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Abstract
Purpose

Simultaneous monitoring of ECG and thoracic electrical bioimpedance (TEB) is important in evaluating
cardiovascular performance. TEB is a non-invasive technique based on measuring the impedance value
that changes in the chest area depending on the heartbeat. Within the framework of this study, it can be
used in home monitoring and biotelemetry applications to measure thoracic electrical bioimpedance
(TEB), ECG and ICG.

Methods

Within the scope of this study, a four-electrode TEB measurement system was designed and built using
the Raspberry Pi single board computer and its original monitor, ESP32 and EVAL-ADAS1000SDZ
evaluation board. With the designed system, ECG and thoracic impedance measurements at 50 kHz
current frequency were taken as real-time over a single channel. Delta_Z and ICG signals were created
from thoracic impedance values with the developed software.

Results

While the thoracic impedance value varies between 15-45 Ω, the 67 thoracic impedance value measured
with the designed system is approximately 1000 times the 68 reference value. The impedance change in
the thoracic region was measured with the designed 69 system between 0.1-0.2 Ω values, and the
compatibility of these values with reference values was 70 determined. While the reference value of the
dZ / dt signal is 0.8 - 3.5 Ω / s, this value is between 2.3 - 71 5.3 Ω / s in the measurements taken with the
designed system.

Conclusion

The prototype is achieved in detecting small changes in the thoracic impedance signal. The prototype is
cheap, portable, small-sized and medically safe, so it is suitable for home care services and clinics. In
addition, the developed system can be adapted to wearable technology. In order to increase the success
of the system, the impedances values added to the thoracic impedance value should be determined and a
calibration procedure should be established.

1. Introduction
Cardiovascular disease is the leading cause of death worldwide. Development of diagnostic techniques
for early detection of cardiovascular diseases increases the survival rate [1]. In addition, the continuous
and non-invasive measurement of vital signs can be an invaluable tool for physicians who can make
timely decisions and make better choices when long-term patient data are available, prevent disease and
reduce the costs of healthcare while improving quality of life [2,3].
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Electrical impedance is the measurement of the voltage change caused by a safe amount of current
injected into the tissue via electrodes. The impedance of the tissue is determined depending on the
current injected into the tissue and the measured voltage [4]. Bioimpedance analysis is a non-invasive
and inexpensive technique that provides information about the general condition of the body [5]. Thoracic
electrical bioimpedance (TEB) uses for cardiac output (CO)[6], stroke volume (SV) [6, 7], measuring
respiratory function [8,9] and electrocardiography [10]. Impedance cardiography (ICG) examines
impedance changes in a person's chest cavity caused by the change in the amount of blood that occurs
during the heart cycle [11].  With ICG, hemodynamic parameters such as SV, CO, PEP, LVET and systolic
time intervals of the person are measured [12,13]. The ICG signal evaluated together with the ECG
provides information about the person's cardiovascular status. In this way, both the electrical and
mechanical activity of the heart are measured [14].

A tetrapolar electrode con�guration is generally used during electrical bioimpedance measurements.
While measuring thoracic impedance, a high frequency (20-100 kHz), low amplitude (1-5 mA), electric
current is sent through the chest with a pair of electrodes [13]. There are also studies in the literature
using current values at µA level [12, 15, 16]. The voltage change caused by this current is detected with a
different pair of electrodes and the thoracic impedance value is obtained depending on the ohm law [2,
17, 18]. The thoracic impedance (Z) consists of a resistor component ranging from 15-45 Ω and an
imaginary component with a phase angle of about 10 °. The change in the blood volume in the chest and
heart area causes a change in thoracic impedance (Z). The �rst derivative (dZ / dt) of impedance change
values taken with more than one measurement over time forms the ICG wave [10, 12]. The ICG signal
recorded with the ECG is used to determine hemodynamic parameters and systolic time intervals [10, 18,
19].

There are systems that allow simultaneous acquisition of TEB signal and cardiac activity [6, 12, 15, 16,
20]. Systems that allow these signals to be obtained over a single channel are very limited [2, 21]. In this
study, the EVAL-ADAS1000SDZ evaluation board was used for thoracic impedance (TEB) and ECG
measurement, the measurements were taken with ESP32 and transferred to RASPBERRY Pi and the
results were presented to the user on the RASPBERRY Pi original screen. Thanks to this portable and
compact system, four-electrode impedance measurement was taken simultaneously with ECG
measurement from a single lead, and the results obtained were evaluated for impedance
plethysmography applications such as impedance pneumography (IP) and Impedance Cardiography
(ICG). With the design, ECG and TEB measurements were recorded, the resulting signal was processed to
obtain respiratory, TEB and cardiac signals, and the usability of the design for ICG applications was
discussed.

2. Material & Methods
The prototype consists of a single board computer (Raspberry Pi), a microcontroller (ESP32) that can
transfer data over Bluetooth, and an EVAL-ADAS1000SDZ Evaluation Board. Signals obtained with
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Raspberry Pi are displayed on the its original screen. The system is powered by a 2.4 A power bank
(Figure 1).

2.1 Adjusting the EVAL-ADAS1000SDZ Evaluation Board for
ECG and Thoracic Bioimpedance Measurement
ADAS1000, developed by Analog Devices, is a 5-channel ECG device that can also detect breathing and
pulse [22]. Since the ADAS1000 eval board contains two ADAS1000 chips (master and slave), it can
measure 10-channel ECG [23].  Slave device can be disabled depending on the user's request.
ADAS1000's signal collection channels can be switched on or off depending on the user's request. It
offers a variety of con�guration options for the preferred application, where the input structure includes a
differential ampli�er.

ADAS1000 eval board keeps the lead 1, lead 2 and lead 3 data in the register addresses speci�ed on the
data sheet in its memory. Other ECG connections (aVR, aVL, aVF, V1 and V2) can be calculated by the
user from the data in leads 1, 2 and 3 [22].

ADAS1000 measures thoracic electrical bioimpedance with respiratory detection function. With the
ADAS1000 eval board, impedance can be performed with a bipolar or tetrapolar system. An external
instrumentation ampli�er and op-amp can be used with the ADAS1000 to further improve thoracic
impedance measurement performance [23]. The thoracic impedance measurement is located in one of
the leads (lead I, lead II, or lead III) or in an external path through a pair of special pins (EXT_RESP_LA,
EXT_RESP_RA, or EXT_RESP_LL).

It can be used as electrode input for respiration thanks to its switching circuit, which includes 5 ECG
channels on ADAS1000. In this way, four-electrode measurement can be taken with ADAS1000 [22].
 Figure 2 shows the switching circuit and the EXTENDSW control register.

ADAS1000 uses 32 bit data format in its memory (for 2 and 16 kHz data rate). The data received within
the frame of this data are placed according to the format given in Figure 3 and the addresses speci�ed
and read by reaching these addresses. Data that are not required can be removed from the frame [22].

The excitation current value for the impedance signal is given on the data sheet as 64 µApp, 32 µApp, 16
µApp or 8 µApp. The frequency of the current can be determined from the values given in the data sheet
(from 46.5 kHz to 64 kHz) [22].

An external op-amp and instrumentation ampli�er on the ADAS1000 eval board is used in the four-
electrode system. Con�gurations are set by jumpers as speci�ed in the user manual. The con�guration is
shown in Figure 4. The RESPCTL memory of the ADAS1000 eval board must be set as indicated in
ADAS1000 eval board user guide [23].
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In this con�guration, RA and LA leads are used to inject current into the thorax area, and voltage variation
is detected through EXT-RESP_RA and EXT-RESP_LA paths. The voltage change from the electrodes is
sent to the receiver pins of the instrumentation ampli�er, minimizing the common mode signals.

2.2 Architecture of the System
In this study, as mentioned before tetrapolar electrode con�guration was used for TEB measurements. In
order to correlate it with the TEB measurements taken, the ECG signal was taken over the ADAS 1000 eval
board using a single lead. SPI communication has been performed between ADAS1000 eval board and
ESP32. ECG data and thoracic impedance measurements at a frequency of 50 kHz and a current value of
64 µApp were taken in real time with the ADAS1000 eval board over ESP32 and sent to the Raspberry Pi
via bluetooth. Thoracic impedance, ECG, Delta_Z and dZ / dt signals were created using the python
software development program in the Raspberry Pi, and the signals were processed. For the graphical
user interface (GUI) development Qt dersigner is used. Results are shown on raspberry pi original screen.
The whole system is powered by a power supply that connects to the Raspberry Pi with a 2.4 A output.

During the measurement, 5 ends of 10 connected ECG cables and Ag / AgCl ECG electrodes were used.
The Sramek con�guration is used for electrode connection.

With the prototype, measurements were taken from healthy volunteers for 5 seconds. The age group of
volunteers is 20-45. They consist of male and female volunteers between 150-180 cm in height and 50-85
kg in weight. All subjects gave their informed consent for inclusion before they participated in the study.
In addition, the approval of the Scienti�c Research and Publication Ethics Board of Başkent University
Science and Engineering Sciences was obtained in order to conduct the research.

2.3 Software Development
The con�guration given in Figure 4 is set on the ADAS1000 eval board and the eval board has been
communicated with the ESP32. Arduino ide has been used for programming the ESP32. With the
software developed; REPCTL, EXTENDSW, ECGCTL, FRMCTL memory values are calculated according to
the information given in the data sheet and added to the ADAS1000 register addresses. The 32-bit
dataframe given in Figure 3 is used in the ESP32 software. On this format, only the memory addresses
required for this study (0x40 (header), 0x11 (Lead 1 / LA), 0x12 (Lead 2 / LL), 0x13 (Lead 3 / RA) and
0x1B (RESPM)) were taken. The data are printed on the serial monitor of the Arduino ide by specifying the
memory addresses at the beginning in the hexadecimal number system. While measuring with
ADAS1000, a data rate of 2 kHz has been selected in accordance with the values given on the data plate.
Since this data rate may disrupt the synchronization of the ESP32, it was preferred to take a
measurement in 4 data frames and the data was printed on the serial screen in this format. The data on
the serial monitor of Arduino ide was sent to Raspberry Pi via bluetooth and subjected to the software
developed by Python.
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The data sent by ESP 32 was separated according to memory addresses in software and an excel �le
was created for rawdata. The excel �le created is shown in Figure 5. The �rst columns show the register
addresses in the ADAS1000 eval board, the other columns show the hexadecimal equivalents of the
measurements taken for the data in these addresses. This data was transferred to arrays according to
register addresses via software and 3 * 8 bits of data were obtained for each measurement. Bitwise
process was applied to these data, and a single decimal value recorded at the register address for each
measurement was obtained against 3 hexadecimal values. Arrays with decimal values were converted
into voltage data in the light of the information given in Table 43 and Table 45 in ADAS1000 datasheet.

500 Hz data rate format is used in measurements taken with ESP32. Measurements are taken every 2 ms
within the frame of this data rate. According to this, time axis was created in Python and ECG and
respiration graphics were drawn in real time according to this time axis (Figure 6).

64 µApp value was chosen as the ADAS1000 excitation current in accordance with the values given in the
datasheet. This value complies with the safe value speci�ed in the IEC 60601 standard for patient safety.
The thoracic impedance value was obtained by using Ohm's law with the measured amplitude and used
excitation current values. In the TEB signal received with the developed system, there is a baseline drift
depending on the EMG signals. With the software, this baseline drift was destroyed and the Delta_Z
signal was created.

The �rst derivative of the Delta_Z signal gives the ICG signal. The frequency range of the ICG signal is
0.8-20 Hz. There are also breathing (0.04 - 2 Hz) and motion artifacts (0.1 - 10 Hz) in this band range [23].
Muscle activity was eliminated by passing the Delta_Z signal through a band-pass �lter in the 0.7-7 Hz
range. The �rst derivative of impedance change against time was taken, then the ICG signal was obtained
by passing through a 16 Hz low-pass �lter. The obtained signals are displayed on the user interface
prepared with QT Designer.

3. Results
In this study, a portable, small size, cheap and medically safe prototype was created. With this prototype,
ECG measurements were taken over a single lead, and the 4-electrode method was used for the thoracic
bioimpedance measurements.

The developed software captured ECG, respiration and TEB signals and plotted them in real time. The
captured signals can be stored on the Raspbery Pi SD card and shared with the user when needed.

Measurements were taken for 5 seconds from healthy volunteers. Thoracic impedance taken from the
volunteer in Figure 7; Delta_Z, ICG and ECG signals are shown in Figure 8.

4. Discussion
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Thoracic impedance value is stated to be in the range of 15-45 Ω in the literature [25]. ADAS1000 eval
board measured the thoracic impedance value as approximately 1000 times higher than stated in the
literature. Tissue impedance (50-700 Ω) is considered to be hematocrit impedance and impedance of
extravascular lung water, parallel to the measured impedance value [20]. In addition, the impedance of the
measured cable is added on the thoracic impedance. The impedance of the cable being measured is
typically 1 kΩ to 10 kΩ, for some cables it can be larger [26,27]. Since there is no standard value for the
impedance of the cable, its effect on the thoracic impedance value is not clear. External capacitor and
ampli�er are used for thoracic impedance measurement with ADAS1000 [22,23]. It is thought that the
impedance value is also affected by the value of external capacitors.

It is stated in the literature that there is a 0.1 - 0.2 change between the maximum and minimum values in
chest impedance depending on the blood �ow [20, 28]. It was seen that the ΔZ signal obtained within the
scope of the study was suitable for the value stated in the literature.

The �rst derivative of the cardiac impedance signal obtained from the thoracic impedance signal was
evaluated by an algorithm used to determine the peak value on software. In the literature the value of the
max point of dZ / dt is 0.8 - 3.5 Ω/sec [25]. Although it is thought that the impedance value has an effect
on the results (Figure 7), the results are in accordance with the values stated in the literature.

The standard position for ICG measurements is on the back. During the measurement, the volunteer
person is in a sitting position. This may cause the received impedance value to increase and the
maximum value of the ICG signal to decrease. Heart rate is higher in the supine position [29].

In this article, the effect of ECG on the impedance signal has been investigated. As a result, it was
determined that the cardiac cycle can be determined with each period of the ICG signal. Therefore, pulse
information can be obtained by counting the periods of the ICG signal.

The prototype is realized with ready-made components costing about $ 300. The system is powered by a
10000 mAh LiPo battery. This battery can keep the system active for about 10 hours. In addition, if there
is no need for real-time monitoring of ECG, respiration and ICG, the wireless interface can be completely
removed and the resulting signal samples can be stored in an SD memory for later access. This extends
the battery life.

5. Conclusions
In this article, an easy-to-use system has been developed that can detect respiratory ECG and TEB  and
ICG measurements and can be used in home care patients and clinics.

With the prototype, a successful result has been obtained in receiving the thoracic impedance signal. The
designed system was able to distinguish small impedance �uctuations related to cardiac activity. In order
to increase the success of the system, the impedances added to the thoracic impedance value should be
determined together with their values and a calibration procedure should be established.
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After the determination of the thoracic impedance value clearly; The SV value can be calculated from the
dZ / dt signal using the Kubicek method. In addition, the calculation of the characteristic periods of the
ICG signal by pinpointing with the obtained signal is the subject of the future study.

The developed system must be subjected to improvements to ensure that physiological data are followed
correctly. The design can be used as a portable device when improvements are made. In this way, it can
be used in home care patients or wearable technologies.

In addition, since the developed system can detect ECG and respiratory signals, the use of Covid+
patients to determine respiratory and heart rate parameters during home quarantine is considered as a
future study.

The results show how Raspberry Pi and ESP32 can be used with ready-made chips for prototyping to
support engineers in engineering education and research groups.

Declarations

Ethical Statement
All subjects gave their informed consent for inclusion before they participated in the study. In addition, the
approval of the Scienti�c Research and Publication Ethics Board of Başkent University Science and
Engineering Sciences was obtained in order to conduct the research.

Author Contributions
All authors contributed extensively to the work presented in this paper. All authors have read and agreed
to the published version of the manuscript

Funding
This research received no external funding.

Con�icts of Interest
The authors declare no con�ict of interest.

References
1. Zhang, G., Si, Y., Yang, W., & Wang, D. (2020). A Robust Multilevel DWT Densely Network for

Cardiovascular Disease Classi�cation. Sensors (Basel, Switzerland), 20(17), 4777.



Page 9/14

2. Piuzzi, E., Pisa, S., Pittella, E., Podestà, L., & Sangiovanni, S. (2020). Wearable Belt With Built-In Textile
Electrodes for Cardio—Respiratory Monitoring. Sensors (Basel, Switzerland), 20(16), 4500.

3. Allataifeh, A., & Mahmoud, A. A. (2020). Simultaneous piezoelectric noninvasive detection of multiple
vital signs. Scienti�c Reports, 10(1), 1–13.

4. Moqadam, S. M., Greval, P., Ramani, P., Liu, J., Thomas, S., Golnaraghi, F., Karvat, A., & Kohli, K.
(2017). Use of Electrical Impedance Spectroscopy in vivo to Distinguish Active and Rest Stages of
Salivary Glands. Journal of Medical and Biological Engineering, 37(5), 769–779.

5. Khalil, S. F., Mas, S. M., & Fatimah, I. (2014). The theory and fundamentals of bioimpedance analysis
in clinical status monitoring and diagnosis of diseases. Sensors, 2014, 14.6, 10895–10928.

�. Bernstein, D. P. (1986). Continuous noninvasive real-time monitoring of stroke volume and cardiac
output by thoracic electrical bioimpedance. Critical care medicine, 14(10), 898–901.

7. Bernstein, D. P. (1986). A new stroke volume equation for thoracic electrical bioimpedance: theory
and rationale. Critical care medicine, 14(10), 904–909.

�. Soubiran, C., Harant, I., De Glisezinski, I., Beauville, M., Crampes, F., Riviere, D., & Garrigues, M. (1996).
Cardio-respiratory changes during the onset of head-down tilt. Aviation, space, and environmental
medicine, 67(7), 648–653.

9. Ferreira, J., Seoane, F., & Lindecrantz, K. 2013, Portable bioimpedance monitor evaluation for
continuous impedance measurements. Towards wearable plethysmography applications. In: 2013
35th Annual International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC). IEEE, p. 559–562.

10. Kubicek, W. G., Patterson, R. P., & Witsoe, D. A. 1970. Impedance cardiography as a noninvasive
method of monitoring cardiac function and other parameters of the cardiovascular system. Annals
of the New York Academy of Sciences, 170(2), 724–732.

11. Critchley, L. A., Lee, A., & Ho, A. M. H. (2010). A critical review of the ability of continuous cardiac
output monitors to measure trends in cardiac output. Anesthesia & Analgesia, 111(5), 1180–1192.

12. Ha�d, A., Benouar, S., Kedir-Talha, M., Abtahi, F., Attari, M., & Seoane, F. (2017). Full impedance
cardiography measurement device using Raspberry PI3 and system-on-chip biomedical
instrumentation solutions. IEEE journal of biomedical and health informatics, 22(6), 1883–1894.

13. Patterson, R. P. (1989). Fundamentals of impedance cardiography. IEEE Engineering in Medicine and
Biology magazine, 8(1), 35–38.

14. Sherwood, A., Allen, M. T., Fahrenberg, J., Kelsey, R. M., Lovallo, W. R., & Van Doornen, L. J. (1990).
Methodological guidelines for impedance cardiography. Psychophysiology, 27(1), 1–23.

15. Ferreira, G. J. 2013. Textile-enabled Bioimpedance Instrumentation for Personalised Health
Monitoring Applications. PhD Thesis. KTH Royal Institute of Technology, Sweden.

1�. Fortin, J., Habenbacher, W., Heller, A., Hacker, A., Grüllenberger, R., Innerhofer, J., & Pacher, R. (2006).
Non-invasive beat-to-beat cardiac output monitoring by an improved method of transthoracic
bioimpedance measurement. Computers in biology and medicine, 36(11), 1185–1203.



Page 10/14

17. Jakovljevic, D. G., Trenell, M. I., & MacGowan, G. A. (2014). Bioimpedance and bioreactance methods
for monitoring cardiac output. Best Practice & Research Clinical Anaesthesiology, 28(4), 381–394.

1�. Malmivuo, J., & Plonsey, R. (1995). Bioelectromagnetism: principles and applications of bioelectric
and biomagnetic �elds (pp. 539–559). USA: Oxford University Press.

19. Martinsen, O. G., & Grimnes, S. (2011). Bioimpedance and bioelectricity basics. UK: Academic press.

20. Bernstein, D. P. (2009). Impedance cardiography: Pulsatile blood �ow and the biophysical and
electrodynamic basis for the stroke volume equations. Journal of Electrical Bioimpedance, 1(1), 2–
17.

21. Piuzzi, E., Pisa, S., Pittella, E., Podestà, L., & Sangiovanni, S. (2018). Low-cost and portable
impedance plethysmography system for the simultaneous detection of respiratory and heart
activities. IEEE Sensors Journal, 19(7), 2735–2746.

22. Analog, & Devices, 2012–2014. ADAS1000/ADAS1000-1/ADAS1000-2 Low Power, Five Electrode,
Electrocardiogram (ECG) Analog Front End. Analog Devices, Inc., Norwood, USA.

23. Analog, & Devices, EVAL-ADAS1000SDZ User Guide. Analog Devices, Inc., Norwood, USA.

24. Hu, X., Chen, X., Ren, R., Zhou, B., Qian, Y., Li, H., & Xia, S. (2014). Adaptive �ltering and characteristics
extraction for impedance cardiography. Journal of Fiber bioengineering and Informatics, 7(1), 81–90.

25. Biopac Systems, BSL PRO Lesson H21: Impedance Cardiography. BIOPAC Systems, Inc.

2�. Redmond, C. 2013. "Trans-thoracic impedance measurements in patient monitoring." EDN Network.

27. Barros, A. K., Yoshizawa, M., & Yasuda, Y. (1995). Filtering noncorrelated noise in impedance
cardiography. IEEE transactions on biomedical engineering, 42(3), 324–327.

2�. Cybulski, G. (2011). Ambulatory impedance cardiography. Berlin: Springer.

29. Zhang, H., & Li, J. K. (2008). Noninvasive monitoring of transient cardiac changes with impedance
cardiography. Cardiovascular Engineering, 8(4), 225–231.

Figures



Page 11/14

Figure 1

Architecture of the system

Figure 2

Alternative use of ADAS1000 respiration paths, and extended switch for repiration inputs register
(EXTENDSW) [22]

Figure 3
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32 bit data frame format [22]

Figure 4

Bioimpedance measurement system using tetrapolar con�guration [23]

Figure 5

Rawdata sample saved in Excel
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Figure 6

ECG (A) and respiratory (B) signals obtained with the developed software

Figure 7

TEB signal obtained by the designed system
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Figure 8

Delta_Z, ICG and ECG signals obtained by the designed system


