
Though, the image resolution and depth of the EIT systems are not as robust as other tomography techniques, yet these
drawbacks can be potentially compensated cost effectiveness and safety standard of the EIT systems. There is also another
type of EIT system, EITS, also known as Multi-frequency EIT. This EITS system is composed electrical impedance
spectroscopy (EIS) and EIT systems and uses frequency dependent properties of materials in the frequency domains [5,
6].

One of the reasons that governs the practicality and applications of EITS systems and associated methods is the
characteristics behaviors of the electrical impedance of different biological tissues. This distinct characteristic is very
helpful in image-based monitoring and observation of the functions of various vital tissues and organs including a very
cost effective and higher safety standard. Another crucial benefit of adapting EITS in clinical health care is the availability
and portability of the EIT devices in isolated and remote areas as essential medical equipment where immediate hospital
facilities and ambulance services are not accessed easily. Detection and imaging of breast cancer [3, 7-9], monitoring
the air flow volume in the lungs [10], classification of the brain strokes [11, 12], detection of the skin cancer [13] and
other applications of EIT systems were used in many studies. Moreover, detection of the material acceleration in the other
fluidic mixtures, i.e., movement of the water particles in ice and water mixtures, could also be observed with the EITS
systems, particularly if the systems are incorporated with other technologies [14]

In the application of mechanical ventilation imaging, EIT is a most favorable approach due to its real time, radiation
free and non-invasive characteristics. Though conventional EIT systems could have a belt of either 16 electrodes or 32
electrodes, the electrode placement and functionality of both channel EIT are almost similar. In both EIT systems (16
and 32 channels), the electrodes are placed around the chest wall as well as a reference electrode which is placed in the
central section of the body, usually abdomen, for the measurement of regional electrical bioimpedance. In the majority
of cases, the transverse plane, often the place between the 4th and 5th intercostal space, is the placement region of the
16-channel electrode belt. However, due to the possibility of interaction of diaphragm with the measurement plane, it is
often recommended that the 16-channel electrode belt be placed lower than the 6th intercostal region [15-18].

The principal technical process of EIT based observation or imaging involves applying low amplitude and high
frequency alternating electric currents via a pair of electrodes and measuring the surface potentials by the other electrodes.
The bioelectrical impedance can be established by applying the Ohm’s law between the known applied current and
measured voltage of the injection and measurement electrodes. Afterward, the adjacent electrode pair is used for the next
current application, and the other 13 measurements of voltage are carried out. Therefore, according to this set up, a
complete cycle of rotation is implemented by applied electric currents and voltage measurements by the adjacent pairs of
electrodes, which in turn creates a 16 electrode positions while each of the position is encompassed by 13 voltage
measurements [17]. Therefore, there are a total of 208 resulting values, also known as raw images. These raw images are
then constructed together in order to produce the transverse EIT image. However, existing commercially available EIT
devices could produce images of 50 frame per second (fps), which is considered a relatively high scanning rates of image.

2. Background Study

There are many effective and high-end imaging technologies, such as magnetic resonance imaging (MRI).
Computed tomography (CT) scan and X-ray, for the functional monitoring of pulmonary functions. These existing
imaging techniques provide highly resolute spatial images of lungs and other tissues and organs. Nevertheless, in case of
CT-scanners and X-ray imaging, the patients are exposed to ionizing radiation and for repeated imaging this radiation
could have detrimental effects to the patient’s seeking ventilation and perfusion imaging [19]. Moreover, these devices
are heavy, and therefore are kept at stationary facilities, and require a high capital of maintenance cost as well as imaging
cost. EIT provides an alternative solution for these disadvantages in lung function monitoring [20, 21]. In surgery, the
applications of EIT devices are very promising in case of many diseases for the detection and real-time imaging purposes
of common and serious complications occurring during thoracic and pulmonary surgery [6, 14, 15, 20]. However, due to
the cost effectiveness and portability of the EIT devices, patients’ home monitoring and bed-side monitoring are more
reliable for the real-time and continuous observation of pulmonary and thoracic functions [20, 22]. EIT systems and
techniques are also very useful in monitoring the conditions of pre-mature birth since lung immaturity is the primary
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cause of premature. Hence, monitoring and observation of the development of pre-term neonates’ lungs are easily
performed by the ionizing radiation free EIT [23]. In another word, the advent and development of the EIT devices had
made the image-based monitoring of lung’s functionalities over a wide range of patients including pre- and post-term
neonates lung EIT techniques are developing at an astounding rate and this area is becoming a separate milestone for the
clinical diagnosis and medical imaging [24-26].

During the clinical procedures and observation of patients with acute lung injury, positive pressure ventilation is a
mandatory process of ensuring the exchange of the adequate volume of gas within the respiratory system. However, the
adequate exchange of pulmonary gas within the respiratory systems is maintained by mechanical ventilation during the
treatment of the underlying diseases [27]. Though, during the mechanical ventilation process, over distension could lead
to severe lung injury if very high pressure is applied, for some specific patients, in order to obtain sufficient tidal volume
within the respiratory systems. The damage or injury caused by mechanical ventilation is also known as ventilator induced
lung injury (VILI). Therefore, researchers and professionals from various disciplines and sectors focus their studies on
protective ventilation strategies in order to prevent VILI related complications and damage during mechanical ventilation
[28-30]. Therefore, the development of the EIT devices is a potential step in order to prevent and minimize, in most
cases, the VILI associated complications and damages during the mechanical ventilation. The proposed EIT system of
this study could be further modified to improve the special resolution and efficiency of the real-time image-based
monitoring of the lung activities during the mechanical ventilation process while treating the underlying disease of the
patients with existing lung complications or injuries.

Generally, the mathematical concept of EIT is formulated by applying the simple Ohm’s Law equation:
E=IR (1)
where an electric field (E), current (1) and a resistance (R) as shown in Equation 1. Rather than using simple resistance,

instead conductivity will be used, and by expanding voltage into an electric potential and assuming no significant current
is generated from the body, Equation (1) hence becomes:

J=6E )

where current density (J) and conductivity (o) is compared to Maxwell’s equation for electromagnetic wave transmission

[2]:
VxE= —0dB/ot,and V xB=pu0g0 0B/dt 3)

for a measured set of potentials there exist some set of conductivities (). The set of potentials acquired by the EIT system
act as the boundary conditions, allowing the conductivities to be solved. However, this is not a well-posed problem in
that many solutions may exist that reflect the boundary conditions. The conductivities are non-linear as well, making the
solution(s) more difficult to obtain.

3.  Methodology

This virtual experiment study was carried out for circuit simulation work using Multisim software. The EIT circuit
simulations consisted of several circuits as in Figure 1 breakdown, which are signal generating circuit, band pass filter
circuit, amplifier, and analog-to-digital circuit. The circuit simulations were carried out in several phases of sine wave
signal generation, adding white noise to the input signal, filtering the signal using pass band filter, amplifying the filtered
signal and analog-to-digital conversion.

Input voltage P amplifier P Low-pass filter P High-pass filter H ADC

Figure 1 Flow diagram of the signal conditioning for EIT

3.1 Circuit layout

The input of EIT consists of a power source along with alternating current (AC) sine wave which supplies voltage
to the whole system. The simulation of the input is expressed by an AC voltage source paired with a potentiometer circuit
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for the adjustment of the input amplitude, the simulated amplitude and frequency were generated similar to the
generalized capacity of regular power sources. Figure 2 shows the generated input signal.

Figure 2 Input signal for receiver electrode (RX)

In real practice, noises are inevitable and therefore a white noise is applied to the input signal (Figure 3). White
noise is a random signal having equal intensity at different frequencies, giving it a constant power spectral density. For

that, the white noise signal has been added so that the filter can be tested and verified, Figure 3 shows the white noise
signal circuit.
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Figure 3 White noise signal circuit

One of the most important elements of the EIT input is the filter circuit. The simulated filter circuit was designed to
accommodate the range of voltage and frequency that the EIT requires for a tomography. The filter circuit designed was
band pass filter which passes frequencies within a certain range and rejects (attenuates) frequencies outside that range,
the range of EIT operational frequency is between 10 to 250 kHz. This range of low frequency is within kilohertz which
is suitable for further image reconstruction and filtering circuit to avoid saturated signals. Figure 4 shows the band pass
filter which is the combination of low pass and high pass filter for noise filtering.
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Figure 4 Band pass filter

Operational amplifier is the next phase after filtering the input signal. An operational amplifier is an integrated
circuit that can amplify weak electric signals that is used to amplify the amplitude of the signal after it is being filtered,

which lowers the value of the amplitude. An operational amplifier has two input pins and one output pin. Figure 5 shows
the operational amplifier.
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Figure 5 Operational amplifier

The end step for the circuit is analog-to-digital conversion. Analog-to-digital converter is an electronic integrated
circuit used to convert the analog signals such as voltages to digital or binary form consisting of 1s and 0s. Most of the
ADCs take a voltage input as 0 to 10 V, -5 V to +5 V, and correspondingly produce digital output as a binary number,
Figure 6 shows the analog-to-digital converter.
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Figure 6 Analog-to-digital convertor

4. Result

Each element of the circuit built and simulated presents its unique output, only their summation after each other
exhibits the output of the EIT. The first output is from the input AC circuit which ranged from -13 V to +13 V and is
shown in Figure 7, in addition Figure 8 shows the output of the White noise circuit used to test the circuit against noise
which ranged from -8 V to +8 V.

Oscilloscope-XSC2 X

Time Channel_A Channel_B F
T H 54830 us -13.531V
T2 [€ | 24.830 us 13.415V
- -30.000 us 26.946 V Save
et Ext. trigger

Figure 7. Waveform of input circuit
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Oscilloscope-XSC2 X

Time Channel_A Channel_B
TL®H 5 04sms 8.889 V Reverse
T2 [« || 1.007ms -8.304 V
T2-T1 -951.613 us -17.194 V Save

Ext. trigger

Figure 8 Waveform of input circuit with white noise added

The output of the input AC circuit or the White noise circuit is then fed to the band pass filter circuit to be filtered.
The output of band pass filter is then inserted into the operation amplifier circuit, the output after the two circuits shown
in Figure 9.

Time Channel_aA Channel_B
TL® R 464467 us 11.944 V Reverse
T2 [ | qoa780us  -11.963V
= 30.323 us -23.907 V Save
L Ext. trigger

Figure 9 Waveform after band pass filter and operational amplifier circuit

Lastly, after the signal went through the band pass filter and operational amplifier, the signal must be converted to
a digital value. Analog-to-digital conversion is an electronic process in which a continuously variable (analog) signal is
changed, without altering its essential content, into a multi-level (digital) signal. In EIT system, the final output must be
represented in digital value to get the image required to be finally diagnosed, Figure 10 shows the analog-to-digital
conversion result (0 - 5 V).

Oscilloscope-XSC3 X

<

Time Channel_A Channel_B
TL |8 1.881 ms 5.000 v
T2 [/ 1.805ms 5.000 V
T2-T1 -75.806 us 0.000V Save B ager
.

Figure 10 Output of analog-to-digital
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5. Discussion

The application of EIT treatments in lung related diseases and lung imaging are gaining tremendous attention,
including the mechanical ventilation of the disordered lungs. In the case of mechanical ventilation, pressure adjustment
is required for the collapsed parts to the mechanical ventilator. During this process, it is necessary to be careful to adjust
the pressure properly so that acute lung injury can be prevented over the distending parts of the lungs. Therefore, the
control and monitoring of the actual amount of air volume and its distribution should always be observed in real time
with proper consideration and precautions during the mechanical ventilation process [31, 32]. Even though EIT systems
and their application demonstrate potential promises in monitoring and imaging of the lung functions, their clinical
applications are not gaining that much of attention in the professional health care system [33]. One of the most significant
reasons of this drawback of the EIT systems is absence of an integrated approach in the EIT based systems that results in
the relatively poor resolution in the lung imaging and hardship in obtaining the reliable and related data for an accurate
clinical observation.

From the simulation work which integrates several circuit and sub circuit parts, is evident that a signal conditioning
circuit can control the EIT system and send accurate signals to the electrodes. The proposed EIT system can be
conveniently built with a relatively affordable price, unlike other tomography systems that not only require complex
signal conditioning circuits but also stand in need of a high manufacturing price.

The developed 16 channel EIT system could produce functional images of the lungs in a real time integrated
approach which is useful in determining the actual air volume supplied to the lungs. The absolute change in the aeration
level in the lungs is usually evaluated from the arithmetic difference of two different Positive end-expiratory pressure
(PEEP) levels. The difference between the two PEEP levels is also known as end-expiratory lung volume (EELV) [34,
35]. The signal generation and conditioning circuit is critical in this evaluation because it is the main part that supplies
the current for reading and presents the real-time screen view. One recent study introduced the lungs collapse models to
monitor and observe the image-based functionalities of lungs compliance and over distension collapse. Therefore, with
the help of the collapse models, the functional images integrated with the images of time delay techniques could
potentially locally determine the collapsed and distended sections or parts of the lungs during the ventilation process.
Diagnostic parameters of CoV, A/P ratio, Gl, and CV provided useful feedback information during the PEEP titration to
recruit collapsed parts of the lungs [34-36]. However, EIT devices could also be used to measure the microscopic
phenomena within the respiratory systems induced by the microscopic changes within the airway which shows the
importance of a perfectly designed circuit to accommodate and provide accurate measurements. Thus, careful
consideration and proper measures should be taken to observe and understand the mechanics of the respiratory systems
using the EIT devices. The further development of the EIT devices, both in hardware and software, could enhance the
spatial resolution and scanning rates to higher numbers [37—-40]. The developed 16 channel EIT system in this study
could not only be useful for observation and monitoring the real-time lung imaging, but also in shading an insight into
the understanding of circuitry importance and various aspects of clinical and experimental science.

6. Conclusion

The simulated circuit demonstrated an approach to design EIT signal conditioning. It is the basis for allowing EIT
to visualize the monotonically varying conductivity distribution during inhalation and exhalation in real practice. It
assumes that lung conductivity monotonically decreases during inhalation (due to the air flowing into the lungs) and
monotonically increases during exhalation (due to the air leaving the lungs). The periodicity of lung ventilation is used
to extract its associated current-voltage data; all voltage differences between electrodes increase during inhalation and
decrease during exhalation in terms of matrix definiteness regardless of the injection currents. The signal waveform
responding to each signal processing stage shows a responding pattern. The output waveform will contribute to the
software image reconstruction work to generate tomogram images in practice. EIT unique advantage lies in its capability
for continuous monitoring at the bedside. Given the drawbacks of EIT (e.g., technical difficulties of the ill-posed related
to EIT data being insufficient to probe local conductivity changes), it is needed to focus on a robust circuit designing
method to allow this technique to provide indispensable information in clinical medicine.
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