
S
G

G
O
a

b

c

Z

a

A
R
R
A

M
0
9

K
E
R
H
C
G
A

1

h
a
t
t
[
c
fi

h
1

Biomedical Signal Processing and Control 31 (2017) 272–287

Contents lists available at ScienceDirect

Biomedical  Signal  Processing  and  Control

jo ur nal homep age: www.elsev ier .com/ locate /bspc

eparating  the  effect  of  respiration  on  the  heart  rate  variability  using
ranger’s  causality  and  linear  filtering

ustavo  Lenisa,∗,1,  Michael  Kirchera,1,  Jesús  Lázarob,c, Raquel  Bailónb,c, Eduardo  Gilb,c,
laf  Doessela

Institute of Biomedical Engineering (IBT), Karlsruhe Institute of Technology (KIT), Fritz-Haber-Weg 1, 76131 Karlsruhe, Germany
Biomedical Research Networking Center in Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Zaragoza, Spain
Biomedical Signal Interpretation and Computational Simulation (BSICoS) Group, Aragón Institute of Engineering Research, IIS Aragón, University of
aragoza, Zaragoza, Spain

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 6 March 2016
eceived in revised form 12 July 2016
ccepted 28 July 2016

SC:
0-01
9-00

eywords:
CG
espiration
eart rate variability
oupling
ranger’s causality
RMAx filter

a  b  s  t  r  a  c  t

Heart  rate variability  (HRV)  plays  an important  role  in medicine  and  psychology  because  it is  used  to
quantify  imbalances  of  the  autonomic  nervous  system  (ANS).  An  important  manifestations  of  the  ANS
on HRV  is also  directly  related  to respiration  and  it is  called  respiratory  sinus  arrhythmia  (RSA).  This  is
a controlled  phenomenon  that  leads  to a synchronized  coupling  between  respiration  and  instantaneous
heart  rate.  Thus,  the  portion  of HRV  that  is  not  related  to respiration,  and  could  potentially  contain  undis-
covered  diagnostic  value,  is overlapped  and  remains  hidden  in a standard  HRV  analysis.  In such cases,  a
decoupling  procedure  would  deliver  a discriminated  HRV  analysis  and  possible  new  insights  about  the
regulation  of the  cardiovascular  system.  In this  work,  we propose  an algorithm  based  on  Granger’s  causal-
ity to  measure  coupling  between  respiration  and HRV.  In the  case  of  significant  coupling,  we estimate  and
cancel  the  respiration  driven  HRV  component  using  a linear  filtering  approach.  We  tested  the  method
using  synthetic  signals  and  prove  it  to deliver  a reliable  coupling  measurement  in 96.3%  of  the  cases  and
reconstruct  respiration  free  signals  with a  median  correlation  coefficient  of 0.992.  Afterwards,  we applied
our  method  to signals  recorded  during  paced  respiration  and  during  natural  breathing.  We  demonstrated
that  coupling  is dependent  on  respiratory  frequency  and  that  it maximizes  at 0.3  Hz.  Furthermore,  the

HRV parameters  measured  during  paced  respiration  tend  to  level  among  subjects  after  decoupling.  The
intersubject  variability  of  HRV  parameter  is  also  decreased  after  the  separation  process.  During  natural
breathing,  coupling  is  notoriously  lower  to non-existing  and  decoupling  has little  impact  on  HRV.  We
conclude  that  the  method  proposed  here  can  be used  to investigate  the diagnostic  value  of respiration
independent  HRV  parameters.
. Introduction

The continuous change and adaptation of the instantaneous
eart rate to internal and external factors is called heart rate vari-
bility (HRV). The regulation of the heart rate is carried out by
he two complementary branches of the autonomous nervous sys-
em (ANS), the sympathetic and parasympathetic nervous system

1]. A healthy heart that is regulated in the proper manner is
haracterized by a strong HRV [2]. This principle is used in many
elds of medicine and psychology for diagnostic purposes [3,4].
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Scientific studies dealing with topics such as the quantification of
risk of sudden cardiac death in patients with chronic heart failure or
the assessment of mental workload when performing a given cog-
nitive task, have been approached using the analysis of standard
HRV parameters [5,6].

It is well known that HRV is strongly related to respiration [7,8].
There are two  major reasons for this fact. First, respiration, heart
rate and blood pressure are all part of a greater cardiorespiratory
system that is also regulated by the ANS in the form of a cou-
pled feedback control system [9]. Therefore, internal or external
perturbations in one of the members of the system have a direct
impact on the others. So for example, heart rate tends to increase

as a response to hypoxia or hypercapnia in healthy subjects [10].
Another example is the baroreceptor reflex in which a change in
blood pressure affects heart rate through negative feedback [11].
Second, a phenomenon called respiratory sinus arrhythmia (RSA),
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n which heart rate increases during inspiration and it lowers dur-
ng expiration, leads also to a notorious synchronized coupling
etween the breathing pattern and heart rhythm. As a matter of
act, RSA is the most important manifestation of the ANS directed
o the heart and recorded non-invasively from the heart period [12].
ven though RSA is not fully understood, it is believed to minimize
echanical work done by the heart while maintaining a healthy

oncentration of gases in the blood and to optimize gas exchange
hile breathing by matching perfusion to heart rate [13–15]. Since

he impact of RSA can change depending on different factors such as
ge, breathing frequency, tidal volume or general health condition
f the subject [16–18], it is hard to quantify its effect on the HRV
arameters. For this reason, other authors have tried to control the
ffect of respiration on HRV and have evaluated if this procedure
an increase the diagnostic power of HRV parameters [19,20].

In a study presented in 2011 [21], the authors addressed the
roblem of detecting mental stress during a cognitive task using
RV. For this purpose, a transfer function, that described the car-
iorespiratory coupling, was estimated and the respiration related
uctuations of the heart rate were subtracted. It was shown that
eparating the HRV analysis and removing the respiration driven
art of it, leads to a residual HRV that is more suited for discrimina-
ion between mental stress and resting state. This conclusion has
een ratified in other studies dealing also with stress classification
nd applying similar procedures [22,23].

The algorithms used to separate respiration from HRV presented
n literature lack two important aspects. First, they do not quan-
ify the strength of coupling between respiration and HRV. Thus,
n the case that no significant coupling is present, a separation is
till carried out. This has the risk of generating wrongly decoupled
ime series. In addition, the strength of the cardiorespiratory cou-
ling could deliver more information about the state of health of
he subject. Second, even though the methods presented in the past
ave been validated empirically, no validation on a theoretical basis
as been carried out. Since the golden truth about the respiration
elated part of heart rate is not known, it is hard to evaluate the
orrectness and performance of the separating method itself.

In order to address these issues, we developed a method to
uantify coupling between respiration and HRV using Granger’s
ausality and defined a threshold to detect significant coupling.
he algorithm then continues with the separation of the respira-
ion induced part of the HRV. Special procedures were created for
aced respiration at different frequencies and natural breathing.
he residual HRV unrelated to respiration is achieved using linear
lters such as an optimal notch filter (for paced respiration) and an
RMAx filter (for natural breathing). Similar methodologies used

or related applications have been presented in the past in [24,21].
or the purpose of testing the method on a theoretical basis, we also
arried out a simulation study using synthetic signals that resem-
led the ones measured for this work. Finally, after demonstrating
he validity of the developed algorithm, we use it to separate the
nfluence of respiration on the HRV in a data set recorded during
aced respiration and in another one with natural breathing.

. Methods

.1. Data

.1.1. Synthetic signals
In order to test the algorithms developed in this work at a

heoretical level, we carried out a simulation study using syn-

hetic signals. Respiration, RR time series (which is reciprocal of
he instantaneous heart rate) and their coupling were modeled
o resemble the real measured signals in the time and fre-
uency domain. The block diagram shown in Fig. 2a displays the
ng and Control 31 (2017) 272–287 273

complete simulation scheme that includes the generation of real-
istic time series, the way  these signals are coupled, the decoupling
algorithm and the evaluation of the reconstruction. In this work,
we call intrinsic the part of HRV that is not related to respiration,
because it cannot be recorded independently and might be over-
lapped by other larger influences such as RSA. The intrinsic RR time
series RRintri(n) is modeled using pink Gaussian noise [25]. This
series resembles the theoretical RR time series that is free of any
influence from respiration. The respiration signal resp(n) is modeled
using a harmonic function with time varying frequency. In order to
model coupling, the respiration signal is first filtered by a moving
average (MA) system G(k) and added to the intrinsic RR time series
[21]. The resulting signal represents the measured RR time series
RRmeas(n) that would have been computed from the recorded ECG.
This model is characterized by an open-loop configuration allowing
an external input. This is a specific case of the more general family
of multivariate dynamic adjustment (MDA) models [26].

Mathematically speaking, the signals are modeled in the follow-
ing way:

• The intrinsic RR time series is modeled by random Gaussian pink
noise. It is characterized by a spectral power density that is pro-
portional to the reciprocal of the frequency SRRintri

(f ) ∝ 1/f and
by a normal amplitude distribution N(0; �) in the time domain.
This signal can be achieved by filtering white Gaussian noise with
a low pass filter [27].

• Respiration is modeled with a harmonic function of the general
form resp(n) = A · cos(ϕ(n)). The time varying phase of the cosine
function is defined as a time discrete approximation of the inte-
gral of the time varying frequency f(n):

ϕ(n) = 2�

n∑
k=0

f (k)
fs

where fs is the sampling frequency in Hz used in the real signal
processing algorithm. In our study, fs was  set to be 4 Hz, which is
a typical value used in literature [28]. The time varying frequency
f(n) is defined using the hyperbolic tangent (tanh) function which
has a sigmoid shape. The function is parametrised to have lower
and upper bounds f0 − f1 and f0 + f1 and time discrete constant
fs · T. It is centered at the sample point n0:

f (n) = f0 + f1 · tanh
(

n − n0

fs · T

)

The parameters A, f0, f1, T and n0 can be freely chosen by the user
to recreate different scenarios. In this work, we investigated two
types of respiration signals, the constant and the natural breath-
ing. In the case of constant breathing, the frequency f0 comes
randomly from the interval f0 ∈ [0.1;0.6] Hz and f1 = 0.005 Hz is
chosen fixed to ensure that spectral power is localized around
f0. In the case of natural breathing, the frequency f0 is also ran-
domly chosen from the interval f0 ∈ [0.1;0.6] Hz and f1 is an
aleatory variable from the interval f1 ∈ [0;0.1]. For both types
of signals, the other parameters present in the sigmoid function
were randomly chosen from the following intervals: A ∈ [0.2;5],
n0 = [180;540], T ∈ [10;30] s and a signal length of N = 720 sample
points, or three minutes, was  set fixed. A large number of repeti-
tions was  performed and statistics were carried out for evaluation
purposes. The simulation study is presented in detail in
Section 3.
The chosen parameters are in accordance with the signals
included in the two studies presented in this work, which
facilitates the comparability between results obtained from sim-
ulation and real measurements. Furthermore, the parameters are
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ig. 1. Four different realizations of time dependent breathing frequencies with dif
a)  f0 = 0.16 Hz, f1 = 0.08 Hz, n0 = 540, T = 20 s. (b) f0 = 0.3 Hz, f1 = 0.1 Hz, n0 = 360, T = 10

also in accordance with typical values reported in literature [29]
which gives the method a general applicability. Fig. 1 shows four
examples on how different combinations of the parameters can
produce a large variety of time depending breathing frequencies
that account for many real life scenarios.
The coupling filter G(k) bring the intrinsic RR time series, the res-
piration and the measured RR time series together. The following
mathematical model is used to represent this behavior:

RRmeas(n) =
K∑

k=1

g(k) · resp(n − k) + RRintri(n)

where K is the order of the filter and g(k) are the filter coefficients.
In our simulation study, the system order was always chosen
K ≤ 12. By doing so, we allowed coupling behavior from respi-
ration values up to three seconds in the past [30].

Fig. 2b to 2i shows an example of the kind of signals generated
sing the simulation protocol and the reconstruction algorithm
roposed here. A representation in the time domain together with
he power spectral density (PSD) are given. Note how the cou-
led RR time series (time and frequency domain) has a shape that
rises from both, the intrinsic RR time series and the respiration
ignal. Finally, the decoupled RR time series is again very similar to
he original intrinsic RR time series. This example shows how the
ecoupling algorithm performed in the desired manner.

Furthermore, a comparison with real measurements from the
ther data sets used in this work can be seen in Fig. 3.

.1.2. Paced respiration study
The paced respiration study (PRS) was conducted by the group

SICoS at the university of Zaragoza in Spain. 19 subjects (13 male
nd 6 female), including undergraduate and graduate students,
hD candidates and researches from the group were enrolled.
ubject ages ranged from 21 to 52 years (median of 28 years).
he subjects were asked to breath at a constant respiration rate
or 3 min  and to take a short break afterwards. The breathing
requency was held constant during every breathing session but
ncreased from one session to the next one. Breathing rate ranged

rom 0.1, 0.2, . . .,  to 0.6 Hz. In order to ensure the breathing
ate was truly constant, a video displaying an oscillating sine
ave at the given frequency was presented to the subject, so

hat they were able to follow the pattern with their breathing.
 combinations of the simulation parameters. The following parameters were used:
 f0 = 0.28 Hz, f1 = 0.005, n0 = 480, T = 20 s. (d) f0 = 0.2 Hz, f1 = 0.05 Hz, n0 = 360, T = 30 s.

Subjects breathed at the frequency of the sine wave in the video
with a small error of 0.22 ± 1.05 mHz  [31].

ECG and respiratory data were recorded simultaneously using
the devices ABP-10 and POLY-37 from the manufacturer Medicom
MTD. Both signals were recorded at a sampling rate of 1000 Hz and
were digitized with a resolution of 24 bits. ECG was recorded using
three channels and orthogonal electrode placement. Respiration
effort was  acquired using a chest belt and at a sampling rate of
250 Hz. Signal quality was visually inspected prior to any processing
algorithm. One subject had to be removed from the study because
large portions of the data were missing or had very low signal
quality.

In order to avoid errors related to aliasing throughout the anal-
ysis carried out with this data set, the subjects not fulfilling the
Shanon sampling theorem were also removed from the study. First,
a subject was considered to “violate” the sampling theorem if their
mean heart rate was smaller than twice their breathing frequency.
Subjects potentially leading to aliasing errors appeared only for the
breathing frequencies 0.5 and 0.6 Hz. In the case of 0.5 Hz, three
subjects had to be removed from the analysis while for 0.6 Hz there
were nine subjects not fulfilling the sampling theorem.

Fig. 3 shows an example of the signals recorded in the PRS study.
In the same figure, as comparison, an example of synthetic signals
generated to reproduce the recorded signals in a realistic manner is
displayed. The power spectrum of both, the synthetic and simulated
signals, can also be seen in Fig. 3.

The data recorded in the PRS study were used previously for a
different research project presented at the conference Computing
in Cardiology 2014 in Cambridge, Massachusetts [31].

2.2.. Fantasia database

The PRS study has the drawback of not having any records of
subjects breathing naturally. In order to fill this gap, we  used the
data from the Fantasia database which is part of the repository of
physionet.org [32,33]. The data were acquired from 20 young and
20 old subjects. For the young subjects, ages ranged from 21 to
34 years. Old subjects were between 68 and 85 years old. Each
subgroup consisted of an equal amount of female and male sub-
jects. One ECG channel together with a respiration effort signal is

present in this data set. Both signals were acquired at a sampling
rate of 250 Hz for an interval of 120 min  while the subjects were
watching the Disney movie Fantasia in a resting supine position.
The breathing pattern of the subjects is considered to be natural.
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Fig. 2. (a) Simulation scheme used to create synthetic signals for theoretical testing of the algorithms used in this work. (b) A portion of a synthetic respiration signal. (c)
PSD  of the complete respiration signal used for (b). (d) A portion of a synthetic intrinsic RR time series. (e) PSD corresponding to the complete RR time series used for (d). (f)
A  portion of an RR time series after respiration has been coupled. (g) PSD of the complete RR time series used for (f). (h) A portion of the decoupled RR time series using one
of  the algorithms developed in this work. (i) PSD of the decoupled RR time series.
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Fig. 3. Comparison between signals recorded in the PRS study (left column) and synthetic signal used in the simulation study (right column). (a) A portion of the filtered
respiration signal as it was recorded from a subject in the PRS study. (b) A portion of a synthetic respiration signal generated to have similar properties as the one used for
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a).  (c) PSD of the complete respiration signal used for (a). (d) PSD of the complete r
ubject in the PRS study. (f) A portion of the synthetic RR time series generated to h
sed  for (e). (h) PSD of the complete RR time series signal shown in (f).

Fig. 4 shows an example of the signals recorded in the Fantasia
atabase. In the same figure, as comparison, an example of syn-
hetic signals generated to recreate the measurements in a realistic

anner. The power spectrum of both, the recorded and synthetic
ignals, can also be seen in Fig. 4.

.3. Filtering the ECG and respiration signals

ECG signals are typically corrupted by low frequency baseline
ander, high frequency random noise or muscle movement and
ower line interference. Baseline wander was filtered using a high
ass Butterworth filter with a cutoff frequency of 0.5 Hz. In order
o reduce high frequency random noise, every signal was filtered
ith a low pass Butterworth filter with a cutoff frequency of 250 Hz

34,35]. Power line interference was removed using a Gaussian
otch filter located at 50 Hz or 60 Hz and all its harmonics [36].

Regarding the respiration signal, baseline wander was  removed
ith a high pass Gaussian filter with a cutoff frequency of 0.05 Hz.
igh frequency random noise is attenuated using a low pass
utterworth filter with a cutoff frequency of 20 Hz. Power line inter-

erence was removed using again a Gaussian notch filter located at
0 Hz or 60 Hz and all its harmonics.
.4. Processing the ECG signal

The signal processing work flow starts with the ECGs previously
ltered and the detection of the QRS complexes. The algorithm
tion signal used for (b). (e) A portion of the recorded RR time series from the same
milar properties as the signal used for (e). (g) PSD of complete RR time series signal

used for this purpose is based on the stationary wavelet transform
(SWT). The detail coefficients at level 2 are computed and compared
against an adaptive threshold. Signal portions above the threshold
are detected as QRS complexes. The most significant peak inside
the QRS complex is then labeled as the R peak [37]. The time dis-
tance between two  subsequent R peaks is referred as RR interval.
A collection of successive RR intervals is called RR time series. In
this study, we  removed the mean of every RR time series so that it
oscillates around zero.

In the case that more than one ECG channel per subject is
present in the data set, a synchronization of information among
channels is carried out. This way, wrong detections or false anno-
tations caused by local artifacts or strong noise can be reduced.
Using this procedure, we  ensure that if a wrong detection takes
place in one of the channels, it can be corrected using the other
two.

Artifacts in the RR time series can always be present. They lead
to an erroneous point in the series and must be removed. For this
purpose we  use the method presented by Malik [38] that removes
an RR interval if it differs in more than 20% from the previous or
subsequent one.

2.5. Coupling measures between respiration and RR time series
In this work, we  propose the quantification of coupling between
the measured RR time series and the respiration signal using the
Granger’s causality. It is described as follows.
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.5.1. Granger’s causality
The way Granger approaches causality can be summarized in the

ollowing manner: A time series y(n) is considered to cause another
eries x(n), if the prediction of the second series can be improved
y introducing information from the first one. The prediction of the
eries x(n) is performed using a linear autoregressive (AR) model.
he introduction of the information coming from the exogenous
ime series y(n) is carried out using a linear moving average model
MAx) and tested to deliver a statistically significant improvement
n the estimation. The improvement is quantified by comparing the
ariance of the estimation including and not considering the exoge-
ous input [39]. Mathematically speaking, the Grager’s causality
an be formulated as follows:

The time series x(n) is first modeled as an AR stochastic process.

(n) =
P∑

k=1

a(k) · x(n − k) + �AR(n)

he prediction error �AR(n) is assumed to be normally distributed
ith expected value �AR and variance �2

AR. The expected value of
he prediction error is typically zero, so that its variance is given
y:
2
AR = 1

N − P − 1

N∑
k=1

�2
AR(n)
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ig. 4. Comparison between signals recorded in the Fantasia database (left column) and
ltered  respiration signal as it was  recorded from a subject in the Fantasia database. (b) A
he  one used for (a). (c) PSD of the complete respiration signal used for (a). (d) PSD of the c
rom  the same subject in the Fantasia database. (f) A portion of the synthetic RR time seri
R  time series signal used for (e). (h) PSD of the complete RR time series signal used for (
ng and Control 31 (2017) 272–287 277

where N is the total amount of points recorded from the time series.
The estimated variance �2

AR is also a random variable governed by
a �2

N−P distribution. After the AR estimation, the information from
the exogenous input is then added to the prediction:

x(n) =
P∑

k=1

a(k) · x(n − k) +
Q∑

k=1

b(k) · y(n − k) + �ARMAx(n)

The variance �2
ARMAx is �2

N−P−Q distributed. The two residual
variances are then compared building their normalized difference
[40]:

�yx = �2
AR − �2

ARMAx

�2
ARMAx

= �2
AR

�2
ARMAx

− 1

The ratio �2
AR/�2

ARMAx is a random variable that follows the F-
distribution with N − P and N − P − Q degrees of freedom. The null
hypothesis that y(n) does not cause x(n) can be statistically tested
by applying an F-test and allowing an error probability of maximal
5%. The threshold for the statistical significance demonstrating an
increase in the prediction can be computed by

�5% = F−1(0.05,  N − P, N − P − Q ) − 1
yx

where F−1 denotes the inverse of the F-distribution. In partic-
ular, the value �yx = 0 means that absolutely no coupling was
found. Higher values indicate increasing coupling and if the given
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Fig. 5. Separation of respiration from RR time series using an estimated Gaussian
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hreshold �5%
yx is surpassed, the coupling is said to be statistically

ignificant.
Another important aspect are the parameter P and Q used

n the linear regressions must be given also. In this work, we
se the Bayesian Information Criterion (BIC) to find an optimal
stimation for the model orders P and Q [41]. In this method,
he following cost function is minimized to find the AR model
rder P:

ICAR(P) = N · ln(�2
AR) + P · ln(N)

The model order Q for the MA  part of the prediction is found
nalogously. In the case that no minimum is found, the optimization
rocess is slightly modified to find a “best guess” and carried out

n the same manner described in [42]. Finally, in our application,
(n) is replaced by the measured RR time series RRmeas(n) and y(n)
epresents the respiration time series resp(n). It is also important to
ention that the separation of the intrinsic and respiration driven

R time series is only carried out, if significant coupling has been
etected. Otherwise, it is assumed that no significant coupling is
resent and thus no separation is needed.

.6. Separation in the case of paced respiration

The idea behind the separation in the case of paced respiration
elies on the fact that the power spectrum of HRV is characterized
y one strong peak located at the constant breathing frequency.
herefore, it should be possible to remove that peak applying a
otch filter [43]. In this work, we present a new method that con-
ists in approximating the peak at the breathing frequency using a
aussian bell and inverting that bell to create a notch filter that

emoves the peak without compromising the rest of the spec-
rum. The approximation of the peak is performed using a least
quares estimation and the spectrum is obtained using the Welch’s
ethod [44]. It was performed using a Hamming window of 64 s

256 sample points). An overlap of 128 samples between neighbor-
ng windows was chosen and zero padding was used to extend the
umber of samples for the Fourier transform to 210 = 1024 sample
oints.

The estimation problem can be formulated as follows:

∣∣SRR(k) − SGauss(k)
∣∣2 → min  for k · 	f  ∈ Bmin∣∣SRR(k) − a · exp(−b · (k · 	f  − fresp)2)

∣∣2 → min  for k · 	f  ∈ Bmin

In these equations, SGauss(k) is the Gaussian bell function in spec-
rum with parameters a and b that are going to be estimated.
resp is the constant breathing frequency that corresponds to the

aximum of the local spectral peak. k is the positive integer vari-
ble in the Fourier domain and Bmin is the band spanned from
he first local minimum prior to the peak to next local minimum
fter the peak. It can be observed from the formulation of the
roblem that the parameters do not have a linear dependency of
he optimization function. Therefore, the logarithm is applied to
ach of the spectra that creates a linear signal model. In that case
e have:

∣∣ln(SRR(k)) − ln(a · exp(−b · (k · 	f − fresp)2))
∣∣2 → min for k · 	f ∈ Bmin∣∣ln(SRR(k)) − ln(a) + b · (k · 	f − fresp)2

∣∣2 → min for k · 	f ∈ Bmin
The parameters ln(a) and b can be obtained from this for-
ulation using the least squares approach. By inverting the
ng and Control 31 (2017) 272–287

obtained Gaussian bell, the decoupling notch filter H(k) is
achieved:

|H(k)|2 = a · (1 − exp(−b · (k · 	f  − fresp)2))

The filtering process is performed in the time domain to reduce
artifacts at the boundaries of the signal that can arise because of
circular convolution. Fig. 5 shows the estimation process in the
frequency domain together with the notch filter and the coupled
and respiration free signal obtained from the RR time series. This
method has the advantage of being applicable even if no respiration
signal was recorded. However, it can only work if the respiration
frequency is known and can be assumed to be constant so that one
peak centered at the respiratory frequency arises in the power spec-
trum of the RR time series. However, even then, it is possible that
the Gaussian notch filter removes too little or too much from the
spectrum of the RR time series.

2.7. Separation in the general case

In the general case of spontaneous breathing, it cannot be
assumed that the respiration rate is constant. Therefore, a new
approach must be taken to decouple respiration from RR time
series. The idea proposed in this paper is based on a decoupling
MAx  filter H(k) and an accurate estimation of the respiration
driven part of the RR time series. For this purpose, a linear
transfer model with order Q is used. The filter coefficients are
estimated using linear regression and the filter order is chosen
using the BIC. The mathematical model is given by the following
equation:

RRmeas(n) =
Q∑

k=1

h(k) · resp(n − k) + RRintri(n)

The estimation problem can then be formulated as follows:

∣∣ Q∑ ∣∣2
notch filter. (a) Original PSD of the RR time series and estimated power coming from
the  respiration. A Gaussian bell is used for this purpose. (b) The estimated Gaussian
bell  is inverted and used as notch filter (black curve). The effect of respiration is
suppressed after the filtering process (orange curve). (For interpretation of reference
to  color in this figure legend, the reader is referred to the web  version of this article.)



ocessi

m
a

R

r
t
T
a

2

i
i
t
t
t

2

a
(
r
a
d
v
p
t
r
t

p
g
s
r
m
i

2

o
s
r
5
B
e
w

i
s
i
b
i

C

G. Lenis et al. / Biomedical Signal Pr

The coefficients h(k) can then be found using least squares mini-
ization. The intrinsic RR time series can thus be reconstructed

s:

R̂intri(n) = RRmeas(n) −
Q∑

k=1

h(k) · resp(n − k)

Fig. 6 shows an example of the time and frequency domain rep-
esentations of a synthetic and a recorded RR time series for which
he decoupling algorithm presented in this section was  applied.
he signals before and after the separation algorithm is applied,
re displayed in this figure.

.8. Simulation study to test the algorithm

In order to test the methods developed in this work on a theoret-
cal basis, we designed two experiments using the synthetic signals
ntroduced in Section 2.2. In the first experiment, we  approached
he question of detecting a significant coupling between respira-
ion and RR time series. With the second experiment we  evaluated
he performance of the separation algorithms.

.8.1. Evaluation of Granger’s causality as a coupling measure
In order to test the coupling measure introduced here, we  cre-

ted a total of 200 000 realizations, each with a duration of 3 min
N = 720 samples). The parameter A, introduced in Section 2.2, is
esponsible for the amplitude of the simulated respiration signal
nd it is thus related to coupling strength. In order to measure the
ependency of the parameter �yx from the coupling strength, we
aried A in the following interval A = {0, 0.6, 1.4, 2.8, 5}. For A = 0 cou-
ling is canceled out while for A > 0 coupling is present and becomes
he strongest for A = 5. These values were chosen with the aim of
ecreating normal values of the LF/HF ratio that is known to be in
he interval LF/HF ∈ [0.2;5] [45].

For the case of no coupling (A = 0), 100 000 realizations were
erformed. The same amount of realization were created to investi-
ate coupling (A > 0). In each one, the RR time series, the respiration
ignal (natural breathing) and the coupling filter G(k) were varied
andomly. The coupling filter was chosen to have a random order of
aximal 12 and its coefficients were aleatory generated from the

nterval [−1, 1].

.8.2. Evaluation of the separation algorithms
In order to test the decoupling algorithms, we created a total

f 100 000 realizations, each with a duration of 3 min  (N = 720
amples). Half of the realizations were chosen to recreate paced
espiration with an almost constant breathing frequency. The other
0 000 realization were generated to simulate natural breathing.
oth signal types were created having randomly generated param-
ters exactly as described in Section 2.2. Decoupling was  performed
ith the Gaussian notch filter and the MAx  filter.

The aim of the developed algorithms is to reconstruct the orig-
nal intrinsic RR time series RRintri(n) using the measured RR time
eries and the respiration signal. In order to quantify the qual-
ty of the reconstruction, we computed the correlation coefficient
etween the original intrinsic RR time series and the reconstructed

ntrinsic RR time R̂Rintri(n) series.
Mathematically speaking, the correlation coefficient is given by:

C{RRintri(n), R̂Rintri(n)}

E
{

(RR (n) − E
{

RR (n)
}

) · (R̂R (n) − E{R̂R (n)})
}

= intri intri intri intri√
E

{(
RRintri(n) − E

{
RRintri(n)

})2
}

· E

{
(R̂Rintri(n) − E{R̂Rintri(n)})2

}
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where E{ · } denotes the expected value operator. The correlation
coefficient is always a number between −1 and +1. Thus, it is an
intuitive measurement of similarity. In the case of a perfect match,
the number +1 is delivered. In the case of orthogonality, the corre-
lation coefficient is zero.

2.9. Analysis of heart rate variability

An important goal of this research project was to compare HRV
parameters before and after decoupling of respiration has been per-
formed. Therefore, an HRV analysis is necessary. The processing of
the measured RR time series begins with an interpolation of the
series to a sample frequency of 4 Hz. The interpolation method
used is the monotone cubic interpolation [46]. The interpolation
process is necessary for three reasons. First, in order to perform
HRV analysis in the frequency domain using the Welch’s method,
it is necessary to have equidistant points in the interpolated RR
time series. In addition, increasing the resolution and total amount
of points in the time domain series leads to a smoother estima-
tion of the spectrum in the frequency domain. Second, in order to
quantify coupling between RR time series and respiration, the same
sampling frequency is needed in both signals. For this purpose, the
respiration signal is downsampled to the same sampling rate of
4 Hz. An antialiasing filter with a cutoff frequency at 2 Hz is applied
to the respiration signal prior to the downsampling process. Third,
by choosing a monotone cubic interpolation, we ensure that no
overshooting is present in the interpolated RR time series. Inter-
polation with overshooting creates higher RR intervals and could
lead to false HRV parameters after the separation of the respiration
driven oscillation has been carried out.

In order to quantify HRV, many parameters have been proposed
in the literature [38,47]. In this work, we  restrict the HRV analy-
sis to seven well studied parameters, four from the time domain
and other three from the frequency domain analysis. From the
time domain, the parameters SDNN, rMSSD, TINN and Approximate
Entropy (ApEn, r = 0.2 · SDNN,  m = 2 and N = 720) were calculated.
All the time domain parameters obtained from the decoupled RR
time series, were calculated by sampling the decoupled series to
the original time points prior to the interpolation process. Thus, a
valid comparison of HRV parameters before and after decoupling
can be assumed.

In order to calculate the parameters from the frequency domain,
a proper estimation of the power spectral density of the RR time
series is needed. For this purpose, we  used the Welch’s method
and a Hamming window of 64 s (256 sample points). An overlap of
50% between neighboring windows was  chosen and zero padding
was used to extend the number of samples for the transform to
210 = 1024 sample points. A spectral resolution of ıf = 3.91 · 10−3 Hz
is achieved. The transform was calculated using the Fast Fourier
Transform (FFT) algorithm. From the frequency domain analysis,
the parameters LF, HF and LF/HF ratio were computed.

The authors assume that using the group of HRV parame-
ters presented in this section, an adequate quantification of the
autonomous regulation of the heart can be achieved.

3. Results

3.1. Evaluation of Granger’s causality as a coupling measure

Fig. 7a shows the boxplot displaying the value of the Granger’s
causality based measure �yx used to investigate coupling between

the synthetic respiration signal and its corresponding RR time series
in dependency of the coupling strength parameter A. The theoret-
ical threshold �5%

yx for significant coupling is also displayed in the
figure. This threshold was  used to classify the 200 000 realizations
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Fig. 6. (a) A portion of a synthetic RR time series with coupling constant breathing before (green) and after (orange) the MAx  separation algorithm is applied. (b) PSD of the
complete signals used for (a). (c) A portion of a synthetic RR time series with coupling natural breathing before (green) and after (orange) the MAx  separation algorithm
is  applied. (d) PSD of the complete signals used for (c). (e) A portion of a real measurement of an RR time series with coupling constant breathing before (blue) and after
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orange) the MAx  separation algorithm is applied. f: PSD of the complete signals us
reathing before (blue) and after (orange) the MAx  separation algorithm is applied
his  figure legend, the reader is referred to the web version of this article.)

rom the simulation study. According to the known golden truth,
he classification system delivered a global correct rate of 96.3%,

 sensitivity of 92.6%, a specificity of 100%, a positive predictive
alue of 100% and a negative predictive value of 93.1%. The major-
ty of the classification errors were present in the lowest coupling
A = 0.6) for which the classification was wrong in 25.4% of the cases.
n increasing of the median �yx was also observed with increasing
arameter A.

.2. Evaluation of the separation algorithms

Fig. 7b shows boxplots displaying the quality of the recon-
tructed intrinsic RR time series R̂Rintri(n) when compared to the
riginal intrinsic RR time series RRintri(n) using the correlation coef-
cient. In the case of paced respiration, the reconstruction delivered
y the Gaussian notch filter has a median of 0.968 which is slightly
elow the one obtained using the MAx  filter. The 25th percentile
f the boxplots are around 0.958 and 0.990, which demonstrates a
econstruction of high quality for both methods in at least 75% of
he cases.
In the case of natural breathing MAx  is notoriously better than
he Gaussian notch. The MAx  filter achieved a median of 0.992 and
n interquartile range (IQR) of 0.008, which demonstrates a robust
econstruction of high quality for this method. The Gaussian notch
 (e). (g) A portion of a real measurement of an RR time series with coupling natural
SD of the complete signals used for (g). (For interpretation of reference to color in

filter achieved a median of 0.864 and an IQR of 0.111. Even though
this filter was not developed for spontaneous breathing, its upper
75th percentile achieved a correlation coefficient of 0.931, which
demonstrates that it can still be applicable in some cases of sponta-
neous breathing, for which the respiration rate remains relatively
constant.

The results observed from the simulation study brought us to the
conclusion that the MAx  filter is the best choice for both applica-
tions. Therefore, we  decided to use this method for the decoupling
procedure carried out on the two databases analyzed in this work.

3.3. Coupling between RR time series and respiration

3.3.1. Paced respiration study
The results obtained for the Granger’s causality based coupling

measure �yx among all subjects in the PRS study are depicted as
boxplots in dependency of breathing rate in Fig. 8. The threshold for
significant coupling is also depicted in magenta. It can be observed
that the median coupling among all subjects in the study is above
threshold for all breathing frequencies except 0.6 Hz. The coupling

strength grows with increasing frequency and reaches its highest
value at 0.3 Hz. It then lowers and reaches its minimum at 0.6 Hz.
At 0.3 Hz almost all subjects have a significant coupling between
respiration and RR time series.
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reathing the ARMAx filter outperforms the Gaussian notch filter. The ARMAx filter
hould be used in all scenarios.

An important observation is also the fact that intersubject vari-
bility, quantified as the IQR of the boxplots, does not present a
lear dependency of breathing frequency but maximizes at 0.2 Hz.
n addition, similar to the behavior observed for the median cou-
ling value, the IQR is lowest for the breathing frequencies 0.1 and
.6 Hz.

.3.2. Fantasia database
In order to achieve a point of comparison between the PRS study

nd the Fantasia database, one segment of 3 min  was  chosen among
he 120 min  present in each recording of the Fantasia database. This
s the same duration of signal in the PRS study. The segment was
hosen to have ideal characteristics for the HRV analysis. For this
urpose, Malik proposed three conditions that had to be fulfilled
38]:
In the three minute interval no ectopic beats are present in the
signal.
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Fantasia database). Coupling proved to have a strong dependency on the respiration rat
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• No RR interval can differ in more than 20% from the previous or
subsequent one.

• The RR time series must be stationary in the sense of Malik. In
this definition, the first RR interval cannot differ in more than
20% from all other RR intervals in the segment.

In the case that more than one segment fulfilled the require-
ments, the Granger’s causality �yx was calculated for all the valid
segments and the one having median causality was chosen for fur-
ther processing. Among the selected intervals used for coupling
analysis, a median respiration rate of (0.3 ± 0.09) Hz was  measured.

For the selected segment, the coupling measure �yx was  cal-
culated. This procedure was repeated for every subject in the
database. The results obtained are depicted as a boxplot in Fig. 8.
The threshold for significant coupling is also depicted in magenta.
It can be observed that the median coupling among all subjects in
the study is notoriously below the significant coupling threshold.
However, a few of the subjects do present significant coupling. The
intersubject variability is similar to the one observed in the PRS
study for the breathing rate 0.3 Hz.

3.4. Analysis of heart rate variability

3.4.1. Paced respiration study
After significant coupling has been evaluated and proven, the

separation of the respiration driven RR time series from the intrin-
sic RR time series was  carried out. Afterwards, a comparison of the
HRV parameters before and after the decoupling process was  per-
formed for all breathing rates. The results for two HRV parameters
(SDNN and ApEn) are presented in Fig. 9 in the form of boxplots and
all HRV parameters are summarized in Table 1. The statistical signif-
icance (p-value) of the comparison between parameter before and
after decoupling was calculated using the paired Wilcoxon signed
rank test. In general, we  observed that the decoupling process gen-
erates an intrinsic RR time series that has less power than the one
recorded from the ECG. We  also saw that original HRV parameters
have a strong dependency on the respiration rate. However, after
decoupling, the median values decrease and tend to level (lower
IQR) among all breathing frequencies. In addition, the intersubject
variability is notoriously larger before decoupling than afterwards.

For the time domain parameters, we  observed a significant
reduction of SDNN and RMSSD values at lower breathing rates
(0.1 and 0.2 Hz). Median remains almost constant at higher res-
piration frequencies (0.3–0.6 Hz). TINN has similar behavior as
the one observed for SDNN. For the frequency domain parame-
rate of 0.1 Hz after decoupling. This is an interesting result that
demonstrates that this method is potentially capable of separating
sympathetic and parasympathetic activity in HRV even if they have

0.5 Hz 0.6 Hz natural breathing

Fantasia

f the constant breathing frequency (PRS study) and natural breathing frequency
e reaching its maximum at 0.3 Hz and its minimum (below threshold) for natural
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Table 1
Summary of results obtained for the HRV parameters analyzed in this work. The table shows the parameter dependency of constant breathing frequency (PRS study) and natural breathing frequency (Fantasia database) before
and  after decoupling the respiration signal from the RR time series. The median value of each parameter together with its IQR can be seen in the table. A ratio between the values before and after the separation procedure can
also  be seen. The statistical significance (p-value) of the comparison between parameters before and after decoupling was  obtained using the paired Wilcoxon signed rank test. In general, the process generates a decoupled RR
time  series that has less power than the one recorded originally from the ECG. In addition, HRV parameters proved to have a strong dependency on the respiration rate.

0.1 Hz 0.2 Hz 0.3 Hz 0.4 Hz 0.5 Hz 0.6 Hz Natural breathing

Median IQR Median IQR Median IQR Median IQR Median IQR Median IQR Median IQR

SDNN [ms] 119.89 60.30 57.32 54.02 48.47 41.63 47.74 30.74 34.39 30.58 33.38 19.30 56.92 26.86
SDNNdec [ms] 61.63 32.75 44.53 27.33 40.75 31.85 43.39 26.27 32.41 31.97 30.46 16.66 52.90 35.37
ratio  [no u.] 0.51 0.54 0.78 0.51 0.84 0.77 0.91 0.85 0.94 1.05 0.91 0.86 0.93 1.32
p-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

rMSSD [ms] 68.50 55.63 41.92 63.80 35.94 65.54 38.11 42.99 30.62 29.54 29.86 20.89 39.26 31.65
rMSSDdec [ms] 47.79 40.40 28.17 32.98 25.12 35.21 24.61 22.49 20.41 23.05 18.39 13.14 34.19 28.40
ratio  [no u.] 0.70 0.73 0.67 0.52 0.70 0.54 0.65 0.52 0.67 0.78 0.62 0.63 0.87 0.90
p-value  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

LF [ms2/Hz] 5791.03 3878.21 260.46 393.07 190.88 384.93 187.18 248.88 167.03 219.68 100.55 118.04 353.88 534.00
LFdec [ms2/Hz] 357.65 344.31 249.26 389.64 163.36 368.86 222.42 227.77 178.09 214.78 115.24 130.22 297.72 460.94
ratio  [no u.] 0.06 0.09 0.96 0.99 0.86 0.96 1.19 0.92 1.07 0.98 1.15 1.10 0.84 0.86
p-value  <0.01 0.04 0.01 0.71 0.76 0.57 0.06

HF [ms2/Hz] 512.05 716.17 786.65 2042.61 325.30 757.02 66.53 117.57 34.87 44.58 18.43 16.98 158.74 267.40
HFdec [ms2/Hz] 438.64 602.99 97.36 198.31 58.74 166.43 49.24 61.47 35.32 47.47 22.91 26.03 111.58 167.30
ratio  [no u.] 0.86 0.84 0.12 0.10 0.18 0.22 0.74 0.52 1.01 1.06 1.24 1.53 0.70 0.63
p-value 0.55 <0.01 <0.01 <0.01 0.30 0.42 0.06

LF/HF [no u.] 9.89 9.16 0.27 0.28 0.86 1.39 2.72 1.33 5.02 3.16 5.63 3.80 1.87 3.76
LF/HFdec [no u.] 0.58 0.92 2.50 2.63 3.32 2.55 4.67 2.44 4.68 2.54 5.42 4.18 2.30 3.97
ratio  [no u.] 0.06 0.10 9.14 9.44 3.87 1.84 1.72 1.84 0.93 0.81 0.96 1.10 1.23 1.06
p-value  <0.01 <0.01 <0.01 <0.01 0.45 0.12 0.06

TINN [ms] 396.69 240.55 278.48 193.93 228.63 178.01 232.32 148.07 179.82 128.32 164.36 82.11 253.05 102.71
TINNdec [ms] 291.95 146.65 221.37 111.26 194.18 146.23 199.10 101.96 160.02 141.81 144.10 67.36 225.23 120.83
ratio  [no u.] 0.74 0.61 0.79 0.57 0.85 0.82 0.86 0.69 0.89 1.11 0.88 0.82 0.89 1.18
p-value <0.01 <0.01 <0.01 <0.01 <0.01 0.05 0.12

ApEn [no u.] 0.68 0.13 0.90 0.13 0.90 0.18 0.99 0.20 0.92 0.14 0.96 0.22 0.82 0.24
ApEndec [no u.] 0.95 0.10 0.98 0.10 0.94 0.15 0.97 0.14 0.98 0.13 1.01 0.15 0.86 0.16
ratio  [no u.] 1.40 0.76 1.09 0.73 1.04 0.82 0.98 0.68 1.06 0.87 1.05 0.70 1.05 0.68
p-value  <0.01 <0.01 0.55 0.14 0.03 0.02 0.02
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ig. 9. (a) HRV parameter SDNN is displayed in dependency of the constant breath
ecoupling respiration. (b) HRV parameter SDNN is displayed in dependency of the
efore and after decoupling respiration. A leveling of the boxplots can be observed 

verlapping spectra. This result is also in accordance with the con-
lusions obtained from the simulation study.

Furthermore, the parameter HF is also notoriously diminished
fter decoupling in the rates 0.2 and 0.3 Hz. The nonlinear ApEn
s the only parameter for which its median value increases after
ecoupling in every breathing rate. For this parameter, the largest
hanges are observed at lower breathing frequencies.

.4.2. Fantasia database
The results obtained for the subjects in the Fantasia database

an be seen in Fig. 9 and Table 1. Two of the HRV parameters (SDNN
nd ApEn) are presented in Fig. 9 in the form of boxplots and the
esults for the other HRV parameters are summarized in Table 1.
he statistical significance (p-value) of the comparison between
arameter before and after decoupling was calculated using the
aired Wilcoxon signed rank test. In general, we also observed a
light decrease of the median HRV parameters and a reduction of
QR after decoupling. However, this reduction was not substantial,

hen compared to the initial values or the reduction observed in
he PRS study.

. Discussion

.1. Validity of the model chosen to recreate coupling

The model chosen to recreate coupling has an open-loop struc-

ure and uses an FIR filter G(k) to create a causal interaction between
espiration (exogenous input) and the intrinsic RR time series to
roduce the measured heart period. This model is restrictive when
ompared to the capability of a full MDS  model that allows more
quency (PRS study) and for natural breathing (Fantasia database) before and after
ant breathing frequency (PRS study) and for natural breathing (Fantasia database)
ecoupling in both HRV parameters.

complex signal dependencies [26]. In particular, the exclusion of a
closed-loop structure can be seen as a limitation because baroreflex
and cardiopulmonary coupling are well known to be closed-loop
interactions between heart rate, blood pressure and respiration
[48]. In addition, methods based on closed-loop identification tech-
niques, that asses also the quantification of direct and indirect
coupling strength in all directions, has been proposed by Porta in
the past [49]. Such models would deliver more information about
the system structure and origin of cardiovascular oscillations but
complicate the direct calculation of the Grangers causality in its
original formulation as an improvement of predictability. Since our
goal is to quantify exclusively the coupling strength from respira-
tion to RR interval, our open loop model should be sufficient [49].

4.2. Evaluation of Granger’s causality as a coupling measure

The Granger’s causality based coupling measure �5%
yx proved to

be, at least for the simulation study performed here, a reliable quan-
tification of coupling. Among the 200 000 experiments performed
in total, the parameter was able to correctly separate significant
from non significant coupling in 96.3% of the cases. We  also saw,
that with increasing coupling strength (given by the parameter
A), the median Granger’s causality increased also and was above
the significance threshold even for the lowest coupling strength
A = 0.6. For larger parameter values of A the vast majority of cases
were classified correctly which demonstrates the effectiveness of

the theoretically derived threshold �5%

yx . However, the method still
struggled delivering many wrong classifications for the lowest cou-
pling strength A = 0.6. This is probably due to fact that the energy of
the respiration signal coupling into the RR time series is so low that
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o significant improvement in the estimation process is observed,
hen respiration is considered. Nevertheless, this is a result that

hould not be problematic in practice. When coupling strength is
ow, the influence of respiration on the HRV parameter will also be
ow and decoupling will not modify the HRV parameters notori-
usly.

Furthermore, the model used to recreate the measured signals
nd its coupling is rather simple because of its linear nature. It is
erfectly suited for a quantification technique also based on linear
egression. Other types of models and signals are needed to deliver
he ultimate validation of the method. Nevertheless, these results
till convinced us of using �5%

yx to study coupling strength in the
wo databases presented in this work but keeping in mind that this
alue is a measure of linear coupling.

.3. Evaluation of the separation algorithms

The results obtained from the theoretical evaluation of the sep-
ration algorithm demonstrated that, at least for the proposed
imulation study, it is possible to reconstruct the intrinsic RR time
eries at a high level of accuracy. The MAx  filter delivered better
esults in both scenarios, natural breathing and paced respiration.
his is probably due to the fact that it is based on a coupling model
hat contains both, respiration and RR time series. The inclusion of
oth time series increases the available information and facilitates
he estimation of the respiration derived RR time series, making it
ndependent of the kind of respiration given. However, since the
oupling interaction between signals is also modeled using linear
ombinations of past values, the decoupling algorithm might be
verestimating the results.

The Gaussian notch filter is capable of reconstructing the intrin-
ic RR time series if respiration is paced. This is the kind of result
hat is expected for a band stop filter when the power spectrum
f the breathing pattern is concentrated around a given frequency.
owever, in the more general case of spontaneous breathing, the
aussian filter delivered notoriously worse results and larger vari-
bility. This is plausible because the filter was not developed for
his kind of application. The larger the spread of the spectrum of
he respiration signal is, the less capable the Gaussian filter is of
econstructing the intrinsic time series. Nevertheless, the Gaussian
otch filter has the advantage of being applicable in the case that no
espiration was recorded and the breathing rate can be considered
o be constant. This filter is thus a low cost but acceptable solution
n the case that a recording device for respiration is not available.

.4. Coupling between RR time series and respiration

.4.1. Paced respiration study
The results showed a clear dependency of median coupling

trength from breathing rate. This is in accordance with other
esults reported in the literature [30]. However, the coupling
trength can vary from very strong to not significant in the same
roup of subjects at a fixed respiration frequency. This lead us to
elieve, that the coupling strength could be a person specific char-
cteristic that depends differently on the breathing frequency.

We also observed the strongest coupling at 0.3 Hz which is close
o the natural breathing frequency of humans. These results reflect
ome sort of resonance for which coupling maximizes at the same
requency at which the subject would naturally breath. On the other
and, the lowest coupling strength at 0.1 Hz and 0.2 Hz could have
ifferent interpretations. First, a pure mathematical artifact can be
heorized in which the AR part of the linear regression used to

epresent the RR time series is already very accurate. Thus, the
ntroduction of the MAx  part has low impact on the error vari-
nce leading to a smaller �yx. However, another more physiological
xplanation for this result can also be proposed. The baroreceptor
ng and Control 31 (2017) 272–287

reflex, together with other regulation mechanisms such as body
temperature, systemic blood pressure, blood flow and perfusion
are known to be localized below 0.2 Hz (typically around at 0.1 Hz)
in the power spectrum of the RR time series [50,51]. These regula-
tion mechanisms could somehow mask the influence coming from
RSA on the time series and compromise its estimation.

We  also saw that a decreasing coupling strength was present
for respiration frequencies going from 0.4 to 0.6 Hz. This is also in
accordance with the results presented in [15]. In that work was
shown that RSA diminishes with increasing breathing rate.

4.4.2. Fantasia database
The results showed that the large majority (75%) of the subjects

did not have significant coupling during spontaneous breathing.
This is in part because of the older subjects who did not have a
significant coupling at all, which is in accordance with the believe
that RSA decreases with increasing age [16]. However, one half of
the younger subjects had also no coupling. In addition, the median
observed in the Fantasia database was lower than all other values
observed in the PRS study. This result seems to demonstrates that
physiological coupling appears to increase when paced respiration
is present and diminishes during natural breathing. This is probably
because paced respiration is not physiological but rather externally
forced and very regular which could facilitate the synchronization
of the breathing pattern and the heart rate. Furthermore, intersub-
ject variability is in the same range as the one observed for 0.3 Hz in
PRS study. This is an interesting result that could demonstrate that
differences among subjects in their RSA are optimally estimated at
their natural breathing frequency.

4.5. Analysis of heart rate variability

4.5.1. Paced respiration study
It was interesting to see how strong HRV parameters can depend

on the paced breathing frequency. SDNN for example, which is a
measure of total power in HRV, has a median value of 119.89 ms
when breathing frequency is 0.1 Hz but it goes down below 40%
of that original value at 0.4 Hz. In the hypothetical case that the
SDNN value would be used for diagnostic purposes in a medical
examination, the same patient could receive two  completely dif-
ferent diagnosis depending on his breathing frequency and thus on
the strength of coupling. Therefore, it was interesting to see how
median values tend to level, when decoupling is applied. In addi-
tion, the intersubject variability was  also smaller after decoupling.
This result could help a physician to improve comparability among
subjects because the data are more concentrated around its median.

Furthermore, the results show in general that after decoupling, a
significant amount of HRV power was  removed what demonstrates
that RSA is responsible for a strong part of HRV when respiration is
paced [52]. This reduction is an expected result because a significant
part of the power was decoupled from the measured RR time series.
However, depending on respiration rate, the HRV parameters are
affected in different manners. For example, after decoupling SDNN
at 0.1 Hz, it goes down to 50% of its original value, while at 0.4 Hz the
decoupled parameter is above 90% of its previous measurement.
However, this result is due to fact that SDNN tends to quantify
the power located in the very low and low frequency bands. As
respiration moves into the HF band, the impact on SDNN decreases.

Furthermore, the parameter LF is strongly diminished after
decoupling when respiration rate is 0.1 Hz, while HF is notoriously
affected when the breathing frequency is located in the interval
from 0.2 to 0.4 Hz. This makes sense because these parameters are

affected by localized spectral power in those same bands. Finally,
the increase of ApEn at lower frequencies shows that the decoupled
RR time series becomes more chaotic or less regular. This result is
also plausible because the respiration driven RR time series is a very
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epetitive signal. By removing it from the measured RR time series
he decoupled one loses regularity.

.5.2. Fantasia database
The results obtained from the Fantasia database demonstrated

hat the HRV parameters are notoriously less affected by RSA when
reathing is natural. Small changes in HRV parameters are plausi-
le because significant coupling was not present in a large portion
f subjects. In addition, for the subjects that did present significant
oupling, their coupling measure was also relatively small when
ompared to the results seen in the PRS study. Thus, we did not
xpect the separation algorithm to remove much power from the
ecorded RR time series and lead to significantly modified HRV
arameters if the respiration driven variability had already low
ower. The small variations in IQR are also in accordance with the

ittle power removed from HRV.

. Limitations

From the methodological point of view, the algorithm presented
ere is based on linear regressions and least squares estimation that
o not account for nonlinearities. Not only the breathing frequency,
ut also the breathing depth (amplitude) can have an influence
n the coupling strength [15]. Neither the breathing amplitude
or other types of nonlinearities were included in the decoupling
ethod presented here. In addition, the Granger’s causality is a
odel based estimation of coupling and thus highly dependent on

he model chosen. The order of the model is a relevant part of it
hat is estimated using the BIC. This is an optimization method that
ends to favor lower orders. This can lead to an underestimation of
he model that is not able to truly reproduce the behavior of the
eal system.

Even though an attempt was carried out to validate the meth-
ds at a theoretical level, the signal models used for the simulation
tudy were rather simple. Signal coupling was modeled using linear
ombination of past values, which is specially convenient for a lin-
ar decoupling algorithm. In addition, RR time series was  created
sing pink noise and respiration was given by a harmonic signal
ith varying frequency. Other more complex models that recreate

he full behavior of the ANS can be found in literature [9]. How-
ver, for this particular application the signal models used and the
esults obtained were convincing and motivated the usage of the
ethod on real data.
Even though the amount of subjects in the two studies presented

n this paper is similar, 19 and 20 subjects respectively for the PRS
tudy and Fantasia database, the group is heterogeneous and not
articularly large. The PRS study is composed by rather young sub-

ects, while the Fantasia database contains 10 young and 10 old
ubjects. In addition, in the PRS study participated significantly
ore men  than women, while in the Fantasia database the same

mount of subjects from each gender were present. For these rea-
ons, the direct comparison between the results obtained from each
tudy is not ideal. The results cannot be interpreted as golden truth
ut rather as hypothesis for future research. Ultimate validation
an only be achieved in a larger prospective study.

Finally, it is worth mentioning that even though we  tried to avoid
liasing related errors in our signal processing schemes, aliasing
ould still compromise the analysis up to some degree. Although
he subjects that did not fulfill the sampling theorem with their

ean heart rate were removed from the PRS study, the higher har-

onics of the respiration signal are located outside the Nyquist

and. However, according to the results observed in the simula-
ion study where aliasing was not present, we expect these higher
armonics not to contain a significant amount of spectral power.
ng and Control 31 (2017) 272–287 285

Therefore, we  believe the results obtained for the real measure-
ments in this study are still accurate.

6. Future prospects

Primarily, the system theoretical description of the cardiorespi-
ratory dynamics should be extended to include also blood pressure.
Bidirectional interactions between RR time series, respiration and
blood pressure should be achieved by building a closed feedback
loop. Secondly, the coupling measure and separation algorithm pre-
sented here could be extended to account for nonlinear behavior
(e.g. breathing depth) in the system. For this purpose, a new for-
mulation of the problem together with a new algorithm is needed.

Furthermore, other relevant dependencies of the coupling
strength and HRV parameters should be investigated. In this work
we studied the influence of respiration rate and natural breath-
ing, but the study could be extended to investigate other variables
such as age, gender and fitness or health state of the subject. For
such a research project more data are needed. Ideally, a new exper-
iment should be designed from which the proposed variables can
be investigated.

Additionally, it would be very interesting to study if the respira-
tion free HRV parameters can be used to better quantify imbalances
of the autonomic nervous system that are observed in many car-
diac diseases such as diabetes mellitus, hypertension, myocardial
infarction or chronic heart failure [53–56]. In those cases, a dimin-
ished HRV is a strong predictor for cardiac death. It could be of
great medical use, if respiration free HRV parameter could predict
mortality in a more accurate manner [19].

Finally, in order to deal with the possible aliasing problem that
arises from the higher harmonics in the recorded RR time series but
not in the respiration signal, we  could postulate a new method in
which the latter is resampled at the exact same points where the
RR time series was  sampled. By doing so, the aliasing effects would
appear in both signals and affect them similarly. Thus, we  could
speculate that the coupling measure �yx and decoupling procedures
could deliver even more accurate results.

7. Summary and conclusion

In this work, we  developed a method to quantify coupling
between RR time series and respiration. The method is based on
Granger’s causality and a value for the coupling strength and its
statistical significance is computed. In the case of significant cou-
pling, the separation of the respiration derived part of the RR time
series is carried out using a MAx  filter. For the particular case of
paced respiration, we also implemented a Gaussian notch filter.
These methods were validated at theoretical level using synthetic
signals.

From the analysis of the PRS study, we  observed that coupling
varies depending on the respiration rate. The maximal coupling
between respiration and RR time series was computed for a respi-
ration rate of 0.3 Hz. For different respiration frequencies we also
noted significantly different HRV parameters. From the analysis
of HRV parameters after decoupling, we demonstrated that RSA
is responsible for a strong part of HRV power when respiration is
paced. We  also observed that after decoupling, the HRV parameters
tend to level among subjects. Thus, we  concluded that one possible
reason for intersubject variability in HRV could be due to different
RSA strengths among subjects.

From the analysis of the Fantasia database, we learned that in

the case of natural breathing, the coupling strength between res-
piration and RR time series is lower than for paced respiration and
not significant in the majority of the subjects. This led us to believe
that in the case of natural breathing the strength of RSA is lower
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han for paced respiration. When the separation filter was  applied
or the subjects with significant coupling, we observed that the
mount of power removed from the HRV is rather small and the
RV parameters remained almost constant. This led us to conclude,

hat the physiological mechanisms of cardiorespiratory coupling
eem to potentiate during paced respiration and lower during nat-
ral breathing.

Finally, we propose that respiration free analysis of HRV during
aced respiration might add new relevant insights to the interpre-
ation of the HRV parameters, reduce intersubject variability and
elp better comprehension of the physiological or pathological pro-
esses that are related to them. However, more research is needed
o definitely clarify the importance of a separated analysis of HRV
ith and without its respiration driven part.
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