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Abstract

We tested the hypothesis that altered sympathetic baroreceptor control to the vessels (svBRS) and
disrupted coupling between blood pressure (BP) fluctuations and muscle sympathetic activity
(MSNA) discharge pattern in the low frequency band (LF, around 0.1Hz) precede vasovagal
syncope. Seven healthy males underwent ECG, BP, respiratory, and MSNA recordings at baseline
(REST) and during a 15-minute 80° head-up tilt followed by a —=10 mmHg step wise increase of
lower body negative pressure up to presyncope. Spectral and coherence analyses of systolic
arterial pressure (SAP) and MSNA variability provided the indexes of vascular sympathetic
modulation, LFsap, and of the linear coupling between MSNA and SAP in the low frequency
band (around 0.1 Hz), K2pmsna-sap(LF). SVBRS was assessed as the slope of the regression line
between MSNA and diastolic arterial pressure (DAP). Data were analyzed at REST, during
asymptomatic and presyncope periods of tilt. svBRS declined during presyncope period compared
to REST and asymptomatic tilt. The presyncope period was characterized by a decrease of RR
interval, LFpsya, LFsap, and K2msna-sap(LF) values compared to the asymptomatic one,
whereas MSNA burst rate was unchanged. The reduction of svBRS producing an altered coupling
between MSNA and SAP variability at 0.1 Hz, may provoke circulatory changes leading to
presyncope.
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1. Introduction

In healthy humans, standing is associated with pooling of about 500-800 ml blood in venous
capacitance vessels below the heart leading to a drop of central venous pressure, a reduction
of cardiac output, and a potential decrease of blood pressure (BP) (Mosqueda-Garcia et al
1997, Diedrich and Biaggioni 2004). This response reduces afferent baroreceptor traffic to
the brain stem (Mosqueda-Garcia et al 1997) by unloading cardiopulmonary and arterial
baroreceptors, eventually resulting in reflex sympathetic activation. During 75° head-up tilt,
a mild diastolic arterial pressure increase, a marked enhancement of heart rate (HR), plasma
norepinephrine, and neural sympathetic traffic to the vessels (muscle sympathetic nerve
activity, MSNA) have been observed in healthy volunteers (Furlan et al 2000). In healthy
subjects, upright HR, BP, and MSNA spontaneous fluctuations are characterized by a period
of 10 seconds (0.1 Hz) and a strict coupling among these variables fluctuations at 0.1 Hz as
assessed by the coherence function (Furlan et al 2000). When blood pressure declines,
MSNA and HR increase and when blood pressure increases, MSNA and HR diminish.
Orthostatic tolerance in healthy volunteers requires intact baroreceptor regulation to tune
cardiovascular variables and the sympathetic vasomotor tone (Furlan et al 2000). By
contrast, impaired baroreflex regulation in patients with afferent baroreflex failure
(Robertson et al 1993), profoundly disrupts rhythmic spontaneous HR, BP, and MSNA
oscillations and in their coupling promoting orthostatic intolerance and syncope (Heusser et
al 2005, Furlan et al 2001). In addition, subjects characterized by a low baroreflex
sensitivity (BRS) are more likely to experience syncope (Mosqueda-Garcia et al 1997). Of
interest, in some patients affected by baroreflex failure, orthostatic hypertension has also
been observed during the earlier stage of the disease (Robertson 2011, Heusser et al 2005).

Avrterial baroreflex control of heart rate (BRS) can be evaluated by assessing heart rate
changes in response to modifications in systolic arterial pressure (Bertinieri et al 1988,
Blaber et al 1995, Porta et al 2000). In addition, baroreflex MSNA control can be assessed
by relating MSNA changes to preceding variations in diastolic arterial pressure (Sundlof and
Wallin 1978, Kienbaum et al 2001, Keller et al 2006, Hart et al 2010). Notably, the DAP-
MSNA relationship proved to be more effective in evaluating sympathetic baroreceptor gain
than the SAP-MSNA relationship (Sundlof and Wallin 1978).

Data about the changes in the MSNA before syncope are to some extent controversial. Some
authors (Mosqueda-Garcia et al 1997, Morillo et al 1997, Jardine et al 2002) described a
marked vascular sympathetic withdrawal up to neural silence before syncope. Others, such
as Vaddadi and colleagues (Vaddadi et al 2010) found that, in a number of cases, MSNA
does not disappear through the faint, suggesting that mechanisms other than a simple
decrease of the vascular sympathetic activity might be involved in the vasovagal syncope.

In the present study we tested the hypothesis that the period just preceding orthostatic
syncope may be characterized by an altered baroreflex control of sympathetic vasomotion
leading to a disruption of the linear coupling between BP fluctuation and MSNA discharge
pattern at 0.1 Hz.
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2. Methods

2.1. Experimental protocol

As part of the European Space Agency Medium-Term-Bedrest Study (ClinicalTrials.gov
Identifier: NCT01655979) (Buehlmeier et al 2014), seven healthy male volunteers (331
years, BMI 23.5+0.2 kg/m2) underwent ECG, beat by beat BP (Finapres Medical Systems,
Ohmeda), respiratory activity (Electrobioimpedance Amplifier, Biopac System, Inc.), and
MSNA recordings (Nerve Traffic Analyzer (model 662C-3; University of lowa
Bioengineering, lowa City, 1A) in supine position (REST) and during fifteen minutes 80°
head-up tilt. In the absence of orthostatic intolerance symptoms or signs, an additional three
minutes of —10 mmHg stepwise increase of lower body negative pressure was applied until
signs of presyncope were evoked.

Pre-syncope symptoms were pallor, lightheadedness, blurred vision, sweating, nausea. Pre-
syncope signs were increase of RR interval >80% and/or decrease of SAP >40% compared
to head-up tilt. At the onset of one of the pre-syncope symptoms and signs the test was
interrupted by the doctor in charge who was acting as a third party.

MSNA was recorded from the peroneal nerve of the right leg as detailed elsewhere
(Mosqueda-Garcia 1996). Briefly, multiunit recordings of postganglionic sympathetic
activity were obtained by placing a tungsten electrode in a fascicle of the right peroneal
nerve, posterior to the fibular head. A reference electrode was inserted subcutaneously, close
by the recording needle.

All the subjects gave their written informed consent. The protocol adhered to the principles
of the Declaration of Helsinki and was approved by the Ethical Review Board of the
European Space Agency.

2.2. Data Analysis

ECG, BP, respiratory activity, and MSNA were digitized at 500 Hz by an analog-to-digital
converter (AT-MIO 16E2; National Instruments) and recorded with BNC-2110 data
acquisition system and LabVIEW 7.0 software (National Instruments, Austin, Texas) for the
off-line analysis.

The raw nerve signal was band-pass filtered (700 — 2,000 Hz), amplified (1000 x 99.9),
rectified, and integrated (time constant of 0.1 s) by a nerve traffic analysis system (662C-3,
University of lowa). Then, sympathetic bursts were detected by a running threshold
methodology that updated the burst detection threshold on a beat-to-beat basis to follow
baseline wandering and modifications of MSNA burst amplitude (Diedrich et al 2009). The
threshold was calculated by evaluating the sympathetic burst minimum value and the
difference between the maximum and minimum value inside each cardiac cycle. The
minimum value plus a 30% of the difference between the maximum and minimum value
provided the running threshold. To account for the conduction time of about 1.3 s from
aortic and carotid baroreceptors to sympathetic changes, the MSNA burst was searched in a
temporal window ranging from 0.9 to 1.7 s and starting from the QRS complex (Wallin et al
1994, Hamner and Taylor 2001, Diedrich et al 2009). The MSNA value corresponding to
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each cardiac beat was derived as the integral of the MSNA signal inside a specific cardiac
interval divided by its duration and assessed on a beat-to-beat basis, thus obtaining the
MSNA series (Pagani et al 1997, Furlan et al 2000). Systolic arterial pressure (SAP) was
computed as the maximum of the BP in a given heart period approximated as the temporal
distance between two successive R-wave peaks detected in the ECG. Diastolic arterial
pressure (DAP) was computed as the minimum of the arterial pressure following SAP. The
temporal occurrences of the MSNA burst and DAP were also stored.

In the present study tonic MSNA refers to the post-ganglionic sympathetic activity as

assessed in bursts/minute or bursts/100 beats by a time domain analysis. Phasic MSNA
refers to the pattern of the post-ganglionic sympathetic discharge activity assessed by a
frequency domain analysis, i.e. power spectrum analysis of burst discharge variability.

Autoregressive spectrum analysis of SAP and MSNA variability, provided the power of the
low frequency fluctuations (0.1 Hz) of SAP (LFsap) (Diedrich et al 2003, Barbic et al 2007)
and MSNA discharge variability (LFpsna) (Pagani et al 1997, Furlan et al 2000). The
coefficients of the autoregressive model and the variance of the white noise were estimated
via Levinson-Durbin recursion (Kay and Marple 1981). The number of coefficients p was
chosen according to the Akaike’s figure of merit in the range from 8 to 14. The squared
coherence function (K2) quantified the amount of linear coupling between oscillatory
components centered at the same frequency in different signal variabilities. In particular,
cross-spectral analysis allowed the calculation of K2ysna-sap, computed as the ratio of the
MSNA-SAP square cross-spectrum modulus divided to the product of the power spectra of
MSNA and SAP series (Furlan et al 2000). K2ysna-sap Was sampled in correspondence of
the central frequency of the SAP components detected in the LF band, K2\sna-sap(LF)
(Porta et al 2000, Furlan et al 2000). Cross-spectrum and power spectra involved in the
calculation of K2 sna-sap Were estimated via bivariate autoregressive approach. The
coefficient of the bivariate autoregressive model were identified via traditional least squares
method and the model order was fixed to 10 (Porta et al 2009)

Analyses were performed during baseline in supine position (REST) and during two
different periods of orthostatic stimulus: the asymptomatic tilt (T1) and the period of tilt just
preceding the tilt interruption, (T2) because of the onset of pre-syncope (see experimental
protocol). The time series length of REST, asymptomatic tilt and tilt pre-syncope comprised
300 consecutive beats. The stationarity of the selected sequence was tested according to
Magagnin et al (Magagnin et al 2011) over the original series after linear detrending. If the
test for the steadiness of mean and variance was not fulfilled, a new selection was carried
out again until the fulfillment of the prerequisites for restricted weak stationarity (Magagnin
et al 2011). Testing the stationarity of the mean is necessary even after linear detrending.
Indeed, the cardiovascular variability trends are more complex and are not fully addressed
by a simple linear approach.

2.3. Assessment of baroreflex control of sympathetic vasomotion (svBRS)

The method for the assessment of svBRS examines how DAP value relates to the occurrence
of a MSNA burst accounting for the baroreflex latency (Hart et al 2010). DAP values were
grouped into bins of 1 mmHg and the percentage of times we detected a MSNA burst
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associated to the considered values of DAP were counted. Linear regression analysis was
performed in the plane reporting MSNA burst incidence values on the y-axis and DAP
values on the x-axis (Figure 1). The slope of the regression line was taken as an estimate of
sVBRS gain provided that the correlation coefficient (rg,grs) was significant with p<0.05.
Being the slope a negative value, the higher the svBRS gain the more negative is the slope.
On the contrary when the slope tends to 0, also the svBRS gain decrease. Therefore, a
flattening of the DAP-MSNA relationship implies loss of sympathetic vasomotor coupling.

2.4. Statistical Analysis

3. Results

Continuous variables are expressed as mean standard deviation. The normality of data was
tested via Kolmogorov-Smirnov test. One-way ANOVA for repeated measures followed by
Holm-Sidak’s post hoc test were used. The level of significance was set at 5%. SigmaPlot
11 (Systat Software Inc., Chicago, IL, USA) was used for statistical analysis. Sample size
was calculated with PS Power and Sample Size Calculator Software for Windows (http://
biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize).

In all seven volunteers the tilt maneuver required an additional three minute lasting period of
-10 mmHg stepwise increase of lower body negative pressure to evoke the symptoms and
signs of presyncope. Specifically, the presyncope was induced by a =10 mmHg of LBNP in
three subjects, —30 mmHg in other three individuals and —40 mmHg in one subject. Table 1
summarizes the mean values of the hemodynamics, cardiovascular autonomic parameters,
and svBRS index assessed during REST, T1, and T2 periods. During T1 (asymptomatic tilt)
we observed a significant decrease of RR interval and an increase in MSNA burst rate
compared to REST, as expected. SAP values were unchanged in the presence of a marked
increase of LFgap as previously observed (Peterson et al 2000, Furlan et al 2000).
Compared to T1, the presyncope period (T2) was characterized by an additional significant
decrease of RR intervals and by a further increase of MSNA. LFpsna, LFsap and

K2 msna-sap (LF) significantly decreased during T2 compared to T1.

At REST and during T1 significant negative relationships between MSNA and DAP values
were present, as indicated by svBRS index values. Conversely, T2 was characterized by a
loss of coherence between MSNA and DAP and by a much less negative slope of the
regression line (svBRS), thus indicating a reduced baroreflex control of MSNA during pre-
syncope. Figure 1 shows the changes in svBRS during REST, asymptomatic tilt (T1), and
presyncope tilt (T2) in a representative example. Note that the DAP-MSNA relationship was
lost during T2 (Fig. 1,c), that is just before syncope. The mean svBRS and correlation
coefficient reported in Tab.1 were computed over the entire group of subjects independently
of the significance of the individual linear regression.

4. Discussion

The results of the present study indicate that the presyncope phase of tilt (T2) was
characterized by a high sympathetic activity to the heart compared to the asymptomatic
phase of tilt (T1), as suggested by the significant reduction of heart period in T2 compared
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to T1. In addition, during T2 the MSNA burst frequency values remained unchanged or even
slightly increased compared to asymptomatic phase of tilt. This finding is in keeping with
previous observations by VVaddadi et al (Vaddadi et al 2010) indicating a persistent MSNA
during vasovagal syncope, but diverges from results of Mosqueda-Garcia et al. (Mosqueda-
Garcia et al 1997) and Morillo et al (Morillo et al 1997) who observed a sympathetic neural
silence just before syncope. It has to be pointed out however, that in these latter studies
subjects underwent a complete loss of consciousness and MSNA recordings were continued
up to recovery whereas in our study the tilt and lower body negative pressure maneuvers
were stopped as soon as pre-syncope symptoms and physical signs began, thus, none of the
volunteers lost consciousness. Differences in syncope timing might explain, at least
partially, differences between studies.

The tilt test maneuver followed by a progressively increasing LBNP till pre-syncope was
first developed by el-Bedawi and Hainsworth for addressing orthostatic tolerance in healthy
volunteers (el-Bedawi and Hainsworth 1994).

Remarkably, we observed profoundly increased tonic MSNA activity during T2 with a
concomitant progressive trend towards decreased SAP compared to T1.

The analysis of the spontaneous LF fluctuations of SAP and MSNA during T2 indicates a
decline of the power of such oscillations compared to asymptomatic tilt. In particular, as to
MSNA variability, this observation reflects the loss of 0.1 Hz rhythmicity in sympathetic
discharge activity, which, however, was still present in presyncope phase of tilt. We
observed a shift from prevailing 0.1 Hz fluctuations (LF) toward ~0.2 Hz, respiratory
mediated, oscillations in MSNA discharge activity. The observation was linked to a marked
reduction in the linear relationship between SAP and MSNA oscillations in the LF band as
suggested by a decrease of K2ysna-sap(LF) during T2.

It is important to point out that modifications in the respiratory frequency before syncope
might have affected the venous return thus making our observations a function of the
respiratory activity rather than of the circulatory brain stem network. However, this was not
the case. Indeed, respiratory frequency was unchanged in all the three experimental
conditions, in keeping with previous observations by Furlan and colleagues (Furlan et al
1998) who used a similar protocol.

In keeping with these observations, a similar decrease of the LFysna before syncope was
previously described by Kamiya et al (Kamiya et al 2005). In this context a progressive
decrease of blood pressure was also evident, suggesting the likely inability of the
vasculature smooth muscles to adequately respond to sympathetic vasoconstrictor stimuli. It
is important to highlight that the coupling strength was not influenced by the reduced values
of SAP during presyncope, because the coherence is a normalized function, ranging from 0
to 1.

That a specific neural modulatory activity at 0.1 Hz is required to induce an optimal
vasomotor response, i.e. an appropriate vasoconstriction, has been suggested by human
studies using electrical stimulation of sympathetic fibers (Stauss et al 1998) and by previous
investigations using an orthostatic stimulus (Furlan et al 2000). Study in healthy subjects
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with infrequent bursts showed that the lowest systolic pressure value occurred about 4.3 sec
before the onset of the sympathetic burst and that the following systolic pressure values
peaked about 5sec after the occurrence of the sympathetic bursts. This suggests that a
rhythmic neural firing characterized by a period of about 9-10 sec defines a preferred
physiological frequency of the sympathetic baroreceptor control of the vessels (Diedrich et
al 2013). Cardiopulmonary and arterial baroreceptor mechanisms appear to play a major role
in maintaining such a common 0.1 Hz oscillatory pattern in heart rate, blood pressure and
post-ganglionic sympathetic discharge activity variability (Furlan et al 2000). Indeed, in
patients with Parkinson’s disease and orthostatic hypotension a remarkable reduction was
observed in the LFgap both at rest and during tilt compared to healthy controls (Barbic et al
2007). A decrease in the LF component of RR variability was observed before syncope by
using a time variant spectrum analysis approach (Furlan et al 2001). Finally, a significant
orthostatic intolerance and hypotension, in spite of high level of plasma catecholamines and
MSNA during tilt, were observed in patients with cardiac baroreflex failure following neck
radiotherapy because of a rhinopharyngeal cancer (Furlan et al 2001).

In the present study we quantified the baroreflex control of the sympathetic nerve activity to
the vessels. The results showed an important decrease in the svBRS as well as an absence of
correlation between DAP and MSNA during T2, that is the presyncope phase of tilt. The
finding suggests that svBRS impairment may play a role in the pathogenesis of neural-
mediated syncope, in keeping with previous observations using different approaches based
on pheniylephrine and nitroprusside ev administration to elicit blood pressure changes
(Mosqueda-Garcia et al 1997, Morillo et al 1997).

5. Conclusion

In conclusion, the onset of vasovagal syncope seems to be preceded by a decrease of the
svBRS and reduced coupling between spontaneous blood pressure variability and the
sympathetic discharge activity pattern to the vessels at 0.1 Hz. These observations may add
a valuable insight into the complex autonomic changes underlying vasovagal syncope.
Future studies including a higher number of subjects are needed to confirm our novel
observations.
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Figure 1.

Sympathetic baroreflex sensitivity assessment in a typical volunteer during REST (a),

asymptomatic tilt T1 (b) and presyncope period T2 (c). a: slope of linear regression
(svBRS); DAP: diastolic arterial pressure.
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Table 1

Hemodynamics, autonomic parameters and sympathetic baroreceptor index assessed during rest (REST),
asymptomatic tilt (T1) and the period of tilt just preceding syncope (T2). Values are expressed as mean +
standard deviation.

REST T1 T2
RR [ms] 871+106  gog+89° 450+ 998
SAP [mmHg] 126 £10 131+13 112+ 15
RESP [cycles/min] 17+2 16+1 18+1
MSNA [burst/min] 17+4 29 + 4 34+98
MSNA [bursts/100 beats] 24 +£2 31+2 25+2
LFusna [n.U] 357476  451+112 9154 1g9#
LFsap [mmHg?] 51+25  388+210" 140+7.7%8
K2usna-sap(LF) 078+£020 091005 0.75 + 0.16%
svBRS [%*mmHg1] -6.1+£35 -44+12 —0.4 +0.9%8
RS -0.83+0.17 -0.82+0.17 _(134031#8

*

p <0.05 REST vs T1
#

p<0.05T1vsT2

§p <0.05 REST vs T2. RR: RR interval; SAP: systolic arterial pressure; MSNA: muscle sympathetic nerve activity; LF: low frequency; K2:
squared coherence function; svBRS: sympathetic baroreflex sensitivity; rsyBRS: correlation coefficient.
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