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Electrical Impedance Tomography design can be simplified to obtain a low cost 16 electrodes edema monitoring clinical instrument by using voltage measurement multiplexing. Multiplexers introduce errors, which we have estimated by consecutive phantom measurements both using voltage multiplexers and by selecting the electrodes by hand, all other things being the same. Noise is taken care of by averaging. The EIDORS reconstruction of the phantom with multiplexed measurements is compared to the hand-selected electrode measurements reconstruction. The difference image obtained is considered an estimation of the multiplexer induced error. This measurement error is subtracted from the multiplexed object measurement matrix, giving a modified reconstruction which is closer to the hand-selected electrodes measurement based reconstruction than the multiplexed reconstruction. The quality factor of the uncorrected multiplexer obtained image of 57% is increased to 83% which is the best increase of three methods described. This suggests the benefit of a “calibration” phase for all 16 electrodes, prior to EIT reconstruction, using a set-up-specific “error matrix” to correct the data matrix before submission to the reconstruction method.
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INTRODUCTION
Electrical impedance tomography (EIT) is based on multiple determinations of electrical bioimpedance on the outer boundaries of a section of the human body (Jongschaap et al., 1994). The technique consists of applying a sinusoidal current signal to a pair of electrodes and measuring the resulting voltage potentials of all other pairs and repeating for all injection pairs of the boundary. A current signal (high frequency, low intensity) is applied, and the voltages are measured, or vice versa, depending on the application (Bertemes-Filho, 2021; Mohamadou et al., 2012). With these two parameters, by means of Ohm’s law, the resulting impedance can be calculated. In biomedical applications, the technique obtains the electrical bioimpedance of a transverse region of the patient, defined by placing the electrodes around it. This process results in border restrictions, which will be used to solve the so-called inverse problem (Calderón, 1980; Grimnes and Ørjan, 2015). Since different tissues have different impedances, it is possible to characterize them from the bioimpedance measurements, thus achieving a tomographic image of the region (Valentinuzzi et al., 1996).
EIT presents many advantages, such as the ability to generate a tomographic image of a region without causing damage to the patient, due to high-frequency, low-intensity currents that stay well below perception thresholds (Brown, 2009; IEC, 2016; IEC, 2020). However, it presents an important disadvantage in resolution compared to ionizing radiation image acquisition. This is partially a consequence of the finite quantity of data at the region’s border, which in turn depends on the number of electrodes used. Nonetheless, increasing the number of electrodes does not guarantee a significant improvement in resolution, as seen in Adler & Lionheart (2006); Simini et al. (2018) and is also often impractical. EIT systems typically use 8 to 32 electrodes for measurements (Grimnes and Ørjan, 2015; Swisstom, 2015; Dräger AG, 2020; Harris et al., 2020; Adler and Holder, 2021). EIT reconstruction has lately become popular after the publication of several guidelines to design specific tomographic applications, such as the EIT-kit (Zhu., et al., 2021).
IMPETOM-Clínico is a 16-electrode bioimpedance measurement device developed in our laboratory, to obtain tomographic images of the transverse section of a patient or a phantom, in real time. The distinctive characteristic of IMPETOM is that no anatomical precision is pursued, but quantitative water occupation in the lungs is pursued instead (Simini et al., 2018). Due to the number of electrodes which would require several electronic circuits, the concept of multiplexing arises naturally to reduce the number of current generation as well as acquisition/processing channels (Wu et al., 2021).
The present article compares two ways of data acquisition, in a practical way, for EIT reconstruction: 1) hand-selected electrodes measurements and 2) multiplexed measurements. Multiplexing is applied to both current injection and voltage measurement.
The first measurement consists of manually selecting the electrodes used to inject current and to measure voltage. The second way uses multiplexers, which automatize the selection of injection and measurement electrodes, by enabling channels via an Arduino-based program. The differences between these two will be studied in detail in this article to check the relevance of the electronic noise added by the multiplexers and to suggest a way to offset it.
OBJECTIVE
The objective of the present research was to quantify the error introduced by multiplexers in the measurements of EIT voltages (and to the resulting images) in a saline-filled phantom and in the same phantom with a low-conductivity object. The multiplexer-induced error is used to show a corrected EIT image of the low-conductivity object phantom.
METHODS
Electrical Bioimpedance Measurements
We have taken voltage measurements from adjacent electrodes of a plastic phantom with 16 steel electrodes all around it, following the adjacent method procedure (Grimnes and Ørjan, 2015). The injection current of 1 mA amplitude and frequency of 30 kHz were applied in a series of 16 pairs of contacts, the selection of electrodes being either by hand or using the injection multiplexer circuit. Voltages were also taken either selecting the electrode pairs manually or using the voltage measurement multiplexer circuit. Hand-selected electrodes measurements consist of the same measurement of the EIT system but with the multiplexers omitted; the selection of the injection pair and the measured pair of electrodes was performed using hand using alligator clips. It should be emphasized that stray capacitance from cables and the electronic circuit itself will be acting in both types of channel selection. Therefore, only the stray impedance of the multiplexer was the difference between the two measurements and thus enabled the calculation of the error. Both multiplexer circuits, namely, current and voltage multiplexers will be addressed in this article. The voltage measurements were organized in similar matrices.
The measurements were taken on both a saline-filled phantom and a phantom filled with saline with a low-conductivity object inside. The saline measurements simulated a “non-signal” situation, i.e., an estimation of noise of the method, while the low-conductivity object measurements are the “signal” situation. Figure 1 shows the phantom filled with saline and filled with saline containing a low-conductivity object.
[image: Figure 1]FIGURE 1 | Phantom with steel electrodes e1 through e16 in clockwise direction from above: (A) filled with saline solution and (B) filled with saline solution and containing a low conductivity object (a glass filled with sand, between e3 & e4). Inset: general view of the phantom, with 23 cm diameter.
The measurements taken are organized in matrices according to the following:
ZM: saline-filled phantom with hand-selected electrodes measurements.
AM: low-conductivity object in saline phantom with hand-selected electrodes measurements.
ZX: saline-filled phantom with multiplexers for current injection and voltage measurements.
AX: low-conductivity object in the saline-filled phantom with multiplexers for current injection and voltage measurements.
Instrumentation Used
Electrical bioimpedance was evaluated using the following instruments:
1) Siglent ® SHS820 handheld digital oscilloscope.
2) Tektronix ® PS280 DC power supply.
3) Extech ® EX505 multimeter.
4) Fluke ® 73 multimeter.
5) IMPETOM-Clínico: an EIT system under development.
IMPETOM-Clínico is the latest version of an EIT device designed and built in our laboratory, and IMPETOM ® (Simini et al., 2018) is based on several partial designs (Ferreira et al., 2002; Hartman et al., 2002; González et al., 2005; Quinteros et al., 2007; Santos, 2014; Alfaro et al., 2015).
Our present version consists of three main blocks (Figure 2): 1) signal generation, 2) multiplexers, and 3) analog signal processing. The first block generates the alternating 30 kHz current to be injected into the phantom, using DDS technology (Analog Devices Inc, 1999) and appropriate filtering. The DDS used is AD9833, which is a low-power, programmable waveform generator capable of producing sine, square, and triangular waveforms. The frequency and phase of the output signal are programmable. After the DDS, there is an active band-pass filter with 1.6–371 kHz bandwidth that is used to smooth the digital signal prior to injection into the phantom to remove DC components and switching noise above 1 decade over the frequency of interest, 30 kHz. The 1 mA current is given by an internal resistor of the Howland current source.
[image: Figure 2]FIGURE 2 | Block diagram of IMPETOM-Clínico. In order to evaluate the effects of multiplexers, they are omitted to obtain impedance values (and resulting reconstructed images) which are then compared to the images obtained with the complete circuit. DDS used is AD9833; MC33077 is the operational amplifier that we used for the Howland current source, both band-pass filters include 30 kHz, but the band-pass filter prior to the measurement has a quality factor of Q = 37.
The multiplexers block is in charge of multiplexing the 16 channels. It consists of two pairs of 16:1-channel analog multiplexer/demultiplexers, one for current injection and the other for voltage measurements. We used CD74HC4067 analog multiplexer/demultiplexer (Texas Instrument Inc., 2003), which features a low “on”-resistance (typically Ron≈70 Ω), connected in series between the multiplexer’s input and output pins. Other multiplexer/demultiplexer ICs have been discarded due to their higher “on”-resistance such as CD4051. The electronic properties of the signal circuit are those of CMOS transistors with low resistance during saturation. Each multiplexer is controlled by four pins, and it is powered by the 5 V supply of Arduino ®. The circuit schematic of the multiplexer stage is shown in Figure 4.
Multiplexers introduce error due to their internal parasitic capacitance, leakage current, and suboptimal circuit elements, in addition to the random noise of the “on”-resistance of the CMOS transistors. A typical CMOS switch circuit can be found in the manufacturer´s tutorial documentation (Analog Devices Inc, 2009). The result of introducing multiplexers in the signal acquisition path, both in the current injection portion and in the voltage measurement, has an inevitable effect on the resulting EIT image.
The analog signal processing block also receives the voltage measurement coming from the multiplexer stage and performs filtering, amplification, and DC conversion for digitalization, which is performed by a half-wave voltage rectifier in conjunction with a voltage divider. This allows rectifying the input signal and to size it within the range of admissible values for the microcontroller. After that, the signal is acquired by the ADC converter of Arduino ® with 10-bit resolution. The data acquired are voltage values which can be accurately measured only if the band-pass filter at 30 kHz has a high quality factor; we have implemented one with Q = 37. In order to get those values, we assume resistance measurements between each pair of electrodes, neglecting any imaginary part.
The oscilloscope SHS820 has been occasionally calibrated as usual in a university teaching laboratory according to the manufacturer’s instructions.
EIT Phantom
To test the EIT system under development, IMPETOM-Clínico, a cylindrical plastic phantom, was built with 23 cm diameter and 15 cm height, with a capacity of 5 L. We placed 16 steel electrodes on the cylindrical surface, 8 cm from the bottom, drawing a complete circumference. The electrodes are submerged in saline inside the phantom and crossed to the outside where contacts allow easy connections to circuitry. Figure 1 shows the phantom developed.
Saline was prepared by adding sodium chloride (NaCl) to water at an ambient temperature (0.9 g of salt per liter) which corresponds to 190 mS/m of conductivity (Kao et al., 2008).
Measurement Protocol

1) The 5-L phantom is filled with 3.5 L of saline water. The electrodes are 1 cm below the level of saline.
2) Electrode connections were made as shown in Figure 3: the current generator to the first pair and voltage acquisition to the first adjacent pair, then to the next pair, and so on, until the last pair.
3) Hand-selected electrodes measurements of voltage at 13 successive pairs of electrodes for every pair of electrodes used to inject current, on the objectless phantom. For each one of the 16 pairs of electrodes, 13 voltage measurements are taken, i.e., 208 values. We used four alligator clips, two to connect the current source to two adjacent phantom electrodes and two to measure voltage in successive electrode pairs. It took 1 hour for two authors to obtain this set of values. Matrix ZM is filled in with these values by Arduino ® software.
4) A low-conductivity cylindrical object is introduced resting on the bottom of the phantom and filled with sand up to 1 cm above the water level. The center of the object rests in the middle of the radius of the phantom between electrodes 3 and 4.
5) Hand-selected electrodes measurements of the low-conductivity object give a new set of 208 voltage values. Matrix AM is filled in with these values. It also took 1 hour to obtain these values.
6) Connections are made as shown in Figure 4: the current generator to current multiplexer circuit, voltage acquisition circuit to multiplexer circuit, and 16 electrodes to multiplexers. See Figure 4, in which V- and V+ are the voltages at each electrode pair.
7) Multiplexed measurements starting with the same pairs of electrodes as in the hand-selected case of the phantom with the low-conductivity object. The integrated circuit CD74HC4067 was used to connect each electrode to a multiplexer channel. Two multiplexers select which electrode pair has to be voltage-measured while two other multiplexers select the electrode pair to which the current is to be injected into. A software program commands the selector bits to operate both the injection and resulting voltage measurements. Matrix AX is filled in with these values by the Arduino ® software.
8) Removal of the low-conductivity cylindrical object from within the phantom.
9) Multiplexed measurements, starting with the same pairs of electrodes as in the hand-selected case, of the saline only-filled phantom. Matrix ZX is filled in with these values.
[image: Figure 3]FIGURE 3 | Connections made for hand-selected electrodes measurements.
[image: Figure 4]FIGURE 4 | Basic electrical bioimpedance measurement connections with multiplexed injection current and multiplexed voltage measurements. Adapted from Simini (Simini et al., 2018).
Multiplexer-Induced Error Estimation
The error is characterized in the absence of the low-conductivity object. The corrections can then be applied once the low-conductivity object has been placed in the phantom.
The error introduced by the multiplexers was defined and estimated by three methods:
1) Matrix element by matrix element difference in voltage measurements of the hand-selected electrodes recorded values subtracted from the multiplexer set of values in the absence of a low-conductivity object. ZX-ZM, ideally this subtraction matrix should be null.
2) Mean value of differences of the matrix elements that share the same current injection electrodes in the saline phantom. The error is estimated for each column of the matrix: let fc(ZX-ZM) be the result of the subtraction of the average of the column from each element.
3) Mean value of differences of the matrix elements that share the same voltage measurement electrodes. The error is estimated for each row of the matrix: let fr(ZX-ZM) be the result of the subtraction of the average of the row from each element.
Quality Factor of Tomographic Image Reconstruction
We suggest adopting a quality factor to represent the improvement of EIT reconstruction images and thus to compare the three correction methods. This quality factor (QF) is defined in Eq. 1.
[image: image]
where [image: image] represents the measurement matrix elements at row [image: image] and column [image: image] of AM, and [image: image] represents the measurement matrix elements post correction. QF was calculated for each correction method, to compare them to the hand-selected electrodes measurements taken as the gold standard.
EIT Reconstruction
EIT reconstruction was performed using the EIDORS system (Valentinuzzi et al., 1996; Adler and Lionheart, 2006) with matrices ZM, AM, AX, and ZX, as shown in Figure 5 (ZM, AM) and Figure 6 (AX, ZX). We considered ZX-ZM as an error estimation matrix. AM would be the correct EIT image obtained as a partially degraded image AX, due to the multiplexers.
[image: Figure 5]FIGURE 5 | EIT reconstruction performed using data acquired by hand selection of electrodes. (A) ZM: saline-filled phantom and (B) AM: saline-filled phantom containing a low-conductivity cylinder between electrodes 3 & 4, reconstructed using EIDORS. Scales vary for the purpose of generating better image representation.
[image: Figure 6]FIGURE 6 | EIT reconstruction performed using data acquired via multiplexers. (A) ZX: saline-filled phantom and (B) AX: saline-filled phantom containing a low-conductivity cylinder between electrodes 3 & 4, reconstructed using EIDORS. Scales vary for the purpose of generating better image representation.
To better evaluate the effect of multiplexing on EIT image reconstruction, the hand selection method was compared to the multiplexed one by using the same setup for both of them, namely current magnitude, electrode sequence, signal amplification/acquisition, and image reconstruction method. Figure 7 shows the representation of the 208 voltage measurements in both methods. Identification of Figure 7A with Figure 7B would be expected in case multiplexing was neutral to EIT reconstruction, especially because every single voltage is the result of averaging 100 measurements.
[image: Figure 7]FIGURE 7 | Saline-filled phantom raw voltages, showing typical “U” shapes. (A) Data acquired by hand selection of electrodes. (B) Data acquired via multiplexers.
Multiplexer-Induced Error Correction
Since we consider (ZX-ZM) as the error introduced by the multiplexers, we use it to correct all subsequent images obtained with multiplexers. The error estimation methods are described in Section 3.5, i.e., the image difference for saline is subtracted from the object reconstruction. Figures 8–11 compare the different results of correcting with the three error estimation methods. Figure 8 shows hand-selected electrodes measurements of the saline-filled phantom and the same phantom with a low conductivity object. Figure 9 is the result of element-by-element subtraction of the two matrices (first method); Figure 10 is the result of column-wise average subtracted from elements (second method), and Figure 11 is the line-wise average subtracted from all elements (third method).
[image: Figure 8]FIGURE 8 | Reconstruction of the saline-filled phantom using data obtained by (A) AM (hand selection) and (B) AX (multiplexed with no correction). Additional noise is observed in (B). QF = 57.
[image: Figure 9]FIGURE 9 | Reconstruction of the saline-filled phantom using data obtained by (A) AM (hand selection) and (B) AX (multiplexed corrected using the first method). QF = 83.
[image: Figure 10]FIGURE 10 | Reconstruction of the saline-filled phantom using data obtained by (A) AM (hand selection) and (B) AX (multiplexed corrected using the second method). QF = 67.
[image: Figure 11]FIGURE 11 | Reconstruction of the saline-filled phantom using data obtained by (A) AM (hand selection) and (B) AX (multiplexed corrected using the third method). QF = 67.
RESULTS
The hand-selected and multiplexed EIT images for the saline phantom and phantom with a low-conductivity object are shown in Figures 5, 6. The estimation of the error as element-by-element “difference image” was calculated as shown in (Figures 6A, 7A) which is ZX-ZM and is shown in Figure 12A.
[image: Figure 12]FIGURE 12 | (A) Error image (ZX-ZM) as a graphical estimation of the error introduced by the multiplexers. (B) Error Image AX-(ZX-ZM)-AM obtained by element-by-element subtraction to correct the multiplexed image.
The EIT error-corrected reconstruction images differ depending on which of the three methods is used to correct the multiplexer-induced error, as shown in Figures 9–11.
The image difference (AX-f(ZX-ZM)-AM) helps to better evaluate the low-conductivity cylinder reconstruction, according to the three methods, in which f is element-by-element subtraction for the first method, fc for column-wise, and fr for line-wise subtraction. They should be better than the AX image because AX includes the multiplexer error, as shown in Figures 12A,B as well as Figures 13A,B.
[image: Figure 13]FIGURE 13 | (A) Image difference AX-fc(ZX-ZM))-AM. The column average is used to correct the error. (B) Error Image AX-fr(ZX-ZM))-AM. The row average is used to correct the error.
The error is characterized numerically by QF. The results are shown in Table 1, in which QF values are given for each method, with the lowest error for method 1, which turns out to be the best of the three.
TABLE 1 | Quality factor of images obtained with multiplexing and error corrections.
[image: Table 1]We see at first glance a great similarity between Figures 8A,B. This is now confirmed by Figure 13 and Table 1, in which the QF of Figure 9 (first method) is the best.
Method 2 and method 3 are similar. Despite the fact that they both represent an improvement from the original multiplexed data QF = 57, their performance with QF = 67 is less than method 1 with QF = 83. However, method 1 needs more computing power to be executed because the subtraction involves two full matrices instead of matrices with rows (or columns) with the same value. So, it has a disadvantage in comparison with the other two methods considered.
We can derive from these results that applying an element–element correction, which takes into account the error introduced by multiplexers to the homogenous phantom data, may be a contribution to attenuate multiplexer electric noise in EIT circuits.
DISCUSSION
In this article, we have revisited the IMPETOM design to produce a prototype which would be transferable to an industrial company for commercialization. In doing so, a new design of the current injection and voltage measurement was necessary. To evaluate the effect of multiplexing, both for current input and voltage output, we have compared the resulting images using simple hand-selected electrodes measurements data with images obtained with our full circuit including multiplexers.
The laboratory instrumentation used, as described in Section 3.2, was adequate for the goals we set to ourselves. We used a handheld digital oscilloscope, Siglent SHS820, with good accuracy. Although a good digital multimeter could have performed the job, the oscilloscope gave us the additional information of the stable signal at all times prior to determining the root mean square value (RMS) of signals.
Rather than estimating the effect of multiplexer circuits at the single signal level, we have compared the overall result of image reconstruction which is ultimately the goal of EIT. The gold standard or reference image is the one we have obtained without multiplexers, i.e., hand selecting every signal at each one of the 16 electrodes of the phantom. This approach has the advantage of encapsulating all possible errors associated with multiplexers into one situation. The disadvantage is that it includes the time-consuming procedure we have followed in our protocol.
Comparing images may be a very subjective task, and this is the reason why we have suggested an overall quality factor for the images with respect to the gold standard. Considering that the gold standard (no multiplexer error) has QF = 100%, without correction, the QF of the phantom image with a low-conductivity solid was measured as 57%. We have tested three error reduction methods to compensate for the multiplexer-introduced error. The three methods foresee calibration situations with the saline-filled phantom. The hand-selected electrodes measurement of the saline-filled phantom turned out to be different from the same phantom measured using multiplexers, which confirmed that multiplexers introduce some noise. The difference between the two images is considered our basic error image. The first method consists of subtracting, element by element, the difference matrix of the multiplexer from the hand-selected one. A good increase in the QF is observed when we apply the correction to the low-conductivity object image obtained with multiplexers. Subjectively, the image of Figure 9B is more similar to that of Figure 9A than Figure 8B. Correction method 1 increased the QF from 57% to 83%. This QF is closer to 100% than the ones obtained by the other two methods.
In an attempt to average multiplexer noise column-wise or line-wise in the voltage data matrix obtained, we have defined method 2 and method 3 as the subtraction of the multiplexer matrix minus the row or column mean value of each element. Interestingly, both methods have identical numerical results in which they only increase QF from 57% to 67%.
The results of this work allow us to proceed in the design of IMPETOM-Clínico, provided we can include a calibration instance in the device. Hand-selected data for phantoms and, in the future, for patients or healthy volunteers, will represent an enhancement for the calculations of EIT images. The confusing effect of multiplexers will be reduced by applying method 1 with factory-loaded compensating data. This article allows us to conclude that multiplexers are part of the design and that the error they introduce can be partially reduced.
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