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Abstract: In this study, the linear method of extended partial directed coherence (ePDC) was applied
to establish the temporal dynamic behavior of cardiovascular and cardiorespiratory interactions
during orthostatic stress at a 70° head-up tilt (HUT) test on young age-matched healthy subjects and
patients with orthostatic intolerance (OI), both male and female. Twenty 5-min windows were used
to analyze the minute-wise progression of interactions from 5 min in a supine position (baseline, BL)
until 18 min of the orthostatic phase (OP) without including pre-syncopal phases. Gender differences
in controls were present in cardiorespiratory interactions during OP without compromised autonomic
regulation. However in patients, analysis by ePDC revealed considerable dynamic alterations within
cardiovascular and cardiorespiratory interactions over the temporal course during the HUT test.
Considering the young female patients with OI, the information flow from heart rate to systolic blood
pressure (mechanical modulation) was already increased before the tilt-up, the information flow from
systolic blood pressure to heart rate (neural baroreflex) increased during OP, while the information
flow from respiration to heart rate (respiratory sinus arrhythmia) decreased during the complete HUT
test. Findings revealed impaired cardiovascular interactions in patients with orthostatic intolerance
and confirmed the usefulness of ePDC for causality analysis.

Keywords: time-frequency representation; extended partial directed coherence; cardiovascular
interactions; cardiorespiratory interactions; orthostatic intolerance; gender effects

1. Introduction

During recent years, the investigation of causality or driver-response relationships between
physiological variables has become of great interest among researchers. The analysis of multivariate
interactions might provide more insights into abnormalities or impairments due to cardiovascular or
cerebral pathologies in addition to univariate variability or coupling analyses. Biological signals are rich
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of oscillatory content which gave rise to the development of linear methods that are strictly related to
the frequency domain representation of multichannel data [1]. The linear frequency domain framework
enabled the estimation of causality between specific oscillatory components within cardiovascular
and respiratory signals. Physiological time series can be represented by a multivariate autoregressive
(MVAR) model which allows deriving frequency domain measures of causality based on the model
coefficients. One of the most used measures to quantify direct causality as a function of frequency is the
partial directed coherence (PDC) and its refined versions [2]. The PDC is derived from a factorization
of the partial coherence able to elicit causality from the modeled interactions. The traditional PDC
was defined for a strictly causal MVAR model including only lagged effects. Recently, the extended
PDC (ePDC) using an extended MVAR (eMVAR) model has been proposed to account for both
instantaneous and lagged effects [3]. A meaningful rationale for using ePDC is that cardiovascular
and cardiorespiratory interactions can be instantaneous (zero beat delay) [4]. However, the ePDC
requires a prior definition of possible instantaneous effects which can be realized by predefining the
temporal occurrence of physiological events if present. Furthermore, the proposed ePDC should be
applied to stationary time series. In practical analysis, local stationarity can be assumed by applying
short-term shifted windows to the available physiological data. Linear time-invariant analyses
like the eMVAR-based approach remain of great appeal for the study of physiological interactions.
Therefore, a linear approximation might be a reasonable first approach to describe causality between
physiological processes.

Cardiovascular variables such as heart rate (HR) and blood pressure (BP) are characterized by
respiratory related fluctuations. Blood pressure decreases during inspiration and increases during
expiration due to mechanical modulation [5]. Respiration and HR are further coupled, and it is
known as the respiratory sinus arrhythmia (RSA) [6]. Hereby, decreased vagal activity during
inspiration causes HR accelerations, while increased vagal activity during expiration leads to HR
decelerations [7]. Cardiorespiratory coupling is dependent on respiratory frequency [8], in which
increased respiratory frequency, e.g., during stress, is supposed to progressively reduce RSA [9].
Cardiopulmonary interactions from cardiovascular variables to respiration are less pronounced and
are still under investigation [10]. Besides the interactions on HR and BP mediated by respiration,
interactions within the cardiovascular system exist serving the regulation of BP [7,11,12]. On one side,
HR affects BP via mechanical feed-forward modulations, where HR accelerations/decelerations induce
increases/decreases in BP. On the other side, BP influences HR based on fast feedback mechanisms via the
neural baroreflex. The baroreflex is one of the most important neural mechanisms in the cardiovascular
control, and is responsible for regulating blood pressure and ensuring adequate perfusion [13] as well
as reestablishing BP adequately during an orthostatic challenge [14]. Consequently, four interactions
can be established based on cardiovascular and respiratory physiology, i.e., from respiration to both
HR and BP in addition to bidirectional interactions between HR and BP.

Signal processing techniques in the time, frequency and information domains [11] have been
applied to study interactions during an orthostatic challenge, including Granger causality [15], transfer
entropy [11,16], measures of synchronization [17] as well as partial directed coherence [18]. In
agreement with the sympathetic activation accompanied by vagal withdrawal caused by orthostatic
stress, interactions from BP to HR increased the reflecting augmented baroreflex function, interactions
from HR to BP did not change, interactions from respiration to HR decreased corresponding to
dampened RSA and interactions from respiration to BP were unchanged or increased in orthostatic
stress [11,12,15,19-21]. In previous applications of ePDC to cardiovascular data from healthy subjects,
ePDC increased in the low frequency band from BP to HR concurrent with the tilt-induced sympathetic
activation [18,22]. In addition, ePDC in the high frequency band confirmed unidirectional interactions
from respiration to both BP and HR without differences between supine and tilt position. Concerning
autonomic disorders such as orthostatic intolerance (OI), reduced interactions from BP to HR due to
decreased baroreflex sensitivity were observed after a prolonged orthostatic phase or just before the
occurrence of pre-syncope as one feature of cardiovascular dysregulation [4,11,12,20,23].
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Previous studies with ePDC are theoretically well-established with simulations, but their scope of
applications to cardiovascular data has been limited. Moreover, the temporal course of interactions in
healthy and sick populations facing a stressor has not yet been obtained. In particular, the temporal
dynamics of interactions during the beginning of the orthostatic phase have not yet been studied when
considering healthy subjects and patients susceptible to orthostatic intolerance before the occurrence
of pre-syncope, with the additional factor to account for gender effects in both cohorts. Therefore,
the objective of the present study was to investigate the time course of the dynamic behavior of
cardiovascular and cardiorespiratory interactions applying ePDC to the segmented multivariate
process, leading to a time-frequency representation of interactions. There are different methods to
compute a time-frequency representation of the time series of variability based on instantaneous
amplitudes and frequencies, but no information flow between processes is included, as with ePDC.
Furthermore, in the time-frequency scheme by ePDC, the dependence of the process y; ony; is computed
without considering the influence of a third process. We hypothesized that temporal dynamic analyses
during an orthostatic challenge by ePDC will provide evidence for gender differences, as well as for
alterations within cardiovascular and cardiorespiratory interactions in patients that might help to
provide more insights into the autonomic disorder. The present paper may contribute to bringing new
readers to an interaction analysis during orthostatic stress, among other effects.

Since PDC is a directional quantity, it can be related to the concept of “directed” connectivity,
and then to the direction of information flow. In fact, there are some studies that have focused on
confirming the relationship between PDC and information flow and, consequently, establishing a
unified framework for causal inference that links information-theoretic methods as transfer entropy, and
PDC based on autoregressive models [24,25]. The advantage of PDC is that in using the autoregressive
approach, a straightforward decomposition by frequency is possible, in other words, causality is
estimated within the well-understood framework of MVAR modeling. Consequently, in the present
paper the term information flow is used to describe the directed connectivity in the cardiovascular and
respiratory network.

2. Materials and Methods

2.1. Subjects and Experimental Protocol

In the present study, a passive head-up tilt (HUT) test was performed in a total of 53 adult subjects
divided into four age-matched groups including 13 male and 13 female controls as well as 6 male and
21 female patients diagnosed with orthostatic intolerance, as shown in Table 1. None of the healthy
subjects had clinical signs of autonomic disorders or were receiving any medication. All subjects
were breathing spontaneously during the protocol. High-resolution electrocardiogram (ECG, 1000 Hz
sampling frequency), continuous non-invasive arterial pressure (CNAP, 100 Hz sampling frequency)
and respiration (10 Hz sampling frequency) were simultaneously recorded using a Task Force Monitor
3040i (CNSystems, Graz, Austria). The data recording began with a rest period of 5 min in a supine
position, followed by an orthostatic phase of 30 min at 70°. All controls completed the HUT test without
any problems. During the upright position, patients demonstrated at least one of the symptoms of
orthostatic intolerance, including dizziness, headache, nausea, hyperventilation, heat, shiver, weakness
and anxiety. If a patient showed pre-syncopal symptoms, the HUT test was terminated by returning
the tilt table back to the supine position. None of the patients demonstrated symptoms of pre-syncope
until 18 min of the orthostatic phase. The protocol was performed during the morning in a laboratory
with controlled environment, under informed consent according to the Declaration of Helsinki, and
approved by the Ethics Committee of the National Institute of Cardiology at Mexico City.
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Table 1. Age range of included study groups.

Group Name Number of Subjects Age (years) Assigned Color
Female Controls FemCon 13 26+5 Red
Male Controls MaleCon 13 28+3 Blue
Female Patients FemPat 21 28 +7 Orange
Male Patients MalePat 6 26+ 6 Light blue

2.2. Pre-Processing and Data Analysis

A time series of successive beat-to-beat intervals (BBI), respiratory amplitude (RESP) at BBI onset
as well as systolic (SYS) blood pressure were extracted from the recorded ECG, respiration and CNAP
signals. The value of SYS (n) was taken within the current BBI (). All extracted time series were
manually reviewed and corrected. For ePDC analysis, the time series were resampled at 2 Hz using
spline interpolation and normalized to zero mean and unit variance. With reference to the Introduction
section, a total of four directional bivariate interactions were analyzed including SYS—BBI, BBI-SYS,
RESP—BBI and RESP—SYS. Dynamic data analysis was performed by applying 5-min windows with a
shift of 1 min to investigate the temporal dynamic behavior of causal interactions during an orthostatic
challenge. A total of 20 windows (until 18 min of orthostatic phase (OP)) were extracted, corresponding
to the following stages: baseline (BL, supine position): window 1; transition (T, including tilt-up to
OP): windows 2—-6 and orthostatic phase (OP): windows 7-20. The ePDC parameters were calculated
for all windows and used to evaluate statistical differences between groups. The effect of gender was
investigated in controls (FemCon vs. MaleCon) and in patients (FemPat vs. MalePat). In addition,
the effect of orthostatic intolerance was analyzed in women (FemCon vs. FemPat) as well as in men
(MaleCon vs. MalePat).

2.3. Cardiovascular and Cardiorespiratory Interactions by ePDC

2.3.1. Time-Frequency Analysis of Interactions

A time-frequency representation (TFR) framework for studying the temporal evolution of
interactions of cardiovascular and cardiorespiratory systems can be formulated in terms of ePDC
applied on segmented multivariate processes. TFR can be derived using a segmented eMVAR model
whose general expression is as follows:

9

Y(n,w) = Y B(k,w)Y(n -k w) + Uln,w), (1)
k=0
where Y(n,w;) = [y1(n,wy), ..., ym(n, w;)]" is a set of M simultaneously observed zero-mean time

series obtained by sampling the stochastic process Y at the time instant n within the time window
w,l=1,...,L. Also, B(k,w;) are M X M coefficient matrices in which the element b[j(k, w;) describes
the dependence of y;(n, w;) on yj(n —kw)(i,j=1,....,M;k=0,1,...,q;1=1,...,L),and U(n, w;) =
[u1(n,w;), ..., uni(n,w;)]" is the driving process formed by white and uncorrelated noise processes with
covariance matrix A(w;) = cov(U(n,w;)) = diag(?\iz). Therefore, the eMVAR model in Equation (1)
allows us to derive definitions of causality in terms of the off-diagonal elements of the coefficient
matrices B(k, w;). It is worthy to note that instantaneous effects from one scalar process to another are
represented by the matrix B(0, w;). The definition of extended causality includes both instantaneous
(k = 0) and lagged (k > 0) causal influences between time series.

A relevant issue for obtaining the eMVAR model is the estimation of the matrices
B(k,w;),k = 0,...,q. To obtain these matrices, it is important to consider the relation between
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the strictly causal MVAR model and the extended one. First, the segmented eMVAR model in
Equation (1) can be rewritten as:

g
Y(n,w) = Y (1= B(0,w)) " Blk,w)Y(n — k,w;) + (1= B(0,w;)) " U(n,w)), ©)
pas

if the matrix B(0, w;) has all its entries equal to zero, a strictly causal MVAR model is obtained. Second,
the general expression of a strictly causal MVAR model can be written as:

9
Y(n,wy) = Y Alk,w)Y(n—kw) + We(n,w), )
k=1

where each element a;;(k,w;) describes the dependence of y;(n,w;) on y;(n—kw), and
We(n,w) = [wa(n,w),..., wa(n,w)]" is the driving process. Consequently, comparing Equations
) and (3), A(k,w;) = (I- B(0,w;)) 'B(k,w;) fork = 1,...,q,and W,(n,w;) = (I- B(0, w)) U (n,w,).
Also, the covariance matrix of the process Wc is given by Z(w;) = L(w;)A(w;)LT (w;), where
L(w) = (I-B(0,w;))”"; if instantaneous effects are present, the matrix Z(w;) is not diagonal. Then,
from a strictly causal MVAR model and from a Cholesky decomposition of Z(w;), getting the matrix
L(wy;) is possible and, consequently, the matrices of the eMVAR model B(k, w;) can be estimated as
B(k,w;) = L(w;) Ak, w)). Ttis important to note that L(w) is a lower triangular matrix, implying
that B(0, w;) is also a lower triangular matrix with a null diagonal. In practical applications, to achieve
the former constraint, the analyzed multivariate time series need to be ordered for each j < i, meaning
that instantaneous effects are allowed from y]-(n, wy) to yi(n,wy), ie., bij(O, w;) # 0 but not the other
way around [3,18]. In summary, the strictly causal MVAR model is estimated by classic regression
methods, such as the standard least-squares identification, and from there the eMVAR model is
obtained. In this work, the time series were segmented in 20 time windows, i.e., L = 20 and three
time series were used, i.e., M = 3. The time series were ordered knowing that temporally during one
heartbeat the first measure that occurs is the respiratory amplitude (RESP) at BBI onset, the second
measure is the systolic blood pressure (5YS) and finally, the beat-to-beat interval (BBI) is determined
at the end of the heartbeat. Therefore, instantaneous effects (within the same heartbeat) are only
possible for the interactions RESP—SYS, RESP—BBI and SYS—BBI. Consequently, the order of the
time series for the extended MVAR model was y; = RESP, y, = SYS and y3 = BBI. Furthermore, the
model order 4 was determined using the minimum value of the Akaike figure of merit, defined as
AIC(q,w;) = Nlog(det(Z(wy))) + 2M?q.

Once the eMVAR model is estimated, the TFR of the cardiovascular and cardiorespiratory
interactions can be obtained from the extended partial directed coherence (ePDC). Generally speaking,
taking the Fourier transform of Equation (1), the eMVAR model in the frequency domain corresponds

q .
to Y(f,w;) = B(f,w)Y(f,w;) + U(f,w;), where B(f,w;) = Y, B(k,w;)e 2k, Also, considering
k=0
the transfer function from U(f,w;) to Y(f,w;), the spectral representation may be rewritten as

Y(f,w;) = G(f,w)U(f,w;), where G(f,w;) = [I-B(f,w;)]”" = B(f,w;)”" is the M x M transfer
matrix in the frequency domain. Theoretically, the partial coherence (PC) between the processes y; and
yj, ie, H,j(f, wy) is defined as:

Pij(f,wr)
\/Pii(fr wy)Pji(f, wr)

IL(f, wi) = )

where Pyy(f,w;) = S;]l((f, wy), i.e., Pyy(f,w;) is the inverse of the spectral matrix of the MVAR
process. From Y(f,w;) = G(f,w)U(f,w;), it can be demonstrated that the spectral matrix
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—H _ —
Swif,w) = G(f,w)A(w)G"(f,w) and Pyy(f,w;) = B (f,w;)A™ (w;)B(f,w;). Consequently,
the PC can be rewritten and factorized as follows:

M 1 m (f ZU]) mz f wl
T (f, w) = ’ i (f0) X (F wr), 5)
e m; B F, w0 [P, o) Z‘ o)

where the extended partial directed coherence (ePDC), )(i]'( f,wy), is given by:

=
Xij(f,wr) = ()8, 0) (6)

VM (1/A2) B ()]

— q )
and /\?— is the variance of the noise ; in Equation (1), with B;;(f, w;) = 6;; — X bij(k, wy e 12mfk,
k=0

ii(f,wp) 2, is a measure of direct causality, or information flow, as
a function of frequency f and wj that estimates the influence of y; onto y;. The ePDC is an asymmetric
causality measure which elicits directional information. The ePDC is normalized with respect to the
structure that sends the signal, taking values between 0, the absence of causality, and 1, representing
full causality between two processes. ePDC is the normalized proportion of P;;(f,w;) of the input
process y; which is sent to the output process y;. The software Matlab R2013a by MathWorks was used
for data analysis.

2.3.2. Surrogate Data Analysis

The assessment of statistical significance of the derived causality measures is of great practical
importance. Nonzero values are likely to occur at some frequencies, even in the case of absence of a
true interaction between the two considered processes. This problem is commonly faced by means of
statistical hypothesis testing procedures based on setting a threshold for significance at the upper limit
of the confidence interval of the considered index. For short data segments, empirical distributions
of the considered index can be obtained using a set of surrogate time series by preserving the power
spectra, but destroying their coupling. The surrogates method based on Fourier Transform (FT) was
applied, where causality is selectively destroyed only over the direction under study and preserved
over the remaining directions. Once the eMVAR model is estimated, if there is a direct causality from
the process y; to y;, the corresponding coefficients bl-j(k, wy),k =0,...,q, are set to zero, and from
there the surrogates are obtained, with details of the procedure being found in [26]. In the present
study, based on previous experience, the threshold was estimated using N = 100 surrogates applied
to each cardiovascular temporal window with length of 600 samples. A thresholding procedure was
applied to the estimated ePDC by offsetting their value to zero at the corresponding frequency f if the
threshold from the surrogate ePDC( f, w;) was higher than the estimated ePDC( f, w;). It is important
to note that increasing the number of surrogates is a time consuming procedure when you are working
with segmented multivariate process—for each subject the multivariate process was segmented in
20 time windows.

2.3.3. Parametrization of Time-Frequency Representation of Interactions

For the statistical evaluation of significant group differences, several tentative parameters were
extracted from the corrected ePDC function at each window wj, as shown in Table 2. The ePDC function
was parametrized in the low frequency band (LF: 0.04-0.15 Hz) regarding the interactions SYS—BBI and
BBI—SYS, and in the high frequency band (HF: 0.15-0.40 Hz) considering the interactions RESP—BBI
and RESP—SYS.
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Table 2. Extracted parameters from extended partial directed coherence (ePDC) analysis.

Parameter Low Frequency Band High Frequency Band
SYS—BBI, BBI-SYS RESP—BBI, RESP—SYS
Percentile frequencies ePDC_LF-pf25, ..., ePDC_HF-pf25, ...,
25%, ... ,95% ePDC_LF-pf95 ePDC_HF-pf95
Absolute power ePDC_LF ePDC_HF
Maximum peak value ePDC_LF-max ePDC_HF-max
Frequency of MPV ePDC_LF-fmax ePDC_HF-fmax
Mean value ePDC_LF-mv ePDC_HF-mv

SYS: systolic blood pressure; BBI: beat-to-beat intervals; RESP: respiratory amplitude at BBI onset.

2.4. Statistics

Requirements for parametric tests, such as normal distribution or variance homogeneity, were
not fulfilled in this study. Therefore, non-parametric statistical analysis via the Mann—Whitney-U-test
was used to determine which of the ePDC parameters discriminated between two groups in each
window (test A). Also, statistical differences between BL and OP windows were evaluated using the
Wilcoxon test, followed by corrections of the p-values by the Bonferroni-Holm method in each group
separately (test B). The most significant parameters were shown using boxplots. Boxplots represent the
dynamic behavior during HUT test in terms of median, 25th percentile, 75th percentile, minimum
and maximum value of the data set in each window. The statistics software was SPSS 20.0 (IBM SPSS
statistics, Armonk, NY) and the significance was subdivided into three levels for descriptive purposes:
slightly significant for p < 0.05 (*), moderately significant for p < 0.01 (+) and highly significant for
p <0.001 (#).

3. Results

Findings revealed high variability in the magnitude and frequency of the time-frequency
representation of interactions by ePDC between subjects within each group. Therefore, in the
following section, averaged time-frequency representations over all subjects within each of the four
groups will be demonstrated for each interaction. The x-axis represents the 20 temporal windows
including BL (window 1) and OP (windows 7-20). The y-axis refers to the frequency in Hz over the
range of 0.02-0.50 Hz. The magnitude of the ePDC (z-axis) ranges from 0 to 0.55. Subsequently, the
temporal dynamic behavior of statistically significant ePDC parameters during the HUT test will be
shown for every second window to facilitate the visual interpretation. The group of male patients was
excluded from statistical analysis due to their small sample size, but its tendency was incorporated in
the discussion and in the corresponding figures.

3.1. Averaged Time-Frequency Representation by ePDC (TF-ePDC) during the HUT Test

The averaged TF-ePDC was obtained for the cardiovascular interactions SYS—BBI (Figure 1)
and BBI—SYS (Figure 2), as well as for the cardiorespiratory interactions RESP—BBI (Figure 3) and
RESP—SYS (Figure 4). The subplots refer consistently to female controls (a), male controls (b), female
patients (c) and male patients (d). Regarding the interaction from SYS to BBI, the averaged TF-ePDC,
labeled as ePDCgys_,ppj, increased during OP compared to BL in the LF band in all four groups with a
tendency of the lowest values =0.30-0.35 in female controls, followed by =0.35-0.40 in male controls,
~0.45-0.50 in male patients and ~0.50-0.55 in female patients during OP, as shown in Figure la—d.
In female subjects, ePDCgys_,pp; appeared to be slightly present at ~0.05 Hz in BL, but was absent
in male subjects. During OP, the maximum peak value (MPV) of ePDCsys_,pp; was located at a
frequency of ~0.07 Hz, while 0.10 Hz constituted the upper limit of the frequency range of considerable
ePDCgys_,ppr in all subjects. Male and female patients revealed the highest TF-ePDC values during
OP. Male patients had their maximum at window 12, while the averaged ePDCgys_,pp; continuously
increased during OP in female patients.
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Figure 1. Temporal dynamic behavior of averaged ePDC for the cardiovascular interaction SYS—BBI
during the head-up tilt (HUT) test for (a) female controls, (b) male controls, (c) female patients and
(d) male patients.
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Figure 2. Temporal dynamic behavior of averaged ePDC for the cardiovascular interaction BBI-SYS

during HUT test for (a) female controls, (b) male controls, (c) female patients and (d) male patients.

The averaged TF-ePDC from BBI to SYS (ePDCgpj_,sys) did not change during the HUT test
in controls, but was considerably increased in BL and decreased during OP in patients, as shown
in Figure 2a—d. In controls, ePDCgpgi_,5ys showed values ~0.30-0.35 during the complete OP, over
~0.04-0.15 Hz in female controls and over ~0.04-0.20 Hz in male controls. In female patients, the
averaged ePDCppj_,sys revealed values ~0.50-0.55 around 0.10 Hz in BL, which continuously decreased
during the progression of OP toward values ~0.30-0.35 within the LF band. In male patients, mean
ePDCgpr_,sys was increased as well, with ~0.50 around 0.10 Hz, but spread over the LF and HF band

during OP with values ~0.30.
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Figure 3. Temporal dynamic behavior of averaged ePDC for the cardiorespiratory interaction RESP—BBI
during the HUT test for (a) female controls, (b) male controls, (c) female patients and (d) male patients.

( RESP }—>{ sys |

(a) FemCon (b) MaleCon

:z

o o o
w N =

o
~

05 03
o (c) FemPat (d) mMalePat -
0.1

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Window Window

Figure 4. Temporal dynamic behavior of averaged ePDC for the cardiorespiratory interaction
RESP—SYS during the HUT test for (a) female controls, (b) male controls, (c) female patients and
(d) male patients.

Interactions from RESP to BBI were prominent over ~0.15-0.35 Hz within the HF band. The

average value of ePDCRrgsp_,pp; was the highest in female controls with ~0.40-0.50, followed by
male controls with ~0.25-0.35, male patients with ~0.20-0.30 and the lowest in female patients with
~0.15-0.25 during the HUT test, as shown in Figure 3a—d. Controls appeared to reestablish their
averaged ePDCRrgsp—,pp1, which seemed to remain decreased in patients during OP compared with BL.
The differences of ePDCrgsp—,pp1 between controls and patients were more evident in women than

in men.

The interaction from RESP to SYS (ePDCrgsp—,sys) was pronounced during OP within the HF

band; over the frequency range from ~0.15 Hz until ~0.40 Hz in controls and until ~0.45 Hz in
patients, as shown in Figure 4a—d. The averaged value of ePDCrgsp_,sys was noticeably higher in
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men (~0.40-0.55) than in women (=0.25-0.40), with slightly higher values in patients compared with
controls within the same gender groups. The highest averaged ePDCrgsp_,sys values during OP were
shown at windows 9 and 15 in female controls, around window 11 in female patients, at windows 10
and 17 in male controls and during windows 10-16 in male patients.

3.2. Dynamical Differences by TF-ePDC Parameters

Statistically significant differences were primarily obtained by the TF-ePDC parameters LF, HF,
LF-max, HF-max, LF-mv and HF-mv. Gender differences in controls by test A were present during
OP with regard to the cardiorespiratory interactions including RESP—BBI with an increased HF-max
in female controls (windows 8-15, p < 0.05) as well as RESP—SYS with an increased HF-mv in male
controls (windows 10-18, p < 0.05). The cardiovascular interactions did not reveal significant gender
differences. Significant differences in women due to orthostatic intolerance were demonstrated for both
cardiovascular interactions SYS—BBI and BBI—-SYS as well as for the cardiorespiratory interaction
RESP—BBI. Hereby, LF-max from SYS—BBI analysis was increased in female patients during OP
(windows 7-13, p < 0.05; windows 14-20, p < 0.01), LF-max from BBI—SYS analysis was highly
significantly increased in FemPat in BL (p < 0.001) and HF-max from RESP—BBI analysis was decreased
in FemPat during the complete HUT test with p < 0.05 in BL until p < 0.001 during OP (window 10-13).
Interaction analysis of RESP—SYS did not reveal significant differences between female groups. By
trend, male patients showed an increased LF-max for the interaction SYS—BBI during some OP
windows, an increased LF-max for the interaction BBI-SYS during BL, a decreased HF-max for the
interaction RESP—BBI during OP and an increased HE-mv for the interaction RESP—SYS during OP
in comparison to male controls.

Significant differences by test B (BL versus OP windows) were shown in MaleCon and FemPat,
but not in FemCon. The index LF-max from SYS—BBI analysis significantly increased during OP in
MaleCon (windows 7-20, until p < 0.01) and in FemPat (windows 7-20, mainly p < 0.001). In addition,
LF-max from BBI—=SYS analysis decreased in FemPat (windows 7-20, mainly p < 0.01), while HF-mv
from RESP—SYS analysis increased in MaleCon (windows 10-18, p < 0.05) during OP. In MalePat,
there was a tendency of increased TF-ePDC parameters for the interactions SYS—BBI and RESP—S5YS
along with decreased indices for the interactions BBI-5SYS and RESP—BBI during OP compared to BL.
The temporal dynamic behavior of selected TF-ePDC parameters was presented in Figure 5 for every
second window during the HUT test with their corresponding statistical results. The index LF-max
was chosen for the interactions SYS—BBI (Figure 5a) and BBI—=SYS (Figure 5b), HF-max was selected
for the interaction RESP—BBI (Figure 5c) and HF-mv for the interaction RESP—SYS (Figure 5d).

4. Discussion

In this study, cardiovascular and cardiorespiratory interactions during the HUT test were
investigated by a time-frequency representation applying the extended partial directed coherence to
segmented multivariate time series consisting of heart period, systolic blood pressure and respiration.
The proposed scheme aimed to find the temporal course of interactions, which reveals the adaptation
of the autonomic nervous system to compensate the orthostatic stress, in other words, interactions are
time-dependent, reflecting the capacity of the physiological systems to maintain adequate cardiovascular
regulation and to avoid syncope. Analyses were performed to study the effect of gender as well as
the effect of orthostatic intolerance in a cohort of healthy subjects and patients, both male and female.
Each of the four groups presented certain intensities of direct causality, with some gender differences
mainly occurring in cardiorespiratory interactions during OP, and evident differences due to orthostatic
intolerance in cardiovascular and cardiorespiratory interactions during both BL and OP, especially
in women.



Entropy 2019, 21, 468

Csvs {88

(a) ePDC_LF-max

110f15

(b) eppc_tr-max (HEEI—>{sYs )

1.0-]| @ FemCon || O FemPat 1.0 M FemCon |DFemPat
9| MaleCon [ MalePat o : . B MaleCon || B MalePat |
, P E [ FE T R S B a—
; d ; i
6—
51
4 !
38
2
1
0—
T T T T T T T T T T
1 3 5 7 9 1 13 15 17 19
window
A [MaleConvs. FemCon|ns [ns |ns|ns [ns|ns |ns|ns|ns|ns A |MaleConvs. FemCon|ns|ns|nsfns [ns |ns|ns |ns|ns|ns
A [FemPat vs. FemCon|ns|ns | ns| * |ns | * [ *| + | + | + A | FemPat vs. FemCon[ # | + |[ns|ns |ns|ns|ns |ns|ns|ns
B FemCon -|-|-Ins|nsfns|ns|ns|ns|ns B FemCon -]-]-|ns{ns|ns|ns|ns|ns|ns
B MaleCon -1-1 -1+ | + B MaleCon -|-]-|ns|ns|ns|ns|ns|ns|ns
B FemPat sl-l-l+[#|& || H#H|&|+]| | B FemPat = - - | N I |
(c) ePDC_HF-max (d) eppc_HF-mv [ RESP_|—>{_s¥s |

M FemCon || O FemPat
B MaleCon || [ MalePat | :

8- M FemCon || O FemPat
_|[ M MaleCon || [ MalePat 1

window window
BLIT|T BLIT|T
Tl ePDC_HF-max 13 5 i ePDC_HF-mv 103 s _
A |MaleConvs. FemCon|ns | * |ns|ns| + |[ns | + | ¥ | ns | ns A |MaleCon vs. FemCon|ns |ns|ns|ns |ns | * | ¥ [ * | % | g
A |FemPat vs. FemCon| * | + [* ] # + [ #Y + [ns | + A |FemPat vs. FemCon/ns{ns | nsIns |ns|ns|ns|ns|ns|ns
B FemCon -|-]-Ins|ns|ns|ns|ns|ns|ns B FemCon -|-]-]ns|ns|ns|ns|ns|ns|ns
B MaleCon -|-]-Ins|ns|ns|ns|ns|ns|ns B MaleCon -]l-]-]ns|ns | *[*[*|*|ns
B FemPat -|-]-]ns|ns|ns|ns|ns|ns|ns B FemPat -]-|-]|ns|ns|ns|ns|[ns|nms|ns

Figure 5. Temporal dynamic behavior of ePDC_LF-max, ePDC_HF-max, ePDC_HF-mv parameters for

cardiovascular interactions SYS—BBI (a) and BBI-=SYS (b) as well as cardiorespiratory interactions
RESP—BBI (c) and RESP—SYS (d) during the HUT test comparing female controls, male controls,
female patients and male patients. Tables in each subplot show corresponding significant differences
for test A (MaleCon vs. FemCon and FemPat vs. FemCon) and test B (FemCon, MaleCon and FemPat).
BL: baseline; T: transition; OP: orthostatic phase; *: p < 0.05; +: p < 0.01; #: p < 0.001; ns: not significant.

Concerning the cardiovascular interaction SYS—BBI, results from TF-ePDC confirmed the
increased information flow from SYS to BBI during OP compared with BL within LF oscillations. The
increased SYS—BBI causality has been associated with increased information flow along the baroreflex
and augmented sympathetic tone during orthostatic stress [3,18,22]. According to the present study, the
increased SYS—BBI information flow was not significant in FemCon, slightly significant in MaleCon
and highly significant in FemPat. The increased SYS—BBI flow was further present in MalePat by trend,
similar to but not as high as in FemPat. These changes led to a trend of higher SYS—BBI causality in
MaleCon than in FemCon during OP and, more evidently, greater SYS—BBI causality in FemPat than
in FemCon. In previous studies, sympathetic activity was found to be slightly increased in MaleCon
and considerably increased in FemPat during HUT test compared to FemCon [27,28]. In addition, the
baroreflex function is impaired in patients with orthostatic intolerance [29]. According to these findings,
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results from TF-ePDC analysis during the HUT test possibly indicated that the higher the information
flow from SYS to BBI, the higher the sympathetic cardiovascular modulation and the more impaired
the baroreflex function becomes. Female patients were further characterized by highly significant
increased blood pressure variability during OP [28], which could have exceedingly stimulated the
baroreceptors and augmented the information flow from SYS to BBL It is worthy to mention that
during the analyzed 18 min of OP, patients demonstrated common symptoms of orthostatic intolerance,
but not yet of emerging pre-syncope. However, causality parameters from TF-ePDC already revealed
distinctive alterations in the information flow from SYS to BBl immediately after the tilt-up in female
patients. Previous studies performing causality or coupling analysis determined differences in patients
not before the late tilt or pre-syncopal phase [12,20,23,30]. In the present study, the application of
the extended PDC including instantaneous and lagged effects, in combination with the windowing
approach, as well as the separate investigation of male and female subjects, could have contributed to
the early differentiation between FemCon and FemPat during the orthostatic phase of the HUT test.

The interaction BBI-SYS corresponding to the mechanical modulation has been described to be
unchanged during the HUT test in healthy subjects [31]. This finding could be confirmed in male and
female controls with no gender differences. However, in female patients, TF-ePDC from BBI to SYS was
considerably increased already during BL in the supine position and significantly decreased during
OP toward values observed in controls. A similar trend was observed in male patients. In BL, FemPat
were already characterized by slightly increased sympathetic activity in comparison to FemCon. The
augmented sympathetic modulation could have accounted for the increased information flow from
BBI to SYS, even in the supine position in FemPat. It could be possible that previous experiences with
orthostatic intolerance already modified the baseline behavior in female patients by enhancing the
cardiac control on blood pressure just before imminent orthostatic stress. However, heart rate and
cardiac contractility were not significantly different between FemCon and FemPat during BL. During
orthostatic phase, the prior augmented cardiac control from BBI to SYS in FemPat might have been
exhausted and withdrawn due to rising causality from SYS to BBL

Comparing the cardiovascular causal directions in female controls (Figure 6a), the interaction
BBI—SYS slightly dominated over the interaction SYS—BBI during BL, which were relatively balanced
shortly after tilt-up due to the slight increase in SYS—BBI interaction during OP. In contrast, female
patients (Figure 6b) revealed considerable imbalances of BBI-SYS highly dominating over SYS—BBI
during BL that turned progressively into the opposite during OP with increased SYS—BBI information
flow dominating over the direction BBI-SYS. It could be possible that the predominant sympathetic
modulation in female patients with orthostatic intolerance generated augmented information flow in
both directions in an attempt to preserve sufficiently adequate cardiovascular regulation.

(a) Female Controls (b) Female Patients
1.07 [ BBI > sys 1.07

9 [l sys- BBl A I e

ePDC_LF-max

T T T T T T T T T T T T T T T T T T T 1 TT T T T T T T T T T T T T T T T T 11
12345678 91011121314151617181920 12345678 91011121314151617181920
window window

Figure 6. Temporal dynamic behavior of the ePDC_LF-max parameter of cardiovascular interactions
BBI-SYS and SYS—BBI for female controls (a) and female patients (b) during the HUT test.
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Despite orthostatic intolerance being primary a cardiovascular autonomic disorder,
cardiorespiratory interactions within HF oscillations were also affected in patients as well as by
gender effects. The cardiorespiratory interaction from RESP to BBI representing RSA has been shown
to decline during OP due to vagal withdrawal [3,18,22]. Statistically significant decreases of the
TF-ePDC information flow from RESP to BBI could not be confirmed in any group in the present
study. However, group differences due to gender were present in controls during OP with decreased
RESP—BBI interaction in MaleCon. Moreover in FemPat, the information flow from RESP to BBI was
already slightly reduced in BL and considerably during OP compared to FemCon. In men, there was
only a slight tendency of decreased RESP—BBI interaction in patients during OP. Consequently, the
interaction RESP—BBI, and therefore cardiac vagal modulation within HF mediated by respiration,
was the most pronounced in FemCon followed by less causality in male subjects and the lowest in
FemPat during the HUT test. This group order was in agreement with the averaged respiratory
frequency during the HUT test at 0.26 Hz in female controls, at 0.28 Hz in male controls and at 0.30 Hz
in patients. The causal relationship RESP—BBI is supposed to decrease with increased respiratory
frequency due to vagal withdrawal. Based on the distinct vagal withdrawal during the HUT test,
female patients were possibly not able to establish a pronounced RESP—BBI interaction useful enough
to increase heart rate variability and consequently stabilize blood pressure regulation [32].

The averaged information flow from RESP to SYS within HF oscillations increased during OP
compared with BL in all four groups with greater increases in men than in women. Due to high
variances of the TF-ePDC parameters, slightly significant differences during OP were only obtained in
MaleCon with increased RESP—SYS interaction in comparison to FemCon. Male patients demonstrated
a trend of the highest RESP—SYS interaction during OP comparing all groups. The causal influence
from RESP onto SYS seemed to be more affected by gender than by orthostatic intolerance. Previous
studies determined unchanged RESP-SYS coupling during OP [21,33]. However, the TF-ePDC analysis
in the present study indicated an increased RESP—SYS interaction after the tilt-up, more evident in
men than in women. Even though significant differences between controls and patients were not
obtained, male subjects might exhibit an advantage of increased blood pressure modulations mediated
by respiration during orthostatic stress when cardiovascular interactions could be impaired. It is
important to mention that although it is challenging nowadays to study physiological interactions,
more research needs to be done to establish interactions patterns in healthy and sick populations to
generate a gold standard that can be used in clinical settings.

5. Conclusions

In this study, the extended partial directed coherence has been shown to be a useful linear technique
to analyze the temporal dynamic behavior of cardiovascular and cardiorespiratory interactions during
orthostatic stress. Gender differences in healthy subjects were present in cardiorespiratory interactions
during the orthostatic phase without compromised autonomic regulation. However in patients, analysis
by TF-ePDC revealed considerable dynamic alterations mainly within cardiovascular interactions, but
in cardiorespiratory interactions as well, over the temporal course of a head-up tilt test. Considering
young female patients with orthostatic intolerance, the information flow from heart rate to systolic blood
pressure (mechanical modulation) was already increased before the tilt-up, the information flow from
systolic blood pressure to heart rate (neural baroreflex) increased during the orthostatic phase, while
the information flow from respiration to heart rate (respiratory sinus arrhythmia) was decreased during
the complete head-up tilt test. The last two causality directions may include instantaneous effects in
addition to lagged effects, which highly endorsed the use of the extended PDC. It is plausible that the
information provided by the estimation of the dynamics of the cardiorespiratory and cardiovascular
interactions obtained by TF-ePDC may be used clinically as the physicians currently employ the
analysis of the heart rate variability, but more research needs to be done to validate these concepts and
to generate a gold standard. Finally, future studies should account for time-variant extended models
that could be applied to nonlinear and non-stationary data.



Entropy 2019, 21, 468 14 of 15

Author Contributions: Conceptualization: S.C.-V,, S.R., A.V,, RG.-C. and T.A.-C.; methodology: S.C.-V,, S.R,,
R.G.-C.,, J.A.G.-H. and T.A.-C.; software: S.C.-V. and S.R.; validation: S.C.-V., A.V,, R.G.-C., M.].G.-G., M.A.S. and
T.A.-C.; data analysis: S.C.-V,, SR, M.J.G.-G,, S.S.,, M.A.S. and T.A.-C.; data acquisition: ].A.G.-H. and G.H.-P.;
writing—original draft preparation: S.C.-V., S.R., R.G.-C. and T.A.-C.; writing—review and editing: S.C.-V,, S.R.,
A.V,R.G.-C,, S.S. and T.A.-C;; final version approval: S.C.-V,, SR, AV, RG.-C, M.]J.G.-G, ].A.G.-H,, GH.-P, S.S.
and T.A.-C.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Faes, L,; Erla, S.; Nollo, G. Measuring Connectivity in Linear Multivariate Processes: Definitions,
Interpretation, and Practical Analysis. Comput. Math. Method Med. 2012. [CrossRef]

2. Baccala, L.A.; Sameshima, K. Partial directed coherence: A new concept in neural structure determination.
Biol. Cybern. 2001, 84, 463-474. [CrossRef] [PubMed]

3.  Faes, L.; Nollo, G. Extended causal modeling to assess Partial Directed Coherence in multiple time series
with significant instantaneous interactions. Biol. Cybern. 2010, 103, 387-400. [CrossRef] [PubMed]

4.  Porta, A; Faes, L. Wiener-Granger Causality in Network Physiology With Applications to Cardiovascular
Control and Neuroscience. Proc. [EEE 2016, 104, 282-309. [CrossRef]

5. Hamzaoui, O.; Monnet, X.; Teboul, ].L. Pulsus paradoxus. Eur. Respir. | 2013, 42, 1696-1705. [CrossRef]
[PubMed]

6.  Berntson, G.G.; Cacioppo, ].T.; Quigley, K.S. Respiratory sinus arrhythmia: Autonomic origins, physiological
mechanisms, and psychophysiological implications. Psychophysiology 1993, 30, 183-196. [CrossRef]

7. Albanese, A.; Cheng, L.; Ursino, M.; Chbat, N.W. An integrated mathematical model of the human
cardiopulmonary system: model development. Am. | Physiol. Heart Circ. Physiol. 2016, 310, H899-H921.
[CrossRef] [PubMed]

8.  Lenis, G.; Kircher, M,; Lazaro, J.; Bailon, R.; Gil, E.; Doessel, O. Separating the effect of respiration on the
heart rate variability using Granger’s causality and linear filtering. Biomed. Signal Process. Control 2017, 31,
272-287. [CrossRef]

9. Houtveen, ].H.; Rietveld, S.; De Geus, E.J.C. Contribution of tonic vagal modulation of heart rate, central
respiratory drive, respiratory depth, and respiratory frequency to respiratory sinus arrhythmia during
mental stress and physical exercise. Psychophysiology 2002, 39, 427—436. [CrossRef] [PubMed]

10. Dick, T.E.; Hsieh, Y.H.; Dhingra, R.R.; Baekey, D.M.; Galan, R.F.; Wehrwein, E.; Morris, K.E. Cardiorespiratory
Coupling: Common Rhythms in Cardiac, Sympathetic, and Respiratory Activities. Prog. Brain Res. 2014, 209,
191-205. [CrossRef]

11. Javorka, M.; Krohova, J.; Czippelova, B.; Turianikova, Z.; Lazarova, Z.; Javorka, K.; Faes, L. Basic
cardiovascular variability signals: Mutual directed interactions explored in the information domain.
Physiol. Meas. 2017, 38, 877-894. [CrossRef]

12. Nollo, G.; Faes, L.; Antolini, R.; Porta, A. Assessing causality in normal and impaired short-term cardiovascular
regulation via nonlinear prediction methods. Philos. Trans. A Math. Phys. Eng. Sci. 2009, 367, 1423-1440.
[CrossRef] [PubMed]

13. DiRienzo, M.; Parati, G.; Radaelli, A.; Castiglioni, P. Baroreflex contribution to blood pressure and heart rate
oscillations: time scales, time-variant characteristics and nonlinearities. Philos. Trans. A Math. Phys. Eng. Sci.
2009, 367, 1301-1318. [CrossRef]

14. Brown, C.M. Experimental Studies of the Baroreflex. In Mathematical Modeling and Validation in Physiology;
Batzel, ].J., Bachar, M., Kappel, E, Eds.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 163-176.

15. DPorta, A.; Bari, V.; Maria, B.; Takahashi, A.C.M.; Guzzetti, S.; Colombo, R.; Catai, F.; Raimondi, F. Effect
of variations of the complexity of the target variable on the assessment of Wiener—Granger causality in
cardiovascular control studies. Physiol. Meas. 2016, 37, 276. [CrossRef]

16. Faes, L.; Javorka, M.; Nollo, G. Information-Theoretic Assessment of Cardiovascular Variability During
Postural and Mental Stress. In Proceedings of the XIV Mediterranean Conference on Medical and Biological
Engineering and Computing 2016: MEDICON 2016, Paphos, Cyprus, 31 March-2 April 2016; Kyriacou, E.,
Christofides, S., Pattichis, C.S., Eds.; Springer International Publishing: Cham, The Netherland, 2016;
pp- 67-70.


http://dx.doi.org/10.1155/2012/140513
http://dx.doi.org/10.1007/PL00007990
http://www.ncbi.nlm.nih.gov/pubmed/11417058
http://dx.doi.org/10.1007/s00422-010-0406-6
http://www.ncbi.nlm.nih.gov/pubmed/20938676
http://dx.doi.org/10.1109/JPROC.2015.2476824
http://dx.doi.org/10.1183/09031936.00138912
http://www.ncbi.nlm.nih.gov/pubmed/23222878
http://dx.doi.org/10.1111/j.1469-8986.1993.tb01731.x
http://dx.doi.org/10.1152/ajpheart.00230.2014
http://www.ncbi.nlm.nih.gov/pubmed/26683899
http://dx.doi.org/10.1016/j.bspc.2016.07.014
http://dx.doi.org/10.1111/1469-8986.3940427
http://www.ncbi.nlm.nih.gov/pubmed/12212635
http://dx.doi.org/10.1016/B978-0-444-63274-6.00010-2
http://dx.doi.org/10.1088/1361-6579/aa5b77
http://dx.doi.org/10.1098/rsta.2008.0275
http://www.ncbi.nlm.nih.gov/pubmed/19324717
http://dx.doi.org/10.1098/rsta.2008.0274
http://dx.doi.org/10.1088/0967-3334/37/2/276

Entropy 2019, 21, 468 15 of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Muller, A.; Kraemer, ].E; Penzel, T.; Bonnemeier, H.; Kurths, J.; Wessel, N. Causality in physiological signals.
Physiol. Meas. 2016, 37, R46-R72. [CrossRef]

Faes, L.; Nollo, G. Assessing frequency domain causality in cardiovascular time series with instantaneous
interactions. Methods Inf. Med. 2010, 49, 453-457. [CrossRef] [PubMed]

Faes, L.; Marinazzo, D.; Montalto, A.; Nollo, G. Lag-Specific Transfer Entropy as a Tool to Assess
Cardiovascular and Cardiorespiratory Information Transfer. Trans. Biomed. Eng. 2014, 61, 2556-2568.
[CrossRef]

Faes, L.; Nollo, G.; Porta, A. Mechanisms of causal interaction between short-term RR interval and systolic
arterial pressure oscillations during orthostatic challenge. J. Appl. Physiol. 2013, 114, 1657-1667. [CrossRef]
[PubMed]

Zhang, Q.G.; Patwardhan, A.R.; Knapp, C.E; Evans, ].M. Cardiovascular and cardiorespiratory phase
synchronization in normovolemic and hypovolemic humans. Eur. ]. Appl. Physiol. 2015, 115, 417-427.
[CrossRef] [PubMed]

Faes, L.; Erla, S.; Porta, A.; Nollo, G. A framework for assessing frequency domain causality in physiological
time series with instantaneous effects. Philos. Trans. Royal Soc. A 2013, 371. [CrossRef]

Ocon, A]J.; Medow, M.S; Taneja, L.; Stewart, ].M. Respiration drives phase synchronization between blood
pressure and RR interval following loss of cardiovagal baroreflex during vasovagal syncope. Am. J. Physiol.
Heart Circ. Physio. 2011, 300, H527-H540. [CrossRef] [PubMed]

Takahashi, D.; Baccald, L.; Sameshima, K. Information theoretic interpretation of frequency domain
connectivity measures. Biol. Cybern. 2010, 103, 463—469. [CrossRef]

Hlavackova-Schindler, K. Equivalence of Granger causality and transfer entropy: A generalization. Appl.
Math. Sci. 2011, 73, 3637-3648.

Faes, L.; Porta, A.; Nollo, G. Testing frequency-domain causality in multivariate time series. IEEE Trans.
Biomed. Eng. 2010, 57, 1897-1906. [CrossRef] [PubMed]

Reulecke, S.; Charleston-Villalobos, S.; Voss, A.; Gonzalez-Camarena, R.; Gonzalez-Hermosillo, J.;
Gaitan-Gonzalez, M.].; Hernandez-Pacheco, G.; Schroeder, R.; Aljama-Corrales, T. Men and women should
be separately investigated in studies of orthostatic challenge due to different gender-related dynamics of
autonomic response. Physiol. Meas. 2016, 37, 314. [CrossRef]

Reulecke, S.; Charleston-Villalobos, S.; Voss, A.; Gonzalez-Camarena, R.; Gonzalez-Hermosillo, J.;
Gaitan-Gonzalez, M.].; Hernandez-Pacheco, G.; Schroeder, R.; Aljama-Corrales, T. Orthostatic stress causes
immediately increased blood pressure variability in women with vasovagal syncope. Comput. Methods
Programs Biomed. 2016, 127, 185-196. [CrossRef] [PubMed]

Lee, H.; Low, PA_; Kim, H.A. Patients with Orthostatic Intolerance: Relationship to Autonomic Function
Tests results and Reproducibility of Symptoms on Tilt. Sci. Rep. 2017, 7, 5706. [CrossRef]

Faes, L.; Porta, A.; Rossato, G.; Adami, A.; Tonon, D.; Corica, A.; Nollo, G. Investigating the mechanisms of
cardiovascular and cerebrovascular regulation in orthostatic syncope through an information decomposition
strategy. Auton. Neurosci. 2013, 178, 76-82. [CrossRef]

Javorka, M.; Czippelova, B.; Turianikova, Z.; Lazarova, Z.; Tonhajzerova, I.; Faes, L. Causal analysis of
short-term cardiovascular variability: State-dependent contribution of feedback and feedforward mechanisms.
Med. Biol. Eng. Comput. 2017, 55, 179-190. [CrossRef]

Elstad, M.; Wallee, L.; Holme, N.L.A.; Maes, E.; Thoresen, M. Respiratory sinus arrhythmia stabilizes mean
arterial blood pressure at high-frequency interval in healthy humans. Eur. J. Appl. Physiol. 2015, 115, 521-530.
[CrossRef]

Faes, L.; Nollo, G.; Porta, A. Information domain approach to the investigation of cardio-vascular,
cardio-pulmonary, and vasculo-pulmonary causal couplings. Front. Physiol. 2011, 2. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1088/0967-3334/37/5/R46
http://dx.doi.org/10.3414/ME09-02-0030
http://www.ncbi.nlm.nih.gov/pubmed/20871943
http://dx.doi.org/10.1109/TBME.2014.2323131
http://dx.doi.org/10.1152/japplphysiol.01172.2012
http://www.ncbi.nlm.nih.gov/pubmed/23580598
http://dx.doi.org/10.1007/s00421-014-3017-4
http://www.ncbi.nlm.nih.gov/pubmed/25344797
http://dx.doi.org/10.1098/rsta.2011.0618
http://dx.doi.org/10.1152/ajpheart.00257.2010
http://www.ncbi.nlm.nih.gov/pubmed/21076019
http://dx.doi.org/10.1007/s00422-010-0410-x
http://dx.doi.org/10.1109/TBME.2010.2042715
http://www.ncbi.nlm.nih.gov/pubmed/20176533
http://dx.doi.org/10.1088/0967-3334/37/3/314
http://dx.doi.org/10.1016/j.cmpb.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26775735
http://dx.doi.org/10.1038/s41598-017-05668-4
http://dx.doi.org/10.1016/j.autneu.2013.02.013
http://dx.doi.org/10.1007/s11517-016-1492-y
http://dx.doi.org/10.1007/s00421-014-3042-3
http://dx.doi.org/10.3389/fphys.2011.00080
http://www.ncbi.nlm.nih.gov/pubmed/22069390
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects and Experimental Protocol 
	Pre-Processing and Data Analysis 
	Cardiovascular and Cardiorespiratory Interactions by ePDC 
	Time-Frequency Analysis of Interactions 
	Surrogate Data Analysis 
	Parametrization of Time-Frequency Representation of Interactions 

	Statistics 

	Results 
	Averaged Time-Frequency Representation by ePDC (TF-ePDC) during the HUT Test 
	Dynamical Differences by TF-ePDC Parameters 

	Discussion 
	Conclusions 
	References

