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Abstract

Objective. Aortic valve stenosis (AVS) induces left ventricular function adaptations and surgical aortic
valve replacement (SAVR) restores blood flow profile across aortic valve. Modifications of cardiac
hemodynamics induced by AVS and SAVR might alter cardiovascular (CV) and cerebrovascular
(CBV) controls. The study aims at characterizing CV and CBV regulations one day before SAVR
(PRE), within one week after SAVR (POST), and after a three-month follow-up (POST3) in 73 AVS
patients (age: 63.9 &= 12.9 yrs; 48 males, 25 females) from spontaneous fluctuations of heart period
(HP), systolic arterial pressure, mean arterial pressure and mean cerebral blood velocity. Approach.
CV and CBV regulations were typified via a bivariate autoregressive approach computing traditional
frequency domain markers and causal squared coherence (CK?) from CV and CBV variabilities.
Univariate time and frequency domain indexes were calculated as well. Analyses were carried out in
frequency bands typical of CV and CBV controls at supine rest and during active standing. A surrogate
method was exploited to check uncoupling condition. Main results. We found that: (i) CV regulation
is impaired in AVS patients; (ii) CV regulation worsens in POST; (iii) CV regulation recovers in POST3
and CV response to active standing is even better than in PRE; (iv) CBV regulation is preserved in AVS
patients; (v) SAVR does not affect CBV control; (vi) parameters of the CBV control in POST3 and PRE
are similar. Significance. CK” is particularly useful to characterize CV and CBV controls in AVS
patients and to monitor of patient’s evolution after SAVR.

1. Introduction

Stroke is an adverse event that might occur after surgical aortic valve replacement (SAVR) predominantly
because of the formation of emboli during the surgical procedure (Daneault et al 2011). The overall rate of stroke
after SAVR is between 2% and 4% depending on the patients’ risk category (Kapadia et al 2018). The likelihood
of developing stroke is time varying with higher values just after surgery (Kapadia et al 2018) and increasing
during a follow-up of years (Messé et al 2014, Jorgensen et al 2021). The incidence of stroke raised up to 41%, if
acute ischemic brain lesions are evaluated via brain diffusion-weighted magnetic resonance imaging (Altisent
etal 2016), and to 54%, if silent stroke is considered (Grabert et al 2016).
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Dynamic cerebral autoregulation (CA), namely the mechanism responsible for limiting mean cerebral blood
flow (MCBF) variability in presence of modifications of mean arterial pressure (MAP) (Aaslid et al 1989, Paulson
etal 1990), might play a protective role against cerebrovascular (CBV) adverse events after SAVR. If CA was
impaired before surgery the resulting likelihood of developing stroke might be higher. Even if CA seems to be
preserved before SAVR, as observed in small size cohorts (Porta et al 2020, Pedro et al 2023), the development of
CBV adverse events might be favored by the postoperative depression of the cardiovascular (CV) control,
especially of the baroreflex function (Bauernschmitt et al 2007, Retzlaff et al 2009, Porta et al 2020). Indeed,
fluctuations of arterial pressure (AP), that are not buffered by the action of an active baroreflex through suitable
changes of heart period (HP) (Taylor and Eckberg 1996, Patton et al 1996; Porta et al 2023a), might drive
variations of MCBF in presence of a weak CA via the pressure-to-flow relationship (Panerai et al 1999, Tzeng et al
2014, Barietal 2022a, Gelpi et al 2022). CV and CBV controls are routinely inferred from the analysis of
spontaneous fluctuations of systolic AP (SAP) and HP and of MAP and MCBF approximated as mean cerebral
blood velocity (MCBv) (Laude et al 2004, Claassen et al 2016). Remarkably, recent studies suggested that CV and
CBV regulatory mechanisms are linked such a way that a less efficient CV control can be compensated by a more
reactive CA and vice versa (Tzeng et al 2010, Gelpi et al 2021, Rosenberg et al 2022). Therefore, in patients after
SAVR it might be important to monitor concomitantly parameters of the baroreflex and CA (Porta et al 2023b)
to clarify the role of regulatory mechanisms in modulating the risk of CBV adverse events and favor the
development of countermeasures and tailored pharmacological treatments (Porta et al 2020).

CA is commonly assessed in the frequency domain via cross-spectral analysis applied to spontaneous
variations of MAP and MCBv (Zhang et al 1998a, Zhang et al 1998b, Zhang et al 2002, Meel-van den Abeelen et al
2014, Liu et al 2020), while the same tool has been applied to the spontaneous variability of HP and SAP to derive
information about CV control mechanisms such as the baroreflex (Saul et al 1991, Cooke et al 1999, Faes et al
2004, Porta et al 2013, Bari et al 2019). Frequency bands have been standardized to facilitate comparison among
studies and account for different physiological mechanisms (Laude et al 2004, Claassen et al 2016). Among cross-
spectral markers indexes assessing the degree of HP-SAP and MCBv-MAP associations, such as squared
coherence (K*) markers, have been found very useful because they varied with pathology and/or states of the
autonomic function (Giller 1990, Zhang et al 1998b, Zhang et al 2002, Ocon et al 2009, Hamner et al 2010,
Hamner et al 2012, Moura-Tonello et al 2016, Porta et al 2016b, Milan-Mattos et al 2018, Clemson et al 2022).

One of the major weaknesses of cross-spectral markers in assessing the strength of the coupling between two
time series y, on , lies in its inability to describe directionality of the interactions (Porta and Faes 2016a). In
other words, K is high in presence of a strong open loop dependence of y,0n p,,orof y,on y, orasignificant
closed loop influence of y, on y, and vice versa. This makes K” a very unspecific index of association between two
time series especially when they interact in closed loop and their degree of association might be different along
the two arms of the closed loop such as in the case of HP-SAP and MCBv-MAP regulations. Indeed, HP and SAP
interact in closed loop along the feedforward mechanical pathway and the baroreflex feedback (De Boer et al
1987, Saul et al 1991, Baselli et al 1994, Patton et al 1996, Porta et al 2002, Porta et al 2011, Bari et al 2018) and
bidirectional influences are identified between MAP and MCBv along the pressure-to-flow and the flow-to-
pressure pathways. The flow-to-pressure link is usually disregarded when modeling the dynamic MAP-MCBv
interactions (Claassen et al 2016) and represents the Cushing-like reflexes that contribute to adjust the MAP in
presence of situations of brain hypo/hyperperfusion (Cushing 1902, Bari et al 2017, McBryde et al 2017, Saleem
etal2018, Schmidt et al 2018, Vaini etal 2019, Bari et al 2021, Porta et al 2023b). Accounting for directionality of
the interactions might be fundamental in SAVR population because the impairment of control mechanisms
after SAVR, if present, could concern solely a specific temporal direction (i.e. from SAP to HP in the CV control
and from MAP to MCBv in the CBV regulation) and induce adjustments of the directionality of the information
flow that might be of different entity in the HP-SAP and MCBv-MAP closed loops (Porta et al 2011, Bari et al
2017, Porta et al 2023b). In addition, since the post-surgery autonomic depression (Hogue et al 1994,
Compostella eral 2015, Porta et al 2020) is expected to recede with time after surgery (Kuo et al 1999, Demirel
etal 2002), SAVR is an interesting model of changeable influence of CV control on CBV regulation that might be
useful to clarify CV and CBV dynamic interactions.

The aim of this work is to monitor CV and CBV dynamic interactions in patients with severe aortic valve
stenosis (AVS) scheduled for SAVR at different time points before and after surgery. CV and CBV regulations
were evaluated using traditional frequency domain markers, such as K* and transfer function gain (TFG), and
causal K* (CK?) to account for directionality of the interactions. Responses of the CV and CBV controls were
evoked by a postural challenge, namely active standing (STAND) soliciting the baroreflex (Cooke et al 1999,
Marchi et al 2016b, De Maria et al 2019) and cerebral artery vasoconstriction linked to the sympathetic activation
(Grubb etal 1991, Zhang et al 1998b, Carey et al 2001, Gelpi et al 2022). Preliminary results were presented at
12th Conference of the European Study Group on Cardiovascular Oscillations (Bari et al 2022b) and at 21st
Mediterranean Electrotechnical Conference (MELECON) (Bari et al 2022c¢).
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Table 1. Clinical and demographic data of SAVR patients.

Parameter SAVR (n=173)
Age [years] 63.9£12.9
Gender [male] 48 (66)
Weight [kg] 76.4+14.5
BMI [kg:m %] 26.6+11.2
AVS 73(100)
Congestive heart failure 2(3)
Recent myocardial infarction 0(0)
Previous cerebrovascular events 0(0)
LVEF [%] 59.14+9.1
Diabetes 8(11)
COPD 6(9)
Serum creatinine [mg-dl '] 0.95+0.37
Hypertension 15(21)
HCT [%] 41.24+4.7
ACE inhibitors 18 (26)
Beta-blockers 26(38)
Diuretics 16 (23)
Calcium antagonists 5(7)
Antiarrhythmic drugs 3(4)
Combined intervention 33(47)
EuroSCOREII 22421
CPB time [minutes] 93.8 £41.8
Nadir temperature on CPB [°C] 38.2+36.6
Catecholamine administration 9(13)
Mechanical ventilation time [hours] 19.8 +62.7
ICU stay [days] 2.7+89
Hospital stay [days] 9.2+13.4
Postoperative atrial fibrillation 17 (24)
Postoperative arrhythmias 4(6)
Postoperative low cardiac output syndrome 4(6)
Postoperative stroke 0(0)
Postoperative acute kidney injury 0(0)
Hospital death 2(3)

AVS = aortic valve stenosis; 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).

2. Experimental protocol and data analysis

2.1. Experimental protocol

Seventy-three subjects with severe AVS and scheduled for SAVR (age: 63.9 & 12.9 years; 48 males, 25 females)
were enrolled at the Department of Cardiothoracic, Vascular Anesthesia and Intensive Care of IRCCS Policlinico
San Donato, Milan, Italy. The study was conducted according to the principles of the Declaration of Helsinki for
medical research involving humans. The study was approved by the ethical review board of San Raffaele
Hospital, Milan, Italy (approval number: 68 /int/2018; approval date: 05/04,/2018) and authorized by the
IRCCS Policlinico San Donato, San Donato Milanese, Milan, Italy (authorization date: 13,/04,/2018). All subjects
signed an informed consent prior to participation. Demographics, clinical and surgical characteristics, and types
of medication of our SAVR cohort are summarized in table 1. Inclusion criteria were age higher than 18 years,
AVSwith indication for SAVR, spontaneous sinus rhythm and absence of overt autonomic and neurologic
diseases, while exclusion criteria were absence of spontaneous sinus rhythm, signs of syncope during STAND or
inability to maintain STAND position during the recording session and pregnancy. We recorded
electrocardiogram (ECG) from lead II (BioAmp FE132, ADInstruments, Australia), non-invasive finger AP by
volume-clamp photoplethysmography (CNAP Monitor 500, CNSystems, Austria) and cerebral blood velocity
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Figure 1. The line plots on the left panels shows ECG (a), AP (b) and CBv (c), while those on the right panels shows the variability series
of HP (d), SAP (e), MAP (f) and MCBv (g). The conventions of measurement are reported on the left panels: the ith HP (HP;) was taken
as the temporal distance between two consecutive R-wave peaks from the ECG (a), the ith SAP (SAP;) is the maximum of AP within the
HP; (b) and the ith MAP and MCBv are computed as the ratio of the area below, respectively, AP (b, light gray) and CBv (c, light gray)
between the diastolic values relevant to the HP; to the interdiastolic interval.

(CBv) viaa transcranial Doppler (TCD) device (Multi-Dop X, DWL, San Juan Capistrano, CA, USA) using an
analog-to-digital converter (PowerLab, ADinstruments, Australia). Sampling rate was 400 Hz. AP was measured
noninvasively from the middle finger of the non-dominant hand. Signals were acquired during quiet resting in
supine position (REST) and during STAND. REST and STAND sessions lasted 10 min and REST always
preceded STAND. The subjects were not allowed to talk during the protocol. A 5 min period of stabilization was
allowed after having instrumented the subject and before starting signal acquisition. Subjects were acquired one
day before intervention (PRE), within one week after intervention (POST) and after a three-month follow-up
(POST3). CV control was assessed in PRE in 68 subjects at REST and 67 individuals during STAND, in POST in
44 subjects at REST and 41 individuals during STAND, and in POST3 in 17 subjects at REST and 17 individuals
during STAND. CBV control was evaluated in PRE in 37 subjects at REST and 33 individuals during STAND,
and in POST in 31 subjects at REST and 25 individuals during STAND, and in POST3 in 11 subjects at REST and
10 individuals during STAND. The number of recordings was different between CV and CBV series due to the
difficulty in acquiring TCD signals of good quality especially in older subjects with pathology (Couture et al
2017). Furthermore, due to physical and psychological post-surgery debilitation several patients refused to
repeat the tests in POST, and another additional percentage refused to come back to the hospital for POST3. The
small differences between the number of recordings acquired during REST and STAND were due to the
deterioration of the signal-to-noise ratio during STAND or to the possible loss of the TCD signal with the change
of posture.

2.2. Extraction of the beat-to-beat variability series

From the ECG we calculated the HP as the time distance between two consecutive R-wave peaks. SAP was
derived as the maximum of the AP signal within the ith HP, where 7 is the progressive cardiac counter. The ith
diastolic value was taken as the minimum of AP after the ith SAP. The occurrences of the (i—1)th and ith DAP
values were utilized to compute the definite integral over AP and CBv and the result was divided by interdiastolic
interval to derive, respectively, the ith MAP and MCByv. The conventions of the measurement are exemplified in
figures 1(a)—(c). Series were extracted during all the time phases (i.e. PRE, POST, and POST3) and experimental
conditions (i.e. REST and STAND). An example of variability series of HP, SAP, MAP and MCBv taken from a
representative subject at REST is shown in figures 1(d)—(g). Series were manually checked by visualizing on the
computer screen the position of the fiducial points, waveform morphology and variability series. If isolated
anomalies of the cardiac rhythm were found, an automatic correction procedure was applied leading to the best
linear interpolation between the most adjacent corrected values. If anomalies were not isolated, the interpolation
procedure was applied again leading to the substitution of all anomalous values with linearly interpolated values
between manually selected extremes. Analysis of data collected during STAND started after 3 min from the onset
of the STAND challenge. A 5 min period of stabilization was allowed after having instrumented the subject and
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before starting signal acquisition A linear trend was subtracted from variability series before the application of
any frequency domain tool. Stationarity of the mean and variance of the detrended sequences was checked to
limit the impact of nonstationarities over conclusions of the study (Magagnin et al 2011). Sequences of 256
consecutive values were selected with the onset of the sequence chosen in a random position but after three
minutes from the starting of the recording.

2.3. Univariate time and frequency domain characterization of CV and CBV variability series

Beat-to-beat variability series of HP, SAP, MAP and MCBv underwent traditional time domain analysis assessing
their mean z1and variance o”. Markers were labeled as ji11p, 01ips [sap> T8AP» IMAP> TMAPs AMCBv TriCBy and
expressed respectively in ms, ms*, mmHg, mmHg”, mmHg, mmHg?, cm-s~ ', cm*:s . Frequency domain
analysis was carried out over linearly detrended series after fitting the data with an autoregressive (AR) model
(Baselli et al 1997). Power spectral density was computed from the transfer function of the AR model and the
variance of the white noise feeding the AR model. The coefficients of the AR model and the variance of the white
noise were estimated via Levinson—Durbin recursion. The optimal model order was chosen in the range from 8
to 14 via the Akaike information criterion. Power spectral density was factorized into components using the
residue theorem and the power of each spectral component was computed and associated to the central
frequency of the component (Baselli ef al 1997). The power of each component was attributed to a frequency
band according to value of its central frequency. As to the CV regulation, the low frequency (LF) band ranged
from 0.04 to 0.15 Hz and the high frequency (HF) band from 0.15 to 0.4 Hz (Task Force of the European Society
of Cardiology and the North American Society of Pacing and Electrophysiology 1996). The power of the HP
series in the HF band was taken as an index of vagal modulation directed to the sinus node, marked as HFzp and
expressed in ms (Pomeranz et al 1985). The power of the SAP series in the LF band was taken as an index of
sympathetic modulation directed to the vessels, marked as LFsp and expressed in mmHg? (Pagani et al 1997).
As to the CBV regulation, the very low frequency (VLF) band ranged from 0.02 to 0.07 Hz, the LF band ranged
from 0.07 to 0.15 Hzand HF band from 0.15 to 0.4 Hz (Vaini et al 2019), the latter slightly adjusted from
(Claassen et al 2016) to account for the possible presence of slow breathing rates. We computed the spectral
power of MAP and MCBv variability series in the VLF, LF and HF bands and these indexes were denoted as
VLFyap> LEymap, HFyvap, VLEycnys LEnvcny HFavcpy and expressed in, respectively, mmng, mmng, mmng,

2 -2 2 -2 2 -2
cm®s” ©,cm”s “andcm®s” .

2.4. Computation of traditional frequency domain bivariate markers and CK>

Parametric approach based on the identification of a bivariate AR model was utilized to compute K> and CK?
(Portaetal 2002, Porta et al 2023). In the bivariate AR model, the current sample of one signal is described as a
linear combination of past samples of the same signal and past, and eventually present, samples of the other
signal plus a value of a Gaussian white noise realization with zero mean and variance to be estimated as well as the
constant coefficients weighting the past samples in the linear regressions. After identifying the coefficients of the
bivariate AR model, the spectral density matrix was derived from the transfer function matrix and the covariance
matrix of the bivariate white noise feeding the model (Porta et al 2002, Porta et al 2023). The spectral density
matrix contained the power spectral densities of the two series on the main diagonal and the power cross-spectral
densities (i.e. from one series to the other and vice versa) out of it. The power cross-spectral densities exhibited
identical modulus. Noncausal traditional K* was calculated as the ratio between the squared modulus of the
power cross-spectral density divided by the product of the two power spectral densities (Saul et al 1991).
Noncausal TFG was computed as the ratio of the modulus of the power cross-spectral density to the power
spectral density of the input series (Saul et al 1991). CK* was computed by leaving unvaried the coefficients of the
cross-regression of one series on the other and by forcing to 0 the coefficients of the cross-regression linking the
latter to the former (i.e. in the reverse temporal direction), thus virtually opening the closed loop (Porta et al
2002). Traditional least squares approach was used to identify the coefficients of the bivariate AR model and the
covariance matrix of the white noise. Cholesky decomposition method was utilized to solve the least squares
problem (Porta et al 2000). The model order was optimized in the range between 5 and 12 according to the
Akaike information criterion for multivariate processes (Akaike 1974). The inferior and superior limits of the
order of the bivariate AR model order were set below that of the univariate AR model utilized for spectral analysis
because the bivariate AR model features a greater spectral resolution as a result of its closed loop structure (Porta
etal2002). TFG, K* and CK* were computed as a function of the frequency. When studying the CV regulation,
the two series were HP and SAP variabilities, while, when studying the CBV regulation, the two series were
MCBv and MAP. TFG was calculated by taking SAP and MAP as inputs and denoted as TFGyp_gsap(f) and
TFGcay - map( f) respectively. The traditional versions of K> were denoted as K2 ap,up(f)and Kiap.mcey(f)s
while the causal versions were CK#jp__ s2p(f) from HP to SAP and CK2,p__ 13p(f) from SAP to HP and
CKycpv—map( f) from MCBv to MAP and CK3,up__, pcpy(f) from MAP to MCBv. TEG, K> and CK* functions
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were always sampled at the maximum in the assigned frequency band. The noncausal indexes were labelled as
TFGup_sap(LF), TFGup_sap(HF), TFGmcpy - Map(VLE), TFGycy—map(LF), TFGyicpy—mar(HE),
Kiip.sap(LE), Kipp sap(HF), Kigap.mcsy (VLE), Kigap.mcsy(LF) and Kiyp vcpy (HE), while the causal ones were
marked as CKfyp__ sup(LF), CK#jp__ s 4p(HE), CK3ycpv— mar(VLE), CK¥yepy— map(LE), and

CK3;cpv— map(HF) in one time direction, and CK2,p__, ;1p(LF), CK2,p__ 13p(HE), CK3{p_ picpe(VLE),

CKZ1ap— mcpe(LF), and CK3up— micpy (HF) in the reverse time direction.

2.5. Surrogate data analysis

We applied a surrogate data approach to reject the null hypothesis of uncoupling between two series in
connection with the computation of K> and CK> markers (Porta and Faes 2016a). From each original couple of
variability series, we generated one hundred surrogate pairs for any subject, experimental condition, and time
point of the analysis. The surrogate series were built via an approach preserving the amplitude distribution and
power spectral density of the original series, while phases were substituted with numbers drawn from a uniform
distribution between 0 and 27. The use of two independent random phase sequences assured the uncoupling
between the two realizations at any frequency (Palus 1997). Iteratively-refined amplitude-adjusted Fourier
transform-based method was exploited (Schreiber and Schmitz 1996). The method assures the perfect
preservation of the amplitude distribution, while the power spectral density is the best estimation after 100
iterations. Fast Fourier transformation speeded up the construction of the surrogates. K> and CK* markers were
computed over the original and surrogate pairs. The best model order estimated over the original pair in any
subject, experimental condition and time point was maintained when analyzing the surrogates. Markers derived
from surrogates were computed using the same strategy to sample K> and CK? as from the original pairs. The
95th percentile of the K* and CK* marker distributions over the surrogates was calculated. If the marker
computed over the original series was above the 95th percentile of the distribution of the indexes derived from
surrogates, the null hypothesis of uncoupling was rejected. The percentages of subjects featuring a rejection of
the null hypothesis of uncoupling was monitored in each frequency band, experimental condition, and time
point. The percentages computed over noncausal markers were denoted as Kfjp s4p(LF) %, Kijp sap(HF) %,
Kiap.mcny(VLE) %, K3 Ap,mcay(LE) %, K Ap,Mcpy(HF) %, while those calculate over the causal indexes were
marked as CKZjp__ sxp(LF) %, CK¥p__ sop(HF) %, CK31cpy— map(VLE) %, CK3;cpy—map(LF) %, and
CK3cpv— map(HF) % in one time direction, and CK2,p__ 13p(LF) %, CK2,p__ 15p(HF) %,

CK31ap— mcne(VLF) %, CK2ap_ vcpe (LF) %, and CK2yap_ gy (HF) % in the reverse time direction.

2.6. Statistical analysis

The Shapiro—Wilk test was applied to check the normal distribution of the data. A two-way analysis of variance
(Holm-Sidak test for multiple comparisons) was applied to noncausal and causal markers to check differences
between experimental conditions (i.e. REST and STAND) given the time point (i.e. PRE, POST or POST3) and
differences across time points given the experimental condition. If the hypothesis of normality of the
distribution failed, Mann—Whitney rank sum was applied. The level of significance of each test was lowered
according to the number of comparisons to account for the multiple comparison issue. The significant difference
among the proportions of rejections of the null hypothesis of uncoupling was tested via x* test. Even in this case
the level of significance was corrected to account for to the number of comparisons. Statistical analysis was
performed with a commercial statistical software (Sigmaplot v.14.0, Systat Software, San Jose, CA, USA). The
level of statistical significance of all the tests was set to 0.05.

3. Results

Table 2 summarizes time and frequency domain parameters of the CV regulation as function of the experimental
conditions (i.e. REST and STAND) and time points (i.e. PRE, POST and POST3). In POST and POST3 piyyp was
lower than PRE both at REST and during STAND. In all the time points jyp decreased in STAND compared to
REST. In POST o?;p was lower than PRE both at REST and during STAND, but it recovered in POST3. osapand
LFsap increased during STAND compared to REST in POST?3 being the values during STAND higher than those
observed in PRE and POST in the same experimental condition. p1s5p and HFgp remained unvaried with
experimental condition and time point. The optimal order of the AR model utilized for univariate spectral
analysis of HP and SAP series did not vary across either experimental conditions or time points.

Table 3 lists time and frequency domain parameters of the CBV regulation across experimental conditions
and time points. In POST piyp raised during STAND compared to REST. In POST3 o3ysp and LFysp increased
during STAND compared to REST resulting in values during STAND higher than those observed in PRE and
POST in the same experimental condition. At REST HFy4p raised during POST compared to PRE, while in
POST3 it was smaller than in POST. In POST, STAND induced a decrease of HFy;4p compared to REST. All
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Table 2. Time and frequency domain indexes of the CV control at REST and during STAND in PRE, POST and POST3.

PRE POST POST3
STAND STAND
Parameter REST (n=68) (n=67) REST (n=44) (n=41) REST (n=17) STAND (n=17)
Lpp [ms] 929.7 £132.7 818.94+123.1" 766.0 705.3 895.3 £117.7§ 799.6 +117.5%§
+115.8% +117.6"#
o’,qu [msz] 1164.1 £ 956.9 +1290.7 314.4 303.1 &= 557.4# 1267.3 £+ 1360.2 £2618.4§
1472.6 +596.3# 2626.7§

HFyp [ms?] 260.5 £+ 557.6 149.0 +366.9 63.6 +168.3 73.8£225.7 379.1£985.0 428.24+1265.1

ftsap [mmHg] 139.0 +-26.8 134.8 +28.0 128.7+20.4 130.8 +23.4 137.1+26.5 131.7+25.6

0éap [mmHg’] 28.9+24.2 43.4436.5 28.1+17.4 43.6 +£36.0 32.2+383 131.9
+296.3"#§

LFgsp [mmHg?] 35448 9.74+16.4 39450 6.9+11.6 494117 39.8 + 109.7°#§

HP = heart period; j1;;p = HP mean; o1y = HP variance; SAP = systolic arterial pressure; jigop = SAP mean; 03ap = SAP variance; LF = low frequency; HF = high frequency; HFyp = power of the HP series in the HF band expressed in
absolute units; LFs,p = power of the SAP series in the LF band expressed in absolute units. Results are reported as mean =+ standard deviation. The symbol *indicates p < 0.05 versus REST within the same time point; the symbols # and §
indicate p < 0.05, respectively, versus PRE and versus POST within the same experimental condition.
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Table 3. Time and frequency domain indexes of the CBV control at REST and during STAND in PRE, POST and POST3.

PRE POST POST3
Parameter REST(n=37) STAND(n=33) REST(n=31) STAND(n=25) REST(n=11) STAND (n=10)
inicy [cmes '] 60.1+31.0 48.5+23.7 61.8+32.7 56.0 & 30.4 50.0 4+ 19.1 46.1+17.8
Oricny [cmPes 2] 58.7 +104.9 43.0+75.6 39.2 +44.2 3724325 19.9421.4 65.1 £61.1
inap [mmHg] 97.14+10.8 93.6+ 16.0 87.5+16.0 97.1419.0" 94.1419.7 98.24+23.7
otap [MmmHg?] 16.3+11.4 24.6+17.9 15.64+10.8 16.7+7.6 13.14+6.9 47.6 £ 53.7°#§
VLFyicpy [cm?es 2] 6.1+£15.9 6.0+12.9 46473 6.7+10.2 28445 6.6410.9
LFycpy [cm?es 2] 7.9+19.4 39+7.4 45473 35467 22439 12.1+£19.3
HFpicpy [cm?es 2] 18.4441.4 11.6+24.7 10.7 +13.8 9.4+12.3 55479 9.8+10.0
VLEyap [mmHg?] 2.0+£42 3.1+6.5 1.8+4.9 1.54+3.2 1.7+3.1 49448
LFyap [mmHg?] 24430 72411.1 1.0+1.2 24441 14415 8.0 £ 10.8"#§
HFyap [mmHg’] 27423 3.943.4 6.4+ 6.24 40+25" 1.7+£1.0§ 47+4.7

MCBv = mean cerebral blood velocity; picpy = MCBv mean; O4csy = MCBv variance; MAP = mean arterial pressure; fiyap = MAP mean;
0r1ap = MAP variance; VLE = very low frequency; LF = low frequency; HF = high frequency; VLFycp, = power of the MCBv series in the
VLF band expressed in absolute units; LFy;cp, = power of the MCBv series in the LF band expressed in absolute units; HFy;cp, = power of
the MCBv series in the HF band expressed in absolute units; VLFyap = power of the MAP series in the VLF band expressed in absolute units;
LF\iap = power of the MAP series in the LF band expressed in absolute units; HF\;,p = power of the MAP series in the HF band expressed in
absolute units; Results are reported as mean = standard deviation. The symbol * indicates p < 0.05 versus REST within the same time point;
the symbols # and § indicate p < 0.05, respectively, versus PRE and versus POST within the same experimental condition.

Table 4. TFG of the CV control at REST and during STAND in PRE, POST and POST3.

PRE POST POST3
REST STAND REST STAND REST STAND
Parameter (n=168) (n=167) (n=44) (n=41) (n=17) (n=17)
TFGyp-sap(LF) 4.61£2.98 3.31+£2.50 1.51+1.27# 1.30 £ 1.15# 4.62£5.01§ 2.77 £2.20"
[ms-mmHgfl]
TFGyp.sap(HF) 5.89 +5.68 4.85+£4.76 1.85+ 1.72# 1.84 +2.63# 5.43 +5.44§ 4.31£4.81

[ms-mmHgfl]

TFG = transfer function gain; SAP = systolic arterial pressure; HP = heart period; LF = low frequency; HF = high frequency. Results are
reported as mean + standard deviation. The symbol * indicates p < 0.05 versus REST within the same time point; the symbols # and §
indicate p < 0.05, respectively, versus PRE and versus POST within the same experimental condition.

MCByv parameters were unchanged regardless of time point and experimental condition. Again, the optimal
model order utilized for univariate spectral analysis of MCBv and MAP series was similar across both
experimental conditions and time points.

Table 4 summarizes the traditional TFG describing the CV regulation as a function of the experimental
condition (i.e. REST and STAND) and time point (i.e. PRE, POST and POST3). The effect of STAND was
significant solely in POST3 in the LF band. The impairment of CV control in POST compared to PRE and its
recovery in POST3 compared to POST took the form, respectively, of the decrease and increase of both TFGs in
the LF and HF bands at REST.

Table 5 lists the traditional TFG describing the CBV regulation as a function of the experimental condition
(i.e. REST and STAND) and time point (i.e. PRE, POST and POST3). Regardless of the frequency band, no
significant differences were detected across either experimental conditions or time points.

The grouped vertical bar graphs of figure 2 show noncausal markers between HP and SAP (figures 2(a), (d)),
CK? indexes from SAP to HP (figures 2(b), (e)), and CK” indexes from HP to SAP (figures 2(c), (f)) assessed in LF
(figures 2(a)—(c) and HF (figures 2(d)—(f)) bands. Markers are reported as a function of the experimental
condition (i.e. REST and STAND) in PRE (black bars), POST (light gray bars) and POST3 (dark gray bars). In the
LF band, K§,p 1;p(LF) was reduced in POST with respect to PRE at both REST and during STAND (figure 2(a)).
In POST3 K§,p 11p(LF) was higher during STAND than at REST and during STAND K&, ;p(LF) increased in
POST3 compared to POST (figure 2(a)). On the baroreflex pathway at REST, CK3sp__, 1p(LF) was smaller in
POST and POST3 compared to PRE (figure 2(b)). In POST3 orthostatic challenge increased CKxp__ 11p(LF)
compared to REST (figure 2(b)). During STAND, CK3,p__ ;;p(LF) was smaller in POST with respect to both
PRE and POST3 (figure 2(b)). On the opposite arm, at REST CK¥p__, s4p(LF) was lower in POST compared to
PRE and during STAND CK3jp__, s5p(LF) increased in POST3 with respect to POST (figure 2(c)). In the HF band
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Table 5. TFG of the CBV control at REST and during STAND in PRE, POST and POST3.

PRE POST POST3
Parameter REST (n=137) STAND (n=33) REST (n=31) STAND (n=25) REST (n=11) STAND (n=10)
TFGpicpy-map(VLE) [cmes ~'emmHg ] 0.8340.84 0.57 £0.36 0.88+£0.78 0.64+0.35 0.64 & 0.44 0.80 £ 0.51
TFGpcpy-map(LF) [cmes ™ 'emmHg '] 0.79 £0.86 0.65+0.38 0.66 +0.48 0.70£0.37 0.70 £ 0.46 0.71+0.22
TFGicpy-map(HE) [cmes 'emmHg '] 1224173 0.87 £ 0.56 0.88 £ 0.51 0.76 £0.41 0.8140.48 0.77 £0.49

TFG = transfer function gain; MAP = mean arterial pressure; MCBv = mean cerebral blood velocuty; VLF = very low frequency; LF = low frequency; HF = high frequency. Results are reported as mean = standard deviation.
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Figure 2. The grouped vertical error bar graphs show noncausal K* indexes between SAP and HP (a), (d), CK* markers assessed from
SAP to HP (b), () and CK* markers from HP to SAP (c), (f), evaluated in LF (a), (b), (c) and HE (d), (e), (f) bands. Data are derived in
SAVR patients in PRE (black bars), POST (light gray bars), and POST3 (dark gray bars) according to the experimental condition (i.e.
REST and STAND). Data are shown as mean-+standard deviation. The symbol * indicates p < 0.05 between experimental conditions
within the same time point or between time points within the same experimental condition. Markers were assessed in PRE in 68
subjects at REST and 67 individuals during STAND, in POST in 44 subjects at REST and 41 individuals during STAND, and in POST3
in 17 subjects at REST and 17 individuals during STAND.
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Figure 3. The grouped vertical error bar graphs show K? indexes between MAP and MCBv (a), (d), (g)and CK?* markers assessed along
the pressure-to-flow link, i.e. CK? markers from MAP to MCBv (b), (e), (h), and along the Cushing-like pathway, i.e. from MCBv to
MAP (¢), (f), (i), evaluated in VLF (a), (b), (c), LF (d), (e), (f) and HF (g), (h), (i) bands. Data are acquired in SAVR patients in PRE (black
bars), POST (light gray bars), and POST3 (dark gray bars) according to the experimental condition (i.e. REST and STAND). Data are
shown in terms of mean+standard deviation. The symbol " indicates p < 0.05 between experimental conditions within the same time
point or between time points within the same experimental condition. Markers were assessed in PRE in 37 subjects at REST and 33
individuals during STAND, and in POST in 31 subjects at REST and 25 individuals during STAND, and in POST3 in 11 subjects at
REST and 10 individuals during STAND.

10



10P Publishing

Physiol. Meas. 44 (2023) 094001 V Bari et al

=
=
=
o
=
o

a b B PRE
[ POST
[ POST3

Le]

sap,pllE)%

B
2 \0/.
CK S.'\PA!-I[P([‘IH)M]

2 0/,
CK jip o sap(LE)%

(=1
o
o

[
(=]
(=1
bt
[=]
(=
[
(=]
o

=
L
-y

= 2

= = =
=) & &

3 E: . ..
= w
! }
r-xM r;; o ”:‘_
~ &
0 0
REST STAND REST STAND REST STAND

Figure 4. The grouped vertical bar graphs show the percentage of subjects featuring the rejection of the null hypothesis of uncoupling
regardless of the direction of HP-SAP dynamic interactions (a), (d), in the time direction from SAP to HP (b), (¢), and in the time
direction from HP to SAP (c), (f). The percentages are evaluated in the LF (a), (b), (c) and HF (d), (e), (f) bands. Data are acquired in
SAVR patients in PRE (black bars), POST (light gray bars), and POST3 (dark gray bars) according to the experimental condition (i.e.
REST and STAND). Dotted horizontal lines denote the 50% level. The symbol * indicates p < 0.05 between time points within the
same experimental condition. Markers were assessed in PRE in 68 subjects at REST and 67 individuals during STAND, in POST in 44
subjects at REST and 41 individuals during STAND, and in POST3 in 17 subjects at REST and 17 individuals during STAND.

STAND reduced K3 ,p 1;p(HF) in POST (figure 2(d)). At REST CKg,p__ ;;p(HF) was smaller in POST3 with
respect to PRE and POST, and postural challenge decreased CK2,p__, 11p(HF) in POST (figure 2(e)). At REST
CK3p__, sxp(HF) increased in POST3 compared to PRE and POST (figure 2(f)). The optimal order of the AR
model utilized for the bivariate analysis of the CV control did not vary across either experimental conditions or
time points.

Figure 3 has the same structure as figure 2, but it shows the parameters describing the CBV regulation.
Noncausal K> markers between MCBv and MAP are shown in figures 3(a), (d), (g), while CK” indexes from MAP
to MCBv and from MCBv to MAP in figures 3(b), (e), (h), and figures 3(c), (), (i) respectively. Markers are
computed in the VLF (figures 3(a)—(c)), LF (figures 3(d)—(f)) and HF (figures 3(g)—(i)) bands. K* and CK” indices
in the VLF (figures 3(a)—(c)) and LF (figures 3(d)—(f)) bands did not differ across either time points or
experimental conditions. In the HF band, at REST K3 xp ey (HF) increased in POST compared to PRE and
STAND reduced K p picp, (HF) in POST (figure 3(g)). At REST CKyp__ yicpy (HF) was higher in POST with
respect to PRE and POST3 (figure 3(h)), while CK;cp,_ map(HF) did not vary across either experimental
conditions or time points (figure 3(i)). Again, the optimal model order utilized for utilized for the bivariate
analysis of the CBV control was similar across experimental conditions and time points.

The grouped vertical bar graphs of figure 4 show the percentage of rejections of the null hypothesis of
uncoupling regardless of the direction of HP-SAP dynamic interactions (figures 4(a), (d)), in the time direction
from SAP to HP (figures 4(b), (e)), and in the time direction from HP to SAP (figures 4(c), (f)). The percentages
are computed in the LF (figures 4(a)—(c)) and HF (figures 4(d)—(f)) bands and are reported as a function of the
experimental condition (i.e. REST and STAND) in PRE (black bars), POST (light gray bars) and POST3 (dark
gray bars). The percentage of subjects featuring the rejection of the null hypothesis of HP-SAP uncoupling
remained unvaried with experimental condition and time point with the notable exception of K2,p__, ;;p(HF) %
thatat REST decreased in POST3 compared to PRE.

Figure 5 has the same structure as figure 4 but it shows the percentage of rejections of the null hypothesis of
uncoupling regardless of the direction of MCBv-MAP dynamic interactions (figures 5(a), (d), (g)), in the time
direction from MAP to MCBv (figures 5(b), (e), (h)), and in the time direction from MCBv to MAP (figures 5(c),
(), (1)). The percentages are computed in the VLF (figures 5(a)—(c)), LF (figures 5(d)—(f)) and HF (figures 5(g)—
(i)) bands. No significant differences were found, and this conclusion held regardless of experimental condition

and time point with the notable exception of Ki;sp__, vcpy (HF) % that at REST increased in POST compared
to PRE.
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Figure 5. The grouped vertical bar graphs show the percentage of subjects featuring the rejection of the null hypothesis of uncoupling
regardless of the direction of MCBv-MAP dynamic interactions (a), (d), (g), in the time direction from MAP to MCBv (b), (e), (h), and
in the time direction from MCBv to MAP (c), (f), (). The percentages are evaluated in the VLF (a), (b), (), LF (d), (e), (f) and HF (g),
(h), (i) bands. Data are acquired in SAVR patients during PRE (black bars), POST (light gray bars), and POST3 (dark gray bars)
according to the experimental condition (i.e. REST and STAND). Dotted horizontal lines denote the 50% level. The symbol * indicates
P < 0.05 between time points within the same experimental condition. Markers were assessed in PRE in 37 subjects at REST and 33
individuals during STAND, and in POST in 31 subjects at REST and 25 individuals during STAND, and in POST3 in 11 subjects at
REST and 10 individuals during STAND.

4. Discussion

The main findings of this work can be summarized as follows: (i) the possibility to differentiate the pathways of a
closed loop dynamic relationship provided by spectral causality analysis assures a more insightful description of
CV and CBV controls; (ii) CV regulation is impaired in AVS patients; (iii) vagal control and CV regulation

worsen in POST; (iv) CV regulation recovers in POST3 and its response to STAND is even better than in PRE; (v)

CBV regulation is preserved in AVS patients; (vi) SAVR does not affect CBV control; (vii) parameters of the CBV
control in POST?3 are like those in PRE.

4.1. On the significance of using spectral causality analysis tools to assess CV and CBV regulations
Among the possible tools to assess spectral causality (Akaike 1968, Geweke 1982, Baccala and Sameshima 2001,
Kaminski et al 2001, Porta et al 2002, Nollo et al 2005, Chen et al 2006, Chicharro 2011, Faes et al 2013a) in this
study we exploited the CK?. This tool has the advantage of following directly from the definition of the traditional
K?, thus directly checking the additional insight provided by CK* compared to K* analysis. Like any other
spectral causality tool, CK” estimates the strength of the causal interaction in an assigned time direction in
specific frequency bands that are deemed to be the most suitable for the evaluation of CV and CBV controls
(Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology 1996, Laude et al 2004, Claassen et al 2016). The relevance of using a spectral causality tool is
evident from the difference of results derived from CK?> along the two pathways and across frequency bands as
well as from the comparison with K* indexes. For example, the percentage of rejections of the null hypothesis of
uncoupling was higher in the time direction from HP to SAP and from MCBv to MAP than in the reverse causal
directions, thus suggesting a more important impairment of the baroreflex control than the mechanical coupling
between heart and vasculature in our population and a more significant tendency of CA to decouple MCBv and
MAP along the pressure-to-flow link than the flow-to-pressure pathway. Therefore, the percentages of rejections
of the null hypothesis of uncoupling, even when they are low, have a pathophysiological meaning. In addition,
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HP-SAP spectral causal markers varied differently in LF and HF bands, thus stressing their specificity in
describing diverse physiological mechanisms: for example, the increase of the strength of the casual relationship
from SAP to HP during STAND compared to REST due to baroreflex activation induced by the postural
challenge was detected only in the LF band, and the raise of the coupling strength from HP to SAP in POST3
compared to PRE, likely to be related to the improvement of cardiac mechanics, was detected only in the HF
band. Peculiarities of CK* markers compared to noncausal bivariate frequency domain indexes are evident as
well: for example, trends of CK* markers from SAP to HP with experimental condition and time point in the HF
band were completely different from those of K> indexes and CK” markers were more powerful in separating
experimental conditions and time points than TFG indexes.

4.2. CV regulation is impaired in AVS patients

Our cohort of patients underwent SAVR because of a severe AVS. The presence of a left ventricular outflow
obstruction increased cardiac workload and led to left ventricle thickening and enlargement. This pathology is
known to induce a chronic sympathetic activation driven by the need of maintaining cardiac output through the
narrowed aortic valve (Dumonteil et al 2013). Sympathetic activation is known to affect baroreflex control by
decreasing the baroreflex sensitivity (Cooke et al 1999, Marchi et al 2016b, De Maria et al 2019) and the high
sympathetic driver at REST might contribute to the decoupling along the direction from SAP to HP (Nollo et al
2002, Milan-Mattos et al 2018). On the reverse pathway representing the mechanical link between heart and the
vasculature, even though the incomplete diastolic runoff linked to the increased heart rate and peripheral
vasoconstriction might contribute to the migration of the sensitivity of this pathway towards less negative values
(Baselli et al 1994; Patton et al 1996, Porta et al 2013), the mechanical feedforward pathway is still working as
proved by the preservation of the ejection fraction in our population. In agreement with these considerations in
PRE at REST the percentage of rejections of the null hypothesis of the HP-SAP uncoupling along the mechanical
feedforward pathway is significant, while the one along the baroreflex is below 50%. We expect that STAND
reduces the HFp power and increases the LFs,p one as a consequence of, respectively, the vagal withdrawal and
sympathetic activation induced by the challenge (Pomeranz et al 1985, Montano et al 1994, Cooke et al 1999,
Marchi et al 2016a), increases the degree of the HP-SAP association in the LF band (Porta et al 2016b, Bari et al
2017), especially along the baroreflex as a consequence of the baroreceptor unloading (Nollo et al 2005), and
increases the percentage of rejections of the null hypothesis of the HP-SAP uncoupling along the baroreflex as a
consequence of the increased strength along this time direction (Nollo et al 2005, Porta et al 2023b). These
findings might be expected even in relation to the old age of our population, even though the impact of STAND
might be reduced in ageing (Laitinen et al 1998). Since STAND did not produce these expected changes in our
population, we conclude that autonomic function and baroreflex control are impaired in AVS population
eligible for SAVR. This conclusion confirms preliminary observations of our group (Porta et al 2020). As a
further sign of the CV regulation impairment, the expected decrease of the strength of the causal relationship
from HP to SAP and the associated decrease of the percentage of rejections of the null hypothesis of the HP-SAP
uncoupling in the LF band during STAND compared to REST was not detected (Nollo et al 2005, Porta et al
2023b). These findings indicate that a certain degree of impairment is present even along the mechanical
feedforward pathway.

4.3.Vagal control and CV regulation worsen just after SAVR

SAVR worsens vagal control and CV regulation. The additional vagal withdrawal is suggested by the
postoperative decrease of ofjp both at REST and during STAND. This result confirms previous observations
made after cardiac surgery (Hogue et al 1994, Kuo et al 1999, Demirel et al 2002, Bauernschmitt et al 2007,
Retzlaff er al 2009, Compostella et al 2015, Porta et al 2020). Since the postoperative depression of the vagal
control summed up to a preoperative vagal impairment, this worsening might expose the patient to an additional
risk of cardiac arrhythmias (Bauernschmitt et al 2007, Ranucci et al 2017), especially in relation to an unvaried
sympathetic control as suggested by stable postoperative values of LFs5p compared to PRE (Porta et al 2020).
After surgery HP and SAP variability fluctuations were more independent, especially in the LF band (Porta et al
2020), as a sign of an additional deterioration of the CV regulation already present in PRE. As an original finding,
the decrease of the strength of the HP-SAP dynamic interactions was the result of a significant decrement of both
the coupling strength along the baroreflex and mechanical feedforward pathway. To further stress the
dysfunction of the CV control STAND left unvaried the coupling strength along the baroreflex. These findings
might suggest additional factors contributing to increase the risk of stroke just after SAVR (Daneault et al 2011,
Altisent et al 2016, Grabert et al 2016) and to raise the likelihood of syncope during an orthostatic challenge just
after SAVR (Jans and Kehlet 2017) because SAP variations are not buffered by suitable changes of HP.
Remarkably, the likelihood of syncope increases after SAVR in presence of an improved cardiac hemodynamics.
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4.4. CV regulation recovers three months after SAVR and its response to STAND is even better than in PRE
Time and frequency domain markers of HP and SAP variability suggest a recovery from the depression of vagal
control as supported by the increase of o7;p in POST3 compared to POST observed both at REST and during
STAND and a greater reactivity of the sympathetic control given that during POST3 the LFs,p power raised
significantly during STAND compared to REST. The recovery of heart rate variability indexes is in line with the
well-known trends after major cardiac surgery (Demirel et al 2002). Since the LFs5p power during STAND was
larger in POST3 than in PRE, we can hypothesize that sympathetic control improved even compared to the
baseline condition, as likely reflection of improved cardiac function reducing sympathetic overactivity at REST.
However, the improvement did not involve vagal control directed to the heart because the HFyp power did not
vary. The trend toward the restoration of the CV control in POST3 took the form of the increase of the coupling
strength between HP and SAP variability in the LF band compared to POST. This raise was evident during
STAND, and it was significant both from HP to SAP and in the reverse time direction. These findings were not
detected in the HF band, likely because the LF band covers the typical range of frequencies of the functioning of
the baroreflex (Laude et al 2004) including the resonance frequency of the HP-SAP closed loop (De Boer et al
1987, Baselli et al 1994, Cevese et al 2001). The improvement of the CV regulation in POST3 was not only evident
with respect to POST but also to PRE and the improvement involves both baroreflex and mechanical
feedforward pathway. The amelioration of the baroreflex compared to PRE was suggested by the increase of the
strength from SAP to HP in the LF band during STAND observed in POST3 but not visible in PRE, while the
improvement of the mechanical feedforward pathway was indicated by the increase of the coupling strength
from HP to SAP in the HF band during POST3 compared to PRE visible at REST.

4.5. CBV control is preserved in AVS patients

AVS reduces ventricular stroke volume and impairs the ability of the heart to modify cardiac output to cope with
modifications of peripheral resistance (Carabello 2013). In heart failure patients secondary to myocardial
infarction with reduced ejection fraction the MCBv is increased, and CA is impaired (Caldas et al 2017). It was
proven that transcatheter aortic valve implantation improved cardiac output and cerebral blood flow in AVS
patients (Vlastra et al 2021) and this result might suggest a cerebral hypoperfusion and a CA impairment before
surgery. Conversely, CA is known to be preserved in AVS patients eligible for SAVR (Porta et al 2020, Pedro et al
2023). We confirm this finding by observing that at REST in PRE the strength of the MCBv-MAP dynamic
relationship was limited especially in the time direction from MAP to MCBv and the percentage of the rejections
of the null hypothesis of the MCBv-MAP uncoupling along the pressure-to-flow relationship was below 50%
regardless of the frequency band, thus indicating that CA preserves its ability to limit the impact of MAP
variability on MCBv changes (Zhang et al 2002, Bari et al 2017). The missed increase of the TFG of the MCBv-
MAP relationship and of the strength of the MCBv-MAP association during STAND (Zhang et al 1998b, Zhang
etal 2002, Barietal 2017, Porta et al 2023b) corroborates the observation that CA is preserved. However, the
limited impact of the orthostatic challenge on piycg, and the negligible increase of MAP variability might have
contributed to this conclusion. The conservation of the ejection fraction in our population might have impacted
on the CA preservation as well (Caldas et al 2017). Remarkably, at REST in PRE the link along the flow-to-
pressure relationship was significant in about 50% of the subjects, this fraction was maintained during STAND
and this result held regardless of the frequency band, thus stressing the relevance of this pathway (Cushing 1902,
Barietal 2017, McBryde et al 2017, Saleem et al 2018, Schmidt et al 2018).

4.6. SAVR does not affect CBV control

We confirm that the CBV regulation was preserved just after SAVR (Porta et al 2020, Porta et al 2022, Pedro et al
2023). The original feature of this study is that this conclusion is based on spectral causality analysis. Indeed, the
values of the degree of association between MCBv and MAP variability series were similar in PRE and POST and
this finding did not depend on the direction of the interaction. Only in the HF band at REST we observed an
increase of the coupling strength from MAP to MCBv in POST compared to PRE, likely owing to the increase of
the HFy;p power, but the HFy;cp, one remained unaltered and the percentage of subjects in which the null
hypothesis of MCBV-MAP uncoupling was rejected remained about 50%, thus stressing the limited impact of
MAP variations on MCBv changes. This conclusion is corroborated by stable values of the TFG of the MCBv-
MARP relationship (Zhang et al 1998a, Zhang et al 2002). The conclusion about the CA preservation in POST
appears to be robust because the orthostatic challenge was not able to affect the degree of the interaction from
MAP to MCBv, while it is expected to increase in presence of CA dysfunction as it was observed in subjects prone
to develop syncope while standing (Bari et al 2017, Porta et al 2023b). This conclusion might be related to the
maintenance of a certain degree of sympathetic control in POST (Zhang et al 2002, Hamner et al 2010, Saleem et al
2018), while it indicates that vagal regulation is less involved in CA than previously suggested (Hamner et al 2012)
given that the depression of the vagal control observed in POST has no impact on CA. Even the post-surgery
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amelioration of the cardiac hemodynamics might have played a role in limiting the modifications of the MCBv-
MAP relationship just after surgery. The coupling strength along the flow-to-pressure link was greater than thatin
the reverse causal direction, thus stressing the relevance of the Cushing-like reflex even during POST.

4.7. Three months after SAVR the CBV regulation is not significantly different from the one in PRE

In POST3 time and frequency domain analyses indicated that MCBv variability remained within ranges detected
in PRE. Remarkably, in POST?3 values of the TFG of the MCBv-MAP relationship were not modified even when
the magnitude of MAP changes was increased in response to STAND. The strength of the coupling between
MCBvand MAP variability series in POST3 was not significantly different from that in PRE and this result held
regardless of the direction of interaction. In addition, STAND did not significantly influence the values of K* and
CK?. This conclusion did not depend on the frequency bands. Remarkably, in the HF band in POST3 the
coupling strength from MAP to MCBy, that was found to be increased in POST compared to PRE suggesting an
impaired ability in buffering fast MAP changes with suitable modifications of cerebral resistances (Giller 1990,
Zhang et al 1998b, Bari et al 2017), returned to values detected in PRE.

4.8. Limitations of the study, future developments, and clinical relevance of the approach

One of the main limitations of this work is due to the limited number of subjects acquired in the different
experimental conditions, especially when the CBV control in POST3 phase was considered due to the difficulty
in acquiring TCD signals in connection with that in recalling subjects at the follow-up. This fact has probably
reduced the statistical power of the work, thus hampering the possibility to detect some differences.
Furthermore, the present linear approach has a limited power in presence of nonlinearities of the involved
physiological mechanisms and the possible nonlinear relationships among variables, thus suggesting the future
use of model-free techniques to provide a more insightful description of nonlinear contributions to CV and
CBV controls in AVS patients (Panerai et al 1999, Faes et al 2013b). However, the inherent nonlinear
mechanisms underlying baroreflex and CA do not necessary produce evident nonlinear dynamics at the level of
CV and CBV variabilities (Porta et al 2020) and this observation increases the relevance of linear analysis.
Unfortunately, the study was not designed to evaluate sex differences. While enlarging the size of the group
future studies should set it to ensure a sufficient statistical power to analyze the possible different behavior
between males and females. The study suggests a methodological approach that can be applied in clinical settings
to monitor individually the CV and CBV regulations and their postoperative evolution. Results indicate the need
to favor a faster postoperative recovery of the CV control through the application of specific countermeasures
and rehabilitation therapies. In addition, the invariance of the CBV control prompts for checking whether this
conclusion could be confirmed even when considering specific AVS groups with reduced ejection fraction that
might have exposed individuals to a chronic reduction of the brain perfusion.

5. Conclusion

This work proposes a spectral causality approach for the characterization of CV and CBV controls in AVS patients
undergoing SAVR evaluated at different time points, namely just before SAVR, within one week after SAVR and
after a three-month follow-up. CV and CBV mechanisms were challenged via an orthostatic challenge to evoke
regulatory responses. The indexes suggested that the CV control was depressed in AVS patients, worsened just
after SAVR and recovered after three months with CV responses to STAND even better than those observed
before surgery. Conversely, the CBV regulation appears to be preserved in AVS patients and remained stable after
surgery regardless of time point of the analysis. The proposed framework is particularly powerful because it allows
the separation of the baroreflex from the mechanical feedforward pathway in the HP-SAP closed loop and the
distinction of the pressure-to-flow relationship from the Cushing-like pathway in the MCBv-MAP closed loop.
The framework assures the computation of highly specific CV and CBV markers compared to more traditional
univariate and bivariate noncausal markers, thus increasing specificity of the analysis and the possibility to follow
individual trends. In addition, results suggested that adverse events are more likely to be triggered by a deficit of the
CV control, especially of the baroreflex function, more than linked to the CA dysfunction. This observation
supports the use of specific countermeasures and pharmacological treatments aiming at limiting AP variations
that might be not compensated by suitable adjustments of HP, especially in the period just after surgery. In
addition to stress the resilience of the CBV control even in situations of vagal withdrawal such as in AVS patients
before and after SAVR, this study emphasizes the role of the flow-to-pressure pathway even in situations of small
variations of MAP and MCBy, thus suggesting the importance of Cushing-like reflexes in governing the degree of
MCBv-MAP dynamic interaction, possible due to the preservation of the sympathetic control in the various
phases of our experimental protocol. Given the recovery of the CV regulation is completed after three months and
the improved cardiac function after SAVR, an additional improvement of the CV control might be expected after a
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longer follow-up. This hypothesis deserves to be tested in future studies with a follow-up longer than three
months. Lengthening the follow-up might be interesting even to check whether an improvement of the CV
regulation could be associated to long-term modifications of the CBV control.
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