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Abstract

Objective. Cardiovascular control mechanisms are commonly studied during baroreceptor unloading
induced by head-up tilt. Conversely, the effect of a baroreceptor loading induced by head-down tilt
(HDT) is less studied especially when the stimulus is of moderate intensity and using model-based
spectral causality markers. Thus, this study computes model-based causality markers in the frequency
domain derived via causal squared coherence and Geweke spectral causality approach from heart period
(HP) and systolic arterial pressure (SAP) variability series. Approach. We recorded HP and SAP
variability series in 12 healthy men (age: from 41 to 71 yrs, median: 57 yrs) during HDT at —25°. The
approaches are compared by considering two different bivariate model structures, namely the
autoregressive and dynamic adjustment models. Markers are computed in traditional frequency bands
utilized in cardiovascular control analysis, namely the low frequency (LF, from 0.04 to 0.15 Hz) and high
frequency (HF, from 0.15 to 0.4 Hz) bands. Main results. We found that: (i) the two spectral causality
metrics are deterministically related but spectral causality markers exhibit different discriminative
ability; (if) HDT reduces the involvement of the baroreflex in regulating HP-SAP variability interactions
in the LF band, while leaving unmodified the action of mechanical feedforward mechanisms in both LF
and HF bands; (iii) this conclusion does not depend on the model structure. Significance. We conclude
that HDT can be utilized to reduce the impact of baroreflex and to study the contribution of regulatory
mechanisms different from baroreflex to the complexity of cardiovascular control in humans.

1. Introduction

Cardiac baroreflex, namely the physiological reflex inducing a significant association between heart period (HP)
and arterial pressure (AP) with HP changes lagging behind AP variations, is one of the most important
cardiovascular control mechanisms (Karemaker and Wesseling 2008). Characterization of the baroreflex is a
fundamental issue in clinics because its derangement favors the development of disturbances that limit
importantly the quality of life such as recurrent neurally-mediated syncope (Ogoh et al 2004, Faes et al 2013b). In
addition, given that pacing the heart increases AP variations under orthostatic challenge (Taylor and

Eckberg 1996), baroreflex buffers AP modifications with suitable HP changes, thus contributing to keep AP
under control. The value of parameters describing the cardiac arm of the baroreflex is incremented by its link
with the autonomic control, especially vagal circuits (Cooke et al 1999, De Maria et al 2019, Porta et al 2023).
This link is likely to contribute to the higher predictive value of parameters describing baroreflex function when
added to more classical clinical variables in risk stratification models (La Rovere et al 1998, Pinna et al 2017).
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Cardiac baroreflex is usually characterized in the frequency domain via parameters such as sensitivity and
latency quantifying, respectively, the HP variation per unit modification of AP (Smyth et al 1969, Laude et al
2004, Nollo et al 2005) and the time elapsed to observe the HP response to an imposed modification of AP
(Cevese etal 2001, Portaeral 2011, Faes et al 2013b, Milan-Mattos et al 2018). Recently, these classical
parameters have been complemented by indexes derived from model-based spectral causality approaches
estimating the strength of the link in the time direction from systolic AP (SAP) to HP (Porta et al 2002, Nollo et al
2005, Faes et al 2013a, Pernice et al 2022). Spectral causality markers have the desirable property to be computed
in the same frequency bands of more classical univariate frequency domain autonomic markers (Pomeranz et al
1985, Pagani et al 1997), namely in the low frequency (LF) band (from 0.04 to 0.15 Hz) and in the high frequency
(HF) band (from 0.15 to 0.4 Hz). However, two factors might limit their more extensive application: (i) the
possible dependence of the results on the technique utilized to estimate causality; (ii) the possible effect of the
model structure utilized to describe the HP-SAP dynamic interactions on the final metric.

Applications of model-based spectral causality approach is mainly limited to situations of baroreceptor
unloading evoked by the reduction of the venous return imposed by standing (Porta et al 2002, Nollo et al 2005,
Faes etal 2013a, Pernice et al 2022). Baroreflex activation during postural maneuvers reducing venous return to
the heart took the form of an increased strength of the dependence of HP on SAP in the LF band and by a greater
probability to reject the null hypothesis of HP-SAP uncoupling (Nollo et al 2005). Scanty information was
present in literature when baroreceptors were loaded. To the best of our knowledge data are limited to the
application of time, or information, domain causality markers during baroreceptor loading of limited intensity
utilized to simulate the effect of microgravity condition on the Earth (i.e. head-down at —6°) (Corbier et al 2020,
Shankhwar et al 2022). These methods do not allow the computation of markers of causality in LF and HF bands
and, as such, any parallel with spectral causality data during the opposite challenge, namely baroreceptor
unloading, is prevented.

The aim of the study is to typify cardiac baroreflex during baroreceptor loading of moderate intensity via two
model-based spectral causality approaches. We applied causal squared coherence (CK?) (Porta et al 2002) and
Geweke spectral causality (GSC) (Geweke 1982). GSC was selected because it is a classical model-based spectral
causality metric (Geweke 1982), while CK* was chosen for comparison, being linked to GSC but not fully
equivalent to it (Porta et al 2002). Two different model structures, namely the bivariate autoregressive (BAR) and
the bivariate dynamic adjustment (BDA) models (Baselli et al 1997, Porta et al 2006) were utilized to describe
HP-SAP variability interactions. Baroreceptor loading of moderate intensity was obtained via head-down tilt
(HDT) at —25° (Porta et al 2015a). Preliminary results were presented at the 12th meeting of the European Study
Group on Cardiovascular Oscillations (Porta et al 2022).

2.Model-based spectral causality

2.1. Linear parametric bivariate models

Let us consider two stochastic zero mean Gaussian stationary processes ¥; and Y; being collections of consecutive
statessY = {Y, n = 1,...,N}and Y, = {Y,,, n = 1, ..., N} up to the time N. The linear parametric bivariate
model class describes the current state Y; ,, of ¥;, with I =1, 2, as a linear combination of p past states of ¥; and p
past states of Y]-,with j=1,2andj= i, plus the current state =; , of an additive noise =;. Thus

J4 P
Yl,n == Z A1k Yl,nfk + Z apk - YZ,nfkf‘rlz + El,n

k=1 k=0
P p

Y2,n = E a1k - Yl,nfkffrﬂ + Z axnk Y2,n7k + =215 (1)
k=0 k=1

where ay; ¢, d12. 1, a1,k and ay; i are constant coefficients and 73, and 7, are the latencies of the action of Y, onto
Y; and vice versa respectively. The setting 71, = 0 and 7; = 0 must be prevented to avoid the creation of aloop
without delay (Baselli et al 1997, Porta et al 2002). Immediate effects between Y] and Y can be described by
setting 71, = 0 with 7; = 0 or 7; = 0 with 77, = 0 according to physiological considerations about the rapidity
of cross-actions. The linear parametric bivariate class is usually referred to as BARif 2, , = €, is the current
state of a zero mean Gaussian white noise §2; with variance \?, while it is usually referred to BDA if Z; ,, is the
current state of a zero mean Gaussian autoregressive (AR) process =; with

[1]

)
in= Y dik Bin+ Qins 2
k=1

that might feature rhythms according to the set of p constant coefficients d; ,. We hypothesize that {); and 2, are
uncorrelated each other, thus cross-covariance between 2 and €2, is 0 at any lag including lag zero.
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2.2. Spectral matrix of the linear parametric bivariate models
The application of the z-transform to (1) leads to z-domain representation of the bivariate process

Y(2) = A(2) - Y(2) + E(2), 3)
withY (2) = | Yi(z) Ya(2) [1,E(2) = | Bi(z) Es(2)[",and
An(z) An(2)
An(z) Axn(z)

where Y (z) and E(z) are the z-transformsof Y = | ¥} Y, [Tand E = | &, E, |" respectively, and
An(z) = Zijlall,k 27k Ap(z) = ZLO an - 25, Ay (2) = Zizo Ak -z *"™and
An(2) = Zi:l ayx - z~F are polynomials with constant coefficients in z~! and T is the transposition operator.
In the case of the BAR model Z(z) = Q(z) = | U(z) Q(z) |7, while in the case of the BDA structure
B(z) = diag|[1 — D;(2)]"!] - Q(z), where D;(z) = P dik z=K withi= 1,2, and diag|-|is a diagonal 2 x 2
matrix having [1 — D;(z)]~! over the main diagonal and 0 out of it.

The transfer function matrix H (z) links 2(z) to Y (z) as

Y(z) = H(z) - Q2) %)

with H(z) = [I — A(z)]!in the case of the BAR modeland H (z) = [I — A(2)]™! - diag|[1 — D;(z)]"!|inthe
case of the BDA structure, where Iis 2 x 2 identity matrix. Under the hypothesis of whiteness of {2, and €2, and
their uncorrelation, the spectral density matrix S(f) can be computed as

S(f)=T -H(z) - A-H (z7)|,=eirr, (6)

where T'is the sampling period and A is the 2 x 2 variance matrix of Q with A = diag| \?| reporting the
variances of the zero mean Gaussian white noises over the main diagonal and 0 out of it. In our application
sampling period T'is the average HP (y1,,) assuming that the values of the series are evenly sampled at a rate of
,u;},. Thus, Nyquist frequency fy; is 0.5 - ,u;},.

A(z) = ‘ ; 4

2.3. Model-based parametric squared coherence (K*)
The BAR representation leads to the power spectral density S;; (f) of Y; withi= 1, 2 given by

[1— An@)] - [1 — ApEH] - N

S =T-
u(f) AG) A
Ap@) - Az ™) - N
T- >

- A(z) - Az g2 T @
S (f)
o A@ A N =A@ - Ane D] A , ®)

Az) - Az Y A@) - Az e

and to the cross-power spectral density Sy, ( f) given by
_ o 1= Ap@1AnGE )N
Se(f) =T AAGCT

Ap@) 1 = Au@EHIN

+T- A@)AC Y

)

z=ei2f T i
while the BDA model leads to the power spectral density S;;(f) of Y; withi = 1, 2 given by

[1 — An@)I1 — Ap(z DA
Su(f)=T- 1
n(f) AG@-AG Y = Di@IHI - D1z )]

, Ap@)-AnE)A
A@-AG )11 = Dy@IH1 - Datz V]

+T (10)

o2 T ’
A2 An )N
S — T . 21 1
2(f) A@)AGE 1 - Di@IHI - Diz Y]

. [ — An@I0 — An HIA
A@)-Az7)[1 = Dy(2)][1 — Da(z7h)]

+T (11)

g ei2nf T i
and to the cross-power spectral density S;,( f) given by

[1 - Ap@)]AnGE )N
S =T-
12(f) A2)» A )1 = D@1 — Di(z h)]

Ap(@)[1 — A H1A
Az)- Az ") [1 — Da(2)][1 = Da(z7h]

+T-

12)

b
el T
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with A(z) = [1 — A;1(2)] - [1 — Ap(2)] — A(2) - Ay (2). Since over the unit circle z = ¢>™/T, polynomials
of real coefficientslead to A(2)* = A(z ™), A;i(2)* = Ajj(z ™), [1 — Ai(@)]* = [1 — Aji(z )], and
[1 — Di(2)[* = [1 — D;(z~ )] where * is the complex conjugation operator, A(z) - A(z™Y) = |A(2)]%,
Aji(z) - Aj(z) = A @, [1 — Ai(@)] - [1 — Aji(z D] = |1 — Aji(z)Pand [1 — Di(2)] - [1 — Di(z" )] =
|1 — D;(z)|?, where |-| takes the modulus of the complex number, thus simplifying the computation.
Equations (7), (8), (10) and (11) represent the typical factorization of power spectral density S;; () of ¥; into
partial power spectral density S;; 1 (f) due to € and S;; » (f) due to €2, and equations (9) and (12) the typical
factorization of power cross-spectral density Sy, ( f) into partial power cross-spectral density Sy, ;(f) due to £
and Sy, 5 (f) dueto 2, (Basellietal 1997, Porta et al 2006).

Since squared coherence K* between Y; and Y, is defined as

1S
Su(f) - Su(f)’

equations (7), (8) and (9) allow the computation of K2 ( f) based on the BAR representation and (10), (11) and
(12) that of K3 (f) based on the BDA one. Since S;5(f) = S21(f), K3,(f) = K5 (f).

K5 (f) = (13)

2.4. Model-based parametric CK*

K?is turned out to be CK? by artificially opening the closed loop (Porta et al 2002). Practically, the CK* from Y;
to Y, with i,j= 1,2 and i = j, is computed from K> by nullifying the polynomial describing the causal
relationship over the reverse causal direction, namely from Y; to Y;, as

CK%-_q’i () = Ki(Dlaye-o- (14)
Thus, in the case of BAR, CK?is
AP - X
! [1— A]j(z)|2 : )‘1‘2 + |Aij(z)|2 : A? el T

and, in the case of BDA, CK? is
CKy v, ()
|Ai@ P - 11 = Di@)* - X
T A;@F 11— D@P - A+ [A5@F - 1T - D@PF - X

(16)

— 2w T

A closer look to the (15) and (16) allows one to link them to the partial power spectral density S;; ;( ), with i
= j, and to the power spectral density S;;(f). The final marker is computed by sampling CK% y(f)in
correspondence of its peak within the frequency band of interest (Porta et al 2002).

2.5. GSC and its relationship with CK*
The GSC exploits the observation that the fractional contribution of S;; ; () to S;;(f) tends to 0 with the
relevance of the impact of the link from Y] to ¥; with i = j. Thus

Siii(f)

Si(f)
where log(-) is the natural logarithm, was taken as a measure of the strength of the causal link from Y; to Y; in the
frequency domain (Geweke 1982). GSCy. _.y( f) is integrated over the frequency band of interest (Geweke 1982).
Given that CKX%—A/,- (f)istheratio of S;; ;(f) to S;i(f),and S;i(f) = Sii,i(f) + Siij(f)withi,j=1,2andi=},
then GSCy..y(f) = —log[1 — CK}%-—»Y, (). This relationship strictly holds between functions but, in general,
it does not hold between markers derived from the functions. Therefore, different abilities between CK* and

GSC markers in assessing the strength of the causal relationship can be exclusively attributed to the procedure
applied to extract the final marker from the original metrics, namely sampling in the case of CK%H y,(f)and

integration over a given range of frequencies in the case of GSCy,_ y(f).

GSCy,y(f) = — log (17)

3. Experimental protocol and data analysis

3.1. Experimental protocol

The study exploited an historical database built to study the autonomic response to baroreceptor loading in
healthy individuals (Porta et al 2015a). The protocol adhered to the principles of the Declaration of Helsinki for
medical research involving human subjects. The human research and ethical review board of the ‘Luigi Sacco’
Hospital, Milan, Italy approved the protocol. Written signed informed consent was obtained from all subjects.
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We studied 12 healthy men (age: 41-71 yrs; median: 57 yrs). The healthy status of the subjects was confirmed via
the careful assessment of the personal health record and clinical examination. The subjects were free of any
medication and were invited to avoid strenuous physical exercise and consumption of caffeine or alcoholic
beverages in the 24 h before the experimental session. Sessions comprised simultaneous recordings of
electrocardiogram (ECG) from lead I and noninvasive finger volume-clamped AP (Nexfin, BMEYE,
Amsterdam, The Netherlands). Signals were sampled at 400 Hz. AP was measured noninvasively from the
middle finger of the dominanthand. The subject’s dominant arm was fixed to the thorax to maintain the hand at
the heartlevel. The non-dominant arm was aligned to the trunk. AP was cross-calibrated on an individual basis
with a measurement taken at the onset of the experimental session with a sphygmomanometer. The
autocalibration procedure of the AP device was switched off after the first automatic calibration at the onset of
the session. The subjects were not allowed to talk during the protocol. Each experimental session comprised

10 min of baseline at rest in supine position (REST) followed by 10 min during HDT with a table inclination of
—25°. A period of stabilization was allowed after having instrumented the subject and before starting signal
acquisition. The head was maintained it in a neutral position by a headrest. During the protocol, the subjects
breathed according to a metronome at 16 breaths-min . The first three minutes of recordings during HDT
were skipped to avoid transient variations of the physiological variables.

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

The time interval between two consecutive R-wave peaks of the ECG was taken as the nth HP (HP,,). The
maximum AP within HP, was identified as the nth SAP (SAP,,). Detections of R-wave apexes from the ECG and
systolic peaks from the AP were visually checked. Standard procedures to insert missed identifications, to correct
and reinsert eventual misdetections and to limit the effect of arrhythmic beats were applied (Porta et al 2015a). A
few isolated ectopic beats were detected, but their number was always less than 5% of the total length of the
sequence. As the focus of the study was the characterization of short-term HP-SAP variability interactions, the
analysis was carried out over sequences of 256 consecutive synchronous HP and SAP values taken in a random
position within REST and HDT sessions. Stationarity of mean and variance of HP and SAP series was tested
(Magagnin etal2011).

3.3. Time and frequency domain markers

In the time domain we computed the mean and variance of HP and SAP denoted as j;;p, 01p, figap and 0ésp
and expressed in, respectively, ms, ms®>, mmHg and mmHg”. Frequency domain analysis was carried out via
traditional parametric AR method. The coefficients of the AR model and the variance of the white noise were
estimated directly from the series by solving the least squares problem via Levinson—Durbin recursion (Baselli
etal 1997). The number of coefficients p was chosen according to the Akaike’s figure of merit in the range from 8
to 14 (Akaike 1974). Power spectral density was computed from the transfer function of the AR process and from
the variance of the white noise according to univariate version of (6) (Baselli e al 1997). The power spectral
density was factorized into a sum of terms, referred to as spectral components, the sum of which provides the
entire power spectral density (Baselli et al 1997). Spectral components were labelled as LF, or HF, if their central
frequencies, converted in Hz by dividing the normalized frequency expressed in cycles-beat ' by the j;p,
dropped into the LF, or HF, band. If multiple spectral components belonged to the same frequency band, their
powers were summed up. The HP power in the HF band, expressed in ms” and denoted as HFj;p, was taken as a
marker of vagal modulation directed to the heart (Pomeranz et al 1985) and SAP power in the LF band, expressed
in mmHg” and denoted as LFsp, was utilized as a marker of sympathetic modulation directed to the vessels
(Paganietal 1997).

3.4. Model-based frequency domain spectral causality indexes

Model-based frequency domain spectral causality markers were computed over HP and SAP series. Both time
directions of interactions, namely along the baroreflex, from SAP to HP, and along the mechanical feedforward
pathway, from HP to SAP, were considered. Indexes were computed via CK? and GSC approaches in the LF and
HF bands. Both BAR and BDA classes were exploited to describe the HP-SAP dynamic interactions. Series were
linearly detrended and normalized to have unit variance before computing causality markers. Traditional least
squares technique was applied to identify the coefficients of the BAR model, while those of the BDA model were
estimated via generalized least squares method (Baselli et al 1997). While traditional least squares approach
allows a closed form solution of the identification problem, generalized least squares method is an iterative
method monitoring the prediction error variance at each iteration. Iterative procedure continued until the
absolute value of the fractional between-iteration decrease of the prediction error variance was below 0.001.
Traditional and generalized least squares problems were solved via the Cholesky decomposition method. The
model order was optimized via the Akaike information criterion for multivariate processes in the range from 5 to
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12 (Akaike 1974). The latency from SAP to HP and from HP to SAP was assigned to 0 and 1 beat respectively
(Porta et al 2002). Markers of CK? were computed by sampling CK? in correspondence of its peak in the LF and
HF bands (Porta et al 2002). The markers of CK? were labelled CK2,p_,15p(LF) and CK2,p_, 13p(HF) from SAP to
HP and CK#p_, s4p(LF) and CKyp_, s5p(HF) from HP to SAP. Indexes of GSC were calculated by integrating
GSC over LF and HF bands (Geweke 1982, Pernice et al 2022). The markers of GSC were labelled
GSCSAPHHP(LF) and GSCSAP—)HP(HF) from SAP to HP and GSCHPHSAP(LF) and GSCHPHSAP(HF) from HP

to SAP.

3.5. Assessing the significance of frequency domain spectral causality indexes

Surrogate data test was applied to reject the null hypothesis of uncoupling between HP and SAP that results from
an unsignificant causal link between the two series. One hundred surrogate series couples were generated from
each original HP and SAP pair in any experimental condition. The surrogate series preserved the amplitude
distribution and power spectral density of the original series, while phases were substituted with uniformly
distributed random numbers ranging from 0 to 2. We exploited an iteratively refined procedure to generate
surrogate pairs (Schreiber and Schmitz 1996). The procedure maintained exactly the original amplitude
distribution of the series, while the power spectrum was the best approximation of the initial power spectrum
given 100 iterates. The uncoupling between the HP and SAP surrogates was assured using two independent
random phase sequences (Palus 1997). The length of the series (i.e. 256) allowed us to speed up the construction
of surrogates via fast Fourier transform. CK? and GSC markers were computed over the 100 surrogate pairs by
imposing the model order optimized over the original pairs. The 95th percentile of their distribution was
computed. The null hypothesis of uncoupling was rejected if the marker computed over the original series was
above the 95th percentile of the distribution of the frequency domain causality indexes derived from surrogates.
The percentage of subjects featuring a rejection of the null hypothesis of uncoupling was monitored in each
frequency band.

3.6. Statistical analysis

Normality was tested via the Shapiro—-Wilk test. The influence of HDT over time and frequency domain
parameters was checked via paired t test, or Wilcoxon signed rank test when appropriate. Two-way repeated
measures analysis of variance (one factor repetition, Holm—Sidak test for multiple comparisons) was applied to
model-based spectral causality markers to assess the effect of HDT within the same model class (i.e. BAR or BDA
models) and the difference between model classes within the same experimental condition (i.e. REST or HDT).
Data are expressed as mean + standard deviation. The impact of the model structure and HDT was assessed via
x2 test (McNemar’s test) applied to the proportion of subjects featuring the rejection of the null hypothesis of
uncoupling. The level of significance of the test was lowered according to the number of comparisons (i.e. 4) to
account for the multiple comparison issue. The same test was applied to check the impact of HDT regardless of
the model structure after pooling together results obtained from the application of BAR and BDA. In this specific
case the level of significance was not lowered because there is only one comparison. 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.

4. Results

Time domain markers were not affected by HDT with 111, 0f1p, fig4p and 0'é4p equal to 934 & 103 ms, 1096 +
756 ms”, 127 + 21 mmHgand 23 4 11 mmHg” at REST and to 951 & 114 ms, 1012 + 574 ms>, 131 4+ 22 mmHg
and 20 + 15 mmHg” during HDT. During HDT frequency domain analysis indicated that HFyyp increased (i.e.
154 4 135 ms® versus 219 4 148 ms?®), while LFg5p decreased (i.e. 8 + 8 mmng versus 4 &3 mmng).

The grouped vertical bar graphs of figure 1 show the percentage of rejections of the null hypothesis of
uncoupling from SAP to HP (figures 1(a), (c)) and from HP to SAP (figures 1(b), (d)) derived from the surrogate
data testapplied to CK? markers in the LF (figures 1(a), (b)) and HF (figures 1(c), (d)) bands. The percentages are
computed according to the description of the HP-SAP dynamic interactions given by BAR (black bars) and BDA
(white bars) models and reported as a function of the experimental condition (i.e. REST and HDT). Regardless
of the frequency band (i.e. LF or HF) and direction of the interactions (i.e. from SAP to HP or vice versa) the
percentage of rejections of the null hypothesis of uncoupling did not vary with the model structure and
experimental condition.

The simple vertical bar graphs of figure 2 show the percentage of rejections of the null hypothesis of
uncoupling from SAP to HP (figures 2(a), (¢)) and from HP to SAP (figures 2(b), (d)) derived from the surrogate
data testapplied to CK? markers in the LF (figures 2(a), (b)) and HF (figures 2(c), (d)) bands. Percentages are
computed after pooling together the results of surrogate data test regardless of the model structure (i.e. BAR or

6



APortaetal

10P Publishing

Physiol. Meas. 44 (2023) 054001

2 2
K"sap ~np K Hp ~sap
N BAR
100 - — BDA e
a = b =~
= <
+ ‘?
& e
175 jan
7 2
= =
LF 2 2
2 3
o o
< =
T T
G
s °
ES X
0 0
100 100
(=] =
¢ K d %=
4‘ )
5, }
< e
el s
w 0
g g
HF = s
9] D
o =
=] S
an am
G G
@] (&)
= =
0 0
REST HDT REST HDT
Figure 1. The grouped vertical bar graphs show the percentage of rejections of the null hypothesis of uncoupling from SAP to HP (a),
(c) and from HP to SAP (b), (d) computed in the LF (a), (b) and HF (c), (d) bands. The percentages are calculated using CK2 Results
are derived according to the description of the HP-SAP dynamic interactions given by BAR (black bars) and BDA (white bars) models
as a function of the experimental condition (i.e. REST and HDT).

BDA) and shown as a function of the experimental condition (i.e. REST and HDT). The percentage of
rejections of the null hypothesis of uncoupling significantly decreased during HDT in direction from SAP to
HP in the LF band (figure 2(a)), thus indicating a decreased strength of the dependence of HP on SAP in the
LF band. Conversely, HDT did not affect the percentage of rejections of the null hypothesis of uncoupling in
the HF band (figure 2(c)) and in time direction from HP to SAP regardless of the frequency band

(figures 2(b), (d)).

Figure 3 has the same structure as figure 1, but it shows the percentage of rejections of the null hypothesis of
uncoupling derived from the surrogate data test applied to GSC markers. As in figure 1 the percentage of
rejections of the null hypothesis of uncoupling remained constant with the model structure and experimental
condition and this result held regardless of the frequency band and direction of the interactions.

Figure 4 has the same structure as figure 2, but it shows the percentage of rejections of the null hypothesis of
uncoupling as derived from the surrogate data test applied to GSC markers. The percentage of rejections of the
null hypothesis of uncoupling did not vary with HDT and this result held regardless of the frequency band and
direction of the interactions.

Markers of the strength of the causal link in LF and HF bands are reported in table 1. The indexes were
computed in the direction from SAP to HP and vice versa at REST and during HDT according to the BAR and
BDA models. Data were averaged over all the subjects regardless of the outcome of the surrogate test. The effect
of HDT was significant solely over CK2,p_, 5p(LF): indeed, regardless of the model structure CK3,p_,1;p(LF)
decreased during HDT. GSC markers were not affected either by the experimental challenge or model structure.

Figure 5 shows the scatter plots in the plane (GSC, CK?). Each open circle corresponds to a pair (GSC, CK?)
in an assigned individual. Data are pooled together regardless of the experimental condition (i.e. REST or HDT)
and type of model (i.e. BAR or BDA). The scatter plots are relevant to markers from SAP to HP (figures 5(a), (¢))
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Figure 2. The simple vertical bar graphs show the percentage of rejections of the null hypothesis of uncoupling from SAP to HP (a), (c)
and from HP to SAP (b), (d) computed in the LF (a), (b) and HF (c), (d) bands. The percentages are calculated using CK? after pooling
together the results of the surrogate test regardless of the model structure (i.e. BAR or BDA). Results are shown as a function of the
experimental condition (i.e. REST and HDT). The symbol * indicates a significant between-condition change with p < 0.05.

and from HP to SAP (figures 5(b), (d)) computed in the LF (figures 5(a), (b)) and HF (figures 5(¢), (d)) bands. The
scatter plots highlight the association between GSC and CK? indexes resulting from the deterministic
relationship between GSC and CK? function suggested by section 2.5. The variability of the circles in the scatter
plots is the sole consequence on how the final marker was computed from the original metric.

5. Discussion

The major findings of the study can be summarized as follows: (i) bivariate model-based CK? and GSC metrics
were deterministically related but spectral causality markers exhibited different discriminative ability (i.e.
statistical power); (ii) HDT reduced the involvement of the baroreflex in regulating HP-SAP variability
interactions in the LF band, while leaving unmodified the action of mechanical feedforward mechanisms in both

LF and HF bands; (iii) this conclusion did not depend on the model structure.

5.1. Impact of the model class and relationship between CK? and GSC markers
The most original methodological part of the study is the comparison between linear bivariate parametric model

classes utilized to assess spectral causality markers, namely BAR and BDA (Baselli et al 1997, Porta et al 2006).
The BAR class is the most widely utilized class of linear bivariate parametric models not only to compute
causality markers in the frequency domain (Akaike 1968, Baccala et al 1998, 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, Barnett
and Seth 2014, Porta and Faes 2016, Pernice et al 2022) but also to calculate causality indexes in time and
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Figure 3. The grouped vertical bar graphs show the percentage of rejections of the null hypothesis of uncoupling from SAP to HP (a),
(c)and from HP to SAP (b), (d) computed in the LF (a), (b) and HF (¢), (d) bands. The percentages are calculated using GSC. Results
are derived according to the description of the HP-SAP dynamic interactions given by BAR (black bars) and BDA (white bars) models
as a function of the experimental condition (i.e. REST and HDT).

information domains (Barnett et al 2009, Eichler 2013, Porta et al 2013b, Porta et al 2015b, Corbier et al 2020,
Shankhwar et al 2022). Conversely, the BDA class is less frequently exploited (Baselli et al 1997, Porta et al 2006)
as a likely consequence of its more involved identification procedure requiring generalized least squares
approach. This identification method is based on the solution of two ordinary least squares problems in
sequence and iteratively. The original data are filtered using the coefficients of the AR noise under an initial guess
and the coefficients of the BAR network are estimated from the filtered series. The parameters of the BAR
network are utilized to generate the residuals that are fitted with an AR model. The coefficients of the AR noise
are updated to filter the original data at the next iteration. The procedure continues until the prediction error
variance ceases to decrease with the iteration number. The BDA model was found useful to describe HP and SAP
oscillations that are not generated by the interaction between the variability series, but they are the effect of the
activity of external oscillators impinging the BAR network (Baselli et al 1994, Baselli et al 1997, Porta et al 2006).
Since the results obtained from BAR and BDA models are similar, we conclude that baroreflex and mechanical
feedforward pathway can explain HP and SAP variability both at REST and during HDT without the need to
describe external, colored, inputs. This conclusion might not hold under pharmacological challenge or in

pathological subjects (Porta et al 2000).
In addition, the present study provides the explicit expression of CK? and GSC and their relationship as well

as the comparison of indexes derived from CK? and GSC. The deterministic relationship between CK? and
GSC, highlighted in section 2.5, does not hold in general between markers derived from these metrics.
Therefore, we attribute the different statistical power between causality markers, with CK? markers slightly
more powerful in detecting the effect of HDT via a surrogate data test, solely to the procedure utilized to finally

compute spectral causality indexes from the frequency domain metric.
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Figure 4. The simple vertical bar graphs show the percentage of rejections of the null hypothesis of uncoupling from SAP to HP (a), (c)
and from HP to SAP (b), (d) computed in the LF (a), (b) and HF (¢), (d) bands. The percentages are calculated using GSC after pooling
together the results of the surrogate test regardless of the model structure (i.e. BAR or BDA). Results are shown as a function of the
experimental condition (i.e. REST and HDT).

Table 1. Spectral causality markers from SAP to HP and vice versa in LF and HF bands assessed via BAR and BDA models.

BAR BDA
Spectral causality marker
REST HDT REST HDT

CKZp_pp(LF) 0.3940.15 0.2940.18" 0.44+0.16 0.30 +0.16
CK3p_ sap(LE) 0.4640.18 0.5340.22 0.484+0.15 0.57+0.20
CK2yp_,1ap(HF) 0.50 4 0.18 0.3640.20 0.51+0.17 0.40 +0.20
CKp_,sap(HE) 0.3040.15 0.3140.11 0.3140.18 0.364+0.16
GSCsap_nup(LF) 0.063 +0.042 0.046 £0.043 0.067 £ 0.055 0.044 £ 0.034
GSChp_ sap(LF) 0.086 +0.047 0.115£0.073 0.084 £ 0.054 0.116 £ 0.069
GSCsap—nup(HF) 0.140£0.079 0.119£0.115 0.135£0.073 0.123 +0.123
GSCpyp_.sap(HF) 0.068 +0.040 0.076 £0.038 0.067 £ 0.044 0.082 £ 0.041

CK? = causal squared coherence; GSC = Geweke spectral causality; HP = heart period; SAP = systolic arterial pressure; LF = low frequency;
HF = high frequency; BAR = bivariate autoregressive model; BDA = bivariate dynamic adjustment model; REST = at rest in supine
position; HDT = head-down tilt at —25°. The symbol * indicates a significant difference versus REST with p < 0.05 within the same model

class (i.e. BAR or BDA).

5.2. Baroreceptor loading reduces the probability of rejecting the null hypothesis of HP-SAP uncoupling

alongbaroreflex
Baroreceptor loading is known to increase vagal modulation, inhibit sympathetic control and increase

baroreflex sensitivity (Nagaya et al 1995, Weise et al 1995, Kardos et al 1997, Tanaka et al 1999,
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Figure 5. The scatter plots in the plane (GSC, CK?) show the association between GSC and CK?. Each open circle corresponds to a
pair (GSC, CK?) in an assigned individual. Data are pooled together regardless of the experimental condition (i.e. REST or HDT) and
type of model (i.e. BAR and BDA). The scatter plots are relevant to markers from SAP to HP (a), () and from HP to SAP (b), (d)
computed in the LF (a), (b) and HF (c), (d) bands.

Cooke et al 2003, Porta et al 2015a). The major experimental finding of this study is the reduction of the
likelihood of rejecting the null hypothesis of HP-SAP uncoupling along the baroreflex during HDT. This
result is the consequence of the decrease of the strength of the dependence of HP on SAP (table 1), that
makes more difficult to reject the null hypothesis of HP-SAP uncoupling. Remarkably, this result was found
in the LF band, namely along time scales typical of the baroreflex control including the resonance frequency
ofthe AP control (De Boer et al 1985, Baselli er al 1994, Cevese et al 2001, Karemaker and Wesseling 2008).
The decrease of the strength of baroreflex control is the likely consequence of the decline of the amplitude of
SAP oscillations in the LF band (Weise et al 1995, Cooke et al 2003, Porta et al 2015a). The decreased
strength of the causal relationship from SAP to HP in the LF band might account for the increased
complexity of the HP variability detected in Porta et al (2015a). Indeed, SAP variability exhibits a lower
complexity compared to HP variability (Porta et al 2012b) and a less strong dependence of HP on SAP might
lead to increase the HP complexity because HP changes are less importantly driven by regular SAP
oscillations and more sensitive to respiratory activity governing HP regardless of SAP (Eckberg 2003).

The decrease strength of the causal relationship from SAP to HP was evident using both BAR and BDA
models but it became more robust when data were pooled together regardless of the model structure,

thus improving the statistical power of the analysis. This conclusion held regardless of the metric

utilized to assess the strength of the causal link but CK? was slightly more powerful in separating REST

and HDT. Conversely, the reduction of the involvement of baroreflex control was not detected in the HF
band, thus suggesting that fast oscillations of HP during HDT are less importantly mediated by baroreflex
and more related to the activity of respiratory centers able to modulate sinus node responsiveness
regardless of baroreflex (Eckberg 2003). Thus, the observed increase of respiratory sinus arrhythmia
observed during HDT (Kardos et al 1997, Porta et al 2015a) could not be completely attributed to
baroreflex.
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5.3. Baroreceptor loading left unvaried the strength of the link along the mechanical feedforward pathway
At difference from the strength of the dependence of HP on SAP, the one along the reverse causal direction (i.e.
from HP to SAP) was not affected by baroreceptor loading. This conclusion is corroborated by table 1 as well.
This result is particularly robust because it did not depend on the model structure, metrics exploited to assess
spectral causality and time scales. The link from HP to SAP is the result of two opposite tendencies on SAP at the
next cardiac beat resulting from the diastolic runoff (Baselli et al 1994): (1) a positive effect of the Starling law that
tends to increase SAP; (2) a negative influence of the Windkessel effect that tends to decrease SAP. Usually, the
strength of the link from HP to SAP is significant in healthy conditions (Porta et al 2011, Porta et al 2013b) and it
was found to decrease in situations of bradycardia, limited HP variability, profound vasodilation, and depressed
ventricular contractility such as during general anesthesia with propofol (Porta et al 2013a). Therefore, it is not
surprising to find out that the HDT did not alter the strength of the dependence of SAP on HP.

5.4. Baroreceptor loading and its impact on the analysis of cardiovascular control mechanisms
Baroreceptor unloading obtained by reducing the venous return to the heart via head-up tilt induces a vagal
withdrawal, sympathetic activation, and reduced baroreflex sensitivity (Montano et al 1994, Cooke et al 1999,
Furlan et al 2000, Marchi et al 2016, De Maria et al 2019). The increased involvement of the baroreflex control
took the form of an increased strength of the causal link from SAP to HP in the LF band, while no changes were
observed in the HF band (Nollo et al 2005). Conversely, the present study suggests that the baroreceptor loading
induced by HDT produce the opposite effect by decreasing the strength of the causal relationship from SAP to
HP. Therefore, we conclude that HDT reduces the relevance of the baroreflex control.

Baroreflex is one of the most important regulatory reflexes in bipedal mammals and contributes importantly
to the LF oscillations observed in HP and SAP variability (Karemaker and Wesseling 2008, Baselli et al 1994).
However, additional control mechanisms contribute importantly to cardiovascular regulations in the LF band
(Cohen and Taylor 2002). Among these control mechanisms there are sympathetic rhythm generators of central
origin driving slow dynamics of AP and HP (Preiss and Polosa 1974, Ang and Marina 2020) and
cardiopulmonary low-pressure reflexes activated by slow modifications of intrathoracic pressure and
respiratory activity (Taha et al 1995, Hainsworth 2014). The activity of these mechanisms is usually hidden by the
dominant action of baroreflex and its resonance properties (Karemaker and Wesseling 2008, Baselli et al 1994),
thus making difficult their identification and quantification of their contribution to the overall cardiovascular
control. The possibility of depowering the role of baroreflex via HDT might favor the study of these
mechanisms, the understanding of their role, the evaluation of their relevance and the identification of strategies
to potentiate them. This possibility might be particularly of interest to elucidate physiological control
mechanisms activated by slow periodical breathing. Given the clinical relevance of LF oscillations in protecting
tissue in presence of reduced perfusion and in favoring clearance of interstitial fluid (Anderson and
Rickards 2022), the possibility of studying additional mechanisms of LF generation in a condition of depowered
activity of one of the most important mechanisms responsible for the genesis of the LF rhythm, namely
baroreflex, seems to be particularly relevant. To this purpose directional tools in the frequency domain might
play a fundamental role.

5.5. Limitations of the study and future developments

The present study tested the physiological hypothesis that a maneuver loading the baroreceptors limits the
contribution of the baroreflex to the HP-SAP closed loop regulation in a gender-homogeneous population. The
rationale of enrolling a population comprising solely males is to limit the variability of baroreflex control
markers that are known to depend on gender (Laitinen et al 2004, Milan-Mattos et al 2018) and this dependence
underlies the well-known differences in the response of females to orthostatic challenge (Waters et al 2002,
Grenon et al 2006 Barantke et al 2008, Catai et al 2014). As a likely consequence of the reduced variability of the
spectral causality markers, we were able to confirm the physiological hypothesis of the study in a small group of
subjects. However, conclusions hold only for males. Future studies should check whether suppositions could be
extended even to females and whether conclusions could depend on hormone levels by considering groups
before and after menopause.

One possible experimental advancement is grading HDT to verify whether incremental baroreceptor
loading could induce a progressive decrement of the baroreflex activation in the LF band and to optimize the
inclination of the tilt table to achieve the most relevant effect. Additional methodological improvements could
be to test spectral causality approaches grounded on different metrics (Baccala et al 1998, Baccala and
Sameshima 2001, Chicharro 2011, Faes et al 2013a) and to introduce possible confounding factors, such as
respiration, that might produce spurious effects on directionality because a quote of HP variability is attributed
to the baroreflex whether the confounding input is not included in the analysis (Porta et al 2012a).
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6. Conclusion

The study applied frequency domain model-based spectral causality markers computed via CK? and GSC in
connection with a surrogate data test to study cardiovascular control during baroreceptor loading induced by
HDT of moderate intensity. We proved that HDT reduces the involvement of baroreflex, and this conclusion
holds regardless of the approach and model structure. Findings suggest that the use of HDT to limit the impact of
baroreflex and improve the likelihood of observing additional physiological control mechanisms, such as central
commands directly acting on the sinus node or modulating AP, that contribute to the complexity of
cardiovascular regulation in humans.
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