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Summary 

Systolic blood pressure (SBP) changes control the cardiac inter-beat intervals (IBI) duration 

via baroreflex. Conversely, SBP is influenced by IBI via non-baroreflex mechanisms. Both 

causal pathways (feedback – baroreflex and feedforward – non-baroreflex) form a closed loop 

of the SBP – IBI interaction. The aim of this study was to assess the age-related changes in 

the IBI – SBP interaction. 

We have non-invasively recorded resting beat-to-beat SBP and IBI in 335 healthy subjects of 

different age, ranging from 11 to 23 years. Using a linear autoregressive bivariate model we 

obtained gain (GainSBP,IBI, used traditionally as baroreflex sensitivity) and coherence 

(CohSBP,IBI) of the SBP–IBI interaction and causal gain and coherence in baroreflex 

(GainSBPIBI, CohSBPIBI) and coherence in non-baroreflex (CohIBISBP) directions separately. 

A non-linear approach was used for causal coupling indices evaluation (CSBPIBI, CIBISBP) 

quantifying the amount of information transferred between signals. We performed a 

correlation to age analysis of all measures.  

CohIBISBP and CIBISBP were higher than CohSBPIBI and CSBPIBI, respectively. GainSBP,IBI 

increased and CohSBPIBI decreased with age. The coupling indices did not correlate with age. 

We conclude that the feedforward influence dominated at rest. The increase of GainSBP,IBI 

with age was not found in the closed loop model. A decrease of CohSBPIBI could be related to 

a change in the cardiovascular control system complexity during maturation. 
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Introduction 

Baroreflex is a basic nervous control cardiovascular mechanism. It is important in both the 

mean blood pressure control and the dampening of arterial blood pressure fluctuations acting 

mainly through the changes of the heart rate and vascular tone, and by the control of the 

cardiac contractility and of the capacitance vessels tone (Cowley et al. 1973, Eckberg 2000, 

Honzikova 2001, Honzikova and Fiser 2009).  

The magnitude of heart rate changes in relation to blood pressure changes traditionally 

considered to be mediated by the stimulation of baroreceptors is expressed as baroreflex 

sensitivity (BRS). BRS is usually defined as the change of the pulse interval or inter-beat 

interval (IBI; a reciprocal value of the heart rate) associated with a change of systolic blood 

pressure (SBP) by 1 mmHg (Bristow et al. 1969). BRS is regarded as an important diagnostic 

and prognostic marker related to cardiovascular control in pathological conditions, 

particularly after myocardial infarction, in hypertensive or diabetic patients, and in obese 

people (Honzikova et al. 2000a, Krontoradova et al. 2008, Lazarova et al. 2009, Svacinova et 

al. 2013).  

BRS can be evaluated from the spontaneous variability of IBI and SBP in the frequency 

domain as a transfer function gain, where oscillations in SBP and IBI are regarded as input 

and output signals, respectively (Honzikova et al. 1992). However, spectral assessment of 

BRS is hampered by non-baroreflex mediated heart rate variability, which adds to the 

baroreflex mediated heart rate variability (Frederics et al. 1997). Moreover, the presumed 

unidirectional relationship (open loop model) is now considered to be too simplified, because 

heart rate changes could also evoke changes in SBP (Porta et al. 2002). This phenomenon – 

non-baroreflex feedforward influence – results from the effect of the heart rate on diastolic 

heart filling affecting systolic contraction via the Frank-Starling mechanism and from the 



effect of the IBI duration on the magnitude of the blood pressure decrease during the diastolic 

phase of the cardiac cycle (run-off phenomenon). Additionally, blood pressure itself is a target 

of the baroreflex effect on the heart rate. Therefore, a causal closed loop model with a 

separate analysis of both feedback (baroreflex influence; in the direction from SBP to IBI) 

and feedforward (non-baroreflex influence; in the direction from IBI to SBP) influences 

should be preferred (Porta et al. 2002).  

Causal bidirectional interaction between SBP and IBI signals can be analyzed by a linear or 

non-linear approach. Using the linear approach, the bivariate autoregressive model allows the 

estimation of unidirectional causal coherences (representing the strength of the linear coupling 

in the given direction) and gains (representing the ratio of the output and input signal 

amplitude) separately in both non-baroreflex and baroreflex directions (Porta et al. 2002, Faes 

et al. 2004). Alternatively the non-linear – model-free information domain approach is based 

on a conditional entropy calculation and it enables the quantification of causal coupling 

indices. Coupling indices determine the amount of information transferred between signals in 

both feedback (baroreflex) and feedforward (non-baroreflex) directions (Faes et al. 2013). 

Our study was focused on the assessment of the baroreflex function development in the age 

range of 11 – 23 years using the causal approach. The aim of this study was to assess the 

changes in feedback and feedforward interactions between SBP and IBI signals using a linear 

and non-linear causal approach and to compare its performance to the classical open loop 

baroreflex function analysis. 

 

Methods 

Subjects 

We examined 335 volunteers (171 male/164 female) between 11 – 23 years of age. The 

participants were recruited from eight schools in the city of Brno (Czech Republic). The 



examined subjects represent a general city population in the Czech Republic uninfluenced by 

any selection, e.g. with respect to body mass index (BMI) or physical activity level. Subjects 

(aged > 18 years) and parents of subjects or legal representatives of subjects (subjects aged < 

18 years) were questioned about their personal and family histories. The subjects did not 

report any chronic diseases (particularly cardiovascular diseases, bronchial asthma or diabetes 

mellitus). According to the family history, one of the parents was treated for hypertension in 

13% of the subjects, and both parents were treated for hypertension in 1% of the subjects. We 

have analyzed the age dependence of the assessed measures in the whole group of subjects 

and also separately in two age subgroups (11 – 16 years, N = 171 and 17 – 23 years, N = 164). 

For a more detailed presentation of the data, the division into 6 subgroups was performed (11 

– 12 years: N = 37,  11 male / 26 female; 13 – 14 years: N = 82, 51 male / 31 female; 15 – 16 

years: N = 52, 27 male / 25 female; 17 – 19 years: N = 65, 29 male / 36 female; 19 – 20 years: 

N = 32, 14 male / 18 female, and 21 – 23 years: N = 67, 39 male / 28 female). 

The Ethics Committee of Masaryk University in Brno approved the study, and adult 

participants or the parents of each child gave their written informed consent.  

 

Study protocol 

We non-invasively and continuously recorded finger arterial blood pressure during 5 minutes 

in the sitting position using the volume clamp method (Finapres 2300, Ohmeda, USA). The 

finger cuff was placed on the middle phalanx of the 3
rd

 or 4
th
 finger and the hand was fixed at 

the level of the participant’s heart. The examinations were performed in a quiet room with the 

temperature controlled at 22 °C during morning hours (9 a.m. – 12 noon). The subjects rested 

for 15 min after the placing of a Finapres cuff and were in a sitting position, allowing the 

cardiovascular system to reach a quasi-stationary steady state condition. The breathing rate 

(0.33 Hz, 20 breaths per minute) was self-controlled by probands following the metronome. 



The subjects were allowed to adjust the tidal volume according to their own needs.  

 

Data analysis 

After the detection of systolic blood pressure values (SBP; defined as the local maximum in 

the continuous blood pressure curve) and inter-beat intervals (IBI; defined as a time interval 

between two neighbouring systolic blood pressures) from the blood pressure signal, two 300 

heart beats long time series, consisting of beat-to-beat SBP and IBI values, were generated. 

SBP and IBI time series were aligned as follows: i
th

 SBP value was located at the beginning 

of the i
th

 IBI. Both signals were linearly detrended to avoid the effect of long-term trends in 

the signals on the data analysis. 

 

Linear analysis 

First, we assessed the interactions between the signals by using the linear – frequency domain 

– approach. The method is based on a bivariate linear autoregressive model (Faes et al. 2004, 

Porta et al. 2002) 

 

where sbp(t) and ibi(t) represent beat-to-beat systolic blood pressure and inter-beat intervals 

time series, respectively, w1 and w2 are zero-mean white noises and a11, a12, a21 and a22 are the 

estimated vectors of the regression coefficients. p is the model order chosen based on the 

Akaike criterion for multivariate processes. After transforming these equations into the 

frequency domain, it is possible to estimate the transfer function between the analyzed signals 

including coherence and gain as the functions corresponding to the given frequency of 



oscillations.  

As the first step we used the classical open loop model, first proposed by Robbe et al. (1987), 

where the unidirectional influence from SBP to IBI based on baroreflex (blood pressure 

change evokes a pulse interval change but not vice versa) is proposed. We calculated the gain 

(GainSBP,IBI[ms/mmHg]) in the low frequency band (LF: 0.04 – 0.15 Hz) usually regarded as 

an index of baroreflex sensitivity (BRS). Additionally, coherence in this band was calculated 

(CohSBP,IBI) as described previously (Honzíková et al. 1992, Závodná et al. 2006). 

The causal analysis enables the separate assessment of the causal coherences (CohSBPIBI and 

CohIBISBP) in both directions by separately switching off the feedback or the feedforward 

path by setting the appropriate coefficients to zero. Causal gains can similarly be determined. 

We calculated causal gain (GainSBPIBI [ms/mmHg]) with the aim of comparing this measure 

with baroreflex sensitivity determined as GainSBP,IBI [ms/mmHg] by the open loop model. We 

confined the analysis to a low frequency band (LF, 0.04 – 0.15 Hz) to minimize the effect of 

other mechanisms on the baroreflex assessment. The values of causal coherences and gain 

were calculated as the arithmetic mean of their values within this band. 

 

Information domain analysis 

We have investigated the causality between inter-beat intervals and blood pressure signals in 

an information domain separately analyzing the coupling strength of the causal interactions 

from IBI to SBP and from SBP to IBI by the calculation of corrected conditional entropies 

employing a non-uniform conditioning approach (Faes et al. 2011, Faes et al. 2013). This 

method separately quantifies the causal coupling from the series IBI to the series SBP 

(CIBI→SBP) and from the series SBP to the series IBI (CSBP→IBI) as the amount of information 

flowing from the former to the latter signal. In addition, the difference between two reciprocal 

causal couplings (CSBP→IBI – CIBI→SBP) is taken as a measure of directionality (DSBP,IBI) – its 



value is positive when the baroreflex feedback mechanism is a prevailing causal direction in 

the cardiovascular control loop. In contrast, directionality is negative, when the 

non-baroreflex feedforward connection dominates within the closed loop sbp – ibi interaction. 

 

Statistics 

Due to the non-Gaussian distribution of assessed variables, non-parametric tests were used. 

The Wilcoxon test was used in each of the 6 age groups for the evaluation of differences 

between the contribution of feedforward (IBISBP) and feedback (SBPIBI) directions.  

Spearman correlation coefficients (r) were calculated to assess the age dependence of all 

analyzed variables within the whole sample and two subgroups (11 – 16 and 17 – 23 years). 

Squared coherences were used in the analysis. 

 

Results 

Open loop linear model 

Using age as a continuous variable, no significant correlation between age and the open loop 

model coherence (Coh
2

SBP,IBI) was found (Table 1). After dividing the subjects into two age 

groups, a significant positive correlation of Coh
2

SBP,IBI to age was found in the younger age 

subgroup (11 – 16 years). In contrast, GainSBP,IBI significantly increased with age in the whole 

sample (11 – 23 years). Similarly after the division of subjects into two age subgroups, a 

significant increase of GainSBP,IBI with age persisted only in the age group of 11 – 16 years. 

Box plots of gains and coherences in 6 age groups are presented in Figure 1 and Figure 2. 

 

Closed loop linear model – causal analysis 

By separately analyzing the strength of the feedback and feedforward interactions between 

IBI and SBP signals in the whole group, we found that feedback coherence from SBP to IBI 



significantly decreased with age but no significant effect of age on feedforward coherence 

was found (Table 1).When analyzing the two subgroups separately, a decrease of feedback 

coherence was only observed in the age group of 11 – 16 year olds. Throughout all age 

groups, the Coh
2

IBISBP was higher than CohSBPIBI (Wilcoxon test, p<0.01 in each age group, 

Figure 1). 

The causal gain in the baroreflex direction GainSBPIBI did not change significantly with age. 

 

Information domain causality analysis 

Box plots of causal coupling indices in 6 age groups are presented in Figure3. The causal 

coupling index CIBISBP quantifying the amount of information transferred in the 

non-baroreflex direction was significantly higher than the coupling index CSBPIBI (Wilcoxon 

test, p<0.05 in each age group except the age group 11 – 12 years with p = 0.053). While no 

significant correlation between age and CSBPIBI was found, the CIBISBP tended to increase 

with age (r = 0.101, p = 0.063). Though the directionality index DIBI,SBP  in individual subjects 

was positive or negative (Figure 3), on average it was negative in each age group and did not 

correlate to age (Table 2). In addition no correlations were found in any of the information 

domain measures when two subgroups (11 – 16 and 17 – 23 years) were analyzed separately. 

 

Discussion 

Two major findings are presented in this study. First, the coupling between IBI and SBP in 

the feedforward non-baroreflex direction (from IBI to SBP) is stronger than that in the 

feedback baroreflex direction (from SBP to IBI) in resting conditions, regardless of age. This 

finding was confirmed by both the causal coherence derived from the linear bivariate model 

and the coupling index derived from the information domain analysis. Second, the causal 

coherence quantifying the strength of the linear coupling from SBP to IBI decreased with age. 



In our study, we have applied both the non-causal closed loop model and the causal closed 

loop model for the analysis of systolic blood pressure – inter-beat intervals interactions and 

their age-dependent changes during late childhood, adolescence and early adulthood. The 

conventionally used open loop approach is based on the assumption that blood pressure 

oscillations evoke changes in inter-beat intervals via baroreflex. However, recent studies on 

small samples of subjects consistently showed that – in addition to the baroreflex feedback 

mechanism – a feedforward interaction characterized by an influence of the inter-beat 

intervals on the SBP values should not be neglected (Porta et al. 2002). Moreover, it was 

demonstrated that the feedforward influence dominates in the closed loop model of SBP – IBI 

interactions at rest in the supine position (Porta et al. 2002, Porta et al. 2011, Faes et al. 2013, 

Javorka et al. 2014). These studies also showed that the dominant direction switched from the 

feedforward (IBISBP) to the feedback (baroreflex) direction (SBPIBI) during orthostatic 

challenge. Porta et al. (2011) reported that the dominance of the relation from IBI to SBP 

gradually decreased with the magnitude of the orthostatic challenge. Our results extend these 

findings in several ways: in our large sample of subjects, we demonstrated that the 

feedforward influence is dominating also in the sitting position. Additionally, this finding was 

consistently found throughout all of the age groups (from 11 to 23 years) in the large sample 

of subjects and using both linear and information domain approaches. These observations 

indicate the importance of the causal approach based on the closed loop model of IBI – SBP 

interactions. 

Using the open loop model, our results demonstrated an increase of the transfer function gain 

in the low frequency band with age in the young subjects aged 11 – 23 years. After splitting 

the subjects into two age-subgroups, this positive correlation was present only in the subgroup 

of subjects aged 11 – 16 years. Relatively few studies on physiological BRS values in 

children and adolescents have been published. Although the mean values of BRS described 



were similar to those of young healthy adults, the inter-individual differences were 

considerable.  For example, Dietrich et al. (2006) described values between 2.3 and 73 

ms/mmHg in preadolescents (aged between 10 and 13 years), we have found values between 

3.9 and 24.1 ms/mmHg (5
th
 and 95

th
 percentiles of BRS values distribution) in the subjects 

between 11 and 20 years (Zavodna et al. 2006). The high inter-individual differences could be 

responsible for the relatively weak correlations observed in our study. 

Concerning the age-dependent changes of BRS, its decrease with age in adults has been 

known since the study of Gribbin et al. (1971) and has been confirmed in many studies (e.g. 

Kardos et al. 2001). In contrast, only a few studies on BRS development in children and 

adolescents have been published (Lenard et al. 2004; Dietrich et al. 2006; Zavodna et al. 

2006).  Childhood and adolescence is a period of cardiovagal autonomic function maturation 

characterized by an increase of vagal activity reflected by a gradual decrease of the heart rate. 

However, the effect of cardiovagal maturation in this developmental period on BRS is 

inconsistent. In the majority of studies, no age dependent changes of BRS were described in a 

sitting or supine position (Zavodna et al. 2006; Dietrich et al. 2006). On the other hand, 

Lenard et al. (2004) described an increase of BRS values in children and adolescents (from 11 

to 18 years).  The differences in the results could be better understood if the relationship 

between BRS and the heart rate at this age was also taken into account, because BRS also 

decreases with the heart rate, which means, it increases with the prolongation of IBI in the 

particular age groups (Allen et al. 2000; Zavodna et al. 2006). Zavodna et al. (2006) 

quantified BRS as a maximal value of gain inside LF band 0.07 – 0.12 Hz. In this study, we 

calculated gains in the whole low frequency band disregarding the coherence of the given 

frequency. Thus, it cannot be excluded that gains at the frequencies where low coherence was 

detected could influence the results. The gain in the feedback SBP → IBI direction – 

baroreflex sensitivity calculated from the more appropriate closed loop model – did not 



change in relation to age in our study. This indicates that the short-term baroreflex function is 

already well developed in children of 11 years of age and it is in agreement with the studies 

mentioned above (Lenard et al. 2004, Dietrich et al. 2006, Zavodna et al. 2006). 

With the increase in age from childhood to early adulthood, the causal coherence from SBP to 

IBI decreased. We suggest that this decrease indicates an enhancement of the influence of 

other (excluding baroreflex) inputs to the cardiovascular control centre resulting in a mild 

decrease of the relative contribution of baroreflex to the low frequency heart rate oscillations. 

This concept is in accordance with other studies indicating a change in the cardiovascular 

control system complexity during the maturation process (Beckers et al. 2006, Cysarz et al. 

2013). 

Limiting factors in this study include possible variations in the level of maturation of children 

in the given age group. More information about the pubertal stage of the subjects (e.g. Tanner 

score) might provide a new insight into the effect of sexual maturation on the cardiovascular 

control changes associated with age. This study is also limited by the lack of inclusion of a 

respiratory signal in the analysis. Respiration is a latent confounder in SBP – IBI interactions 

(Porta et al. 2012). Both blood pressure and heart rate signals are influenced by respiration. 

When analysing interactions between IBI and SBP without the inclusion of a respiratory 

signal, the strength of the interaction between cardiovascular signals could be overestimated 

due to the influence of a common oscillator – respiratory signal – on both assessed 

cardiovascular signals. This could give rise to falsely increased causal couplings in the SBP – 

IBI interaction (Faes et al. 2011). The controlled respiration tried to minimize the influence of 

inter-individual differences in the respiratory pattern on cardiovascular oscillations but the 

effect of respiration cannot be completely excluded in the model-free based (information 

domain) results of our study. In addition, when using a linear approach for causality 

assessment, we tried to avoid the confounding effect of respiration by confining our analysis 



solely to the LF band, where the influence of the respiratory signal from the controlled 

respiration is expected to be negligible.  Despite a potentially different effect of respiration on 

model-free and linear model causality indices, our results using both approaches found a 

consistently higher coherence in the IBI→SBP direction compared to the feedback direction 

in concordance with previous studies where the respiratory signal was or was not included 

(Faes et al. 2004, Porta et al. 2011). Considering this limitation, the inclusion of a respiratory 

signal in the analysis seems to be useful as a future development of the study. 

In this study, IBI intervals were assessed from the finger blood pressure signal. We have used 

the IBI signal for BRS determination since 1992 (Honzikova et al. 1992) with comparable 

results based on the measurement of R-R intervals from ECG (Persson et al. 2001, Honzikova 

et al. 2000b). However, R-R intervals are normally used. A comparison of both 

methodologies was carried out (DelPaso et al. 2010). Pulse transit time is negatively 

associated with SBP; therefore the variability of IBI is slightly increased in association with 

SBP oscillations. This fact leads to slightly higher BRS estimated from IBI than BRS 

estimated from R-R intervals, because the variability of IBI is slightly higher than the 

variability of R-R intervals (DelPaso et al. 2010). Taking into consideration that the 

difference between both of the BRS estimations in the above mentioned studies were small 

we assume that the correlations of causal variables with age as the primary outcome of our 

study were not significantly influenced by using IBI instead of an R-R intervals signal to 

assess the causal interactions between SBP and cardiac cycle duration oscillations.  

We conclude that the causal analysis of the interaction of blood pressure – inter-beat intervals 

oscillations could provide a new insight regarding the maturation of baroreflex and non-

baroreflex mechanisms in childhood and adolescence. The consistently found dominance of 

the non-baroreflex feedforward interaction (from IBI to SBP) points towards a preferential 

choice of the closed-loop model for baroreflex function assessment.  
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Table 1: Spearman correlation coefficients of squared coherence and gain (Coh
2

SBP,IBI,  

GainSBP,IBI) of the open loop model, causal squared coherence and gain in the feedback 

baroreflex direction (Coh
2

SBPIBI, Coh
2

SBPIBI) and causal squared coherence in the 

feedforward non-baroreflex direction (Coh
2

IBISBP) with age. The correlations were calculated 

for the whole group of subjects (11 – 23 years) and for two subgroups (11 – 16 and 17 – 23 

years) separately.  

IBI: inter-beat intervals, SBP: systolic blood pressure. 

* denotes significant correlation with 0.01 ≤ p < 0.05; ** denotes 0.0001 ≤ p < 0.01; *** 

denotes p < 0.0001 

 Coh
2

SBP,IBI Coh
2

IBISBP Coh
2

SBPIBI GainSBP,IBI GainSBPIBI 

11 – 23 years (N=335)  0.029  0.029 -0.225*** 0.228***  0.045 

11 – 16 years (N=171)  0.119* -0.041 -0.205** 0.190* -0.064 

17 – 23 years (N=164) -0.014 -0.072 -0.033 0.084  0.096 

  



Table 2: Spearman correlation coefficients of causal coupling indices CIBISBP in the non-

baroreflex direction, CSBPIBI in the baroreflex direction and the directionality index DIBI,SBP 

with age. The correlations were calculated for the whole group of subjects (11 – 23 years) and 

for two age subgroups (11 – 16 and 17 – 23 years). IBI: inter-beat intervals, SBP: systolic 

blood pressure. 

 
11 – 23 years 

(N=335) 

11 – 16 years 

(N=171) 

17 – 23 years 

(N=164) 

CIBISBP 0.101 0.084 -0.036 

CSBPIBI -0.058 0.115 0.122 

DIBI,SBP -0.092 0.023 -0.105 

 

 

  



 

Figures 

Figure 1: Squared coherences derived from the bivariate linear autoregressive model. Open 

loop model: coherence (Coh
2

SBP,IBI). Closed-loop model: causal feedforward coherence 

(Coh
2

IBISBP) and causal feedback coherence (Coh
2

SBPIBI).The coherences of each subject 

were computed as a mean value in the low frequency band (0.04 – 0.15 Hz). IBI: inter-beat 

intervals, SBP: systolic blood pressure. Distribution of each variable is described by boxplots 

(point: median, box: interquartile range, whiskers: range of non-outliers). 

 

 

 

 

  



Figure 2: Gains derived from the bivariate linear autoregressive model. Open loop model: 

gain (GainSBP,IBI). Closed-loop model: causal feedback gain (GainSBPIBI). The gains of each 

subject were computed as a mean value in the low frequency band (0.04 – 0.15 Hz). IBI: 

inter-beat intervals, SBP: systolic blood pressure. Distribution of each variable is described by 

boxplots (point: median, box: interquartile range, whiskers: range of non-outliers). 

 

  



 

Figure 3: Feedback causal coupling indices (CSBPIBI), feedforward causal coupling index 

(CIBISBP) and directionality index (DIBI , SBP) from the  information domain analysis. The 

coupling indices express the amount of information flowing from the former to the latter 

signal (from SBP to IBI, or from IBI to SBP) and the directionality index is calculated as their 

difference.  IBI: inter-beat intervals, SBP: systolic blood pressure. Distribution of each 

variable is described by boxplots (point: median, box: interquartile range, whiskers: range of 

non-outliers). 

 

 

 

 

 

 


