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Abstract

Three approaches to the assessment of cerebrovascular autoregulation (CA) via the
computation of the autoregulation index (ARI) from spontaneous variability of mean arterial
pressure (MAP) and mean cerebral blood flow velocity (MCBFV) were applied: 1) a time domain
method (TDM) assessing the similarity between the original MCBFV and the version generated by
the Tiecks’ model driven by the original MAP; 2) two procedures based on the agreement of the
impulse response of the pressure-to-flow transfer function estimated via nonparametric method
(nonPM) and parametric method (PM) respectively with the one of the Tiecks’ model.
Performances were tested over matched pairs and unmatched couples artificially created by
randomly associating a MAP series taken from one subject with a MCBFV series taken from
another. Data were analyzed at supine resting (REST) and during the early phase of 60° head-up tilt
(TILT) in 13 subjects with previous history of postural syncope (SYNC, age: 28 +9 yrs; 5 males)
and 13 control individuals (nonSYNC, age: 27 £ 8 yrs; 5 males). Analysis was completed by
computing autonomic markers from heart period (HP) and systolic arterial pressure (SAP)
variability series, namely the high frequency (HF) power of HP series (HFyp) and the low frequency
(LF) power of SAP series (LFsap). HP and SAP spectral indexes suggested that nonSYNC and
SYNC groups exhibited different autonomic responses to TILT being HFnp significantly decreased
solely in SYNC and LFsap significantly increased exclusively in nonSYNC group. ARI analysis
suggested that: 1) both TDM and PM have a sufficient statistical power to separate matched from
unmatched pairs; 11) TDM should be preferred to PM because it has a greater flexibility in
identifying different types of CA; ii1)) MCBFV significantly decreased during TILT in both
populations but the orthostatic stressor did not induce any evident CA impairment in either
nonSYNC or SYNC individuals. We conclude that modification of autonomic state imposed by
TILT and the different autonomic response to postural challenge in nonSYNC and SYNC subjects

were not able to produce any modification of dynamic component of the CA.
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1. Introduction

Cerebrovascular autoregulation (CA) is the physiological mechanism that maintains an
approximately constant cerebral blood flow (CBF) by actively counter-regulating the vessel
diameter in response to arterial pressure (AP) changes in the range of 60-150 mmHg (Lassen,
1959). Historically, static CA was assessed after the inhalation of nitrous oxide (Kety and Schmidt,
1948) or Xenon 133 (Obrist et al., 1975) through the application of the Fick principle. With the
development of transcranial Doppler ultrasound device (Aaslid et al., 1989), static CA evaluation
was carried out more easily by inducing mean AP (MAP) modification through an intervention,
such as a pharmacological challenge (Tiecks et al., 1995), and by observing the steady state
response of mean cerebral blood flow (MCBF) as evaluated from its proxy, i.e. MCBF velocity
(MCBFV), under the hypothesis of constancy of the diameter of the insonated vessel. More
importantly, transcranial Doppler ultrasound device (Aaslid et al., 1989) provides a sufficient time
resolution to assess of CA dynamic properties by following over time the MCBFV adjustments to a
sudden, and relevant, modification of MAP, such as after thigh cuff release, and by characterizing
type and shape of the resulting MCBFV transient (Tiecks et al., 1995). The dynamic CA markers
complement static CA indexes because they provide indications that cannot be inferred from static
CA analysis about the efficiency of CA mechanisms such as rapidity to return to basal value.
Dynamic CA analysis was originally associated to interventions necessary to provoke a sudden and
important modification of MAP (Tiecks et al., 1995). In the attempt to enlarge the possibility of
assessing dynamic CA in subjects that might be at risk when artificial, and relevant, AP changes are
induced, methods exploiting spontaneous fluctuations of MAP and MCBFV were devised (Claassen
et al., 2016). A class of these methods (Panerai et al., 1998; Panerai et al., 1999) is based on a
modeling approach describing the CA as a derivative filter that was originally developed by Tiecks
et al., (1995) in the context of interventional procedure of CA assessment (Aaslid et al., 1989). The
Tiecks’ model provided a set of impulse responses that are graded according to the value of an
autoregulatory index (ARI) typifying the efficiency in performing CA from 0, i.e. absent CA, to 9,
i.e. excellent CA, being 5 the limit between impaired and intact CA (Tiecks et al., 1995). The
similarity between the impulse response derived from the Tiecks’ model and that obtained from
spontaneous variations of MAP and MCBFV via a nonparametric method (nonPM) based on
Fourier transformation (Panerai et al., 1998) or a parametric method (PM) via modeling approach
(Panerai et al., 1999; Simpson et al., 2001; Dineen et al., 2010) was evaluated as a function of ARI
with the aim at selecting the impulse response that provides the best agreement with real data and at
storing the associated ARI. This approach was extremely successful in typifying CA from

spontaneous variability recordings of MAP and MCBFV in several protocols and/or groups of



individuals (Panerai et al., 1998; Carey et al., 2001; Panerai et al., 2001; Dineen et al., 2010; Castro
et al., 2014; Claassen et al., 2016). However, a simpler, and apparently more intuitive time domain
method (TDM), would be to directly feed the differential equations of the Tiecks’ model with the
spontaneous variations of MAP, let the MAP dynamics evolve over time and identify the model
response that best fits the measured MCBFV (Mahdi et al., 2017; Lee et al., 2020). This method
might be more robust given that it does not require the computation of the transfer function leading
to typical issues of the frequency domain analysis such as the choice of frequency resolution and
superior cut-off of the frequency representation and the magnitude of the link between the input and
output signals affecting the ability of the model to deal with noise at high frequency and reliability
of the description of the MAP-MCBFV relationship.

Several studies exploited orthostatic stressors in the attempt to elucidate the role played by
autonomic nervous system (ANS) in governing CA (Grubb et al., 1991; Levine et al., 1994; Bondar
et al., 1995; Lefthériotis et al., 1998; Zhang et al., 1998; Carey et al., 2001; Panerai et al., 2001;
Schondorf et al., 2001; Carey et al., 2003; Castro et al., 2017). A relevant portion of them are based
on the computation of ARI (Carey et al., 2001; Panerai et al., 2001; Carey et al., 2003; Castro et al.,
2017). Therefore, details in the assessment of CA via ARI approach might play a fundamental role
in shaping conclusions. Moreover, given that vasoconstriction imposed by sympathetic activation
reduces vessel diameter and vasoconstriction episodes might contribute to reduce CBF whether they
do not occur in synchrony with suitable AP rises (Grubb et al., 1991; Cassaglia et al., 2008), it
remains matter of debate whether sympathetic activation observed during orthostatic challenge
(Montano et al., 1994; Cooke et al., 1999; Furlan et al., 2000; Marchi et al., 2016) is helpful or
detrimental to the CA preservation. Moreover, it is also unclear whether different autonomic control
responses to the postural challenges such as those typically observed in SYNC and nonSYNC
groups (Piccirillo et al., 2004; Folino et al., 2007; Furlan et al., 2019) could result in different CA
patterns.

In the present study we compare three approaches to the quantification of CA from
spontaneous variability of MAP and MCBFV, namely a TDM searching the best matching over
time between MCBFV predicted from the Tiecks’ differential equations driven by the recorded
MAP and the MCBFV original series (Mahdi et al., 2017), and two techniques searching for the
best matching between the impulse response derived from the Tiecks’ model and the one estimated
via nonPM (Panerai et al., 1998) and PM (Panerai et al., 1999). The TDM, nonPM and PM were
tested over MAP and MCBFV recorded during an orthostatic challenge in subjects with recurring

episodes of syncope compared to a control population.



2. Methods

2.1  Assessing ARI via TDM
The TDM was originally proposed in (Mahdi et al., 2017). The beat-to-beat MAP series were
first resampled at /=10 Hz. The resulting time-domain series was normalized as

MAP, ~MAP,
MAP,

mean_Pcr
where MAPmean 1s the mean of MAP over the selected sequence, P is the is the critical closing
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pressure set to 12 mmHg and £ is the current time. The approach exploits the derivative filter
originally developed in (Tiecks et al., 1995) describing the dynamical link from dMAP to
dMCBFV. The Tiecks’ model consists in the discretized differential equations operating over the

state variable x; and x> as
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where MAPy is the input of the filter, f is the resampling frequency, D is the damping coefficient,
and 7 is the time constant, while the output is computed as
MCBFV ;; =MCBFV 0, -(14+dMAP, +K x5 1), 4)

where MCBFVean 1s the mean of MCBFV over the selected sequence input and K is the gain. The
initial conditions were set as x1,0=2-D-dMAPy and x2,0=dMAPy. According to the value set for K, T’
and D ten combinations of the triplet K, T and D was chosen in (Tiecks et al., 1995). Each
combination was symbolized by a value of ARI grading situations ranging from absent CA (i.e.
ARI = 0) to excellent CA (ARI =9). The predicated MCBFV, generated using (4) after feeding it
with the original dMAP and x» obtained via the (2) and (3), was compared with the measured
MCBFV using the normalized mean square prediction error (NMSPE), namely the mean square
value of the difference between the predicted MCBFV and measured MCBFV normalized by the
mean square value of the measured MCBFV (Angarita-Jaimes et al., 2010). We selected the ARI
corresponds to the curve that provide the minimum of the NMSPE. The optimal ARI derived from
this approach was labelled ARItpwm.

2.2 Assessing ARI from the impulse response derived via nonPM
The nonPM was originally proposed in (Panerai et al., 1998). The beat-to-beat MAP and
MCBFYV variability series were first resampled at /=10 Hz. The resulting MAP and MCBFV series

were normalized as
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where MAPmnean and MCBFViyean are the means of MAP and MCBFV respectively and k is the
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current time. Transfer function was computed as the ratio of AIMCBFV-dMAP cross-spectrum to the
dMAP power spectrum. Cross-spectrum was estimated as the product of the Fourier transform of
the dMAP series times the complex conjugation of the Fourier transform of the dIMCBFV series
while the power spectrum of AMAP as the square of the Fourier transform modulus of the dMAP.
The inverse Fourier transformation was applied to the transfer function to derive the impulse
response. The approach exploits the impulse responses derived from Tiecks’ model according to the
ten combinations of K, T and D proposed by Tiecks et al. (1995). The method compares impulse
response predicted by the analysis of AMAP and dMCBFV variability to the theoretical impulse
responses searching for the curve providing the minimum of the NMSPE. The theoretical impulse
response was derived by differentiating the Tiecks’ model response to a unity sustained step.
Theoretical and predicted impulse responses were rescaled by dividing each sample by their own
maximum absolute value. The ARI corresponding to the NMSPE minimum was labelled ARInonpm.
Since CA effects should be exhausted by a few seconds (Zhang et al., 1998), comparison between

predicted and theoretical impulse responses was carried out over 3 s (Panerai et al., 1998).

2.3 Assessing ARI from the impulse response derived via PM

Linear and nonlinear parametric models were applied to describe the MCBFV-MAP relation
(Panerai et al., 1999). In the present study we applied an autoregressive (AR) model with exogenous
(X) input (ARX) to describe the dynamical evolution of MCBFV driven by MAP changes (Porta et
al., 2000; Porta et al., 2018). After the application of a linear detrending to both MCBFV and MAP,
the current MCBFV; was described as the linear combination of p past MCBFVs weighted by the
coefficients a;, with i=1, ..., p plus the linear combination of p—7+1 past MAPs, including possibly
the current one if =0, weighted by the coefficients b;, with i=z, ..., p plus a random unpredictable
portion W, being the sampling of a Gaussian white noise W with zero mean and variance A2,
namely

MCBFV), = fai -MCBFV),_; + ﬁbl- -MAP,_; +Wp, (7)

i=1 =T

where p is the model order and 7 is the delay of the actions from MAP to MCBFV. The delay 7 from
MAP to MCBFV was set to 0 beats to allow the description of the fast actions that might be present



whether the resistance contributions to MBCFV changes are dominant over the capacitance ones
(Kontos, 1989; Tzeng et al., 2014). The (7) can be rewritten using the one delay operator z ! in the
Z-domain defined as MCBFVi1=z"'-MCBFV; and MAPx1=z"'-MAPy as
MCBFV . =A(z)-MCBFV . +B(z)-MAP;, + W}, , (8)

p . p .
where A(z)=>a;-z"' and B(z)=)Yb;-z"" are polynomials with constant coefficients in z . The
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transfer function Hycarv-map(z) from MAP to MCBFV is given by
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The long division of B(z) to 1-A4(z) provides the coefficients of the impulse response. The impulse

H yiery-map =

response was trunked to 31 values from cardiac beat 0 to 30. Temporal index was converted into
time by multiplying it by the heart period (HP) mean. The impulse response was resampled at /=10
Hz and compared to the impulse responses derived from the Tiecks’ model as described in Sect.2.2.

The ARI corresponding to the NMSPE minimum was labelled ARIpm.

3. Experimental protocol and data analysis
3.1  Experimental protocol

Data belong to an historical database built to study cardiovascular and cerebrovascular control
responses to orthostatic challenge in individuals prone to develop postural syncope via the analysis
of spontaneous fluctuations of physiological variables (Faes et al., 2013; Bari et al., 2016). In this
study we considered 13 subjects with previous history of unexplained syncope (SYNC, age: 28 +9
yrs; 5 males) and 13 healthy control subjects with no previous history of syncope (nonSYNC, age:
27 £ 8 yrs; 5 males). SYNC group had more than 3 events of syncope in the previous 2 years and
the event could be reproduced in laboratory via head-up tilt testing. Physical examination,
neurological evaluation including magnetic resonance imaging, standard laboratory tests, 12 lead
electrocardiogram, 24h Holter assessment, blood pressure monitoring, bilateral carotid artery flow
evaluation and standard echocardiography were utilized to exclude obvious causes of syncope in
SYNC group. The status of nonSYNC subjects were typified via physical evaluation and full
neurological assessment. The two age- and gender-matched groups were enrolled at the Neurology
Division of Sacro Cuore Hospital, Negrar, Italy. The study adhered to the principles of the
Declaration of Helsinki for medical research involving humans. Local ethical committee approved
the study. All subjects gave written informed consent before performing the experimental session.
Subjects were instructed to avoid caffeinated and alcoholic beverages for 24h before the study.
None of nonSYNC and SYNC individuals were taking any medication affecting cardiovascular

control. Experiments took place in the morning in a temperature-controlled room. Subjects were



instrumented to continuously monitor the electrocardiogram (ECG) from lead II and AP via a
volume clamp device from the middle finger of the right hand (Finapres Medical Systems,
Enschede, The Netherlands). CBF velocity measured from the middle cerebral artery through a
transcranial Doppler device (Multi-Dop T, DWL, 2MHz, Compumedics, San Juan Capistrano, CA,
USA) was taken as a proxy of CBF. CBF velocity signal were low-pass filtered with a sixth-order
Butterworth filter with cut-off frequency of 10 Hz. The signals were acquired synchronously at a
sampling rate of 1000 Hz. After having instrumented the subject a period of 5 minutes was left for
stabilization of physiological variables. The subjects underwent 10 minutes of recording at rest in
supine position (REST) followed by head-up tilt test with tilt table inclination of 60° (TILT). The
maximum duration of the TILT session was set to 40 min. Prolonged TILT induced signs of
presyncope in all SYNC subjects with a different timing. When these signs were observed the
subject was returned to REST and the symptoms disappeared. None of the nonSYNC subjects

exhibited presyncope signs.

3.2 Beat-to-beat series extraction

HP was computed from the ECG as the time interval between two consecutive R-wave peaks.
The kth systolic AP (SAP) was defined as the maximum AP value within the kth HP. Diastolic
arterial pressure (DAP) was detected as the minimum AP value after the &th SAP. The &th MAP
was computed as the ratio of the definite integral of AP between the (k—1)th and kth DAP
occurrences to the interdiastolic interval. The same procedure was applied to CBF velocity to
compute MCBFV and the fiducial points for the computation of the definite integral were exactly
the same (Faes et al., 2013; Bari et al., 2016).

In order to study short-term regulatory mechanisms, we selected sequences of 250
consecutive synchronous MAP and MCBFV values (Task Force, 1996) at random positions within
the REST and TILT sessions. The first minute of TILT session just after the change of the
inclination of the tilt table were excluded to avoid sequences featuring transitory adjustments of the
variables (Claassen et al., 2016). The selection of TILT segments occurs within the first 10 minutes
from the TILT onset. The period of analysis during TILT of the SYNC and nonSYNC group started
260+180 s after the TILT onset with no significant between-group difference. The syncope occurred
after 1047+£546 s from the TILT onset in SYNC subjects. Time domain markers such as mean and
variance of HP, SAP, MAP and MCBFV were computed and labelled, respectively, unp, 6°up, [isap,
6%sAp, IMAP, G-MaP, McBFY and 62mcerv. They were expressed in ms, ms?, mmHg, mmHg?, mmHg,
mmHg?, cm-s™!, and cm?-s2. Missing values owing to overlooked detections of the R-wave peak

were manually inserted. Misdetections linked to the occasional spikes of noise on the ECG trace



were deleted. If an HP could be measured, the associated SAP, MAP and MCBFV values were
always extracted. The effect of ectopic beats or isolated arrhythmic events were mitigated via linear
interpolation between the closest values unaffected by arrhythmic beat. Corrections did not exceed

5% of the total sequence length.

3.3 Frequency domain markers of ANS from HP and SAP variabilities

We performed parametric power spectral analysis based on the best fitting of the series with
an autoregressive (AR) model regressing current series value on its own past (Task Force, 1996).
The coefficients of the AR model and the variance of the white noise were identified directly from
the series by solving the least squares problem via Levinson-Durbin recursion (Kay and Marple,
1981). The number of coefficients was chosen according to the Akaike’s figure of merit in the range
from 10 to 16 (Akaike, 1974). Power spectral density was computed from the coefficients of the
model and from the variance of the prediction error (Kay and Marple, 1991). Power spectral density
was factored into spectral components being each of them characterized by a central frequency
(Baselli et al.,, 1997). A spectral component was labeled as low frequency (LF) if its central
frequency was between 0.04 and 0.15 Hz, whereas it was classified as high frequency (HF) if its
central frequency was between 0.15 and 0.4 Hz (Task Force, 1996). The LF and HF powers were
defined as the sum of the powers of all LF and HF spectral components, respectively. The following
spectral indexes were computed: 1) HF power of the HP series (HFanp) expressed in absolute units
taken as a marker of vagal modulation directed to the sinus node (Pomeranz et al., 1985); 2) the
LFapp/HFapp ratio, obtained by dividing the LF by the HF powers computed over HP series,
deemed to be an indicator of the sympatho-vagal balance to the heart (Montano et al., 1994); 3) the
LF power of SAP (LFasap) expressed in absolute units (i.e., mmHg?) considered to be an index of

sympathetic modulation directed to the vessels (Pagani et al., 1997).

3.4  Frequency domain markers from MAP and MCBFV variabilities

AR power spectral analysis was applied to MAP and MCBFV series as well. Procedure for
the identification of the coefficients of the AR model and optimization of the model order was the
same utilized to compute spectral indexes of HP and SAP series. The power was calculated in the
traditional bands optimized to describe cerebrovascular regulation, namely very low frequency
(VLF) from 0.02 to 0.07 Hz, LF from 0.07 to 0.2 Hz and HF from 0.2 to 0.4 Hz bands (Claassen et
al., 2016). The powers of the MAP and MCBFV series were expressed in absolute units, namely
mmHg? and cm?-s respectively, and labelled VLFamap, VLFamcerv, LFamap, LFamcprv, HFamap

and HFamcBEy.



3.5 Identification of the ARX model from MAP and MCBFV variabilities

The coefficients of the ARX model were identified by solving traditional least squares
approach via Cholesky decomposition method (Baselli et al., 1997). The model order p was
optimized in the range from 4 to 14 according to the extension of the Akaike’s figure of merit to
bivariate processes (Akaike, 1974). The whiteness of the prediction errors of MCBFV and its
mutual uncorrelation, even at zero lag, with the MAP series were checked in correspondence of the
optimal model order (Baselli et al., 1997; Porta et al., 2000). The fulfillment of these two
requirements was taken as a marker of the suitability of the ARX model in describing the MCBFV-

MAP dynamic interactions.

3.6 Surrogate data analysis

For each MAP and MCBFV matched pair a surrogate couple was generated by associating a
MCBFYV series taken from one subject with a MAP series taken from a different subject drawn at
random within the same experimental session (i.e. REST or TILT) and group (i.e. SYNC or
nonSYNC). One surrogate pair of MAP and MCBFYV series was created for each matched couple.
We hypothesize that unmatched pairs destroy the physiological level of coupling present in matched
couples and the exploited procedures for ARI estimation could detect this unphysiological condition
at least in the experimental condition and group where this situation is unlikely (e.g. in nonSYNC at
REST), thus guaranteeing that the estimate of ARI provided by the considered method (i.e. TDM,
nonPM and PM) is reliable enough.

3.7 Statistical analysis

Two-way repeated measures analysis of variance (one factor repetition, Holm-Sidak test for
multiple comparison) was utilized to assess the significance of the differences between original or
surrogate series within the same experimental condition (i.e. REST or TILT) and between
experimental condition within the same type of data (i.e. original or surrogate series). The same test
was employed to check the significance of the differences between experimental condition within
the same group (i.e. nonSYNC or SYNC) and between groups within the same experimental
condition (i.e. REST or TILT). * test was applied to the proportion of subjects with ARItpm or
ARIpym larger than 4 to assess the effect of TILT within an assigned group and the different behavior
of nonSYNC and SYNC within the same experimental condition. The level of significance of the
test (i.e. 0.05) was lowered according to the number of comparisons (i.e. 4) to account for the

multiple comparison issue. The association between ARItpm and ARIpm was checked via Pearson



correlation analysis over the pooling of data regardless of experimental condition and group.
Pearson product moment correlation coefficient » and type I error probability p were calculated.
Paired t test, or Wilcoxon signed rank test if appropriate, was utilized to check the constant bias
between ARItpm and ARIpm. Continuous variables are reported as mean =+ standard deviation.
Statistical analysis was performed with a commercial statistical software (Sigmaplot v.14.0, Systat
Software, San Jose, CA, USA). A value of type I error probability p<0.05 was always deemed as

significant.

4. Results

Table 1 reports time domain indexes computed over HP, SAP, MAP and MCBFV series at
REST and during TILT in both nonSYNC and SYNC groups. The effect of TILT was visible over
ppp and pumceprv in both nonSYNC and SYNC groups and over o’mp and pmap only in SYNC
individuals. More specifically, during TILT pup and pmvcsr decreased significantly in both groups,
o’np diminished significantly only SYNC and pmap raised significantly only SYNC. The two groups
could not be distinguished within the same experimental session with the notable exception of pmap
at REST that was lower in SYNC than in nonSYNC subjects.

Table 2 reports frequency domain indexes computed over HP and SAP series, traditionally
utilized to typify the ANS state, at REST and during TILT in both nonSYNC and SYNC groups.
The effect of TILT was visible over LFup/HFnp in both nonSYNC and SYNC groups, over HFup
only in SYNC individuals and over LFsap only in nonSYNC subjects. More specifically, during
TILT LFup/HFnp increased significantly in both groups, HFup diminished significantly only SYNC
and LFsap raised significantly only nonSYNC. Within the same experimental session, no significant
differences were found between groups.

Table 3 reports frequency domain indexes expressed in absolute units computed over MAP
and MCBFV at REST and during TILT in both nonSYNC and SYNC groups. TILT induced a
significant raise of LFmap in both groups and a significant increase of LFmcgrv exclusively over
nonSYNC individuals. None of the spectral indexes computed over MAP and MCBFV series were
able to distinguish nonSYNC from SYNC subjects within the same experimental session.

The vertical grouped error bar graphs of Fig.1 shows NMSPErpm computed between the best
matching between the real MCBFV series and the MCBFV version generated via the Tiecks’ model
as a function of the experimental condition (i.e. REST and TILT). NMSPErpm indexes were
computed over the original (solid black bars) and over surrogate (solid white bars) pairs in
nonSYNC (Fig.1a) and SYNC (Fig.1b) subjects. Regardless of the experimental condition,

NMSPErpwm calculated over the original pairs was significantly smaller than that computed over



surrogate couples (Figs.1a,b). Over the original data NMSPETtpm was smaller during TILT than at
REST, while no between-session differences were detected over surrogates (Figs.la,b). These
conclusions held in both nonSYNC (Fig.1a) and SYNC (Fig.1b) groups.

The vertical grouped error bar graphs of Fig.2 shows NMSPE,onpm (Figs.2a,b) and NMSPEpm
(Figs.2c,d) computed between the best matching between the impulse response derived from
nonPM and the one generated via the Tiecks’ model. NNSPE markers were calculated over the
original (solid black bars) and surrogate (solid white bars) series as a function of the experimental
condition (i.e. REST and TILT). Results derived from nonSYNC and SYNC groups are reported in
Figs.2a,c and Figs.2b,d respectively. NMSPEnopm did not vary across either experimental
conditions and types of series (Figs.2a,b). This finding held in both nonSYNC (Fig.2a) and SYNC
(Fig.2b) individuals. In SYNC group NMSPEpm was significantly smaller when computed over
original pairs than surrogate couples regardless of the experimental condition (Fig.2¢). In nonSYNC
individuals this result was observed exclusively at REST (Fig.2d). Assigned the type of series the
effect of TILT over NMSPEpv was not visible in either nonSYNC and SYNC individuals
(Figs.2c,d).

Figure 3 shows the ARItpm (Fig.3a) and the percentage of subjects with ARItpm>4 (Fig.3b)
computed as a function of the experimental condition (i.e. REST and TILT) in nonSYNC (solid
black bar) and SYNC (solid white bars) groups. Both ARItpm and the percentage of subjects with
ARIrpm>4 did not vary with experimental condition and group. Figure 4 has the same structure as
Fig.3 but it shows results relevant to the ARIpm. Like in Fig.3 markers did not vary with
experimental condition and group.

ARItpm was significantly and positively associated with ARIpm with 7=0.405 and
p=2.88x107. However, when ARIrpm and ARIpm were directly compared (Fig.5), the lower values
of ARItpm compared to ARIpm suggested that the two ARI estimates were not interchangeable and

a constant bias was present.

5. Discussion

The main findings of this study can be summarized as follows: i) TDM and PM exhibited a
greater statistical power in differentiating original matched and surrogate unmatched sequences than
nonPM; 1ii) although TDM and PM led to ARI estimates significantly correlated, ARItpm and
ARIpm were not interchangeable; iii) ANS response to postural stressor was different in nonSYNC

and SYNC groups; iv) orthostatic challenge did not affect CA of either nonSYNC or SYNC group.

5.1 TDM and PM are more powerful in separating original and surrogate pairs than nonPM



In the present study we exploited three approaches to the assessment of CA based on the
evaluation of ARI derived from Tiecks’ differential equations (Tiecks et al., 1995) applied to
spontaneous MAP and MCBFV variability. The first technique, labelled TDM, is grounded on the
comparison between the MCBFV time course predicted from the Tiecks’ model fed by the original
MAP and the real MCBFV series (Mahdi et al., 2017; Lee et al., 2020). The second approach,
categorized nonPM, is based on the comparison between the impulse response of the Tiecks’ model
and the one estimated in the frequency domain according to nonparametric cross-spectral analysis
(Panerai et al., 1998). The third approach, labelled PM, is based on the comparison between the
impulse response of the Tiecks” model and the one derived from the identification of a parametric
model (Panerai et al., 1999; Simpson et al., 2001; Dineen et al., 2010) belonging to the ARX class
(Porta et al., 2000; Porta et al., 2018). In all the methods, i.e. TDM, nonPM and PM, the Tiecks’
model was parametrized according to 10 sets of parameters that were ranked according to ARI
classes ranging from 0 to 9 representing different CA states. The ARI class leading to the best
agreement with data, as measured via NMSPE, was selected. All the approaches were applied to
original matched and surrogate unmatched MAP and MCBFV pairs. The methods were graded
according to their ability in separating original and surrogate pairs under the hypothesis that
unmatched surrogate couples set a degree of coupling between MAP and MCBFV that was too
weak to be considered physiologically plausible when CA was working.

Since TDM and PM were capable to separate original matched and surrogate unmatched
pairs, solely those methods were adopted for the subsequent estimation of ARI, namely ARItpm and
ARIpym in this study. The nonPM featured a much more limited statistical power, mainly due to the
dramatic dispersion of NMSPE values. This finding held over both original matched and surrogate
unmatched couples. While the high level of ARIwonpm variability could be expected over unmatched
surrogate couples, it is surprising the same dispersion of ARI,onpm Was found over the original
matched pairs. This enormous dispersion of nonPM might be due to the sensitivity of this method to
noise realizations superposed to both MAP and MCBFV series. Indeed, nonparametric transfer
function estimation procedure does not feature any dampening ability over noise, thus leaving the
corresponding impulse response largely affected by artifacts and favoring the dispersion of
NMSPE. Conversely, noise might be limited by TDM as a result of the Tiecks’ model high-pass
characteristic naturally reducing slow trends of MCBFV and by PM as a result of the small number
of coefficients of the ARX model. Therefore, when the target is the computation of ARI from
spontaneous MAP and MCBFV variability series, TDM and PM should be preferred with respect to
nonPM.



5.2 TDM and PM provide different ARI estimates

Although ARItpm and ARIpm are significantly correlated, they cannot be considered
indistinguishable. Indeed, ARIpm was significantly higher than ARItpwm, thus indicating a constant
bias between the two ARI estimates. This finding might be the consequence of the better ability of
TDM in accounting the actual degree of coupling between MAP and MCBFV. After estimating the
transfer function via the PM, the actual level of association between MAP and MCBFV is
completely disregarded by the PM because the estimated transfer function did not account explicitly
for the goodness of fit. This attitude of the PM might have favored the description of an
intermediate level of correlation between MAP and MCBFV with a limited variability of ARIpm.
The most frequently detected values of ARIpm is 7 and it was found 67% of the analyses.
Conversely, the actual level of association between MAP and MCBFV was always taken into
account by ARIrpm because MCBFV was computed by feeding the model with MAP and by
observing the MCBFV responses, thus allowing a more faithful reproduction of the actual
magnitude of link between MAP and MCBFV. As a consequence, ARItpm seems to be more
flexible in describing the physiological variability of the CA. The most frequently detected value of
ARIrpmMm is 6 and it was found 38% of the analyses. More importantly the ARItpm=0 was found in
13% of the analyses, while ARIpM=0 was found in 2%. Given this greater flexibility we recommend

the use of TDM for the ARI estimation derived from Tiecks’ differential equations.

5.3 nonSYNC and SYNC subjects exhibit different ANS responses to orthostatic challenge

Both nonSYNC and SYNC individuals responded with a tachycardia to the orthostatic
challenge. In spite of this similar changes of pup to TILT, ANS markers featured subtle between-
group differences. Indeed, the well-known vagal withdrawal associated to the postural challenge
(Montano et al., 1994; Cooke et al., 1999; Furlan et al., 2000, Marchi et al., 2016) was more evident
in SYNC individuals given that solely on SYNC group the HFapp decreased significantly during
TILT. Moreover, the well-known sympathetic activation associated to the orthostatic stressor
(Montano et al., 1994; Cooke et al., 1999; Furlan et al., 2000, Marchi et al., 2016) was more evident
in nonSYNC individuals given that solely in nonSYNC group the LFasap raised significantly during
TILT. These subtle differences of ANS control and the link between ANS and CA (Zhang et al.,
2002; Ogoh et al., 2008; Hamner et al., 2010) prompt to check whether CA markers could reflect in

some way the different state of ANS in the two groups.

5.4  Orthostatic challenge does not affect the CA of either nonSYNC or SYNC group



It is well-known that orthostatic stressor produces the decrease of pmcgrv (Grubb et al., 1991;
Levine et al., 1994; Zhang et al., 1998; Carey et al., 2001; Castro et al., 2017). This decrease is
considered to be the consequence of the modification of the ANS state leading to the increase of
cerebrovascular resistances in the presence of an active CA that keeps the CBF steady. Since values
of umcrv were modified similarly during TILT in both nonSYNC and SYNC groups in presence of
greater changes of pmap in SYNC individuals, static component of CA seems to suggest some
differences between the two groups. Conversely, the maintenance of o*vap and ¢’vcery during
TILT points toward a preservation of the dynamic component of CA in both groups. This result
suggests similar ability of the two groups in counteracting to MAP changes with suitable variations
of cerebrovascular resistances such a way to keep CBF variability to the level observed at REST.
The result was confirmed even when spectral indexes of MAP and MCBFV variability were
computed in a range of frequencies that might be more under ANS control, namely above 0.05 Hz
(Hammer et al., 2010). Indeed, the raise of LFmcprv power during TILT compared to REST can be
explained by the increase of LFmap index in both groups, thus leaving unmodified the change of
MCBFYV per unit variation of MAP. Thus, as to the dynamic component of the CA nonSYNC and
SYNC individuals can be considered to be indistinguishable. This conclusion was confirmed when
both ARI and the percentages of subjects with ARI>4 were considered. Remarkably, this
conclusion was particularly robust given that it held for both ARItpm and ARIpm. This finding
indicates that the different ANS states characterizing nonSYNC and SYNC groups did not produce
significant influences on dynamic component of CA in the early phase of TILT. When nonSYNC
and SYNC group were pooled together the effect of TILT on ARI and percentage of subjects with
ARI>4 was undetectable, thus suggesting the dynamic component of CA was preserved during
orthostatic challenge in spite of the new state of ANS. We remark that the latter conclusion is in
agreement with the one obtained via a PM exploiting different class of models with respect to the
ARX one (Castro et al., 2017). This conclusion is in agreement with the one based on estimation of
frequency domain markers derived from the MCBFV-MAP transfer function (Schondorf et al.,
2001). Given that some differences between the two groups were detected using a model-based
technique assessing the strength of directional interactions from MAP to MCBFV (Bari et al.,
2017), future works should clarify whether different approaches to the evaluation of the
MCBFV-MAP relationship might describe different aspects of CA.

6. Conclusions

The method based on the direct comparison of the recorded MCBFV variability with the

version predicted from the Tiecks” model should be preferred to approaches comparing the impulse



response of the Tiecks’ model to that derived from either nonparametric or parametric transfer
function estimated from the real variability. Indeed, the former technique features a good statistical
discriminative power in separating the physiological level of MCBFV-MAP coupling from full
uncoupling and appears to preserve a sufficient flexibility in describing the physiological variability
of CA states. The application of this procedure suggested that CA is preserved during sympathetic
activation and vagal withdrawal imposed by a postural stressor and this preservation held even in
subjects prone to developed postural syncope in the early phase of the orthostatic challenge. We
conclude that the analysis of MCBFV-MAP dynamic interactions cannot be exploited to predict
people at risk to develop postural syncope. Future studies should assess whether the time varying
application of the approach could follow the derangement of CA during the postural challenge and
could indicate the time of the syncope sufficiently in advance. Moreover, since postural challenge
induces a sizable ANS response and this response is different in nonSYNC and SYNC groups, the
lack of changes of CA markers suggests that ANS changes might not directly imply CA

modifications.
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Figure captions

Fig.1. The grouped error bar graphs show NMSPErpm as a function of the experimental condition
(i.e. REST and TILT) in nonSYNC (a) and SYNC (b) subjects. NMSPETtpm markers are
computed over the original (solid black bars) and surrogate (solid white bars) series. The
symbol * indicates significant variations compared to surrogates within the same experimental
condition (i.e. REST or TILT) with p<0.05. The symbol § indicates significant variations
compared to TILT within the same type of series (i.e. original or surrogate sequences) with

p<0.05.

Fig.2. The grouped error bar graphs show NMSPE.npm (a,b) and NMSPEpym (c,d) as a function of
the experimental condition (i.e. REST and TILT) in nonSYNC (a,c) and SYNC (b,d) subjects.
NMSPE;onpm and NMSPEpy markers are computed over the original (solid black bars) and
surrogate (solid white bars) series. The symbol * indicates significant variations compared to

surrogate within the same experimental condition (i.e. REST or TILT) with p<0.05.

Fig.3. The grouped error bar graph (a) shows ARItpm in nonSYNC (solid black bars) and SYNC
(solid white bars) subjects as a function of the experimental condition (i.e. REST and TILT).
The grouped bar graph (b) shows the percentage of subjects with ARItpm>4 (i.e. with
working CA) in nonSYNC (solid black bars) and SYNC (solid white bars) groups as a
function of the experimental condition (i.e. REST and TILT).

Fig.4. The grouped error bar graph (a) shows ARIpm in nonSYNC (solid black bars) and SYNC
(solid white bars) subjects as a function of the experimental condition (i.e. REST and TILT).
The grouped bar graph (b) shows the percentage of subjects with ARIpm>4 (i.e. with working
CA) in nonSYNC (solid black bars) and SYNC (solid white bars) groups as a function of the
experimental condition (i.e. REST and TILT).

Fig.5. The simple error bar graph shows ARI as a function of the method (i.e. TDM and PM). Data
were pooled together regardless of the group (i.e. nonSYNC or SYNC) and experimental
condition (i.e. REST or TILT). The symbol § indicates significant variations between ARItpm
and ARIpm with p<0.05.
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Table 1. Time domain parameters in nonSYNC and SYNC groups at REST and during TILT.

nonSYNC SYNC
REST TILT REST TILT
pp [ms] 848 + 189 673 £ 108 * 912+ 143 738 £ 108 *
o’np [ms?] 2493 + 2495 1727 £ 1179 4175 £ 3801 2263 £ 1941 *
psap [mmHg] 140 + 28 135+ 17 125+21 138 +23
o%sap [mmHg?] 34.59 +£24.03 43.97 +28.80 29.34 +£20.35 35.75+16.97
umvap [mmHg] 99 + 17 95+ 12 84+ 14§ 97 £ 18 *
o*map [mmHg?] 20.19 £ 21.59 19.99 +£11.32 12.30 £ 9.05 16.56 = 8.10
umcry [em-s] 72.11 £23.14 61.68 £21.39 * 52.27+£27.96 44.02 +£28.84 *
o’mcary [em?s72] 19.20 + 12.48 30.73 £25.39 30.30 = 35.79 23.52 +£27.08

nonSYNC = subjects without a history of recurrent postural syncope; SYNC = subjects with a history of recurrent postural
syncope; REST = at rest in supine position; TILT = head-up tilt at 60°; HP = heart period; AP = arterial pressure; SAP =
systolic AP; MAP = mean AP; CBF = cerebral blood flow; MCBFV = mean CBF velocity; pup = HP mean; o’yp = HP
variance; usap = SAP mean; 6’sap = SAP variance; umap = MAP mean; o?vap = MAP variance; pmcsry = MCBFV mean;
o’mcrv = MCBFV variance. Data are reported as mean + standard deviation. The symbol * indicates p<0.05 versus REST
within the same group. The symbol § indicates p<0.05 versus nonSYNC within the same experimental condition.



Table 2. Frequency domain ANS markers from HP and SAP series in nonSYNC and SYNC groups at REST and during TILT.

nonSYNC SYNC
REST TILT REST TILT
HFapp [ms?] 710 + 1020 208 + 252 1329 £ 1501 280+ 534 *
LFanp/HFanp 1.97 +£1.48 521+£3.68* 1.53+1.47 6.81 £5.75*
LFasap [mmHg?] 427 +4.81 25.11 £31.15 * 5.53+3.89 18.74 £12.76

nonSYNC = subjects without a history of recurrent postural syncope; SYNC = subjects with a history of recurrent postural
syncope; REST = at rest in supine position; TILT = head-up tilt at 60°; HP = heart period; AP = arterial pressure; SAP =
systolic AP; MAP = mean AP; LF = low frequency; HF = high frequency; LFanp = LF power of the HP series expressed in
absolute units; HFagp = HF power of the HP series expressed in absolute units; LFapp/HFanr = the ratio of the LFanp to HFapp
powers; LFasap = LF power of the SAP series expressed in absolute units. Data are reported as mean + standard deviation. The
symbol * indicates p<0.05 versus REST within the same group.



Table 3. Frequency domain markers of MAP and MCBFYV series in nonSYNC and SYNC groups at REST and during TILT.

nonSYNC SYNC
REST TILT REST TILT
VLFamap [mmHg?] 5.06 + 8.04 2.53+7091 2.67+4.83 0.58 +2.10
LFamap [mmHg?] 6.15+10.56 11.02 + 10.20 * 4.19+4.18 10.26 + 7.38 *
HFamap [mmHg?] 1.94 + 1.94 1.70 £ 0.73 1.29+0.79 1.91 + 1.44
VLFamcary [cm?-s7] 9.99 + 14.92 12.08 + 24.04 2.79 + 6.54 0.79 + 2.06
LFamcarv [cm?s7] 3.03 £3.37 9.04 + 8.39 * 6.60 + 6.81 8.31 £ 6.44
HFamcerv [cm?-572] 0.91 + 0.66 1.82+1.16 1.78 £2.03 1.43+1.28

nonSYNC = subjects without a history of recurrent postural syncope; SYNC = subjects with a history of recurrent postural syncope;
REST = at rest in supine position; TILT = head-up tilt at 60°; AP = arterial pressure; MAP = mean AP; CBF = cerebral blood flow;
MCBFV = mean CBF velocity; LF = low frequency; VLF = very LF; HF = high frequency; VLFamap = VLF power of the MAP
series expressed in absolute units; LFamap = LF power of the MAP series expressed in absolute units; HFamap = HF power of the
MAP series expressed in absolute units; VLFamcsry = VLF power of the MCBFYV series expressed in absolute units; LFamcsry = LF
power of the MCBFYV series expressed in absolute units; HFamcery = HF power of the MCBFV series expressed in absolute units;
Data are reported as mean + standard deviation. The symbol * indicates p<0.05 versus REST within the same group.



