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Abstract 

We present a framework for the linear parametric analysis of pairwise interactions in bivariate time series in the time 

and frequency domains, which allows the evaluation of total, causal and instantaneous interactions and connects 

time- and frequency-domain measures. The framework was applied to physiological time series to investigate the 

cerebrovascular regulation from the variability of mean cerebral blood flow velocity (CBFV) and mean arterial 

pressure (MAP), and the cardiovascular regulation from the variability of heart period (HP) and systolic arterial 

pressure (SAP). Time series were acquired at rest and during the early and late phase of head-up tilt in subjects 

developing orthostatic syncope in response to prolonged postural stress, and in healthy controls. Spectral measures 

of total, causal and instantaneous coupling between HP and SAP, and between MAP and CBFV, were integrated in 

the low-frequency band of the spectrum to analyze specific rhythms, and over all frequencies to get time-domain 

measures. The analysis of cardiovascular interactions indicated that the postural stress induces baroreflex 
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involvement, and its prolongation induces baroreflex dysregulation in syncope subjects. The analysis of 

cerebrovascular interactions indicated that the postural stress enhances the total coupling between MAP and CBFV, 

and challenges cerebral autoregulation in syncope subjects, while the strong sympathetic activation elicited by 

prolonged postural stress in healthy controls may determine an increased CBFV→MAP coupling during late tilt. 

These results document that the combination of time-domain and spectral measures allows to obtain an integrated 

view of cardiovascular and cerebrovascular regulation in healthy and diseased subjects. 
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1. Introduction 

 The cardiovascular and cerebrovascular systems present control mechanisms that maintain physiological 

variables within acceptable ranges, e.g. in response to variations caused by external stimuli, thus avoiding unsafe 

values (Cohen and Taylor, 2002). The short-term cardiovascular regulation is carried out by the baroreflex, a 

mechanism which adjusts the heart period (HP) in response to arterial pressure (AP) changes, limiting excessive AP 

variability (Cohen and Taylor, 2002; Guyenet, 2006). The arterial baroreflex can be assessed from the spontaneous 

HP and systolic AP (SAP) variability measuring the simultaneous fluctuations of HP and SAP over time scales up to 

few hundred beats (Cohen and Taylor, 2002; Krohova et al., 2020; Porta and Elstad, 2020). On the other hand, the 

short-term cerebrovascular regulation is related to the mechanism of cerebral autoregulation, which has been defined 

as the intrinsic ability of the brain vessels to independently regulate and thus maintain almost constant the cerebral 

blood flow (CBF), via changes in cerebrovascular resistance, when mean AP (MAP) fluctuates (Brassard et al., 

2021; Zhang et al., 1998a). An extensive study of cerebral autoregulation in humans has been carried out by Lassen 

(Lassen, 1959), who illustrated the cerebral autoregulation curve and suggested that CBF remains almost constant 

within a relatively broad mean arterial pressure range (~60-150 mmHg). Moreover, the advent of transcranial 

doppler ultrasound technology allowed to achieve a temporal resolution sufficient to assess beat-to-beat changes in 

the CBF velocity (CBFV), and thus to investigate the dynamic properties of cerebral autoregulation (Aaslid et al., 

1989). 

During orthostatic stress, the CBF may become insufficient due to blood and fluid distending veins and tissues in 

dependent regions, and to the hydrostatic effect of the difference of height between brain and heart (Claydon and 

Hainsworth, 2003). In this situation, the two above-described control mechanisms act together to counterbalance this 

effect: the baroreflex maintains constant or may even increase AP, while the cerebral autoregulation tries to keep the 

blood flow constant. For this reason, evoking an orthostatic stress, e.g., through head-up tilt test, represents a useful 

tool to study the baroreflex and the cerebrovascular autoregulation mechanisms, both in healthy conditions and in 

the presence of autonomic dysfunctions. The proper working of the baroreflex mechanism has been assessed using 

the measure of baroreflex sensitivity, i.e. the magnitude of HP changes caused by a unit variation of systolic AP 

(SAP), which has been considered as a marker to predict mortality in particular cohorts of patients, e.g. after 

myocardial infarction (see e.g. (La Rovere et al., 1998; Nollo et al., 2002; Pernice et al., 2021). Impairment of 

cardiovascular and/or cerebrovascular regulation has been also related to syncope, i.e. a sudden and brief loss of 

consciousness associated with a loss of postural tone, usually leading to fainting, but from which recovery is 

spontaneous (Kapoor, 2000; Martin et al., 2010). In particular, syncope has been associated to baroreflex 

dysfunction (Béchir et al., 2003) and decrease of cerebral perfusion (Töyry et al., 1997; Van Lieshout et al., 2003). 

For this reason, several studies have investigated the effects of the impairment of such regulatory mechanisms 

causing syncope in order to prevent falling by assessing cardiovascular and cerebrovascular variability (Bari et al., 

2017; Faes et al., 2005, 2013c; Furlan et al., 2019; Lee et al., 2017; Ocon et al., 2009). 
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Several approaches have been exploited in the last decades to characterize cardiovascular and cerebrovascular 

regulations from the spontaneous variability of physiological variables. These approaches range from linear and 

nonlinear methods (Faes et al., 2019; Giller and Mueller, 2003; Voss et al., 2009) to entropy-based measures of 

information interaction and decomposition (Faes et al., 2013c; Krohova et al., 2019). In particular, information-

theoretic measures allow to quantify the information generated and stored in a process, and the information flow 

among different coupled processes (Faes et al., 2013c; Krohova et al., 2019). However, the nonlinear and entropy-

based analysis of the interactions between processes is typically performed in the time domain and, as such, it 

accounts for all the oscillations occurring in the whole frequency band, being thus unable to discriminate among 

different oscillations. This is particularly limiting for cerebrovascular and cardiovascular variability analysis, since 

there are several concurrent rhythms taking place within different frequency bands. In short-term cardiovascular 

variability, the most studied rhythms are those occurring at the frequency of the Mayer waves (~0.1 Hz), and those 

related to respiration, which affects the cardiovascular variables within the high-frequency (HF, 0.15-0.4 Hz) band 

(Cohen and Taylor, 2002), but can generate confounding effects also in lower frequencies (Krohova et al., 2019; 

Pernice et al., 2021). With regard to cerebrovascular variability analysis, the main regulatory mechanisms occur 

within several lower-frequency contiguous bands and for this reason, historically, the most often investigated 

frequency bands are 0.02–0.07 Hz for the very low frequency (VLF), 0.07-0.2 Hz for the low frequency (LF) and 

0.2–0.5 Hz for the high frequency (HF) (Claassen et al., 2016). 

For the above-mentioned reasons, it is of great importance to complement the study of cardiovascular and 

cerebrovascular regulation using tools able to provide spectral profiles for the considered measures of causal and 

non-causal coupling between time series. This is possible thanks to the use of spectral measures of coupling such as 

the classical coherence function, and spectral measures of directed (causal) coupling derived from linear parametric 

autoregressive (AR) models such as the causal coherence and the directed coherence (Faes et al., 2005; Pernice et 

al., 2021; Porta et al., 2002). However, an issue emerging in the practical analysis of spectral measures of causality 

is that related to instantaneous effects, i.e. effects from one series to another occurring within the same heartbeat. 

The classical AR models used to study spectral causality do not incorporate instantaneous effects, which thus remain 

unexplained as correlations between the model residuals  (Faes et al., 2012). While the presence of these effects is 

accounted in the decomposition of the total time-domain dependence between processes (Geweke, 1982), their 

spectral interpretation is far less intuitive (Chicharro, 2011). Several approaches have been proposed to account for 

instantaneous correlations in frequency domain measures, either using extended AR models that incorporate zero-

lag effects after determining their direction (Faes et al., 2013a) or keeping them as undirected but including them in 

“extended” spectral causality measures (Baccalá and Sameshima, 2021; Nuzzi et al., 2021). 

In this work, we introduce a framework for the evaluation of total, directed and instantaneous interactions 

between pairs of time series in both time and frequency domains. The framework is built on previous works 

establishing a connection between information-theoretic and spectral approaches to the assessment of coupling and 

causality (Chicharro, 2011; Faes et al., 2021), yielding time domain measures of total coupling, Granger causality 

and instantaneous interaction that can be retrieved by integrating the corresponding spectral measures over the 

whole frequency axis. Moreover, the framework is formulated in a way such that two alternative ways are provided 

to treat instantaneous effects in both time and frequency domains. This is achieved employing traditional and 

extended linear parametric AR models (Faes et al., 2013a), which are formulated to deal specifically with the beat-

to-beat analysis of cerebrovascular interactions probed from CBFV and MAP time series, where instantaneous 

interactions are typically undirected (Schiatti et al., 2015), and of cardiovascular interactions probed from HP and 

SAP time series, where directed instantaneous interactions typically describe fast baroreflex effects (Faes et al., 

2013a). The framework is employed to study cardiovascular and cerebrovascular interactions in a group of subjects 

prone to develop orthostatic syncope and in healthy controls in a protocol of prolonged postural stress evoked by 

head-up tilt testing. 
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2. Materials and methods 

2.1. Measures of linear interaction between stochastic processes 

2.1.1. Time domain measures 

Let us consider two discrete-time, zero-mean stationary stochastic processes 𝑌1(𝑛) and 𝑌2(𝑛), where 𝑛 is the time 

index, collected in the bivariate process 𝒀(𝑛) = [𝑌1(𝑛)  𝑌2(𝑛) ]𝑇 . In the linear signal processing framework, the 

process dynamics can be fully described by the following bivariate autoregressive (AR) model: 

 

𝒀(𝑛) = ∑ 𝑨(𝑘)𝒀(𝑛 − 𝑘) + 𝑼(𝑛)

𝑝

𝑘=1

, (1) 

where p is the model order, defining the maximum lag used to quantify interactions, 𝑨(𝑘) are 2x2 coefficient 

matrices defining the time-lagged effects within and between the two scalar processes 𝑌1  and 𝑌2 , and  

𝑼(𝑛) = [𝑈1(𝑛) 𝑈2(𝑛)]𝑇 is a vector of zero-mean innovation processes with 2x2 covariance matrix  

𝜮 = 𝔼[𝑼(𝑛)𝑼𝑇(𝑛)] = [
𝜎1

2 𝜎12 

𝜎21 𝜎2
2 

] (𝔼[∙] is the expectation operator). The model (1) is strictly causal, meaning that 

the coefficients contained in 𝑨(𝑘) describe only time-lagged interactions occurring for 𝑘 > 0, while instantaneous 

interactions, i.e. interactions occurring at lag zero between the processes, are not described by the model coefficients 

and thus appear in the off-diagonal elements of the innovation covariance, 𝜎12 = 𝜎21 = 𝔼[𝑈1(𝑛) 𝑈2(𝑛)]. 
To investigate the dynamic interaction between 𝑌1 and 𝑌2, restricted models describing the individual dynamics 

of each single process are introduced. Specifically, the AR model describing the dependence of 𝑌𝑖(𝑛), 𝑖 = 1,2, on its 

own past history is formulated as: 

 
𝑌𝑖(𝑛) = ∑ 𝑎̃𝑖(𝑘)𝑌𝑖(𝑛 − 𝑘) + 𝑈𝑖(𝑛)

∞

𝑘=1

, (2) 

where the coefficients 𝑎̃𝑖(𝑘) are generally different from the coefficients 𝑎𝑖𝑖(𝑘) contained in the diagonal of 𝑨(𝑘), 

and 𝑊̃𝑖(𝑛) is a zero mean white noise of variance 𝜎̃𝑖
2 = 𝔼[𝑈𝑖

2(𝑛)] which is generally different from the variance 𝜎𝑖
2 

of 𝑈𝑖(𝑛) in (1); note that to capture the full dynamical behavior of 𝑌𝑖 the order of the restricted AR process is infinite 

even when the original bivariate model has a finite order p (Faes et al., 2017). 

Given the model representations reported in (1) and (2), we follow Geweke (Geweke, 1982) to define 

important measures characterizing the dynamic interactions between the two analyzed processes. Specifically, the 

total dependence between 𝑌1 and 𝑌2 is defined as 

 
𝐹𝑌1,𝑌2

= ln (
𝜎̃1

2𝜎̃2
2

|𝜮|
), (3) 

where |∙| denotes the matrix determinant, while the directed interactions from 𝑌1  to 𝑌2  and from 𝑌2  to 𝑌1  are 

quantified as 

 
𝐹𝑌1→𝑌2

=𝑙𝑛  (
𝜎̃2

2

𝜎2
2) , 𝐹𝑌2→𝑌1

=𝑙𝑛  (
𝜎̃1

2

𝜎1
2) ;  (4) 

expanding the determinant in (3) and comparing with (4), it is easy to show that the three measures are linked by the 

decomposition 

 𝐹𝑌1,𝑌2
= 𝐹𝑌1→𝑌2

+ 𝐹𝑌2→𝑌1
+ 𝐹𝑌1⋅𝑌2

  , (5) 

where the last term on the right hand side becomes 

 
𝐹𝑌1⋅𝑌2

= ln (
𝜎1

2𝜎2
2

|𝜮|
). (6) 
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The logarithmic measures defined in (3), (4), and (6) are all non-negative, and quantify respectively the total 

dependence between the two analyzed processes, the causal dependence from one process to another, and the 

instantaneous interactions between the processes. The measure of total dependence compares the innovations of the 

full (bivariate) and restricted AR models in a symmetric way, being null when the two processes do not interact (i.e. 

the 𝑨(𝑘) matrices and the innovation covariance matrix 𝜮 in (1) are all diagonal) and increasing with the directed 

and instantaneous interactions in (4) and (5). The measures of directed interaction reflect the principle of Granger 

causality (Granger, 1969) according to which a process is causal to another if information from the past of the first 

process helps predicting the present of the second above and beyond the use of its past information only; this 

principle is quantified in (4) comparing the variance of the innovation processes driving the full and the restricted 

AR models. Finally, the measure of instantaneous dependence reflects the presence of correlations occurring 

between the variables that sample the two processes at the same temporal index, being zero when the innovations of 

the full model are uncorrelated (i.e. when 𝜎12 = 0) and positive otherwise. 

Importantly, the measures of dynamic interaction above defined have a clear information-theoretic interpretation 

in terms of well-known measures such as the mutual information (MI), the MI rate (MIR) and the transfer entropy 

(TE). In fact, it has been shown that, if the two observed processes have a joint Gaussian distribution, the measure of 

total coupling given in (3) is two times the MIR, the directed measure of Granger causality given in (4) is two times 

the TE, and the measure of instantaneous interaction given in (5) is two times the MI between the present state of the 

two processes conditioned to their past states (Barnett et al., 2009; Chicharro, 2011)]. 

 

2.1.2. Frequency domain measures 

 

From the time-domain AR representation of the bivariate process, it is possible to move to the frequency 

domain through the Fourier transform (FT) of (1), so as to obtain 𝒀(𝑓̅) = 𝑯(𝑓)̅𝑼(𝑓)̅, where 𝒀(𝑓)̅ and 𝑼(𝑓)̅ are the 

FTs of 𝒀(𝑛)  and 𝑼(𝑛)  and where the 22 transfer matrix is 𝑯(𝑓)̅ = [𝑰 − 𝑨(𝑓)̅]−1 = 𝑨̅(𝑓)̅−1 , with  

𝑨(𝑓)̅ = ∑ 𝑨(𝑘)𝑒−𝑗2𝜋𝑓̅𝑘𝑝
𝑘=1 ; 𝑓̅ ∈ [−0.5,0.5]  is the normalized angular frequency, 𝑓̅ = 𝑓/𝑓𝑠  (with 𝑓𝑠  the sampling 

frequency), and 𝑰 is the 2x2 identity matrix. Then, according to an important spectral factorization result, the 2x2 

spectral density matrix of the bivariate process can be computed as 𝑺(𝑓)̅ = 𝑯(𝑓)̅𝚺𝑯∗(𝑓̅), where * stands for the 

Hermitian transpose; this matrix contains the power spectral density (PSD) of the individual processes, 𝑆1(𝑓)̅ and 

𝑆2(𝑓)̅, on the diagonal, and the cross-PSDs between the two processes, 𝑆12(𝑓)̅ and 𝑆21(𝑓̅) = 𝑆12
∗ (𝑓)̅, out of the 

diagonal. Given the PSD matrix, it is possible to introduce a spectral measure of total dependence between 𝑌1 and 𝑌2 

as (Chen et al., 2006)  

 
𝑓𝑌1,𝑌2

(𝑓)̅ = 𝑙𝑛 (
𝑆1(𝑓)̅𝑆2(𝑓)̅

|𝑺(𝑓̅)|
) . (7) 

The measure defined in (7) is important because it is linked to the time-domain measure of total dependence given 

in (3) by the relation (Chicharro, 2011; Geweke, 1982) 

 

𝐹𝑌1,𝑌2
= 2 ∫ 𝑓𝑌1,𝑌2

(𝑓)̅𝑑𝑓̅

1
2

0

 , (8) 

which evidences how the total coupling between 𝑌1  and 𝑌2  can be expanded in the frequency domain, and thus 

associated to specific oscillations occurring at the same frequency in the two processes. 

An expansion similar to (8) holds for the measures of directed interaction defined in (4). In fact, the measures 

of spectral Granger causality from 𝑌𝑖 to 𝑌𝑗, defined as (i,j=1,2) (Geweke, 1982) 

 
𝑓𝑌𝑖→𝑌𝑗

(𝑓)̅ = 𝑙𝑛 
𝑆𝑗(𝑓̅)

𝜎𝑗
2|𝐻𝑗𝑗(𝑓̅)|

2  , (9) 

satisfy the expansion (Chicharro, 2011) 
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𝐹𝑌𝑖→𝑌𝑗
= 2 ∫ 𝑓𝑌𝑖→𝑌𝑗

(𝑓̅)𝑑𝑓̅

1
2

0

  , (10) 

thus showing that the time-domain Granger causality measure is retrieved by integrating the spectral measure over 

the whole frequency axis. Moreover, the spectral measure defined as 

 
𝑓𝑌1⋅𝑌2

(𝑓̅) ≡ 𝑙𝑛 
𝜎2

2|𝐻22(𝑓)̅|
2

𝜎1
2|𝐻11(𝑓)̅|

2

|𝑺(𝑓)̅|
 (11) 

satisfies by construction a decomposition similar to (5), i.e. 

 𝑓𝑌1,𝑌2
(𝑓)̅ = 𝑓𝑌1→𝑌2

(𝑓̅) + 𝑓𝑌2→𝑌1
(𝑓)̅ + 𝑓𝑌1⋅𝑌2

(𝑓)̅  , (12) 

providing the frequency-domain equivalent of the time-domain decomposition of the total coupling between 𝑌1 and 

𝑌2. Considering the decomposition (5) and the expansions (8) and (10), it is easy to show that the measure (11) 

appears in the expansion of the time-domain measure of instantaneous interaction (6), i.e. 

 

𝐹𝑌1⋅𝑌2
= 2 ∫ 𝑓𝑌1⋅𝑌2

(𝑓̅)𝑑𝑓̅

1
2

0

  ; (13) 

however, this measure cannot be intended as measuring instantaneous effects between the two processes in the 

frequency domain, because it can be non-zero even when instantaneous effects are absent (i.e., when 𝐹𝑌1⋅𝑌2
= 0). 

This also means that 𝑓𝑌1⋅𝑌2
 can take negative values at some frequencies 𝑓̅, and thus its physical meaning is not 

straightforward. Since the formulation (11) depends on the two transfer functions 𝐻12 and 𝐻21, and reduces to the 

time-domain measure (6) when 𝐻12(𝑓)̅ = 𝐻21(𝑓)̅ = 0 , we interpret the spectral measure 𝑓𝑌1⋅𝑌2
 as reflecting a 

mixing of the directed interactions between 𝑌1 and 𝑌2 which contains the effects that cannot be ascribed exclusively 

to one of the two causal directions. The “mixing effects” can be assessed as redundant at the frequency 𝑓 ̅when the 

sum of the two directed effects exceeds the total effect, 𝑓𝑌1,𝑌2
(𝑓̅) < 𝑓𝑌1→𝑌2

(𝑓)̅ + 𝑓𝑌2→𝑌1
(𝑓)̅ ⇒ 𝑓𝑌1⋅𝑌2

(𝑓)̅ < 0), and as 

synergistic when the sum of the two directed effects is lower than the total effect, 𝑓𝑌1,𝑌2
(𝑓)̅ > 𝑓𝑌1→𝑌2

(𝑓)̅ +

𝑓𝑌2→𝑌1
(𝑓̅) ⇒ 𝑓𝑌1⋅𝑌2

(𝑓̅) > 0. 

 

2.2. Linear interaction measures from parametric models with instantaneous effects 

2.2.1. Time domain measures 

 

The strictly causal model introduced in Sect. 2.1 cannot account for instantaneous correlations, i.e. correlations 

occurring at the same time between the two analyzed processes. In fact, effects between the variables 𝑌1(𝑛) and 

𝑌2(𝑛)  are not described by any coefficient in (1), and are indeed translated into a correlation between the 

innovations, resulting in a non-diagonal covariance matrix 𝜮. As an alternative to (2), the bivariate process 𝒀(𝑛) can 

be described including instantaneous effects into the interactions allowed by the model (Faes et al., 2013a), leading 

to the representation 

 

𝒀(𝑛) = ∑ 𝑩(𝑘)𝒀(𝑛 − 𝑘) + 𝑾(𝑛)

𝑝

𝑘=0

 , (14) 

where the set of coefficients now includes those modeling instantaneous effects collected in the matrix 𝑩(0) and 

𝑾(𝑛) contains the two innovation processes of the extended model. Since instantaneous correlations are now 

modeled through 𝑩(0) , the innovations processes have a diagonal covariance matrix 𝚲 = 𝔼[𝑾(𝑛)𝑾𝑇(𝑛)] =
𝑑𝑖𝑎𝑔{𝜆𝑖

2}.  

The procedure to identify the model (14) is as follows. Knowing 𝑩(0), it is possible to compute a so-called 

mixing matrix 𝑳 = [𝑰 − 𝑩(0)]−1 and from it to derive the parameters of the extended model (14) from those of the 
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strictly causal model (1) as 𝑩(𝑘) = 𝑳−1𝑨(𝑘), 𝚲 = 𝑳−1𝜮(𝑳−1)𝑇 (Faes et al., 2013a). The matrix of instantaneous 

effects is obtained solving the instantaneous model 𝑼(𝑛) = 𝑳𝑾(𝑛) to get the mixing matrix 𝑳; this task is typically 

performed imposing a causal order for the instantaneous effects and then following a permutation procedure that 

involves application of the Cholesky decomposition (Faes et al., 2013a). Here it is important to stress that this 

approach requires that instantaneous effects are imposed along a given direction (e.g., from 𝑌2(𝑛) to 𝑌1(𝑛), allowing 

𝑏12(0) ≠ 0 ) and are neglected along the opposite direction (from 𝑌1(𝑛)  to 𝑌2(𝑛) , forcing 𝑏21(0) = 0 ). This 

condition for identifiability of the extended model implies that the direction of zero-lag effects can be set in a 

plausible way. Conversely, the extended model (14) cannot be identified unequivocally, and the strictly causal 

model (1) should be used to model the bivariate process. 

Similarly to what observed in Sect. 2.1.1, also for the extended representation it is possible to describe the 

individual dynamics of each process with simple AR models like those defined in (2). Then, the framework for 

studying the dependences between the two analyzed processes can be extended to the representation with 

instantaneous effects. In particular, extended Granger causality measures quantifying the directed interaction 

between the two processes can be defined as (Schiatti et al., 2015) 

 
𝐺𝑌1→𝑌2

=𝑙𝑛  (
𝜎̃2

2

𝜆2
2 ) , 𝐺𝑌2→𝑌1

=𝑙𝑛  (
𝜎̃1

2

𝜆1
2 ).  (15) 

In addition, measures of total and instantaneous dependence between 𝑌1 and 𝑌2 , 𝐺𝑌1,𝑌2
 and 𝐺𝑌1⋅𝑌2

, can be defined 

following the reasonings that lead to (3) and (6). The measure of instantaneous dependence is null, i.e. 𝐺𝑌1⋅𝑌2
= 0, 

because the instantaneous effects are moved to the model coefficients and the innovation covariance is diagonal 

(|𝚲| = 𝜆1
2𝜆2

2) (Faes et al., 2013a); moreover, moving the instantaneous effects does not alter the total dependence, 

i.e. 𝐺𝑌1,𝑌2
= 𝐹𝑌1,𝑌2

, because the determinant of the innovation covariance is preserved (|𝚲| = |𝜮|). As a consequence, 

when the bivariate process is represented through an extended AR model, the decomposition of the total dependence 

simplifies to  

 𝐺𝑌1,𝑌2
= 𝐺𝑌1→𝑌2

+ 𝐺𝑌2→𝑌1
 , (16) 

which shows how the overall interaction between 𝑌1 and 𝑌2 can be expressed as the sum of the causal interactions 

along the two directions, where the direction 𝑌1 → 𝑌2 accounts for both zero-lag and time-lagged effects and the 

direction 𝑌2 → 𝑌1 accounts for time-lagged effects only. 

 

2.2.2. Frequency domain measures 

 

Using the same notations as in Sect. 2.1.2, the frequency-domain representation of the extended model (16) is 

𝒀(𝑓̅) = 𝑮(𝑓)̅𝑾(𝑓)̅ , where 𝑮(𝑓̅) = [𝑰 − 𝑩(𝑓)̅]−1  and 𝑩(𝑓̅) = ∑ 𝑩(𝑘)𝑒−𝑗2𝜋𝑓̅𝑘𝑝
𝑘=0 . From these formulations, the 

PSD matrix can be written as 𝑺(𝑓)̅ = 𝑮(𝑓)̅𝚲𝑮∗(𝑓)̅, from which the spectral measure of total dependence between 

𝑌1 and 𝑌2 takes the same form as in (7), i.e. we have 𝑔𝑌1,𝑌2
(𝑓̅) = 𝑓𝑌1,𝑌2

(𝑓)̅. Indeed, the extended representation leads 

to the same PSDs 𝑆1(𝑓)̅, 𝑆2(𝑓)̅, and to the same cross-PSDs 𝑆12(𝑓)̅, 𝑆21(𝑓̅). The difference with the strictly causal 

representation stands in how the PSDs are factorized, which leads to different frequency-domain causality measures. 

Specifically, extended measures of spectral Granger causality from 𝑌𝑖 to 𝑌𝑗, i,j=1,2, can be defined in analogy to (9) 

as 

 
𝑔𝑌𝑖→𝑌𝑗

(𝑓̅) = 𝑙𝑛 
𝑆𝑗(𝑓)̅

𝜆𝑗
2|𝐺𝑗𝑗(𝑓̅)|

2  , (17) 

and an extended spectral measure of the mixing between the two spectral directed interactions can be defined in 

analogy to (11) as 

 
𝑔𝑌1⋅𝑌2

(𝑓̅) ≡ 𝑙𝑛 
𝜆2

2|𝐺22(𝑓̅)|
2

𝜆1
2|𝐺11(𝑓)̅|

2

|𝑺(𝑓)̅|
 . (18) 
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The measures defined in (17) and (18) satisfy the spectral integration property stated in (10) and (13). Specifically, 

for the measures of directed interaction we have 𝐺𝑌𝑖→𝑌𝑗
= 2 ∫ 𝑔𝑌𝑖→𝑌𝑗

(𝑓̅)𝑑𝑓̅0.5

0
, which connects the time- and 

frequency-domain representations of the concept of extended Granger causality; regarding the mixing measure we 

note that, since 𝐺𝑌1⋅𝑌2
= 0, the spectral integration property indicates that ∫ 𝑔𝑌1⋅𝑌2

(𝑓)̅𝑑𝑓̅0.5

0
= 0. Combining (17) and 

(18) and considering (7), it is easy to show that the decomposition (12) holds also using the extended spectral 

functions, i.e.  

 𝑔𝑌1,𝑌2
(𝑓̅) = 𝑔𝑌1→𝑌2

(𝑓̅) + 𝑔𝑌2→𝑌1
(𝑓)̅ + 𝑔𝑌1⋅𝑌2

(𝑓̅)  , (19) 

showing also for the extended representation that the measure defined in (18) provides information about the 

redundant (𝑔𝑌1,𝑌2
< 𝑔𝑌1→𝑌2

+ 𝑔𝑌2→𝑌1
⟺ 𝑔𝑌1⋅𝑌2

< 0) or synergistic (𝑔𝑌1,𝑌2
> 𝑔𝑌1→𝑌2

+ 𝑔𝑌2→𝑌1
⟺ 𝑔𝑌1⋅𝑌2

> 0) nature 

of the mixing between the two causal interactions assessed by 𝑔𝑌1⋅𝑌2
. 

 

2.3. Experimental protocol and data analysis 

2.3.1. Subjects and experimental protocol 

The analyzed data belong to an historical database previously employed to study cardiovascular and 

cerebrovascular control responses to orthostatic challenge in individuals susceptible to develop postural syncope 

(Bari et al., 2016; Faes et al., 2013c; Gelpi et al., n.d.). Thirteen subjects (age: 28 ±9 yrs; 5 males) prone to syncope 

(SYNC) and thirteen age and gender-matched control individuals (nonSYNC, age: 27 ± 8 yrs; 5 males) were 

analysed in this study. SYNC individuals were subjected to more than three unexplained events of syncope in the 

previous two years, and the event could be reproduced in laboratory via head-up tilt testing. Subjects were enrolled 

at the Neurology Division of Sacro Cuore Hospital, Negrar, Italy. Each subject provided informed consent to the 

experimental protocol, which conformed to the principles of the Declaration of Helsinki for medical research 

involving humans and was approved by the local Ethical Committee. Before participating to the experiment, 

subjects avoided drinking caffeine or alcohol-beverage for 24 h, and no individuals of both groups were taking 

medications affecting cardiovascular control. Head-up tilt test was carried out in a controlled environment, with 

constant temperature, and subjects laying on a tilt table supported by two belts at the level of thigh and waist, and 

with feet in contact with the footrest of the table. After laying on the table, the subjects waited for 5 minutes for 

stabilization of the physiological parameters. Signal acquisition was then carried out for 10 min in the resting supine 

position, followed by head-up tilt test with tilt table inclination of 60° lasting for maximum 40 min. Prolonged tilt 

induced signs of vasovagal presyncope in all SYNC subjects with different timings (i.e. progressive hypotension and 

reflex bradycardia leading to partial loss of consciousness). When these signs were reported, the subject was 

returned to the resting position and a spontaneous recovery occurred. Conversely, no presyncope signs were 

reported in any of the nonSYNC subjects. Further details on the experimental protocol can be found in (Bari et al., 

2016; Faes et al., 2013c; Gelpi et al., n.d.). 

 

2.3.2. Measurement of physiological time series 

The acquired data consisted of surface electrocardiogram (ECG) (lead II), continuous photoplethysmographic AP 

measured using a volume-clamp device from the middle finger of the right hand (Finapres Ohmeda, Medical 

Systems, Enschede, The Netherlands) and cerebral blood flow velocity measured from the middle cerebral artery 

through a transcranial Doppler device (Multi-Dop T, Dwl, 2MHz, Compumedics, San Juan Capistrano, CA, USA). 

CBFV was investigated in both right and left middle cerebral arteries, but only one signal was then used for 

obtaining the corresponding time series, on the basis of its quality and signal-to-noise ratio. The signals were 

acquired synchronously at a sampling rate of 1 kHz.  

Cardiovascular and cerebrovascular variability time series were extracted according to the procedure described in 

the following. A template matching algorithm was employed to detect the QRS complexes and locate the R peaks 

from ECG signals, in order to calculate HP values as the temporal distance between two consecutive R peaks, i.e. R-
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R intervals (Bari et al., 2016). A manual correction procedure was followed to mitigate the effects of ectopic or 

isolated arrhythmic beats or missing events using linear interpolation between the closest unaffected values (Gelpi et 

al., n.d.). The k-th SAP was defined as the maximum value within the corresponding HP. A low-pass sixth-order 

Butterworth filter with cut-off frequency of 10 Hz was applied to the CBFV signal. For the analysis of 

cerebrovascular variability, values of mean AP (MAP) and CBFV were computed respectively integrating the 

waveform of the sampled pressure and velocity signals within each detected diastolic pulse interval (i.e. the time 

interval between two consecutive minimum AP values), divided by the duration of the interval itself (Gelpi et al., 

n.d.). The beat-to-beat variability series of HP, SAP, MAP and mean CBFV, herein referred respectively as H, S, M, 

and F, were then produced as the sequences of consecutive values collected during three stationary time windows of 

length N=250 beats (Bari et al., 2016; Gelpi et al., n.d.) in the following physiological conditions: (i) supine rest (R); 

(ii) early tilt (ET), starting after the onset of the head-up tilt maneuver, excluding transient change of the 

physiological variables; and (iii) late tilt (LT), starting at least 5 minutes after the onset of the head-up tilt maneuver 

for nonSYNC subjects, or selected as the last stationary window terminating just before the progressive hypotension 

and reflex bradycardia that mark the beginning of presyncope (16 ± 8 min after the head-up tilt) for SYNC subjects 

(Faes et al., 2013c). 

2.3.3. Data analysis 

Standard time-domain statistical parameters such as mean (μ) and variance (σ2) were computed on the H, S, M 

and F time series measured for each subjects and experimental condition; the corresponding symbols and 

measurement units are μH [ms], σ2
H [ms2], μS [mmHg], σ2

S [mmHg2], μM [mmHg], σ2
M [mmHg2], μF [cm·s-1], and σ2

F 

[cm2·s-2]. 

The linear interaction measures described in Sections 2.1 and 2.2 were applied to the time series measured for 

each subject and condition as follows. Each series was first de-trended with an AR high-pass filter with zero phase 

(cutoff frequency 0.015 cycles/beat) (Nollo et al., 2000). Then, a bivariate AR model was fitted separately on each 

pair of HP and SAP series to study cardiovascular interactions, and on each pair of MAP and CBFV series to study 

cerebrovascular interactions. In the first case, the strictly causal model (1) with 𝑌1 = 𝑀 and 𝑌2 = 𝐹 was used, since 

the overlap between the time of measurement of the n-th MAP sample and the n-th CBFV sample did not allow 

unambiguous setting of instantaneous effects. In the second case, the extended model (14) with 𝑌1 = 𝐻 and 𝑌2 = 𝑆 

was used, allowing - in accordance with the measurement convention depicted in Fig. 1 - the presence of 

instantaneous effects in the direction from SAP to HP (i.e., setting 𝑏12(0) ≠ 0 and 𝑏21(0)  =  0 as a constraint for 

model identification), to account for fast (within-beat) baroreflex influences.  

a)

ECG
H(n) H(n+1)H(n-1)

b)

AP S(n)

c)

CBFV

M(n)

F(n)

1 sec
 

Fig. 1. Measurement of beat-to-beat variability series from exemplary tracings of the ECG, AP and CBFV signals. At the n-th cardiac beat, the 

heart period H(n) is measured as the ECG R-R interval (a), the SAP value S(n) and the MAP value M(n) are measured respectively as the 

maximum arterial pressure inside H(n) and as the mean arterial pressure within the diastolic pulse interval related to the cardiac period (b), and 

the mean CBFV F(n) is measured as the mean value of the transcranial Doppler ultrasonography signal sampled between its two minima related 

to the cardiac period (c). 
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Model identification was performed via the vector least-squares approach, setting the model order p according to 

the multivariate version of the Akaike Information Criterion (AIC) for each subject (with maximum model order  

equal to 8) (Akaike, 1974). After AR identification, computation of the time- and frequency-domain interaction 

measures was performed from the estimated model parameters and spectra of the processes. Spectral analysis was 

carried out assuming the series as uniformly sampled with the mean heart period 〈HP〉 taken as the sampling period, 

so that the Nyquist frequency in each spectral representation was taken as 
𝑓𝑠

2
=

1

2〈𝐻𝑃〉
 (Pernice et al., 2021). 

Frequency-specific measures were obtained integrating the spectral measures within predefined bands. In 

cardiovascular analysis, the measures were averaged within the low frequency (LF) band of the spectrum (LF, 0.04-

0.15 Hz) (Force, 1996) to minimize the effects of non-baroreflex mechanisms on the assessed measures and to avoid 

the confounding effects of respiration on SAP and HP, which are confined in the high frequency band (Krohova et 

al., 2019; Pernice et al., 2021; Porta et al., 2002): In cerebrovascular analysis, the measures were averaged within 

the LF band conventionally adopted for studying MAP-CBFV spectral interactions (0.07-0.2 Hz) (Claassen et al., 

2016). An example of time series and computation of the spectral measures for a representative subject is illustrated 

in Figs. 2 (cardiovascular time series and measures) and 3 (cerebrovascular time series and measures). 
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Fig. 2. (a) Example of H and S time series for a representative nonSYNC subject in the late tilt condition; (b) example of frequency domain 

spectral analysis of baroreflex (S→H) and feedforward (H→S) using the extended model; on the left: total linear dependence computed from Eq. 

(19) (blue continuous line); in the middle: instantaneous term computed from spectral decomposition (Eq. 18); on the right: extended measures of 
spectral Granger causality along the baroreflex (blue dashed line) and the mechanical feedforward (red dashed line) computed from Eq. 17. Grey 

area indicates the LF band (0.04-0.15 Hz) used for cardiovascular analysis. For the exemplary subject, model order was p=7, time domain 

measures: 𝐺𝐻,𝑆 =  0.5827,  𝐺𝐻→𝑆 =  0.1806, 𝐺𝑆→H  = 0.4026 , 𝐺𝐻⋅𝑆  =  0; spectral values integrated within the LF band: 𝑔𝐻,𝑆(LF) =  1.5287, 

𝑔𝐻→𝑆 (LF) =  0.7525, 𝑔𝑆→H (LF) = 1.2103  , 𝑔𝐻⋅𝑆 (LF) =  −0.4341. 

2.3.4. Statistical analysis 

The distributions of the computed indices were tested for normality using the Anderson-Darling test (Anderson 

and Darling, 1952; Yap and Sim, 2011). Since the hypothesis of normality was rejected for most distributions, and 

given the small sample size (Dwivedi et al., 2017), non-parametric tests were employed. For any given group 

(SYNC and nonSYNC), the non-parametric one-way Friedman test (Cleophas and Zwinderman, 2016) was 

employed to assess the statistical significance of the differences in the median of the distributions among groups 

followed, in case of rejection, by a post-hoc pairwise comparison carried out through the paired Wilcoxon non-
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parametric test with Bonferroni-Holm correction for multiple comparison (n=3) (Dinno, 2015) to assess the 

differences between pairs of distributions (R vs ET, R vs LT, ET vs LT). Additionally, the statistical significance of 

the differences between the two groups (SYNC vs nonSYNC) in a given condition (i.e. rest, early or late tilt) was 

assessed using the non-parametric Mann-Whitney test. All statistical tests were carried out with 5% significance 

level. 
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Fig. 3. (a) Example of M and F time series for a representative nonSYNC subject in the late tilt condition; (b) example of frequency domain 

spectral analysis using strictly causal model; on the left: total linear dependence computed from Eq. (12); in the middle: instantaneous term 
computed from Geweke spectral decomposition (Eq. 11); on the right: measures of spectral Granger causality along the flow-to-pressure link 

(blue dashed line) and the pressure-to-flow link (red dashed line) computed from Eq. (9). Grey area indicates the LF band (0.07-0.2 Hz) used for 

cerebrovascular analysis. For the exemplary subject, model order was p=7, time domain measures: 𝐹𝑀,𝐹 = 0.6439, 𝐹𝑀→𝐹 = 0.0843, 𝐹𝐹→M  =
0.2659  , 𝐹𝑀⋅𝐹  = 0.2937; spectral values integrated within the LF band: 𝑓𝑀,𝐹(LF) =  0.3857,  𝑓𝑀→𝐹 (LF) =  −0.0555  , 𝑓𝐹→M (LF) = 0.9286, 

𝑓𝑀⋅𝐹  (LF) =  −0.4874. 

 

3. Results 

3.1. Cardiovascular variability analysis 

Table 1 reports the time-domain statistical parameters, i.e. the mean 𝜇 and the variance 𝜎2, extracted from the HP 

and SAP series considered in the cardiovascular variability analysis applied to nonSYNC and SYNC subjects during 

supine rest, early tilt and late tilt conditions. Compared to R, a statistically significant drop of the mean HP was 

observed during ET and LT in both nonSYNC and SYNC subjects; in SYNC patients there was also a significant 

decrease of 𝜇𝐻  while comparing ET with LT. In both SYNC and nonSYNC, the mean SAP did not change 

significantly across conditions. As regards the variability of the two time series, we found significant modifications 

elicited during tilt in subjects prone to develop orthostatic syncope. Specifically, in SYNC subjects the variance of 

HP decreased significantly during ET and LT compared to R, and the variance of SAP increased significantly during 

LT compared with R and with ET. The variance of SAP also increased significantly in nonSYNC controls in both 

ET and LT compared with R. 
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Fig. 4 shows the results of the time domain analysis of baroreflex and feedforward interactions between HP and 

SAP time series, performed for the two groups in the three analyzed conditions. We remark that the time domain 

measures of total (𝐺𝐻,𝑆) and causal (𝐺𝐻→𝑆, 𝐺𝑆→𝐻) linear dependence correspond to the equivalent frequency domain 

measures integrated over the whole frequency axis, and that instantaneous causality is absent (𝐺𝐻⋅S = 0) because 

zero-lag effects are assigned to the direction SAP→HP using the extended AR model. In both groups, the total 

coupling decreased significantly while moving from LT to ET (Fig. 4a); in SYNC subjects the index was also 

significantly lower during LT than during R. The decrease in total coupling was mainly determined by a lower 

interaction along the feedforward direction from HP to SAP, as documented by the significant decrease of 𝐺𝐻→𝑆 

during LT compared to R in both groups, and during LT compared to ET in nonSYNC subjects (Fig. 4b). In SYNC 

subjects, the linear interaction along the baroreflex direction from SAP to HP decreased significantly moving from 

ET to LT (Fig. 4c). 

 
Table 1. Time domain parameters: mean 𝜇 and variance 𝜎2 of H (𝜇𝐻, 𝜎2

𝐻) and S (𝜇𝑆, 𝜎2
𝑆) time series in subjects without history of recurrent 

postural syncope (nonSYNC), and in subjects with history of recurrent postural syncope (SYNC), during the three phases of the protocol (R, ET 

and LT conditions). Statistically significant differences (p<0.05): *, R vs. ET and R vs. LT; #, ET vs. LT. No statistically significant differences 

are detected between groups (nonSYNC vs. SYNC) for a given condition. 

 

 nonSYNC SYNC 

 R ET LT R ET LT 

𝝁𝑯 [𝒎𝒔] 848.54 ± 188.26  672.33 ± 107.87 * 672.08 ± 133.39 * 911.07 ± 144.04 740.12 ± 107.73 * 
633.95 ± 110.75 *  

# 

𝝈𝑯
𝟐  [𝒎𝒔𝟐] 

1793.76 ± 

1732.49 

1311.33 ± 

1021.69 891.43 ± 474.46 

3124.11 ± 

2897.07 

1692.62 ± 

1468.53 * 

1103.08 ± 

1167.54 * 

𝝁𝑺 [𝒎𝒎𝑯𝒈] 140.02 ± 28.05 136.08 ± 17.90 128.82 ± 16.81 125.10 ± 21.41 138.52 ± 23.016 127.34 ± 23.32 

𝝈𝑺
𝟐[𝒎𝒎𝑯𝒈𝟐] 19.54 ± 13.50 30.95 ± 24.96 * 31.79 ± 21.59 * 18.40 ± 16.86 26.54 ± 13.36 35.26 ± 16.60 *  # 
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Fig. 4. Time-domain analysis of cardiovascular interactions. Plots depict the distributions across subjects, shown as individual values and box-

plot distributions, of the total linear interaction between HP and SAP (a), and of the directed interaction from HP to SAP (b) and from SAP to HP 

(c), computed at rest (R, left bars and green circles) and during head-up tilt (ET, middle bars and red circles; LT, right bars and blue circles). 

Statistically significant differences: *, R vs. ET and R vs. LT; #, ET vs. LT. No statistically significant differences are detected between groups 

(nonSYNC vs. SYNC) for a given condition. 

The results of the frequency domain analysis of cardiovascular interactions are reported in Fig. 5. All spectral 

measures were averaged within the LF band of the spectrum, quantifying the total information shared in this band 

between HP and SAP (𝑔𝐻,𝑆(LF)), the information transferred along the two causal directions (𝑔𝐻→𝑆(LF), 𝑔𝑆→𝐻(LF)), 

and the information related to the mixing between the two directions (𝑔𝐻∙𝑆(LF)). The significant changes observed in 

the total coupling measure integrated over all frequencies (Fig. 4a) were observed when focusing on the LF band 

only for the nonSYNC subjects, for which the measure 𝑔𝐻,𝑆(LF) increased significantly moving from R to ET, and  
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decreased significantly moving from ET to LT; the measure did not change significantly in SYNC subjects (Fig. 5a). 

These trends are mainly linked to the modifications of the mixing term 𝑔𝐻∙𝑆(LF), which indeed increased from R to 

ET and decreased from ET to LT in nonSYNC subjects but not in SYNC subjects (Fig. 5c). The linear interaction 

from HP to SAP showed a tendency to decrease progressively moving from R to ET and LT, but the decrease was 

statistically significant only comparing LT and R in SYNC subjects (Fig. 5b). On the contrary, the linear interaction 

from SAP to HP increased markedly while moving from R to ET in both groups, and moving from ET to LT in 

SYNC (Fig. 5d). 
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Fig. 5. Frequency-domain analysis of cardiovascular interactions performed integrating the spectral measures within the low frequency band (LF, 

0.04-0.15 Hz). Plots depict the distributions across subjects, shown as individual values and box-plot distributions, of the LF values obtained for 

the total linear interaction between HP and SAP (a), the directed interaction from HP to SAP (b), the mixing between the two interactions (c), and 

the directed interaction from SAP to HP (d), computed at rest (R, left bars and green circles) and during head-up tilt (ET, middle bars and red 

circles; LT, right bars and blue circles). Statistically significant differences: *, R vs. ET and R vs. LT; #, ET vs. LT. No statistically significant 

differences are detected between groups (nonSYNC vs. SYNC) for a given condition. 

 

3.2. Cerebrovascular variability analysis 

Table 2 reports the time domain parameters (mean 𝜇  and variance 𝜎2) extracted from the MAP and CBFV 

cerebrovascular series. The mean values of the MAP series were significantly higher during ET and LT compared to 

R in the SYNC subjects, while they did not change significantly in nonSYNC. The mean CBFV decreased 

significantly during the tilt epochs in both groups; while in nonSYNC subjects ET and LT were comparable, in 

SYNC subjects the decrease was progressive from R to ET to LT. The variance of the two series did not change 

significantly across conditions or between groups.  

 
Table 2. Time domain parameters: mean 𝜇 and variance 𝜎2 of M (𝜇𝑀, 𝜎2

𝑀) and F (𝜇𝐹 , 𝜎
2

𝐹 ) time series in nonSYNC, group without history of 

recurrent postural syncope, and SYNC, group with history of recurrent postural syncope, during the three phases of the protocol (R, ET and LT 

conditions). Statistically significant differences (p<0.05): *, R vs. ET and R vs. LT; x, ET vs. LT. No statistically significant differences are 

detected between groups (nonSYNC vs. SYNC) for a given condition. 

 

 nonSYNC SYNC 

 R ET LT R ET LT 

𝝁𝑴 [𝒎𝒎𝑯𝒈] 98.84 ± 17.33 95.16 ± 12.17 92.94 ± 11.61 84.42 ± 13.96 97.16 ± 17.50 * 93.53 ± 15.64 * 

𝝈𝑴
𝟐  [𝒎𝒎𝑯𝒈𝟐] 14.22 ± 14.79 15.38 ± 9.11 14.56 ± 9.46 9.08 ± 6.78 13.61 ± 7.26  15.08 ± 6.99 

𝝁𝑭 [𝒄𝒎 ∙ 𝒔−𝟏] 72.02 ± 23.14 62.12 ± 21.52 * 61.09 ± 15.72 * 64.42 ± 17.25 56.25 ± 17.06 * 48.12 ± 18.06 * # 

𝝈𝑭
𝟐[𝒄𝒎𝟐 ∙ 𝒔−𝟐] 12.74 ± 8.20 20.42 ± 11.42 * 15.42 ± 10.38 34.67 ± 72.69 41.56 ± 95.99 32.20 ± 56.31 
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The results of time domain analysis of cerebrovascular interactions are depicted in Fig. 6. Besides the measures 

of total (𝐹𝑀,𝐹) and causal (𝐹𝑀→𝐹, 𝐹𝐹→𝑀) linear dependence between MAP and CBFV, the figure reports also the 

measure of instantaneous interaction 𝐹𝑀∙𝐹, which is nonzero in this case where the strictly causal AR model was 

adopted to fit the time series (Fig. 6c). The total dependence between the two series showed a tendency to increase 

with tilt (Fig. 6a); the increase was statistically significant only for the SYNC subjects during ET. This tendency was 

supported in SYNC subjects by the significant increase of the linear interaction from MAP to CBFV during ET and 

LT compared to R (Fig. 6b), while the linear interaction along the opposite causal direction (Fig. 6d) and the 

instantaneous interaction were substantially unaffected by tilt (Fig. 6c). In nonSYNC subjects, a tendency towards 

higher values of linear coupling from CBFV to MAP was observed (Fig. 6d), with significantly higher values of 

𝐹𝐹→𝑀 during LT compared to R; the coupling from MAP to CBFV and the instantaneous coupling did not change 

across conditions in this group (Fig. 6b). 
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Fig. 6. Time-domain analysis of cerebrovascular interactions. Plots depict the distributions across subjects, shown as individual values and box-

plot distributions, of the total linear interaction between CBFV and MAP (a), the directed interaction from MAP to CBFV (b), the instantaneous 

interaction between CBFV and MAP (c), and the directed interaction from CBFV to MAP (d), computed at rest (R, left bars and green circles) 

and during head-up tilt (ET, middle bars and red circles; LT, right bars and blue circles). Statistically significant differences: *, R vs. ET and R 

vs. LT; #, ET vs. LT. No statistically significant differences are detected between groups (nonSYNC vs. SYNC) for a given condition. 

 

The results of the frequency domain analysis of cerebrovascular interactions are reported in Fig. 7. The spectral 

measures were averaged within the LF band of the spectrum, quantifying the total information shared in this band 

between CBFV and MAP ( 𝑓𝑀,𝐹(LF) ), the information transferred along the two causal directions ( 𝑓𝑀→𝐹(LF),

𝑓𝐹→𝑀(LF), which can be negative in some cases), and the information related to the mixing between the two 

directions (𝑓𝑀∙𝐹(LF)). When assessed within the LF band, the total coupling (Fig. 7a) exhibits the same behaviour in 

the two groups, i.e. a significant increase during both ET and LT compared to R; in the time domain, such an 

increase was reported only in SYNC individuals during ET (Fig. 6a). The increased cerebrovascular coupling during 

tilt was reflected in its most part by the measure quantifying mixing and instantaneous effects (Fig. 7c), as 

documented by the significantly higher values observed for 𝑓𝑀∙𝐹(LF) during LT in nonSYNC subjects and during 

both ET and LT in SYNC subjects. A statistically significant increase is also detected during LT for the linear 

interaction from CBFV to MAP in nonSYNC subjects (Fig. 7d), and during LT for the linear interaction from MAP 

to CBFV in SYNC subjects (Fig. 7b). 
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Fig. 7. Frequency-domain analysis of cerebrovascular interactions performed integrating the spectral measures within the low frequency band 

(LF, 0.07-0.2 Hz). Plots depict the distributions across subjects, shown as individual values and box-plot distributions, of the LF values obtained 

for the total linear interaction between CBFV and MAP (a), the directed interaction from MAP to CBFV (b), the mixing and instantaneous 

interaction between the two directions (c), and the directed interaction from CBFV to MAP (d), computed at rest (R, left bars and green circles) 

and during head-up tilt (ET, middle bars and red circles; LT, right bars and blue circles). Statistically significant differences: *, R vs. ET and R 

vs. LT; #, ET vs. LT. No statistically significant differences are detected between groups (nonSYNC vs. SYNC) for a given condition. 

 

4. Discussion 

The main findings of this work, which are discussed in detail in Sections 4.1 and 4.2, can be summarized as 

follows: 

 The evaluation of coupling and causality measures within confined frequency bands related to well-defined 

physiological oscillations allows to highlight behaviours related pathophysiological mechanisms which are 

otherwise often hidden in time-domain measures reflecting whole-band interactions. 

 The short-term cardiovascular regulation is enhanced by head-up tilt as a result of a larger baroreflex 

involvement, and is weakened by prolongation of the postural stress, as a result of decreased mechanical effects 

and, in syncope subjects, of an autonomic dysregulation possibly related to baroreflex impairment. 

 The cerebrovascular response to postural stress is reflected by an increased coupling between MAP and CBFV, 

which becomes evident when focusing on LF oscillations (0.07-0.2 Hz) and is determined by a synergistic effect 

of the two causal pathways forming the pressure-flow bidirectional interaction. 

 The directed coupling from MAP to CBFV increased significantly during early head-up tilt in syncope subjects 

but not in healthy controls, suggesting that the postural stress challenges cerebral autoregulation in subjects 

prone to syncope development. 

 The directed coupling from CBFV to MAP increased significantly during late head-up tilt in healthy controls but 

not in syncope subjects, suggesting that the strong activation of the sympathetic system elicited by prolonged 

postural stress may also enhance the observed causal coupling indirectly through its effects on CBFV and on 

MAP. 

4.1. Cardiovascular variability analysis 

The variations observed across conditions for the standard time-domain statistics (Table 1) reflect physiologically 

explainable changes which are expected as a consequence of the orthostatic stress. In particular, the significant i of 

the increase of heart rate (lower 𝜇𝐻) and the increase of the SAP variability (higher 𝜎𝑆
2) observed in both groups 
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during head-up tilt reflect the vagal withdrawal and sympathetic activation generated by the orthostatic stress and 

are driven by the baroreflex response resulting from the blood pressure decrease associated with a drop of central 

blood volume (Furlan et al., 2000; Montano et al., 1994; Porta et al., 2007). Moreover, the further significant 

modifications of these parameters observed during LT highlight the impending dysregulation of the cardiovascular 

function before presyncope, characterized by stronger tachycardia and elevated blood pressure variability (Furlan et 

al., 2019). 

With regard to the time-domain analysis of baroreflex and feedforward interactions based on the considered 

measures of linear dependence, the two groups behaved rather similarly in their response to postural stress, showing 

a significant reduction of the total coupling between HP and SAP during late tilt (Fig. 4). This result indicates that 

the prolongation of the orthostatic stress produces an overall weakening of the closed-loop cardiovascular 

regulation. The decomposition into measures of directed interaction evidenced that the drop is related to the 

HP→SAP direction in both groups, and also to the SAP→HP direction in the subjects prone to orthostatic syncope. 

On the other hand, the time-domain analysis did not document an increase of coupling between SAP and HP moving 

from the resting supine position to the upright position during ET. Such an increase, which is expected from the 

results of a number of previous studies documenting a larger involvement of the baroreflex into the cardiovascular 

regulation exerted during postural stress (Cooke et al., 1999; Faes et al., 2013b; Porta et al., 2011), was observed in 

our work in the trends of the frequency-domain measures of total coupling, mixing and directed coupling from SAP 

to RR computed within the LF band of the spectrum (Fig. 5). In previous studies, it has been related to an increased 

involvement of the baroreflex into cardiovascular regulation consequent to the postural stress (Cooke et al., 1999; 

Faes et al., 2013b; Porta et al., 2011). The fact that this behavior becomes evident only looking at the LF band can 

be explained by the role played by respiration, which affects both SAP and HP acting mostly in the high-frequency 

band (0.15-0.4 Hz) and may act as a confounder of cardiovascular interactions assessed through time-domain 

measures accounting for the whole frequency spectrum (Porta et al., 2012, 2002). 

The main differentiation between the two analyzed groups consisted in the decreased interaction along the 

feedback direction from SAP to HP observed in syncope subjects but not in healthy controls. This result was 

documented both by the time domain analysis (Fig. 4c) and by the spectral analysis restricted to the LF band (Fig. 

5d), and suggests an impairment of the baroreflex control as a symptom of autonomic dysfunction preceding 

postural syncope. This interpretation is in agreement with previous studies indicating that the diminished baroreflex 

involvement could be one of the main mechanisms responsible for the impairment of the cardiovascular control 

associated with syncope development (Mosqueda-Garcia et al., 1997; Nollo et al., 2009). A similar drop of the 

coupling strength along the baroreflex has been detected previously in spontaneous cardiovascular variability 

analyses using both nonlinear information-based techniques (Faes et al., 2013b, 2013c) and linear approaches 

computing the directed coherence in the frequency domain (Faes et al., 2005). 

The linear interaction from HP to SAP decreased moving from rest to tilt and with prolongation of the postural 

stress (Figs. 4b and 5b). This result suggests that feedforward effects, which comprise cardiac autoregulation (e.g., 

the Frank–Starling law) and previously described HP→diastolic arterial pressure→SAP sequence (Javorka et al., 

2017; Porta and Faes, 2013), tend to decrease progressively their contribution to the cardiovascular regulation when 

the orthostatic challenge intensifies. Finally, the term reflecting the mixing between feedback and feedforward 

interactions, evaluated in the LF band of the spectrum, increased with the transition from rest to tilt; the variation 

was statistically significant only for the healthy controls (Fig. 5c). As this term measures the balance between 

redundant and synergistic interactions along the two causal directions, the observed increase suggests that the 

feedback and feedforward arms of the cardiovascular closed-loop explain a lower part of the total interactions 

between the LF oscillations of SAP and HP during tilt than in the resting condition. 

4.2. Cerebrovascular variability analysis 

The variations observed across conditions for the time-domain statistics (Table 2) reflect mechanisms related to 

postural stress and orthostatic intolerance. The reduction of mean CBFV during tilt in both groups is in agreement 

with previous studies demonstrating a mild drop of CBFV in response to orthostatic challenge (Novak, 2016), and 

has been related to cerebral vasoconstriction probably associated with an augmented sympathetic nerve activity 

during lower body negative pressure (LBNP) (Levine et al., 1994; Silvani et al., 2003; Zhang et al., 1998b). The 
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CBFV decrease is even more marked in SYNC patients, likely being the consequence of the so-called “paradoxical 

cerebral vasoconstriction” during tilt contributing to orthostatic vasovagal reactions in patients with presyncope 

(Dan et al., 2002; Grubb et al., 1991; Silvani et al., 2003). In SYNC patients, the increase of the mean MAP values 

during ET and LT and the progressive reduction of CBFV from R to ET and to LT may be related to an impaired 

cerebrovascular autoregulation before the onset of presyncope signs, as previously reported in (Faes et al., 2013c). 

The time-domain analysis of the pressure-to-flow interactions reported in Fig. 6b documented that, while no 

significant changes of the directed coupling from MAP to CBFV were detected in healthy controls, the measure 

increased significantly during both tilt epochs in the syncope patients. The same trends were observed when the 

directed interaction from MAP to CBFV was computed within the LF band (0.07-0.2 Hz), documenting that the 

effect is relevant to this portion of the frequency spectrum (Fig. 7b). The increase of MAP→CBFV causal 

interactions in SYNC subjects suggests that the cerebrovascular autoregulation mechanisms may be impaired during 

tilt in this group. Indeed, cerebral autoregulation aims at maintaining mean CBFV relatively constant in presence of 

modifications of mean arterial pressure (Aaslid et al., 1989; Paulson et al., 1990), thus attempting to preserve a 

certain degree of uncoupling between mean CBFV and MAP in a range of values of MAP as wide as possible. 

Accordingly, an increased causal coupling from MAP to CBFV may be interpreted as an indication of a less 

effective or impaired cerebrovascular autoregulation (Panerai et al., 1998; Zhang et al., 1998a). This result is in line 

with previous findings using Granger causality measures (Schiatti et al., 2015) and transfer entropy measures (Bari 

et al., 2017; Faes et al., 2013c) suggesting that the postural challenge reduces the effectiveness of the 

cerebrovascular control in patients prone to postural syncope. 

Looking at the interactions along the causal direction from CBFV to MAP, the coupling strength shows a 

tendency to increase progressively during postural stress; this tendency was statistically significant only in 

nonSYNC subjects after prolonged stress (Fig. 6d). The same trends were observed when the directed interaction 

from CBFV to MAP was computed within the LF band (0.07-0.2 Hz), documenting that the effect is relevant to this 

portion of the frequency spectrum (Fig. 7d). The physiological interpretation of such results is challenging, also 

given that the mechanisms of cerebrovascular regulation are still not completely understood and likely differ with 

pressure variations (Cipolla, 2009). Even though the influence of sympathetic activity on cerebral blood flow has 

been debated in the literature and often considered negligible under normal conditions (van Lieshout and Secher, 

2008), under very high or very low blood pressure conditions the sympathetic perivascular nerves which innerve 

cerebral arteries may be activated to constrict the inflow tract cerebral vessels (van Lieshout and Secher, 2008). As a 

consequence, we may speculate that the sympathetic activity enhances the observed causal coupling through its 

effects on CBFV and on MAP, according to the Cushing reflex (Saleem et al., 2018). Although the Cushing 

mechanism has been traditionally described in agonic situations as a last resort to prevent brain hypoperfusion by 

increasing blood pressure above the intracranial pressure level possibly augmented due to, for example, cerebral 

haemorrhage, support for the intervention of this mechanism in more physiological and less critical situations has 

been reported as well (Bari et al., 2017; Dickinson and McCubbin, 1963; McBryde et al., 2017; Shanlin et al., 1988). 

However, the possibility that the relevance of the link from CBFV to MAP could be augmented as a mere 

consequence of unaccounted confounding factors could not be completely dismissed without interventions 

manipulating CBF or at least able to modify determinants of this pathway, for example by alpha-adrenergic 

blockade. These findings should be anyway confirmed in larger datasets, also because the same enhancement of the 

information transfer from CBFV to MAP was not clearly documented in previous studies (Bari et al., 2017; Schiatti 

et al., 2015). The differences may be due to the adopted methodology ((Bari et al., 2017) employed transfer entropy, 

and (Schiatti et al., 2015) assigned instantaneous causality to the causal measure) and the difference in the protocols 

((Bari et al., 2017) did not distinguish the tilt epochs, and (Schiatti et al., 2015) did not consider healthy controls). 

The comparison between time-domain measures accounting for whole-band interactions and frequency-specific 

measures computed within the LF band (0.07-0.2 Hz) indicates that the measures of directed interaction behaved 

similarly (Fig. 6b,d vs. Fig. 7b,d), whereas the measures of total coupling and mixing exhibited different patterns in 

response to orthostatic stress (Fig. 6a,c vs. Fig. 7a,c). In fact, while the time-domain measures did not evidence 

marked changes across conditions, the LF measures of total coupling and mixing displayed marked and statistically 

significant increments during the postural stress. This indicates that instantaneous effects between CBFV and MAP 

play an important role in cerebrovascular interactions and may confound -together with interactions occurring 

outside the LF band- the detection of the impact of the postural challenge on cerebral autoregulation. We remark 
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that, according to our results, this impact is the same in SYNC and nonSYNC subjects when it is assessed in terms 

of measures that account for both pathways of the bidirectional interaction between MAP and CBFV; the differences 

between the two groups emerged considering the causal measures as discussed above. 

4.3. Limitations and future developments 

In our statistical analyses, no differences between the two analyzed groups of SYNC and nonSYNC subjects 

were detected. While this result may suggest that any modification of the cardiovascular or cerebrovascular control 

in patients prone to develop syncope is better detectable observing the response to the orthostatic challenge rather 

than comparing different groups, it may be a consequence of the small dataset analyzed. A main limitation of the 

present study concerns indeed the small number of subjects involved, which may affect the robustness of the 

obtained results. Future studies involving more participants should be performed to confirm the results and 

corroborate the interpretations of the current study. 

From a methodological point of view, although our work provides an integrated framework to assess total and 

causal interactions in bivariate time series in both time and frequency domains, it does not provide conclusive 

information about the treatment of instantaneous interactions in the computation of the presented measures. Here, 

instantaneous interactions were assigned to a specific causal direction based on physiological knowledge in the 

cardiovascular analysis, and were left unassigned in the absence of such knowledge in the cerebrovascular analysis. 

Alternative approaches have been explored, including the use of non-Gaussian modelling and independent 

component analysis to set the direction of instantaneous effects without prior knowledge (Faes et al., 2013c; Schiatti 

et al., 2015), and the use of disconnected AR models studied in the frequency domain to provide undirected 

measures of instantaneous causality and extended measures of Granger causality (Nuzzi et al., 2021). Since our 

work confirms that instantaneous effects play a fundamental role in cardiovascular and cerebrovascular variability 

analysis, future studies are envisaged to compare our framework with existing approaches, to assess the agreement 

of these methods in the evaluation of frequency-domain interaction and shed more light on this delicate issue. 

5. Conclusion 

The present work introduced a unified framework for the analysis of pairwise interactions between time series, 

decomposing the overall interaction into directed and instantaneous effects and considering both time- and 

frequency-domain representations. The added value of the framework stands in the tight relation between the 

measures defined in the time and frequency domains, which favors interpretability, and in the possibility to 

incorporate instantaneous influences into one causal direction or leave them isolated in the evaluation of the 

interactions, which brings flexibility. Exploiting these features, we contributed to describe the physiological 

mechanisms involved in the cardiovascular and cerebrovascular regulation in the response to a physiological 

stimulation (i.e., the postural stress) and to the development of an autonomic dysfunction (i.e., the pre-symptoms of 

postural related syncope). In perspective, the combination of time- and frequency-domain measures can help 

elucidating the mechanisms behind the oscillatory rhythms as well as the broadband dynamics of coupled 

physiological variables studied in a variety of physiological conditions and diseased states. 
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