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Abstract— Electrical impedance pneumography signal is a
valuable tool in qualifying better the person’s health condition. It can be used in monitoring of respiration rate, rhythm
and tidal volume. Impedance pneumography has also the potential in ambulatory physiological monitoring systems that are
increasingly often implemented using plaster-like on-body devices. In such cases, the area of electrode substrate may be limited and therefore, the electrode configuration, which is able to
provide both a clinically valuable electrocardiogram signal and
accurate pulmonary information, is an issue. EAS is a useful
small area electrode configuration that can be used for electrocardiogram measurements. In this work, different two-electrode
bipolar pairs of EAS system are tested for impedance pneumography measurements. Two additional electrodes are also considered in these tests. Our results show that the electrode pair S-A
provides the most accurate respiration cycle length and is least
affected by movement artifact. Additionally, the results show
that this electrode pair produces the signals with highest amplitude.
Keywords— Pneumography, electrode, location, impedance,
respiration

I. I NTRODUCTION
Pulmonary measurement is a very useful tool in characterizing the person’s health condition in both clinical and wellbeing applications. Spirometry is the gold standard monitoring technique used e.g. in clinical diagnosis to make pulmonary function tests. Even though it provides the most accurate information, it cannot be used in ambulatory conditions
and it also has the drawback of partially blocking the airway. Electrical impedance pneumography (EIP), on the other
hand, provides a tool for measuring impedance changes in
thorax and indirectly gather pulmonary information including
respiration cycle length (RCL), rhythm and tidal value [1].
There are also other techniques that can be used for acquiring some or all the aforementioned parameters. These include
respiratory inductance pneumography [2], temperature sensing [3], capnography [4], using ECG [5] and photoplethys-

Fig. 1: Electrode locations used for measuring EIP. The locations of S, E
and A are based on the EAS lead configuration. Two additional electrode
locations Ax1 and Ax2 are also included in this study.

mography [6] signals for deriving respiration information.
For on-body physiological monitoring that incorporate
ECG measurement, the impedance pneumography has the advantage that it can be measured using the same electrodes
and thus avoiding the need to include another sensor worn by
the user. Recent interest has been toward flexible and even
stretchable physiological monitoring devices manufactured
with printing technologies. From usability point of view,
these devices need to be small sized, in which case the placement of the electrodes is a challenge, especially when clinically valuable signals, measured from a limited area of substrate, is of interest.
One possible small-area electrode configuration called
EAS lead configurations is shown in Fig. 1. The electrodes
E, A and S are located at the lower part of the sternum, the
standard ECG V5 location, and at manubrium, respectively.
In this configuration, A-S lead can approximate the clinically
important CM5 lead. Also, by putting a reference electrode
REF in between of A and E electrodes, A-REF and S-REF
leads provide some information in addition to the A-S and
E-S leads [7]. Another option is to locate the REF electrode
between E and S (labeled as Ax1 in Fig. 1) which provides
the lead REF-E that corresponds to the V2 S lead defined by
Hurst et al in [7].
Related to this topic, various studies have been done in

which different electrode locations for measuring EIP are
compared. Lahtinen et al. compared 11 different locations
(using 8 electrodes) in two phases: sitting and running [8].
Their results showed that the best quality signal can be obtained by locating the electrodes on the left and right flanks.
Luo et al. tested 171 electrode pairs (using 32 electrodes) and
concluded that using two electrodes, one placed on sternum
and another in the opposite position on the back results in
the highest signal-to-motion artifact (SAR) among considered configurations [9]. Khambete et al. studied the electrode
placement optimization possibilities [10]. Seppä et al. found
an electrode configuration with a high impedance change-tolung volume change linearity [11].
Most of the studies in literature report the best electrode
configuration considering no limitation in the electrode locations. However, in wearable devices this issue is one of the
most important restrictions. In this study, EAS electrode configuration has been studied for EIP measurements. Two additional electrodes, which have the potential to be used as a reference electrode in ECG measurement, have been included in
the tests. Fig. 1 shows the tested electrode locations. All the
possible combinations were tested and analyzed to find the
optimal configuration from artifact and respiration estimation accuracy perspectives. We also compared the amplitude
of the signal acquired from these locations with the optimal
location reported in [8].
The outline of this paper is organized as follows. In section
II, the measurement procedure, signal processing techniques
and evaluation methods are described. The results are shown
in section III. Finally, some concluding remarks are given in
section IV.

II. M ETHODS
There were eight male subjects included in this study with
the average age of 29.3 years (26 − 36 years), average height
of 176.5 cm (165 − 180 cm) and average weight of 77.1 kg
(60 − 93 kg). Two of the subjects were smokers. None of
the participants had pulmonary problems. Body hair was removed from the electrode locations for all the subjects. Other
skin preparations were not done. All the subjects were informed about the test procedure before and consents were
obtained in written.
All the subjects were measured in two conditions: while
sitting and during walking. The measurements for walking
were done using a treadmill with a constant speed of 3 km/h
and inclination of 0 degrees. Subjects were asked to keep
their hands and head steady during the sitting phase, walk
normally (with natural movements of hands) in the walking
phase and to breathe naturally during the tests. Details about

the recording equipment and data analysis are described in
the following sections.
A. Measurements
The tests were done with two separate devices simultaneously. One device was used to measure the EIP and the
other to record the air temperature variations resulted by respiration. The signals measured with these devices were saved
for further analysis. Each electrode pair was measured separately for around one and a half minutes to ensure one minute
of unaffected signal. The electrodes connected to the EIP
device were switched on the fly and signal separation was
done afterwards. One annotation signal was recorded along
with the main signals to ensure about the electrode switching
moments. The same procedure was performed in sitting and
walking phases.
The electrical impedance pneumography was measured
with a custom device and using two electrodes. The hardware
of the device included an analog-front-end (AFE) ADS1292R
from Texas Instruments, a microcontroller, a USB connection and signal conditioning circuitry. For respiration measurement, a 32 kHz modulation signal with a phase of 112.5◦
was employed. The sampling rate of the device was set to
125 samples per second which activates a digital internal filter with a -3-dB frequency of 32.75 Hz in the AFE. The gain
was set to 4. A graphical user interface (GUI) software developed in LabVIEW was used for receiving, real-time monitoring and saving the measured data.
The second device was used to measure the reference respiration signal with an NTC thermistor placed inside a mask
that was worn in front of the mouth and nostrils during the
tests. The resistance of the thermistor was measured and sent
to the computer via a proprietary wireless communication
protocol based on IEEE 802.15.4 standard. The signals were
monitored and saved in the computer.
B. Preprocessing
After saving the signals in the computer, they were processed to be ready for evaluation. Since the temperature signal has the sampling rate of 250, the impedance signal was
interpolated linearly by a factor of 2.
Both of the signals, impedance and temperature were filtered by a high-pass IIR filter and a low-pass FIR filter. The
low-pass filter was designed to have the stop-band and passband frequencies of 0.01 and 0.02 Hz, respectively. The lowpass filter was set to perform with pass-band and stop-band
frequencies of 2 and 3 Hz, respectively. The filtering process
was done by forward-backward filtering technique to prevent
the effect of non-linear phase response of the IIR filter.
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Two different factors were considered to determine the
best electrode configuration for EIP. The RCLs were calculated from the impedance signals and compared to the one
derived from the temperature sensor. Additionally, measurement sensitivity was evaluated by comparing the amplitudes
of the impedance pneumography signals recorded from different electrode locations.
Calculation of respiration cycle length (RCL): First, all
the signals were divided into 12-second frames with 6 seconds overlap. Therefore, for each 1 minute measurement, 9
frames, each consisting of 3000 samples, were constructed.
The frame size was found such that the signal can be considered stationary while it includes enough number of periods of
signal. The frames were then analyzed using the short-time
autocorrelation function (ACF), which is defined as
x(n)x(n + τ),

(1)
Fig. 2: Impedance signals recorded from electrode location S-Ax2 and sub-

n=0

jects 2 and 4 in walking and sitting phases.

where x(n) is one frame of the signal and τ is the lag. The
result of ACF was then processed by a local peak detection
function which was restricted to find the peaks with two following criteria:
• the peak should be more than 2 seconds apart and less
than 12 seconds. The 12 second limit is set by the length
of the frame.
• the peak should have positive amplitude
The location of the peak closest to the mid-point of the ACF
was considered as the period of the signal. The results of RCL
calculation from both devices were compared by the mean
absolute error (MAE) and mean error (bias, also known as
systematic error) measures. MAE is defined as
MAE =

1 N
∑ |ŷ[n] − y[n]|
N n=1

(2)

and mean error as
ME =

1 N
∑ (ŷ[n] − y[n]),
N n=1

(3)

where ŷ and y indicate the impedance signal and the reference
signal measured with the temperature sensor in both equations, respectively.
The algorithm was designed to return a NaN (not a number) value, when no point could be found with the given criteria. These values were then ignored in calculation of errors.

The number of occurrence of NaN values is reported in the
results for each electrode location.
Amplitude of the recorded signal: This factor was used
to find out which electrode location is more affected by the
respiration and thus produces the higher amplitude variation.
The respiration amplitude was calculated by finding the value
of magnitude spectrum of the signal at the frequency of respiration. This task was performed as a frame-wise process. The
final results (for each subject and electrode location) were
then calculated as the mean value of all the frames. The spectrum was calculated using fast Fourier transform (FFT) with
220 spectral bins. The respiration frequency was defined as
the frequency of the peak in the magnitude spectrum which is
closest to the respiration frequency defined from the autocorrelation signal. The magnitude of this point was considered
as the magnitude of the respiration component.
For comparison purposes, one EIP measurement was performed by placing two electrodes on the right and left sides
of the body, on the midaxillary lines, about 10 centimeters
lower than underarms. This signal was recorded only for subject number 1 and was used to compare the amplitude of the
EIP signals recorded from the EAS electrode configuration
and this optimal (as stated in [8]) electrode pair.
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Fig. 3: Difference between the respiration cycle lengths obtained from the

Fig. 4: Difference between the respiration cycle lengths obtained from the

EIP and reference signals for all the subjects in every electrode pair combination in sitting position. The box edges represent the 25th and 75th percentile
of the data set. The center value represents the median value and the floating
hollow circles indicate the outliers. The numbers close to the small vertical
arrows indicate number of outliers which are located out of the y-axis range.

EIP and reference signals for all the subjects in every electrode pair combination during walking. The plot specifications are similar to ones mentioned
for 3

III. R ESULTS AND D ISCUSSION
All the subjects were measured in the same environment
and with the same procedure. After saving the signals, they
were moved to MATLAB (2015b) from MathWorks Inc. The
results of evaluations are presented in the following.
Fig. 2 shows examples of impedance signals recorded
from subjects 2 and 4. Movement artifacts in walking phase
can be clearly seen as higher frequencies in the signals, especially in the signal recorded from subject 2. The y-axes unit
of the impedance signal is arbitrary but the scale is the same
in all four panels.
Fig. 3 and Fig. 4 show the error of RCL detection from
all the electrode locations in sitting and walking measure-

ments, respectively. The errors are calculated as φ̂ − φ , where
φ and φ̂ are the RCLs in one frame of the signal calculated
from temperature and EIP measurements, respectively. For
one of the subjects the recording for the E-A location was
only 32 seconds (instead of 60 seconds). Thus 4 frames were
constructed for this measurement (instead of 9) and were
padded by NaN (not a number) values to be able to concatenate it with the rest of the results. Therefore, there were
totally 72 − 5 = 67 frames of signal for each electrode location. In these figures, each box represents error of measurements from each electrode location, the central mark shows
the median value and the box edges indicate the 25th and
75th percentiles. The whiskers extend to the most extreme
point not considered as outlier. The data points are drawn as
outliers if they are larger than p2 + 1.5(p2 − p1 ) or smaller
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than p1 − 1.5(p2 − p1 ), where p1 and p2 are the 25th and
75th percentiles, respectively. The results from Fig. 3 clearly
show that S-A electrode locations provide the smallest error
i.e. the most accurate RCL in sitting condition. It can be seen
that the locations S-Ax1 and E-Ax2 produce almost the worst
accuracy for RLC detection. The outliers in S-E, E-Ax2 and
A-Ax2 configurations illustrate that these locations are more
prone to produce sporadic large error, at least with the algorithm used. The same conclusions can be found from Fig. 4.
Again S-A shows the best results. The S-Ax1, E-Ax2, E-Ax1
and A-Ax2 represent the worst cases. Also, it is worth mentioning that in the walking phase, the auto-correlation method
for measuring the RCL tends to produce more number of negative errors than positive (underestimates the RCL).
Mean absolute error (MAE) and mean of the errors of the
RCL calculated from EIP are presented in Table. 1. The table shows that the smallest error for all the cases is generated
from S-A electrode location. NaN columns show the number of times that the mentioned algorithm failed to assigned
a period (with given criteria) to a frame of the signal (out of
67). The S-E electrode configuration shows two failures of
period detection which has happened in measurements from
two different subjects (subjects 2 and 4). The same issue
was observed for S-Ax1 electrode pair for the same subjects.
All the three failures for E-Ax1 have occurred for subject 4.
These observations could be expected because the electrodes
S, Ax1 and E are placed on sternum and the impedance between them is probably less affected by the changes of the
volume of the lungs. Although, these failures might also be
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Table 1: Mean absolute error (MAE) and mean error (ME) of RCL calculated from EIP with respect the results from the temperature-based measurement device. NaN columns show the number of missing respiration periods
from EIP measurements out of total number of frames for each electrode location, which is 67. This corresponds to the number of NaNs produced by
the algorithm used for RCL calculation
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Fig. 5: Amplitude of the respiration component from different subjects and
in different electrode locations. The y-axis represents an arbitrary unit of EIP.
The values in each group of values are resulted from mean of respiration
amplitude in different frames of the corresponding signal. The dashed red
line shows the mean values in each group of data.

due to large artifacts/noise in the signals.
Fig. 5 illustrates the result of magnitude analysis of the
impedance signals recorded from different locations and subjects in sitting phase. Relatively large subjectwise variations
were noticed in the amplitude of the signals and therefore the
comparison was done for signals normalized for each subject. The normalization is done by dividing all the magnitude
values by their maximum number for each subject. The specifications of this box plot are the same as in Fig. 3 and Fig. 4.
The red dashed line represents the mean values in each group
of data. It can be seen that the electrode pair S-A has produced the strongest signals with the highest mean and median of the respiration magnitude values. Additionally, it is
noticeable that the signals recorded from this electrode pair
had least intra- and inter-subject variability in amplitude and
were least affected by the small mismatches in the electrode
locations between different subjects. It is worth emphasizing
that only the signals recorded in the sitting position were used
in this analysis.
Fig. 6 shows the EIP signal recorded from the optimal
electrode locations found in [8] (right and left flanks) and
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Fig. 6: The EIP signals recorded from the optimal and S-A electrode locations. The signals were recorded in the sitting position. The y-axes have an
arbitrary unit, but the scale is the same in both images.

compares it with the S-A electrode location. The signals were
recorded from the first subject in the sitting phase. The y-axes
have an arbitrary unit, but the scale is the same for both panels. It can be seen that the optimal electrode location provides
stronger signal. However, S-A can act as a good alternative in
wearable devices.

IV. C ONCLUSION
In this work ten different electrode pairs (using five electrodes) in EAS configuration for eight subjects for measuring
electrical impedance pneumography were tested. The main
aim of the study was to find the electrode pair which is the
most influenced by the respiration and provides the largest
robustness to movement artifacts.
The results show the electrode pair S-A provides the most
accurate respiration cycle length (RCL) calculation among
the ten configurations considered, in which electrodes S and
A are located at manubrium and the standard ECG V5 location, respectively. Additionally, it is presented that this electrode pair produces the strongest signal and is least affected
by movement artifact and most sensitive to the respiration
components. Further, this electrode pair has least intra- and
inter-subject variability.
There might be some variations in the results by using different RCL calculation methods. Also, suitability of stretchable electrodes manufactured with screen printing technology
for respiration monitoring should be tested.
The future work will include testing the same electrode
configurations for female subjects. Also, the effect of different methods for RCL detection will be analyzed.
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