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Abstract

Baroreflex response consists of cardiac chronotropic (effect on heart rate), cardiac
inotropic (on contractility), venous (on venous return) and vascular (on vascular resistance)
arms. Because of its measurement simplicity, cardiac chronotropic arm is most often
analysed. The aim was to introduce a method to assess vascular baroreflex arm, and to
characterize its changes during stress. We evaluated the effect of orthostasis and mental
arithmetics (MA) in 39 (22 female, median age: 18.7 yrs.) and 36 (21 female, 19.2 yrs.)
healthy volunteers, respectively. We recorded systolic and mean blood pressure (SBP and
MBP) by volume-clamp method and R-R interval (RR) by ECG. Cardiac output (CO) was
recorded using impedance cardiography. From MBP and CO, peripheral vascular resistance
(PVR) was calculated. The directional spectral coupling and gain of cardiac chronotropic
(SBP to RR) and vascular arms (SBP to PVR) were quantified. The strength of the causal
coupling from SBP to PVR was significantly higher than SBP to RR coupling during whole
protocol (P <0.001). Along both arms, the coupling was higher during orthostasis compared
to supine (P <0.001 and P =0.006), no MA effect was observed. No significant changes in
the spectral gain (ratio of RR or PVR change to a unit SBP change) across all phases were
found (0.111 <P <0.907). We conclude that changes in PVR are tightly coupled with SBP
oscillations via the baroreflex providing an approach for the baroreflex vascular arm analysis

with a potential to reveal new aspects of blood pressure dysregulation.

Keywords: arterial baroreflex; vascular resistance; impedance cardiography; spectral coupling

New & Noteworthy

Baroreflex response consists of several arms but cardiac chronotropic arm (blood
pressure changes evoking heart rate response) is usually analyzed. This study introduces a

method to assess vascular baroreflex arm from the continuous noninvasive measurement of
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peripheral vascular resistance as an output considering causality in the interaction between
oscillations and slower dynamics of vascular tone changes. We conclude that while vascular
baroreflex arm involvement become dominant during orthostasis, gain this interaction is

relatively stable.

Introduction

The high-pressure baroreflex (BR) has a principal role in the short-term regulation of
arterial blood pressure and blood flow (22). The output of brainstem centers is sent to
effectors by efferent pathways influencing various cardiovascular parameters. As a response
to blood pressure changes, four major cardiovascular control targets are influenced via high-
pressure baroreflex, i.e. heart rate, cardiac contractility, peripheral vascular resistance (PVR)
and venous tone (Fig. 1), aiming on the main objective to buffer variations in arterial blood
pressure (24, 32, 33). In detail, a decrease in arterial blood pressure evokes a baroreflex
response including an increased heart rate (cardiac chronotropic BR arm) and vasoconstriction
mostly occurring in the arterioles (vascular resistance BR arm). Conversely, an increase in

arterial blood pressure is accompanied by opposite effects (55, 57).

Cardiovascular diseases are often accompanied by an impairment of BR control
associated with imbalance in the autonomic outflow often resulting in a chronic sympathetic
overactivity (23). Moreover, in healthy subjects BR control mechanisms act in response to
physiological stressors such as change of posture, mental workload and others (10, 29, 52).
Therefore, evaluation of the baroreflex function can provide valuable information for the
assessment of cardiovascular regulation in normal and pathological conditions. Although all
the various components of BR have the same main objective to buffer variations in arterial
blood pressure, they are not fully redundant and it is assumed that they operate at least

partially independently (12, 53). The cardiac chronotropic BR arm is the most frequently
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studied BR component due to the simplicity of obtaining non-invasive measurements of heart

rate variations from the ECG (7, 42).

While the other BR arms were studied only rarely so far (53, 57, 68), a simultaneous
assessment of the various components could give a more complete picture of the baroreflex
regulation (7, 11, 53, 55). Another important aspect often overlooked in previous studies is
that the evaluation of the cardiac arm and other arms of the baroreflex must take into account:
(i) the oscillatory nature of cardiovascular parameters, being able to separate contributions
occurring in different frequency bands (typically divided in very low frequency (VLF, up to
0.04 Hz), low frequency (LF, 0.04 — 0.15 Hz), and high frequency (HF, 0.15 — 0.4 Hz) bands)
(8); and (ii) the closed-loop nature of cardiovascular interactions and the effects of exogenous
variables like respiration, which demand to adopt causal approaches to perform a proper

evaluation (15, 54).

Although several previous studies were also focused on the vascular baroreflex arm
analysis they contained some important methodological limitations mostly related to the
selection of output signal. Often the PVR as an output signal was substituted by surrogate
signals including muscle sympathetic nerve activity (62, 64), pulse transit time (63) or
diastolic blood pressure employing various modelling strategies to assess relationship of
output signal to input blood pressure oscillations (1, 6). To the best of our knowledge, this is
the first study considering three important aspects of vascular baroreflex analysis: selection of
PVR as a target signal, considering the causality between blood pressure changes and PVR,

and focusing on slower oscillations only.

The main aim of this study is to introduce a comprehensive methodology for the
noninvasive assessment of the vascular resistance arm of the baroreflex from spontaneous
PVR and arterial pressure oscillations. To this end, we combine the volume-clamp

photoplethysmography and impedance cardiography techniques to measure systolic blood

4
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pressure (SBP) and PVR, and to assess the directional interactions from SBP to PVR through
a causal spectral decomposition technique which allows to separate causal from non-causal
contributions while focusing on LF oscillations in the computation of coupling and gain
measures. Employing this approach, the behavior of the vascular resistance arm of the
baroreflex is investigated together with that of the cardiac chronotropic arm in a group of
healthy subjects monitored under different physiological conditions including orthostatic test

and mental challenge, also studying gender differences.
Methods

The effect of orthostasis was evaluated in a group of 39 healthy volunteers (22 female,
median age: 18.7 yrs.), while the effect of mental arithmetic task was evaluated in a group of
36 healthy volunteers (21 female, median age: 19.2 yrs.). Participants were instructed not to
use substances influencing autonomic nervous system or cardiovascular system activity
during 24 hours before the measurement. Female subjects were examined in the proliferative
phase (6" - 13" day) of their menstrual cycle. The experimental protocol is described in more
details elsewhere (31). Briefly, four experimental conditions were considered in this study:
supine rest (15 min); head-up tilt (HUT, the subject was tilted to 45 degrees on the motor
driven tilt table for 8 min to evoke mild orthostatic stress); supine recovery in the resting
supine position (10 min); and non-verbal mental arithmetic task (MA) in the supine position
(6 min). There were no signs of presyncope in any subject during the orthostatic challenge.
The subjects breathed spontaneously without any effort to control breathing rate or tidal
volume. The frequency of breathing in all subjects was in the range of high frequency
oscillations (minimal breathing rates during all four phases of examination protocol were
0.25 Hz). The study was approved by Ethical Committee of the Jessenius Faculty of

Medicine, Comenius University and all participants signed a written informed consent.
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Data Acquisition and Analysis

We recorded non-invasively beat-to-beat values of R-R interval (RR) by ECG
(CardioFax ECG-9620, NihonKohden, Japan), and of systolic and mean blood pressure (SBP
and MBP, respectively) by the photoplethysmographic volume-clamp method (Finometer Pro,
FMS, Netherlands). MBP was calculated as the true integrated mean pressure between the
current and the next pressure upstroke. Cardiac output (CO) was recorded using impedance
cardiography (CardioScreen® 2000, Medis, Germany). Then, PVR was calculated for each
heart beat as the ratio of MBP and CO (PVR = MBP / CO), assuming zero venous pressure at

the right atrium (37, 67).

To avoid transient changes, the following segments of 300 beats were extracted from
the original recordings for data analysis as follows: during supine rest the segment started 8
min after the beginning of the supine rest phase; during HUT the segment started 3 min after
the change of the position; during supine recovery the segment started 7 min before starting

the MA task; and during MA the segment started 2 min after the beginning of the last phase.

In some cases, due to the presence of noise and artefacts, the impedance cardiograph
was not able to detect important reference points on the recorded impedance cardiogram
waveform and thus to calculate the hemodynamic parameters (CO) on the beat-to-beat basis.
If the number of missing values in the 300 heart beats long time series did not exceed 15 and
no more than 4 were found in a row, cubic spline interpolation was applied to substitute

missing values. Otherwise, the recording was excluded from the analysis.

All signals were detrended to avoid the effect of long-term trends on the data analysis
employing zero phase IIR high-pass filter with a cut-off frequency at -3dB equal to
0.0107 cycles/beat (48). The analysis of cardiac chronotropic and vascular resistance arms of

BR was carried out in the frequency domain, computing measures of spectral causality
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(a measure of the causal coupling strength between two signals, here directed along the
baroreflex (interactions from SBP to RR interval and from SBP to PVR, respectively)) and
spectral gain (a measure of the target response magnitude (RR or PVR change) corresponding
to a unit change in SBP; i.e. baroreflex sensitivity). These measures were derived from a
recently proposed partial spectral decomposition method based on the linear parametric
representation of multivariate autoregressive processes (14). This method is a modification of
the causal coherence (54), a measure that quantifies in the frequency domain the very popular
concept of Granger causality defined for linear bivariate parametric models (21). The
modification allows, thanks to the use of spectral decomposition (6), to associate Granger
causality to specific oscillatory components commonly found in the two observed signals. The
method is described with mathematical details in the Appendix. It allows to separate a power
spectral density function into spectral components which are related to specific oscillations
having their associated central frequency and power; the components are identified
automatically from the oscillatory content specific to each analyzed pair of signals. Then,
from each oscillatory component of the target signal (here, RR or PVR), the contribution of
the driver signal (here, SBP) to this component is estimated and used in the computation of
the causal measures of coupling and gain. Importantly, here we focused the analysis on low
frequency oscillations only (LF, 0.04 to 0.15 Hz) in order to minimize the effect of non-
baroreflex mechanisms on the assessed measures. The method for causal spectral
decomposition is described in Fig. 2 for the time series of SBP, RR and PVR measured from a

representative subject in the resting supine position.

Satistical analysis

Due to the observed non-gaussian distribution of the measures assessed across
subjects, nonparametric tests were used for statistical analysis. The statistical comparison

between the spectral causality/gain computed along the direction from SBP to RR (cardiac
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chronotropic arm of BR) and the direction from SBP to PVR (vascular resistance BR arm)
and between two subsequent phases (supine rest vS. HUT, or supine recovery vS. MA) was
performed by the Wilcoxon signed-rank test. Differences between gender groups were
evaluated by Mann-Whitney U test. All results were considered statistically significant at a P
value < 0.05. The statistical analysis was performed using SYSTAT 13 (Systat Software Inc.,
USA). The effect sizes were quantified by: Kendall’s W (comparison of supine rest vs. HUT,
or supine recovery vs. MA) and by dividing the absolute (positive) standardized test statistic Z
by the square root of the number of pairs (n=39 or n= 36) (between group difference).
According to Cohen’s classification of effect sizes, the values 0.1, 0.3 and 0.5 indicating

small, medium and large effects, respectively.

Results

Table 1 represents the group average (n =39 for supine rest and HUT phases and
n = 36 for supine recovery and MA phases) of the mean and SD of the beat to beat RR, SBP,
MBP, DBP, CO, PVR and breathing frequency data during resting phases and two stress

conditions (HUT and MA).

Fig. 3 reports the results of the spectral coupling analysis of the cardiac chronotropic
BR arm (from SBP to RR) and of the vascular resistance BR arm (from SBP to PVR). The
spectral coupling from SBP to PVR was significantly higher than the coupling from SBP to
RR during the whole study protocol (P <0.001). The effect size for this comparison was
largest during supine rest (Kendall's W = 0.780), while the other effect sizes varied between
0.522 and 0.694. The spectral coupling in both BR arms was significantly higher during HUT
compared to the preceding supine rest phase (P <0.001 and P =0.007, respectively).
Although both differences were highly statistically significant, the effect of orthostasis on the
coupling from SBP to RR was large (Kendall's W = 0.632) whereas the effect of HUT on the

coupling from SBP to PVR was only of small size (Kendall's W =0.109). No significant
8
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differences (P > 0.432) and small effect sizes only (Kendall's W = 0.029 — 0.049) were found
for the variations of the spectral coupling index assessed during MA in comparison with the
preceding supine recovery; the result holds for both BR arms (P> 0.432). No significant
gender differences in spectral coupling were found in any of the analyzed phases

(0.347 > P < 1.000, effect sizes 0.003 — 0.151).

Fig. 4 reports the distribution of the spectral gain index computed for the cardiac
chronotropic (upper row) and the vascular resistance (bottom row) arms of the baroreflex in
the supine rest and HUT conditions (left column), and in the supine recovery and MA
conditions (right column). No significant changes in spectral gain from SBP to RR or from
SBP to PVR were observed across all phases (0.109 <P <0.900; effect size Kendall's

W =0.003 - 0.080).

As reported in Fig. 5, significant gender differences were observed in the values of
spectral gain from SBP to RR computed during the supine rest condition (P = 0.036, effect
size = 0.336); specifically, the spectral gain was significantly higher in men than in women.
Moreover, the spectral gain from SBP to PVR was significantly higher in women during

supine recovery and MA phases (P < 0.002, effect size = 0.492 — 0.522).

Discussion

The baroreflex is a key component of the cardiovascular autonomic control. The
research attention devoted to the baroreflex function by physiologists and clinicians was
focused almost exclusively to the assessment of the cardiac chronotropic BR arm. However, it
is known that, to achieve a more complete picture about baroreflex regulation, more BR arms

should be evaluated simultaneously (7, 11, 53, 55).

Physiological aspects
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From the physiological point of view, our study was focused on a comparison between
the strength of cardiac chronotropic and vascular resistance arms of baroreflex and on the
assessment of the spectral causality and gain behavior during changing physiological states

(rest, orthostasis, cognitive load) and on the detection of potential gender differences.

The comparison between the spectral causality measures along the directions
SBP—PVR vs. SBP—RR performed in the low frequency band showed that PVR changes are
more baroreflex-mediated compared to RR interval changes; this was expressed in terms of
significantly higher spectral causality values. This indicates that, while PVR is dominantly
under BR influence, RR interval variability is also influenced by other (i.e. non-baroreflex)
mechanisms, mostly at rest and during MA. In general, mechanisms operating along the
causal direction opposite to that under investigation (in our case, mechanisms with arterial
blood pressure as the target variable) are typically observed in closed-loop physiological
control systems. Previous studies documented the importance of the heart period and of the
peripheral resistance on arterial pressure oscillations in the LF band, reflecting respectively
the cardiovascular feed-forward (direction RR—SBP (17, 30, 31)) and the role of PVR as a
source of MAP changes (direction PVR—MAP (3, 13)); it was also shown that CO is not a
significant source of arterial blood pressure fluctuations, while it may be only responsible of
dampening them through the baroreflex (3). An involvement of the vascular arm of high-
pressure baroreflex as an important source of PVR variability was also demonstrated in

previous studies in dogs (46) and humans (5, 25).

We have evaluated the changes in the characteristics of the vascular resistance and
cardiac chronotropic BR arms during passive orthostasis (HUT) and cognitive load (MA). We
have chosen HUT and MA as the tests frequently used in the autonomic nervous system
control testing. During HUT, the impact of gravity causes venous pooling of the blood in the

lower part of the body and a consequent decrease of arterial blood pressure is sensed by

10
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baroreceptors. As a response mostly involving baroreflex, parasympathetic inhibition and
sympathetic activation leads to heart rate and peripheral vascular resistance increase (10, 19).
In contrast, while the MA task is accompanied by similar responses, central mechanisms
independent of the baroreflex are responsible for them (38, 66). According to an expected
involvement of the baroreflex in reactions related to orthostasis, we observed a significant
increase in the spectral coupling in both BR arms during HUT underlining their importance
during orthostatic challenge. On the other hand, no significant change in spectral coupling in

any BR arm was associated with MA.

Our findings confirm the well-known stronger involvement of cardiac chronotropic
BR during orthostatic challenge represented by the higher values of the causal coupling from
SBP to RR (16, 17, 28, 30, 42, 49). In contrast, the observations on vascular baroreflex arm
involvement changes during orthostatic test were only scarcely reported. Contrary to our
observations, a tendency to a decreased contribution of systolic blood pressure to diastolic
blood pressure oscillations — a surrogate measure of vascular baroreflex arm involvement
used in several previous studies — was observed during lower-body negative pressure (a test
simulating blood shift in orthostatic test) (2). Interestingly, this study demonstrated an
increased vascular arm involvement after prolonged (2 months) head-down bed rest
simulating microgravity conditions. Applying the same approach, the changes in vascular
baroreflex arm involvement during exercise with different intensities were inconsistent (1).
The causal analysis (using modified sequence method) of both BR arms during HUT was
used in study by Marchi et al. (42), where the invasively measured MSNA was used for
evaluation of the vascular resistance BR arm. They found an increased involvement of both
arms during graded HUT ranging from 0 to 60 degrees. Our results confirm these findings of
the stronger BR involvement in both analyzed arms using a novel methodology considering

important physiological features of the BR function.
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Focusing on the response to MA, the simultaneous non-invasive evaluation of both BR
arms was previously performed using the non-casual sequence method in young healthy
volunteers, where decreased baroreflex effectiveness as an index derived from sequence
method (a measure of coupling strength) of both arms was found in the sedentary group but
not in the active one (57). It should be stressed that although the previous studies achieved
important results in the field of vascular baroreflex arm analysis their results are not directly
comparable to our results due to a different methodology applied in them. The evaluation of
coupling between parameters characterizing the vascular resistance BR arm was mainly
performed employing the non-causal approaches using the MSNA (20, 35, 51) as an output

signal.

We did not find any significant difference in SBP—RR and SBP—PVR spectral gain
across all phases. This suggests that the gain of the reflexes remains relatively stable in spite
of the significant changes in the spectral coupling documented during the various challenges.
Although many previous studies employing non-causal methods demonstrated a decrease in
gain in SBP — RR relationship during stress conditions (10, 35, 50, 51, 59), such decrease
could be attributed to the decreased feedforward connection between RR and SBP (29, 42).
Our results are based on causal methods enabling to assess BR related interactions in more
clear way. Similar results were found in previous studies, which have applied the causal
approaches in frequency domain (LF band) for evaluation of cardiac chronotropic BR

sensitivity during HUT (15, 41) and MA task (28).

Several studies indicated less-responsive cardiovascular functions in women compared
to men (9, 12). While the spectral coupling strength in both arms was similar, we have found
some gender differences in spectral gains. Our results indicate that while unit blood pressure

change at rest evokes bigger response in heart rate in males, the response in PVR is more

12
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prominent in females. This is a novel finding requiring more refined study on the involvement

of different BR arms in relation to gender.

Methodological aspects

Our study was focused on introducing a noninvasive method for the quantitative
assessment of the vascular resistance arm of the baroreflex. From a methodological point of
view, the analysis of other BR arms, including the vascular resistance arm, should take into
consideration several important issues. Firstly, for the analysis of the vascular resistance BR
arm, the target signal should be selected. The majority of previous studies in this field used
invasive recordings of the sympathetic activity directed to vessels in the lower extremities of
the body, e.g. using the microneurographic recording of muscle sympathetic nerve activity
(MSNA) from the peroneal nerve (4, 62, 64). This method has several disadvantages,
including its invasiveness and the difficulty of finding and maintaining of the correct
recording position for electrode, which makes the signal noisy and its amplitude unstable and
unreliable (39, 42). In addition, although the overall vascular resistance (PVR) is a target

parameter of this BR arm, the recording comes from a limited part of the circulation.

In our study we used impedance cardiography (in connection with volume-clamp
photoplethysmographic blood pressure measurement) to assess PVR. This brings the
advantage of being able to measure the stroke volume measurement directly from the
oscillations in thoracic impedance, with no necessity of estimating the wvascular
characteristics; on the contrary, using the pulse contour method the vascular physical

characteristics need to be estimated from anthropometric data (26, 65).

Secondly, although basic cardiovascular parameters such as the heart rate, the systolic
blood pressure and others, oscillate spontaneously from beat to beat, the target control

13
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variable involved in the mechanisms underlying the functioning of the vascular resistance BR
arm — i.e., vasoconstriction in the arterioles in systemic circulation —is modulated almost
exclusively by the sympathetic part of the autonomic nervous system. Therefore, due to the
norepinephrine kinetics and low conduction velocity in sympathetic nerves, a slower and
more prolonged response in PVR is typically found (27). This means that PVR dynamics
occur almost exclusively within the low and very low frequency bands (below 0.15 Hz) (3,
34, 53, 58, 60). Focusing on the cardiac chronotropic BR arm, it is also more
methodologically appropriate to focus on LF oscillations where the influence of high-pressure
baroreflex in SBP —RR interaction is more dominant (43). Somewhat surprisingly, in
previous studies focused on the analysis of vascular resistance BR arm (probed mostly
through the MSNA signal), the sequence method predominantly quantifying fast beat-to-beat
changes occurring on short time scales was often employed (50, 53, 57, 62). Taking these
considerations together, we limited the analysis of both BR arms to the LF band of the

frequency spectrum.

Thirdly, we accounted that during the past decades a multitude of algorithms for
evaluating the BR function in time (e.g., the sequence method) and frequency domains (i.e.,
cross-spectral methods) have been proposed (11, 53, 55). It should be stressed that
cardiovascular parameters often interact in closed loop — i.e. one parameter influences second
one and vice versa. Therefore, novel methods developed specifically to assess directional
(causal) interactions have been proposed; these methods should be preferred to assess
interactions related to the baroreflex function (18, 49, 54), in our case referring to the causal

directional interactions from SBP to RR and from SBP to PVR.

In view of the above considerations, taking into account the time scale of PVR and
heart rate oscillations associated with BR function and the issue of causality, here we have

applied a recently developed methodology to assess frequency domain causality, based on
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partial spectral decomposition of autoregressive processes (14), to evaluate both the cardiac
chronotropic and the vascular resistance arms of the baroreflex. This approach helps to
quantify more objectively the amount of output power (RR or PVR) which, for a given
oscillatory component (e.g., in the LF band), is directly due to the input (SBP), so that
objective indexes of causal coupling (the spectral causality ratio) or gain of the reflex (the
ratio between the output power and the input power for a given oscillation) can be computed.
The newly applied method is more precise compared to the directed coherence and gain

analysis used in previous studies (49, 54).

Per spectives

BR represents a complex physiological mechanism aimed at the maintenance of the
arterial pressure homeostasis, exploiting different branches (42, 55, 57). The cardiac
chronotropic BR is the most studied arm, which provides a valuable clinical and prognostic
information in a variety of cardiovascular diseases, including myocardial infarction and
cardiac failure (40). The quantification of one of the BR arms does not necessarily reflect
functionality of another because each BR arm represents different and (at least partially)
independent aspect of the overall baroreflex control (12, 42). The simultaneous evaluation of
more than one component could give a more complex picture about the baroreflex regulation,
because different baroreflex components may be affected specifically and differently during

various pathological states (12).

Sudy limitations

Impedance cardiography represents a non-invasive, easy-to-use method enabling to
measure CO changes on a beat-to-beat basis (61). In our study the impedance cardiograph
(ICG) was able to estimate the CO on the beat-to-beat basis only in 35 —40 percent of

recordings. This was probably caused due to the errors in a detection of the characteristic
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points or presence of artifacts (47). This limitation could be probably eliminated by proposing

new filtration / detection algorithms, which could improve the detection performance.

A methodological limitation to the causal analysis performed in this study lies in the
nature of the PVR measure, which — due to the impossibility to be recorded directly — has
been derived indirectly from MBP and CO recordings. This indirect derivation of PVR is such
that it is not measured independently of SBP, because SBP is partly related to MBP which is
one of the determinants of PVR. While this needs to be acknowledged as a potential source of
bias in the assessment of causality along the direction SBP—PVR, the issue is alleviated by
the fact that the dependence between SBP and PVR is instantaneous (i.e., it occurs with lag
zero), while the linear parametric model used to compute frequency domain causality is

dynamic (i.e., it quantifies causality according to a time-lagged concept).

In several subjects, the algorithm calculated zero spectral gain or spectral causality
values. This occurred for the spectral gain measures in 26, 3, 15, and 15 percents of subjects
in the SBP—RR direction (the cardiac chronotropic arm) and 8, 0, 6, and 6 percents of
subjects in the SBP—PVR direction (the vascular resistance arm) during supine rest, HUT,
supine recovery and MA respectively. The percentage of subjects with zero spectral causality
was 23, 3, 15, and 15 percents in the SBP—RR direction (the cardiac chronotropic arm) and
3,0,0, and 8 percents in the SBP—PVR direction (the vascular resistance arm) during supine
rest, HUT, supine recovery and MA respectively. Zero spectral causality was measured in the
cases where LF band spectral component of the target signals were of very low magnitude. To
increase the sensitivity of the method to detect non-zero gain, higher model order can be

employed — in any case, the gain would be very low for these subjects/phases.

Although the physiological control systems are inherently nonlinear (44, 45), our data
analysis technique assumes that in a small range of analyzed beat-to-beat fluctuations the

system nonlinearity does not play a significant role and a linear model is sufficient to reliably
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describe the observed changes (46). In previous studies, only weak nonlinearity in the
baroreflex interactions assessed from spontaneous cardiovascular parameters oscillations was
demonstrated in dogs and humans (46, 56). More specifically, a dominant linear behavior in
vascular arm of baroreflex (analyzed as a connection between systolic arterial pressure and
sympathetic nerve activity) was found in rats (44) although several nonlinear characteristics
enabled to distinguish between normo- and hypertensive rats (45). Therefore in our study

linear model was employed due to its relative simplicity and results interpretability.

Conclusion

Considering important physiological and methodological features of baroreflex
function like PVR as a target, slower time scale and causality, we have introduced a
methodology for vascular baroreflex function quantification. While baroreflex involvement in
both arms become more dominant during orthostatic challenge but not during mental
arithmetics, gain of baroreflex interactions is relatively stable across conditions. The gender
differences could indicate the dominance of vascular over cardiac chronotropic baroreflex

control at rest in women requiring further study.
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APPENDI X — Computation of Spectral Coupling and Spectral Gain

The evaluation of spectral causality and gain is performed in this study by modelling the
input time series y; (SBP) and the output time series y» (RR interval or PVR) by means of a

linear bivariate autoregressive model:
Y(n) =Xh_A(k)Y(n— k) + W(n), (A1)

where Y(n)=[yi(n) y>(n)] and W(n)=[w;(n) w,x(n)]" are vectors containing the two time series
and two noise time series (prediction errors), A(K) are 2x2 coefficient matrices containing the
regression coefficients, and p is the model order (number of lags considered in the

regression).

The model in eq. (Al) is identified using a least squares method, and then the estimated
model coefficients are transformed in the frequency domain (14) to derive the transfer matrix

H(f) and the spectral matrix S(f):

Hii(f)  Hi2(f) 5u(f)  Si2(f)

tanhy (Al SO =[5 s (A2)

HOD = |

which are related to each other as described in (14). The spectral matrix contains the power
spectrum of the two time series, S;;(f) and S,,(f), as diagonal elements, and their cross-
spectra, S;,(f) and S,;(f), as off-diagonal elements. The transfer matrix quantifies in the
frequency domain the intrinsic dynamics of each time series through the diagonal elements
Hy1(f) and H,,(f), and the causal effects from one time series to the other through the off-

diagonal elements H;,(f) and H,;(f). Exploiting the relations between the transfer and
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spectral matrices (14), the power spectrum of the time series Yy, can be decomposed in two

partial spectra
S22(f) = S212(f) + S (f) = 05 |Hao (F)1? + of | Hp1 ()%, (A3)

where 7 and ¢ are the variances of the noises W; and W, (a similar relation holds intuitively
for the power of y1). The partial spectra Sy, (f) and S;1(f) describe respectively the portion

of the spectrum of Yy, which due to its intrinsic dynamics and which is causally due to the

dynamics of other the time series V;.

In turn, each partial spectrum can be decomposed in spectral components related to the
poles of the of the corresponding transfer function. Specifically, the spectral decomposition

method (6) allows to expand the intrinsic power spectrum S,,(f) and the causal power

spectrum Sy 1 (f) as the sum of g components:

S22(F) = Zh_1 S5 (), San(F) = B, S5 (). (A4)

The k-th spectral component corresponds to the k-th pole of the corresponding transfer function
represented in the complex domain and, as such, it is associated to an oscillation of the time
series with specific frequency and power content. The number q of components depends on the
model order p. Moreover, since the poles are the same for all transfer functions, the frequency
of the q oscillations into which the time series are decomposed is the same for the causal and
intrinsic components (14). This allows to locate components on the basis of their frequency
(e.g., in this study we consider those belonging to the LF band). Then, through integration over

p _

the whole frequency range we can compute the power associated to each component, 22 =

| 52(1(2) (f) df, Pz(ll_? = 52(1(1) (f) df, and finally define the spectral coupling from y; to Y, as the

ratio between the causal power and the total power associated with the component in the target

series
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SCio2(k) = BCRGE (AS)

211722

and the spectral gain from Y; to Y, as the squared root of the ratio of the causal power of the

component and the total power of the same component in the driving series

SGi,(k) = (A6)

With these definitions, the spectral coupling and gain reflect — at the frequency of any given
spectral component — the fraction of the variability of the output time series that is causally due
to the input series, and the portion of the variability of the output caused by the input relative to
the total variability of the input time series.

The spectral causality is an adimensional measure, normalized between 0 and 1 and
reflecting on the strength of the causal coupling from the input to the output time series at one
specific frequency. The spectral gain is expressed in units of measurement of the output series
divided by units of measurement of the input series (in this study, ms/mmHg for the cardiac
chronotropic BR arm, and min/L for the vascular resistance BR arm). In this study, both
measures where evaluated for the oscillatory components with frequency contained in the LF

band of the spectrum.
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Figure legends

Fig. 1 Flowchart describing the baroreflex regulation of the blood pressure (36). Red and blue
arrows illustrate the direction of changes accompanying blood pressure increase or decrease,
respectively. Our study was focused on the cardiac chronotropic (left pathway) and vascular
resistance (right pathway) arms.

Fig. 2 Example of causal spectral decomposition of the interactions from SBP to RR interval
and from SBP to PVR. (a-c) The time series of SBP (y, black), RR interval (y», blue) and
PVR (y3, red) are reported for a representative subject in the phase 1 of the protocol. (d) The
power spectrum of the driver time series, SBP, is given by S;(f) (solid line) and is
decomposed, using the spectral decomposition method (14), into contributions associated to
the oscillatory components of the time series; the second component Siz)(f) evidenced in
gray is the component in the LF band (central frequency ~0.11 Hz in this example). (e) The
power spectrum of the first target, RR, is given by $( f) (solid line) and is decomposed as the
sum of a causal spectrum ($31(f), black dashed) and a non-causal spectrum (S32(f), blue
dashed); (f,g) the causal and non-causal spectra are in turn decomposed into contributions

associated to specific oscillations, with those in the LF band given by Sgﬁ%(f) (non-causal

part, blue shade in (f)) and Sgﬂ(f) (causal part, gray shade in (g)). Finally, the spectral
coupling index from SBP to RR in the LF band is computed as the ratio between the power
szli(LF) (gray area) and the total power szli(LF) + szlg (LF) (bluetgray areas), and the

spectral gain index is computed as the squared root of the ratio between the power szli (LF)

(gray area in (g)) and the power sz)(LF) (gray area in (d)). (f-h) The same procedure applies
to the computation of the spectral coupling and gain indexes from SBP to PRV. For more
details on data analysis see Appendix.

Fig. 3 Spectral causality (causal coupling) in the low frequency band measured along the
direction of the interaction from SBP to RR (cardiac chronotropic baroreflex arm, upper
panels) and from SBP to PVR (vascular resistance baroreflex arm, lower panels) during the
four phases of the protocol (supine rest, HUT, supine recovery, MA). Distributions are plotted
as individual values paired with lines and box plots reporting minimum and maximum values
and (25,50,75)-th percentiles. * denotes statistically significant difference between two
neighboring phases of the protocol.

Fig. 4 Distribution of the gain in the low frequency band measured along the direction of the
interaction from SBP to RR (upper row) and from SBP to PVR (bottom row) during four
phases of the protocol (supine rest, HUT, supine recovery, MA). The distributions are plotted
as individual values paired with lines and box plots. * denotes statistically significant
difference between two neighboring phases of the protocol.

Fig. 5 Box plots illustrating the gain in the low frequency band measured along the direction
of the interaction from SBP to RR (upper row) and from SBP to PVR (bottom row) during the
four phases of the protocol (supine rest, HUT, supine recovery, MA) separately for women
(white boxes) and men (gray boxes). Box plots report minimum and maximum values
(whiskers) and (25,50,75)-th percentiles (box with central line). Dots correspond to individual
values. * denotes statistically significant gender differences.

25



Mean arterial BP

v
< 1>
Baroreceptors
!
v
Parasympathetic Tl CNS > Sympathetic T
nervous system |, nervous system |,
Y Y Y y
HEART HEART VEINS ARTERIOLES
Ventricular
Sinoatrial node myocardium Smooth muscles Smooth muscles
Y v Y
Venoconstriction Vasoconstriction
Contractility / /
Venodilation Vasodilation
Y
Venous wall T
compliance |,
Y
£
= Venous return =
) = =
o [
s = 3
= = =
S S =
= o z
E = »n
3 = £ -
o “ —
() 9 ]
S 3 = =
= = =) Q
P P = N
< < > «
&) o > >

A

Heart period

T
N

F

Stroke volume

1\
2

h J

Peripheral T
vascular resistance J,

A

/

Mean arterial BP




(a) 130 . . . : : (d)

— | —S,()
300 ¢ —sPn
200
100
100 E . . . ‘ ‘ ] 0 - ——
0 50 100 150 200 250 300 0 0102030405
n [beats] f[Hz]
(®)1000 . . ; : : (© (H €9)
— ¥, S| 10000 10000 Sy
NG NG
900 - . 21 S50
3 10000 e S 21
]
2 | 5000 5000
& 800 5000
700 0” - 0 < R 0,,,
0 0 100 150 200 250 300 0 0.1 0203 0405 0 0102030405 0 0102030405
n [beats] f[Hz] f[Hz] f[Hz]
(©) . . . (h)s )
- ——y,0) —3S,(N —S;3,5() —S;,(N
L J : 2
-4 A Sy 3 ——s{0 ——s2()
£ - S i
12 A
7 ?
g
10t , , , ‘ ‘ 1 0 )\
0 50 100 150 200 250 300 0 0.10203 0405 0 0102030405

n [beats] f f[Hz] f[Hz]



SBP—RR

1
<
—

1
pii
o

3urpdnos jenosadg

A

Supine recovery

HUT

t

Ine res

Sup

SBP—PVR

4 <

N TN
\

Mo P2

VXA A

«,_..A, [AN

\ ,
P AT

. -
Fmeee el

1.0

0.51

0.0

1.0+

0.51

3urdnoo endadg

<
o

A

Supine recovery

HUT

Supine rest



SBP—RR

307 30-
g =
?DE 20- 204
EE |
FEw Lo -
S oo —
0 --_____%E;;:I O
Supine rest HUT Supine recovery MA
SBP—PVR
o 0.6 06-
= -
: |
S == 0.4
—
£ 2
Q
a. SD 0.2-
T
£
é 0.0

Supine rest Supine recovery MA



Spectral gain

Spectral gain

[mmHg.min.L" 1/mmHg]

[ms/mmHg]

301

[\
e
1

—
(=
1

5

SBP - RR

W
T

[ms/mmHg]
s 3

Spectral gain

e
N

o
=~

o
S}

e
o

Supine rest

e
|

SBP - PVR

"an 0.6

e
~
1

Spectral gain
o
[\
1

[mmHg.min.L" !/mmH

I

Supine rest

g

151 e

Supine recovery

e
o

0 Women

] Men

Supine recovery



Table 1. Basic cardiovascular and respiratory parameters averaged among all subjects for four phases
of the protocol.

Supine rest HUT Supine recovery MA
RR (ms) 906.07 (91.5) 726.41 (82.1) 947.68 (95.7) 804.50 (87.3)
SBP (mmHg) 124.05 (8.7) 118.14 (9.4) 126.19 (10.7) 136.72 (12.3)
MBP (mmHg) 91.77 (5.6) 90.05 (6.4) 92.87 (6.7) 102.13 (8.0)
DBP (mmHg) 72.18 (5.6) 72.90 (6.4) 72.93 (6.5) 80.20 (7.2)
CO (L.min™) 6.61 (1.1) 5.94 (0.9) 6.65 (1.2) 7.18 (1.4)
PVR (mmHg.min.L™) 14.28 (2.5) 15.55 (2.5) 14.40 (2.5) 14.74 (2.7)
Breathing frequency (Hz) 0.34 (0.1) 0.32 (0.1) 0.33 (0.1) 0.36 (0.1)

Values are expressed as mean (SD). RR — RR interval, SBP, MBP and DBP - systolic, mean and
diastolic blood pressure, respectively, CO — cardiac output, PVR — peripheral vascular resistance.
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