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variability. It was initially reported (Pitzalis et al., 1999) that a 
respiratory related HF component of SAP variability could be observed 
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variability signal is analyzed with spectral techniques, a white noise 
pattern without any identifiable discrete components along the 
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short-term arterial pressure variability before and immediately after 
restoration of sinus rhythm in patients with persistent AF (Mainardi 
et al., 2009). The main findings of the study were the observation of LF 
component of arterial pressure variability during AF, the 
independence of this component from the presence of a 
correspondent component in RR variability, and a marked reduction 
of the power of LF component of arterial pressure variability after 
recovery of sinus rhythm.

We have recently observed in a small group of patients with AF 
that the LF and HF components of blood pressure spectrum may be 
influenced by a sympathetic stimulus, such as the one induced by a 
tilt-up stress test (Corino et al., 2013).

The aim of the present study was to assess whether the effects on 
blood pressure variability of sympathetic activation induced by tilt 
could also be detected in patients with AF: i.e., in a physiological model in 
which the coupling between cardiac cycle duration and pulse pressure is 
regulated independently of functioning baroreflex control mecha-
nisms for the lack of an effective autonomic control of sinus node 
function.
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2. Materials and methods

2.1. Study patients

We analyzed cardio-respiratory signals from 30 consecutive 
patients (64 ± 12 years, 19 males) admitted to the hospital for 
programmed electrical cardioversion for persistent AF according to 
international guideline indication (i.e. an AF episode lasting longer 
than 7 days and requiring termination by electrical cardioversion) 
(Camm et al., 2010). The mean duration of arrhythmia was 6 ± 1 
months. Clinical characteristics are shown in Table 1.

The study conforms with the Declaration of Helsinki, and was ap-
proved by the Ethics Committee of San Paolo Hospital in Milan 
(Italy). All patients gave their written informed consent for the 
procedures related to the study.

2.2. Study design

Three orthogonal leads, a periodic reference arterial pressure mea-
surement, continuous beat-to-beat non-invasive recordings of arterial 
pressure and the respiratory signal were obtained with a Task Force® 
Monitor (CNSystem; GRAZ, Austria) recording system. The morning 
be-fore electrical cardioversion, surface ECG and blood pressure 
signals were acquired at rest and during a passive orthostatic 
stimulus. Head-up tilt test was performed at 75°, with 10 second time 
necessary to move from 0 to 75° or to go back. Both phases lasted 
about 15 min. The sampling frequency was 1 kHz for the ECG signal 
and 100 Hz for continuous arterial pressure recording. Raw data were 
exported as ASCII text files for off-line analysis.

2.3. Data processing

2.3.1. Series extraction

2.3.1.1. RR series extraction. An automatic QRS detection algorithm 
was used to locate R waves on the ECG, and an interactive graphic 
interface allowed the operator to visually identify and correct 
misdetected beats. RR intervals were measured as the distance 
between two consecutive R waves.

2.3.1.2. Blood pressure series extraction. During normal sinus rhythm, the 
extraction of beat-to-beat systolic pressure series is commonly performed 
by searching for a local maximum in the BP signal following
Table 1
Demographic characteristics and cardiovascular history in the study population and in 
the two subgroups (group A: patients whose systolic arterial pressure increased during 
tilt, group B: patients whose systolic arterial pressure did not increase during tilt).

Variable All patients Group A Group B

N 30 15 15
Gender (male/female) 19/11 11/4 8/7
Age (years) 66 ± 11 (38–83) 61 ± 15 67 ± 9
AF duration (months) 3 ± 4 (2–9) 3 ± 4 (2–9) 3 ± 4 (2–9)
Previous AF 16 6 10
Previous electrical
cardioversion

14 5 9

Previous myocardial
infarction

3 1 2

Ejection fraction 57 ± 8 (35–68) 55 ± 9 (35–63) 60 ± 6 (45–68)
Left atrium diameter
(mm)

46 ± 7 (33–62) 47 ± 6 (38–59) 46 ± 8 (33–62)

Diabetes 3 1 2
Hypertension 17 6 11
Beta-blockers 16 8 8
Flecainide 4 1 3
Cordarone 6 3 3
ACE-inhibitor 17 6 11
Ca-antagonist 5 4 1
each R-wave. This approach is inappropriate during AF as R waves 
may not be coupled with an adequate left ventricular output to 
generate discrete pulses in arterial pressure and the QRS's are not 
necessarily followed by an arterial pressure pulse. For measuring the 
beat-to-beat systolic values, we applied a method not relying on the 
information about QRS location (Mainardi et al., 2009). It first coarsely 
localizes arte-rial pressure systolic peaks and then refines their 
positions, thus obtaining the systolic values too (see Fig. 1).

An interactive graphic interface allowed the operator to visually 
identify and correct misdetected arterial pressure pulse events. We 
also extracted and analyzed DAP series, whose values were defined as 
the local minimum preceding detected valid systolic value.

Finally, SAP and DAP series were interpolated (using cubic 
splines) and resampled at 1 Hz to obtain series with the same length.

2.3.2. Spectral analysis
Power spectral analysis was performed on SAP and DAP series by 

means of an autoregressive model. The coefficients of the 
autoregressive model were estimated using the Levinson Durbin 
algorithm; a statistical test (Kay and Marple, 1981) was used to check 
the validity of the model and the model order was selected by use of 
the Akaike Information Criterion (Akaike, 1998), starting from a 
minimum order of 7 up to a maximum order of 20. A spectral 
decomposition algorithm (Baselli et al., 1987) was used to compute 
the spectral components and to measure the central frequency and 
the power, i.e., the area below the spectral peaks, in the low frequency 
(LF, 0.03–0.15) and high frequency (HF, 0.15–0.40 Hz) bands. An LF 
(or HF) rhythm is detected if at least one spectral component has its 
center frequency (related to AR poles position) lying in the band.

2.3.3. Cross-spectral analysis
To assess the relations between pressure signals and respiratory signals 

in the respiratory band, we performed autoregressive bivariate spectral 
analysis and we used the squared coherence function (K2) to evaluate the 
phase stability between the oscillations of the two signals (range: 0, no 
relation to 1, close relation) at any frequency.

2.3.4. Statistical analysis
The data are given as mean values ± one SD. The Wilcoxon signed 

rank test was used to evaluate the differences between parameters at 
rest and during tilt. A value of p b 0.05 was considered significant.

3. Results

A LF component of arterial pressure variability was evident in 
almost all patients. In particular, during rest the 0.1 Hz component 
was detectable in 27 out of 30 patients in SAP variability and in 23 
out of 30 patients in DAP variability. During tilt the LF component 
was detectable in 28 out of 30 patients in SAP variability and in 25 
out of 30 patients in DAP variability. A HF component of arterial 
pressure variability was present in all patients in DAP variability, and 
in all but one in SAP variability during both experimental conditions.

Squared coherence revealed a significant coupling between respira-
tory signal and SAP variability in 9 out of 30 patients (0.71 ± 0.12) dur-
ing rest and in 10 out of 30 (0.69 ± 0.16) during tilt.

Fig. 2 shows an example of RR, SAP and respiratory signal. The 
spectrum of RR series presents several peaks which cannot be 
associated with discrete LF and HF bands. On the other hand, LF and 
HF components can be easily detected in SAP spectrum, while only HF 
was visible in the respiratory signal spectrum. Fig. 2(c) and (f) shows 
the squared coherence function between the respiratory signal and 
RR and SAP series, respectively. It can be noted that no coherence can 
be found between respiratory signal and RR series, whereas a 
significant coherence (i.e., K2 N 0.5) is present between respiratory 
signal and SAP series.

We observed two different patterns of SAP response to orthostatic 

stimulus. In 15 patients (group A) there was an increase in systolic
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Fig. 1. Preprocessing of blood pressure series. (a) ECG signal and (b) blood pressure signal of a patient during AF. The circles in (a) correspond to the detected QRS, being the filled circles
not normal beatswhich are not followed by a pressure pulse. (c) The systolic arterial pressure series obtainedwithout preprocessing: two filled circles identify drops in systolic values due
to an insufficient pressure pulse. (d) Circles represent the final systolic arterial pressure values and the dashed line is the series after re-sampling it at 1 Hz.
pressure of at least 5 mm Hg during tilt. In these patients systolic 
pres-sure increased on average 15 ± 7 mm Hg (range 5–33 mm Hg); 
see Table 2. In the remaining 15 patients (group B), the average value 
of SAP remained almost unchanged or it even decreased (108 ± 16 vs. 
104 ± 17 mm Hg, p = 0.05). We therefore, analyzed the two groups A 
and B, separately. A summary of the parameters obtained on both 
groups is reported in Table 2. In group A we observed a significant in-
crease in LF power in SAP and DAP variability during tilt, and in HF 
power in SAP, with no difference in central frequency of both spectral 
components.

On the contrary, no significant differences were found in group B, 
with the exception of a significant increase in the HF power in DAP 
variability.

4. Discussion

Head-up tilt is one of the most employed experimental stimuli for 
the assessment of the homeostatic response to a cardiovascular 
stressor challenge (Cooke et al., 1999; Furlan et al., 2000; Montano et 
al., 1994; Pagani et al., 1986). The caudal shift of blood, and the 
consequent reduc-tion of venous return, triggers a compensatory 
baroreflex-mediated increase of heart rate and peripheral vascular 
resistance aiming at maintaining arterial pressure into a physiological 
range (Robertson et al., 2012). Systolic and diastolic pressures have 

been shown to increase
during head-up tilt in normal subjects (Cooke et al., 1999; Porta et 
al., 2012).

The first novel finding of our study is that not all patients with AF 
experienced an increase of systolic pressure during tilt: 15 out of 30 
patients had blood pressure values that remained almost unchanged 
or it even slightly decreased. When considering the study population 
in relation to the presence or absence of a pressor response to tilt no 
substantial clinical difference could be found between the two groups 
(group A: patients whose systolic arterial pressure increased during 
tilt, group B: patients whose systolic arterial pressure did not 
increase during tilt). Nevertheless, some tendencies were observed: 
patients of group A were on average younger (61 ± 15 vs. 67 ± 9 
years, ns; group A vs. group B) than those of group B, their ejection 
fraction smaller (55 ± 9 vs. 60 ± 6%, ns; group A vs. group B) and a 
shorter mean RR at rest and tilt (rest: 747 ± 155 vs. 769 ± 185 ms, 
ns; tilt 690 ± 141 vs. 710 ± 167 ms, ns; group A vs. group B). No 
differences were instead present in relation to use of drugs known to 
affect cardiovascular response to tilt such as beta-blockers or 
amiodarone.

When assessing autonomic response of heart rate and blood pres-
sure to head-up tilt test, frequency domain analysis is the most com-
monly used technique (Arai et al., 1999; Montano et al., 1994; Mukai 
and Hayano, 1985; Pagani et al., 1986; Pancera et al., 1999; Piccirillo et 
al., 1995). This approach, however, is almost precluded in AF patients for 

the irregularity of the RR interval time series. In fact, during AF when



Fig. 2. Frequency analysis of cardiovascular series. The left column shows the time series of (a) RR intervals, (d) systolic arterial pressure (SAP) and (g) respiratory signal. The central col-
umn shows the corresponding power spectra (b, e, h) and the right column the squared coherence function between the respiratory signal and (c) RR series and (f) SAP. The respiratory
signal visibly modulates the systolic arterial pressure, as can be noted from the high peak of coherence corresponding to the peak of the respiratory signal.
the variability of RR series is analyzed with spectral techniques, a white
noise pattern without any identifiable discrete components along the
frequency axis becomes evident. When considering instead arterial
Table 2
Time domain pressure and RR series variables during rest and tilt in the two
subpopulations.

Rest Tilt

Group A
SAP Mean (mm Hg) 98 ± 16 114 ± 18 (15)⁎

FreqLF (Hz) 0.07 ± 0.03 0.08 ± 0.04 (12)
PowLF (mm Hg2) 2.24 ± 2.75 6.60 ± 5.11⁎ (12)
FreqHF (Hz) 0.30 ± 0.05 0.29 ± 0.07 (15)
PowHF (mm Hg2) 1.80 ± 1.85 3.80 ± 3.72⁎ (15)

DAP Mean (mm Hg) 70 ± 14 87 ± 13⁎ (15)
FreqLF (Hz) 0.07 ± 0.03 0.08 ± 0.03 (11)
PowLF (mm Hg2) 3.54 ± 1.95 4.38 ± 3.21⁎ (11)
FreqHF (Hz) 0.27 ± 0.05 0.28 ± 0.07 (15)
PowHF (mm Hg2) 1.82 ± 0.68 2.15 ± 1.25 (15)

Group B
SAP Mean (mm Hg) 108 ± 16 104 ± 17 (15)⁎

FreqLF (Hz) 0.08 ± 0.04 0.09 ± 0.04 (15)
PowLF (mm Hg2) 4.60 ± 3.39 6.83 ± 6.17 (15)
FreqHF (Hz) 0.28 ± 0.05 0.30 ± 0.04 (14)
PowHF (mm Hg2) 2.07 ± 1.30 2.42 ± 1.62 (14)

DAP Mean (mm Hg) 78 ± 18 79 ± 15 (15)
FreqLF (Hz) 0.07 ± 0.02 0.07 ± 0.03 (12)
PowLF (mm Hg2) 4.26 ± 1.80 4.61 ± 2.16 (12)
FreqHF (Hz) 0.30 ± 0.06 0.29 ± 0.08 (15)
PowHF (mm Hg2) 1.92 ± 0.88 2.63 ± 1.60⁎ (15)

Data are expressed as mean ± one SD (number averaged subjects); SAP = systolic arte-
rial pressure, DAP = diastolic arterial pressure, group A: patients whose systolic arterial
pressure increased during tilt, groupB: patientswhose systolic arterial pressure did not in-
crease during tilt.
⁎ p b 0.05.
pressure variability, we have recently shown (Corino et al., 2010; 
Mainardi et al., 2009) the presence of a LF component of systolic blood 
pressure variability in patients with AF, thus proving that the 0.1 Hz 
oscillatory component of systolic blood pressure variability might be 
present in the absence of a correspondent fluctuation in the RR interval 
time series. This finding reflected, in our opinion, the capability of 
autonomic nervous system in generating LF oscillations in blood pres-
sure even in the presence of an irregular ventricular electrical and 
mechanical activity. In the present study, all patients but four had a LF 
component in SAP series; the four patients not showing a LF compo-
nent had a lower mean RR interval compared to the others and we 
can-not rule out that this might have affected stroke volume and 
pulse pressure thus making the physiological oscillations in SAP 
variability less detectable.

The second finding of this study is that the LF component of blood 
pressure variability in patients with AF increases its amplitude in re-
sponse to the sympathetic stimulation induced by tilt (Langhorst et 
al., 1983). This increase was present especially in those patients 
whose vascular regulatory mechanisms appear efficient (group A, i.e., 
patients that experienced an increase of systolic pressure during tilt). 
This finding, reported for the first time, is, in our opinion, consistent 
with the hypothesis that 0.1 Hz oscillations of arterial pressure 
variability may be directly modulated by sympathetic activity 
controlling vascular resistance and further support the concept of a 
central neural origin of these oscillations traditionally defined as 
Mayer waves (Langhorst et al., 1983). In fact in patients with AF, the 
hypothesis suggesting that LF may be generated by a resonance 
phenomenon of the sympathetic control loop of the baroreflex 
(Akselrod et al., 1985; de Boer et al., 1985) appears unlikely. On the 
other hand, being that 0.1 Hz rhythmicity well detectable in the 
neural network of reticular formation (Langhorst et al., 1983) it is 
possible that when its activity is synchronized with that of vascular 

smooth muscle, arterial pressure waves
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may present oscillation that can be detected in the 0.1 Hz frequency 
range. This effect has been described in the past as a resonance 
phenomenon, mediated by sympathetic discharge and, in the present 
experiments, amplified during sympathetic activation induced by tilt.

When comparing the extent of these oscillations in comparison to 
that observed in subjects in sinus rhythm, we found in AF patients, a LF 
component power slightly smaller than that of subjects in sinus rhythm 
(Laitinen et al., 2004) either at rest or in response to tilt (4.00 ± 3.14 to 
6.79 ± 5.70 mm Hg2 during rest and tilt respectively). It is well known 
that the power of LF component of arterial pressure var-iability and its 
response to tilt is affected by aging (Chern et al., 1999; Laitinen et al., 
2004; Piccirillo et al., 2004). We cannot rule out, however, that in AF 
patients, the absence of physiological and effective baroreflex 
mechanisms might have contributed to determine a smaller amplitude 
of LF oscillations of arterial pressure variability at rest and during tilt.

As to the presence of HF in SAP and DAP variability, it has to be 
recalled that our findings are in agreement with previous observations 
of Pitzalis et al. (1999), who described a respiration related HF 
component in SAP variability during AF. These authors also evaluated 
whether synchronous variations in SAP and respiration could depend 
on a simultaneous change in heart rate. During AF and under 
controlled breathing, they found a modest degree of coherence 
between respiration and heart rate whereas the coherence between 
respiration and arterial pressure was elevated. Our results obtained 
during free breathing in both rest and tilt phases showed a HF 
component in both variability signals with a significant degree of 
coherence during AF.

In conclusion, these results suggest that also in the absence of a 
functional sympathetic control loop of the baroreflex, the oscillatory 
components of sympathetic discharge in the brain are instrumental 
for determining the 0.1 Hz oscillations of systolic and diastolic arterial 
pressure and may contribute to a better description of the 
mechanisms responsible of its variability during AF.
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