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Abstract. Although the concept of transfer function is
intrinsically related to an input–output relationship, the
traditional and widely used estimation method merges
both feedback and feedforward interactions between the
two analyzed signals. This limitation may endanger the
reliability of transfer function analysis in biological sys-
tems characterized by closed loop interactions. In this
study, a method for estimating the transfer function
between closed loop interacting signals was proposed and
validated in the field of cardiovascular and cardiorespira-
tory variability. The two analyzed signals x and y were
described by a bivariate autoregressive model, and the
causal transfer function from x to y was estimated af-
ter imposing causality by setting to zero the model coeffi-
cients representative of the reverse effects from y to x. The
method was tested in simulations reproducing linear open
and closed loop interactions, showing a better adherence
of the causal transfer function to the theoretical curves
with respect to the traditional approach in presence of
non-negligible reverse effects. It was then applied in ten
healthy young subjects to characterize the transfer func-
tions from respiration to heart period (RR interval) and
to systolic arterial pressure (SAP), and from SAP to RR
interval. In the first two cases, the causal and non-causal
transfer function estimates were comparable, indicating
that respiration, acting as exogenous signal, sets an open
loop relationship upon SAP and RR interval. On the con-
trary, causal and traditional transfer functions from SAP
to RR were significantly different, suggesting the pres-
ence of a considerable influence on the opposite causal
direction. Thus, the proposed causal approach seems to
be appropriate for the estimation of parameters, like the
gain and the phase lag from SAP to RR interval, which
have a large clinical and physiological relevance.
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1 Introduction

Transfer function analysis is a classical engineering tool
developed to describe in the frequency domain the behav-
ior of linear time-invariant systems. Starting from the
knowledge of the input and output signals, it provides a
black box characterization of the system response in terms
of gain and phase shift at different frequencies (Bendat and
Piersol 1986). In cardiovascular variability analysis, this
tool is widely applied to describe the relationship between
different cardiac variables in different frequency bands,
thus focusing on various underlying physiological mech-
anisms. Particularly, the analysis of the transfer function
was used to disclose the complex mechanical and auto-
nomic effects of respiration on heart rate (Saul et al. 1989)
and on arterial pressure (Saul et al. 1991), to investigate
on the phase relationships between arterial pressure and
heart period at the frequency of the Mayer waves (about
0.1 Hz) and at the respiratory frequency (de Boer et al.
1985; Taylor and Eckberg 1996; Wichterle et al. 2000),
and to estimate baroreflex sensitivity from the spontane-
ous variability of systolic pressure and heart rate (Robbe
et al. 1987; Pitzalis et al. 1998; Pinna et al. 2002).

The calculation of the transfer function relies on the
basic assumption that the two signals taken as input and
output of the investigated system interact exclusively in an
open loop, that is, the input may affect the output but the
reverse does not hold. This implicit assumption may be
seriously violated in the field of cardiovascular and car-
diorespiratory variability, where often the analyzed signals
are likely to interact in a closed loop due to the complexity
of the mechanisms involved in the regulation of the car-
diac function. As an example, an important contribution
of the feedforward arm of the regulatory loop between
systolic pressure and heart period has been observed in
humans in addition to the well-known feedback regulation
(Legramante et al. 2001; Nollo et al. 2002). In spite of this,
in the field of cardiovascular/cardiorespiratory variability
transfer function analysis is traditionally performed with-
out accounting for causality, even in presence of a non-
negligible information flow in the opposite direction of
that under investigation.
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The present study proposes a causal approach for the
evaluation of the gain and phase of the transfer function
between two variability series. The approach follows the
procedure proposed by Porta et al. (2002) for the calcu-
lation of the link on a specific causal direction between
two closed loop interacting series. Auto- and cross-spectral
power density functions relevant to the two analyzed series
are calculated by means of bivariate autoregressive model
identification (Kay 1988; Baselli et al. 1997), and the model
coefficients representing the influences of the output over
the input process are set to zero before computing the
calculation of the transfer function. The method is first
validated in comparison with the traditional non-causal
approach on computer simulations reproducing different
open- and closed-loop interactions. It is then applied to
the study of the transfer functions from respiration to sys-
tolic pressure, from respiration to heart period, and from
systolic pressure to heart period in healthy young subjects.
The application allows us to assess, for each analyzed pair
of cardiovascular and cardiorespiratory variability series,
the reliability of the traditional transfer function estima-
tion approach in comparison to the proposed causal one.

2 Theoretical considerations

2.1 Transfer function and coherence analysis

The transfer function analysis of real physiological sys-
tems is based on the simple linear model of Fig. 1 (Bendat
and Piersol 1986), in which the deterministic relationship
between the input and output processes x1 and x2 is cor-
rupted by the noise process n. The linear time-invariant
transformation H is fully characterized in the frequency
domain by the complex transfer function

H (f )= P12(f )

P1(f )
, (1)

where P1(f )and P12(f )are respectively the power spectral
density of the input process and the cross-spectral density
between the input and output processes evaluated at the
frequency f. The modulus and the argument of the trans-
fer function give the gain, G(f ), and the phase shift, �(f ),
between x1 and x2 as a function of frequency, respectively.

The strength of the linear coupling between the pro-
cesses x1 and x2 is usually quantified by means of the mag-
nitude-squared coherence

γ 2 (f )= |P12(f )|2
P1(f )P2(f )

(2)

a real-valued function that ranges from 0, indicating
absence of linear correlation at the frequency f, and 1,
indicating complete correlation at that frequency. As the
coherence is inversely related to the signal-to-noise ratio
at the output of the linear block in Fig. 1 (Faes et al. 2002),
it is blunted when the power of n is high (e.g., in presence
of sources uncorrelated with the input but affecting the
output of the system) or when the power of v is low (e.g.,

Fig. 1. Linear model for the description of the input/output rela-
tionship between two time series. The output series x2 depends on
the input series x1, through the linear transformation H yielding the
series v, and on uncorrelated sources described by the series n

in case of reduced variability of the input signal or low
system gain).

In practical analysis, transfer function and coherence
are derived from the available realizations of the two inves-
tigated processes by providing estimates of the auto- and
cross-spectral density functions involved in (1) and (2).
The two major approaches usually followed are the class-
ical approach, based on the computation of the Fourier
transform of either the windowed data or the windowed
auto- and cross-covariance functions (Priestley 1981;
Pinna and Maestri 2001), and the parametric approach,
based on fitting a linear model to the data and evaluating
the spectral functions from the model after the identifica-
tion procedure (Kay 1988; Baselli et al. 1986). For both
estimation approaches, transfer function and coherence
are obtained by a global analysis which is unable to inform
about the causal relationships occurring between the two
processes under analysis.

2.2 Parametric estimation of spectral density functions

When spectral estimation is performed by the parametric
approach, the interactions between x1 and x2 are modeled
by the bivariate autoregressive (AR) process

x1(t) =
p∑

k=1

a11(k)x1(t −k)+
p∑

k=1

a12(k)x2(t −k)+w1(t)

x2(t) =
p∑

k=0

a21(k)x1(t −k)+
p∑

k=1

a22(k)x2(t −k)+w2(t)

(3)

where w1 and w2 are uncorrelated zero-mean white noises
with variance σ 2

1 and σ 2
2 and p is the model order. Notice

that immediate (not delayed) effects are allowed from x1
to x2 but not from x2 to x1 (i.e., a21(0) �= 0 and a12(0) = 0
in (3)). This restriction is necessary as loops of immedi-
ate effects prevent the identifiability of the bivariate AR
process (Baselli et al. 1997).

To investigate the system properties in the frequency
domain, (3) is transformed to obtain

A (f )X (f )=W (f ) (4)

where X(f )= [X1(f )X2(f )]T and W(f )= [W1(f )W2(f )]T

are respectively the Fourier transforms of the examined
bivariate process and of the bivariate noise process, and
the matrix A(f ) is given by

A (f ) =
(

A11 (f )A12 (f )
A21 (f )A22 (f )

)
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=




1−

p∑
k=1

a11 (k) e−j2πf k −
p∑

k=1
a12 (k) e−j2πf k

−
p∑

k=0
a21 (k) e−j2πf k1−

p∑
k=1

a22 (k) e−j2πf k



 (5)

Rewriting (4) as

X (f )=H (f )W (f ) (6)

we evidence the transfer matrix H(f ), which results as the
inverse of the coefficient matrix A(f ).

Auto- and cross-spectral density functions are obtained
as diagonal and non-diagonal elements of the power spec-
tral density matrix

P (f )=H (f )�H (f )H (7)

where � is the variance matrix of the bivariate noise pro-
cess [w1w2]T, reporting the variance σ 2

i of the white noise
wi on the diagonal and zero out of the main diagonal as
a result of the uncorrelation between w1 and w2.

The auto spectral density functions result

P1 (f )= 1
|A(f )|2

(|A22(f )|2 σ 2
1 +|A12(f )|2 σ 2

2

)

P2 (f )= 1
|A(f )|2

(|A21(f )|2 σ 2
1 +|A11(f )|2 σ 2

2

) (8)

while the cross-spectral density function is

P12 (f ) = 1

|A(f )|2
× (

A22(f )A∗
21(f ) σ 2

1 +A12(f )A∗
11(f ) σ 2

2

)

(9)

2.3 Causal approach to transfer function analysis

The traditional method used to derive the transfer func-
tion and the coherence by the parametric approach is
based on substituting into (1) and (2) the estimated spec-
tral and cross-spectral density functions of (8) and (9).
With this procedure, the resulting coherence is a global
index of coupling merging both the causal paths described
by the coefficients a12 and a21, while the transfer function
may be corrupted by the possible reverse influence of the
output over the input process modeled by the block A12.

To obtain a causal representation of the linear relation-
ship from x1 to x2, the feedback effects are disregarded by
forcing to zero the coefficients of the block A12 (Porta et
al. 2002). In this way, the power spectral matrix becomes

P (f )= 1

|A11(f )A22(f )|2

×
( |A22(f )|2 σ 2

1 A22(f )A∗
21(f ) σ 2

1
A∗

22(f )A21(f ) σ 2
1 |A21(f )|2 σ 2

1 +|A11(f )|2 σ 2
2

)
.

(10)

Consequently, the causal transfer function and the causal
coherence from x1 to x2 are defined by taking as estimates
of auto- and cross-spectral density functions the diagonal
and off-diagonal terms of (10), respectively.

In the following, we will indicate with γ 2
12(f ), G12(f ),

and �12(f ) the coherence, gain, and phase functions
obtained by the traditional non-causal representation giv-
ing the spectral functions in (8) and (9), and with γ 2

1→2(f ),
G1→2(f ), and �1→2(f ) the coherence, gain, and phase
functions obtained by the causal representation giving the
spectral functions in (10).

3 Methods

3.1 Simulations

The ability of the causal approach in estimating the trans-
fer function in different conditions of linear interaction
between two variability series was assessed and compared
with that of the traditional non-causal approach by means
of computer simulations. The adopted simulation scheme
is depicted in Fig. 2a, where [x1 x2] is the investigated bivar-
iate process and w1 and w2 are gaussian white noise pro-
cesses with zero-mean and unitary variance.

In the first simulation, we set H12 = 0 to reproduce a
linear open loop bivariate process. As a consequence, the
input series x1 was a realization of the noise process w1,
while the output series was obtained by the linear trans-
formation H21 corrupted by the noise series w2. The H21
block was realized as a finite impulse response (FIR) filter
with 13 coefficients having the values reported in Fig. 2b.
The modulus of the frequency response of the filter is
shown in Fig. 2d (continuous line). Thanks to the particu-
lar symmetry of the filter coefficients, the phase of the fre-
quency response is a straight line with slope of 12π radians
(Oppenheim and Schafer 1975). In the second simulation,
the backward influence of x2 on x1 was introduced to real-
ize a closed loop bivariate process. The H21 block was left
unchanged, while the H12 block was obtained as a FIR fil-
ter with nine coefficients (see Fig. 2c), having the frequency
response modulus of Fig. 2d (dashed line).

For each simulation, 100 realizations of the bivariate
process [x1 x2], each lasting 1000 samples, were generated.
Auto- and cross-spectral density functions were estimated
by means of the parametric approach, with model order
p = 10. To perform spectral estimations, the bivariate AR
model described by (3) was identified by the least-squares
method, and the model hypotheses (i.e., whiteness and
uncorrelationofthepredictionerrors,evenatzerolag)were
checked for the selected model order (Baselli et al. 1997).
The coherence and the transfer function were then esti-
mated by the traditional non-causal approach and by the
causal approach and averaged over the 100 realizations.

3.2 Real data

To characterize typical cardiovascular and cardiorespi-
ratory transfer functions in physiological conditions, the
proposed method was applied on ten healthy young sub-
jects (four women, 24.7 ± 1.6 years old). Surface ECG
(lead II), finger photopletismographic arterial blood pres-
sure (Finapres, 2300; Ohmeda, Englewood, CO, USA) and
respiratory activity (by differential pressure transducer)
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Fig. 2a–d. Closed loop bivariate process realized for the simulations.
The simulated series x1 and x2 were obtained by the linear model
depicted in a, starting from realizations of the gaussian white noise
processes w1 and w2. The closed loop interactions between the two
series were set by the linear transformations H21 and H12, for which
the time-domain coefficients are shown in b and c and the modulus
of the frequency response is shown in d (continuous line for H21 and
dashed line for H12)

were acquired in the morning in quiet ambience condi-
tions, with subjects lying in a supine position and breath-
ing spontaneously.

All signals were digitized with 1 KHz sampling rate and
12 bit resolution, and offline processed to beat-by-beat
extract the variability series of heart period, systolic arte-
rial pressure (SAP), and sampled respiration. At the i-th
cardiac beat, the heart period t(i) was measured from the
ECG as the temporal interval between two consecutive R
waves (RR interval), while the corresponding SAP and res-
piration values (s(i) and r(i)) were obtained respectively
by taking the local maximum of the arterial pressure sig-
nal inside the RR interval and by sampling the respiratory
tracing in correspondence of the R-wave of the ECG at
the onset of t(i). With this measurement convention s(i) is
contained into t(i), and thus a direct (not delayed) effect
of RR interval on SAP is not possible. Moreover, with

r(i) taken at the onset of t(i), immediate effects (within the
same cardiac beat) from SAP or RR interval to respira-
tion are unlikely. The length of the series selected for the
analysis was set to 300 beats. As the acquired respiratory
signal was not calibrated, the series r was normalized to
allow the comparison among subjects. For each sampled
respiration series, the normalization was performed sam-
ple-by-sample by subtracting the mean and by dividing by
the standard deviation of the series.

In each subject, the transfer functions from respira-
tion to SAP, from respiration to RR interval, and from
SAP to RR interval were estimated by means of para-
metric cross-spectral analysis. To this end, the bivariate
AR model described in (3) was identified for each pair
of variability series. The identification procedure followed
the least-squares method described in Baselli et al. (1997).
The model order selection was performed by the Akaike
criterion for multivariate processes (Akaike 1974), and
the Anderson test (Kay 1988) was used to check for the
whiteness and uncorrelation of the model residuals. The
immediate effects were set according to the presented mea-
surement conventions. After the identification procedure,
coherence, gain and phase were estimated by the tradi-
tional non-causal approach and by the proposed causal
approach. Furthermore, to assess whether the interaction
between the two considered variables is unidirectional or
bidirectional, the existence of a significant coupling in the
direction opposite to that under analysis was tested by
computing the corresponding causal coherence function
as in Porta et al. (2002).

The two major rhythms usually studied in cardiovas-
cular variability analysis are the one occurring at the fre-
quency of the Mayer waves (low frequency (LF), from
0.04 to 0.15 Hz), and that triggered by respiration (high
frequency (HF), ±0.04 Hz around the respiratory rate)
(Pagani et al. 1986). Hence, in the presentation of the
results we considered the values of coherence and trans-
fer function sampled at LF and HF when the interactions
between RR interval and SAP were modeled, and sampled
at HF when the respiratory signal was involved. The statis-
tical significance of the difference between non-causal and
causal estimates of gain and phase evaluated in a given fre-
quency band was assessed by means of the Student’s t-test
for paired data. A p < 0.05 was considered significant.

3.3 Testing the significance of the coupling

The significance of the coupling between two time series
was assessed by means of a statistical test based on a surro-
gate data approach. One hundred pairs of surrogate series
were obtained from the original by the AR fitting proce-
dure (Faes et al. 2004). The original series were separately
AR-fitted (Kay 1988), and the two obtained AR models
were then fed with independent realizations of white noise
to produce the surrogate pairs. The obtained surrogates
preserved the autocorrelation but not the cross-correla-
tion of the original series. The threshold for zero coherence
was then obtained at each frequency as the 95th percentile
of the distribution of the coherence estimated on the surro-
gate pairs. Finally, the link between the two original series
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Fig. 3a–f. Coherence and transfer function estimated from the sim-
ulation model of Fig. 2 by the traditional non-causal approach. The
estimates obtained in open loop condition (H12 = 0) and in closed
loop condition (H12 �= 0) are shown in a, c, e and in b, d, f, respec-
tively. The coherence (a, b), gain (c, d) and phase (e, f) functions are
plotted as mean (continuous lines) ± standard deviation (dotted lines)
over 100 realizations of the simulation. The dashed lines represent the
threshold for significance for the coherence (a, b), and the expected
theoretical curves of gain (c, d) and phase (e, f)

was considered significant if the estimated coherence was
higher than the threshold function. The proposed surro-
gate approach was used for both causal and non-causal
coherence estimation procedures.

4 Results

4.1 Simulation results

Figure 3 reports the curves of coherence, gain, and phase
estimated by the traditional non-causal approach for
the two presented simulation schemes. When the open
loop simulation was considered, both gain (Fig. 3c) and
phase (Fig. 3e) were maintained with respect to their ex-
pected trends. On the contrary, in condition of closed
loop interaction between the two simulated series the
non-causal approach failed in reproducing the theoret-
ical transfer function behavior. Indeed, the estimated
coherence of Fig. 3b shows two distinct peaks with val-
ues significantly higher than the zero-level threshold, and
the corresponding gain (Fig. 3d) and phase (Fig. 3f) func-
tions strongly deviate from the expected curves.

Fig. 4a–f. Coherence and transfer function estimated from the sim-
ulation model of Fig. 2 by the proposed causal approach. The esti-
mates obtained in open loop condition (H12 = 0) and in closed loop
condition (H12 �= 0) are shown in a, c, e and in b, d, f, respectively.
The causal coherence (a, b), gain (c, d) and phase (e, f) functions are
plotted as mean (continuous lines) ± standard deviation (dotted lines)
over 100 realizations of the simulation. The dashed lines represent
the threshold for significance for the causal coherence (a, b), and the
expected theoretical curves of gain (c, d) and phase (e, f)

The results of the application of the proposed causal
approach to the same simulation schemes are illustrated
in Fig. 4. As shown by the very similar shapes of coherence
(Fig. 4a, b), gain (Fig. 4c, d), and phase (Fig. 4e, f) for the
two simulations, the coupling from x1 to x2 was detected
not only in open loop, but also in closed loop condition.
Thus, the use of the causal approach allowed us to repro-
duce, though with a slightly lower fidelity, the expected
transfer function curves even when a reverse relation was
simulated in addition to the direct influence under inves-
tigation.

4.2 Experimental results

Figure 5 reports a representative example of the three dis-
tinct transfer function analyses performed on a healthy
young subject in resting condition. The recorded beat-
to-beat series of respiration, SAP, and RR interval are
shown in Fig. 5a–c. The coherence functions between
respiration and SAP (Fig. 5d) and between respiration
and RR interval (Fig. 5e) show a well-resolved peak
at the respiratory frequency (about 0.3 Hz in this case).
At that frequency, also the causal coherences from res-
piration to SAP (Fig. 5g) and from respiration to RR
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Fig. 5a–q. Estimation of coherence and transfer function by causal
and non-causal approaches in a healthy man in supine position. The
analyzed series of sampled normalized respiration, SAP, and RR are
shown in a, b, and c. Coherence and transfer function are estimated
from respiration to SAP (d, g, l, o), from respiration to RR (e, h, m,
p), and from SAP to RR (f, i, n, q). The coherence (d, e, f, continuous

line) and causal coherence (g, h, i, dashed line) are plotted together
with their threshold for significance (dotted lines). The gain (l, m, n)
and phase (o, p, q) functions are estimated by the non-causal method
(continuous lines) and by the causal method (dashed lines). The circles
indicate the values of gain and phase sampled at LF and HF

interval (Fig. 5h) are largely above the threshold for sig-
nificance. The corresponding values of gain (Fig. 5l, m)
and phase (Fig. 5o, p) estimated at HF by the traditional
non-causal approach and by the proposed causal method
are nearly the same. The coherence between systolic pres-
sure and heart period is significant in both LF and HF
bands (Fig. 5f). Differently, the causal coherence from
SAP to RR interval (Fig. 5i) is above the threshold for
significance only at HF, while it is not significant at LF.
The corresponding causal and non-causal estimates of the
transfer function (gain: Fig. 5n; phase: Fig. 5q) are quite
different at LF, and similar at HF.

The values of traditional and causal transfer functions
from respiration to SAP and from respiration to RR inter-
val, sampled at HF for the ten analyzed subjects, are shown

in Fig. 6 and Fig. 7, respectively. For both transfer func-
tion analyses, the distributions of gain (Figs. 6a and 7a)
and phase (Figs. 6b and 7b) estimated by the causal and
the non-causal approaches were not statistically different
(p = NS). The values of coherence and causal coherence
resulted above the threshold for significance for all sub-
jects. Differently, the causal coherence functions estimated
at HF on the reverse causal direction (i.e., with RR inter-
val or SAP as input and respiration as output) were below
the zero-level threshold in all subjects.

Results concerning the estimation of the transfer func-
tion from SAP to RR interval sampled at LF and HF
are summarized in Fig. 8. The causal gain resulted signifi-
cantly lower than the traditional one in both LF (Fig. 8a)
and HF (Fig. 8c) bands. Similar results were obtained for
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Fig. 6a, b. Values of the transfer function from respiration to SAP
estimated in HF band for the ten analyzed subjects. The gain and
phase obtained by the non-causal approach (Grs and �rs ) and by
the causal approach (Gr→s and �r→s ) are shown in a and b, respec-
tively

Fig. 7a, b. Values of the transfer function from respiration to RR
estimated in HF band for the ten analyzed subjects. The gain and
phase obtained by the non-causal approach (Grt and �rt ) and by the
causal approach (Gr→t and �r→t ) are shown in a and b, respectively

the LF phase, with significantly different values for the
causal and non-causal approaches (Fig. 8b). Differently,
the phase distributions estimated at HF were not statis-
tically different (Fig. 8d). As regards the degree of cou-
pling between RR interval and SAP, in all subjects the
traditional coherence and at least one of the two causal
coherences were above the threshold for significance in
the two analyzed frequency bands. The causal coherence
from SAP to RR interval was significant in four out of ten
subjects at LF (continuous lines in Fig. 8a, b) and in six
out of ten subjects at HF (continuous lines in Fig. 8c, d),
while the causal coherence from RR interval to SAP was
significant in nine out of ten subjects at LF and in six out
of ten subjects at HF. A significant causal coherence in

Fig. 8a–d. Values of the transfer function from SAP to RR estimated
in LF band (a, b) and in HF band (c, d) for the ten analyzed subjects.
The gain and phase obtained by the non-causal approach (Gst and
�st ) and by the causal approach (Gs→t and �s→t ) are shown in a, c
and in b, d, respectively. Dashed lines correspond to subjects for which
the causal coherence from SAP to RR was not significant. *p < 0.05;
**p < 0.01, t-test for paired data

both directions (i.e., a closed loop interaction) was found
in three subjects at LF and in two subjects at HF.

5 Discussion

The traditional method for estimating the linear trans-
fer function between two time series is based on the esti-
mation of their cross-spectral density function (Bendat
and Piersol 1986). A major limitation of this approach is
that the cross-spectral function cannot account for cau-
sality in the description of the link between the two series,
while transfer function analysis assumes that the informa-
tion between the two signals is exchanged on a specific
causal direction. As a consequence, the resulting gain and
phase estimates, that should describe the direct influence
of the input over the output series, may be corrupted by the
possible reverse effects. This limitation, clearly emerging
from (1), (8) and (9), may lead to heavy misinterpretations



397

of the results deriving from transfer function analysis. In
the present study, a causal approach for the evaluation of
the linear transfer function between two time series was
considered as an alternative to the traditional non-causal
method. The proposed method makes use of the tradi-
tional definition of transfer function, and imposes causal-
ity, as suggested by Porta et al. (2002), by switching off the
influences of the output series over the input one before
the computation of the gain and phase functions. In this
way, the transfer function may be correctly estimated even
for closed loop interacting signals since the identification
procedure is carried out in closed loop and by imposing
causality.

The results of the proposed simulations confirmed that
the traditional non-causal approach is not always appro-
priate for estimating the transfer function between two
time series. Indeed, such method produced a reliable trans-
fer function estimate when an open loop relationship from
the input to the output series was set, while, in presence of
a closed loop interaction, the estimated transfer function
strongly deviated from the expected curves. This suggests
that the traditional approach can be safely adopted only
if reverse effects from the signal considered as output to
that considered as input can be reasonably excluded. On
the contrary, the causal transfer function was found to be
reliable independently of the way by which the two investi-
gated series are interacting, as the expected trends of gain
and phase were well reproduced in both open and closed
loop conditions.

As regards the application to real data, we found that
at the frequency of HF oscillations the estimates of the
causal transfer functions from respiration to SAP and to
RR interval were not substantially different from those
calculated by the traditional approach. This result may
be interpreted by considering that in humans respiration
interacts in an open loop way with arterial pressure, mainly
through a mechanical mechanism (De Boer et al. 1987),
and with heart rate, originating the well-known phenom-
enon of respiratory sinus arrhythmia (Hirsch and Bishop
1981). The existence of these open loop interactions was
confirmed by the lack of linear coupling on the reverse
path, as documented by the non-significant values found
for the causal coherence from SAP or RR interval to res-
piration. Thus, the usual technique based on cross-spec-
trum calculation seems adequate to estimate the transfer
function from respiration to other cardiac variables (Saul
et al. 1989, 1991). On the contrary, the estimates of the
transfer function from SAP to RR interval resulted sig-
nificantly different when obtained by the causal and the
non-causal approach, suggesting the absence of a pure
open loop relationship between these two series. Indeed,
in physiological conditions heart rate and arterial pres-
sure are likely to affect each other as a consequence of the
simultaneous feedback baroreflex regulation from SAP to
RR interval and feedforward mechanical influence from
RR interval to SAP (Koepchen 1984). In the present study,
the importance of the contribution of the feedforward path
is evidenced by the high number of subjects showing a sig-
nificant casual coherence from RR interval to SAP. This
result was observed even in an older population in Porta

et al. (2002). Under those circumstances, the traditional
transfer function analysis may produce unreliable results
since the non-negligible reverse effects are incorporated
into gain and phase estimates, while the causal transfer
function should be more dependable as it is focused exclu-
sively on the path from SAP to RR interval. These obser-
vations suggest that the modulus and the phase of the
transfer function from SAP to RR interval derived from
the traditional approach, usually taken as estimates of
the baroreflex gain (Robbe et al. 1987) and of the latency
on the baroreflex path (Cooke et al. 1999), are actually
biased with an error depending on the strength of the
coupling on the reverse causal direction (i.e., from RR
interval to SAP). Particularly, we found that the gain func-
tion sampled in LF and HF bands is overestimated with
respect to that obtained by the proposed causal method
(see Fig. 8). This result agrees with recent studies devel-
oping specific open loop linear parametric models (Porta
et al. 2000; Nollo et al. 2001) showing that gain estimates
derived from the traditional bivariate model may be bi-
ased in presence of other regulatory mechanisms than the
baroreflex. Even the phase function, when estimated via a
non-causal approach, may be unreliable, especially when
used to state which signal precedes the other (Taylor and
Eckberg 1996).

Besides the analysis of the transfer functions, the cal-
culation of traditional and causal coherence functions
allowed us to investigate on the nature of the coupling
between each pair of analyzed variables. The traditional
coherence (Kay 1988) measures the strength of the cou-
pling between the two variables accounting for both
their reciprocal influences, while the causal coherence
(Porta et al. 2002) focuses the coupling analysis on a spe-
cific causal verse. The traditional analysis was exploited
to find out the existence of a significant coupling, and the
causal approach was used to explore directionality in the
coupling, thus allowing the detection of open or closed
loop relationships. In addition, the accurate determina-
tion of the significance of the link between RR interval
and SAP in a given frequency band, either on the tra-
ditional or on the causal coherence, was favored by the
use of a frequency-dependent threshold for zero coher-
ence (Porta et al. 2002; Faes et al. 2004). The traditional
coherence resulted above the zero-level threshold for all
the analyzed interactions and in all subjects, revealing
the existence of a significant link between respiration,
heart period and systolic pressure. In correspondence, the
causal coherence displayed the dominant role played by
respiration in originating the HF oscillations of SAP and
RR interval, as documented by the detected open loop
interactions, and revealed a more complicated pattern of
cooperation between SAP and RR interval due to the pres-
ence of feedforward mechanical and feedback baroreflex
paths sometimes simultaneously active. These results seem
to suggest a reduced importance of the baroreflex contri-
bution of SAP to RR interval with respect to the feed-
forward reverse influence of RR interval on SAP. Such
circumstances should also limit the relevance of charac-
terizing the transfer function from SAP to RR interval in
healthy humans at rest, as the spontaneous variability of
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the heart period could not be entirely related to baroreflex
control mechanisms.

A basic assumption of the present and previous stud-
ies dealing with transfer function analysis is the existence
of a linear relationship between the signals taken as input
and output of the investigated system. It is worth not-
ing that this prerequisite could be often violated in the
application to cardiovascular and cardiorespiratory inter-
relations. For instance, some authors pointed out the
presence of non-linear dynamics underlying the coupling
between heart rate and arterial pressure (Nollo et al. 2002)
or respiration (Hoyer et al. 1998). Hence, transfer func-
tion analysis should be applied only when the presence
of a significant linear interaction between the investigated
processes can be proven. Nevertheless, in specific condi-
tions, such as small variations in the signals and analysis of
the fluctuations in selected bands, the linearity assumption
could be considered at least approximately valid. Several
previous studies based on linear transfer function anal-
ysis have indeed adopted simple but useful models for
the description of the interactions among cardiovascular
and/or cardiorespiratory variables (de Boer et al. 1985;
Robbe et al. 1987; Saul et al. 1991; Taylor and Eckberg
1996; Baselli et al. 1997; Wichterle et al. 2000; Porta et
al. 2002). In this context, the growing body of literature
about the expansion of linear models and the develop-
ment of new non-linear algorithms opens new perspectives
of comparison between these two different approaches.
Particularly, the comparison between the linear causal
analysis and the recently proposed methods of non-linear
and phase synchronization (Palus 1997; Hoyer et al. 1998;
Schafer et al. 1998; Porta et al. 1999) would be very useful
to fully disclose the interrelations occurring in closed loop
interacting processes.

In conclusion, the results of both simulations and
application to real data suggest that the traditional non-
causal approach to transfer function estimation is fully
dependable only when the two analyzed series clearly inter-
act in an open loop, while the presence of a significant
link in the causal direction opposite to that under inves-
tigation may deviate gain and phase estimates from their
true values. As a consequence, the proposed causal trans-
fer function analysis is recommended whenever the open
loop condition cannot be undoubtedly assessed, as is the
case of the interactions between heart period and systolic
pressure. Moreover, we suggest that in this type of inter-
action a reduced link from SAP to RR interval diminishes
the relevance of the transfer function along the baroreflex
path with respect to other mechanisms possibly regulating
the variability of heart rate.
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