
  

 

Abstract— A nonlinear model-free Granger causality 

approach was exploited to quantify the strength of the causal 

relation along cardiac baroreflex and cardiopulmonary 

pathway from spontaneous cardiovascular variabilities during 

head-down tilt (HDT). The analysis was completed through the 

assessment of traditional time and frequency domain 

parameters and cardiac baroreflex sensitivity. We found that, 

while respiratory sinus arrhythmia augmented, the power of the 

systolic arterial pressure variability in the low frequency band 

(i.e. from 0.04 to 0.15 Hz) decreased and cardiac baroreflex 

sensitivity increased, the strength of the causal relation along 

cardiac baroreflex and cardiopulmonary pathway remained 

constant. We conclude that, despite cardiopulmonary 

stimulation and sympathetic inhibition induced by HDT, 

neither cardiac baroreflex nor cardiopulmonary pathway took 

prevalence in governing heart period changes during HDT. 

I. INTRODUCTION  

Head-up tilt unloads baroreflex by reducing venous 
return and central venous pressure, thus leading to a reflex 
sympathetic activation [1,2]. When the dynamical 
interactions among heart period (HP), systolic arterial 
pressure (SAP) and respiratory activity (RESP) variability 
were assessed during head-up tilt, it was found that cardiac 
baroreflex sensitivity (BRS) decreased [2], the strength of 
the causal relation along cardiac baroreflex (i.e. from SAP to 
HP) augmented [3,4] and the coupling along 
cardiopulmonary pathway (i.e. from RESP to HP) decreased 
[4] as a likely consequence of the sympathetic activation, 
solicitation of cardiac baroreflex and vagal withdrawal 
respectively.  

Head-down tilt (HDT) loads baroreflex by increasing 
venous return and central venous pressure and stimulate 
cardiopulmonary pathway [5], thus leading to a sympathetic 
inhibition [6]. While it is well-established that BRS was 
improved during HDT [7,8], the effects over the strength of 
the causal relation along cardiac baroreflex and 
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cardiopulmonary pathway are unknown. Since the HDT is a 
relevant stimulus for the cardiopulmonary pathway, we 
hypothesize that the magnitude of the coupling from RESP 
to HP increases, while the strength of the causal relation 
from SAP to HP loses importance.  

The aim of the study is to assess the dynamical 
interactions from SAP to HP, along the cardiac baroreflex, 
and from RESP to HP, along the cardiopulmonary pathway, 
via a recently proposed Granger causality approach [9] 
during HDT. The analysis was supplemented by the 
calculation of more traditional time and frequency domain 
parameters [10,11]. 

II. NONLINEAR MODEL-FREE GRANGER CAUSALITY 

APPROACH 

We exploited the original definition of Granger causality 
[12] stating that, given an universe of knowledge 

=X,Y,Z with X=x(i), i,…,N, Y=y(i), i,…,N and 

Z=z(i), i,…,N, where i is the progressive sample counter 

and N is the series length, X Granger-causes Y in  if the 
current value of Y, y(i),  can be predicted better using past 

values of all the series in  than using past values of the 

series in  after excluding the presumed cause, X (i.e. 

\X=Y,Z).  
The presence of a causal link from X to Y was tested 

through the approach proposed in [9]. This strategy is based 
on the concept of local predictability [13]. It relies on the 
construction of a multivariate embedding space via the delay 
embedding procedure and on the assessment of the degree of 
unpredictability of the assigned effect series, Y, in Ω via the 
k-nearest-neighbor approach. The adopted approach is 
model-free because it does not make any specific assumption 
on the dynamical relationship among the series in Ω [13]. 
Briefly, the multivariate embedding space was built 
incrementally starting from a set of initial candidate samples, 

x(i-τX
Y
),…,x(i-τX

Y
-p),y(i-1),…,y(i-p),z(i-τZ

Y
),…,z(i-τZ

Y
-p) 

where τX
Y
 and τZ

Y
 are the delays from X and Z to Y and p is 

the maximal number of components for each signal. The 
procedure selected the delayed sample in the set of 
candidates that minimized the uncorrelation between the 
original and predicted values of Y. This sample was retained 
and the procedure of selection restarted again after 
discarding from the set of candidates the selected sample and 
all values more recent than it. This process led to the 
construction of a non uniform multivariate embedding space 
because samples might be oddly spaced in time and might 
belong to different signals. The procedure for the 
construction of the multivariate embedding space was 
stopped when the multivariate embedding dimension, q

Y
, 
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was equal to 15. The global minimum of the uncorrelation 
between the original and predicted Y series over q

Y
 was 

taken as a measure of the unpredictability of Y in Ω and the 
embedding dimension at the minimum, qo

Y
, was the one 

providing the best description of the causal interactions from 
X to Y in Ω (i.e. the optimal multivariate embedding 
dimension). The quantification of the magnitude of the 
causal relation from X to Y in Ω was performed via the 
computation of the causality ratio (CR). CR assessed the 
fractional decrease of the uncorrelation between original and 
predicted Y series resulting from the introduction of X in 
Ω\X [9]. Negative CR values indicated X brought valuable 
information about the future evolution of Y that could not be 
derived from any signal in Ω\X and, according to the concept 
of Granger causality [12], we stated that X Granger-caused 
Y in Ω.  

III. EXPERIMENTAL PROTOCOL AND DATA ANALYSIS 

A.  Experimental Protocol 

We studied 14 healthy men aged from 41 to 71 years 
(median: 59 years). A detailed medical history and 
examination excluded the evidence of any disease. The 
subjects did not take any medication, nor did they consume 
any caffeine or alcohol containing beverages in the 24h 
before the recording. The study adhered to the principles of 
the Declaration of Helsinki for medical research involving 
human subjects. The human research and ethical review 
board of the “L. Sacco” Hospital approved the protocol. All 
patients gave their written informed consent. 
Electrocardiogram (ECG) and noninvasive finger blood 
pressure (Nexfin, BMEYE, Amsterdam, The Netherlands) 
were recorded during the experiments. Signals were sampled 
at 400 Hz. Each experiment consisted of 10 minutes of 
baseline recording at rest in supine position (REST) 
followed by 10 minutes of recording during HDT with the 
table inclination of -25 degrees. Before REST we allowed 15 
minutes of stabilization. During the protocol, the subjects 
breathed following a metronome at 16 breaths

.
minute

-1
 and 

they were not allowed to talk.  

B.  Beat-to-beat Series Extraction 

After detecting the QRS complex on the ECG and 
locating the QRS peak using parabolic interpolation, the 
temporal distance between two consecutive QRS apexes was 
computed and utilized as an approximation of HP. The 
maximum of arterial pressure inside the i-th HP (i.e. HP(i)) 
was taken as the i-th SAP (i.e. SAP(i)). RESP was obtained 
from the respiratory-related amplitude modulation of the 
ECG. The amplitude of the first QRS complex delimiting 
HP(i) was taken as the i-th RESP (i.e. RESP(i)). The 
occurrences of QRS and SAP peaks were carefully checked 
to avoid erroneous detections or missed beats. If isolated 
ectopic beats affected HP and SAP values, these measures 
were linearly interpolated using the closest values unaffected 
by ectopic beats. HP, SAP and RESP measures were 
performed on a beat-to-beat basis. Sequences of 300 values 
were randomly selected inside each experimental condition. 
The series were linearly detrended. If evident 
nonstationarities, such as very slow drifting of the mean or 

sudden changes of the variance, were visible despite the 
linear detrending, the random selection was carried out 
again. The HP and SAP mean and the HP and SAP variance 
were indicated as μHP, μSAP, σ

2
HP and σ

2
SAP and expressed in 

ms, mmHg, ms
2
 and mmHg

2
 respectively. 

C.  Spectral Analysis 

Power spectrum was estimated according to a parametric 
approach fitting the series with an autoregressive model [14]. 
Autoregressive spectral density was factorized into 
components each of them characterized by a central 
frequency. A spectral component was labeled as low 
frequency (LF) if its central frequency was between 0.04 and 
0.15 Hz, while it was classified as high frequency (HF) if its 
central frequency was between 0.15 and 0.5 Hz [10]. The LF 
and HF powers were defined as the sum of the powers of all 
LF and HF spectral components respectively. The HF power 
of HP series, HFHP, expressed in absolute units (ms

2
), was 

utilized as an estimate of the respiratory sinus arrhythmia and 
a marker of vagal modulation directed to the sinus node [15], 
while the LF power of SAP series, LFSAP, expressed in 
absolute units (mmHg

2
), was utilized as a marker of 

sympathetic modulation directed to vessels [14].  

D.  BRS Estimate 

We assessed BRS according to the spectral method [11]. 
We computed the square root of the ratio of the power of HP 
on that of SAP in the LF and HF bands as BRS indexes (αLF 
and αHF respectively). αLF and αHF were expressed in ms

.
 

mmHg
−1

. The reliability of αLF and αHF was tested by 
checking at the frequency of interest that HP and SAP series 
were significantly associated and HP changes lagged behind 
SAP variations [16]. These prerequisites were tested 
according to the calculation of squared coherence function 
(K

2
HP,SAP) and phase spectrum (PhHP-SAP). K

2
HP,SAP was 

computed as the ratio of the square HP-SAP cross-spectrum 
modulus divided by the product of the power spectra of HP 
and SAP series. K

2
HP,SAP ranged between 0 and 1 indicating 

null and perfect association between HP and SAP series, 
respectively. As suggested in [16], K

2
HP,SAP>0.5 was taken as 

an indication of the presence of a significant HP-SAP 
correlation. PhHP-SAP was the phase of the HP-SAP cross-
spectrum. It was expressed in radians and ranged between +π 
and –π indicating phase opposition. With the convention 
adopted for the computation of the HP-SAP cross-spectrum 
PhHP-SAP<0.0 suggested that HP changes lagged behind SAP 
variations. The HP-SAP cross-spectrum was estimated 
according to a bivariate parametric approach [17]. K

2
HP,SAP 

and PhHP-SAP were sampled in correspondence of the 
weighted average of the central frequencies detected on the 
SAP series in the LF and HF bands, where the weights were 
the powers of the components. These values were labeled as 
K

2
HP,SAP(LF), PhHP-SAP(LF), K

2
HP,SAP(HF) and PhHP-SAP(HF) in 

the following.  

E. Calculation of CR Indexes  

We considered an universe of knowledge, Ω, formed by 

HP, SAP, RESP for the calculation of CR indexes. After 
normalizing each series to have zero mean and unit variance, 
we calculated CR from SAP to HP in Ω, as a measure of the 
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strength of the causal link along cardiac baroreflex, 
CRSAP→HP, and CR from RESP to HP in Ω, CRRESP→HP, as a 
measure of the strength of the causal link along 
cardiopulmonary pathway. The parameter p and q

Y
 were set 

to 10 and 15 respectively. The delay from SAP to HP, τSAP
HP

, 
and from RESP to HP, τRESP

HP
, was set to 0, thus allowing 

the description of the fast vagal arm of cardiac baroreflex 
and cardiopulmonary pathway [17]. The best multivariate 
embedding space in Ω\X with X=SAP or RESP was obtained 
from the best multivariate embedding space in Ω by 
discarding components relevant X for the calculation of 
CRX→HP. The number of nearest neighbors was set to 30.  

F. Statistical Analysis 

We performed paired t-test to check the significance of 
the difference between indexes at REST and during HDT. If 
the normality test (Kolmogorov-Smirnov test) was not 
fulfilled, Wilcoxon signed rank test was utilized. Since it 
occurred that the prerequisites for the computation of BRS 
were not fulfilled in both experimental conditions, unpaired 
t-test was utilized to test the significance of the difference 
between BRS indexes at REST and during HDT. If the 
normality test was not passed, Mann-Whitney rank sum test 
was exploited. χ

2
 test (McNemar’s test) was exploited to 

check whether HDT affected the percentage of subjects with 
CR smaller than 0. Statistical analysis was carried out using a 
commercial statistical program (SigmaPlot 11.0, Systat 
Software Inc., San Jose, CA, USA). A p<0.05 was always 
considered as significant.  

IV. RESULTS 

Figure 1 shows time and frequency domain indexes as a 
function of the experimental condition (i.e. REST and HDT). 

Time domain indexes were not affected by HDT: indeed, 
μHP, σ

2
HP, μSAP and σ

2
SAP were similar to those computed at 

REST. Conversely, frequency domain parameters were 
influenced by HDT: indeed, while HFHP significantly 
increased, LFSAP significantly decreased.  

Figure 2 shows αLF (Fig.2a) and αHF (Fig.2b) at REST 
and during HDT. Values are computed over those subjects 
with K

2
HP,SAP(LF)>0.5 and PhHP-SAP(LF)<0.0 in the case of 

Fig.2a and with K
2

HP,SAP(HF)>0.5 and PhHP-SAP(HF)<0.0 in 
the case of Fig.2b. The percentage of subjects with 
K

2
HP,SAP(LF)>0.5 and PhHP-SAP(LF)<0.0 were 86% at REST 

and 79% during HDT, while those with K
2

HP,SAP(HF)>0.5 
and PhHP-SAP(HF)<0.0 were smaller (i.e. 50% at REST and 
64% during HDT). Both αLF and αHF were larger during 
HDT, but only αHF was significantly increased (Fig.2b).  

The optimal embedding dimension, qo
HP

, ranged between 
2 and 6 both at REST and during HDT. Since qo

HP
 was 

largely below the settings imposed to p and q
HP

 (i.e. p=10 
and q

HP
=15), we concluded that the proposed settings were 

adequate to explore the casual interactions from SAP and 
RESP to HP. Granger causality analysis suggested that 
CRSAP→HP was smaller than 0, thus indicating a significant 
HP-SAP link along baroreflex, in 57% of the subjects, and 
CRRESP→HP was smaller than 0, thus indicating a significant  
HP-RESP link along cardiopulmonary pathway, in 71% of 
the subjects. CRSAP→HP and CRRESP→HP were 0 in the 
remaining subjects. HDT did not significantly modify these 
percentages. Similarly to the percentage of subjects with 
significant causal link, CRSAP→HP and CRRESP→HP were not 
influenced by HDT as well (Fig.3). 

V. DISCUSSION 

HDT is an experimental condition increasing venous 
return and central venous pressure, thus stimulating low 
pressure receptors in the atrium and cardiopulmonary 
baroreflex. Since cardiopulmonary baroreflex inhibits 
sympathetic activity [5,6], it is not surprising to find out that, 
during HDT, the power of HP variability in the HF band, i.e. 
a marker of vagal modulation directed to the sinus node [15], 
increased, the power of the SAP variability in the LF band, 
i.e. a marker of sympathetic modulation directed to vessels 
[14], decreased, and BRS, estimated according to the 
spectral method [11], improved [7]. The present study 
confirmed all these findings as well as the inability of HDT 
to affect HP and SAP means [5].  

While traditional signal processing tools, such as spectral 
and cross-spectral analyses, have been frequently applied to 
HP and SAP variabilities during HDT to infer the state of the 

 
Fig.1. Bar graphs show μHP (a), σ2

HP (b), HFHP (c), μSAP (d), σ2
SAP (e), 

LFSAP (f) at REST and during HDT. Values are reported as mean+standard 

deviation. The symbol * indicates a significant difference with p<0.05. 

 
Fig.2. Bar graphs shows αLF and αHF assessed via spectral technique from 

HP and SAP series at REST and during HDT. Values are reported as 

mean+standard deviation. The symbol * indicates a significant difference 

with p<0.05. 
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autonomic nervous system, no information were provided 
about the degree of association among cardiovascular 
variabilities especially in a given temporal direction (e.g. 
from SAP to HP along cardiac baroreflex and from RESP to 
HP along cardiopulmonary pathway). Causality analysis 
provides an unique opportunity to assess the degree of 
association between two series in a given temporal direction 
(i.e. from a presumed cause signal to the assigned effect one) 
in terms of unpredictability decrement of the effect signal 
that can be attributed solely to the introduction of the cause 
signal in the restricted description of the dynamical behavior 
of the system (i.e. Ω after excluding the cause signal). When 
causality analysis was applied to head-up tilt, i.e. an 
experiment condition providing the opposite effect on central 
venous pressure and venous return compared to HDT, we 
found an increased strength of the causal relation along 
cardiac baroreflex (i.e. from SAP to HP) and a decreased 
magnitude of the cardiopulmonary coupling (i.e. from RESP 
to HP) [3,4]. These findings were interpreted as the 
consequence of the important baroreflex solicitation and of 
the vagal withdrawal observed during head-up tilt. Since 
HDT stimulates cardiopulmonary pathway and limits the 
importance of cardiac baroreflex in governing HP-SAP 
variability interactions, the opposite result is expected (i.e. 
an increased strength of the causal relation from RESP to HP 
and a decreased magnitude of the causal relation from SAP 
to HP). Contrary to our expectations the strength of the 
causal coupling from SAP and RESP to HP was unchanged. 
We attribute this unexpected result to the contemporaneous 
action of both cardiac baroreflex and cardiopulmonary 
pathway, neither taking preeminence over the other in 
governing HP variability and both contributing to maintain 
high the complexity of the cardiac control. 

VI. CONCLUSION 

Causality analysis complemented more traditional tools 
in time and frequency domains and provided a framework to 
assess the dynamical interactions among spontaneous 
cardiovascular variabilities. This analysis suggested that 
during HDT cardiopulmonary pathway did not take a 
preeminent role over cardiac baroreflex in regulating HP 
changes and both reflexes contributed to the HP complexity.  

The large scatter of age in our group could be a possible 
limitation of the present study. Therefore, we advocate 
studies focusing narrower age ranges and checking the 
possible dependence of the findings on age. In addition, 
future studies should directly measure central venous 
pressure and obtain RESP series from it instead of using the 

respiratory modulation of the ECG as a surrogate measure of 
respiratory oscillations of central venous pressure.  
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Fig.3. Bar graphs shows CR from SAP to HP, CRSAP→HP (a), and CR from 

RESP to HP, CRRESP→HP (b) at REST and during HDT. Values are reported 

as mean-standard deviation.  
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