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Abstract. In this work, the development of a continuous monitoring system of
a human’s respiratory rate (RR) is presented. The system is based on the
impedance pneumography method and it is divided into two main blocks: the
electronic circuit and the electrodes. For the electrodes, two technologies are
considered: the first one is Ag/AgCl disposable electrodes frequently used in
clinical applications. The second one, known as textile electrode, is built on
electrically conductive fabric. The performance of both types of electrodes is
compared. Therefore, the experimental tests are carried out in two stages. In
both stages, 5 records of 10 min were acquired in 5 healthy subjects. The first
stage is recorded with disposable electrodes and the second one with textile
electrodes. In order to compare the results obtained in each case, reference
values were simultaneously recorded in each subject with a commercial
polysomnography system. This system records respiratory activity using a
method based on piezoelectric respiratory effort bands placed in the abdomen
and thorax. Finally, the absolute (e4) and relative (eg) errors are computed
taking into account RR values obtained from the designed and reference system
for each stage. The results show similar performance among textile and dis-
posable electrodes.
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1 Introduction

The respiratory rate (RR) is a vital sign extremely important not only in the diagnosis
but also in the control of serious respiratory diseases. Through regular RR monitoring,
it is possible an early detection of exacerbation in patients with Chronic Obstructive
Pulmonary Disease (COPD) [1], as well as, acute respiratory dysfunction [2]. Fur-
thermore, this also allows to assess the evolution of patients’ rehabilitation and athletes’

performance [3].
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Patients’ lung volume and capacities can be usually assessed in the doctor’s office
through the use of a spirometry test [4]. However, this type of test is not suitable for
continuous monitoring [5]. For this reason, in other contexts, such as sleep studies,
wereables and telehealth systems, etc., other techniques must be used. Among these
techniques, plethysmography and impedance pneumography (IP) are widely used.
They allow to register respiratory signals and, by means of digital processing tech-
niques, respiratory rate can be estimated.

Plethysmography consists of respiratory bands adjusted around the thorax and
abdomen. At the same time, these respiratory bands are connected to force sensors that
measure thoracic and/or abdominal movements due to variations of the air present in
the lungs. Force sensors are built from different and specific transducers such as strain
gauges or piezoelectric materials [6].

On the other hand, IP is a technique that allows to instantly measure the variations
of volume in the air that is present in the lungs by means of electrical impedance
changes in the human thorax using electrodes placed on the skin’s surface [7].

Different electrode technologies can be used to achieve both a low cost system and
a more comfortable system for continuous monitoring (CM) [8]. Among them, dis-
posable electrodes Ag/AgCl are widely used [9]. They allow to acquire records with
very low noise level and they are stable and inexpensive. On the other hand, when it is
necessary to obtain long time records (>24 h), the electrode properties decrease con-
siderably causing a lower quality in the signal’s recording. Therefore, they are not
suitable for continuous monitoring systems.

One alternative to these electrodes can be textile electrodes that consist of con-
ductive fabric and wire which, according to some studies, allow to obtain a good
quality of register even during long periods [9].

One additional advantage of such electrodes is that they provide patients with the
necessary comfort since they can be built in the clothes that the person normally wears
and, in this way, acceptance by patients is facilitated [9].

In this research, the register of the respiratory rate (RR) is evaluated using the IP
method with textile electrodes. For this reason, an electronic circuit in which such
technique could be applied was designed. Moreover, a model of a textile electrode was
built using conductive fabric in order to compare their performance with the perfor-
mance of disposable electrodes Ag/AgCl. A commercial polysomnography system is
used together with plestimographic bands in order to obtain a respiratory rate reference
and statistical parameters.

2 Materials and Methods

2.1 Electronic Circuit

The IP method consists in injecting an electric current to a person’s chest and recording
the changes in the resulting potential due to the variations of its impedance. The
impedance varies for two reasons: the first is due to air entering the lungs causing
changes in the electrical characteristics of the thorax. The second, it is produced by
changes in the separation of the electrodes due to volume variation [10].
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There are two electrodes configuration, tetrapolar and bipolar. The first uses four
electrodes, two to inject the current and two to record potential’s variations. On the
other hand, the bipolar method uses the same pair of electrodes to inject current and
register the potential’s variations. Although the sensitivity is lower than in the previous
case, the system is simpler and more comfortable for the patient [7].

Figure 1 shows a general scheme of the circuit which is implemented based on the
Analog Front-End ADS1292R of Texas Instruments. It is important to highlight its
internal current source called carrier signal which has a frequency of 100 kHz and
500 uA of intensity. According to these values, tissues are not stimulated and, there-
fore, no damage is caused [11].

Thorax
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Fig. 1. Electronic circuit: general diagram block based on ADS1292R analog Front-End.

L

According to Ohm’s law, the current that is injected to the thorax and its impedance
generates a potential drop. The latter is the carrier regulated by the variations in the
impedance of the thorax due to breathing. The electrical potential is increased by an
amplifier with high input impedance and common mode rejection ratio (CMRR).

Then a coherent demodulation process is applied in order to obtain the respiratory
signal (SR). Finally, the SR is digitalized by means of an analog-digital converter
(ADC) integrated in ADS1292R and which has a high resolution (24 bits). This
characteristic allows the gain of the amplifier to be low (G = 6) thus reducing the noise
levels [12]. The sampling frequency of the signal was selected at 128 Hz.

The ADS1292R sends via SPI communication the digitalized signal to ARM
Cortex M4 processor; specifically the MSP432 microcontroller is used. The latter is
responsible for retransmitting the data to a computer through USB connection.

2.2 Electrodes

In this research, two types of electrodes were examined to inject the current into the
skin surface of the thorax. The first ones are disposable electrodes Ag/AgCl. The
second ones are textile electrodes constructed using conductive fabric shown in Fig. 2.
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The fabric used is MedTexTM P-180 model which is built on a base of 94% nylon and
6% of elastic material. It also has a silver coating (Ag) of 99% purity [13].

Fig. 2. Textile electrode built based on conductive fabric MedTex™ P-180.

2.3 Evaluation

In order to evaluate the performance of the electronic circuit and the textile electrodes,
five records were acquired in 5 healthy persons. Each of these records is di-vided into
two different stages: in the first stage disposable electrodes were used whereas in the
second one textile electrodes were used. Both cases were simultaneously acquired with
a respiratory signals reference (RSR).

The RSR signals correspond to the plethysmographic signals of the thorax,
abdomen and the sum of both of these (RIPT, RIPA and RIPsum, respectively) and the
sum of these (RIPSum). The third signal was included due to the fact that it is similar to
the one obtained by the IP signal, based on the researcher carried out by other authors
[14].

The recordings of these signals were performed with respiratory bands based on
piezoelectric sensors connected to a commercial polysomnography, model Mini PC
from Akonic®. This system samples the signals in 128 Hz and it sends all the digi-
talized signal to PC via USB communication. Figure 3 shows the placement of the
respiratory effort belts and IP method’s superficial skin’s electrodes.

IP methods Thorax
electrodes v
placement iezoelectric respiratory
effort belt
Abdomen

Fig. 3. Piezoelectric respiratory band and IP methods electrodes placement.
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Figure 4 shows the photography of the experimental tests. In this figure, the Akonic
system, respiratory effort belts and the development electronic circuit board can be
visualized.

Fig. 4. Experimental tests photography

Once the respiratory signals have been acquired, the respiratory frequency is cal-
culated for each record. This last is carried out using a method proposed and used by
other authors [15]. First, each respiratory signal is divided into 32-second segments.
Next, for each segment, their frequency spectrum is analyzed and the frequency res-
piratory rate corresponding to each interval is determined based on the component with
the highest magnitude.

The RR values computed from the IP method with both types of electrodes were
compared with the ones obtained from RSR signals. Two statistical parameters pro-
posed by other authors were used in order to compare RR values [2]. The first one is the
Absolute Error (e4) (1) and the other one is the Relative Error (eg) (2).

eA(k) = FR[P<]() — FRREF(k) (1)
- eA(k)
er(k)% = FRopr (5 ™ 100 2)

3 Results

The Tables 1 and 2, summarizes the results for disposable and textile electrodes,
respectively. The mean and standard deviation were computed for both errors (e4 and
er) and taking into account separately the group of records performed with the dis-
posable and textile electrode.
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Table 1. Disposable electrodes (Ag/AgCl), mean and standard deviation of errors.

Reference signal | 4 (k) er(k)%
Mean | Std | Mean | Std
RIP Thorax 0,13 |2,98/0,61 |12,50
RIP Abdomen 0,00 [2,901,59 |12,07
RIP Sum 0,00 {2,90|1,59 |12,07

Table 2. Textile electrodes, mean and standard deviation of errors

Reference signal | e (k) er(k)%
Mean | Std | Mean | Std
RIP Thorax 0,47 |3,47/0,92 19,22
RIP Abdomen |0,86 |3,53|4,49 |20,66
RIP Sum 0,86 |3,53/4,72 19,94

Figure 5a and b show the first volunteer’s respiratory signals acquired from the
disposable and textile electrode, respectively. Also, these include the corresponding
RIPT, RIPA and RIPSum signals simultaneously acquired from Akonic system.

(10 a) Experimetal test: IP+Disposable Electrode
14 X

412 M\/’\

180 182 184 186 188 190 192 194 1% 198 200 180 182 184 186 188 190 192 194 196 198 200

L10° b) i test: IP+Textile

Amplitud

Amplitud

Tiempo (seg.) Tiempo (seg.)
RIP Torax RIP Torax

Amplitud
Amplitud

180 182 184 186 188 190 192 194 196 198 200 180 182 184 186 188 190 192 194 196 198 200

Tiempo (seg.) Tiempo (seg.)
RIP Abdo RIP Abdo

00 100
3 3
2 ol 2 o
5 5
E E
< L L L L L L L h L ' < L L L L L L '

10 182 184 186 188 190 192 194 19 198 200 180 182 184 18 188 190 192 134 19 198 200
Tiempo (seg.) Tiempo (seg.)
RIP Sum RIP Sum

Amplitud
Amplitud

Tiempo (seg.) Tiempo (seg.)

Fig. 5. Acquired signals test. Reference RIP signal and IP method with: (a) disposable and
(b) textile electrodes.

4 Conclusions

In this research, an electronic circuit, which allows the RR registration by the IP
method, has been designed and evaluated. It works together with a textile electrode
model that was also built. Furthermore, its performance is compared with the one by
standard disposable Ag/AgCl electrodes based on RR values.
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The comparative test was carried out based on RR values and respiratory reference
signal. These are the signals acquired from plethysmography bands (thorax, abdomen
and its arithmetic addition), connected to a commercial polysomnogram.

The statistical parameters of the eA and eR errors were computed for each type of
electrode technology respect to the respiratory reference signal. In order to simplify the
analysis, the mean and the standard deviation were computed for both electrodes
technologies.

The results show that eA is similar in both electrodes types but the eR is better in
disposable electrodes. This difference could be by the electrode motion because tex-tile
electrodes are most sensible.

In the future, the new smaller dimension prototype and its case will be built. The
latter will be designed with a material that improves the system’s electromagnetic
compatibility features. Based on the new design a study will be carried out comparing
the respiratory signal’ waveform acquired from textile electrodes and other standards
methods.
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