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Abstract

We assessed the effect of surgical aortic valve replacement (SAVR) on cardiovascular and

cerebrovascular controls via spontaneous variability analyses of heart period, approximated

as the temporal distance between two consecutive R-wave peaks on the electrocardiogram

(RR), systolic, diastolic and mean arterial pressure (SAP, DAP and MAP) and mean cere-

bral blood flow (MCBF). Powers in specific frequency bands, complexity, presence of nonlin-

ear dynamics and markers of cardiac baroreflex and cerebral autoregulation were

calculated. Variability series were acquired before (PRE) and after (POST) SAVR in 11

patients (age: 76±5 yrs, 7 males) at supine resting and during active standing. Parametric

spectral analysis was performed based on the autoregressive model. Complexity was

assessed via a local nonlinear prediction approach exploiting the k-nearest-neighbor strat-

egy. The presence of nonlinear dynamics was checked by comparing the complexity marker

computed over the original series with the distribution of the same index assessed over a

set of surrogates preserving distribution and power spectral density of the original series.

Cardiac baroreflex and cerebral autoregulation were estimated by assessing the transfer

function from SAP to RR and from MAP to MCBF and squared coherence function via the

bivariate autoregressive approach. We found that: i) orthostatic challenge had no effect on

cardiovascular and cerebrovascular control markers in PRE; ii) RR variance was signifi-

cantly reduced in POST; iii) complexity of SAP, DAP and MAP variabilities increased in

POST with a greater likelihood of observing nonlinear dynamics over SAP compared to

PRE at supine resting; iv) the amplitude of MCBF variations and MCBF complexity in POST

remained similar to PRE; v) cardiac baroreflex sensitivity decreased in POST, while cere-

brovascular autoregulation was preserved. SAVR induces important changes of cardiac

and vascular autonomic controls and baroreflex regulation in patients exhibiting poor
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reactivity of cardiovascular regulatory mechanisms, while cerebrovascular autoregulation

seems to be less affected.

Introduction

Since sympathetic activation and vagal withdrawal lead to the decrease of the variability of

heart period, approximated as the temporal distance between two consecutive R-wave peaks

on the electrocardiogram (RR), and to the increase of the fluctuations of systolic arterial pres-

sure (SAP), the RR and SAP variances have been exploited to infer vagal and sympathetic neu-

ral controls [1–6]. Spectral analysis allowed a more precise link of RR and SAP variabilities

with the state of the autonomic nervous system given that oscillations in the high frequency

(HF, from 0.15 to 0.4 Hz) band of the RR series are more specifically associated to vagal control

directed to the sinus node [1–6], while those in the low frequency (LF, from 0.04 to 0.15 Hz)

band of the SAP series are more specifically linked to sympathetic control directed to the ves-

sels [4–6]. Complexity and nonlinear content of the RR and SAP variability series are fre-

quently explored to gain insight into peculiar features of autonomic regulatory mechanisms

that cannot be fully described by power spectral density [7–13]. Complexity of the cardiac con-

trol is reduced during sympathetic activation and vagal withdrawal [7, 8]. The development of

nonlinear dynamics appears to be favored by an enhancement of the vagal control [9–12] and

by a weakened action of the cardiac baroreflex [13]. Also the different response of regulatory

mechanisms to positive or negative SAP variations and circuits imposing a certain degree of

cardiorespiratory phase coupling might play an important role in producing nonlinear RR var-

iability patterns [14–16].

The integrative regulation of cerebral blood flow (CBF) comprising chemoreflex, neuronal

metabolism, cerebral autoregulation and autonomic control [17] is routinely assessed via non-

interventional techniques based on the analysis of the spontaneous variability of physiological

variables related to cerebral circulatory system such as mean arterial pressure (MAP), acquired

via volume-clamp photoplethysmography from the middle finger [4], and mean CBF (MCBF)

[18], estimated via transcranial Doppler device from middle cerebral arteries [19, 20]. The

assessment of the MAP and MCBF powers and of the MCBF-MAP dynamical relation in spe-

cific frequency bands is the basis for the evaluation of the ability of cerebral vasculature to

buffer MCBF via suitable modifications of cerebral resistance [18]. Given the important contri-

bution of the autonomic nervous system to integrative regulation of CBF [17, 21], the concur-

rent evaluation of cerebrovascular control with autonomic markers derived from RR and SAP

variability series might provide more insight into cerebrovascular control mechanisms and

complex interactions among cardiovascular and cerebrovascular regulations.

A deep analysis of the impact of cardiac surgery on cardiovascular and cerebrovascular con-

trols is missing. Information is mainly limited to cardiovascular control. Indeed, spectral anal-

ysis of RR variability suggested that cardiac surgery depresses vagal control [22–25] as well as

baroreflex function [26], thus exposing patients to a higher risk of postoperative adverse events

such as atrial fibrillation and acute kidney dysfunction [26, 27]. Complexity analysis of RR and

SAP variability series was less frequently performed after cardiac surgery. Complexity analysis

of RR and SAP variability series suggested a more variable response to cardiac surgery across

individuals and groups [26, 28]. Information about the impact of cardiac surgery on cerebro-

vascular control is even more limited [29]. Given the postoperative impairment of the auto-

nomic control [22–26] and the relevant impact of the autonomic function on integrative

regulation of CBF [17, 21], we hypothesize a dramatic influence of cardiac surgery on the
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magnitude of MAP and MCBF variations and/or MCBF-MAP dynamical relation. The assess-

ment of cerebrovascular control after cardiac surgery might provide more information about

the patient’s post-operative state and, if this characterization was carried out in association

with that of the cardiovascular one, the description might be more complete and insightful.

The aim of this study is to characterize cardiovascular and cerebrovascular controls via

spectral and complexity analyses and to test the presence of nonlinear patterns from vari-

ability series recorded before and after surgical aortic valve replacement (SAVR). Variability

of RR, SAP, and diastolic arterial pressure (DAP) were analyzed to infer the state of cardiac

and vascular controls, while the variability of MCBF and MAP was assessed to infer that of

cerebrovascular regulation. Nonlinear dynamics were detected through a local nonlinear

prediction marker [10, 30] in association with a surrogate data approach [10, 31]. The anal-

ysis was completed with the description of the baroreflex control and cerebral autoregula-

tion via the transfer function method applied to SAP and RR variability series [32] and

MAP and MCBF variability series [18] respectively. Preliminary results were presented at

the 11th meeting of the European Study Group of the Cardiovascular Oscillations [33] and

at the 42nd Annual International Conference of the Engineering in Medicine and Biology

Society [34].

Methods

Ethics statement

The study was in keeping with the Declaration of Helsinki. The study was approved by the eth-

ical review board of the San Raffaele Hospital, Milan, Italy (approval number: 68/int/2018;

approval date: 05/04/2018) and authorized by the Policlinico San Donato, San Donato Mila-

nese, Milan, Italy (authorization date: 13/04/2018). Written signed informed consent was

obtained from all subjects.

Population and experimental protocol

We enrolled 11 patients (age: 76±5 yrs, 7 males) undergoing SAVR at the IRCCS Policlinico

San Donato, San Donato Milanese, Milan, Italy. Demographic and clinical data of the SAVR

group were reported in Table 1. They did not feature either atrial fibrillation, overt autonomic

nervous system pathologies or cerebrovascular diseases. We acquired electrocardiogram

(ECG) from lead II (BioAmp FE132, ADInstruments, Australia), non-invasive finger arterial

pressure (AP) by volume-clamp photoplethysmography (CNAP Monitor 500, CNSystems,

Austria), respiration (RESP) via a thoracic piezoelectric belt (ADinstruments, Australia) and

CBF velocity via a transcranial Doppler device (Multi-Dop X, DWL, San Juan Capistrano, CA,

USA) from the left or right middle cerebral artery. Signals were sampled at 400 Hz through a

commercial acquisition system (Power Lab, ADInstruments, Australia). Signals were recorded

1 day before SAVR (PRE) and within 7 days after SAVR (POST). Acquisition sessions com-

prised recordings at rest in supine position (REST) and during active standing (STAND).

REST and STAND lasted 10 minutes and REST always preceded STAND. In PRE REST and

STAND sessions were carried out in all subjects. In POST REST was performed in 8 individu-

als and STAND in 6 subjects due to the physical and psychological debilitation of some

patients. ECG and AP were recorded in all the subjects present in a given experimental session.

Conversely, CBF was recorded in PRE in 10 subjects out of 11 at REST and in 8 individuals

out of 11 during STAND and in POST in 6 subjects out of 8 at REST and in 4 individuals out

of 6 during STAND. These figures were due to the difficulty in locating either left or right mid-

dle cerebral artery.
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Extraction of beat-to-beat variability series and time domain indexes

After detecting the R-wave peaks from the ECG with a classical method based on a threshold

applied to the first derivative, the ith RR, where i is the progressive cardiac beat number, was

derived as the time distance between the (i-1)th and the ith cardiac beat. The ith SAP and DAP

were measured, respectively, as the AP maximum within the ith RR and the AP minimum fol-

lowing the ith SAP. The ith MAP was obtained as the integral of AP between the (i-1)th and

ith DAP fiducial points and by dividing the result by the interdiastolic time interval. The ith
RESP was obtained by sampling RESP signal at the apex of the first R-wave peak delimiting the

ith RR. The ith MCBF was obtained as the integral of CBF between the (i-1)th and ith minima

Table 1. Clinical and demographic markers of SAVR subjects.

marker SAVR (n = 11)

Age [yrs] 76 ± 5

Gender [male] 7 (64)

Weight [kg] 72.5 ± 11.5

BMI [kg�m-2] 26.3 ± 3.9

Congestive heart failure 0 (0)

Recent myocardial infarction 0 (0)

Previous cerebrovascular events 0 (0)

LVEF [%] 59.9 ± 7.0

Diabetes 1 (9)

COPD 1 (9)

Serum creatinine [mg�dl-1] 0.92 ± 0.19

Hypertension 9 (82)

HCT [%] 40.6 ± 4.9

ACE inhibitors 7 (64)

Beta-blockers 6 (55)

Diuretics 4 (36)

Calcium antagonists 2 (18)

Antiarrhythmic drugs 0 (0)

Combined intervention 8 (73)

EuroSCORE II 3.0 ± 2.6

CPB time [minutes] 109.6 ± 43.3

Nadir temperature on CPB [˚C] 33.6 ± 1.5

Catecholamine administration 3 (27)

Mechanical ventilation time [hours] 11.2 ± 6.2

ICU stay [days] 2.1 ± 1.0

Hospital stay [days] 8.3 ± 3.8

Postoperative atrial fibrillation 6 (55)

Postoperative arrhythmias 2 (18)

Postoperative low cardiac output syndrome 2 (18)

Postoperative stroke 0 (0)

Postoperative acute kidney injury 0 (0)

SAVR = surgical aortic valve replacement; BMI = body mass index; LVEF = left ventricular ejection fraction;

COPD = chronic obstructive pulmonary disease; HCT = hematocrit; ACE = angiotensin converting enzyme;

EuroSCORE = European System for Cardiac Operative Risk Evaluation; CPB = cardiopulmonary bypass;

ICU = intensive care unit. Continuous data are presented as mean ± standard deviation and categorical data as

number (percentage).

https://doi.org/10.1371/journal.pone.0243869.t001
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detected over CBF and closest in time to (i-1)th and ith DAP fiducial points and by dividing

the result by the time distance between the two minima [35]. The RR, SAP, DAP, MAP and

MCBF series were manually checked and corrected in case of missing beats or misdetections.

Effects of ectopic beats or isolated arrhythmic events were mitigated via linear interpolation.

Spectral, cross-spectral, complexity analyses as well as detection of nonlinear dynamics were

carried out directly over synchronous sequences lasting 256 consecutive beats randomly

selected within the whole recordings. In time domain we computed the means, indicated

as μRR, μSAP, μDAP, μMAP and μMCBF, and the variances, denoted with σ2
RR, σ2

SAP, σ2
DAP, σ2

MAP

and σ2
MCBF. Means and variances were expressed, respectively, in ms, mmHg, mmHg, mmHg

and cm�s-1 and ms2, mmHg2, mmHg2, mmHg2 and cm2�s-2. After computing the mean, the

series were linearly detrended before computing variance.

Univariate model-based frequency domain analysis

Univariate model-based frequency domain analysis was carried out via a traditional paramet-

ric power spectral method (see S1 Appendix). Briefly, variability series were described as a real-

ization of an autoregressive (AR) process modeling the variation of the most recent value of

the series about its mean as a linear combination of p past changes weighted by constant coeffi-

cients plus a sample drawn from a realization of a zero mean white noise, where p is the order

of AR model [36, 37]. The coefficients of the AR model and the variance of the white noise

were identified directly from the series by solving the least squares problem via Levinson-Dur-

bin recursion [36]. The number of coefficients p was chosen according to the Akaike’s figure

of merit in the range from 8 to 16 [38]. Power spectral density was computed from the AR

coefficients and from the variance of the white noise according to the maximum entropy spec-

tral estimation approach [36]. The power spectral density was factorized into a sum of terms,

referred to as spectral components, the sum of which provides the entire power spectral den-

sity [37]. Power spectral decomposition provided the central frequency of the components

expressed in normalized frequency units, namely cycles per beat. Central frequency ranged

from 0 to 0.5 cycles per beat and was converted into Hz by dividing the value by the average

sampling period T of the variability series, i.e. T = μRR, expressed in s [37]. A spectral compo-

nent was attributed to a specific frequency band if its central frequency lay in that band. If mul-

tiple spectral components were found to belong to the same frequency band, their powers

were summed up and the weighted central frequency was computed.

Bivariate model-based frequency domain analysis

Bivariate model-based frequency domain analysis was carried out via a traditional parametric

cross-spectral method (see S1 Appendix). This method allows the assessment of the input-out-

put relation in the frequency domain (i.e. the transfer function) between two series when one

is assumed to be the cause and the other is taken as the effect [32]. The dynamics of input and

output series about their mean values were jointly described as a bivariate AR process [39]

modeling the variation of the most recent value of one series about its mean as a linear combi-

nation of p past changes of the same series and p past variations of the other series weighted by

constant coefficients plus a sample drawn from a realization of a zero mean white noise, where

p is the order of the bivariate AR model. Although the bivariate AR model described the closed

loop relation via the representation of the feedforward and feedback arms [37], we focused our

attention on a specific direction of interactions by assigning a priori one series as the input and

the other as the output [32]. The cross-spectrum from the input to the output and the auto-

spectra of both input and output were computed from the coefficients of the bivariate AR

model and from the variance of the white noises [39]. The model order p was fixed at 10 and
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the coefficients of the bivariate AR model were identified via least squares approach solved

using Cholesky decomposition method [37, 39]. The transfer function (TF) was estimated as

the ratio of the cross-spectrum computed from the input to the output to the power spectrum

of input series [40]. The TF modulus (TFM) and phase were calculated as a function of the fre-

quency. The TFM could not be negative and was expressed in units being the ratio of the unit

of the output to that of the input. The phase was expressed in radians (rad) and ranged

between -π and +π, with negative value indicating that the output lagged behind the input.

The ratio of the squared cross-spectrum modulus to the product of the power spectra of the

input and output series provided the estimation of the squared coherence function (K2) as a

function of the frequency [40]. The K2 was dimensionless and ranged between 0 and 1, where

0 indicated full uncoupling and 1 perfect association between the input and the output. The

TFM, phase and K2 functions were sampled in correspondence of the frequency where the K2

peaked the maximum value within the considered frequency band [41].

Cardiovascular variability and cardiac baroreflex markers

Cardiovascular regulation was assessed in the low frequency (LF, from 0.04 to 0.15 Hz) and

high frequency (HF, from 0.15 to 0.4 Hz) bands [2]. The power of the RR series in the HF

band expressed in absolute units (HFaRR) was taken as a marker of the vagal modulation

directed to the heart [1, 4, 6] and the power of the SAP and DAP series in the LF band

expressed in absolute units (LFaSAP and LFaDAP) was taken as an index of sympathetic modu-

lation directed to the vessels [5, 6]. The central frequency of the dominant component of the

RESP series in the HF band was taken as an estimate of the respiratory rate (fRESP). HFaRR,

LFaSAP, LFaDAP and fRESP were expressed in ms2, mmHg2, mmHg2 and Hz respectively. The

baroreflex function was assessed through the computation of the TFM from SAP to RR in the

LF and HF bands [TFMRR-SAP(LF) and TFMRR-SAP(HF)], the TF phase from SAP to RR in the

LF and HF bands [PhRR-SAP(LF) and PhRR-SAP(HF)] and K2 between SAP and RR in the LF

and HF bands [K2
RR-SAP(LF) and K2

RR-SAP(HF)]. TFMRR-SAP(LF) and TFMRR-SAP(HF) were

taken as an estimate of the baroreflex sensitivity [32, 40, 42] and expressed in ms�mmHg-1.

While PhRR-SAP(LF) and PhRR-SAP(HF) were considered markers of the delay/advance of SAP

on RR [43], K2
RR-SAP(LF) and K2

RR-SAP(HF) were measures of the RR-SAP coupling strength

[44].

Cerebrovascular variability and cerebral autoregulation indexes

Cerebrovascular regulation was assessed in the very low frequency (VLF, from 0.02 to 0.07

Hz), LF (from 0.07 to 0.2 Hz) and high frequency (HF, from 0.2 to 0.4 Hz) bands [18]. The

power of the MAP and MCBF series were expressed in absolute units, namely mmHg2 and

cm2�s-2, and labelled VLFaMAP, VLFaMCBF, LFaMAP, LFaMCBF, HFaMAP and HFaMCBF. The

power was expressed in percent units assessed as the ratio of the power expressed in absolute

units (multiplied by 100) to the variance. Percent power indexes were labelled VLF%MAP, VLF

%MCBF, LF%MAP, LF%MCBF, HF%MAP and HF%MCBF. The cerebral autoregulation was assessed

through the computation of the TFM from MAP to MCBF in the VLF, LF and HF bands

[TFMMCBF-MAP(VLF), TFMMCBF-MAP(LF) and TFMMCBF-MAP(HF)], the TF phase from

MAP to MCBF in the VLF, LF and HF bands [PhMCBF-MAP(VLF), PhMCBF-MAP(LF) and

PhMCBF-MAP(HF)] and K2 between MAP and MCBF in the VLF, LF and HF bands

[K2
MCBF-MAP(VLF), K2

MCBF-MAP(LF) and K2
MCBF-MAP(HF)]. TFMMCBF-MAP(VLF),

TFMMCBF-MAP(LF) and TFMMCBF-MAP(HF) were taken as an estimate of the cerebrovascular

autoregulation sensitivity [45] and expressed in cm�s-1�mmHg-1. While PhMCBF-MAP(VLF),

PhMCBF-MAP(LF) and PhMCBF-MAP(HF) were considered markers of the delay/advance of MAP
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on MCBF [46] and K2
MCBF-MAP(VLF), K2

MCBF-MAP(LF) and K2
MCBF-MAP(HF) were indexes of

the MCBF-MAP coupling strength [47].

Complexity analysis based on local nonlinear prediction

From the series y = {yi, i = 1,. . .,N}, where N is the series length, we built the pattern set y =

{yi = (yi, yi-1, ���, yi-L+1), i = L,. . .,N}, where L is the pattern length and yi is an ordered vector of

L consecutive samples taken from y. Given the reference pattern yi, its k nearest neighbors {yk}
were searched for and the images of the reference pattern and its k nearest neighbors, namely

yi+1 and {yk+1}, were retained. We defined the best prediction of image yi+1 of the reference pat-

tern as the weighted average of the images {yk+1} of its k nearest neighbors, where the weights

were the distances of each k nearest neighbor from the reference pattern [30]. The ability to

predict was quantified as the complement to 1 of the squared correlation coefficient between

the original series and the predicted one [10]. According to [10, 48] k was set to 30, the distance

was computed using the Euclidian norm and solely the reference vector was excluded from the

set of its nearest neighbors. This cost function exhibited a minimum resulting from two con-

trasting tendencies, namely the ability to predict future values increasing with L and the grow-

ing dispersion of the patterns in the L-dimensional space resulting from the wider and wider

volume occupied by the points with L [10]. The minimum of this cost function over L was

taken as normalized complexity index (NCI) [10]. The greater the NCI and the closer to 1, the

more unpredictable and complex the series. The smaller the NCI and the closer to 0, the more

regular and predictable the series. NCI was computed over all the series and the indexes were

labelled NCIRR, NCISAP, NCIDAP, NCIRESP, NCIMAP and NCIMCBF.

Testing the null hypothesis of linear dynamic

We tested the null hypothesis of linear dynamic using a surrogate data approach in connection

with a nonlinear index such as NCI [10, 48]. One hundred surrogate series were generated

from the original series according to the amplitude-adjusted iteratively-refined Fourier trans-

form method [31]. This method iterates the following steps [31]: i) the Fourier transform is

applied to the series; ii) the Fourier phases are substituted with numbers drawn from a uniform

distribution bounded between 0 and 2π; iii) the inverse Fourier transform is applied to return

in the time domain, thus generating the surrogate; iv) the distribution of the surrogate is con-

strained to be exactly equal to that of the original series by substituting any sample of the sur-

rogate with that of the original series that occupies the same position according to a rank

ordering procedure applied to both surrogate and original series; v) all the previous steps are

repeated until the power spectrum of the surrogate and that of the original sequence match or

differences between them are below of a given threshold. It was demonstrated in [31] that the

procedure converges to produce a surrogate with the same power spectrum and distribution as

the original series and a very good approximation of the original power spectrum with perfect

preservation of the original distribution could be achieved after 100 iterations. The NCI com-

puted over the original series was compared with the distribution of the NCI values calculated

from the surrogate series. If the NCI computed over the original series was below the 5th per-

centile of the NCI distribution calculated over the surrogates, the null hypothesis of linear

dynamic was rejected and the alternative hypothesis of nonlinear dynamic was accepted. The

rationale is that the deterministic nonlinear features, destroyed in the surrogates by the phase

randomization procedure, were predicted better over the original series by the local nonlinear

prediction method than over the surrogates. The percentage of nonlinear dynamics (NL%)

was monitored over all the series and the indexes were labelled NL%RR, NL%SAP, NL%DAP, NL

%RESP, NL%MAP, and NL%MCBF.
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Statistical analysis

Two-way analysis of variance (Holm-Sidak test for multiple comparisons) was applied to vari-

ability indexes to detect the effect of SAVR within the same experimental condition (i.e. REST

or STAND) and the response to postural challenge within the same period of analysis (i.e. PRE

or POST). A p<0.05 was always considered statistically significant. χ2 test (Fisher exact test)

was applied over the categorical variables (i.e. presence/absence of nonlinear dynamics) to

assess the effect of SAVR regardless of the posture and the influence of the postural challenge

regardless of the period of analysis. If appropriate, the level of significance (i.e. 0.05) of the χ2

test was reduced according to the number of comparisons (i.e. 4) to account for the multiple

comparison issue. Statistical analysis was carried out using a commercial statistical program

(Sigmaplot, v.14.0, Systat Software, Inc., Chicago, IL, USA).

Results

Table 2 reports the results of time and frequency domain analyses carried out over RR, SAP,

DAP and RESP series at REST and during STAND in PRE and POST sessions. Regardless of

the experimental condition (i.e. REST or STAND), μRR significantly decreased in POST com-

pared to PRE. σ2
RR decreased and μDAP increased during POST with respect to PRE but the

rise was significant solely at REST and during STAND respectively. No additional time

domain markers were able to detect POST-PRE changes. The sole time domain index that was

able to highlight a significant effect of the orthostatic challenge was μDAP that increased during

STAND compared to REST in the POST session. None of the frequency domain markers,

including fRESP was able to separate either experimental conditions (i.e. REST and STAND) or

periods of analysis (i.e. PRE and POST).

Table 3 reports the results of time and frequency domain analyses carried out over MAP

and MCBF series at REST and during STAND in PRE and POST sessions. None of time

domain indexes was able to detect either the effect of the postural challenge or the impact of

the cardiac surgery. The sole frequency domain markers modified by the cardiac surgery were

Table 2. Time and frequency domain parameters in PRE and POST at REST and during STAND over RR, SAP, DAP and RESP variabilities.

parameter PRE POST

REST STAND REST STAND

μRR [ms] 944.1±98.4 860.3±103.7 722.8±128.3� 690.3±142.5�

σ2
RR [ms2] 937.4±1028.0 579.8±362.0 57.4±51.9� 62.3±63.8

HFaRR [ms2] 172.9±249.8 114.8±220.1 20.5±35.5 17.1±16.5

μSAP [mmHg] 143.3±21.0 141.5±24.9 139.9±16.6 159.5±24.6

σ2
SAP [mmHg2] 23.2±18.5 33.7±39.4 26.8±19.4 32.9±16.0

LFaSAP [mmHg2] 2.04±2.67 2.19±3.20 1.46±2.38 4.10±4.01

μDAP [mmHg] 68.6±20.2 77.9±18.2 75.9±15.0 97.6±21.9�§

σ2
DAP [mmHg2] 11.41±9.79 16.75±15.64 5.62±2.88 11.89±7.20

LFaDAP [mmHg2] 2.45±3.76 3.05±4.50 0.87±1.15 2.63±3.18

fRESP [Hz] 0.28±0.03 0.27±0.04 0.29±0.05 0.28±0.04

LF = low frequency; HF = high frequency; RR = heat period; μRR = RR mean; σ2
RR = RR variance; HFaRR = HF power of RR expressed in absolute units; SAP = systolic

arterial pressure; μSAP = SAP mean; σ2
SAP = SAP variance; LFaSAP = LF power of SAP expressed in absolute units; DAP = diastolic arterial pressure; μDAP = DAP mean;

σ2
DAP = DAP variance; LFaDAP = LF power of DAP expressed in absolute units; fRESP = respiratory rate derived from the RESP series; PRE = 1 day before surgery;

POST = within 7 days after surgery; REST = at rest in supine position; STAND = during active standing. Results are reported as mean±standard deviation. The symbol �

indicates p<0.05 versus PRE within the same experimental condition (i.e. REST or STAND). The symbol § indicates p<0.05 versus REST within the same acquisition

session (i.e. PRE or POST).

https://doi.org/10.1371/journal.pone.0243869.t002
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HFaMAP and HF%MAP: HFaMAP increased in POST compared to PRE solely during STAND,

while HF%MAP raised in POST compared to PRE both at REST and during STAND.

The grouped error bar graphs of Fig 1 show the NCI computed over RR (Fig 1A), SAP (Fig

1C), DAP (Fig 1E) and RESP (Fig 1G) series, while the grouped bar graphs of Fig 1 show the NL

% over RR (Fig 1B), SAP (Fig 1D), DAP (Fig 1F) and RESP (Fig 1H) series during PRE and

POST sessions. Markers were computed at REST (solid black bars) and during STAND (solid

white bars). NCIRR and NCIRESP did not vary in response to cardiac surgery. NCISAP rose signif-

icantly after SAVR both at REST and during STAND and the POST-PRE increase of NCIDAP

was significant only during STAND. Within the same period of analysis (i.e. PRE or POST) pos-

ture modification did not affect any NCI marker. NL%SAP was significantly higher at REST in

the POST session compared to PRE and lower in POST session during STAND compared to

REST. NL%RR, NL%DAP and NL%RESP did not vary with postural challenge and SAVR surgery.

Fig 2 has the same structure of Fig 1 but it shows the NCI computed over MAP (Fig 2A)

and MCBF (Fig 2C) series and NL% over MAP (Fig 2B) and MCBF (Fig 2D) series during

PRE and POST sessions. NCIMCBF did not vary in response to cardiac surgery. NCIMAP rose

significantly after SAVR both at REST and during STAND. Within the same period of analysis

(i.e. PRE or POST) posture did not affect any NCI marker. NL%MAP and NL%MCBF did not

vary with postural challenge and SAVR surgery.

When all series were pooled together regardless of the period of analysis, NL% was signifi-

cantly higher at REST than during STAND. Conversely, when all series were pooled together

regardless of the experimental condition, no effect of the surgery over NL% was detectable.

Table 3. Time and frequency domain parameters in PRE and POST at REST and during STAND over MAP and MCBF variabilities.

parameter PRE POST

REST STAND REST STAND

μMAP [mmHg] 98.7±14.3 97.2±21.0 93.6±16.4 117.5±21.4

σ2
MAP [mmHg2] 14.65±9.61 22.32±22.58 12.00±6.09 18.40±7.25

VLFaMAP [mmHg2] 4.88±7.54 0.60±1.62 1.45±3.07 2.84±5.68

VLF%MAP 27.91±38.14 5.86±14.83 11.16±21.19 17.20±34.40

LFaMAP [mmHg2] 2.91±2.71 5.54±6.60 1.66±1.32 1.10±2.21

LF%MAP 19.82±12.81 21.09±15.01 14.93±10.71 7.65±15.30

HFaMAP [mmHg2] 1.74±1.50 1.63±1.90 3.26±3.16 6.82±6.97�

HF%MAP 12.66±8.49 8.41±4.04 25.45±13.93� 32.04±18.85�

μMCBF [cm�s-1] 44.39±15.34 36.15±13.79 46.38±13.90 30.00±9.15

σ2
MCBF [cm2�s-2] 11.49±15.27 12.51±13.61 11.52±7.31 22.42±27.55

VLFaMCBF [cm2�s-2] 4.18±8.57 1.09±2.02 2.57±4.96 1.12±2.23

VLF%MCBF 21.99±30.60 12.21±22.61 17.64±34.37 1.77±3.54

LFaMCBF [cm2�s-2] 1.93±3.25 3.71±7.93 2.90±5.97 3.81±6.40

LF%MCBF 17.63±12.41 19.56±17.54 16.45±30.70 12.63±11.58

HFaMCBF [cm2�s-2] 1.95±3.07 2.92±2.91 1.62±1.31 3.17±4.81

HF%MCBF 13.49±7.74 24.89±10.39 12.97±9.74 11.92±9.16

LF = low frequency; VLF = very LF; HF = high frequency; MAP = mean arterial pressure; μMAP = MAP mean; σ2
MAP = MAP variance; VLFaMAP and VLF%MAP = VLF

power of MAP expressed in absolute and percent units; LFaMAP and LF%MAP = LF power of MAP expressed in absolute and percent units; HFaMAP and HF%MAP = HF

power of MAP expressed in absolute and percent units; MCBF = mean cerebral blood flow; μMCBF = MCBF mean; σ2
MCBF = MCBF variance; VLFaMCBF and VLF%MCBF

= VLF power of MCBF expressed in absolute and percent units; LFaMCBF and LF%MCBF = LF power of MCBF expressed in absolute and percent units; HFaMCBF and HF

%MCBF = HF power of MCBF expressed in absolute and percent units; PRE = 1 day before surgery; POST = within 7 days after surgery; REST = at rest in supine

position; STAND = during active standing. Results are reported as mean±standard deviation. The symbol � indicates p<0.05 versus PRE within the same experimental

condition (i.e. REST or STAND).

https://doi.org/10.1371/journal.pone.0243869.t003
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Fig 1. Complexity and nonlinearity of RR, SAP, DAP and RESP series. The grouped error bar graphs show NCIRR (a),

NCISAP (c), NCIDAP (e) and NCIRESP (g), while the grouped bar graphs show NL%RR (b), NL%SAP (d), NL%DAP (f) and
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The grouped error bar graphs of Fig 3 show K2
RR-SAP(LF) (Fig 3A), K2

RR-SAP(HF) (Fig 3B),

PhRR-SAP(LF) (Fig 3C), PhRR-SAP(HF) (Fig 3D), TFMRR-SAP(LF) (Fig 3E) and TFMRR-SAP(HF)

(Fig 3F) during PRE and POST sessions. Markers were computed at REST (solid black bars)

and during STAND (solid white bars). Orthostatic stimulus and cardiac surgery did not influ-

ence either K2 or phase markers. Regardless of the frequency band (i.e. LF or HF) SAVR sur-

gery decreased TFM both at REST and during STAND. Assigned the period of analysis (i.e.

PRE or POST) the impact of postural maneuver on the baroreflex sensitivity as measured via

TFM was negligible in both LF and HF bands.

Fig 4 has the same structure as Fig 3 but it shows K2
MCBF-MAP(VLF) (Fig 4A),

K2
MCBF-MAP(LF) (Fig 4B), K2

MCBF-MAP(HF) (Fig 4C), PhMCBF-MAP(VLF) (Fig 4D),

PhMCBF-MAP(LF) (Fig 4E), PhMCBF-MAP(HF) (Fig 4F), TFMMCBF-MAP(VLF) (Fig 4G),

NL%RESP (h) in PRE and POST. The solid black and white bars are relevant to markers computed at REST and during

STAND respectively. Data in the grouped error bar graphs are given as mean plus standard deviation. The symbol �

indicates a significant modification between PRE and POST within the same experimental condition with p<0.05, while

the symbol § indicates the significant REST-STAND variation within the same period of analysis with p<0.05.

https://doi.org/10.1371/journal.pone.0243869.g001

Fig 2. Complexity and nonlinearity of MAP and MCBF series. The grouped error bar graphs show NCIMAP (a) and NCIMCBF (c), while

the grouped bar graphs show NL%MAP (b) and NL%MCBF (d) in PRE and POST. The solid black and white bars are relevant to markers

computed at REST and during STAND respectively. Data in the grouped error bar graphs are given as mean plus standard deviation. The

symbol � indicates a significant modification between PRE and POST within the same experimental condition with p<0.05.

https://doi.org/10.1371/journal.pone.0243869.g002
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Fig 3. Cross-spectral analysis of RR and SAP series. The error bar graphs show K2
RR-SAP(LF) (a), K2

RR-SAP(HF) (b), PhRR-SAP(LF) (c),

PhRR-SAP(HF) (d), TFMRR-SAP(LF) (e) and TFMRR-SAP(HF) (f) in PRE and POST. The solid black and white bars are relevant to bivariate frequency

domain markers computed at REST and during STAND respectively. The horizontal solid line in (c) and (d) marks the null phase. Data are given as

mean plus standard deviation. The symbol � indicates a significant modification between PRE and POST within the same experimental condition

with p<0.05.

https://doi.org/10.1371/journal.pone.0243869.g003
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TFMMCBF-MAP(LF) (Fig 4H) and TFMMCBF-MAP(HF) (Fig 4I) during PRE and POST sessions.

Regardless of the frequency band (i.e. VLF, LF or HF) K2, phase and TFM of the MCBF-MAP

dynamical relation did not vary with posture and SAVR surgery.

Discussion

The major findings can be summarized as follows: i) orthostatic maneuver did not modify

cardiovascular regulatory indexes in PRE, thus suggesting that SAVR patients featured a

depressed vagal autonomic and baroreflex controls just before the cardiac surgery; ii) vagal

autonomic and cardiac baroreflex impairment were observed after SAVR; iii) cerebrovascu-

lar variability and cerebral autoregulation appeared to be less affected by SAVR; iv) at the

vascular control level the autonomic control impairment took the form of a post-surgery

increased complexity of SAP, DAP and MAP variabilities and an augmented presence of

nonlinear dynamics of SAP after SAVR; v) STAND reduced the likelihood of finding

Fig 4. Cross-spectral analysis of MCBF and MAP series. The error bar graphs show K2
MCBF-MAP(VLF) (a), K2

MCBF-MAP(LF) (b), K2
MCBF-MAP(HF) (c),

PhMCBF-MAP(VLF) (d), PhMCBF-MAP(LF) (e), PhMCBF-MAP(HF) (f), TFMMCBF-MAP(VLF), (g) TFMMCBF-MAP(LF) (h) and TFMMCBF-MAP(HF) (i) in PRE

and POST. The solid black and white bars are relevant to bivariate frequency domain markers computed at REST and during STAND respectively. The

horizontal solid line in (d), (e) and (f) marks the null phase. Data are given as mean plus standard deviation.

https://doi.org/10.1371/journal.pone.0243869.g004
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nonlinear dynamics; vi) respiratory rate was not affected by either SAVR surgery or ortho-

static challenge.

Effect of STAND on a cohort of patients undergoing SAVR surgery

Orthostatic challenges did not provoke the expected decrease of vagal modulation directed to

the heart [1, 3, 4, 6, 49], the expected increase of sympathetic modulation directed to the vessels

[4, 6] and the expected diminution of baroreflex sensitivity [4, 43, 50, 51]. Indeed, STAND

induced negligible effects over cardiovascular markers in PRE. This result can be taken as a

hallmark of cardiovascular control dysfunction in our cohort of patients just before SAVR sur-

gery. The effect of STAND on cerebrovascular variability and cerebral autoregulation is analo-

gously limited. This result might suggest a possible impairment of the cerebrovascular control

mechanisms given that a significant increase of the MCBF-MAP coupling strength was found

when this marker of the dynamical MCBF-MAP relation was assessed in a healthy group [35].

Effect of SAVR on the amplitude of cardiovascular and cerebrovascular

variability markers

It is well-known that SAVR reduced cardiac vagal control [22–26]. This observation is con-

firmed in this study by the dramatic postoperative reduction of σ2
RR observed at REST. This

observation is important because our subjects exhibited an impaired cardiac vagal control

already in PRE as indicated by the negligible STAND-REST variation of the HFaRR power [1,

3, 4, 6, 49]. The post-surgery depression of vagal regulation might expose our group to possible

postoperative arrhythmic events [26, 27]. The unaltered value of σ2
SAP, σ2

DAP and σ2
MAP dur-

ing POST regardless of the experimental condition points toward a more preserved sympa-

thetic control directed to the vessels. These findings are compatible with the postoperative

pharmacological therapy as well as the physical debilitation and the high perceived level of

stress associated to the POST condition. The amplitude of the MCBF fluctuations seems to be

preserved as indicated by the invariable amount of σ2
MCBF and the unchanged MCBF powers

in the various frequency bands in POST compared to PRE. This finding could be related to a

better preservation of the sympathetic control after SAVR. Indeed, MCBF regulation is under

sympathetic control [21], even though different mechanisms might contribute to preserve

cerebral autoregulation including the postoperative improvement of the valve hemodynamics

and aortic blood flow profile [17].

Effect of SAVR on the complexity and nonlinearities of cardiovascular and

cerebrovascular variabilities

In spite of the maintenance of the magnitude of the SAP, DAP and MAP oscillations, impor-

tant modifications of the SAP, DAP and MAP dynamics were observed. Indeed, complexity of

SAP, DAP and MAP variability increased after SAVR and this increase was accompanied by a

significant rise of SAP nonlinear dynamics, especially visible at REST. Even a tendency toward

an increased likelihood of observing nonlinearities in MCBF series was visible in POST. We

conclude that even sympathetic control seems to be affected by SAVR. An increased SAP vari-

ability complexity could be attributed to the inability of the sympathetic control to produce

synchronous oscillations of peripheral resistances by producing rhythmical alternations

between suitable vasoconstriction and vasodilatation episodes [52] as suggested in some patho-

logical situations [7]. It is worth noting that, in spite of the limited response to STAND, we

observed the typical decrease of the likelihood of detecting nonlinear dynamics in
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cardiovascular variability reported in healthy individuals during orthostatic challenge [9, 10],

thus indicating a residual cardiovascular control in both PRE and POST.

Effect of SAVR on the baroreflex control and cerebral autoregulation

markers

Markers of cardiac baroreflex and cerebral autoregulation were evaluated via bivariate fre-

quency domain metrics assessing phase and TFM from an input to an output and their degree

of association via K2 [32]. In the case of the assessment of the cardiac baroreflex the input is

SAP variability and the output is the RR variability [40, 42–44], while in the case of the evalua-

tion of cerebral autoregulation the input is MAP variability and the output is the MCBF vari-

ability [18, 45, 46]. It is well-known that SAVR reduced baroreflex control [26]. This

observation is confirmed in this study by the dramatic postoperative reduction of TFMRR-SAP

in the LF and HF bands both at REST and during STAND. Signs of an impaired cardiac baror-

eflex were observable just before SAVR given that the expected decrease of TFMRR-SAP in the

LF and HF bands during STAND compared to REST in PRE was not visible [4, 43, 50, 51].

The post-surgery depression of the baroreflex regulation in association with the weakness of

this reflex just in PRE might expose SAVR patients to possible postoperative arrhythmic events

[26, 27]. Cerebral autoregulation mechanisms seem to be preserved after SAVR as indicated by

the negligible post-surgery changes of TFM, phase and K2 between MCBF and MAP in the

various frequency bands and this result is tightly linked to the preservation of the MAP and

MCBF powers. Again, this finding could be related to the maintenance of the sympathetic con-

trol after SAVR, even though the contribution of different factors including the beneficial

effect of surgery over the arterial blood flow profile cannot be dismissed. This finding suggests

that SAVR patient might be more at risk of developing postoperative arrhythmic episodes than

postoperative cerebrovascular adverse events.

Conclusions

The major depression of the vagal autonomic control and cardiac baroreflex after SAVR might

expose SAVR subjects to a greater risk of postoperative arrhythmic adverse events. Cerebro-

vascular regulation seems to be less affected by post-surgery autonomic regulation derange-

ment and this finding suggests that SAVR patients feature internal resources that might

maintain the risk of postoperative cerebrovascular adverse events at the preoperative level. We

remark that the direct association between cardiovascular adverse events after SAVR and the

depression of vagal control and cardiac baroreflex regulation deserves specific future studies

involving an adequate number of subjects and classification of type and rate of events. Given

the important dispersion of the cerebrovascular variability and cerebral autoregulation

indexes, individual analysis is necessary to check whether people with markers compatible

with a cerebrovascular impairment might have a greater probability of developing postopera-

tive cerebrovascular adverse events. We remark the need of increasing the power of the study

by enlarging the size of the group to verify whether the inability to distinguish differences

could the mere consequence of the small sample size. Future studies should assess whether

indexes could indicate any crosstalk between cardiovascular and cerebrovascular regulations

and could be helpful to identify risky subjects.

Supporting information

S1 Appendix. Spectral and cross-spectral methods. It contains supporting information rele-

vant to spectral and cross-spectral methods.

(PDF)
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S1 Dataset. Database of the extracted variability markers. It contains spectral, cross-spectral,

complexity indexes as well as the result of the test checking for the presence of nonlinear

dynamics computed at REST and during STAND before and after SAVR.

(ZIP)

Author Contributions

Conceptualization: Alberto Porta.

Data curation: Angela Fantinato, Vlasta Bari, Enrico Giuseppe Bertoldo, Valentina Fiolo,

Edward Callus.

Formal analysis: Alberto Porta, Vlasta Bari.

Funding acquisition: Alberto Porta.

Investigation: Alberto Porta, Angela Fantinato, Vlasta Bari, Enrico Giuseppe Bertoldo, Valen-

tina Fiolo, Edward Callus.

Methodology: Alberto Porta.

Resources: Alberto Porta, Angela Fantinato, Vlasta Bari, Carlo De Vincentiis, Marianna

Volpe, Raffaella Molfetta, Marco Ranucci.

Software: Alberto Porta, Vlasta Bari.

Supervision: Alberto Porta, Marco Ranucci.

Validation: Alberto Porta.

Visualization: Alberto Porta.

Writing – original draft: Alberto Porta.

Writing – review & editing: Alberto Porta, Angela Fantinato, Vlasta Bari, Francesca Gelpi,

Beatrice Cairo, Beatrice De Maria, Enrico Giuseppe Bertoldo, Valentina Fiolo, Edward Cal-

lus, Carlo De Vincentiis, Marianna Volpe, Raffaella Molfetta, Marco Ranucci.

References
1. Pomeranz B, Macaulay RJ, Caudill MA, Kutz I, Adam D, Gordon D, et al. Assessment of autonomic

function in humans by heart rate spectral analysis. Am J Physiol. 1985; 248: H151–H153. https://doi.

org/10.1152/ajpheart.1985.248.1.H151 PMID: 3970172

2. Task Force of the European Society of Cardiology and the North American Society of Pacing and

Electrophysiology Heart rate variability—Standards of measurement, physiological interpretation and

clinical use. Circulation. 1996; 93: 1043–1065. PMID: 8598068

3. Montano N, Gnecchi-Ruscone T, Porta A, Lombardi F, Pagani M, Malliani A. Power spectrum analysis

of heart rate variability to assess changes in sympatho-vagal balance during graded orthostatic tilt. Cir-

culation. 1994; 90: 1826–1831. https://doi.org/10.1161/01.cir.90.4.1826 PMID: 7923668

4. Cooke WH, Hoag JB, Crossman AA, Kuusela TA, Tahvanainen KUO, Eckberg DL. Human responses

to upright tilt: a window on central autonomic integration. J Physiol. 1999; 517: 617–628. https://doi.org/

10.1111/j.1469-7793.1999.0617t.x PMID: 10332107

5. Pagani M, Montano N, Porta A, Malliani A, Abboud FM, Birkett C, et al. Relationship between spectral

components of cardiovascular variabilities and direct measures of muscle sympathetic nerve activity in

humans. Circulation. 1997; 95:1441–1448. https://doi.org/10.1161/01.cir.95.6.1441 PMID: 9118511

6. Marchi A, Bari V, De Maria B, Esler M, Lambert E, Baumert M, et al. Calibrated variability of muscle

sympathetic nerve activity during graded head-up tilt in humans and its link with noradrenaline data and

cardiovascular rhythms. Am J Physiol. 2016; 310: R1134–R1143. https://doi.org/10.1152/ajpregu.

00541.2015 PMID: 27009053

PLOS ONE Cardiovascular and cerebrovascular controls after SAVR

PLOS ONE | https://doi.org/10.1371/journal.pone.0243869 December 10, 2020 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0243869.s002
https://doi.org/10.1152/ajpheart.1985.248.1.H151
https://doi.org/10.1152/ajpheart.1985.248.1.H151
http://www.ncbi.nlm.nih.gov/pubmed/3970172
http://www.ncbi.nlm.nih.gov/pubmed/8598068
https://doi.org/10.1161/01.cir.90.4.1826
http://www.ncbi.nlm.nih.gov/pubmed/7923668
https://doi.org/10.1111/j.1469-7793.1999.0617t.x
https://doi.org/10.1111/j.1469-7793.1999.0617t.x
http://www.ncbi.nlm.nih.gov/pubmed/10332107
https://doi.org/10.1161/01.cir.95.6.1441
http://www.ncbi.nlm.nih.gov/pubmed/9118511
https://doi.org/10.1152/ajpregu.00541.2015
https://doi.org/10.1152/ajpregu.00541.2015
http://www.ncbi.nlm.nih.gov/pubmed/27009053
https://doi.org/10.1371/journal.pone.0243869


7. Porta A, Castiglioni P, di Rienzo M, Bari V, Bassani T, Marchi A, et al. Short-term complexity indexes of

heart period and systolic arterial pressure variabilities provide complementary information. J Appl Phy-

siol. 2012; 113; 1810–1820. https://doi.org/10.1152/japplphysiol.00755.2012 PMID: 23104699

8. Goldberger AL. Non-linear dynamics for clinicians: chaos theory, fractals and complexity at the bedside.

Lancet. 1996; 347; 1312–1314. https://doi.org/10.1016/s0140-6736(96)90948-4 PMID: 8622511

9. Porta A, Baselli G, Guzzetti S, Pagani M, Malliani A, Cerutti S. Prediction of short cardiovascular vari-

ability signals based on conditional distribution. IEEE Trans Biomed Eng. 2000; 47: 1555–1564. https://

doi.org/10.1109/10.887936 PMID: 11125590

10. Porta A, Guzzetti S, Furlan R, Gnecchi-Ruscone T, Montano N, Malliani A. Complexity and nonlinearity

in short-term heart period variability: comparison of methods based on local non linear prediction. IEEE

Trans Biomed Eng. 2007; 54: 94–106. https://doi.org/10.1109/TBME.2006.883789 PMID: 17260860

11. Fortrat JO, Yamamoto Y, Hughson RL. Respiratory influences on non-linear dynamics of heart rate vari-

ability in humans. Biol Cybern. 1997; 77: 1–10. https://doi.org/10.1007/s004220050361 PMID:

9309859

12. Kanters K, Hojgaard MV, Agner E, Holstein-Rathlou N-H. Influence of forced respiration on nonlinear

dynamics in heart rate variability. Am J Physiol. 1997; 272: R1149–R1154. https://doi.org/10.1152/

ajpregu.1997.272.4.R1149 PMID: 9140014

13. Silva LEV, Lataro RM, Castania JA, Aguiar Silva CA, Salgado HC, Fazan R, et al. Nonlinearities of

heart rate variability in animal models of impaired cardiac control: contribution of different time scales. J

Appl Physiol. 2017; 123: 344–351. https://doi.org/10.1152/japplphysiol.00059.2017 PMID: 28495840

14. De Maria B, Bari V, Cairo B, Vaini E, Martins de Abreu R, Perseguini NM, et al. Cardiac baroreflex hys-

teresis is one of the determinants of the heart period variability asymmetry. Am J Physiol. 2019; 317:

R539–R551. https://doi.org/10.1152/ajpregu.00112.2019 PMID: 31365303

15. Penzel T, Kantelhardt JW, Bartsch RP, Riedl M, Kramer J, Wessel N, et al. Modulations of heart rate,

ECG, and cardio-respiratory coupling observed in polysomnography. Front Physiol. 2016; 7: 460.

https://doi.org/10.3389/fphys.2016.00460 PMID: 27826247

16. Bracic Lotric M, Stefanovska A. Synchronization and modulation in the human cardiorespiratory sys-

tem. Physica A. 2000; 283: 451–461.

17. Willie CK, Tzeng Y-C, Fisher JA, Ainslie PN. Integrative regulation of human brain blood flow. J Physiol.

2014; 592.5; 841–859.

18. Claassen JA, Meel-van den Abeelen AS, Simpson DM, Panerai RB and the international Cerebral Auto-

regulation Research Network (CARNet). Transfer function analysis of dynamic cerebral autoregulation:

A white paper from the international cerebral autoregulation research network. J Cereb Blood Flow

Metab. 2016; 36: 665–680. https://doi.org/10.1177/0271678X15626425 PMID: 26782760

19. Aaslid R, Markwalder TM. Nornes H. Noninvasive transcranial Doppler ultrasound recording of flow

velocity in basal cerebral arteries. J Neurosurg. 1982; 57: 769–774. https://doi.org/10.3171/jns.1982.

57.6.0769 PMID: 7143059

20. Tegeler CH, Crutchfield K, Katsnelson M, Kim J, Tang R, Passmore Griffin L, et al. Transcranial Doppler

velocities in a large, healthy population. J Neuroimaging. 2013; 23: 466–472. https://doi.org/10.1111/j.

1552-6569.2012.00711.x PMID: 23157483

21. Hamner JW, Tan CO, Lee K, Cohen MA, Taylor JA. Sympathetic control of the cerebral vasculature in

humans. Stroke 2010; 41: 102–109. https://doi.org/10.1161/STROKEAHA.109.557132 PMID:

20007920

22. Compostella L, Russo N, Compostella C, Setzu T, D’Onofrio A, Isabella G, et al. Impact of type of inter-

vention for aortic valve replacement on heart rate variability. Int J Cardiol. 2015; 197: 11–15. https://doi.

org/10.1016/j.ijcard.2015.06.004 PMID: 26113470

23. Retzlaff B, Bauernschimitt R, Malberg H, Brockmann G, Uhl C, Lange R, et al. Depression of cardiovas-

cular autonomic function is more pronounced after mitral valve surgery: evidence for direct trauma. Phil

Trans R Soc A. 2009; 367: 1251–1263. https://doi.org/10.1098/rsta.2008.0272 PMID: 19324707

24. Hogue CW, Stein PK, Apostolidou I, Lappas DG, Kleiger RE. Alterations in temporal patterns of heart

rate variability after coronary artery bypass graft surgery. Anesthesiology. 1994; 81: 1356–1364.

https://doi.org/10.1097/00000542-199412000-00009 PMID: 7992903

25. Kuo C-D, Chen G-Y, Lai S-T, Wang Y-Y, Shih C-C, Wang J-H. Sequential changes in heart rate variabil-

ity after coronary artery bypass grafting. Am J Cardiol. 1999; 83: 776–779. https://doi.org/10.1016/

s0002-9149(98)00989-8 PMID: 10080437

26. Bauernschmitt R, Malberg H, Wessel N, Brockmann G, Wildhirt SM, Kopp B, et al. Autonomic control in

patients experiencing atrial fibrillation after cardiac surgery. PACE. 2007; 30: 77–84. https://doi.org/10.

1111/j.1540-8159.2007.00568.x PMID: 17241319

PLOS ONE Cardiovascular and cerebrovascular controls after SAVR

PLOS ONE | https://doi.org/10.1371/journal.pone.0243869 December 10, 2020 17 / 19

https://doi.org/10.1152/japplphysiol.00755.2012
http://www.ncbi.nlm.nih.gov/pubmed/23104699
https://doi.org/10.1016/s0140-6736%2896%2990948-4
http://www.ncbi.nlm.nih.gov/pubmed/8622511
https://doi.org/10.1109/10.887936
https://doi.org/10.1109/10.887936
http://www.ncbi.nlm.nih.gov/pubmed/11125590
https://doi.org/10.1109/TBME.2006.883789
http://www.ncbi.nlm.nih.gov/pubmed/17260860
https://doi.org/10.1007/s004220050361
http://www.ncbi.nlm.nih.gov/pubmed/9309859
https://doi.org/10.1152/ajpregu.1997.272.4.R1149
https://doi.org/10.1152/ajpregu.1997.272.4.R1149
http://www.ncbi.nlm.nih.gov/pubmed/9140014
https://doi.org/10.1152/japplphysiol.00059.2017
http://www.ncbi.nlm.nih.gov/pubmed/28495840
https://doi.org/10.1152/ajpregu.00112.2019
http://www.ncbi.nlm.nih.gov/pubmed/31365303
https://doi.org/10.3389/fphys.2016.00460
http://www.ncbi.nlm.nih.gov/pubmed/27826247
https://doi.org/10.1177/0271678X15626425
http://www.ncbi.nlm.nih.gov/pubmed/26782760
https://doi.org/10.3171/jns.1982.57.6.0769
https://doi.org/10.3171/jns.1982.57.6.0769
http://www.ncbi.nlm.nih.gov/pubmed/7143059
https://doi.org/10.1111/j.1552-6569.2012.00711.x
https://doi.org/10.1111/j.1552-6569.2012.00711.x
http://www.ncbi.nlm.nih.gov/pubmed/23157483
https://doi.org/10.1161/STROKEAHA.109.557132
http://www.ncbi.nlm.nih.gov/pubmed/20007920
https://doi.org/10.1016/j.ijcard.2015.06.004
https://doi.org/10.1016/j.ijcard.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26113470
https://doi.org/10.1098/rsta.2008.0272
http://www.ncbi.nlm.nih.gov/pubmed/19324707
https://doi.org/10.1097/00000542-199412000-00009
http://www.ncbi.nlm.nih.gov/pubmed/7992903
https://doi.org/10.1016/s0002-9149%2898%2900989-8
https://doi.org/10.1016/s0002-9149%2898%2900989-8
http://www.ncbi.nlm.nih.gov/pubmed/10080437
https://doi.org/10.1111/j.1540-8159.2007.00568.x
https://doi.org/10.1111/j.1540-8159.2007.00568.x
http://www.ncbi.nlm.nih.gov/pubmed/17241319
https://doi.org/10.1371/journal.pone.0243869


27. Ranucci M, Porta A, Bari V, Pistuddi V, La Rovere MT. Baroreflex sensitivity and outcomes following

coronary surgery. PloS ONE. 2017; 12: e0175008. https://doi.org/10.1371/journal.pone.0175008

PMID: 28384188

28. Knai K, Aadahl P, Skjaervold NK. Cardiac surgery does not lead to loss of oscillatory components in cir-

culatory signals. Physiol Rep. 2020; 8: e14423. https://doi.org/10.14814/phy2.14423 PMID: 32378333

29. Caldas JR, Haunton VJ, Panerai RB, Hajjar LA, Robinson TG. Cerebral autoregulation in cardiopulmo-

nary bypass surgery: a systematic review. Interact Cardiovasc Thorac Surg. 2018; 26: 494–503.

https://doi.org/10.1093/icvts/ivx357 PMID: 29155938

30. Sugihara G, May RM. Non linear forecasting as a way of distinguishing chaos from measurement error

in time series. Nature.1990; 344: 734–741. https://doi.org/10.1038/344734a0 PMID: 2330029

31. Schreiber T, Schmitz A. Improved surrogate data for nonlinearity tests. Phys Rev Lett. 1996; 77: 635–

638. https://doi.org/10.1103/PhysRevLett.77.635 PMID: 10062864

32. Saul JP, Berger RD, Albrecht P, Stein SP, Chen MH, Cohen, RJ. Transfer function analysis of the circu-

lation: unique insights into cardiovascular regulation. Am J Physiol. 1991; 261: H1231–H1245. https://

doi.org/10.1152/ajpheart.1991.261.4.H1231 PMID: 1928405

33. Vaini E, Bari V, Fantinato A, Cairo B, De Maria B, Pistuddi V, et al. Postoperative modifications of car-

diovascular control and baroreflex sensitivity in patients undergoing surgical aortic valve replacement.

Proceedings of the 11th Annual International Conference of the European Study Group on Cardiovascu-

lar Oscillations, Pisa, Italy, July 15, 2020.

34. Porta A, Fantinato A, Bari V, Cairo B, De Maria B, Bertoldo EG, et al. Complexity and nonlinearities of

short-term cardiovascular and cerebrovascular controls after surgical aortic valve replacement. Pro-

ceedings of the 42nd Annual International Conference of the Engineering in Medicine and Biology Soci-

ety, Montreal, Canada, July 20–24, 2020.

35. Bari V, De Maria B, Mazzucco CM, Rossato G, Tonon D, Nollo G, et al. Cerebrovascular and cardiovas-

cular variability interactions investigated through conditional joint transfer entropy in subjects prone to

postural syncope. Physiol Meas. 2017; 38: 976–991. https://doi.org/10.1088/1361-6579/aa638c PMID:

28245206

36. Kay SM, Marple SL. Spectrum analysis: a modern perspective. Proc IEEE. 1981; 69: 1380–1418.

37. Baselli G, Porta A, Rimoldi O, Pagani M, Cerutti S. Spectral decomposition in multichannel recordings

based on multivariate parametric identification. IEEE Trans Biomed Eng. 1997; 44: 1092–1101. https://

doi.org/10.1109/10.641336 PMID: 9353988

38. Akaike H. A new look at the statistical novel identification. IEEE Trans Automat Contr. 1974; 19: 716–

723.

39. Porta A, Baselli G, Rimoldi O, Malliani A, Pagani M. Assessing baroreflex gain from spontaneous vari-

ability in conscious dogs: role of causality and respiration. Am J Physiol. 2000; 279: H2558–H2567.

https://doi.org/10.1152/ajpheart.2000.279.5.H2558 PMID: 11045994

40. Porta A, Bari V, Bassani T, Marchi A, Pistuddi V, Ranucci M. Model-based causal closed loop approach

to the estimate of baroreflex sensitivity during propofol anesthesia in patients undergoing coronary

artery bypass graft. J Appl Physiol. 2013; 115: 1032–1042. https://doi.org/10.1152/japplphysiol.00537.

2013 PMID: 23869064

41. Bari V, Vaini E, Pistuddi V, Fantinato A, Cairo B, De Maria B, et al. Comparison of causal and non-

causal strategies for the assessment of baroreflex sensitivity in predicting acute kidney dysfunction

after coronary artery bypass grafting. Front Physiol. 2019; 10: 1319. https://doi.org/10.3389/fphys.

2019.01319 PMID: 31681021

42. Pinna GD, Maestri R, Raczak G, La Rovere MT. Measuring baroreflex sensitivity from the gain function

between arterial pressure and heart period. Clin Sci. 2002; 103: 81–88. https://doi.org/10.1042/

cs1030081 PMID: 12095408

43. Porta A, Catai AM, Takahashi ACM, Magagnin V, Bassani T, Tobaldini E, et al. Causal relationships

between heart period and systolic arterial pressure during graded head-up tilt. Am J Physiol. 2011; 300:

R378–R386. https://doi.org/10.1152/ajpregu.00553.2010 PMID: 20962207

44. de Boer RW, Karemaker JM, Strackee J. Relationships between short-term blood pressure fluctuations

and heart rate variability in resting subjects I: a spectral analysis approach. Med Biol Eng Comput.

1985; 23: 352–358. https://doi.org/10.1007/BF02441589 PMID: 4046655

45. Zhang R, Zuckerman JH, Giller CA, Levine BD. Transfer function analysis of dynamic cerebral autore-

gulation in humans. Am J Physiol. 1998; 274: H233–H241. https://doi.org/10.1152/ajpheart.1998.274.

1.h233 PMID: 9458872

46. Vaini E, Bari V, Fantinato A, Pistuddi V, Cairo B, De Maria B, et al. Causality analysis reveals the link

between cerebrovascular control and acute kidney dysfunction after coronary artery bypass grafting.

Physiol Meas. 2019; 40: 064006. https://doi.org/10.1088/1361-6579/ab21b1 PMID: 31091519

PLOS ONE Cardiovascular and cerebrovascular controls after SAVR

PLOS ONE | https://doi.org/10.1371/journal.pone.0243869 December 10, 2020 18 / 19

https://doi.org/10.1371/journal.pone.0175008
http://www.ncbi.nlm.nih.gov/pubmed/28384188
https://doi.org/10.14814/phy2.14423
http://www.ncbi.nlm.nih.gov/pubmed/32378333
https://doi.org/10.1093/icvts/ivx357
http://www.ncbi.nlm.nih.gov/pubmed/29155938
https://doi.org/10.1038/344734a0
http://www.ncbi.nlm.nih.gov/pubmed/2330029
https://doi.org/10.1103/PhysRevLett.77.635
http://www.ncbi.nlm.nih.gov/pubmed/10062864
https://doi.org/10.1152/ajpheart.1991.261.4.H1231
https://doi.org/10.1152/ajpheart.1991.261.4.H1231
http://www.ncbi.nlm.nih.gov/pubmed/1928405
https://doi.org/10.1088/1361-6579/aa638c
http://www.ncbi.nlm.nih.gov/pubmed/28245206
https://doi.org/10.1109/10.641336
https://doi.org/10.1109/10.641336
http://www.ncbi.nlm.nih.gov/pubmed/9353988
https://doi.org/10.1152/ajpheart.2000.279.5.H2558
http://www.ncbi.nlm.nih.gov/pubmed/11045994
https://doi.org/10.1152/japplphysiol.00537.2013
https://doi.org/10.1152/japplphysiol.00537.2013
http://www.ncbi.nlm.nih.gov/pubmed/23869064
https://doi.org/10.3389/fphys.2019.01319
https://doi.org/10.3389/fphys.2019.01319
http://www.ncbi.nlm.nih.gov/pubmed/31681021
https://doi.org/10.1042/cs1030081
https://doi.org/10.1042/cs1030081
http://www.ncbi.nlm.nih.gov/pubmed/12095408
https://doi.org/10.1152/ajpregu.00553.2010
http://www.ncbi.nlm.nih.gov/pubmed/20962207
https://doi.org/10.1007/BF02441589
http://www.ncbi.nlm.nih.gov/pubmed/4046655
https://doi.org/10.1152/ajpheart.1998.274.1.h233
https://doi.org/10.1152/ajpheart.1998.274.1.h233
http://www.ncbi.nlm.nih.gov/pubmed/9458872
https://doi.org/10.1088/1361-6579/ab21b1
http://www.ncbi.nlm.nih.gov/pubmed/31091519
https://doi.org/10.1371/journal.pone.0243869


47. Giller CA. The frequency-dependent behavior of cerebral autoregulation. Neurosurgery. 1990; 27:

362–368. https://doi.org/10.1097/00006123-199009000-00004 PMID: 2234328

48. Porta A, Bari V, Marchi A, De Maria B, Cysarz D, Van Leeuwen P, et al. Complexity analyses show two

distinct types of nonlinear dynamics in short heart period variability recordings. Front Physiol. 2015; 6:

71. https://doi.org/10.3389/fphys.2015.00071 PMID: 25806002

49. Porta A, Tobaldini E, Guzzetti S, Furlan R, Montano N, Gnecchi-Ruscone T. Assessment of cardiac

autonomic modulation during graded head-up tilt by symbolic analysis of heart rate variability. Am J

Physiol. 2007; 293: H702–H708. https://doi.org/10.1152/ajpheart.00006.2007 PMID: 17308016

50. De Maria B, Bari V, Cairo B, Vaini E, Esler M, Lambert E, et al. Characterization of the asymmetry of the

cardiac and sympathetic arms of the baroreflex from spontaneous variability during incremental head-

up tilt. Front Physiol. 2019; 10: 342. https://doi.org/10.3389/fphys.2019.00342 PMID: 31001137

51. Marchi A, Bari V, De Maria B, Esler M, Lambert E, Baumert M, et al. Simultaneous characterization of

sympathetic and cardiac arms of the baroreflex through sequence techniques during incremental head-

up tilt. Front Physiol. 2016; 7: 438. https://doi.org/10.3389/fphys.2016.00438 PMID: 27746741

52. Baselli G, Porta A, Pagani M. Coupling arterial windkessel with peripheral vasomotion: modelling the

effects on low frequency oscillations. IEEE Trans Biomed Eng. 2006; 53: 53–64. https://doi.org/10.

1109/TBME.2005.859787 PMID: 16402603

PLOS ONE Cardiovascular and cerebrovascular controls after SAVR

PLOS ONE | https://doi.org/10.1371/journal.pone.0243869 December 10, 2020 19 / 19

https://doi.org/10.1097/00006123-199009000-00004
http://www.ncbi.nlm.nih.gov/pubmed/2234328
https://doi.org/10.3389/fphys.2015.00071
http://www.ncbi.nlm.nih.gov/pubmed/25806002
https://doi.org/10.1152/ajpheart.00006.2007
http://www.ncbi.nlm.nih.gov/pubmed/17308016
https://doi.org/10.3389/fphys.2019.00342
http://www.ncbi.nlm.nih.gov/pubmed/31001137
https://doi.org/10.3389/fphys.2016.00438
http://www.ncbi.nlm.nih.gov/pubmed/27746741
https://doi.org/10.1109/TBME.2005.859787
https://doi.org/10.1109/TBME.2005.859787
http://www.ncbi.nlm.nih.gov/pubmed/16402603
https://doi.org/10.1371/journal.pone.0243869

