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Respiratory activity influences electrocardiographic measurements (ECG) in various ways. Therefore,
extraction of respiratory information from ECG, namely ECG-derived respiratory (EDR), can be used as a
promising noninvasive method to monitor respiration activity. In this paper, an automatic EDR extraction
system using single-lead ECG is proposed. Respiration effects on ECG are categorized into two different
models: additive and multiplicative based models. After selection of a proper model for each subject using
a proposed criterion, gaussian process (GP) and phase space reconstruction area (PSRy.q) are introduced

Iégg;?;'tjis;n signal as new methods of EDR extraction for additive and multiplicative models, respectively. We applied our
ECG algorithms on Fantasia database from Physionet, and the performance of our algorithms is assessed by
EDR comparing the EDR signals to the reference respiratory signal, using the normalized cross-correlation

coefficient. The proposed method is also compared with other EDR techniques in the literature. The
extracted EDRs using GP and PSRy, methods, considering their selected appropriate models, show mean
correlations of 0.706 and 0.727 with reference respiration which is significantly better than most of the
state-of-the-art methods. It can be seen that after selecting the model of each subject and using either
PSRyreq OF GP (combined method), the correlation result, 0.717, is improved. Statistical significant differ-
ences (p <0.05) are found in the correlation coefficients of our algorithms and most of the state-of-the-art
methods, showing that our combined methods outperforms them and is comparable to the well-known
EDR technique, principal component analysis (PCA) based EDR extraction. A model selection criterion
and two EDR extraction methods, GP and PSRy.q, have been proposed. The combined method using GP
and PSRy, following model selection for each subject yields EDR estimation system which results better
than most of the state-of-the-art single-lead EDR extraction in terms of correlation coefficient and can
be used as a promising algorithm to obtain ECG-derived respiratory signals.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Respiration signal is usually recorded with techniques like
spirometry, pneumography, or plethysmography. These tech-
niques require the use of devices that may interfere with natural
breathing and be hard to use in certain conditions such as ambula-
tory monitoring, stress testing, and sleep studies. Thus, methods
developed for indirect extraction of respiratory information are
useful to pursue [1].

One of these techniques is continuous noninvasive respiratory
monitoring using a surface electrocardiogram (ECG) measurement.
Potential advantages of such a method are its low cost, high con-
venience, and the ability to simultaneously monitor cardiac and
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respiratory activity [2]. During the respiration process, some mor-
phological changes in the ECG signal arise due to some mechanisms
such as: I) changes in volume of lung during inspiration and expi-
ration cycles which in turn cause change in electric impedance of
thorax, and II) changes in the heart vector position with respect to
ECG electrodes [3]. Furthermore, it is well known that respiration
modulates heart rate such that it increases during inspiration and
decreases during expiration [1]. According to these effects of respi-
ration on recorded ECG signal, many signal processing techniques
which are aimed at extracting respiratory information, so-called
ECG-derived respiration (EDR), have been developed.

We try to group previously developed and published EDR meth-
ods into different categories based on similar principles:

1) Methods based on tracking oscillatory pattern of rotation
angle of mean electrical axis (AMEA) of the heart induced by
respiration cycles: These multi-lead algorithms have utilized
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vectorcardiogram (VCG) signals, or synthesized VCG from ECG
leads [4-6], or have estimated the direction of the AMEA projec-
tion on the plane defined by two orthogonal leads [7-9]. Using
multi-lead ECG may result in a more adequate EDR at the cost
of patient’s convenience in multi-lead ECG monitoring systems.

2) Single-lead methods based on ECG morphologic variations
which in turn divide into two different approaches: 2-1) EDR
time series which are generated by sampling respiration-related
features hidden in recorded ECG. Respiration features induce
respiration effects on recorded ECG and are extracted beat by
beat. Many respiration features have been proposed such as R
amplitude [10,11,2,12,13], RS amplitude [14,11]. Robustness of
respiration features in noisy ECG signal has made main motiva-
tion for introducing other features like QRS area [15,16,13,17],
QRS slopes [18,19], ECG statistics such as 4th order cumulant
[20], area under major portrait radius (MPR) curve derived from
phase-space loop [21]. The drawback of these methods is alias-
ing which may arise when the ratio of heart and respiration
frequency is lower than 2. Furthermore, these methods need
precise QRS and R peak detection, and possible errors in R detec-
tion can degrade their performances. EDR time series could
also be created by applying transformations like PCA (princi-
pal component analysis) [22], KPCA (kernel PCA) [23,17], and
ICA (independent component analysis) [24] to data matrix con-
structed by aligning consecutive QRS waves. PCA method only
takes into account linear relation between respiration and ECG,
so in order to overcome the drawback of linear PCA, KPCA
was introduced. ICA method decomposes ECG into statistically
independent subcomponents, one of which hopefully could be
correlated to respiration. The main assumption in ICA method is
that recorded ECG has been superposed by respiration activity,
so ICA method performance degradation depends on whether
it is built upon a realistic assumption or not. 2-2) ECG trans-
formation and decomposition to find respiration component
hidden in recorded ECG. Filtering methods such as single band-
passfilter [25], discrete wavelet transform (DWT) [25], empirical
mode decomposition (EMD)[26,27], and homomorphic filter [3]
have been used for EDR extraction. The main drawback of these
techniques is that subjects’ frequency information such as res-
piratory bandwidth is needed prior to EDR extraction filtering.

3) Methods based on the heart rate variation. When respiration-
induced heart variations have naturally changed with age or
illness, this method often breaks down.

Before EDR extraction, it is necessary to consider recorded ECG
signal as a combination of original heart electrical activity (clean
ECG) and respiration activity and noise signals. There are differ-
ent assumptions about ECG-respiration model which justify the use
of various EDR methods. In [12,20,2] it is taken for granted that
respiratory activity acts as an amplitude modulation of the clean
ECG; hence a nonlinear ECG-respiration model is used. Respiration,
also, has been considered as an additive signal to the clean ECG
source, so linear filtering and ECG decomposition are applicable.
Since these two distinct models are originated from differences
between individuals’ breathing process, in this study we hypoth-
esized that considering the well-fitted ECG-respiration model for
each subject and applying an EDR extraction method based on each
model would improve the performance of overall EDR extraction.

This work concentrates on single-lead EDR extraction which is
of benefit when one lead is available. After model selection using a
proposed criterion, two new EDR estimation techniques are pro-
posed: Gaussian process or GP-based source separation and phase
space reconstruction (PSR) methods which are appropriate for linear
and non-linear model, respectively. Then we provide an experi-

mental comparison of the proposed methods with the ones from
the literature.

2. Method

We take two different respiration-ECG models into consid-
eration: Amplitude additive (superposition) u(t)=s(t)+r(t)+a(t)
and multiplicative (modulation) u(t) =s(t) x (1 +r(t)) +a(t) ; models,
where the recorded ECG or observation signal, u(t), is composed of
clean ECG source, s(t); noise sources, a(t); and EDR signal, r(t). In
multiplicative model, r(t) is assumed to modulate the amplitude
of clean ECG signal. Our aim is to extract the variations of respi-
ration activity (inspiration and expiration cycles) which affect ECG
recording in two different ways depending on difference in individ-
ual’s respiration activity (belly or chest breathing), so EDR signal
can be reflected as a zero mean signal in both models, and what
is important is variation of extracted EDR signal showing respira-
tion cycles. GP approach is suggested for additive model and phase
PSR feature-based algorithm is proposed for multiplicative model
and that is why we consider using GP and PSR4, following model
selection as the combined method.

In the following subsections, GP to model quasi-periodic signals
for EDR extraction and PSR methods are briefly discussed. After-
wards, the model selection criterion is described. The proposed
methods are tested on real data, which are presented in the next
subsections.

2.1. Gaussian process EDR extraction

Gaussian process is a learning method designed to solve regres-
sion and probabilistic classification problems. Gaussian process
regression approach is concerned with supervised learning, which
is the problem of learning input-output mapping using empiri-
cal data (the training dataset) and making inferences about the
relationship between inputs and targets [28]. In our case, we are
involved in modeling signals by GP regression in which inputs and
targets (outputs) are times and amplitudes of signals, respectively.
GP regression has been used for modeling signals which have the
quasi-periodicity characteristic such as ECG in order to extract fetal
ECG from maternal ECG [29-31]. In this work, GP regression as a
probabilistic source separation approach is used for extraction of
ECG components such as EDR. The details of ECG components mod-
eling using gaussian process are described in Appendix A in which
GP models with appropriate covariance functions (Eq. (A.4)) are
fitted to different components of ECG including our objective com-
ponent, EDR signal; r(t). After estimating the hyperparameters of
covariance function of GPs, EDR signal can be extracted using GP
source separation (Eq. (A.5)).

The covariance functions and their hyperparameters used for
modeling each ECG components are given in:

sin?(d(t; {Tk}) - o(t; {Tk}))
22

ks(t, t'; {ISa Us}) =o2exp <

kn(t, t'; {on}) = 028(t — t')
(1)

t—t)’
ko(t, t'; {ly, 0 } ) = o exp <—( T ) )
b

ke(t, t'; {or, {Te } }) = 0 (cos?(D(t; { i }) — D(t'; {1 }))

Fig. 1 shows functions drawn at random from a zero-mean GP
prior with covariance function ky(t, t') and ks(t, t'). Because {Tk}
for ks are not uniformly spaced, time-varying periodicity in random
function drawn from GP described by ks is obvious (Fig. 1b).
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Fig. 1. Functions drawn at random from different GP priors described by covariance functions (a) k;, and (b) ks.

One way to estimate the hyperparameters of the model (6 :
{IS, Os, On, lp, 0y, Or, { Ty ¢+ +) is maximization of the evidence (log
marginal likelihood) [28]. In this study the maximization is done
using DIRECT algorithm:

b= Argmax log p(u|X, 0) (2)
1

Since the number of respiration cycles N’ is unknown, N’ can
be guessed by some of other EDR methods. Optimization DIRECT
algorithm can find the optimum set of indexes by searching in pre-
defined intervals. Depending on defined intervals, there is a chance
to compensate for N’ estimation error even if the other EDR meth-
ods fail to estimate the correct N'. Block diagram of EDR extraction
using GP is shown in Fig. 2.

As discussed before, each of ECG components is assumed to be
statistically independent - a necessary assumption for source sep-
aration using GP. However, respiration r(t) affects heart rate. Since
s(t), pure ECG signal source, is mapped into phase intervals before
modeling by GP, heart rate variation would be canceled. Therefore,
regardless of cardiorespiratory coupling between respiration and
heart rate, the statistical independence assumption is valid.

2.2. Phase space reconstruction area EDR extraction

In the previous subsection, we used GP for EDR extraction
based on additive respiration-ECG model. In this subsection, an
EDR extraction method based on PSR feature, appropriate for mul-
tiplicative (modulation) respiration-ECG model, is proposed. The
area under major portrait radius (MPR) curve derived from PSR
loop has been introduced as a respiration-related feature for EDR
extraction [21]. In this paper, phase space of ECG beats have been
reconstructed the same way in [21] but a new feature from PSR is
proposed as respiration-related feature to generate EDR series. Our
proposed feature is the area of QRS phase space trajectory which is
related to beat-to-beat fluctuations in modulated ECG that occurs
during respiratory cycles in multiplicative.

The method to obtain PSR can be briefly described as follows:
phase space reconstruction expands a time series x(t), t=0. .. Tinto
a series of vectors x(t), t=0...(T—(dm —1))T
xX(t) = [x(t) x(t+7) X(t + (dm — 1))7] (3)

where x(t) is one point of the trajectory in the phase space at time t,
T is a constant time delay between the points of the time series, and

dp, is the embedding dimension. Plotting x(t) in multiple dimen-
sions depicts the phase space trajectory of the time series. Different
choices of 7 and dp, yield different reconstructed trajectories. The
present study uses a two-dimensional phase space diagram (dp,, =2)
to reconstruct the phase space of the QRS complex, and the time
delay is set to 8 ms which is close to the best choice 7 that has been
established for ECG signals [32].

Fig. 3 represents synthesized consecutive QRS waves modu-
lated by respiration and corresponding QRS waves phase space
reconstruction. It can be seen from this figure that QRS amplitude
modulation changes the area of the polygon specified by phase
space trajectory; therefore, the area of QRS phase space trajectory is
introduced as a respiration-related feature to construct EDR series
at the time of each ECG beat (R-peak times). We can estimate the
EDR signal in other times between each QRS intervals by applying
the spline interpolation technique.

2.3. Model selection

According to block diagram (Fig. 4), before EDR extraction,
model selection as a preprocessing step is needed. In order to make
sure that there are different kinds of respiration effects on ECG for
different subjects, 4 ECG records and their corresponding respira-
tion segments are shown in Fig. 5, two of which represent additive
respiration-ECG model and the other two represent multiplicative
model. These segments are derived from the dataset used in this
paper which will be discussed in Section 2.4.

If we consider interpolated R and S peak amplitude series as two
sinusoidal waves having the same frequency in Fig. 5a and b, it can
be seen that R and S peak amplitude signals in respiration-ECG addi-
tive model are in phase. Since respiration cycle length is much more
than R-S interval, under no noise assumption, R and S peaks signal
are in phase regarding an additive model. On the other hand, inter-
polated R and S peak amplitudes which are in opposite direction,
tend to be antiphase in a multiplicative model (Fig. 5c and d). With
this in mind and knowing that noise will also corrupt the phase rela-
tion of R and S peak amplitude signals besides respiration activity,
setting a threshold on normalized cross-correlation between two
sinusoidal signals can be used for determining a phase difference
between two signals. Before that, it is necessary to find all peaks in
R or S amplitude signals and applying linear transformation func-
tion between every two consecutive peaks to make them all the
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Fig. 4. Block diagram of EDR extraction system.

same amplitude just like a sinusoidal signal. By doing so for valleys,
cross-correlation criterion could be used for model selection.

It is worth noting that respiration effect on ECG may be variable
from time to time in each subject. In fact, our hypothesis depends
on how each ECG recording of subjects is affected by respiration
activity. The natural pattern of respiration, either chest or belly
breathing, could be a potential factor determining the dominant
model of respiration. Nevertheless, the model estimated for each
subject might be different in each segment; in this work, the proper
model is selected using the average criterion of all segments used
for any subject.

2.4. Data

Fantasia database, freely available at Physionet [33] containing
20 simultaneously lead Il ECG recording as well as respiration signal

(sampling rate of 250 Hz) from both young (21-34 years) and old
(68-85) healthy subjects. During the measurements, all the sub-
jects were in resting state, breathing spontaneously, and watching
the movie Fantasia to maintain wakefulness. From each subject,
ten 12-s data (in total 2 min) without any perceivable movement
artifacts were selected manually.

2.5. Preprocessing

The ECG and respiration signals are first filtered to remove
the 60Hz supply interference noise. For ECG baseline wander
removal, the median filters approach (described in [23]) is used.
The respiration signals are passed through an FIR lowpass filter
and downsampled by 72 and followed by spline interpolation to
obtain clean and observable semi-sinusoidal waves. Furthermore,
all R peaks are detected via the Pan-Tompkins algorithm [34].

ECG signals as inputs for gaussian process EDR extraction
algorithm are non-uniformly downsampled to reduce the compu-
tational time. In a window of length 40 samples around each R
peak, ECG signal is downsampled by 2 and outside of the selected
windows is downsampled by 5. Since the absolute ECG amplitude
around each R peak is larger than the other times in a beat and in
turn respiration effects on those times is less corrupted by noise,
ECG signal is downsampled by a small factor around each R peak
in order not to lose useful data. To capture the QRS complexes for
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Fig. 5. Respiration and ECG segments from: (a) subject 26 following additive model, (b) subject 11 following additive model, (c) subject 21 following multiplicative model,

(d) subject 27 following multiplicative model.

reconstruction of phase space, 40 ms before and 40 ms after each R
peak are selected.

2.6. Evaluation of performance

The similarity between extracted EDR and reference respiration
signal is evaluated by means of the normalized cross-correlation
coefficient (c). This criteria is determined as the maximum cross-
correlation over a lag range of 1s to allow for possible phase
delays between EDR and reference respiration signal. The cross-
correlation coefficient between EDR signal, r(t), and respiration
signal, y(t), is defined as follows:

(1/N - l)Z 1(r (k) — r(k))y(k +n) — y(k +n))

VI = 125 00 = roy 2 ) — y(R))

c(n) = (4)

Since ten 12-s ECG segments is processed from each subject, EDR
reliability of each subject is measured by average c.

To assess whether the results of the proposed technique are sig-
nificant with respect to the other EDR techniques, the Friedman’s
test is performed. Tukey honesty significant difference criterion is
used where p<0.05 is considered as statistically significant.

3. Results

The performance of the proposed EDR techniques, PSR area
(PSR4req) and gaussian process (GP), are compared with the other
state-of-the-art single-lead EDR algorithms such as: heartrate vari-
ation (RSA) [35], R amplitude (RAMP) [23], RS amplitude (RSAMP)
[11], QRS area (Area) [15], linear PCA (PCA) [22] and kernel PCA
using RBF kernel with tuning the parameter o2 via a selection cri-
terion based on the entropy and eigenvalue (KPCAen: and KPCAgjg)
[23], area under MPR derived from QRS wave PSR (MPRaeq) [21],
adaptive ICA (AICA) and adaptive PCA (APCA) [24] and EDR using
ECG statistics — 4th order cumulant - (EDRs) [20]. To investigate
ECG baseline removal effect on EDR, each algorithm is run with
(EDRNB) and without (EDRB) baseline removal preprocess — apart
from RSA method in which EDR is not affected by baseline and GP
method in which baseline is modeled.

After estimating the best model for each subject using model
selection criterion, the combined (GP and PSRaq) results for all
subjects (composed of both additive and multiplicative models) is
considered.

3.1. N in gaussian process approach
As discussed before, the number of respiration cycles N’ should

be guessed by the some other EDR method and let DIRECT algo-
rithm find the optimum set of indexes by searching in predefined
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intervals. In order to test the effects of different choice of N’ and
robustness of EDR extracted by GP against noise, synthetic ECG
segments are generated by ECGSYN toolbox [36]. ECG generated
by ECGSYN are based on respiration-ECG additive model, and base-
line wander has been introduced by coupling the baseline value
Zp to a constant frequency sinusoidal signal as respiration effects
[36]. After changing respiration frequency over time to make a non-
stationary signal with random phase and adding white noise, GP
method has been applied to segments for extracting EDR. Fig. 6
shows a synthetic ECG signal (superimposed with noise and res-
piration) as well as extracted EDR. By visual inspection of Fig. 6b
which shows ECG and respiration mapped into phase intervals
using a linear time warping applied on ECG cycles, it can be per-
ceived that ECG mapping can affect respiration pattern but it can be
negligible, since RR interval changes in ECG are much smaller than
respiration intervals, so calculation of the EDR covariance function
can be done after mapping either ECG segments, which are already
mapped into phase intervals of ECG cycles, or ECG segments with-
out mapping to phase intervals of respiration cycles (Fig. 2). It is

observed that (Fig. 6¢) EDR extracted from GP approach is in good
agreement with original respiration.

Optimization DIRECT algorithm can compensate for N’ estima-
tion error by allowing searching intervals to be close enough to
each other as shown in Fig. 7. In Fig. 7a, the guessed N’ exceeds
true N’ (Fig. 7b) by 1; however tracking respiration cycles has been
done properly by drawing two cycle index close to each other to
cancel the effect of the additional number of indexes. Hence, EDR
estimated by GP needs to be lowpass filtered to provide a smoother
EDR signal.

3.2. Proposed EDR techniques vs. existing EDR techniques

Table 1 compares the performance of proposed EDR techniques
with the existing EDR methods in term of normalized correla-
tion coefficient (c). Rather than GP and EDRs;, which need model
assumption, the other EDRs are feature-based methods. Hence,
model selection is not necessary for them. These techniques are
based on finding a respiration-related feature in each ECG beat
which can be due to any kind of respiration-ECG model. As stated
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Table 1
Mean and median of correlation coefficients in 40 subjects resulted by EDRs methods in the literature and proposed EDR methods.
EDR method RAMPNB RAMP? RSAMPNB RSAMP? AreaMB Area® PCANB PCAB
Mean 0.645 0.625 0.566 0.55 0.611 0.61 0.697 0.696
Median 0.653 0.616 0.548 0.525 0.624 0.636 0.70 0.711
EDR method KPCANE KPCAE KPCAY; KPCAZ, APCANB APCAB AICANB AICAB
Mean 0.69 0.694 0.688 0.688 0.393 0.381 0.38 0.383
Median 0.71 0.72 0.70 0.71 0.386 0.366 0.382 0.375
EDR method EDRstqt RSA MPRYE MPRE . PSR)E PSRS GP Combined?
Mean 0.406 0.486 0.558 0.492 0.703 0.590 0.643 0.717
Median 0.405 0.480 0.561 0.465 0.72 0.619 0.681 0.723
2 Combined (GP + PSR%ZG) method by model selection applied on all 40 subjects.
Table 2
Statistical analysis of EDRs methods applied on 40 subjects by Friedman test (significant differences (p <0.05) are indicated by *).
EDRs RAMPNB RAMP® RSAMPNE RSAMP? AreaMB AreaP PCA/KPCA EDRs APCANB
PSR,IXfe . * * * * * * _ *
GP - - - * - - - *
Combined * * * * * * - *
EDRs APCAB AICANB AICAP EDRstqr RSA MPRYE MPRS.,, PSR,
PSR%% . * * * * * * * *
cp * . . . * * * *
Combined * : : : * : : :
before, all subjects do not share the same respiration-ECG model, Table 3 ) )
but this table indicates c¢ coefficient average using EDR methods Confusion matrix for model-selection.
for all subjects. Baseline removal seems to be necessary for PSR CEDR-CP <0.65 >0.65
based EDRS (PSRareq and MPRy,q); however, in general, it does not Additive 15 4
change the results of other EDR methods. Therefore we remove Multiplicative 3 13

ECG baseline as a preprocessing step in our core PSR based method
since it yields better results, so we use PSRAE  as our final proposed
approach based on PSR. Table 2 shows the statistical test results for
analyzing the difference between our proposed methods (PSR}%,,
GP and combined) and other EDRs applied on all 40 subjects. Sig-
nificant differences (p <0.05) between EDR methods in rows and
columns are indicated by *. Since the results of EDRs: PCANB, PCAB,
KPCANE, KPCAB,,, KPCALE, KPCAE., are similar, these methods are
referred as PCA and KPCA based methods in one column of Table 2.
In Table 1, the mean and median of correlation coefficients of GP,
PSRAE . and combined applied on all 40 subjects methods are 0.64,
0.68; 0.7, 0.72; 0.71, 0.72, and still are statistically comparable to
PCA and KPCA based methods according to Table 2.

Fig. 8 shows correlation coefficients of EDRs with reference res-
piration across all 40 subjects. In the figure, the results of EDRs in
the literature whose results are quite better than the others are
shown, and results of EDR methods with poor results are omit-

ted to avoid overcrowding the plot. After applying model selection

criteria, subjects selected as ones following multiplicative models
are indicated by green shaded rectangles in this figure. and oth-
ers are based on multiplicative model, confusion matrix indicating
accuracy of model selection can be computed.

In Fig. 8, EDRs of some subjects which are extracted by GPresults
in correlation higher than 0.65 (as an acceptable amount of c com-
pared to overall results). If we consider these subjects are based on
the additive model, and others are based on multiplicative model,
confusion matrix indicating the accuracy of model selection can
be computed (Table 3). Computation of this matrix is based on
assumption that GP method is appropriate for additive models.
Ignoring GP method errors, according to Table 3 it can be observed
that accuracy of model selection using our criteria is 70 percent.

For better understanding, the box plot of some EDRs correla-
tion coefficients obtained from all ECG segments used in dataset
(approximately 400 segments) is shown in Fig. 9 (ignoring other
EDRs with poor results). It can be observed that for all subjects,



P. Janbakhshi, M.B. Shamsollahi / Biomedical Signal Processing and Control 45 (2018) 80-90 87

EDR correlation coefficients

08l ’-: *4
Ei W\

b PN R N i Pqi
<] S/ 1 /ud) ﬁl i3 ‘ Al
5 T i N\ ’ 11 i \F" X \""’/ﬁ’
= kS 7 Y Tt '

5} Il\\' Yi {,:l‘ﬁ‘ \ ‘!}‘“.ﬂfv/ )
k= YA B T ¥ AV
06 i X . 3§ / \‘

3 by \i’ Vo 4
e | YERY
S ot iy
B | b
4 { L
;o.. M_a‘ ”
o if
i

| 1 ! 1

xl/&\ ,',&‘R{j A b

/ \‘/,(Y\\ /‘ A ,ld Gp
gkt A

y 4

@ = KPCA_cig NB
Area_NB

{3~ Ramp_NB

~—&— PCA_B

PSR_Area_N

.‘lf. A —a
TR e
‘ Lt 1Nk
(A

|

—a

]
i
\

\
\

)

SESEE

4

_ B
S s

s 10 15 20

Subject number

Fig. 8. Correlation coefficients of EDRs for all 40 subjects resulted by EDR extraction methods in the literature and proposed EDR methods.

|

|

09f ,
|

08

0.7

0.6

0.5

0.4
03[

[
|
|
|
|
|
|
|
|
1
0.2
+

H o+ HF’»————————

I
|
|
|
|
|
|
|
|

0.1 |

=1
ok

T
|
|
|
|
|
|
|
|
|
P

PSR_Area NB PCA eig NB MPR_Arca NB RAMP NB  GP

Combined

Fig. 9. Comparison of EDR signals using different algorithms by box plot representation of correlation coefficients for all 40 subjects (EDR methods with poor results are

omitted).

Table 4

Average EDR correlation coefficient for two additive and multiplicative models.
EDR Area®  RAMP™®  RSAMPNB  PSRYE =~ KPCAS,  GP
Additive 0.621 0.627 0.585 0.676 0.68 0.706
Multiplicative  0.601 0.66 0.54 0.727 0.705 0.58

PSR4req is the best method and its results are improved by combined
methods (PSRaeq and GP) considering model selection. Median for
PSRNE ., KPCAE, ., MPRYE | RAMPNE, GP and combined is 0.732,0.708,
0.584, 0.668, 0.673, 0.757.

In Table 4, the average of correlation obtained by best EDR meth-
ods, after separating subjects based on additive from multiplicative
models, is shown. It can be seen that the best methods for addi-
tive and multiplicative models are GP and PSRa,.q, respectively with
correlation coefficients 0.70 and 0.72.

Fig. 10 represents an example of the estimated ECG components
(baseline, b(t)-normalized baseline is shown for better represent-
ing; ECG, s(t); and EDR, r(t)) using GP method and some of other EDR
techniques. It can be seen from Fig. 10 that all respiratory cycles are
properly tracked by EDR extracted using GP in comparison to other
EDRs. As discussed earlier, ECG segments are downsampled non-

uniformly before feeding into GP algorithm; hence, estimated EDR
is adownsampled signal. For better comparison, reference respira-
tion signal as represented in Fig. 10b has also been downsampled.

3.3. Discussion

In order to evaluate the performance of the EDR algorithms,
either inspiration and expiration time patterns of EDR can be com-
pared to recorded respiratory signal as what we have done in this
paper by ¢ measure, or the respiratory frequency estimated from
the EDR can be compared to that one estimated from a simul-
taneously recorded respiratory signal (reference signal). The first
evaluation method is more challenging, because EDR and reference
signal could be uncorrelated in time domain while the extracted
respiratory rate is similar. As a result, we used time domain analy-
sis in spite of some other researches which are based on frequency
analysis for EDR evaluation. Another reason for choosing c measure
as an evaluation criterion is that length of ECG segments which
are used for EDR evaluation are shorter than ones used in other
state-of-art researches, so when there is a high correlation between
EDR and reference respiration signals with lengths of 12 s in time
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domain, the high correlation in frequency domain and respiration
rate is also guaranteed.

For comparison of different EDRs to our proposed EDRSs (PSR ;eq
and gaussian process (GP)), other EDR extraction algorithms in
the literature have been implemented in this study such as: heart
rate variation (RSA) [35], R amplitude (RAMP) [23], RS amplitude
(RSAMP)[11], QRS area (Area) [15], linear PCA (PCA) [22] and kernel
PCA using RBF kernel with tuning the parameter o2 via a selec-
tion criterion based on the entropy and eigenvalue (KPCA¢n: and
KPCA,;g)[23], area under MPR derived from QRS wave PSR (MPReq)
[21], adaptive ICA (AICA) and adaptive PCA (APCA) [24] and EDR
using ECG statistics — 4th order cumulant - (EDRg,;) [20]. Each EDR
method has been implemented once with and without baseline
removal preprocess.

According to our hypothesis, all 40 subjects do not share the
same model, that is why GP method (Table 1) does not result in
high c criterion for all 40 subjects. Therefore, referring to Table 2,
GP is not observed to be statistically significantly better than RAMP,
RSAMP and KPCA and PCA based methods. After model selection and
using GPand PSR}® _ for additive and multiplicative models respec-
tively, the overall performance of such a combined method is better
than the others. However, the combined algorithm is still compara-
ble to KPCA and PCA based methods, since significant improvements
are not observed when compared with the PCA and KPCA based
methods. Referring to Table 4, the best methods for additive and
multiplicative models are GPand PSR4, respectively. These results
are in agreement with the primary assumptions used in this paper.

Although we developed PSRAE  based on respiration-related
feature which changes with QRS modulation in the multiplicative
model, PSRAS | does not result in low correlation for additive mod-
els. QRS wave is selected as a short fixed-length window around R
peak for PSR (this length is appropriate so as not to have a com-
plex PSR trajectory), that is why QRS wave does not completely
reflect the characteristics of amplitude modulation, and its changes
in each beat sometimes can be similar to additive model in which
respiration signal is added to QRS wave (see Fig. 3). However, the
PSRAE | average correlation for multiplicative models exceed addi-
tive models by 5 %. Since the same QRS wave definition has been
used for Area® and PCA-based EDRs, their results for both models
do not differ so much.

According to results (Table 1), the best EDR extraction method
among those presented in the literature are PCA and KPCA which
are statistically comparable to our proposed combined method
(Table 2). In case of KPCA method, parameter o2 of RBF kernel

which is found via selection criteria in [23] tends to tuned to the
highest possible value which makes RBF kernel PCA behave like
linear PCA. That is why c values of these two EDR methods are
close to each other. In addition, the derived results of PCA-based
methods (PCA and KPCA), in comparison to RAMP method are in
agreement with what reported in [23,22] that PCA-based meth-
ods have performed better than RAMP method. The EDRs methods
based on ECG amplitude feature RAMP resulted slightly better than
EDR Area which is in contrast with the [15], [16], since the EDR
Area method has been introduced as a more robust EDR method
against noise. EDRg [20] has shown poor results. Comparing the
result of EDRs: implemented here to [20] does not seem to be
possible because of differences in used databases and evaluation
criteria. For a quantitative evaluation, respiratory counts in the res-
piration reference signals are compared with that in the derived
respiration [20]. As discussed before, evaluation based on respira-
tory rate comparing, especially when segments length is long, is
not a proper evaluation method. In [21], the reliability of proposed
MPR 4, method has been tested by coherence analysis of frequency
spectrum on a different database from our used database. As stated
before, a high coherence in frequency domain cannot be linked to
a high consistency between a long segment of EDR and respiration
signal in time domain. Therefore comparison of MPRy,., imple-
mented in here to what reported in [21] would be difficult. AICA
and APCA methods have not performed well which is in contrast to
[24]. The reason may be hidden in spectrum estimation. Since our
segments are shorter than what has been used in [24], the com-
ponent selection criterion may need modification. Without model
selection, proposed PSR4, method is comparable to PCA and KPCA
(Tables 1 and 2), but after model selection PSR4, and GP performed
better than the others in terms of correlation coefficient (Table 4).

According to Table 2, our combined and PSR, algorithms
observed to be statistically significantly better than other EDRs,
but no significant statistical difference is observed in compared
to KPCA-based EDR technique. There might be potential errors in
model selection (assumed to be correct 70%), so improving model
selection could increase overall c which is left for future work. New
EDR extraction approach which is based on ECG non-parametric
modeling by GP, can be used for extracting not only EDR but also
denoised and clean ECG signal. Hence, GP source separation can
be of help to applications in which ECG denoising is needed. In
both GP and PSRy.e,, R peak detection as a preprocessing step is
needed, and similar to most of the other EDR estimation meth-
ods in the literature, possible errors in R detection algorithm can
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decrease the performance of EDR estimation. In GP learning, max-
imizing the posterior function instead of likelihood function with
introducing prior information on the hyperparameters is also pos-
sible to improve the results. Besides, the proposed EDR technique
using PSR area may have the potential to be used in the detection of
sleep-related breathing disorders such as apnea using single-lead
ECG. Then the next challenge is to test the performance of the EDR
in apnea detection application. Spectral analysis of EDR signals for
respiration rate estimation and studying effects of different ECG
leads on EDR algorithms are the other potential challenges.

4. Conclusion

In this study, we proposed two new EDR methods: GP based on
gaussian process source separation and PSRa., based on choos-
ing the area of PSR curve of QRS waves as respiration feature.
Furthermore, we have taken different respiration-ECG models into
consideration: Amplitude additive and Multiplicative. A model
selection criterion has been also proposed. The conclusion which
has been drawn from results on the database of 40 healthy individ-
uals is that GP and PSR, are the methods appropriate for additive
and multiplicative models, respectively. This work is also a valida-
tion study that includes most of other established single-lead EDR
algorithms in the literature that can be useful in the review of EDR
methods. In sum, the combined method using GP and PSRy, follow-
ing model selection for each subject yields EDR estimation which
is statically better than the most of the state-of-the-art single-lead
EDR extraction methods in terms of correlation coefficient, but not
significantly better than PCA and KPCA EDRs. These results encour-
age the use of these new algorithms as a reliable technique for
estimation of respiratory signal from the single lead ECG.

Appendix A. Gaussian process modeling

Taking account of the value of the modeling function or random
signal f(t) at time t as a random variable, a gaussian process is a
collection of random variables, any finite number of which have a
joint gaussian distribution and is completely specified by its mean
function and covariance function [28]:

m(t) = E[f(t)]
K(E, ©) = ELGFCE) — m(O)F () — m(e) (A
and f(t), modeled by a gaussian process, is written as

f)~gP(m(t), k(t, t')). Typically the covariance functions have
some free parameters (hyperparameters: (8)) and in the present
study, mean function of GP is defined to be zero at any input
time because ECG subcomponents are assumed to be zero-mean
random signals.

Depending on the semidefinite positive function chosen as the
covariance function k(-, -) of the GP, it is possible to describe the
expected properties of the modeled signal f{t). For instance, the
classical square exponential function k(t;, t;)=exp((t; — t2)?/2[2)
allows to model a stationary process whose smoothness is adjusted
by the parameter length scale I: the larger the value of [ is, the
smoother the process is [29].

The problem is defining an appropriate GP model which matches
the characteristics of the recorded ECG signal and its subcompo-
nents or sources and then applying source separation or denoising
as one of GP applications.

Initially, if simple special case is considered where the obser-
vations {(ti,f,-)|i =1,..., n} are noise free, the joint distribution of

the training outputs, f, and the test outputs f, according to the prior

defined by GP are [28]:
f K(T,T) K(T,T.)
~N'| 0,

M < [K(n, ) K(T., m] )

Column vector inputs for all the n observations are aggregated in
the D x n design matrix T, and the targets are collected in the vec-
tor f (D is dimension of outputs that in our signals would be 1).
The same notation is used for test inputs (T+) and test outputs f,. If
there are n training points and n- test points then K(T, T-) denotes
the n x n- matrix of the covariance function output evaluated at all
pairs of training and test points. For prediction of f,, posterior dis-
tribution over functions is needed. Corresponding to conditioning
the joint gaussian prior distribution on the observations, predictive
distribution would be a gaussian [28]:

(A2)

f.|T., T, F~MK(T., T)K(T, T)"'f,
K(T., T.) — K(T., T)K(T, T)K(T, T..))

(A3)

We need a point-like prediction which is optimal in some sense.
When the predictive distribution is gaussian, the mean and the
median coincide and indeed for any symmetric loss function (e.g.
[fguess — f+| or (fguess —f)?), we always get feuess as the mean of the
predictive distribution (K(T+, T)K(T, T)~f) which minimizes the loss
function [28].

In the case of our problem, if we consider EDR as an objective
signal and the other ECG sources as noise signals, GP denoising
approach could be the EDR extraction solution. It is assumed that
the clean ECG source s(t) is contaminated by: an additive gaussian
independent and identically distributed (IID) noise, n(t); respira-
tion or EDR signal, r(t); baseline drift which has no respiration
information, b(t). Each of sources is statistically independent and is
modeled by a GP. Therefore the observation signal, u(t), is defined
as aGP:

u(t) s(t) +
s(t) ~ GPl

(t) ~ gP
(t
(t
u(t) ~

n(t) + b(t) + r(t),
0, ks(t, t'; 65))

Il
~ =

=

—~

0, kn(t, t';6n))
(A4)

S

~ GP(0, ky(t, t'; 6p))
~ GP(0, ke(t, t';0))
GP(0, k = ks + kn + Ky + kr; 0 = {65, 6n. 0. 6, })

Since our goal is to extract EDR (r(t)), we are interested in EDR
estimation as the posterior distribution mean:

—~

=

)
)

I'*|T*, T, u~/\/'(r'*, COV(T*)),
(A.5)
F = Ke(T,, T)K(T, T)™!

Before modeling all ECG components as several GPs, it is needed
to mention r(t) and s(t) are quasi-periodic signals. These non-
stationary signals are need to be time wrapped before modeling by
GP. Then a time wrapping function ®( -, {‘L’k}) which models the
quasi-periodicity is needed to be applied on signals before calculat-
ing covariance values. is the set of cycle index instants. In this
case, firstly quasi-periodicity is modeled using a linear time warp-
ing to map each cycle point to a phase value [ty_1, T) — [2(k — 1),
2kgr) [29], then the wrapped signal would be periodic with period
27, and GP modeling by periodic covariance functions are applica-
ble. In the case of s(t) signal, {rk} are R-peaks instants which can

be defined in preprocessing step. {rkr} related to r(t) is the set of
respiration cycles which is unknown. These indexes can be con-
sidered as hyperparameters in EDR covariance function and can be
estimated like the other hyperparameters.
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