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Abstract: Electrocardiogram (ECG) electrodes are conductive pads applied to the skin to measure cardiac activity. Ag/AgCl electrodes are the commercial product which widely used to obtain ECGs. When monitoring the ECG in a hot spring, Ag/AgCl electrodes must be waterproofed; however, this is time-consuming, and the adhesive may tear the skin on removal. For solving the problem, we developed the carbon pencil lead (CPL) electrodes for use in hot springs. Both CPL and Ag/AgCl electrodes were connected to ECG100C’s cables. The Performance was evaluated in three conditions as following: hot spring water with and without bubble, and in cold water. In each environment, the procedure was followed by three different protocols that are recording from the dry condition, hot spring water immersion with and without movement, post hot spring water condition. Under dry and wet conditions, both electrodes can obtain the waveform of the ECG signal in which all PQRST waves were identifiable. Nevertheless, the signal quality of both types of electrodes was different in water immersion with and without movement. The overall morphology obtained by Ag/AgCl electrodes was unstable higher than that of CPL electrodes in immersion without movement condition. The CPL electrodes provided better ECG waveform quality compared to Ag/AgCl electrodes in which the ECG signal had high waveforms distortion in water immersion with movement condition.
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1  Introduction

An electrocardiogram (ECG or EKG) monitors cardiac performance and capacity by analyzing electrical activity in the form the P wave, QRS wave complex, T wave, and U wave. An ECG can be used to diagnose heart disease. One of the most important ECG features is the R-to-R interval (RRI), which is commonly used to identify and analyze heart problems. In Yoon et al. [1], the RRI was used to automatically detect congestive heart failure and atrial fibrillation (AF) by normalizing the root mean square of successive differences (RMSSD), the entropy, and the Shannon entropy. In Wang et al. [2], short-term RRI features were used to detect congestive heart failure; a deep-learning method automatically extracted the features. Congestive heart failure can be identified based on heart rate variability (HRV), with RRIs extracted from the signals [3]. Automatic classification of congestive heart failure risk has been described signals were selected for further analysis when the normal-normal (NN) RRI parameter exceeded a certain threshold [4]. Deep learning based on RRI features has been used to identify heart congestion [5]. A convolutional neural network and distance distribution matrix used the RRIs as inputs. Features of the normal sinus rhythm (NSR) and congestive heart failure have been used to develop deep learning classifiers, including ALEXNET, DENSENET, and INCEPTION-V4.

An iPhone 4S application can be used to detect AF using the RRI [6]. The user places a finger on the camera [7]. The frequency of data from the MIT-BIH Arrhythmia Database is resampled [8] to a range appropriate for the iPhone application, which then makes a diagnosis of AF or NSR. Lian et al. [9] drew maps of original and modified RRIs and used them to detect AF. Ruan et al. [10] developed an algorithm that automatically detected AF based on a scatterplot of the R-R interval. The RRIs of AF and NSR were dissimilar, and AF was detected by reference to RRI irregularities. Logan et al. [11] developed a method to predict AF automatically when walking based on the variation in RRI. Heartbeats were recorded and the desired features extracted.

Several methods [12] are used to record ECG signals. The heart rate monitoring devices used in hospitals and other healthcare settings are the gold standard. Holter devices can be employed to monitor HRV [13] for periods longer than 24 h. ECG signals can be obtained using wearable devices such as the Nymi Band (Nymi Inc.), Helo LX (World Global Network), Visi Mobile (Sotera Wireless), W/ME (Phyode), Bioharness 3 (Zephyr Technology), and Qardiocore (Qardio) [14].

The circulatory system transports blood, oxygen, nutrients, and other substances to tissues. Given the importance of the heart, monitoring HRV is recommended. Portable ECG monitoring is desirable; Mundt et al. [15] developed a wearable device that monitors the heart rate in space. Jung et al. [16] used dry carbon electrodes for long-term ECG monitoring. In water, signal quality is decreased by pressure, low temperature, and depth, so monitoring hypothermia, hypoxia, and vascular system problems, including decompression sickness (DCS), can be difficult [17–20]. Bersain et al. developed an ECG electrode active under both dry and wet conditions. Carbon black (CB) electrodes have been used to obtain ECG signals [21]. However, no study has evaluated electrode performance in hot spring water with a temperature over 36.7°C [22]. Hot spring water is sometimes referred to as cold-warm or thermal spring water; thermal springs have long been used for therapeutic purposes [23]. ECG monitoring may be compromised by bubble noise. Graphite, a form of pure carbon and a good conductor, is used in the fabrication of electrodes, pencils, batteries, brake linings, foundry facings, lubricants and nuclear reactors [24]. Here, we evaluated the ECGs of subjects immersed in hot spring water using dry electrodes fabricated from carbon pencil lead (CPL); we assessed dry, immersion, and post-immersion conditions.

2  Related Works

Various ECG monitoring experiments [21,25,26] have been performed using different types of electrodes. In Chi et al. [25], Yu et al. developed dry-contact and noncontact electrodes to replace Ag/AgCl electrodes. Dry electrodes can be based on any skin-sensitive conductive material. Performance is evaluated based on signal quality (in terms of noise and motion sensitivity). In Reyes et al. [21], hydrophobic electrodes fabricated from CB powder and polydimethylsiloxane (PDMS), differing in diameter and thickness, produced undistorted ECG signal waveforms under dry conditions, and during water immersion with and without movement. In Thap et al. [26], ECG monitoring was performed under freshwater and saltwater conditions using dry CB electrodes. An Ag/AgCl electrode was used for comparison. Under dry and post-saltwater wetting conditions, all electrodes detected the ECG waveform. However, in freshwater and saltwater, the GPL electrodes were better than the Ag/AgCl electrode.

3  Materials and Methods

3.1 Carbon Pencil Lead Electrodes

CPL electrodes were connected to an MP160 (BIOPAC Systems, Inc.) data acquisition system via ECG100C (BIOPAC Systems, Inc.) ECG amplifier cables. As shown in Fig. 1(a), the graphite of wooden 4B pencils (Deojon) was used as follows. First, the pencil wood was removed, and the lead was ground into powder as shown in Fig. 1(b). The powder was mixed with a chloroprene-rubber-based bonding material and placed in acrylic tubes. The tubes were capped until the electrodes hardened and then covered with black tape as shown in Fig. 1(c). The electrodes were 20 mm in diameter and 5-mm-thick. These electrodes, together with the Ag/AgCl electrodes, were connected to a PSL-iECG2 (Physiolab) commercial ECG device. Fig. 2 shows that the CPL signal was more sensitive and stronger than that arising from the Ag/AgCl electrodes.
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Figure 1: The electrodes made from carbon pencil lead; (a) Pencil which used as the material, (b) Pencil lead ground into powder, (c) Pencil lead electrodes
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Figure 2: The ECG signal from Ag/AgCl and CPL electrodes

3.2 Data Acquisition

The MP160 is the gold standard biodata acquisition device [27]; it has an ETHUSB ethernet adapter for high-speed data transfer (up to 200,000 samples/s). The ECG100C ECG amplifier connects to the MP160 device to collect heart electrical activity data [28]. A SNAIL camping battery (model 3) was used to power the MP160 rather than direct AC power. ECG data were collected by connecting Ag/AgCl and carbon electrodes to the ECG100C amplifier cable.

3.3 Experiment Protocol

The experimental protocol is shown in Fig. 3 and included sitting in the dry for 2 minutes, followed by 5 minutes of sitting in the hot spring while immersed up to the neck, and 2 minutes of sitting after getting out of the spring. The first 3 minutes of immersion were without movement, and the latter 2 minutes were with movement.
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Figure 3: Experiment’s protocol, (a) dry condition, (b) water immersion without movement, (c) water immersion with movement, (d) wet condition

Although the sound made by bubbles is pleasing, bubbling may degrade signal quality. The experiment took place at the Onyang hot spring, which is known as the oldest hot spring in Korea (about 1,300 years old) [29]. During the Joseon period, King Sejong the Great, his queens, and other royal families visited the Onyang hot spring or Onyang Temporary Palace to rest or for therapeutic reasons [30]. The water temperature ranges from 38.1 to 54.6°C, and with an average of 49.3°C in 2016 [31].

3.4 ECG Signal Processing

Raw signals were obtained via the Ag/AgCl and CPL electrodes attached to the subjects and then delivered to the MP160 device. The signals contained several types of noise caused by baseline drift, powerline interference, electrode contact, motion artifacts, and muscle contractions [32] as shown in Fig. 4. First, the DC component was eliminated and a bandpass filter (first-order Butterworth filter; 0.5–12 Hz) was applied to reduce muscle noise. Derivative moving average filters were then used for smoothing. As shown in Fig. 5, the R and S peaks of the ECG signals were extracted based on the Pan Tompkins algorithm [33] to calculate V peak-to-peak (Vpp) values. We compared the RRIs of the carbon and Ag/AgCl electrodes, specifically the mean RRIs (ms), the standard deviations of the normal-to-normal RRIs (SDNN, ms), and the root mean square of the successive differences (RMSSD, ms).
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Figure 4: Steps of noise reduction; (a) Raw signal from hot spring bubble water, (b) DC component removed, (c) Signal after applied band-pass filter, (d) Signal after applied derivative filter
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Figure 5: Signal after applied moving average filter with peak detection

3.5 Wireless ECG Monitoring Device

We used both the gold standard MP160 device and a wireless ECG monitoring device to obtain ECG signals. The high-performance ATmega328P 8-bit microcontroller (Arduino), which has low power consumption, was connected to an AD8232 single-lead ECG sensor (SparkFun). The ECG data were transmitted to the microcontroller via the output pin (no. 23) connected to the analog pin of the microchip. Then, a HC05 Bluetooth module was used to transmit the ECG data to the computer. The transmit data pin (TXD) and receive data pin (RXD) of both the HC05 and ATmega328P microcontrollers were oppositely connected (TXD to RXD and RXD to TXD). Fig. 6. shows the circuit of the device combined with other electronic components including capacitors, resistors, crystal oscillators, and a voltage regulator (model LM7805; STMicroelectronics) that limited the output to 5 V; the input power source ranged from 7 to 35 V. Pin no. 1 of the microcontroller served as the reset pin and was connected to a resistor and a button. The circuit was soldered onto a prototype board. The performance of the wireless ECG device was compared to that of the gold standard ECG100C amplifier cable in terms of the analysis of signals arising from Ag/AgCl electrodes over a 2 minutes period in dry subjects. The ECG100C power gain was 500, and the power amplitude was lower than that of the wireless device signal. Thus, the amplitude scale is variable (Fig. 7).



Figure 6: Circuit of wireless ECG monitoring



Figure 7: ECG signal from proposed device (dash blue line) and BioPac devices (orange line), plot with different scale with 10 seconds duration

The wireless device can obtain a signal and send it to a PC/laptop via Bluetooth. However, some data are lost during transfer through the HC05 module. Therefore, after preprocessing, the signal was resampled. Given the loss of data, only 1 min of signal was used for feature extraction, and a Bland-Altman plot was drawn to show the agreement between the signals from the wireless device and ECG100C amplifier [34]. Fig. 8(a) is a Bland-Altman plot of the heart rate [beats per minute (bpm)] recorded by both tested devices with 95% limits of agreement and agreement value ranges from –3.71 to 7.61. Fewer data points are outside than within this range. Thus, the wireless ECG device can be used for ECG monitoring. Pearson correlation was used to measure the correlation between the heartbeat data of the two devices [35]. The straight line in Fig. 8(b) indicates a positive linear relationship; the Pearson correlation coefficient was 0.74 (0–0.19 = very weak, 0.2–0.39 = weak, 0.40–0.59 = moderate, 0.6–0.79 = strong, and 0.8–1 = very strong).
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Figure 8: Agreement and correlation of heart rate from proposed devices and BioPac devices. (a) Bland-Altman of mean difference of 1.96 at limit agreement of 95%, (b) Pearson correlation coefficient plot

4  Results and Discussion

Data were continuously collected according to the protocol illustrated in Fig. 3. ECG signals were collected by the MP160 device running AcqKnowledge software [36]. The sampling rate was 250 Hz. Fig. 9. shows (a) the bubbling hot spring, (b) a subject, and (c) the experimental equipment. All subjects had to shower before entering the hot spring; we acquired 2 minutes of ECG data during showering, with the electrodes covered with bandages. After the subjects had dried off, the electrodes were reattached using new bandages. The performance of the Ag/AgCl and CPL electrodes was compared.
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Figure 9: Experiment in hot spring water; (a) hot spring water with bubble, (b) experiment subject sit in hot spring tube, (c) equipment for data collecting

The CPL electrodes were less sensitive to noise (Fig. 10) and had higher-quality waveforms. The Ag/AgCl and CPL electrodes acquired ECG signals from subjects in hot spring water. The signals from the CPL electrodes exhibited less waveform distortion than the Ag/AgCl electrode signals during the dry, immersion, and wet phases. Under dry conditions, the signals from both electrodes exhibited very similar ECG waveforms (Fig. 11). However, the CPL electrode signal was stronger than that of the Ag/AgCl electrode.



Figure 10: Example of signals from showering records obtained by; (a) Ag/AgCl electrodes, (b) CPL electrodes
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Figure 11: The ECG signal in dry condition; (a) Ag/AgCl electrodes, (b) CPL electrodes

In Fig. 12. during immersion in bubbling hot spring water without movement, the ECG signal from the CPL electrode (b) exhibited a waveform that was less deformed than that of the Ag/AgCl electrode (a). During immersion in bubbling water with movement, both electrodes showed distorted ECG waveforms. However, while the R peaks of ECG signals from the CPL electrode were clear as shown in Fig. 13(b), those of the Ag/AgCl electrodes were not clear as shown in Fig. 13(a). Fig. 14 shows 10-seconds signals from the Ag/AgCl (a) and CPL (b) electrodes under the wet condition; both ECG waveforms were clear.
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Figure 12: The ECG signal in hot spring water immersion without movement; (a) Ag/AgCl electrodes, (b) CPL electrodes
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Figure 13: The ECG signal in hot spring water immersion with movement; (a) Ag/AgCl electrodes, (b) CPL electrodes
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Figure 14: The ECG signal in wet condition; (a) Ag/AgCl electrodes, (b) CPL electrodes

As mentioned in Section 3.4, signal processing was used to remove noise then the R and S peaks were extracted. The temporal and Vpp data acquired by the CPL and Ag/AgCl electrodes are summarized in Tabs. 1–3. for the cold condition and two hot (without and with bubbling) conditions, respectively. Under the dry condition, the Vpp of the CPL electrode was 0.594 mV is higher than that of the Ag/AgCl electrode. During immersion, the Vpp of the Ag/AgCl electrode was higher than that of the CPL electrode. Under the wet condition, the Vpp of the CPL electrode was 0.535 mV is slightly higher than that of the Ag/AgCl electrode (0.512 mV; Tab. 1). The Vpp values of the Ag/AgCl electrodes under the dry and immersion without bubbles conditions were higher than those of the CLP electrodes (Tab. 2).

Table 1: ECG signal quality in the cold water condition
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Table 2: ECG signal quality in the hot spring water without bubbling condition
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Table 3: ECG signal quality in the bubbling hot spring water condition
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Tab. 4. compares the ECG data obtained under still and bubbling hot spring water conditions using carbon black (CB), polydimethylsiloxane (PDMS), and CPL electrodes. The ECG signals differed by device. The Vpp values in hot spring water were low, but all electrodes performed similarly.

Table 4: Performance of electrodes for ECG monitoring in water
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5  Conclusion

In this study, we fabricated dry electrodes from pencil lead and collected ECG data. The performance of Ag/AgCl and CPL electrodes was compared in the following conditions: Dry, during immersion in hot spring water without and with bubbles, and in cold water. Under both the dry and wet conditions, the Vpp values of the carbon electrode were higher than those of the Ag/AgCl electrode. In wet conditions (cold water, hot spring water with and without bubbles), the Vpp of the Ag/AgCl electrode was higher than that of the carbon electrode. During water immersion without movement, the Ag/AgCl signal contained an R peak. However, the ECG waveform was less stable than that of the CPL electrodes. During water immersion with movement, R peaks were observed more often in the CPL electrode versus Ag/AgCl electrode signals. Although the Vpp values of the Ag/AgCl and CPL electrodes were almost equal, the signal quality of the CPL electrodes was better. However, Ag/AgCl electrodes cannot be used for long-term monitoring in wet conditions because the adhesive will deteriorate. Waterproofed CPL electrodes can be used to fabricate monitoring devices for use in hot springs water.
Funding Statement: This research was supported by Korea Institute for Advancement of Technology (KIAT) grant funded by the Korea Government (MOTIE) (P0012724, The Competency Development Program for Industry Specialist) and the Soonchunhyang University Research Fund.
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Parameter Dry condition Hot spring water Wet condition
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‘movement
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