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ABSTRACT Respiration-induced signals contain a clinically significant information. It could be obtained
utilizing both direct and indirect methods. ECG-Derived Respiration (EDR) method is the latter one.
However, in this case, two approaches could be distinguished. First one is based on determining changes in
themorphology ofQRS complexeswhile the second one is based on the Respiratory SinusArrhythmia (RSA)
mechanism. The former approach is discussed in the paper. The basic properties of QRS morphology-based
EDR signal were evaluated by means of simulations performed using a developed FEM model and
appropriate experiments. In effect, basing on changes of the leads’ voltages induced by a heart translation or
rotation, or by both mechanisms undergoing simultaneously, the sensitivity-like surfaces and the synthetic
EDR signals were obtained. A very good agreement of the experimental and simulation results was achieved.
The QRS morphology-based signal’s properties strongly depend on geometrical relation of the used lead
to dominating direction of the heart translation, its rotation, and on personal relation between these two
mechanisms. The conclusions presented should be taken into account especially when developing or using
QRS morphology-based approach in respiratory monitoring systems.

INDEX TERMS Electrocardiography (ECG), ECG-derived respiration (EDR), respiration monitoring.

I. INTRODUCTION
Respiratory airflow patterns contain clinically useful infor-
mation, e.g. in stress tests, and sleep studies [1], [2]. The
traditional methods of recording respiration patterns require
using specially developed techniques such as spirometry,
pneumography or body plethysmography [3], [4]. The meth-
ods of indirect measurement of respiratory activity are based
on respiration-associated biosignals and could be an attrac-
tive alternative, e.g. EDR signal is an example of a such
approach [5], [6]. In this case, information on respiration
is contained in the electrocardiographic signal. However,
specially developed processing methods have to be used to
gain it. This is because respiration affects both the ECG
morphology and the heart rate (HR), i.e. shapes of QRS
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complexes and the time distance between them [6]–[9]. The
latter mechanism is called Respiratory Sinus Arrhythmia and
it is well described in the literature, [10]–[12]. HR increases
during inspiration and decreases during expiration. However,
it should be underlined that it is not the only mechanism
affecting HR [10], [13], [14]. In turn, it is considered that the
former mechanism is associated with a respiration-induced
rotation of the heart electrical axis [15]. During inspiration,
the apex of the heart is faced towards the abdomen, due to
an increased filling the lungs with air and simultaneous shift
down of the diaphragm. Contrary, the heart apex is faced
toward the breast during expiration, because of the diaphragm
elevation and the lungs air content reduction [12], [16]. Thus,
basing one the ECG morphology it is possible to detect
respiration. Several techniques for EDR extraction have been
described in the literature. They are based both on a deter-
mination of the HR variability and changes of the selected
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QRS complexes parameters values. The respiration frequency
could be estimated using singular value decomposition [14]
or S-transform of HR series [17]. The respiration waveform
could be also derived by the extraction of R-wave amplitude
modulation with respect to the baseline [13], a calculation
of the QRS complex area [16], analyzing the rotation of
the electrical axis of the heart [18], as well as by means of
more advanced methods, e.g. Kernel Principal Component
Analysis [19] or utilizing the wavelet transformation [20].

A careful analysis of the waveforms presented in the
papers published elsewhere ([13], [16], [18], [19]) reveals
that there is a phase shift between the actual respiration
measured e.g. using a nasal sensor and extracted from QRS
morphology-based EDR signals. Moreover, it also occurs
between EDR signals determined from different ECG leads.
The value of the phase shift differed between the studies
however, the reason for this was not explained or even dis-
cussed. An analysis of the data presented in the literature
suggested that this phase could depend on electrode lead
configuration and body position [8]. Thus, it could be driven
that aside the heart electrical dipole rotation there are also
other mechanisms responsible for EDR signal.

A distribution of the electrical potential associated with
phenomena undergoing in the heart could be described using
the formula proposed by Geselowitz [21]. It follows from
this formula that the potential distribution throughout the
thorax, and thus on its surface, depends on: 1. the properties
of the signal source, 2. spatial distribution of electrical prop-
erties of the tissues and organs involved (the thorax and the
organs contained in it), and 3. geometrical factors. It could
be assumed, without losing the generality of the considera-
tions, that the signal source could be modeled as the moving
current dipole. In turn, the electrical properties of all tissues
involved could be approximated by electric conductivity in
spite of the electrical permittivity of tissues involved, in the
considered frequency range i.e. below 1 kHz, achieves very
high values. This is a justified approach because imaginary
part of complex conductivity is much less than real one.
However, it should be noticed that changes of the lungs’
conductivity exhibit, among others, dynamics determined by
respiration [12], [22].

When considering an equivalent dipole of the cardiac elec-
trical activity it should be noted that, in general, it changes
location, moment, and orientation due to depolarization wave
propagation throughout the heart [12], [22]. However, if the
measurements are done at the same moment of the heart
excitation, e.g. at the moment of R-wave appearance, the
measured voltage should remain unchanged between any two
heartbeats, excluding the cases of an atypical depolariza-
tion wave propagation, unless the heart changes its location,
or geometry, or orientation, or all of these. The location and
orientation of the heart, in relation to the electrodes attached
to the anterior chest wall, are subjects to change due to respi-
ration activity [23], [24]. Both variables are multidimensional
and are associated with the thorax cage deformation and the
diaphragm displacement [25].

A theoretical description of volume source and conductor
problem, thus electrocardiography, is detailed in publica-
tions [12] and [22]. The bioelectric phenomena are modeled
as a quasi-static and linear problem and investigated using,
for example, the Finite Element Method (FEM). As a result,
it is possible to determine the potential distribution resulting
from the electrical activity of the heart, both within and on
the surface of the chest [26]–[28]. The accuracy of vari-
ous approaches is discussed in [29] while the influence of
material properties and geometry on the results of the ECG
forward simulations is discussed in [30]. A critical discussion
about essential aspects of forward problem in electrocardio-
graphy could be found in [31].

The aim of the study was to show influence of differ-
ent mechanisms described below on the EDR signal and to
explain the basic properties of EDR, e.g. the phase difference
between EDR associated with different ECG leads. In order
to achieve it the following sources of EDR signal are consid-
ered in the paper: 1. the heart equivalent dipole translation,
2. the heart equivalent dipole rotation, 3. lungs’ conductivity
changes involved in respiration, and 4. movement of the
electrodes caused by the chest movement. Apart from the
heart translation, analyzes of the other mechanisms have been
presented in many publications [1], [9], [18], [32]. However,
the heart displacement has been omitted, until now, in spite
of there exist published reports, especially in radiological
journals, indicating a relatively large heart translation in
response to respiration activity [24]. In the paper the potential
distribution at the moment of R-wave of the ECG on the
chest wall is simulated. Thus, it enables calculation of the
R-wave amplitude for considered electrocardiographic leads.
The mathematical model is described by partial differential
equation [22], [33]–[35]. The potential is generated by the
dipole localized in the heart. Such approach is justified by
analysis presented for example in [33], [34], [36]. Basing on
that model the measurement properties of EDR signal are
explained, especially the phase shift between different ECG
leads and the reference signal. The theoretical results were
compared with experimental ones obtained using appropriate
system of electrocardiographic leads.

II. MATERIALS AND METHODS
The properties of EDR signal extracted from QRS morphol-
ogy have been examined both experimentally and theoret-
ically. The methods utilized are described in the following
subsections.

A. MEASUREMENT STAND AND MEASUREMENTS
The measurements described in this paragraph were per-
formed on a volunteer group consisting of 15 students (all
members of the examined group were healthy and declared
not having any symptoms of cardiovascular disease or insuf-
ficiency). Additionally, the examined students were selected
according to the criterion of a similar body posture described
by body mass index (BMI). The average value of BMI for the
examined group was 28±1.5. All subjects received detailed
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information about the study objectives and any potential
adverse reactions, and they provided written informed con-
sent to participate in the study. The experimental protocol and
the study were approved by the Bioethics Committee at the
Regional Medical Chamber in Gdańsk. Each measurement
was taken in a standing position and lasted at least 75 s.
The examined person was asked to perform three breathe
maneuvers (arrest, deep and quiet). The recorded signals were
examined by an experienced cardiologist.

The set of signals, containing 3 electrocardiographic leads,
acceleration of the selected electrodes, and a nasal air
flow, was measured simultaneously. The ECG signals were
recorded at a 24-bit resolution. The acceleration was mea-
sured in a range ±2g using a 3-axis digital accelerometer
and respiratory airflow using a nasal mask with built-in ther-
mistor. Both signals were recorded at a 10-bit resolution.
The sampling frequency of each signal was set to 250Hz.
A baseline drift from the raw ECG signals was removed using
a spline approximation method. Data for this procedure were
obtained by calculating an average value of PQ and TP seg-
ments for 30ms and 85ms, respectively, for each ECGperiod.
The approximated baseline drift signal was determined and
then subtracted from the raw ECG signal.

First, the value of the equivalent heart dipole parame-
ters, at the moment of R-wave occurrence, was estimated.
An orthogonal system consisting of three leads, i.e. lead 1,
2 and 3, was utilized to achieve this (Fig. 1(a)). A transfer
impedance [34] approach was applied to correct components
of the dipole, both for the inspiration and the expiration
phases. The transfer impedance was calculated using the
developed FEM model (described in the next subsection).

Next, EDR signals were determined for three parallel leads,
i.e. leads 4, 5 and 6 (Fig. 1(b)). The distance between the two
electrodes constituting each lead was approximately 20 cm.
Lead 4 consisted of electrodes attached at the midclavicular
lines in the 3rd intercostal space. Lead 5 consisted of elec-
trodes attached to the intersections of the midclavicular lines
and costal margin of the thoracic cage (at the level of the 8/9
intercostal space). Lead 6 was formed by electrodes attached
to the body approximately at the same level as the electrodes

FIGURE 1. The electrocardiographic leads used in the study:
(a) orthogonal ones used for determining equivalent heart dipole, and
(b) parallel ones, including anterior (leads 4 and 5) and posterior (lead 6),
for evaluating properties of EDR signals.

of lead 4. However, the electrodes of lead 6were placed on the
posterior thoracic wall. The EDRwas defined as an amplitude
of the R-wave in a reference to the baseline of the ECG.

The influence of the heart movement on the EDR signals
was estimated by analyzing signals extracted from the ECG
recorded by means of leads 4, 5 and 6 (Fig. 1(b)). The local-
izations and arrangements of the leads was chosen to be sen-
sitive to the heart movement described elsewhere [24], [25].

Additionally, in order to record and to evaluate the range
of the chest wall movement, accelerometers were attached
to the electrodes of leads 4 and 6. Integrating acceleration
signals yielded the velocity of the thorax movement. Next,
the integration of the velocity yielded a displacement sig-
nal. Thus, information about the electrode movement during
the respiration cycle. High pass filter with cutoff frequency
equal to 0.01Hz was applied before each operation of the
integration.

B. NUMERICAL SIMULATIONS
The analysis of forward ECG problem can be found in [26]
while general considerations are described in [37]. According
to above mentioned papers and [35] an electric potential field
in the thorax could be calculated using the partial differential
equation

∇ · (σ∇ψ) = −ISV (1)

where

ISV = −∇ · Jh (2)

and Jh denotes the cardiac source. Additionally, the current
density normal to the thorax surface, S, has to fulfill a bound-
ary condition

∂ψ

∂n
= 0 on S (3)

where n is a unit vector normal to S. The potential distribution
associated with electrical heart activity was modeled using an
equivalent dipole approach [12], [22], [34], [35]. The value
of the dipole moment was equal to 2.0·10−5 Am. This was
in agreement with the data available elsewhere [33], [38].
The initial, reference values of azimuth and elevation angles
were 150◦ and 135◦, respectively. They are referred to the
coordination system presented in the Fig. 2. FEM model of
the thorax was developed (Fig. 2). It contained heart filled
with blood, lungs, and thoracic wall, each of different and
appropriate conductivity, while the remaining organs located
below the diaphragmwere included as an electrically uniform
tissue.

The model was developed based on images obtained by
means of Computer Tomography (CT) measurements. The
CT data were segmented and exported to *.stl files using
Slicer software. In order to reduce the mesh complexity,
quadratic edge collapse decimation was performed, together
with Laplacian smoothing. Both operations were done using
the Meshlab software. The final model contained over
110,000 tetrahedral elements. The x-coordinate was oriented

VOLUME 10, 2022 34667



P. Przystup et al.: QRS Morphology-Based EDR Signal—Factors Determining Its Properties

FIGURE 2. FEM model of the torso with lungs made visible and locations
of electrodes (lead 4 and 5), compare to Figure 1.

from left to right shoulder (frontal plane), the y-coordinate
from back to front (sagittal plane) and the z-coordinate from
bottom to top. The center of the heart base, i.e. (−0.1,−0.03,
0), was set as the position corresponding to a midrespiration
state.

The conductivity value assigned to each tissue included
in the model was selected according to the frequency spec-
trum of the ECG. Thus, the conductivity of the heart mus-
cle, the thoracic wall, the blood and the abdominal part of
the body (the part below the diaphragm) were, respectively,
equal to 0.2 S/m, 0.1 S/m, 0.5 S/m, and 0.1 S/m [39]–[43].
In the case of the lungs’ conductivity, aside from its basal
value equal to 0.05 S/m, also the respiration-induced changes
were estimated. To estimate the range of these changes,
an approach based on a relationship describing the conduc-
tivity of a mixture was adopted [39], [44]. In result, the
lungs’ conductivity changes due to respiration activity were
±0.0025 S/m [39]–[41], [45].

Above values corresponded to the midrespiration phase
in simulations. However, in the numerical experiments pre-
sented in the next sections, much higher changes of the
lungs’ conductivity were also examined. It was assumed that
the equivalent dipole of the heart ventricles’ depolarization,
at the moment of the R-wave, was located in the center of the
heart base and moved simultaneously with it in the numerical
experiments [12], [22]. Thus, the geometrical relation of the
dipole origin to the heart was preserved during its movement.
The dipole translation was assumed to be ±10mm from the
midrespiration position in each of examined direction, i.e. x,
y, and z [23], [24]. Similarly, the dipole rotation was modeled
assuming a change of azimuth and elevation angles in the
range up to ±30◦ in different numerical experiments.

When calculating the EDR signals patterns and their prop-
erties, for one inspiration-expiration cycle, the voltages of
three leads, i.e. 4, 5, and 6, were considered (Fig. 1(b)). The
voltages were calculated for seven slightly modified FEM
models each corresponding to different phase of the cycle.
Modifications relied on changes in the position and direction
of the heart dipole and as well as on spatial conductivity

TABLE 1. The dipole parameters derived from measurements.

distribution. All changes were defined in a reference to the
midrespiration state. Then, the calculated voltages of leads 4
and 5 were determined and were distributed uniformly with
arbitrary interval along the time axis. Next, an interpolation
procedure, using spline method, was applied in order to
achieve a time course of respiration patterns, i.e. the synthetic
EDR signals.

In all FEM simulations the partial differential equation
with boundary condition, i.e. equations (1)-(3) were solved.
For each step of simulation (i.e. the heart dipole location and
direction, the lungs’ conductivity) the forward problem was
solved. FEM simulations were performed using Comsol R©

software.

III. RESULTS
Themeasurements and simulation results are presented in this
section. The former, are presented in the form of recorded
signals, i.e. air flow, electrodes movement or EDR signals
obtained using leads 4, 5 and 6. The latter, i.e. the simulation
results are presented using two approaches. The first relies
on presentation of the voltage change (sensitivity-like pre-
sentation) for the certain lead as a function of two selected
variables while the third one is treated as the three-valued
parameter. The second is based on a synthetic respiration
pattern presentation. The value of the variable or variables
responsible for the leads’ voltage changes have been so taken
as to achieve the leads’ voltages comparable to these mea-
sured in real cases.

A. RESULTS OF EXPERIMENTS
The first step was to determine the dipole parameters
for numerical simulations. The components of the dipole
moment, in x, y, and z directions for expiration and inspiration
phases have been calculated for each person. Based on that,
the dipole orientation, i.e. the azimuth and the inclination
angles, were estimated. The dipole parameters (mean±sd)
were estimated both for expiration and inspiration (Tabel 1).

The influence of respiration on the electrodes movement
was determined for leads 4 and 6. In general, the chest
movement associated with breathing is a complicated func-
tion of many variables, e.g., depth of breath, measurement
site, sex, etc. To minimize an influence of above-mentioned
variables on the recorded ECG, the upper part of the tho-
rax was selected for localization of two leads, i.e. leads 4
and 6 [46]. The electrodes’ movement was measured by
means of accelerometers attached to two electrodes, the pos-
terior and anterior ones. Simultaneously a reference signal,
i.e. airflow using a thermistor mounted in the nasal mask, was
recorded (Fig. 3).
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FIGURE 3. Air flow signal (upper trace) and associated movement of
anterior (AE) and posterior (PE) electrodes measured by accelerometers.
Signals were recorded during quiet (0÷20), arrest (20÷30) and deep
(30÷75) breath manoeuvres.

FIGURE 4. The EDR signals extracted from the electrocardiograms
recorded at the anterior and the posterior part of the thorax using leads
4 and 6. The EDR signals were normalized and mean values were
removed. The presented signals were recorded during deep (0÷35), arrest
(35÷55) and quiet (55÷90) breath manoeuvres.

FIGURE 5. The EDR signals extracted from the electrocardiograms
recorded by means of leads 4 and 5.

The EDR signals were extracted from the ECG recorded by
means of leads 4 and 6 during different respiration maneuvers
(example in Fig. 4).

TwoEDR signals were also calculated based on the electro-
cardiograms recorded using leads 4 and 5 (example in Fig. 5).

B. SIMULATION RESULTS
A set of simulations assuming a different complexity of the
dipole movement and spatial conductivity distributions was
performed.

FIGURE 6. The potential distribution on the thorax for maximal
inspiration phase.

FIGURE 7. The potential distribution on the thorax for maximal expiration
phase.

FIGURE 8. The difference between potential distribution on the thorax
between maximal expiration and inspiration.

Examples of potential distributions on the thorax for two
dipole locations (inspiration and expiration) and the differ-
ence between them are presented in Figs. 6-8.

The impact of the selected variable or set of variables on
a potential difference (dV ) between electrodes of the lead
was calculated and referenced to the value V0, where V0 was
the potential difference for a midrespiration phase. Thus, the
relative voltage dV was defined as follows:

dV =
V − V0
V0

· 100% (4)

First, the impact of the heart translation (thus also the
equivalent dipole) in different directions on the leads’ voltage
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FIGURE 9. An influence of the heart dipole translation from its basal
position on voltages of (a) lead 4 and (b) lead 5.

was examined (Fig. 9). To show the influence of the dipole
translation in all three directions on the leads’ voltage, the
data are presented as a two variable graph (x and y) while
the third one (z) is a three-valued parameter (Fig. 9). In fact,
the calculations were performed for all coordinates with the
same discretization.

The results obtained for other combinations of variables,
i.e. x and z while y was the parameter or y and z while x was
the parameter, were very similar to these presented in Fig. 9.
Almost planar and parallel surfaces were obtained, however,
with a slightly different distance between them and the slopes.

Next, the azimuthal and elevation angles were assumed
to be continuous variables while translations along a certain
coordinate were assumed as the parameter (Figs. 10 and 11).
The changes of both considered angles were assumed to be

much larger than in actual cases. Basing on this approach it
is possible to estimate properties of the method for a wider
parameters changes or different reference point. The lungs’
conductivity changes, in spite of using its relatively large
range, i.e. ±0.01 S/m, had a minor impact on the leads’
voltages (Fig. 12). Additionally, they influenced voltages of
leads 4 and 5 almost in the same manner.

Next, synthetic respiratory signals from the data obtained
using the simulation studies using the FEM model are pre-
sented. The respiration patterns presented were obtained,
by calculating the leads’ voltages for seven sets of all

FIGURE 10. An influence of the heart dipole rotation and simultaneous
translation along x-coordinate from its basal position on voltages of
(a) lead 4 and (b) lead 5.

considered parameters. First, the synthetic respiration pat-
tern assuming only the translations of the heart and dipole
along the z-coordinate was constructed (Fig. 13). It should
be underlined that the respiration patterns, for leads 4 and 5,
obtained are out of phase. Similar respiration patterns could
be developed for the translation along the x or y coordinates
or along any arbitrary direction.

Again, assuming a one-variable mechanism of the EDR
signal, in turn based on the azimuthal angle changes,
the resulting EDR signals for the leads 4 and 5 are in
phase (Fig. 14).

Similarly, the impact of the elevation angle changes results
in in-phase signals for leads 4 and 5 (Fig. 15). However, the
relation between the signals’ amplitudes is different.

The lungs’ conductivity changes involved in respiration
also influence the leads’ voltage (Fig. 16). Again, the result-
ing signals, for the leads considered, are in-phase and are
of significantly different amplitudes. In spite of conductivity
changes being very large in comparison to physiological ones,
the resulting signals are rather small when comparing to
other mechanisms. When including all mechanisms however,
assuming actual relations between them, the resulting leads
signals exhibit an out-of-phase relationship between them
(Fig. 17). Themagnitude of eachmechanism total changewas
equally divided between the successive steps (FEM models).
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FIGURE 11. An influence of the heart dipole rotation and simultaneous
translation along z-coordinate from its basal position on voltage of
(a) lead 4 and (b) lead 5.

The different approach resulted in similar respiration pat-
terns (Fig. 18). It was assumed that at the beginning of the
heart movement, starting from inspiration phase, only the
translation was present. The rest mechanisms were included
when the heart achieved half of the total translation distance
(midrespiration phase). In contrast to the previous examina-
tion, aside translation, the total changes of other mechanisms
were achieved in lower number of steps.

IV. DISCUSSION
The EDR algorithms based on QRS morphology are con-
sidered more useful and reliable in determining respiration
activity than those based on HR variability, [5], [6]. This is
because the modulation of HR by respiration is sometimes
lost or embedded in other parasympathetic interactions [10],
[13], [14]. This is the main reason to study the measure-
ment properties of the approach based on QRS morphology.
Analysis of the relationship describing the electric potential
distribution in a nonuniform and bounded volume conductor
allows for deduction of the possible mechanisms determin-
ing the value of the ECG voltage measured using a certain
lead, [21], [34], [35], [47]. In general, the factors deter-
mining the ECG voltage could be both geometrical and/or
material dependent. The former includes the configuration of
the electrode lead, its localization in reference to the heart,

FIGURE 12. An influence of the heart dipole rotation from its basal
position and simultaneous the lungs’ conductivity change from its basal
value on voltage of (a) lead 4 and (b) lead 5.

FIGURE 13. A simulated time courses of respiration resulting from the
heart dipole translations along the z-coordinate. The translation was
equal to ±4 mm around the midrespiration position.

FIGURE 14. A simulated time courses of respiration patterns resulting
from the heart dipole rotation. The rotation was limited to azimuth angle
changes. Its total change around the basal value was ±5◦.

the shape of the thorax and organs modeled, etc., while
the latter includes the electrical properties of the tissues,
both active and passive, participating in the measurement.
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FIGURE 15. A simulated time courses of respiration patterns resulting
from the heart dipole rotation however, limited to elevation angle
changes. Its total change around the basal value was ±3◦.

FIGURE 16. A simulated time courses of respiration patterns resulting
from the lungs’ conductivity change. The conductivity change around the
basal value was ±0.008 S/m.

As a result, the four respiration-induced mechanisms
described in the Introduction are considered in the paper.
To examine the influence each of the above-mentioned mech-
anisms on the EDR signal, experimental and numerical stud-
ies were performed.

The measurements were performed on volunteers with
similar value of BMI. It was assumed, to some extent,
that such limitation led to a similar character of the
heart respiration-induced movement. This assumption was
somehow supported by a low interpersonal variation of
the equivalent dipole parameters (Table 1). The dipole
parameters were determined experimentally from ECG mea-
surements and supported by literature data, [33], [38]. The
obtained dipole components were corrected using the method
based on transfer impedance approach as proposed by
Geselowitz [34]. However, it should be underlined that the
utilized approach was of limited accuracy. Among others,
it follows from a small number of measurement channels
used and an assumption on a fixed position of the dipole.
There was a relatively significant difference between the
dipole moment obtained for the expiration and inspiration
phases (Table 1). The average value of the dipolemoment was

FIGURE 17. A simulated respiration patterns assuming the simultaneous
changes of translation along z-coordinate, rotation (azimuth and
elevation) and the lungs’ conductivity. They were, respectively, equal to
±4 mm, ±1◦, ±2◦, and ±0.0025 S/m.

FIGURE 18. A simulated respiration pattern assuming a sequential
inclusion of the considered mechanisms. At the beginning, the heart was
translated along the z-coordinate and when arriving at half of the
assumed translation the rest of considered mechanisms were included.
They were described by exactly the same amplitudes as in previous
case (Fig. 17).

utilized in the simulation studies. Nevertheless, in spite of the
above-mentioned limitations, the dipole parameters used in
the simulation study produced potential distributions and lead
voltages comparable to the actual ones. On the other hand,
the problem considered is a linear one, thus an inaccurate
value of the dipole moment does not influence the inter-
pretation of the results obtained. Especially, if their relative
values are considered. An analysis of the accelerometric and
airflow signals showed that there was very low correlation
between them. There was insufficient evidence to conclude
that there was a significant relationship between the airflow
and accelerometric signals. This applies to both the signals
recorded on the anterior and posterior parts of the upper
chest. However, according to the data, the posterior electrodes
(lead 6) were rather still in comparison to the anterior ones
(lead 4) (Fig. 3). A significant independence of the lead 4
voltage on the electrodes’ movement could be explained
by the fact that they move simultaneously and in the same
manner [32], [46]. Additionally, this property explanation is
supported by a very high and expected similarity of the EDR
signals based on the electrocardiograms recorded by means
of leads 4 and 6. Assuming that the electrodes’ movement is
an essential mechanism, there should be a much higher differ-
ence between these signals. Thus, the electrodes’ respiration-
induced movement could be omitted, as its contribution to the
EDR, when comparing to other mechanisms is marginal.

The three parallel leads were, both in the experiments
and in the simulations used to determine the basic properties
of the EDR signal and associated mechanisms. The leads’
configuration and localizations were chosen according to
the anticipated measurement properties following from the
spatial sensitivity distribution [22]. Let’s note that the dipole
angle changes should create three in-phase EDR signals for
these leads. In turn, when the dipole is located between two
leads, the displacement towards one of them will cause a
simultaneous decrease of one and increase of the other signal.
In other words, these signals will be in opposite phases.
Thus, a translation of the dipole along the caudal-cranial
direction produces out-of-phase EDR signals for leads 4 and
5 while in-phase for leads 4 and 6. Similarly, a movement in
the posterior-anterior direction produces out-of-phase EDR
signals for leads 4 and 6. When considering leads 4 and 6,
there is almost no difference in the signals (Fig. 4). It could be

34672 VOLUME 10, 2022



P. Przystup et al.: QRS Morphology-Based EDR Signal—Factors Determining Its Properties

concluded that the small differences are acceptable. A close
inspection of the results presented in Fig. 5 shows a signif-
icant difference in the phase between leads 4 and 5 signals.
This feature could be easily explained by equivalent dipole
translation along the z-coordinate. In contrast, it could be not
explained by the dipole rotation.

There are different approaches enabling calculation of the
lead voltage. The method used in the paper is not restricted
to certain electrode configuration as it delivers a potential
distribution overall the thoracic surface. Assuming a mea-
surement lead configuration, i.e. electrodes’ localization, the
results obtained could be evaluated using approach proposed
in [32]. The lead voltage Vl is given by the relationship

Vl = H · l (5)

where H is the heart vector (dipole) and l is a lead field
associated with a given lead (electrodes localization on the
thorax) and the dot means a scalar product. Assuming that the
H vector is, at each period of the heart excitation, estimated
at the same moment of QRS complex, i.e. R-wave in the
considered case, the H vector preserves its length while its
direction and position in the thorax are subject to changes.
Assuming that the vector H is translated and simultaneously
changes its direction in the lead field l the resulting lead
voltage change could be evaluated from the relationship

1Vl = l ·1H + H ·1l +1H ·1l (6)

where1H is the heart vector change and1l lead field vector
change. The lead vector change,1l, follows from the fact that
to each point of the thorax a different value of l is assigned
for the configuration of leads used. It is in contrary to the
assumptions accepted in [15] and widely cited in the ‘‘EDR’’
literature. It is assumed that the only mechanism determining
the lead voltage is the heart vector rotation (changes of direc-
tion). It is equivalent to omission of the second and the third
components of the formula (6).

Due to the conclusions from the experimental studies
and above discussed reasons, the external geometry of FEM
model was assumed to be fixed, i.e. independent of respi-
ration activity. This assumption was justified, at least, for
leads 4 and 6. However, the assumed model complexity and
associated spatial conductivity distribution is not only one of
simplification. Another one followed from the utilized signal
source model, i.e. the equivalent dipole approach. In fact, the
depolarization wave propagation along the ventricle muscle
approach could be a more appropriate. It would allow a more
advanced simulation studies to be performed. Nevertheless,
our approach is justified as it is noted in [36] that ‘‘it leads to
a surprisingly good results’’. Moreover, taking into account
that the examined group of volunteers in experimental studies
was almost ‘‘uniform’’ and healthy an approximation utilized
in the study could be considered as an appropriate one.

According to our knowledge, rotation of the equivalent
heart dipole is considered a dominating and responsible
mechanism for the QRS morphology-based EDR signal [5],
[15]. A basic drawback of this explanation is the impossibility

of interpreting the EDR signal in terms of its phase in refer-
ence to a direct recording of airflow [1], [5]. Moreover, the
phase difference between these signals depends on the lead
configuration [8], [16]. On the other hand, there are studies
supporting the hypothesis that the heart movement induced
by respiration activity is more complex than rotation only,
[23]–[25]. Aside from the heart rotation, there is also its
translation (in 3D space) and deformation. According to the
solid angle theory, an influence of ventricles deformation on
the lead voltage could be omitted, at the first approach [22],
assuming that the depolarization wave propagation remains
unchanged by ventricles deformation. In turn, the heart trans-
lation trajectory, according to the data published, is very
often personal [24]. However, the component along the
z-coordinate seems to be the dominating one. According to
data available in the literature [23]–[25] the average value of
translation along z axis is 4.9mm while the average change
of elevation angle is only 1.5◦±0.9◦. In turn, the average
change in azimuthal angle is 1.2◦±1.3◦. Of course these data
are valid only for the examined group of patients. In spite of
this limitation, the translation along the selected directions
was examined (Fig. 9). The displacement in the direction of
the z-coordinate leads to an opposite change of the voltage
for leads 4 and 5 (the same color is used to mark positive or
negative displacement through all figures 9-12). It explains
the opposite phase of EDR signals property. It is known from
electrocardiology [22] that the signal character depends on
the relation between the directions of the heart movement in
reference to the lead used in the measurements. Similar draw-
ings could be developed for other combinations of x, y and
z as variables and the parameter. However, the translations
along x or y directions are described by the sensitivity of the
same sign for the leads considered. Thus, they are in phase
(these figures are not presented in the paper however, this
property could be deduced from Fig. 9).

Interesting results were also obtained when combin-
ing rotation with translation along the selected direction
(Figs. 10 and 11). It should be noted that along the inter-
section of the presented surfaces (Fig. 10) the sensitivity to
changes in displacement in the x-coordinate (left to right
axis) is zero. Moreover, on one side of the intersection curve,
the sensitivity is positive while on another, negative. The
intersection curves are different and located differently for the
examined leads (compare Fig. 10(a) and 10(b)). This means
that the same change in displacement along the x-coordinate,
depending on the value of the azimuth and elevation angles,
could lead to an increase or decrease in the lead voltage. It is
equivalent to the statement that the translation ‘‘deforms’’
rotation-based surfaces of the lead voltage. Contrary to the
results shown in Fig. 10, the surfaces for different transla-
tions along the z-coordinate do not intersect and they are
relatively distant each from other (Fig. 11). This is in spite
of the fact that the calculations were performed for an iden-
tical range of elevation and azimuth angles in both cases
(Figs. 10 and 11). Similarly to the results presented in Fig. 9,
the relative changes of voltage for leads 4 and 5 are opposite.
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This figure also enables (more clearly than using Fig. 10) the
result to be forecast from the model assuming only changes
of elevation and azimuth angles, i.e. when a rotation-based-
only model of the EDR signal is assumed. Just compare the
green colored surfaces for the two leads considered. Please
note that the voltage change, resulting from the change of
only one angle resembles a segment of a sinusoidal function
independent of the angle considered. A similar prediction
could be made using data obtained for a rotation and conduc-
tivity changes-based model (Fig. 12). The lungs’ respiration-
induced conductivity changes result mainly from the different
air content in the lung tissue [39], [45], [48]. A short term
changes are considered only. They were estimated using a
mixture theory approach [39], [44]. The contribution of this
mechanism to the leads’ voltages was linearized assuming
that themidrespiration value of lungs’ tissue conductivity was
exactly equal to the mean one. However, it does not change
the generality of the results obtained. One can expect only a
slight modification of the result. Summarizing, the influence
of conductivity on the rotation-induced voltage is minimal
however, the lead 4 seems to be slightly more sensitive to the
lungs’ conductivity changes than lead 5. This result seems to
be reasonable.

The synthetic respiration-induced patterns created by dif-
ferent mechanisms are presented in Figs. 13-18. They were
obtained by choosing the range of particular variable changes
to obtain the appropriate amplitude of the patterns, compa-
rable to the actual ones. Thus, in some cases, these values
are not necessarily physiological ones. Assuming only one
mechanism of the EDR signal that is based on the transla-
tion of the equivalent dipole along the z-coordinate results
in out-of-phase signals for leads 4 and 5 (Fig. 13). This
property is already discussed in the paragraph evaluating
the experimental results. According to the data presented in
Fig. 10, translation along x-coordinate could also lead to
in-phase or out-of-phase signals when considering leads 4
and 5. It depends on the range of variable changes and the
midrespiration value of the elevation and azimuth angles.
However, the translation along the x and y coordinates leads
to in-phase signals for the midrespiration values considered
in the paper and the assumed range of changes. Changes
of elevation or azimuth angles only leads to in-phase sig-
nals (Figs. 14 and 15). This property of the signals is also
supported by the data presented in Figs. 10-12. At the first
approach, the contribution of the elevation or azimuth angles
changes to the leads’ voltage depend on the dipole projection
on the lead direction [22]. Simplifying, the lead direction is
determined by a line connecting the electrodes of the lead
(see the explanation of the ECG voltages for the Einthoven
triangle [22]). Thus, for the parallel leads, the signals should
be in-phase, assuming an azimuth-elevation changes model.

In-phase synthetic signals for leads 4 and 5 were obtained
for the lungs’ respiration-induced conductivity changes
(Fig. 16). Unfortunately, we were not able to support numeri-
cal results by performing in vivo experiments. Therefore, the
influence of the lungs’ conductivity change during respiration

(different content of air) on the EDR signal was only exam-
ined using the FEM model.

Performing the calculations for all mechanisms included
in the model led to out-of-phase respiratory patterns
(Figs. 17 and 18). The patterns were calculated using 7 sets
of data containing all considered mechanisms. The changes
range of individual variables were, respectively: translation
(0, 0, ±4) mm, elevation ±2◦, azimuth ±1◦, and change in
the lungs’ conductivity ±0.0025 S/m. Two approaches were
adopted. The first relied on the inclusion of all mechanisms
(translation, rotation and change in conductivity) simultane-
ously for each step, i.e. typical values of individual variables
were evenly divided into 7 consecutive steps making up
one breathing maneuver (i.e. inspiration or expiration) [23].
In the second one, the heart movement was divided into two
successive and equal time segments. During the first one, only
the translation along the z-coordinate was performed. Then,
all types of the movement and lungs’ conductivity changes
were included. However, each step during this period was
characterized by larger value changes of individual variables
to finish the movement at the same place in space as was
achieved in the first case. Thus, in both cases, the total
changes of variables were identical between inspiration and
expiration phases of respiration. The purpose of this exper-
iment was to show that various and realistic scenarios of
the heart movement minimally modifies the calculated EDR
patterns. Moreover, the patterns obtained for both simulations
preserved the out-of-phase property. It should be underlined
that a significant modification of the variables describing the
heart’s movement, e.g. a decrease in the translation compo-
nent describing the movement along the z-coordinate and
simultaneously a significant increase component describing
the movement along the x-coordinate could lead to a totally
different result. The adequacy of the proposed model seems
to be supported by the fact that the calculated respiration
patterns are almost identical to those obtained from the
measurements (Fig. 5).
Taking into account the results of the study, a few com-

ments on the model adequacy are necessary. First, the rela-
tion between the electrical and the geometrical heart axes
seems to be crucial. It is reported that respiration-induced
changes of electrical heart axes are much bigger than con-
sidered in the study [12], [22], [49]. However, it should be
underlined that there is not a clear relationship between the
geometrical and electrical heart axes [50]. This could follow
from many reasons. First, most of the data presented in
the literature have been collected assuming only a rotation-
based model. There is a lack of literature reporting a serious
examination of heart translation impact on the electrical heart
axis. Second, it seems that a basic impact on the electrical
heart axis orientation has repeatability of the depolarization
wave propagation throughout the ventricles. To some extent,
an interpretation of an equivalent electric heart axis based on
solid angle theory [22] could help to understand the source
of disagreement. The electric heart axis is determined when
the R-wave appears in the ECG waveform recorded from
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the body surface. The question is whether the depolarization
propagation is advanced for each examined subject, in respect
to the geometry of the ventricles, to the same extent. In gen-
eral, a precise estimation of the electrical axis of the heart
using a limited number of electrodes is a challenging task.
It could be shown that for a measurement lead consisting
only of two electrodes the dipole translation in 3D space is
indistinguishable from its rotation. The electrical heart axis
is estimated by measuring its components, i.e. by measuring
the voltage between electrodes appropriately attached to the
thorax. Thus, other factors, aside from the source of the
potential (i.e. the dipole), influencing its distribution should
be considered, too.

V. CONCLUSION
QRS morphology-based EDR signal depends on many fac-
tors, among them on respiration-induced changes of lungs’
conductivity and heart movement (rotation and translation).
The heart rotation and translation seem to be dominating
mechanisms. The mechanisms themselves and the relation-
ship between them are subject-dependent and such are their
contributions to EDR signal. This allows to explain the
inter-subject variability of the parameters describing the EDR
signal to which selected parameters of the QRS complex are
used, e.g. the R-wave amplitude. The quality of the respi-
ratory signal obtained on the basis of the variability of the
selected QRS complex parameter depends on the geomet-
rical relationship of the electrocardiographic lead used and
changes in the position and direction of the heart’s electrical
vector. This does not allow, a priori, to select a lead config-
uration that allows to obtain the EDR signal with the maxi-
mum amplitude. Including the heart translation to the set of
mechanisms influencing the EDR signal enables explanation
of its phase shift in relation to the nasal airflow signal. Rec-
ommendation the EDR method for a certain application, e.g.
monitoring respiration activity during sleep, demands further
studies. Nevertheless, the achieved results allow to develop
both methods and equipment for wearable and monitoring
devices while maintaining or even reducing the complexity
of measurement systems construction.
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