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We investigate multiscale properties of intermittency of heart rate vari-
ability (HRV) through non-Gaussianity and through two-point one-scale
magnitude correlations in HRV of patients with congestive heart failure
(CHF) — both survivors (CHF–SV) and non-survivors (CHF–NS) — and
of patients with primary autonomic failure (PAF). We confirm the sympa-
thetic origin of the non-Gaussianity index elucidating its random character.
We further confirm intermittency of the high frequency, fine scale firing of
the parasympathetic nervous system branch, responsible for the multifrac-
tal complexity. We obtain further confirmation of the antagonistic function
of the autonomic regulation of HRV, this time in terms of intermittency
— heteroscedastic clustering of variance. In this context, we identify auto-
nomic antagonism as the source of the mid to low frequency, intermediate
scale intermittency observed at higher levels in CHF patients with elevated
sympathetic activation and suppressed in the PAF patients — the case of
neurogenic SNS dysfunction.
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1. Introduction

Human heart rate variability (HRV) has been shown to display intriguing
characteristics, to a large degree defying satisfactory explanation. Starting
with the seminal work by Kobayashi and Musha [1] demonstrating the ev-
idence of 1/f -like scaling (or rather 1/fα, where α is close to one) of the
power spectrum of healthy heart rate intervals, heart rate has become one
of the key benchmarks of dynamical biological complexity [2,3]. While sub-
sequent measures of complexity have added up to a picture of heart rate
regulation as a highly non-trivial complex system [4,5,6], little has been re-
vealed about the origins of this complexity. In this context, Struzik et al. [7]
suggested that the dual antagonistic structure of the regulatory system, the
parasympathetic (PNS) and sympathetic (SNS) branches of the autonomic
nervous system are responsible for the 1/f type of fluctuations, while the
PNS branch is uniquely responsible for the multifractal type of complexity.
Further, Kiyono et al. demonstrated [8] that historical observations suggest
that 1/f scaling, non-Gaussian PDF [4] and multifractality [5] produce one
consistent picture of heart rate regulation which shares many of the char-
acteristics of physical systems in the so-called critical state [3, 9, 10]. In
particular, the unique scale invariance properties characterising the state of
criticality govern the non-Gaussian PDF of a healthy heart rate in the state
of usual daily activity — and exclusively in this state. A breakdown of this
unique scale invariance reminiscent of continuous (second order) phase tran-
sition, emerges when the condition of autonomic imbalance is entered [11].

In this paper, we investigate multiscale non-Gaussianity and two-point
one-scale magnitude correlations [12] of the HRV of patients with congestive
heart failure (CHF) — both survivors (CHF–SV) and non-survivors (CHF–
NS) — and of patients with primary autonomic failure (PAF). We show:

1. sympathetic origin of the non-Gaussianity of HRV at high frequencies,
elevated in CHF, in particular in CHF–NS, but strongly decreased in
PAF;

2. parasympathetic origin of the high-frequency heteroscedasticity. Het-
eroscedasticity, or intermittency is preserved in PAF at high frequen-
cies, corresponding with the relatively intact vagal regulatory branch,
while at lower frequencies sympathetic activation is the primary cause
of the heteroscedasticity (relative comparison of PAF with CHF).

Intermittency, and increased heteroscedasticity has been found to emerge
in a variety of complex phenomena such as turbulence, sunspot activity or
population dynamics and in dynamical model scenarios [13,14,15,16], where
it has also been shown to result from the operation at compromised stability
[13,14,15].
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Multiscale properties of non-Gaussianity [8] have previously been con-
sidered in reference to heteroscedasticity and complexity of heart rate fluc-
tuations [17, 18]. In particular, we have demonstrated that the increase in
the non-Gaussianity of high frequency, fine scale fluctuations of heart rate
predicts mortality of patients suffering from CHF [18].

The magnitude correlations investigated in this work are a direct measure
of heteroscedasticity and intermittency in time series and are more appropri-
ate to be considered as a measure of complexity in such systems. Elevated
intermittency and heteroscedastic behaviour suggest a more complex dy-
namics of the system under study in terms of a generally recognised — yet
difficult to define and quantify — concept of “physical complexity” [19].

Furthermore, we investigate autonomic imbalance by using selective neu-
rogenic suppression of the branches of the autonomic control system — sym-
pathetic dominance in CHF and suppressed sympathetic stimulation in PAF.
Indeed, PAF is clinically characterised as autonomic dysfunction, includ-
ing orthostatic hypotension, impotence, bladder and bowel dysfunction and
sweating defects, which primarily result from progressive neuronal degenera-
tion of unknown cause. The main pathological finding related to autonomic
dysfunction in PAF is severe loss of preganglionic and/or postganglionic
sympathetic neurons, and it is, therefore, considered that this group serves
as an example of relative and neurogenic SNS dysfunction. In contrast,
CHF is characterised by elevated sympathetic activity and parasympathetic
withdrawal.

2. Data

We analyse full day-long sequences of data, comprising over 80, 000 data
points, of the intervals between two successive R waves of sinus rhythm, i.e.
HRV. To avoid the adverse effects of any remaining errors in the detection
of the R wave, large (> 20%) consecutive R–R interval differences were
thoroughly reviewed until all errors were corrected. In addition, when atrial
or ventricular premature complexes were encountered, the corresponding
R–R intervals were interpolated by the median of the two successive beat-
to-beat intervals.

2.1. Congestive heart failure patients;
surviving (CHF–SV) and non-surviving (CHF–NS)

We evaluate a 24-hour Holter electrocardiogram of 108 CHF patients, of
whom 39 patients (36.1%) died within four years of the follow-up period.
The end point was all-cause death, but the majority (35/39) was cardiac
death, including death from progressive heart failure, sudden death and
acute myocardial infarction. For additional information on this data set,
the reader is referred to Refs. [18, 17].
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2.2. Neurogenic SNS dysfunction data:
primary autonomic failure (PAF) patients

We analyse 24-hour ambulatory heart rate dynamics of 24 PAF patients,
containing on average 105 heartbeats. The selection of the subjects and the
collection procedures for the subjects in this data follow those described in
Ref. [20] with an additional group of 14 subjects added subsequently.

3. Methods

For the purpose of studying intermittent fluctuations [8, 11], we analyse
the scalewise behaviour of the sums of the process variable. Let us consider a
stationary stochastic process in discrete time, {ξ(1), ξ(2), . . . , ξ(i), . . .}, with
〈ξ(i)〉 = 0, 〈ξ(i)2〉 = σ2, where 〈〉 denotes the statistical average. Using
integrated series of {ξ(i)}, z(n) =

∑n
j=1 ξ(j), partial sums are obtained as,

∆sz(i) =
i+s∑
j=i+1

ξ(j) = z(i+ s)− z(i) . (1)

In order to obtain a temporal representation of the heart rate intervals,
the N–N interval time series are interpolated and resampled at a predefined
sampling rate. Temporal resampling is more appropriate for the estima-
tion of the non-Gaussianity parameter λ and for the correlation analysis,
as the results can be interpreted in terms of frequency, commonly used in
the spectral analysis of HRV. Thus, the time series of N–N intervals are
interpolated with a cubic spline function and resampled at an interval (∆t)
of 250ms (4Hz). After subtracting the average interval base, the integrated,
“random walk” time series is obtained by integrating the interpolated time
series b(t) over the entire length,

B(t) =
t/∆t∑
i=1

b(i∆t)− bave . (2)

The integrated time series are divided into overlapping segments of
2 [sec.] length, with 50% overlap, where s is the scale of the analysis
(s = 25 [sec.] for λ25 sec). To remove the non-stationary trends, in each
segment, the local trend is approximated by the d-degree polynomial ffit(t)
(we use d = 3, as in our previous studies [8, 11, 17, 18]). The momentary
deviation ∆sB(t) at the observation scale “s” is then measured as the incre-
ment with a time lag t of the detrended time series B∗(t) = B(t) − ffit(t).
For instance, in a segment from T −s to T +s, the increments are calculated
as
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where T − s/2 ≤ t < T + s/2 and ffit(t) is the polynomial representing
the local trend of B(t). The elimination of the trend assures the zero-mean
probability density function, subject of the next step of the analysis.

To characterise the non-Gaussian property quantitatively, the standard-
ised PDF (where the variance is set to one) constructed from all the ∆sB(i)s
is approximated by the standardised Castaing model [21,22] Pλ

Pλ(x) =
1

2πλ

∞∫
0

exp

(
−
(
lnσ + λ2

)2
2λ2

)
exp

(
− x2

2σ2

)
d(lnσ)
σ

, (4)

where λ is a single parameter to describe the non-Gaussian Pλ; the greater
λ indicates the fatter non-Gaussian tail of the PDF. λ→ 0 corresponds with
the Gaussian PDF shape. We estimate the non-Gaussian parameter λ using
the moments method with q → 0.0, which entails that λ is estimated from
the mean of the log-amplitude of HRV. Details of this method are described
elsewhere [22].

Let us define the log-amplitude, or magnitude, of ∆sB(t) at a scale s, as

ω̂s(t) = log |∆sB(t)| . (5)

Further, the two-point, one-scale magnitude correlation function [11,12]
is defined as

C(τ, s) = 〈(ω̂s(t)− 〈ω̂s〉)(ω̂s(t+ τ)− 〈ω̂s〉)〉 . (6)

The long-range temporal correlations of the magnitude ω̂s (log-amplitude)
indicate long persistent memory in the local variance, where large devia-
tions are more likely to be followed by large deviations (and small by small
deviations). This is consistent with increased heteroscedasticity — the phe-
nomenon of the so-called variance clustering1 such as that observed in inter-
mittent behaviour in various complex phenomena. Such increased intermit-
tency characterised by temporal correlations of the magnitude are indepen-
dent of the non-Gaussian statistics of the time series. Indeed, non-Gaussiani-
ty does not characterise intermittency in terms of the non-stationarity of
variance.

1 Referred to as “volatitity clustering” in quantitative financial analysis — following the
observation by Mandelbrot (1963), that “large changes tend to be followed by large
changes, of either sign, and small changes tend to be followed by small changes”.
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4. Results

The magnitude correlation functions are shown in Fig. 1 for CHF sur-
vivors (CHF–SV) and CHF non-survivors (CHF–NS) recalculated from the
study reported in Refs. [18, 17], and for PAF data [7]. Comparing the CHF
survivors (Fig. 1 (a)) and non-survivors (Fig. 1 (b)), correlations in scales
s < 20 [sec.] in the CHF non-survivors are marginally stronger than in sur-
vivors. An opposite tendency is observed in the characteristic scale-wise
band of correlation around 30–40 [sec.] which appears to be marginally
stronger in CHF–SV than in CHF–NS. For the PAF data, however, we
observe the correlations to be substantially weaker throughout the magni-
tude correlation function (Fig. 1 (c)), except for the narrow band of elevated
correlations in scales s < 20 [sec.] Such a scale-dependent increase of high
frequency correlations in PAF is in stark contrast to the decrease observed
in CHF (both SV and NS).

Fig. 1. Two-point, one-scale magnitude correlation functions, C(τ ; s)/C(0; s),
where τ is the time lag and s is the scale (in time units [sec.]). (a) CHF–SV
(survivors); (b) CHF–NS (non-survivors); (c) PAF patients.

Such correlations of the log-magnitude, here revealed in a detailed, pre-
cise manner of temporal lag and scale indexed magnitude correlation func-
tion, reveal the complex structure of the clustering of variance, giving rise to
the intermittent behaviour of multiscale character. Correlations of the log-
magnitude are mathematically independent of the non-Gaussianity in the
PDF, such as the scale overall increase of the non-Gaussianity parameter
λ observed in particular in the CHF non-survivors [17, 18], and scale spe-
cific decrease markedly greater at the finest scales (i.e. highest frequencies)
observed in PAF patients, as shown in Fig. 2.

For the purpose of validating the above observations, in Fig. 3 we pro-
vide pairwise differences of the intensity of the respective magnitude corre-
lations between each of the analysed groups (CHF–SV, CHF–NS and PAF).
While non-survivors have the λ index consistently higher than survivors,
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Fig. 2. Scale dependence of the non-Gaussian parameter λ2 for the three patient
groups PAF, CHF–SV and CHF–NS.

as evidenced in Fig. 2, there is little difference in the correlations across
the two groups — the actual variance clustering is at a comparable level in
both non-survivors and survivors of CHF. In the highest frequency band;
for scales < 25 [sec.] the correlations are slightly greater in non-survivors
than in survivors but only for time lags greater than 100 [sec.] However, the
PAF group, showing much lower non-Gaussianity at high frequencies than
both survivors and non-survivors of CHF (Fig. 2), shows stronger correla-
tions and therefore a higher level of intermittency in the highest frequency
band. This confirms the previously established property of multifractality
of PAF [7, 20]. Indeed, multifractality is a result of higher intermittency
rather than non-Gaussianity. As shown in Fig. 2, the non-Gaussianity is low
at high frequencies in PAF. Only in the highest frequency range (normally
associated with the parasympathetic stimulus) the degree of correlations is
higher in PAF. This confirms the known fact that parasympathetic nerves
fire intermittently. In the lower frequency band (scales > 25 [sec.]), the in-
termittency is much lower in PAF than in CHF. A novel observation is that
the sympathetic activity in PAF is not only impaired, as evidenced by the
breakdown of correlations at scales greater than 25 [sec.], but also the firing
of the sympathetic activity is much less intermittent in PAF than CHF/
–SV/–NS, at comparable levels of non-Gaussianity Fig. 3. In contrast, this
suggests that the lower frequency intermittent behaviour in CHF/–SV/–NS
HRV records is due to sympathetic dominance. The effect of increased het-
eroscedasticity of CHF in comparison with PAF is particularly strong for
scales > 60 [sec.] and time lags > 100 [sec.]
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Fig. 3. The differences between pairs of the two-point, one-scale magnitude corre-
lation functions C̃ ≡ C(τ ; s)/C(0; s), shown in Fig. 1, divided into positive (a)–(c)
and negative (d)–(f) difference: i.e. the difference between Fig. 1 (b) and Fig. 1 (a);
(b), (e) C̃PAF − C̃CHF SV, i.e. the difference between Fig. 1 (c) and Fig. 1 (a);
(c), (f) C̃PAF− C̃CHF NS, i.e. the difference between Fig. 1 (c) and Fig. 1 (b), where
τ is the time lag and s is the scale (in units of time [sec.]).

5. Discussion and conclusions

Compared with HRV of PAF patients suffering neurogenic SNS dysfunc-
tion, heart rate fluctuations in CHF patients, especially those in non-survi-
vors, are characterised by a scale specific increase of non-Gaussianity in the
short scale (< 25) [sec.]2, Fig. 2. It is evident that this non-Gaussianity in-
crease is of sympathetic origin, and it is also evident that this non-Gaussiani-
ty increase in CHF, both SV and NS, is of random, uncorrelated char-
acter, due to loss of correlations in sympathetic breakdown in PAF; see
Fig. 3 (b),(c). One possible implication of the increased short scale random
non-Gaussianity in CHF patients, particularly non-survivors, is a selective
breakdown in the short-term neural regulation of heart rate (i.e. barore-
flexes). Insufficiency or instability in the negative feedback control may lead
to HRV dynamics with unresponsive quiescent phases of random duration
giving rise to cardiac congestion and interwoven with sympathetic firing at
randomly high rates.

2 Roughly corresponding with 40 beats, referred to in Refs. [18,17].
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Although the physiological origin of the short-term non-Gaussianity is
still undetermined, in Kiyono et al. [11] we suggested that the underlying
cause may be revealed by studying clustering of variance in HRV dynamics
by analysing magnitude correlations. Here we have further investigated the
underlying mechanism, also comparing the CHF subjects, generally suffering
from the elevated sympathetic activity, with newly obtained results for the
primary autonomic failure (PAF) patients with sympathetic deficiency. In
summary, we confirm the sympathetic origin of the non-Gaussianity index,
previously identified in Refs. [17, 18], elucidating its random character. We
further confirm intermittency of the high frequency, fine scale firing of the
parasympathetic nervous system branch. We obtain another confirmation
of the antagonistic function of the autonomic regulation of HRV, this time
in terms of intermittency — heteroscedastic clustering of variance. In this
context, we identify autonomic antagonism as the source of the mid to low
frequency, intermediate scale intermittency observed at higher levels in CHF
patients with elevated sympathetic activation and suppressed in the PAF
patients — the case of neurogenic SNS dysfunction.
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