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Abstract
Congestive heart failure (CHF) is associated with neurohumoral activation. Only very few studies
have examined the progression of autonomic dysfunction in CHF in humans and scanty data are
available in animal models of CHF. This study was performed to assess the changes in cardiac
autonomic modulation during the progression of CHF in a rat model, using an innovative analysis
of heart rate variability. Progression of cardiovascular autonomic dysfunction was assessed in a rat
model of CHF induced by coronary artery ligation. Spectral and symbolic analyses were performed
on heart period (approximated with pulse interval, PI) and systolic arterial pressure (SAP) signals,
acquired ~2 and ~4 weeks after the surgical procedure. As CHF developed, symbolic analysis
revealed a decrease of rhythmical physiological sympathetic modulation, as indicated by the
reduction of the percentage of stable patterns. In addition, symbolic analysis revealed that runs of
short-long-short and/or long-short-long PI values and high-low-high and/or low-high-low SAP
values were more and more frequent as CHF progressed. On the contrary, spectral analysis of PI and
SAP series was not able to detect any impairment of autonomic regulation. Indeed, low frequency
and high frequency powers derived from both PI and SAP series were not significantly changed.
These data indicate that the autonomic cardiovascular modulation is altered during the progression
of CHF and that symbolic analysis seems to be more suitable than spectral analysis to describe
alterations of heart period dynamics and of cardiovascular regulation in this animal model of CHF.
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1. Introduction
Congestive heart failure (CHF) is a pathological condition characterized by altered
neurohumoral regulation. The renin-angiotensin-aldosterone system (Dzau et al., 1981;
Francis, 1998; Kjaer and Hesse, 2001; Middlekauff and Mark, 1998), the immune system
(Deswal et al., 2001; Gullestad and Aukrust, 2001; Petersen and Felker, 2006), and the
sympathetic nervous system (Cohn and Yellin, 1984; Leimbach et al., 1986; Malliani and
Montano, 2002; Malliani and Pagani, 1983; Watson et al., 2006; Zucker, 2006) are all activated.
Sympathetic activation in animals with CHF has been demonstrated by several different
methods, including measurements of plasma catecholamines (Anker, 1998; Francis, 1988),
noradrenaline spillover (Esler and Kaye, 2000; Hasking et al., 1986) and direct recordings of
renal and muscle sympathetic activity (Ferguson et al., 1992; Grassi et al., 1995). However,
the imbalance of autonomic regulation favoring sympathetic activation may be not limited to
an increased firing rate. For example, in humans changes in the rhythmical properties of
autonomic outflow, reflected in modifications of the oscillatory components of heart rate
variability (HRV), have been described (van de Borne et al., 1997; Guzzetti et al., 1995;
Guzzetti et al., 2001). In patients with CHF there was an increase of the amplitude of low
frequency (LF) oscillations in the early stages of the disease and a reduction of the LF
component at the end stage (Guzzetti et al., 1995). In severe CHF patients the absence of the
LF oscillations of HRV has been ascribed to the loss of rhythmic properties of the sympathetic
discharge (Van de Borne et al., 1997) triggered by an increase of sympathetic afferent activity
and/or an impairment of baroreflex function that might modify the sympathetic central pattern
generator. A reduction of the LF component in CHF patients is a strong predictor of mortality,
independent of the absolute level of sympathetic firing (La Rovere et al., 2003).

However, spectral analysis results in CHF condition are limited by several factors. Indeed, the
reliability of spectral estimates is quite low in conditions characterized by a very low variability,
unstable rhythms the frequency of which might escape outside the assigned frequency bands
and non linear components generating harmonics that are not independent (Malliani et al.,
1991). This is mostly the case in an animal model of CHF such as the myocardial ischemic
rats. Recently, a new non linear method for the investigation of HRV based on symbolic
analysis has been validated and found to provide more information on cardiac autonomic
modulation than the linear spectral methods in normal as well as in cardiac patients (Guzzetti
et al., 2005; Porta et al., 2007a; Porta et al., 2007b).

The aim of the present study was to test whether symbolic analysis can be considered a more
powerful tool than spectral analysis in detecting the changes in autonomic modulation of
cardiovascular function that occur as CHF develops in rats following an acute myocardial
infarction induced by coronary artery ligation, that is one of the most used animal CHF models.

2. Materials and methods
2.1 The CHF animal model

Coronary artery ligation induces CHF in rats that mimics the CHF syndrome in humans. The
typical manifestations of CHF in this model have been reported elsewhere (Francis et al.,
2001a; Kang et al., 2006). In brief, over the 4–6 weeks following coronary artery ligation renal
sympathetic nerve activity (RSNA) increases and baroreflex regulation of RSNA and HR is
impaired. Volume regulation is also impaired, as indicated by reduced sodium and water
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excretion and increased left ventricular end-diastolic pressure and heart/body weight and lung/
body weight ratios. Consumption of a sodium rich drinking solution, if offered, is increased.
Arterial pressure and pulse pressure are reduced but heart rate is not affected. Echocardiography
reveals a reduction in left ventricular ejection fraction immediately after coronary ligation,
with no significant further changes over the ensuing 4 weeks. Left ventricular volume increases
progressively, as does left ventricular volume/mass ratio Representative analog tracings from
a CHF and a sham-operated (SHAM) control rat are shown in Figure 1.

Recorded data from two prior studies (Francis et al., 2002; Francis et al., 2001b) were sampled
for spectral and symbolic analysis. The data were acquired from adult male Sprague–Dawley
rats that underwent coronary artery ligation to induce CHF, or a sham operation, with
echocardiographic confirmation of the extent of ischemic injury. Some of the rats had
undergone placement of an intracerebroventricular cannula two weeks earlier. The only
treatment these rats received was intracerebroventricular or intraperitoneal infusion of vehicle.
At approximately two (Francis et al., 2002) or four (Francis et al., 2001b) weeks after coronary
ligation, the rats were re-anesthetized to implant renal nerve recording electrodes and arterial
and venous cannulas. RSNA and blood pressure were recorded in the conscious, freely mobile
state 4 hours after recovery from pentobarbital (50 mg/kg) anesthesia. The surgical preparations
and recording techniques are described in detail in previous publications (Francis et al.,
2001b; Francis et al., 2001a). All experimental procedures were approved by University of
Iowa Institutional Animal Care and Use Committee. The investigation conforms with the Guide
for the Care and Use of Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996).

The data reported here were obtained from CHF rats studied approximately 2 weeks (CHF-2wk,
n=7) or 4 weeks (CHF-4wk, n=7) after coronary ligation, and from SHAM rats studied at 4
weeks (n=7). In this model, left ventricular ejection fraction at 2–3 weeks (Francis et al.,
2001b) and at 6 weeks (Francis et al., 2001b) has been demonstrated to be significantly reduced
compared to SHAM animals, while no differences were observed between these two groups
of CHF animals.

2.2 Spectral and symbolic analysis of cardiovascular variability
In order to increase temporal resolution of pulse interval (PI), the blood pressure signal was
sampled at 12000 Hz. PI was derived from the interdiastolic interval with a resolution of 0.8
ms; systolic arterial pressure (SAP) was calculated as well. Spectral and symbolic analysis
were carried out over short PI and SAP series of 200 ± 50 beats manually selected from the
entire recordings using the first stationary segment detected. In addition, the same analysis was
performed over longer data sequences of 500 beats, iterated with maximum overlapping (499
beats) without any selection by the operator, being a completely automatic approach. Spectral
and symbolic parameters were extracted for each frame and the distribution of the parameters
over the entire recording was derived. We selected the median of the distribution as the most
representative parameter value in a specified experimental condition (Porta et al., 2007a).

Spectral analysis is a method capable of providing a quantitative evaluation of the
sympathovagal interaction modulating cardiovascular functions (Malliani et al., 1991; Task
force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology, 1996). This methodology, using an autoregressive approach, performs a
frequency domain analysis of HRV. The best model order was automatically selected using
the Akaike figure of merit in the range from 8 to 14. The power spectrum of short term HRV
contains three components; a very low (VLF, below 0.2 Hz), a low (LF, 0.2–0.8 Hz) and a high
(HF, 0.8–2 Hz) frequency component. The LF and HF components are expressed in absolute
(msec2) and normalized (nu) units (Dias da Silva et al., 2002). Normalization consists in
dividing the power of a spectral component by the total power minus the VLF component and
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multiplying by 100. On HRV series, the LF power expressed in normalized units is a marker
of sympathetic modulation and HF power both in absolute and normalized units is a marker of
vagal modulation.

Spontaneous baroreflex sensitivity can be determined based on the power spectrum of the SAP
and PI series. The baroreflex sensitivity is derived as the square root of the ratio of PI to SAP
power in the LF band and indicated as αLF (Pagani et al., 1988). This index was considered to
reliably estimate whether the coherence value in the LF band was significant. We tested the
significance of the coherence in LF band according to the method proposed by Porta et al.
(Porta et al., 2002). This method is based on the generation of a set of isospectral uncoupled
surrogates and on the calculation of a threshold for the uncoupling (i.e. coherence values
smaller than the threshold indicated that oscillations of SAP and PI series at that specific
frequency were not linearly correlated).

Symbolic analysis is a non-linear method based on the conversion of the series into a sequence
of symbols. The full dynamic of the series (the min-max range) is spread over six bins, each
of which is identified by a number (symbol) from 0 to 5. Original values inside each bin are
substituted by the symbol defining the specific bin, thus obtaining a symbolic series. The
symbolic series is converted into a series of patterns of three symbols. Four different families
of patterns can be identified (Porta et al., 2001; Porta et al., 2007b): 0V (patterns with no
variation, all symbols are equal), 1V (patterns with one variation, two consecutive symbols are
equal and the remaining one is different), 2LV (patterns with two like variations, the second
and the third symbol change with respect to the previous one and the changes have the same
sign) and 2UV (patterns with two unlike variations, the second and the third symbol change
with respect to the previous one and the changes have opposite sign) (Porta et al., 2001). This
method has been recently applied to evaluate cardiac autonomic control from HRV (Guzzetti
et al., 2005). It has been demonstrated that the percentage (%) of occurrence of the 0V pattern
- i.e., 0V% - is a marker of sympathetic modulation of HR, while 2UV% is a marker of vagal
modulation (Porta et al., 2007b).

2.3 Statistical analysis
A one way ANOVA (Bonferroni’s test) was used to test the significance between the three
different groups (SHAM, 2 weeks and 4 weeks CHF groups). If the normality test was not
fulfilled, a Kruskal-Wallis one-way ANOVA on ranks was utilized (Dunn’s test). A value of
p< 0.05 was considered statistically significant. Data are presented as mean ± SD.

3. Results
3.1 Spectral analysis

An example of spectral analysis of PI and SAP variability in one SHAM (left) and in one
CHF-4wk (right) animal is reported in Figs. 2 and 3. All values are summarized in Table 1.

In the PI series, the total variance as well the LF and HF components both in absolute and
normalized units were all similar in the three groups.

As to SAP variability, the total variance was not significantly modified in the three groups, as
well as the power and central frequency of LF and HF components. Also baroreflex sensitivity
was similar in the three groups, being αLF not different between the SHAM and the CHF groups.
The coherence analysis showed that PI and SAP series were significantly linked in
correspondence of the central frequency of the LF component in a large percentage of animals
(i.e. 7 out of 7, 5 out of 7 and 5 out of 7 at LF in SHAM, CHF-2wk and CHF-4wk groups
respectively).
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Results of the automatic spectral analysis over overlapped sequences are reported in Table 2.
This analysis confirmed the analysis carried out over manually-selected sequences: indeed,
automatic analysis did not reveal any significant change among the groups both on PI and SAP
variabilities.

3.2 Symbolic analysis
An example of symbolic analysis of PI and SAP variability in one SHAM (left) and in one
CHF-4wk (right) is reported in Fig. 2 and 3. Results are summarized in Table 3.

As to PI variability, 0V% decreased in CHF, (15.4 ± 11.0 %, 8.57 ± 3.7 % and 7.8 ± 3.8 % in
SHAM, CHF-2wk and CHF-4wk, respectively), being statistically significant in CHF-4wk
compared to SHAM. The index 1V% decreased from SHAM to CHF-4wk, while 2LV% was
similar in the three groups. The index 2UV% increased during the progression of CHF (29.2
± 7.7 %, 40.1 ± 14.8 % and 51.1 ± 11.4 % in SHAM, CHF-2wk and CHF-4wk, respectively)
and 2UV% in CHF-4wk was statistically significant compared to SHAM.

As to SAP variability, 0V% and 1V% both decreased significantly in the CHF groups, while
2LV% was similar among the three groups. The index 2UV% increased (13.3 ± 6.9 %, 41.1 ±
31.1% and 54.9 ± 23.1% in SHAM, CHF-2wk and CHF-4wk, respectively), being statistically
significant in CHF-4wk compared to SHAM.

Results of automatic symbolic analysis of PI and SAP variability over overlapped sequences
are reported in Table 4. This analysis carried out over the SAP series confirmed the analysis
performed over manually-selected sequences. At variance with manual selection, the reduction
of 0V% and the increase of 2UV% observed over PI series were not statistically significant.

4. Discussion
The most important findings of this study are: 1) the confirmation that the progression of
ischemia-induced CHF in rats is accompanied by significant changes in cardiovascular
autonomic regulation, i.e. by increased sympathetic activity and loss of the sympathetic
rhythmical modulation; 2) the demonstration that symbolic analysis is a more sensitive tool
than spectral analysis to track the changes in cardiovascular autonomic modulation in rats; and
3) the predominance of rapid alternating patterns in the symbolic analysis of PI and SAP
variabilities in rats with established CHF.

Two different methods, spectral and symbolic analysis, have been applied to the same
experimental data in animals in order to test the hypothesis that the progression of ischemia-
induced CHF is characterized by a progressive loss of cardiac autonomic modulation. While
the first method is well-established to investigate cardiac autonomic modulation from short-
term HRV (Task force of the European Society of Cardiology and the North American Society
of Pacing and Electrophysiology, 1996), the second one has only recently been suggested
(Guzzetti et al., 2005) and applied to healthy (Guzzetti et al., 2005; Porta et al., 2007b) and
pathological subjects (Porta et al., 2007a; Maestri et al., 2007). Symbolic analysis is based on
a non-linear transformation and on the conversion of the temporal series into a sequence of
three-beat patterns. The percentages of two of the resulting families of patterns correlate with
the state of cardiac autonomic modulation: indeed, 0V% increased and 2UV% decreased during
experimental conditions characterized by an increased sympathetic modulation (e.g. head-up
tilt), while the opposite was observed in experimental procedures increasing parasympathetic
modulation (Guzzetti et al., 2005; Porta et al., 2007b).

The present study showed an increase in sympathetic nerve activity during the progression of
CHF, consistent with previous reports (Floras, 2002). This increase in sympathetic activity was
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accompanied by a significant decrease in sympathetic modulation, as indicated by symbolic
analysis of both the PI and the SAP series. Indeed, we found that 0V% in the PI series was
significantly reduced 4 weeks after CHF. A reduction of 0V% has been reported in CHF
subjects as well when compared to healthy subjects (Porta et al., 2007b). This impairment of
the sympathetic rhythmical properties might be linked to a peripheral mechanism, such as the
downregulation of β adrenoreceptors (Bristow et al., 1982; Lohse et al., 2003) or to the loss of
central rhythmical modulation of sympathetic discharge to the periphery (Van de Borne et al.,
1997). These results clearly indicate that symbolic indices are robust measures of autonomic
modulation. Completely automatic analysis based on overlapped PI sequences confirms the
negative trend of 0V% even though differences among experimental conditions were
insignificant.

The decline of 1V% in PI variability observed in the CHF groups compared to SHAM has
already been described in CHF (Porta et al., 2007a) and has been shown to be an independent
predictor of major clinical and functional events (Maestri et al., 2007). This trend, although
less clear, was present even when analysis was carried out automatically over overlapped
sequences. However, the biological significant of this pattern is not yet clear.

This is the first study using symbolic analysis to investigate autonomic modulation of SAP
variability. Results of symbolic analysis of SAP variability are consistent with those derived
from HRV. Indeed, a significant reduction of 0V% in the CHF group was observed. Completely
automatic analysis, based on overlapped sequences, confirmed the significant reduction of 0V
% over SAP series.

We observed a significant increase of rapid alternating patterns in both PI and SAP series, as
measured by the increase of 2UV% after 4 weeks of CHF. This trend was significant both when
considering manual and automatic analyses of SAP series, while over PI series it was significant
only when the sequences were manually selected. The 2UV pattern describes alternating
sequences of short-long-short or long-short-long heart periods. In healthy subjects these very
fast changes seem to be under vagal control. For example, in a recent work Porta et al (Porta
et al., 2007b) reported that in healthy subjects the 2UV% progressively decreased with tilt
angles, thus suggesting a progressive loss of vagal modulation. However, an increase in 2UV
% has also been reported in CHF patients (Porta et al., 2007a). In this setting, in which it would
be naïve to suggest that cardiac vagal modulation increased, other explanations must be
considered. It has been suggested that the increase of 2UV% of the PI series (Porta et al.,
2007a) in a pathological condition such as CHF might be related to mechanisms not strictly
under autonomic nervous system control. With regard to that possibility, pulsus alternans is
commonly observed in severe CHF (Kodama et al., 2004) and might alter PI through the
activation of baroreflex. Conversely, rapid alternating sequences in the PI series could induce
rapid alternating SAP values by altering the stroke volume (Kodama et al., 2004), thus resulting
in a 2UV% increase over the SAP series. In any case, 2UV% was significantly enhanced even
in the SAP series at 4 weeks. The present experimental protocol provides no clue regarding
the temporal sequence of the interactions, thus limiting the possibility of addressing the causal
relationship between the symbolic patterns in PI and SAP variability.

In contrast to symbolic analysis, spectral analysis did not reveal any significant change in
sympathetic modulation during the progression of CHF. This finding was independent of the
approach (i.e. manual or automatic). This conclusion is in agreement with that reported by
Kruger et al (Kruger et al., 1997), that observed no difference in terms of spectral parameters
at 2, 4 and 8 weeks after coronary ligation in rats. The LF power expressed in normalized units
did show a slight tendency towards a decrease in the PI series, in agreement with previous
results in humans and animals (Motte et al., 2005; Eaton et al., 1995; Ishise et al., 1998). The
HF power of PI variability expressed in absolute units, an index of vagal modulation, was also
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unchanged at 2 weeks and 4 weeks after coronary ligation, thus confirming that spectral indexes
failed to detect any changes in cardiac regulation in our experimental model. Similarly to PI,
spectral analysis of SAP series did not reveal any difference in the sympathetic modulation
when measured as the LF power expressed in absolute units in the three groups of animals.
The low discriminative power of spectral analysis was also confirmed by the absence of change
in baroreflex sensitivity when estimated using spectral-based baroreflex sensitivity indexes. It
can be hypothesized that the loss of discriminative power of the spectral parameters could be
related to the presence of rhythms with unstable frequencies that might escape outside the
assigned and fixed limits of the frequency bands or to the presence of non linear components
producing harmonics again escaping the band limits, thus being unaccounted by spectral
analysis. Since symbolic analysis does not predefine the limits of the frequency bands, it seems
to be more flexible in dealing with these issues.

A strength of this study was the application of spectral and symbolic analysis techniques to a
body of data obtained from rats with echocardiographically defined CHF. The original analog
recording studies in these animals (Francis et al., 2001b) demonstrated the expected increases
in sympathetic nerve activity, along with impaired baroreflex regulation of sympathetic drive
and heart rate, but they did not detect the more subtle changes in autonomic regulation of the
cardiovascular system that could be found with symbolic analysis of cardiovascular
variabilities. Symbolic analysis of PI and SAP variabilities might be a tool for noninvasive
clinical assessment of the progression (or regression) of CHF.

A limitation of this study is that we do not have echocardiographic assessments of left
ventricular function at the time points at which the recordings were obtained. As mentioned
above, however, this model is associated with a well described and consistent progression of
left ventricular dysfunction to left ventricular failure (Francis et al., 2001a; Kang et al.,
2006). A second limitation is that the recordings used for spectral and symbolic analysis were
made only four hours after the animals recovered from anesthesia. Thus the residual effects of
surgical stress may have minimized differences between the study groups. However, the study
was mostly suited to evaluate the performance of symbolic analysis in comparison with spectral
one, and, notably, we observed that symbolic analysis was sensitive enough to detect
differences in autonomic function even under these conditions.

In conclusion, symbolic analysis is capable of identifying changes in autonomic modulation
in CHF rats that are not detected by spectral analysis. Therefore, symbolic analysis appears to
be a sensitive tool for the evaluation of autonomic modulation in this ischemic model of CHF.
While the decrease of 0V% can be related to the reduced sympathetic modulation that is well
described in this condition, the pathophysiological significance of the decrease of 1V% and
the increase of 2UV% remains unexplained and deserves further investigations.
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Figure 1.
Representative recordings from a conscious rat with CHF 4 weeks after coronary ligation (left
panels) and a sham-operated (SHAM) control rat (right panels). A, raw recordings of RSNA.
B, fast time base displays of integrated RSNA (mV) and simultaneously recorded arterial
pressure (AP, mmHg), illustrating loss of the normal modulation of the RSNA signal in the
CHF rat.
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Figure 2.
An example of a time series, power spectrum and symbolic analysis of PI. The column on the
left is a SHAM animal, the one on the right is a 4 weeks CHF rat. The upper panel shows the
PI series; the units on the x axis are beats, while those on the y axis are seconds. The middle
panels show the power spectrum of the time series: the frequency, expressed in Hz, is reported
on the x-axis, while the power spectral density of PI series, expressed in sec2/Hz is reported
on the y-axis. The lower panel represents the symbolic pattern distribution of the time series:
all the patterns are divided into the four families of patterns, i.e. 0V, 1V, 2LV, 2UV and the
percentages of occurrence of the four families are shown.
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Figure 3.
An example of a time series, power spectrum and symbolic analysis of SAP. The column on
the left is a SHAM animal, the one on the right is a 4 weeks CHF rat. The upper panel shows
the SAP series; the units on the x axis are beats, while those on the y axis are mmHg. The
middle panels show the power spectrum of the time series: the frequency, expressed in Hz, is
reported on the x-axis, while the power spectral density of SAP series, expressed in mmHg2/
Hz is reported on the y-axis. The lower panel represents the symbolic pattern distribution of
the time series: all the patterns are divided into the four families of patterns, i.e. 0V, 1V, 2LV,
2UV and the percentages of occurrence of the four families are shown.
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Table 1

Spectral parameters of pulse interval (PI), systolic arterial pressure (SAP) and baroreflex sensitivity calculated
from time series using autoregressive spectral analysis. All values were expressed as mean ± SD.

SHAM 2 WEEKS 4 WEEKS

(n=7) (n=7) (n=7)

Pulse Interval

Variance (ms2) 2 ± 1.4 1.96 ± 1 1.44 ± 0.8

LF Hz 0.42 ± 0.15 0.5 ± 0.2 0.48 ± 0.2

LF (ms2) 0.36 ± 0.3 0.31 ± 0.2 0.17 ± 0.12

LF (nu) 22.6 ± 17.1 16.4 ± 11.1 12.7 ± 7.7

HF Hz 1.4 ± 0.2 1.65 ± 0.4 1.62 ± 0.5

HF (ms2) 0.59 ± 0.4 0.81 ± 0.55 0.66 ± 0.41

HF (nu) 44.5± 13.6 39.9 ± 15.5 45.1 ± 21.6

Systolic Pressure

Variance (mmHg2) 14.2 ± 13.1 16.2 ± 7.8 9.1 ± 5.2

LF Hz 0.43 ± 0.04 0.34 ± 0.1 0.4 ± 0.06

LF (mmHg2) 10.1 ± 9.0 5.6 ± 4.5 3.9 ± 2.7

HF Hz 1.35 ± 0.2 1.62 ± 0.4 1.75 ± 0.3

HF (mmHg2) 2.0 ± 2.6 5.7 ± 3.6 2.9 ± 3.2

Baroreflex

αLF (ms/mmHg) 0.19 ± 0.11 0.25 ± 0.15 0.23 ± 0.11

LF: low frequency; HF: high frequency; nu: normalized units.
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Table 2

Spectral parameters of pulse interval (PI), systolic arterial pressure (SAP) and baroreflex sensitivity calculated
from longer (500 beats), overlapped time series using autoregressive spectral analysis.

SHAM CHF-2wk CHF-4wk

(n=7) (n=7) (n=7)

Pulse Interval

Variance (ms2) 3.8 ± 1.94 2.8 ± 0.66 4.5 ± 4.8

LF Hz 0.62 ± 0.08 0.65 ± 0.11 0.69 ± 0.07

LF (ms2) 0.16 ± 0.28 0.23 ± 0.26 0.15 ± 0.21

LF (nu) 6.03± 7.7 12.7±15.2 6.5 ± 6.0

HF Hz 1.4 ± 0.14 1.47 ± 0.3 1.56 ± 0.17

HF (ms2) 0.55 ± 0.4 0.65 ± 0.68 1.1 ± 1.8

HF (nu) 42.4± 21.07 40.7 ± 19.6 29.9 ± 18.6

Systolic Pressure

Variance (mmHg2) 15.3 ± 12.5 17.7±10.5 9.9 ± 6.2

LF Hz 0.43 ± 0.05 0.38 ± 0.11 0.3 ± 0.19

LF (mmHg2) 9.7 ± 9.0 3.5 ± 2.7 2.4 ± 1.9

HF Hz 1.5 ± 0.2 1.5 ± 0.4 1.6 ± 0.3

HF (mmHg2) 1.9 ± 2.8 4.7 ± 4 1.4 ± 1.5

Baroreflex

αLF (ms/mmHg) 0.1±0.17 0.2±0.19 0.15±0.13

All values were expressed as mean ± SD. LF: low frequency; HF: high frequency; nu: normalized units.
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Table 3

Symbolic parameters of pulse interval (PI) and systolic arterial pressure (SAP) calculated from time series using
symbolic analysis.

SHAM 2 WEEKS 4 WEEKS

(n=7) (n=7) (n=7)

Pulse Interval

0V (%) 15.4 ± 11.0 8.57 ± 3.7 7.8 ± 3.8*

1V (%) 45.4 ± 7.1 37.6 ± 7.8 29.3 ± 8.4*

2LV (%) 9.9 ± 3.9 13.8 ± 7 11.8 ± 4.2

2UV (%) 29.2 ± 7.7 40.1 ± 14.8 51.1 ± 11.4*

Systolic Pressure

0V (%) 20.2 ± 6.1 11.1 ± 13.2 7.5 ± 10.1*

1V (%) 51.1 ± 2.3 32.5 ± 17.3* 29.8 ± 15.3*

2LV (%) 15.4 ± 5.4 14.4 ± 10.5 7.7 ± 4.7

2UV (%) 13.3 ± 6.9 41.1 ± 31.1 54.9 ± 23.1*

All values were expressed as mean ± SD.

*
p<0.05 versus SHAM
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Table 4

Symbolic parameters of pulse interval (PI) and systolic arterial pressure (SAP) calculated from longer (500 beats),
overlapped time series using symbolic analysis.

SHAM CHF-2wk CHF-4wk

(n=7) (n=7) (n=7)

Pulse Interval

0V (%) 25.9 ± 13.9 20.6 ± 13.9 19.1 ± 5.6

1V (%) 40.6 ± 6.2 37.7 ± 6.7 36.5 ± 5.8

2LV (%) 6.0 ± 4.5 9.6 ± 9.6 5.9 ± 4.3

2UV (%) 27.2 ± 10.8 31.7 ± 10.3 38.1 ± 8.5

Systolic Pressure

0V (%) 28.8 ± 9.6 15.1 ± 11.4* 11.5 ± 8.6*

1V (%) 49.6 ± 2.4 39.1 ± 14.1 31.7 ± 13.4*

2LV (%) 10.2 ± 7.2 9.8 ± 9.4 6.0 ± 5.2

2UV (%) 11.1 ± 4.9 35.5 ± 26.7 50.7 ± 20.7*

All values were expressed as mean ± SD.

*
p<0.05 versus SHAM
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