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Dear Editor, 

 

Please find our manuscript entitled “Exploring mean square prediction error and 

correlation metrics for the computation of the autoregulation index during propofol-based 

general anesthesia and head-up tilt protocols” by Vlasta Bari, Lorenzo Barbarossa, Francesca 

Gelpi, Beatrice Cairo, Beatrice De Maria, Davide Tonon, Gianluca Rossato, Luca Faes, Marco 

Ranucci, Riccardo Barbieri, Alberto Porta, which we are submitting for consideration in 

Autonomic Neuroscience: Basic and Clinical. 

 

The manuscript is here submitted for evaluating its suitability to be included in the 

Special Issue “Autonomic nervous system and cerebral blood flow autoregulation”. Guest 

Editors: Alberto Porta and Ronney Panerai. 

 

The study originally tests two metrics commonly utilized for comparing the measured, 

or data-driven, mean cerebral blood flow velocity (MCBFV) series with the version predicted 

by Tiecks’ model, namely normalized mean square prediction error (NMSPE) and normalized 

correlation ρ, in the context of the assessment of the autoregulation index (ARI) from 

spontaneous variability of mean arterial pressure (MAP) and MCBFV.  

 

The study was carried out in a group of healthy subjects during head-up tilt and in 

subjects scheduled for coronary artery bypass grafting during propofol-based general 

anesthesia. 

 

From a methodological standpoint we found that NMSPE and ρ metrics were 

appropriate for ARI evaluation in response to postural challenge, while ρ metric was 

preferable to NMSPE for its better ability to separate original from surrogate pairs during 

propofol-based general anesthesia.  

 

From an experimental standpoint we found that the estimated ARIs were similar 

during orthostatic challenge compared to supine position and during propofol-based general 

anesthesia compared to baseline condition and this conclusion held regardless of the technique 

and metric for ARI estimation. 

 

Given the better performance during propofol-based general anesthesia protocol we 

recommend the use of ρ with respect to NMSPE when assessing ARI via the application of 

methods exploiting Tiecks’ model. 

 

The present manuscript has not been published and is not being considered for 

publication elsewhere. All authors have taken due care to ensure the integrity of the work, 

meet criteria for authorship, all those who qualify for authorship have been listed, and have 

seen and approved the manuscript.  

 

Sincerely yours, 

 

Alberto Porta 
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Abstract 

Cerebral autoregulation (CA) is evaluated via the autoregulation index (ARI) derived from 

several techniques grounded on the simultaneous utilization of Tiecks’ differential equations and 

spontaneous variability of mean arterial pressure (MAP) and mean cerebral blood flow velocity 

(MCBFV) recorded from middle cerebral arteries through a transcranial Doppler device. These 

techniques exploit two metrics for comparing the measured, or data-driven, MCBFV series with the 

version predicted by Tiecks’ model: normalized mean square prediction error (NMSPE) and 

normalized correlation ρ. The two metrics for ARI computation were tested in 13 healthy subjects 

(age: 27±8 yrs, 5 males) at rest in supine position (REST) and during 60° head-up tilt (HUT) and in 

19 patients (age: 64±8 yrs, all males), scheduled for coronary artery bypass grafting, before (PRE) 

and after (POST) propofol-based general anesthesia induction. Analyses were carried out over 

matched original MAP and MCBFV pairs and surrogate unmatched couples taken from different 

subjects within the same group and condition. We found that: i) both NMSPE and ρ metrics were 

appropriate for ARI evaluation in the REST-HUT protocol; ii) ρ metric was preferable to NMSPE 

for its better ability to separate original from surrogate pairs in the PRE-POST protocol; iii) the two 

metrics led to similar ARIs; iv) CA was not different during HUT or POST compared to baseline 

condition and this conclusion held regardless of the technique and metric for ARI estimation. We 

recommend the use of ρ for ARI estimation.  

 

Abstract



Cerebral autoregulation during general anesthesia and postural challenge by V. Bari et al. 

1 

 

Exploring mean square prediction error and correlation metrics for 1 

the computation of the autoregulation index during propofol-based 2 

general anesthesia and head-up tilt protocols 3 

 4 

Vlasta Bari1, Lorenzo Barbarossa2, Francesca Gelpi1,3, Beatrice Cairo3,  5 

Beatrice De Maria4, Davide Tonon5, Gianluca Rossato5, Luca Faes6,  6 

Marco Ranucci1, Riccardo Barbieri2, Alberto Porta1,3 7 

 8 

1Department of Cardiothoracic, Vascular Anesthesia and Intensive Care, IRCCS Policlinico San 9 

Donato, San Donato Milanese, Milan, Italy 10 
2Department of Electronics Information and Bioengineering, Politecnico di Milano, Milan, Italy 11 

3Department of Biomedical Sciences for Health, University of Milan, Milan, Italy 12 
 4IRCCS Istituti Clinici Scientifici Maugeri, Milan, Italy 13 

5Department of Neurology, IRCCS Sacro Cuore Don Calabria Hospital, Negrar, Verona, Italy 14 
6Department of Engineering, University of Palermo, Palermo, Italy 15 

 16 

 17 

Running title: Cerebral autoregulation during general anesthesia and postural challenge 18 

 19 

 20 

 21 

Address for correspondence: 22 

Prof. Alberto Porta, PhD 23 

Università degli Studi di Milano 24 

Dipartimento di Scienze Biomediche per la Salute 25 

IRCCS Policlinico San Donato 26 

Laboratorio di Modellistica di Sistemi Complessi 27 

Via R. Morandi 30 28 

20097, San Donato Milanese 29 

Milano, Italy 30 

 31 

Tel: +39 02 52774382 32 

Email: alberto.porta@unimi.it 33 

 34 

  35 

Manuscript File Click here to view linked References

mailto:alberto.porta@unimi.it
https://www.editorialmanager.com/autneu/viewRCResults.aspx?pdf=1&docID=1472&rev=0&fileID=22008&msid=49fa8bc0-4154-4ae9-8db3-44b843201cca
https://www.editorialmanager.com/autneu/viewRCResults.aspx?pdf=1&docID=1472&rev=0&fileID=22008&msid=49fa8bc0-4154-4ae9-8db3-44b843201cca


Cerebral autoregulation during general anesthesia and postural challenge by V. Bari et al. 

2 

 

Abstract 36 

Cerebral autoregulation (CA) is evaluated via the autoregulation index (ARI) derived from 37 

several techniques grounded on the simultaneous utilization of Tiecks’ differential equations and 38 

spontaneous variability of mean arterial pressure (MAP) and mean cerebral blood flow velocity 39 

(MCBFV) recorded from middle cerebral arteries through a transcranial Doppler device. These 40 

techniques exploit two metrics for comparing the measured, or data-driven, MCBFV series with the 41 

version predicted by Tiecks’ model: normalized mean square prediction error (NMSPE) and 42 

normalized correlation ρ. The two metrics for ARI computation were tested in 13 healthy subjects 43 

(age: 27±8 yrs, 5 males) at rest in supine position (REST) and during 60° head-up tilt (HUT) and in 44 

19 patients (age: 64±8 yrs, all males), scheduled for coronary artery bypass grafting, before (PRE) 45 

and after (POST) propofol-based general anesthesia induction. Analyses were carried out over 46 

matched original MAP and MCBFV pairs and surrogate unmatched couples taken from different 47 

subjects within the same group and condition. We found that: i) both NMSPE and ρ metrics were 48 

appropriate for ARI evaluation in the REST-HUT protocol; ii) ρ metric was preferable to NMSPE for 49 

its better ability to separate original from surrogate pairs in the PRE-POST protocol; iii) the two 50 

metrics led to similar ARIs; iv) CA was not different during HUT or POST compared to baseline 51 

condition and this conclusion held regardless of the technique and metric for ARI estimation. We 52 

recommend the use of ρ for ARI estimation.  53 

 54 

Keywords: Spontaneous variability; cerebral autoregulation; head-up tilt; propofol general 55 

anesthesia; cerebrovascular control; autonomic nervous system. 56 

  57 



Cerebral autoregulation during general anesthesia and postural challenge by V. Bari et al. 

3 

 

Highlights 58 

1) Two metrics for assessing autoregulation index (ARI) from spontaneous variations are tested 59 

2) Correlation metric is more powerful than mean square prediction error 60 

3) ARIs estimated by the two metrics are similar 61 

4) Head-up tilt and propofol-based general anesthesia do not affect cerebral autoregulation 62 

5) This conclusion holds regardless of metric utilized for ARI estimation 63 

 64 

  65 



Cerebral autoregulation during general anesthesia and postural challenge by V. Bari et al. 

4 

 

1. Introduction 66 

Variability of the mean cerebral blood flow (MCBF) is deemed to be detrimental for brain 67 

perfusion and, as such, the amplitude of the MCBF fluctuations is to be reduced. Cerebral 68 

autoregulation (CA) is a physiological mechanism responsible to keep MCBF unvaried and limit its 69 

variability in presence of changes of mean arterial pressure (MAP) (Aaslid et al., 1989; Paulson et 70 

al., 1990). MCBF velocity, (MCBFV), derived via transcranial Doppler device, is generally utilized 71 

as a surrogate of MCBF (Aaslid et al., 1982), while changes in MAP are generally assessed from 72 

systemic arterial pressure under the hypothesis that intracranial pressure does not vary. CA can be 73 

studied by either static (Paulson et al., 1990; Strandgaard and Paulson, 1984; Lassen, 1959) or 74 

dynamic (Newell et al., 1994; Aaslid et al., 1989; Panerai et al., 1998; Czosnyka et al., 2008) methods, 75 

with the latter exploiting MAP changes induced by an external intervention, e.g. thigh cuff deflation, 76 

or MAP variations occurring spontaneously due to the action of cardiovascular control mechanisms 77 

(Penzel et al., 2017).  78 

There is a considerable interest in testing whether CA is working based on spontaneous 79 

variability of MAP and MCBFV (Panerai et al., 2001; Carey et al., 2001; Castro et al., 2014; Claassen 80 

et al., 2016; Dineen et al., 2010; Lee et al., 2020). A remarkable set of methods applied to MAP and 81 

MCBFV variability to grade CA (Panerai et al., 1998; Panerai et al., 1999; Simpson et al., 2001; 82 

Panerai et al., 2003; Mahdi et al., 2017) is grounded on Tiecks’ model devised to describe the response 83 

of MCBFV to a sudden and sustained change in MAP (Tiecks et al., 1995). These methods can be 84 

roughly classified into: i) the time domain method (TDM) that feeds the Tiecks’ differential equations 85 

with spontaneous MAP variability to observe the evolution of MCBFV and compares the predicted 86 

MCBFV variability series with the recorded one (Panerai et al., 2003; Mahdi et al., 2017); ii) the 87 

nonparametric method (nonPM) grounded on Fourier transform-based estimation of the MCBFV-88 

MAP transfer function, the assessment of its impulse response (IR), or step response (SR), and the 89 

comparison of the IR, or SR, to that of Tiecks’ model (Panerai et al., 1998; Panerai et al., 1999); iii) 90 

the parametric method (PM) based on estimation of a MCBFV-MAP dynamical model, mainly 91 

belonging to the linear or nonlinear vector regression class, the computation of its IR, or SR, and the 92 

comparison of the IR, or SR, to that derived from Tiecks’ differential equations (Panerai et al., 1999; 93 

Simpson et al., 2001; Gelpi et al., 2021). Tiecks’ model can be graded according to the type of the 94 

MCBFV response to a sustained drop of MAP and this grading, identified by a parameter referred to 95 

as autoregulation index (ARI), is ranked from 0 to 9, where ARIs smaller than, or equal to 4, indicate 96 

impaired CA and ARIs greater than 4 indicate a working CA (Tiecks et al., 1995). 97 

Regardless of the technique exploited for ARI estimation (i.e. TDM, nonPM or PM), the 98 

comparison between the measured, or data-driven, MCBFV series and the version predicted by 99 
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Tiecks’ differential equations is performed through a figure of merit estimating the degree of 100 

similarity between them. The most frequently utilized metric is the normalized mean square 101 

prediction error (NMSPE) (Angarita-Jaimes et al., 2014): the closer to 0 the NMSPE, the more 102 

adequate the Tiecks’ model in describing the measured MCBFV dynamics. In order to overcome 103 

limitations linked to the possible presence of subjects in which the magnitude of the absolute 104 

prediction error might exhibit important deviations due to the presence of constant biases in the 105 

procedure of measurement, some studies have suggested the use of the normalized correlation ρ 106 

between the measured and the predicted MCBFV series to assess their level of agreement (Dawson 107 

et al., 2000): the closer to 1 the ρ, the better the description of the measured MCBFV dynamics 108 

provided by Tiecks’ model. However, these two metrics were never systematically tested, thus 109 

preventing a ranking in practical settings and to understand whether conclusions of the study might 110 

depend on the selection of the figure of merit. 111 

Thus, the aim of this study was to compare NMSPE and ρ metrics for the ARI computation in 112 

two experimental protocols applying two different challenges to CA, namely a gravitational 113 

challenge, and the typical challenge occurring just before major surgical interventions, namely 114 

general anesthesia. In healthy subjects, in spite of a sympathetic activation provoking peripheral 115 

vasoconstriction favoring venous return (Montano et al., 1994; Cooke et al., 1999; Furlan et al., 2000; 116 

Marchi et al., 2016), an orthostatic challenge did not affect CA (Carey et al., 2001; Schondorf et al., 117 

2001; Castro et al., 2017; Claydon and Hainsworth, 2003; Bari et al., 2017; Gelpi et al., 2021). 118 

Propofol-based general anesthesia is known to preserve CA (Strebel et al., 1995; Engelhard et al., 119 

2001; Ogawa et al., 2010) in a context of depressed autonomic function, especially sympathetic 120 

control (Ebert et al., 1992; Sellgren et al., 1994; Boer et al., 1990), reduced baroreflex sensitivity 121 

(Keyl et al., 2000; Sato et al., 2005; Porta et al., 2013, Bari et al., 2019), and weakened association 122 

between MCBFV and MAP (Bari et al., 2021). The present study aims at checking whether these 123 

conclusions might depend on the metrics utilized for ARI calculation. 124 

 125 

2. Methods 126 

2.1 ARI approaches 127 

ARI was assessed according to techniques exploiting simultaneously the modeling approach 128 

originally developed by Tiecks et al., (1995) to describe CA in the context of the interventional 129 

procedure of thigh cuff deflation (Aaslid et al., 1989) and MAP and MCBFV spontaneous 130 

variabilities. The Tiecks’ model describes the dynamical link from MAP to MCBFV as a derivative 131 

filter and allows the computation of the response to the original MCBFV series or, in alternative the 132 

IR, or the SR, of the model. These responses are graded according to integer values of an 133 
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autoregulation index (ARI) ranking the efficiency in performing CA from 0, i.e., absent CA, to 9, i.e., 134 

excellent CA with ARI values smaller than, or equal to, 4 indicating an impaired CA and those greater 135 

than 4 a working CA (Tiecks et al., 1995). The response derived from Tiecks’ model was compared 136 

to those obtained from spontaneous variations of MAP and MCBFV as a function of ARI with the 137 

aim at selecting the response that provides the best agreement with real data and storing the 138 

correspondent ARI. We considered four approaches to the ARI estimation: i) the TDM in which the 139 

Tiecks’ model was driven by the original MAP variability to derive the corresponding MCBFV series 140 

that was compared with the original MCBFV variability (Panerai et al., 2003; Mahdi et al., 2017); ii) 141 

the non-PM based on the SR in which the SR of the Tiecks’ model was compared to the one derived 142 

from the MCBFV-MAP transfer function estimated via a non-PM technique (Panerai et al., 1998; 143 

Panerai et al., 1999);  iii) the PM method based on the IR in which the IR of the Tiecks’ model was 144 

compared to the one derived from model-based approach exploiting a PM technique (Panerai et al., 145 

1999; Simpson et al., 2001; Gelpi et al., 2021); iv) the PM based on the SR in which the SR of the 146 

Tiecks’ model was compared to the one derived from model-based approach exploiting a PM 147 

technique (Panerai et al., 1999; Simpson et al., 2001; Gelpi et al., 2021). The exclusion of the non-148 

PM based on the IR is due to its limited efficiency in presence of noise as proven in (Gelpi et al., 149 

2021). We referred to (Gelpi et al., 2021) for a deep description of all the implemented ARI 150 

approaches and to the original papers where the methods are first described (Panerai et al., 1998; 151 

Panerai et al., 1999; Simpson et al., 2001; Panerai et al., 2003; Mahdi et al., 2017). 152 

 153 

2.2 Figures of merit for ARI assessment 154 

The comparison between measured, or data-driven, and model-predicted MCBFV curves was 155 

performed according to two different metrics. The first metric is the NMSPE (Angarita-Jaimes et al., 156 

2014). The NMSPE was computed as the mean square value of the difference between the measured 157 

and predicted MCBFV series normalized by the mean square value of the measured MCBFV. The 158 

NMSPE was calculated for the ten different ARI curves. We selected the ARI (i.e. from 0 to 9) 159 

corresponding to the minimum value of NMSPE. The second metric is the correlation ρ between the 160 

measured and the predicted MCBFV computed as their cross-correlation at 0 lag (Dawson et al., 161 

2000; Porta et al., 2007a). In the TDM measured and predicted MCBFV were normalized to have 162 

zero mean and unit variance by subtracting the mean and dividing each variation from the mean by 163 

the standard deviation. In PM and nonPM the series were normalized according to the strategy 164 

described in (Gelpi et al., 2021). ρ was calculated for the ten different ARI curves. We selected the 165 

ARI (i.e. from 0 to 9) corresponding to the maximum value of ρ. Since no interpolation procedure 166 

was made, ARI estimated via both NMSPE and ρ assumed only integer values. NMSPE and ρ were 167 
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calculated for each of the four different methods for ARI estimation. The metrics were labelled 168 

NMSPETDM, NMSPEnonPM,SR, NMSPEPM,IR, NMSPEPM,SR, ρTDM, ρnonPM,SR, ρPM,IR and ρPM,SR, while 169 

the corresponding optimized ARI were labeled as ARITDM, ARI,nonPM,SR, ARIPM,IR and ARI,PM,SR. 170 

 171 

2.3 Surrogate analysis 172 

Surrogate pairs have been created to test the significance of metrics utilized to compare original 173 

and predicted MCBFV series. Surrogate couples were built by randomly associating MAP series of 174 

one subject to the MCBFV series derived from another subject within the same protocol and 175 

experimental condition (Van Leeuwen et al., 2003; Panerai et al, 2018). NMSPE and ρ were 176 

calculated over both original and surrogate pairs. NMSPE is expected to be higher in surrogates than 177 

in original time series because a random association would lead to a higher error in predicting 178 

MCBFV. On the contrary, ρ is expected to be lower in surrogates than in original series, because a 179 

random association would lead to a lower correlation between the original and predicted series. 180 

 181 

3. Experimental protocols and data analysis 182 

3.1 Ethics 183 

The metrics for testing similarity between original and predicted MCBFV fluctuations were 184 

tested in two different experimental protocols carried out, respectively, in a group of healthy subjects 185 

undergoing recordings at rest in supine position (REST) and during postural challenge induced by 186 

head-up tilt (HUT) (Faes et al. 2013; Bari et al., 2016) and in a group of individuals, scheduled for 187 

coronary artery bypass grafting, undergoing recordings before (PRE) and after (POST) propofol-188 

based general anesthesia induction (Bari et al., 2021). Data of the REST-HUT experimental protocol 189 

were collected the Neurology Division of Sacro Cuore Hospital, Negrar, Italy. The inclusion criteria, 190 

ethical committee approval from Sacro Cuore Hospital, Negrar, Italy (approval number: 101/2010), 191 

agreement with the principles of the Declaration of Helsinki and informed consent process were 192 

described in (Faes et al. 2013; Bari et al., 2016). Data of the PRE-POST experimental protocol were 193 

collected at the Department of Cardiothoracic, Vascular Anesthesia and Intensive Care of IRCCS 194 

Policlinico San Donato, San Donato Milanese, Milan, Italy. The inclusion criteria, ethical committee 195 

approval from San Raffaele Hospital, Milan, Italy (approval number: 40/int/2016), agreement with 196 

the principles of the Declaration of Helsinki and informed consent process were described in (Bari et 197 

al., 2021).  198 

 199 

3.2 REST-HUT experimental protocol 200 
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Details of the REST-HUT experimental protocol can be found in (Faes et al. 2013; Bari et al., 201 

2016). Briefly, we enrolled 13 healthy subjects (age: 27±8 yrs, 5 males). None of subjects experienced 202 

events of syncope in the previous 2 years and were taking any medication affecting cardiovascular 203 

control. The healthy status of the subjects was confirmed via physical and full neurological 204 

assessment. We acquired electrocardiogram (ECG) from lead II, arterial pressure (AP) via a volume-205 

clamp device from the middle finger of the right hand (Finapres Medical Systems, Enschede, The 206 

Netherlands) and cerebral blood flow velocity (CBFV) from the middle cerebral artery through a 207 

transcranial Doppler device (Multi-Dop T, DWL, 2MHz, Compumedics, San Juan Capistrano, CA, 208 

USA). Sampling frequency was set to 1000 Hz. The CBFV was low-pass filtered with cut-off 209 

frequency of 10 Hz. Subjects were instructed to avoid caffeinated and alcoholic beverages for 24h 210 

before the study. Experiments took place in the morning in a temperature-controlled room. After 211 

having instrumented the subject, a period of 5 minutes was left for stabilization of the physiological 212 

variables. Then, the subjects underwent recordings for 10 minutes at REST followed by HUT with 213 

tilt table inclination of 60°. None of the subjects exhibited presyncope signs during HUT. Signals 214 

were analyzed within the first 10 minutes after the onset of HUT. The first three minutes of HUT 215 

session were discarded to avoid transitory adjustments of the variables. 216 

 217 

3.3 PRE-POST experimental protocol 218 

Details about the PRE-POST experimental protocol can be found in (Bari et al., 2021). Briefly, 219 

we enrolled 19 patients scheduled for coronary artery bypass grafting (age: 64±8 yrs, all males). 220 

Subjects received pre-anesthesia with an intramuscular dose of atropine (0.5 mg) and fentanyl (100 221 

μg). General intravenous anesthesia was then induced with a propofol bolus of 1.5 mg·kg-1 and 222 

maintained with a dose of 3 mg·kg-1·h-1 of propofol and a rate from 0.05 to 0.5  223 

μg·kg-1·min-1 of remifentanil with a mean rate of 0.32 μg·kg-1·min-1. We acquired ECG from lead II 224 

and AP, derived invasively from the radial artery, and CBFV from the left middle cerebral artery, as 225 

obtained from a transcranial Doppler device (Multi-Dop X, DWL, San Juan Capistrano, CA, USA). 226 

Signals were acquired with a sampling rate of 1000 Hz for 6 minutes in each condition. Acquisitions 227 

took place in PRE and POST sessions. POST occurred after the intubation of the trachea but before 228 

opening the chest. POST session just followed the PRE one. POST session started when the target 229 

plasma concentration of propofol was expected to be around 3 μg·kg-1 based on the pharmacokinetic 230 

properties of the drug. Patients spontaneously breathed during PRE and were mechanically ventilated 231 

at a rate from 12 to 16 breaths·min-1 during POST. 232 

 233 

3.4 Series extraction and data analysis 234 
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In both protocols, heart period (HP) was extracted as the time distance between consecutive R-235 

wave peaks on the ECG. After identifying the R-wave the position of the R-wave peak was located 236 

via parabolic interpolation. MAP and MCBFV series were extracted by integrating the AP and CBFV 237 

signals respectively between two diastolic points and by normalizing the result by dividing it by the 238 

inter-diastolic interval (Bari et al., 2016). The ith value of MAP and MCBFV was computed over the 239 

same HP. Series were manually checked for missing beats and misdetections. The effect of ectopic 240 

beats was minimized via linear interpolation based on values associated to sinus beats. The fraction 241 

of corrections did not overcome 5% of the total length of the series. Stationary synchronous series of 242 

250 beats were randomly chosen from each subject in each group in each experimental condition in 243 

both PRE-POST and REST-HUT protocols. Cardiovascular and cerebrovascular controls were 244 

characterized in time domain assessing mean and variance of each series, labeled respectively as μHP, 245 

μMAP, μMCBFV, σ2
HP, σ2

MAP and σ2
MCBFV and expressed in ms, mmHg, cm·s-1, ms2, mmHg2 and  246 

cm2·s-2. Series were then linearly detrended before assessing variance and spectral indexes. The HP, 247 

MAP and MCBFV beat-to-beat variability were modeled via an autoregressive model, describing the 248 

series as a linear combination of past samples weighted by constant coefficients plus a zero mean 249 

white noise (Task Force, 1996). The order of the autoregressive model was optimized via Akaike’s 250 

figure of merit in the range from 8 to 14 (Task Force, 1996). The power spectral density was factorized 251 

in components and classified according to their central frequency (Baselli et al., 1997). According to 252 

the definitions given in (Task Force, 1996), a component of HP series was labeled as low frequency 253 

(LF) if its central frequency ranged between 0.04 and 0.15 Hz and as high frequency (HF) if its central 254 

frequency dropped between 0.15 and 0.5 Hz. According to the definition given in (Claassen et al., 255 

2016) a component of MAP and MCBFV series was labeled as very LF (VLF) if its central frequency 256 

dropped between 0.02 and 0.07 Hz, as LF if it was comprised between 0.07 and 0.15 Hz and as HF 257 

if it dropped between 0.15 and 0.5 Hz. The superior cut-off of the LF band and inferior cut-off of the 258 

HF band was reduced to 0.15 Hz from the one suggested in (Claassen et al., 2016), namely 0.2 Hz, 259 

to account for the possible presence of spontaneous, or paced, breathing rates below 0.2 Hz (Vaini et 260 

al., 2019). A parametric cross-spectral method, exploiting a bivariate autoregressive model (Porta et 261 

al., 2000), was used to describe the coupling between MAP and MCBFV. The order of the bivariate 262 

model was fixed to 10 (Porta et al., 2000). Squared coherence K2 was calculated as the ratio of the 263 

square modulus of the cross-spectrum between MAP and MCBFV to the product of MAP and 264 

MCBFV power spectral densities (Vaini et al., 2019). K2 values were computed as the average of the 265 

K2 in VLF, LF and HF band (Bari et al., 2019), using the same limits defined for univariate analysis 266 

of MAP and MCBFV variabilities (Claassen et al., 2016). K2 indexes were labeled as K2
VLF, K2

LF and 267 

K2
HF.  268 
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 269 

3.5 Statistical analysis 270 

A paired t-test, or a Wilcoxon signed rank test when appropriate, was applied to check the effect 271 

of the intervention (i.e. orthostatic stressor or general anesthesia) over time and frequency domain 272 

indexes calculated in the REST-HUT and PRE-POST protocols respectively. A two-way repeated 273 

measures analysis of variance (one factor repetition, Holm-Sidak test for multiple comparisons) was 274 

applied to NMSPE and ρ to check the significance of the difference between experimental condition 275 

(i.e. REST versus HUT and PRE versus POST) within the type of the series (i.e. original or surrogate 276 

series) and to test the significance of the difference between types of series given the experimental 277 

condition. The same statistical test was applied to optimal ARI values to assess the significance of 278 

the difference between experimental conditions (i.e. REST versus HUT and PRE versus POST) 279 

within the same metric (i.e. NMSPE or ρ) and to test the significance of the difference between 280 

metrics given the experimental condition. The χ2 test was applied to the proportions of subjects with 281 

ARI>4 to assess the impact of the challenge (i.e. HUT or POST) within the same metric (i.e. NMSPE 282 

or ρ) and the impact of the figure of merit within an assigned experimental condition. The level of 283 

statistical significance of the χ2 test was lowered according to the number of comparisons (i.e. 4) to 284 

account for the multiple comparison issue. Continuous variables are reported as mean ± standard 285 

deviation. Statistical analysis was performed with a commercial statistical software (Sigmaplot 286 

v.14.0, Systat Software, San Jose, CA, USA). The level of statistical significance of all the tests was 287 

set to 0.05. 288 

 289 

4. Results 290 

4.1. Time and frequency domain results 291 

Table 1 shows univariate time and frequency domain parameters derived from HP, MAP and 292 

MCBFV variability series in the REST-HUT protocol. HUT induced a shortening of µHP and a 293 

reduction of HFaHP. σ2
HP and LFaHP did not vary with the postural challenge. HUT increased LFaMAP. 294 

Conversely, µMAP, σ2
MAP, VLFaMAP and HFaMAP were not affected by the orthostatic stressor. µMCBFV 295 

was reduced during HUT, while LFaMCBFV and HFaMCBFV were significantly increased. σ2
MCBFV and 296 

VLFaMCBFV did not vary with the postural stimulus. Table 2 summarizes K2 in VLF, LF and HF bands 297 

computed between MAP and MCBFV variability series in the REST-HUT protocol. Regardless of 298 

the frequency band, K2 increased during HUT. 299 

Univariate time and frequency domain parameters derived from HP, MAP and MCBFV time 300 

series in the PRE-POST protocol were reported in Tab.3. µHP increased during POST, while σ2
HP, 301 

LFaHP and HFaHP decreased. µMAP, σ2
MAP, VLFaMAP and LFaMAP were significantly reduced during 302 
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POST as well as σ2
MCBFV and VLFaMCBFV. HFaMAP, µMCBFV, LFaMCBFV and HFaMCBFV did not vary 303 

after the induction of propofol-based general anesthesia. Table 4 summarizes K2 in VLF, LF and HF 304 

bands computed between MAP and MCBFV variability series in the PRE-POST protocol. Regardless 305 

of the frequency band, K2 declined toward 0 during POST. 306 

 307 

4.2. Results of metrics for ARI estimation 308 

The grouped error bar graphs in Fig.1 show NMSPE assessed according to TDM (Fig.1a), 309 

nonPM based on SR (Fig.1b), PM based on IR (Fig.1c), and PM based on SR (Fig.1d) assessed over 310 

original (black bars) and surrogate (white bars) pairs as a function of the experimental condition (i.e. 311 

REST and HUT). Regardless of the experimental condition and method exploited to estimate ARI 312 

(i.e. TDM, nonPM based on SR, PM based on IR and PM based on SR), NMSPE was higher over the 313 

surrogate unmatched pairs than over the original matched ones (Figs.1a,b,c,d). A significant effect of 314 

the orthostatic challenge was visible in the analysis of original couples exclusively when NMSPETDM 315 

was considered (Fig.1a) and it was never present in surrogates (Figs.1a,b,c,d). 316 

Figure 2 has the same layout as Fig.1 but the different panels show ρ computed via TDM 317 

(Fig.2a), nonPM based on SR (Fig.2b), PM based on IR (Fig.2c), and PM based on SR (Fig.2d). ρ 318 

was lower over the surrogate series than over the original ones and this conclusion held regardless of 319 

the experimental condition and method exploited to estimate ARI (Figs.2a,b,c,d). In general, ρ was 320 

higher during HUT than at REST in original pairs but this result was significant solely when ρTDM 321 

and ρPM,IR were considered (Figs.2a,c). No significant REST-HUT changes were observed over 322 

surrogates (Figs.2a,b,c,d). 323 

Figure 3 has the same structure as Fig.1 but it monitors NMSPE in the PRE-POST protocol. 324 

The ability of NMSPE in distinguishing surrogate and original pairs and in detecting the impact of 325 

general anesthesia was limited. Original and surrogate couples could be evidently differentiated in 326 

both PRE and POST solely by the TDM (Fig.3a). Regardless of the type of series and method 327 

exploited to estimate ARI, the influence of propofol-based general anesthesia was not detectable 328 

(Figs.3a,b,c,d). 329 

Figure 4 has the same layout as Fig.1 but it monitors ρ in the PRE-POST protocol. Regardless 330 

of the method for ARI estimation (Figs.4a,b,c,d), ρ was higher over the original than over surrogate 331 

data in both PRE and POST sessions. Over the original couples POST decreased significantly ρ 332 

compared to PRE solely when ρPM,IR and ρPM,SR were considered (Figs.4c,d). The effect of general 333 

anesthesia was not visible over surrogates (Figs.4a,b,c,d). 334 

 335 

4.3. Results of ARI 336 
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The grouped error bar graphs of Fig.5 show the optimal ARI assessed according to TDM 337 

(Fig.5a), nonPM based on SR (Fig.5b), PM based on IR (Fig.5c), and PM based on SR (Fig.5d). The 338 

estimation of the optimal ARI was carried out according to the two different metrics, namely NMSPE 339 

(black bars) and ρ (white bars), as a function of the experimental condition in the REST-HUT 340 

protocol. ARI did not vary with type of metric and experimental condition and this conclusion held 341 

regardless of the method for ARI estimation (Figs.5,a,b,c,d).  342 

Figure 6 has the same structure as Fig.5 but it shows the optimal ARI assessed in the PRE-343 

POST protocol. Similarly to Fig.5, metric, experimental condition or method of ARI computation did 344 

not affect the optimal ARI (Figs.6,a,b,c,d). 345 

The grouped bar graphs of Fig.7 show the percentage of subjects with ARI larger than 4, namely 346 

the percentage of subjects with a working CA, according to TDM (Fig.7a), nonPM based on SR 347 

(Fig.7b), PM based on IR (Fig.7c), and PM based on SR (Fig.7d). The assessment of the percentage 348 

was carried out according to the two different metrics, namely NMSPE (black bars) and ρ (white 349 

bars), as a function of the experimental condition in the REST-HUT protocol. The percentage of 350 

subjects with ARI larger than 4 did not differ across metrics, experimental conditions, or techniques 351 

for ARI computation (Figs.7,a,b,c,d). 352 

Figure 8 has the same structure as Fig.7 but it shows the percentage of subjects with ARI larger 353 

than 4 in the PRE-POST protocol. Similarly to Fig.7, metric, experimental condition or method for 354 

ARI computation had no influence on the percentage of subjects with ARI larger than 4 355 

(Figs.8,a,b,c,d). 356 

 357 

5. Discussion  358 

The main findings of the work can be summarized as follows: i) both NMSPE and ρ metrics 359 

were appropriate for ARI evaluation in the REST-HUT protocol; ii) ρ metric was preferable to 360 

NMSPE for its better ability to separate original from surrogate pairs in the PRE-POST protocol; iii) 361 

the ARIs estimated via NMSPE and ρ metrics were similar; iv) CA was not affected by either postural 362 

challenge or propofol-based general anesthesia and this conclusion held regardless of the technique 363 

for ARI estimation and metric utilized for the comparison between measured and predicted MCBFV 364 

series.  365 

 366 

5.1. NMSPE and ρ have different abilities in separating original and surrogate couples 367 

We tested two different metrics for the assessment of ARI in connection with methods for the 368 

evaluation of CA based on spontaneous MAP and MCBFV variabilities and Tiecks’ model as 369 

reviewed in (Gelpi et al., 2021). In the REST-HUT protocol, both NMSPE and ρ metrics appeared to 370 
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be appropriate for ARI evaluation given that they were able to distinguish between original and 371 

surrogate couples and this conclusion held regardless of the technique utilized for ARI estimation. In 372 

the PRE-POST protocol, ρ metric was preferable to NMSPE given that NMPSE was much more 373 

ineffective in distinguishing original from surrogate pairs (e.g. in the case of utilization of nonPM 374 

and PM techniques). 375 

The possible reason of the different conclusions about the ability of NMSPE and ρ in the REST-376 

HUT and PRE-POST protocols is the diverse degree of association between MAP and MCBFV in 377 

the two experimental protocols. Indeed, while K2 increased during HUT compared to REST in the 378 

REST-HUT protocol (Tab.2), K2 declined toward 0 in POST compared to PRE in the PRE-POST 379 

protocol (Tab.4). These trends of K2 confirmed our previous studies (Bari et al., 2017; Bari et al., 380 

2021). This diverse conclusion in the two experimental protocols made clearer peculiar differences 381 

of metrics utilized for testing similarities between measured, or data-driven, MCBFV series and the 382 

version predicted by Tiecks’ model. Indeed, a method, such as TDM, that does not strictly require a 383 

sufficient level of agreement between original MAP and MCBFV because it does not exploit these 384 

two series simultaneously but uses only the original MAP to predict MCBFV (Panerai et al., 2003; 385 

Mahdi et al., 2017), is able to distinguish original from surrogate pairs even in PRE-POST protocol 386 

regardless of the metric utilized to compare measured and predicted MCBFV series. Conversely, 387 

methods that require a sufficient degree of association between measured MAP and MCBFV to be 388 

reliable, such as nonPM and PM, because they are based on the identification of nonparametric and 389 

parametric MAP-MCBFV relationship respectively (Panerai et al., 1998; Panerai et al., 1999; 390 

Simpson et al., 2001), are able to separate original from surrogate pairs exclusively using ρ. As a 391 

matter of fact, ρ is less sensible to the magnitude of the absolute changes between measured and 392 

predicted MCBFV variability than NMSPE and this robustness might have limited the consequence 393 

of the poor reliability of MCBFV-MAP relationship estimated from weakly associated original MAP 394 

and MCBFV series.  395 

Thus, we conclude that the use of ρ is recommended in presence of weakly interacting MAP 396 

and MCBFV variability series especially whether methods necessitating a significant level of 397 

association between MAP and MCBFV series, such as nonPM and PM, are applied. 398 

 399 

5.2. NMSPE and ρ did not lead to different ARI estimates in both REST-HUT and PRE-POST 400 

protocols 401 

It is worth noting that, when ARI values derived from NMSPE and ρ were compared in both 402 

REST-HUT and PRE-POST protocols, no significant differences were detected. This conclusion held 403 

regardless of the experimental condition and technique for ARI estimation. The main consequence is 404 
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the agreement of NMSPE and ρ about the irrelevance of the challenge on CA in the two protocols. In 405 

a previous study we compared directly the values of ARIs derived from different methods (i.e. TDM, 406 

nonPM and PM) using the NMSPE metric and we found that subtle differences might exist even 407 

though these differences might not imply diverse final conclusions (Gelpi et al., 2021). In particular, 408 

we observed that TDM might provide ARIs smaller than those derived from nonPM and PM (Gelpi 409 

et al., 2021). Even though in the present study ARIs derived from the different methods were not 410 

directly compared, we can confirm the tendency of observing smaller ARI values with TDM resulting 411 

in the smaller percentage of subjects with ARI larger than 4 in PRE session compared to nonPM and 412 

PM techniques. Remarkably, trends in the ARI values could not be attributed to the metric utilized to 413 

compare measured, or data-driven, and predicted MCBFV series given that no differences between 414 

ARIs derived from NMSPE and ρ were detected. 415 

 416 

5.3. CA is not influenced by either postural challenge or propofol-based general anesthesia 417 

REST-HUT and PRE-POST protocols induced an important modification of the autonomic 418 

control and baroreflex function. During HUT we observed a sympathetic activation (Cooke et al., 419 

1999; Furlan et al., 2000; Marchi et al., 2016), a vagal withdrawal (Montano et al., 1994; Cooke et 420 

al., 1999; Porta et al., 2007b) and a reduced baroreflex sensitivity (Cooke et al., 1999; Porta, et al., 421 

2016; De Maria et al., 2019). During propofol-based general anesthesia autonomic depression is 422 

mainly the result of reduced sympathetic control leading to vasodilatation, reduced ventricular 423 

contractility and reduction of peripheral resistance (Ebert et al., 1992; Sellgren et al., 1994; Boer et 424 

al., 1990) and it was accompanied by a dampened baroreflex sensitivity (Keyl et al., 2000; Sato et al., 425 

2005; Porta et al., 2013; Bari et al., 2019). Given that sympathetic control is a determinant of the CA 426 

(Zhang et al., 2002; Hamner et al., 2010), it might be expected that CA was altered in both REST-427 

HUT and PRE-POST protocols. Conversely, regardless of the method and metric used to assess ARI, 428 

ARI was not modified by gravitational stimulus and propofol-based general anesthesia. As a 429 

consequence, we can conclude that CA remained unmodified with a postural challenge in healthy 430 

subjects or the induction of propofol-based general anesthesia in patients scheduled for coronary 431 

artery bypass grafting. This conclusion agrees with several studies carried out during HUT (Carey et 432 

al., 2001; Schondorf et al., 2001; Claydon and Hainsworth, 2003; Castro et al., 2017; Bari et al., 2017; 433 

Gelpi et al., 2021) and in POST (Strebel et al., 1995; Engelhard et al., 2001; Ogawa et al., 2010) and 434 

it is corroborated by the use of different strategies and metrics for the ARI assessment. This 435 

conclusion appears to be particularly robust because it is supported by all the techniques of ARI 436 

estimation and by both the metrics for testing the similarity between measured and predicted MCBFV 437 

variability. In particular, it held when the technique and metric that appears to be more robust in 438 
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presence of low level of association between original MAP and MCBFV variabilities was exploited, 439 

namely the TDM based on computation of ρ. The limited influence of orthostatic challenge and 440 

propofol-based general anesthesia was supported by the variability markers as well (Claassen et al., 441 

2016). Indeed, in the REST-HUT protocol of σ2
MAP and σ2

MCBFV did not vary during HUT compared 442 

to REST and the increased of LFaMCBFV was explained by the increase of LFaMAP, thus leaving 443 

unaltered the MCBFV-MAP transfer function gain (Zhang et al., 1998). In the PRE-POST protocol 444 

the invariance of CA was confirmed by the simultaneous decrease of both σ2
MAP and σ2

MCBFV during 445 

POST compared to PRE and by the smallness of MCBFV fluctuations in all frequency bands during 446 

POST.  447 

 448 

6. Conclusions 449 

This work tested two figures of merit (i.e. NMSPE and ρ) for the assessment of the level of 450 

agreement between measured, or data-driven, MCBFV variability and the version predicted by the 451 

use of Tiecks’ differential equations. This evaluation was carried out in experimental protocols 452 

designed to have a profound impact on autonomic control, namely an orthostatic challenge and 453 

propofol-based general anesthesia. We recommend the use of ρ in practical contexts featuring a low 454 

degree of association between MAP and MCBFV variability that might reduce the reliability of 455 

methods for ARI assessment (e.g. nonPM and PM) because this norm might reduce the detrimental 456 

effect of important departures between measured and predicted MCBFV dynamics. Despite the 457 

differences between the two metrics, similar conclusions about the negligible impact of an orthostatic 458 

challenge and propofol-based general anesthesia on CA are drawn. Conclusions seem to suggest a 459 

limited impact of the sympathetic control on CA. Even though results indicate that metrics utilized 460 

for comparing measured and predicted MCBFV might not influence final conclusions, the observed 461 

difference between NMSPE and ρ suggests caution when comparing studies using different metrics, 462 

especially when the level of association between spontaneous fluctuations of MAP and MCBFV is 463 

weak, such as in impaired CA. 464 
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Figure captions 623 

Fig.1. The grouped error bar graphs show NMSPE computed in correspondence of the optimal ARI 624 

through TDM (a), nonPM based on SR (b), PM based on IR (c) and PM based on SR (d) in the REST-625 

HUT protocol. NMSPE is reported as a function of the experimental condition (i.e. REST and HUT) 626 

assessed over original (black bars) and surrogate (white bars) pairs of series. The symbol * indicates 627 

a significant difference between the original and surrogate pairs within the same experimental 628 

condition, while the symbol § indicates a significant difference between experimental conditions 629 

within the same type of analysis with p<0.05. 630 

Fig.1. The grouped error bar graphs show ρ computed in correspondence of the optimal ARI through 631 

TDM (a), nonPM based on SR (b), PM based on IR (c) and PM based on SR (d) in the REST-HUT 632 

protocol. ρ is reported as a function of the experimental condition (i.e. REST and HUT) assessed over 633 

original (black bars) and surrogate (white bars) pairs of series. The symbol * indicates a significant 634 

difference between the original and surrogate pairs within the same experimental condition, while the 635 

symbol § indicates a significant difference between experimental conditions within the same type of 636 

analysis with p<0.05. 637 

Fig.3. The grouped error bar graphs show NMSPE computed in correspondence of the optimal ARI 638 

through TDM (a), nonPM based on SR (b), PM based on IR (c) and PM based on SR (d) in the PRE-639 

POST protocol. NMSPE is reported as a function of the experimental condition (i.e. PRE and POST) 640 

assessed over original (black bars) and surrogate (white bars) pairs of series. The symbol * indicates 641 

a significant difference between the original and surrogate pairs within the same experimental 642 

condition, while the symbol § indicates a significant difference between experimental conditions 643 

within the same type of analysis with p<0.05. 644 

Fig.4. The grouped error bar graphs show ρ computed in correspondence of the optimal ARI through 645 

TDM (a), nonPM based on SR (b), PM based on IR (c) and PM based on SR (d) in the PRE-POST 646 

protocol. ρ was reported as a function of the experimental condition (i.e. PRE and POST) assessed 647 

over original (black bars) and surrogate (white bars) pairs of series. The symbol * indicates a 648 

significant difference between the original and surrogate pairs within the same experimental 649 

condition, while the symbol § indicates a significant difference between experimental conditions 650 

within the same type of analysis with p<0.05. 651 

Fig.5. The grouped error bar graphs show the optimal ARI estimated via TDM (a), nonPM based on 652 

SR (b), PM based on IR (c) and PM based on SR (d) in the REST-HUT protocol. The optimal ARI is 653 

reported as a function of the experimental condition (i.e. REST and HUT) assessed over original 654 

(black bars) and surrogate (white bars) pairs. The symbol * indicates a significant difference between 655 

the original and surrogate couples within the same experimental condition with p<0.05. 656 

Fig.6. The grouped error bar graphs show the optimal ARI estimated via TDM (a), nonPM based on 657 

SR (b), PM based on IR (c) and PM based on SR (d) in the PRE-POST protocol. The optimal ARI is 658 

reported as a function of the experimental condition (i.e. PRE and POST) assessed over original 659 

(black bars) and surrogate (white bars) pairs. The symbol * indicates a significant difference between 660 

the original and surrogate couples within the same experimental condition with p<0.05. 661 

Fig.7. The grouped bar graphs show the percentage of the optimal ARI greater than 4 estimated via 662 

TDM (a), nonPM based on SR (b), PM based on IR (c) and PM based on SR (d) in the REST-HUT 663 

protocol. The percentage of the optimal ARI greater than 4 is reported as a function of the 664 

experimental condition (i.e. REST and HUT) assessed through the NMSPE (black bars) and ρ (white 665 

bars) metrics. The symbol * indicates a significant difference between the original and surrogate pairs 666 

within the same experimental condition with p<0.05. 667 

Fig.8. The grouped bar graphs show the percentage of the optimal ARI greater than 4 estimated via 668 

TDM (a), nonPM based on SR (b), PM based on IR (c) and PM based on SR (d) in the PRE-POST 669 
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protocol. The percentage of the optimal ARI greater than 4 is reported as a function of the 670 

experimental condition (i.e. PRE and POST) assessed through the NMSPE (black bars) and ρ (white 671 

bars) metrics. The symbol * indicates a significant difference between the original and surrogate pairs 672 

within the same experimental condition with p<0.05. 673 
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Table 1. Univariate time and frequency domain parameters in the REST-HUT protocol. 701 

Parameter REST HUT 

µHP [ms] 848.04 ± 188.70 672.49 ± 107.57* 

σ2
HP [ms2] 2494.45 ± 2494.04 1740.67 ± 1174.15 

LFaHP [ms2] 696.70 ± 575.55 1002.12 ± 1039.42 

HFaHP [ms2] 710.24 ± 1019.72 207.53 ± 251.51* 

µMAP [mmHg] 98.93 ± 17.19 95.23 ± 12.31 

σ2
MAP [mmHg2] 20.05 ± 21.71 19.96 ± 11.36 

VLFaMAP [mmHg2] 5.20 ± 7.97 2.69 ± 7.87 

LFaMAP [mmHg2] 4.72 ± 7.18 10.77 ± 10.42* 

HFaMAP [mmHg2] 3.32 ± 5.11 1.80 ± 0.72 

µMCBFV [cm·s-1] 72.07 ± 23.16 61.75 ± 21.28* 

σ2
MCBFV [cm2·s-2] 19.17 ± 12.48 30.67 ± 25.44 

VLFaMCBFV [cm2·s-2] 9.94 ± 14.90 12.19 ± 24.02 

LFaMCBFV [cm2·s-2] 2.98 ± 3.33 8.64 ± 8.09* 

HFaMCBFV [cm2·s-2] 0.99 ± 0.71 2.20 ± 1.20* 

HP = heart period; MAP = mean arterial pressure; MCBFV = mean cerebral blood flow velocity; 702 
LF= low frequency; VLF = very LF; HF = high frequency; µHP = HP mean; σ2

HP = HP variance; 703 
LFa,HP = HP power in LF band expressed in absolute units; HFa,HP = HP power in HF band 704 
expressed in absolute units; µMAP = MAP mean; σ2

MAP = MAP variance; VLFaMAP = MAP power 705 
in VLF band expressed in absolute units; LFaMAP = MAP power in LF band expressed in absolute 706 
units; HFaMAP = MAP power in HF band expressed in absolute units; µMCBFV = MCBFV mean; 707 
σ2

MCBFV = MCBFV variance; VLFaMCBFV= MCBFV power in VLF band expressed in absolute 708 
units; LFaMCBFV = MCBFV power in LF band expressed in absolute units; HFaMCBFV = MCBFV 709 
power in HF band expressed in absolute units; REST = at rest in supine position; HUT = 60° 710 
head-up tilt. The symbol * indicates a significant difference versus REST with p<0.05. 711 
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Table 2. K2 between MAP and MCBFV in the REST-HUT protocol. 714 

Parameter REST HUT 

K2
VLF 0.29 ± 0.16 0.36 ± 0.16* 

K2
LF 0.53 ± 0.21 0.72 ± 0.19* 

K2
HF 0.29 ± 0.16 0.42 ± 0.14* 

MAP = mean arterial pressure; MCBFV = mean cerebral blood flow velocity; LF= low frequency; 715 
VLF = very LF; HF = high frequency; K2

VLF = squared coherence between MAP and MCBFV in 716 
VLF band; K2

LF = squared coherence between MAP and MCBFV in LF band; K2
HF = squared 717 

coherence between MAP and MCBFV in HF band; REST = at rest in supine position; HUT = 60° 718 
head-up tilt.  The symbol * indicates a significant difference versus REST with p<0.05. 719 
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Table 3. Univariate time and frequency domain parameters in the PRE-POST protocol. 722 

Parameter PRE POST 

µHP [ms] 898.62 ± 151.17 1049.20 ± 132.05* 

σ2
HP [ms2] 826.66 ± 936.69 134.60 ± 106.27* 

LFaHP [ms2] 105.12 ± 197.91 16.05 ± 19.14* 

HFaHP [ms2] 97.96 ± 135.91 43.12 ± 66.15* 

µMAP [mmHg] 99.29 ± 12.00 68.85 ± 7.84* 

σ2
MAP [mmHg2] 8.67 ± 3.43 2.38 ± 1.21* 

VLFaMAP [mmHg2] 3.29 ± 3.33 0.09 ± 0.19* 

LFaMAP [mmHg2] 0.82 ± 1.18 0.02 ± 0.02* 

HFaMAP [mmHg2] 1.90 ± 3.16 1.75 ± 1.00 

µMCBFV [cm·s-1] 47.91 ± 16.30 37.13 ± 10.76 

σ2
MCBFV [cm2·s-2] 11.31 ± 10.09 4.35 ± 3.33* 

VLFaMCBFV [cm2·s-2] 7.10 ± 10.37 0.38 ± 0.62* 

LFaMCBFV [cm2·s-2] 0.73 ± 0.99 1.01 ± 1.33 

HFaMCBFV [cm2·s-2] 0.78 ± 0.72 1.08 ± 0.93 

HP = heart period; MAP = mean arterial pressure; MCBFV = mean cerebral blood flow velocity; 723 
LF= low frequency; VLF = very LF; HF = high frequency; µHP = HP mean; σ2

HP = HP variance; 724 
LFa,HP = HP power in LF band expressed in absolute units; HFa,HP = HP power in HF band 725 
expressed in absolute units; µMAP = MAP mean; σ2

MAP = MAP variance; VLFaMAP = MAP power 726 
in VLF band expressed in absolute units; LFaMAP = MAP power in LF band expressed in absolute 727 
units; HFaMAP = MAP power in HF band expressed in absolute units; µMCBFV = MCBFV mean; 728 
σ2

MCBFV = MCBFV variance; VLFaMCBFV= MCBFV power in VLF band expressed in absolute 729 
units; LFaMCBFV = MCBFV power in LF band expressed in absolute units; HFaMCBFV = MCBFV 730 
power in HF band expressed in absolute units; PRE = before anesthesia induction; POST = after 731 
anesthesia induction.  The symbol * indicates a significant difference versus PRE with p<0.05. 732 
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Table 4. K2 between MAP and MCBFV in the PRE-POST protocol. 735 

Parameter PRE POST 

K2
VLF 0.39 ± 0.19 0.13 ± 0.08* 

K2
LF 0.41 ± 0.18 0.14 ± 0.10* 

K2
HF 0.35 ± 0.19 0.20 ± 0.09* 

MAP = mean arterial pressure; MCBFV = mean cerebral blood flow velocity; LF= low frequency; 736 
VLF = very LF; HF = high frequency; K2

VLF = squared coherence between MAP and MCBFV in 737 
VLF band; K2

LF = squared coherence between MAP and MCBFV in LF band; K2
HF = squared 738 

coherence between MAP and MCBFV in HF band; PRE = before anesthesia induction; POST = 739 
after anesthesia induction. The symbol * indicates a significant difference versus PRE with 740 
p<0.05. 741 
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