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First published June 6, 2008; doi:10.1152/ajpheart.00247.2008.—We
investigated whether autonomic nervous system imbalance imposed
by pharmacological blockades and associated with acute myocardial
infarction (AMI) is manifested as modifications of the nonlinear
interactions in heart rate variability signal using a statistically based
bispectrum method. The statistically based bispectrum method is an
ideal approach for identifying nonlinear couplings in a system and
overcomes the previous limitation of determining in an ad hoc way the
presence of such interactions. Using the improved bispectrum method,
we found significant nonlinear interactions in healthy young subjects,
which were abolished by the administration of atropine but were still
present after propranolol administration. The complete decoupling of
nonlinear interactions was obtained with double pharmacological
blockades. Nonlinear couplings were found to be the strongest for
healthy young subjects followed by degradation with old age and a
complete absence of such couplings for the old age-matched AMI
subjects. Our results suggest that the presence of nonlinear couplings
is largely driven by the parasympathetic nervous system regulation
and that the often-reported autonomic nervous system imbalance seen
in AMI subjects is manifested as the absence of nonlinear interactions
between the sympathetic and parasympathetic nervous regulations.

autonomic nervous system; bispectrum; heart rate variability

THE NEURAL CONTROL OF the cardiovascular system exhibits
complex nonlinear behavior. One form of nonlinear behavior is
the continuous interaction between the sympathetic and para-
sympathetic nervous activities to control the spontaneous beat-
to-beat dynamics of heart rate. The interactions are believed to
be nonlinear because physiological conditions would most
likely involve autonomic nervous system regulation based on
dynamic and simultaneous activity of the sympathetic and
vagal responses to physical environmental stressors (1, 12,
26a). It is through efficient interactions between the sympa-
thetic and parasympathetic nervous activities that the homeo-
dynamic of the cardiovascular system is properly maintained.
Failure of the interactions has been shown to lead to sympa-
thetic hyperactivity, promoting the occurrence of life-threaten-
ing ventricular tachyarrhythmias, whereas augmented vagal
tone exerts a protective and antifibrillatory effect (10, 26a).
Experimental evidence suggests that hypertension (6), myocar-
dial ischemia, acute myocardial infarction (AMI), sudden car-
diac death, and chronic heart failure all exhibit signs of auto-
nomic function imbalance (10). Consistent with autonomic
imbalance, patients who have suffered an AMI have a marked

decrease in heart rate variability (HRV), as demonstrated by an
increase in sympathetic and a decrease in vagal neural activi-
ties. Thus, due to the condition of autonomic imbalance, it is
possible that nonlinear interactions are a less common phe-
nomenon in diseased states.

The existence of nonlinear dynamics underlying HRV in
humans has been proved by a number of previous studies (3–4,
21). However, the methodological approaches proposed in
these studies do not allow a physiological interpretation of the
nature of the detected nonlinearities. Nonlinear heart rate
dynamics may be due to the activity of several nonlinear
physiological mechanisms, such as nonlinear interactions be-
tween sympathetic and parasympathetic nervous systems, but
also respiratory modulations, the saturation of receptors, and
others. Recently, we found evidence of the frequency modu-
lation of the parasympathetic nervous system by the sympa-
thetic nervous system (29) using a wavelet analysis on healthy
subjects. The questions at issue are whether nonlinear HRV
dynamics seen in healthy conditions can be due to nonlinear
interactions between sympathetic and parasympathetic nervous
systems and whether these interactions are modified with age
and diseased states such as the AMI.

To address the above questions, we employed a statistical
bispectrum approach, which we have recently developed to
identify nonlinear interactions in the form of a quadratic phase
coupling (QPC) between two components of a process (25).
The definition of QPC is a condition in which a third frequency
and its phase are the sum of the first two frequencies and
phases. Thus QPC implies both frequency and phase coupling.
Because of the properties of the bispectrum, only the phase-
coupled components appear in the bispectrum. However, due
to technical considerations such as using an insufficient num-
ber of segments to compute the bispectrum, frequency-coupled
peaks will often appear in the bispectrum. Moreover, noise can
introduce erroneous peaks. Recently, we have developed a
method that overcomes these limitations of the bispectrum
(25). The method is a combination of bispectrum estimation
followed by testing the significance of the results against
surrogate data realizations. The surrogate data transformation
destroys nonlinear coupling; thus no legitimate QPC should be
detected. However, any erroneous peaks will remain. The
bispectrum of the surrogates, as well as the original data, is
calculated. If the bispectral peaks of the original data are
greater than those of the surrogate data, then they are consid-
ered to be statistically significant coupling peaks because the
erroneous peaks are also exhibited in the bispectrum of the
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surrogate data. Furthermore, the new approach provides an
accurate and practical assessment of the coupling strength (25).

With the advent of a new statistical approach to detect
nonlinear interactions, the goals of the present study were 1) to
detect nonlinear interactions in the form of QPC between the
sympathetic and parasympathetic nervous activities in healthy
subjects from electrocardiogram recordings, and validate the
results using pharmacological interventions that block one or
both branches of the autonomic nervous system, 2) to investi-
gate whether nonlinear interactions seen in normal subjects
change with progressive aging and a cardiovascular disease
state such as AMI, and 3) to assess the role of sympathetic and
parasympathetic nervous activities in the generation of nonlin-
ear heart rate dynamics, through the statistical quantification of
nervous system coupling strengths in healthy young and old
subjects and AMI subjects.

METHODS

Autonomic Nervous System Blockade Protocol

The data are from a previously published study (29); thus they will
be only briefly summarized. Thirty-eight volunteers (20 men and 18
women; mean age, 28 � 6 years) were recruited. Subjects were
randomly divided into two groups for experiments. Electrocardio-
grams sampled at 500 Hz were recorded using a Hewlett Packard
Monitor (Model 78354A).

Group A. Subjects in group A were in supine position and under-
went parasympathetic blockade, followed by complete blockade. The
subjects (n � 16) were lying on a hospital bed during the experiment,
and data were continuously recorded during control state and the
administration of autonomic blockades. After baseline recordings
were taken for 20 min (control state), atropine was injected (initially 0.0075
mg �kg�1 �min�1 for 2 min followed by 0.001 mg �kg�1 �min�1 for 23
min) to block parasympathetic nervous regulation. Data were contin-
uously recorded the whole time. After 5 min (to allow for physiolog-
ical equilibration and to prevent transient nonstationarity in each
condition), propranolol was injected (initially 2 mg/min for 2 min
followed by 1 mg/min for 23 min) to block sympathetic nervous
regulation, resulting in the complete blockade of the ANS.

Group B. Subjects in group B were in upright position and
underwent sympathetic blockade, followed by complete blockade.
The subjects (n � 22) were standing comfortably in the upright
position. Instead of atropine, propranolol was injected first followed
by atropine. Propranolol is a known blocker of sympathetic activity.
The duration of data collection and drug dosages were identical to
those of group A.

The doses chosen for sympathetic and parasympathetic blockade
with propranolol and atropine, respectively, were selected to be
sufficient for the complete blockade of the parasympathetic or sym-
pathetic system (9).

Myocardial Infarction Protocol

The data are also from a previously published study (18). The data
consist of 35 post-AMI patients (age, 58.5 � 10.2) examined 10 � 3
days after AMI. Eight out of 35 post-AMI patients were initially under
�-blocker therapy, but they discontinued treatment two half-lives
before the recording session. An age-matched control group of 12
healthy subjects (63.1 � 8.3), termed the old control, were also
examined. Post-AMI patients were part of a large database collected
for a Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarcto
Miocardio (GISSI-3) arrhythmia substudy from February 1992 to July
1993. Control subjects were normotensive and free from any known
disease based on anamnesis and physical examination at the time of
the study.

After a period of 15 min for subject stabilization, electrocardio-
grams were recorded for 10 min in the supine rest position, followed
by 10 min of passive head-up tilt at 60°. All ECG signals were
digitized with a 1-KHz sampling rate.

Algorithm

ECG processing. For all ECG signals, QRS complexes were
detected followed by resampling to 4 Hz with a cubic spline interpo-
lation to obtain instantaneous heart rate data. An R-R interval time
series was not used since the Fourier transform used in the calculation
of the bispectrum requires equally sampled data; thus we used instan-
taneous heart rate data instead. Subsequently, the interpolated data
were detrended with second-order polynomials. Each heart rate time
series contained 1,200 data points.

Meaning of frequency and phase coupling for a second-order
nonlinear system. The presence of either frequency or phase coupling
indicates that the system is nonlinear, and the presence of phase
coupling provides additional information about the time nature of the
system. The QPC or frequency coupling can be seen by passing the
signal

x�t� � A1 cos�2�f1t � �1� � A2 cos�2�f2t � �2� (1)

with A1 and A2 constants, through the following quadratic zero-
memory nonlinear system

y�t� � ax�t� � bx2�t� (2)

in which a and b are also constants. The output of the quadratic system
{y(t) � ax(t) 	 bx2(t)} contains cosinusoidal terms with the following
frequencies and phases: (f1, �1), (f2, �2), (2f1, 2�1), (2f2, 2�2), (f1 	
f2, �1 	 �2), and (f1 � f2, �1 � �2). Such a phenomenon, which gives
rise to the sum or difference of phases with the same relationship to
that of the frequencies, is called phase and frequency coupling. If only
one sinusoidal term, (f1, �1) is passed through the quadratic nonlinear
system, only the component (2f1, 2�1) will result at the output. This
case exhibits only self-phase and self-frequency coupling.

Surrogate data threshold method applied to the bispectrum. The
direct method of calculating the bispectrum of a signal is to take the
average of triple products of the Fourier transform over K segments:

BS� f1, f2� �
1

K 

k�1

K

Xk� f1�Xk� f2�Xk
*� f1 � f2� (3)

where Xk ( f ) is the Fourier transform of the kth segment and the
asterisk (*) indicates the complex conjugate. Note that as the size of
each segment decreases, the frequency resolution will also decrease.
Therefore, it is important to choose a proper segment size so that there
is sufficient resolution to resolve the dynamics in the signal while
retaining enough segments to properly reduce variance in the bispec-
trum for the detection of QPC. As shown in Eqs. 1 and 2, a system
with only two frequencies can lead to many different peaks in the
bispectrum. However, by the design of the bispectrum, only the
phase-coupled frequencies will appear, provided that a sufficiently
large K in Eq. 3 is used. An insufficient K can lead to the generation
of self-coupled peaks (17). In other words, frequency-coupled and not
phase-coupled signals can appear in the bispectrum if an insufficient
K is used. This condition can be prevented by using as many segments
as possible without compromising the ability to resolve the frequen-
cies of interest.

In certain cases, we may not have sufficient data to have a large K,
or noise-contaminated data can lead to erroneous peaks; thus we use
the surrogate data technique to overcome these limitations. In addi-
tion, the surrogate data technique avoids an arbitrary selection of what
is perceived to be coherent, as it is statistically based. The method
involves generating 100 realizations of surrogate data from the orig-
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inal data (HRV signal in this study) and calculating the bispectrum of
all surrogates and the original data. Since surrogate data eliminate
nonlinear components in the original data, the bispectrum of surrogate
data only contain linear components. We chose the iteratively refined
surrogate data technique (24) since it has been shown to be more
accurate than the amplitude-adjusted Fourier transform method (27)
because it iteratively corrects for deviations in the spectrum as well as
maintains the correct distribution of the signal. The mean and standard
deviation of all 100 surrogate bispectral estimates are calculated. The
95% statistical threshold of the surrogate data bispectrum is defined as
the mean plus two standard deviations, since this assumption was
verified using the Kolmogorov-Smirnov goodness of fit test (28). Any
bispectral peaks estimated from the original data that are above this
threshold value at each frequency are considered to have significant
phase coupling. Difference values above zero will indicate a bispectral
value of the original data above the threshold and are, therefore,
considered significant. Since we quantify the statistical significance of
the bispectral peaks via the use of a surrogate data technique, there is
no need to use the bicoherence index, which has been the most widely
used means to quantify the degree of nonlinear coupling. We have
recently shown that the calculation of the bispectrum followed by the
verification of the surrogate data provides more accurate quantifica-
tion and detection of QPC (25).

Data Analysis

In both experimental protocols, stationary and artifact-free HRV
signals lasting 5 min (corresponding to a variability series of 300
points, after a downsampling of HRV data to 1 Hz) were selected for
each condition. For each HRV series, K � 5 segments (zero padding
included), each containing 64 data points, with no overlapping seg-
ments, were used to estimate the bispectrum.

Only the peaks of the bispectrum that resulted above the statistical
threshold values obtained via the surrogate data technique were
considered for the statistical analysis. For each peak, the coupling was
calculated as the difference between the bispectrum peak magnitude
and the corresponding surrogate data-derived threshold value. Cou-
pling values were presented with means � SD of the coupling over
the considered group. Differences among groups were compared with
one-way ANOVA and a post hoc test. A P value of �0.05 was
considered significant.

RESULTS

Examples of Application of the Algorithm

To illustrate the phase-coupling phenomenon as well as the
benefit of the use of a surrogate data approach, a simple
simulation example consisting of the following three frequen-
cies is generated

x�t� � sin�2�f1t � �1� � sin�2�f2t � �2�

� A sin�2�f3t � �3�

(4)

where f1 and f2 are set to 0.1 and 0.25 Hz, respectively. The
third frequency, f3, is set to f1 	 f2 � 0.35 Hz to achieve the
frequency coupling. Phases associated with the first two fre-
quencies (�1 and �2) are randomly generated between �� and
� with a uniform distribution and are phase coupled such that
�3 � �1 and �2. To the output signal x(t) we add Gaussian
white noise to achieve a signal-to-noise ratio of 0 dB.

The resulting bispectra without and with the surrogate data
technique are shown in Fig. 1, A and B, respectively. The
power spectrum (not shown) contains only the three dominant
frequencies, and because it is a linear method, it is not able to
provide information regarding nonlinear phase coupling. The
bispectrum, however, because it is a nonlinear method, will
show only the phase-coupled component at (0.1, 0.25) Hz.
However, since Eq. 4 was contaminated with a significant
additive noise source, we expect to obtain other pseudo non-
phase coupled peaks, as shown in Fig. 1A. With the use of the
surrogate technique as detailed in METHODS, only the phase-
coupled peak at (0.1, 0.25) Hz appears in Fig. 1B. Note that the
bispectral plot is symmetrical along the diagonal axis, and thus
only half is shown for this and all subsequent plots.

To demonstrate the method’s efficacy in quantifying the
amount of phase coupling, we varied the amount of phase
coupling by injecting a number of data points that had uncou-
pled phases. The amount of phase coupling varied from 0% to
100% at an increment of 1%. For each level of phase coupling,
100 realizations of the test signals were generated. Each
realization of the test signal was corrupted by 0 dB additive
Gaussian white noise. For sensitivity testing, the calculated
value for each method was recorded at the known phase-
coupled frequency. For specificity, the total number of signif-
icant detected peaks in the entire bispectrum was recorded, and
the median between the realizations was reported. These values
are shown in Fig. 1C as a function of the varying percent of
phase coupling.

As shown in Fig. 1C, the percent of coupling that the method
was sensitive to (Fig. 1C, bottom) was 
18%. Furthermore, it
should be noted that the calculated value for the method
linearly increases (Fig. 1C, top) with increasing coupling
percent for values above 18%, thereby suggesting that the
method provides a good quantification of the actual amount of
phase coupling present in the system.

Figure 1, D and E, illustrates the benefit of using the
bispectrum with the surrogate data approach for a representa-
tive healthy individual’s heart rate data in the supine position
as the numerous observed phase-coupled peaks in Fig. 1D
disappear with the combined use of the bispectrum followed by
the surrogate data. The peak at (0.39, 0.08) Hz signifies a phase
coupling between these two frequencies or interactions be-
tween either the sympathetic and parasympathetic or parasym-
pathetic and parasympathetic nervous activities. Note that the
low frequency (LF) range of 0.04–0.15 Hz has been attributed
to the actions of both sympathetic and parasympathetic nervous
activities, whereas the higher frequency (HF) range of 0.15–
0.5 Hz is solely due to the parasympathetic nervous activities
(26a). The large peak at the LF and LF range of (0.14, 0.08) Hz
as well as at the HF and HF range of (0.36, 0.25) Hz represents
self coupling. Thus coupling at LF and LF could represent one
of three possible scenarios: sympathetic and parasympathetic
interactions, parasympathetic self coupling, or sympathetic self
coupling. A peak at HF and HF represents a self coupling of
the parasympathetic nervous activities.

Fig. 1. Comparison of bispectrum without (A) and with (B) surrogate data method and (C) illustrating specificity (top) and sensitivity (bottom) of the method
in quantifying the degree of phase coupling present using a simulation example. D and E: results from a representative healthy young subject, similarly
demonstrating the benefit of using the surrogate data approach. BWS, bispectrum with surrogate.
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Autonomic Nervous System Blockade

Representative results from a healthy subject during supine
position followed by the administration of atropine and then
with double blockade (both atropine and propranolol) are
shown in Fig. 2, A–C, respectively. The significant phase
coupling between LF-LF, LF-HF, and HF-HF seen in the
control state is significantly diminished with atropine, and no
phase-coupled peaks are present with double blockades.

Tables 1 and 2 summarize results from subjects in the supine
and upright positions, respectively, pre- and postadministration
of pharmacological blockades. It should be noted that the
values reported in Tables 1–4 reflect only those who had the
presence of QPC, but they are the majority rather than minority
among the population pool in each category. The nonappli-
cable values in these tables are because fewer than 50% of the
subjects had detection of QPC, and for those minorities who
had interactions, the values were essentially zero. During
prepharmacological blockades, there are significant nonlinear
interactions between LF-HF and HF-HF for both positions with
additional LF-LF coupling present in the supine position.
When compared with supine subjects, upright subjects show a
reduced amount of interactions, since the LF-LF coupling is
absent, whereas LF-HF and HF-HF coupling appear with lower
magnitude (see Table 1 vs. Table 2). After atropine adminis-
tration, all of the couplings are substantially abolished, as
documented by the statistically significant decrease of coupling
with respect to the control condition. On the contrary, the
decrease of coupling observed after the administration of
propranolol was slight and not statistically significant. With
double blockade, nonlinear interactions are completely abol-
ished in both body positions.

Comparison of Healthy Young, Old, and AMI Subjects

Representative bispectrum results from a young subject, an
old control subject, and an AMI patient in the supine position
are shown in Fig. 3. Note that the significant phase-coupled
peaks in the healthy young subject become smaller with the old
healthy subject. For the AMI subject, the phase-coupled peak
is essentially negligible.

Tables 3 and 4 summarize the group comparison of bispec-
tral estimates obtained from all young, old, and AMI subjects
for the supine and upright positions, respectively. The young

Table 1. Group average of bispectrum results indicating the
presence of phase coupling pre- and postapplication of
pharmacological blockades during the supine position

Supine LF-LF LF-HF HF-HF

Control 0.062�0.091 0.044�0.063 0.012�0.015
Atropine 0.00016�0.00043* 0.00048�0.00079* 0.00029�0.00061*
Double

blockade NA NA NA

Values are means � SD; n � 16 control subjects. *P � 0.05, significant
difference between control and atropine administration condition. LF, low
frequency; HF, high frequency; NA, not applicable.

Fig. 2. Representative bispectrum results from a subject (A) in control
condition, after administration of atropine (B), and after double blockades (C).
The presence of significant phase-coupled peaks in A diminishes with appli-
cation of atropine and completely disappears with double blockades.
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subjects are the same control group as shown in Tables 1 and
2. There is no LF-LF coupling in both the old control group
and the AMI group in either body position, whereas such
coupling exists for the young subjects (see Table 1). In the
supine position (Table 3), there is a decreasing trend in mag-
nitudes of both the LF-HF and HF-HF coupling from the young
to old control. Moreover, for the AMI patients, the coupling is
essentially negligible; particularly, the HF-HF coupling is
significantly lower than that of young and old control groups.
In the upright position (Table 4), both the LF-HF and HF-HF
couplings in AMI subjects are essentially nonexistent com-
pared with those of the young and old control groups (the
difference was statistically significant for the LF-HF coupling),
whereas there was no significant difference in LF-HF and
HF-HF coupling between the young and old control subjects.

DISCUSSION

In this study, we applied a novel method of surrogate
data-based bispectral analysis to HRV signals to detect non-
linear interactions between the sympathetic and parasympa-
thetic nervous activities in humans. We observed that nonlinear
phase couplings exist between LF and HF oscillations of HRV
and showed how these couplings are modified by the pharma-
cological blockade of the two branches of the autonomic
nervous system and the AMI. The main findings of the study
are that 1) nonlinear interactions between the sympathetic and
parasympathetic nervous activities are found in both young and
old subjects; 2) significant nonlinear coupling seen in the
control cases was essentially eliminated with the sole applica-
tion of atropine, and to a lesser extent with only propranolol,
whereas the application of both atropine and propranolol com-
pletely abolished nonlinear interactions between the two ner-
vous activities; and 3) an absence of nonlinear interactions in
both basal conditions and in conditions of enhanced sympa-
thetic tone due to tilt maneuver was observed for the AMI
subjects.

In our study, we found nonlinear coupling between the
following frequency ranges: LF-LF, HF-HF, and LF-HF. It is
well established that the LF range (0.04–0.15 Hz) represents
the actions of both sympathetic and parasympathetic nervous
systems (7), whereas the HF is predominantly due to the
activation of the parasympathetic nervous system (26a). A
recent study has suggested that increasing levels of muscle
sympathetic nerve activities (MSNA) resulted in a shift of the
spectral power toward its LF component, whereas decreasing

Table 2. Group average of bispectrum results indicating the
presence of phase coupling pre- and postapplication
of pharmacological blockades during the upright position

Upright LF-HF HF-HF

Control 0.026�0.031 0.0066�0.016
Propranolol 0.019�0.045 0.0021�0.0026
Double blockade NA NA

Values are means � SD; n � 22 control subjects.

Fig. 3. Representative bispectrum results from a young healthy subject (A),
old healthy subject (B), and acute myocardial infarction subject (C) in the
supine position. The self-coupling peak in the young healthy subject disappears
for both old healthy and acute myocardial infarction subjects.
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levels of MSNA were associated with a shift of MSNA spectral
power toward the HF component (19). Thus the LF-LF cou-
pling may indicate interactions between either the sympathetic
system itself or the sympathetic and parasympathetic nervous
systems. HF-HF most likely represents parasympathetic sys-
tem self-coupling, given the fact that the presence of sympa-
thetic nervous regulation is rather small in the HF bands (19);
LF-HF may indicate either parasympathetic self-coupling or
sympathetic and parasympathetic nervous system interactions.
It is widely known that although the effect of parasympathetic
regulation in the LF band is substantial (7, 23), its effect is not
greater than the sympathetic system (1, 26a). Thus it is also
plausible to consider LF-LF as the primarily coupling between
the sympathetic system itself. Similarly, the LF-HF can be
considered as primarily reflecting sympathetic and parasympa-
thetic interactions. It should also be noted that an insufficient
segment averaging of the bispectrum can lead to erroneous
self-coupling peaks (e.g., HF-HF and LF-LF). In this scenario,
even the surrogate data technique will not protect against false
self-coupling peaks. Thus, when we observe self-coupled
peaks, we do not have a good confidence whether the observed
self-coupled peak is truly due to self coupling or artificially
generated due to an insufficient number of bispectral segments
(see Eq. 3). Given this limitation, the peaks in the LF-HF
region are of primary interest and an interpretation of the peaks
associated with either LF-LF or HF-HF will be limited in the
discussion hereafter.

The evidence of nonlinear interactions between the sympa-
thetic and parasympathetic nervous systems has been well
documented in many experimental studies (12, 26, 26a). In one
study, it was noted that decreased sympathetic nervous activity
blunted the heart rate response to parasympathetic nervous
system activation (15). Similarly, a decrease in MSNA was
reported after the application of atropine (16). Quantitative
analysis also found interactions between the two nervous
systems. For example, using a combined wavelet and power
spectral analysis, we found evidence of interactions between
the sympathetic and parasympathetic nervous systems in the
form of frequency modulation in the same young control
subjects as used in this report (29). Interactions in the form of
frequency modulation are also a consequence of the nonlinear
properties of systems since nonlinear coupling can take many
different forms. It has been suggested that in certain cases, the
frequency modulation may produce quadratic terms, which in
turn can lead to the presence of QPC (20). Thus, given these
factors, it is not surprising that bispectral analysis provides
evidence of the presence of nonlinear interactions in the same
data. Furthermore, pharmacological interventions that are

known to block either sympathetic or parasympathetic regula-
tion confirmed the sensitivity of our approach. Indeed, we
observed that phase coupling in all frequency bands was
completely abolished by atropine alone or by both drugs,
thereby lending credence to the observed interactions between
the sympathetic and parasympathetic nervous activities in
young healthy subjects for both body positions. It is interesting
to note that atropine, which blocks parasympathetic activity,
destroyed the presence of LF-HF nonlinear interactions in the
young supine subjects. On the contrary, sympathetic blockade
due to propranolol administration induced a trend of decrease
in the magnitude of coupling compared with that of the control
in the upright position, but it did not abolish the coupling.
These findings can be interpreted as an indication of the
important role played by the parasympathetic nervous system
in the generation of QPC within HRV in physiological condi-
tions. These results are in agreement with previous animal
studies where the presence of the parasympathetic nervous
activities in both the LF and HF bands was found (7, 23). This
interpretation is further supported by the fact that during
upright position, a condition that is known to induce sponta-
neously a sympathetic activation and a concurrent parasympa-
thetic deactivation (14), the phase coupling was consistently
reduced compared with that of the supine position. The in-
volvement of the vagal component of the autonomic nervous
system in producing nonlinear dynamics in the heart rate has
also been demonstrated using nonlinear measures of complex-
ity during conditions of altered parasympathetic activity (2–4, 21).

The importance of the parasympathetic modulation in orig-
inating sympathetic and parasympathetic nervous system non-
linear interactions was also confirmed in the post-MI patients.
Indeed, we observed that the LF-HF coupling is essentially
absent in AMI compared with young control subjects in both
body positions, whereas nonsignificant coupling differences
between young control and old control were found in both
body positions. These results hold similarly for the HF-HF
coupling, which was negligible in AMI patients compared with
either young or the age-matched old control subjects. They
agree with previous experimental evidence indicating that
sympathetic neural activation is increased, whereas vagal ac-
tivity is decreased in MI (8, 10). It has been suggested that one
of the causes of the increased sympathetic activation and
subsequent decreased vagal activity following AMI is related
to the activation of cardiac sympathetic afferent fibers (13).
Physiologically, the absence of coupling is an indication of the
imbalance between the sympathetic and parasympathetic ner-
vous systems. The imbalance between the cardiac parasympa-
thetic and sympathetic nervous system is manifested as an

Table 3. Group average of bispectrum results indicating the
presence of phase coupling for healthy young and old
and AMI subjects during the supine position

Supine LF-HF HF-HF

Young control 0.044�0.063 0.012�0.015
Old control 0.017�0.038 0.010�0.0021
AMI 0.0012�0.0026† 0.00061�0.00074*†

Values are means � SD; n � 16 young control, 12 old control, and 35 acute
myocardial infarction (AMI) subjects. *P � 0.05 between AMI and old control
group; †P � 0.05 between AMI and young control group.

Table 4. Group average of bispectrum results indicating the
presence of phase coupling for healthy young and old
and AMI subjects during the upright position

Upright LF-HF HF-HF

Young control 0.026�0.031 0.0066�0.016
Old control 0.039�0.078 0.0037�0.0081
AMI 0.0011�0.0013*† 0.0016�0.0032

Values are means � SD; n � 22 young control, 12 old control, and 35 AMI
subjects. *P � 0.05 between AMI and old control group; †P � 0.05 between
AMI and young control group.
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absence of nonlinear coupling in the AMI subjects. The ab-
sence of nonlinear coupling in the cardiovascular dynamics
after AMI was also found in a recent work by Nollo et al. (18).
Using the same AMI heart rate data as presented in this study
along with systolic arterial pressure (SAP) measured synchro-
nously, they found decreased nonlinear coupling between the
heart rate and SAP for the AMI subjects using a cross-
conditional entropy method (18).

Potential Limitations

It should be noted that post-AMI patients enrolled in the
study may not reflect a contemporary population in terms of
revascularization procedure since the data were acquired dur-
ing the GISSI-3 study.

In this study, the physiological interpretation of QPC be-
tween various frequency bands was based on the premise that
these spectral dynamics represent interactions between the two
branches of the autonomic nervous system. It should be rec-
ognized, however, that variations in heart rate dynamics may
also arise due to complex interactions between several neural
and nonneural mechanisms (15, 26a). For example, it was
found that very LF (0.01–0.04 Hz) fluctuations in blood
pressure depend on circulating catecholamines (22), whereas
another study suggests the role of L-type Ca2	 channels (11).

Conclusion

The bispectrum, without the use of a surrogate data tech-
nique, has been hampered by its lack of specificity. Thus
determining the presence of nonlinear coupling has been rather
ad hoc. In addition, as shown in Fig. 1A, noise can lead to many
erroneous bispectral peaks, thus creating difficulties in decid-
ing which peaks are truly significant. These limitations were
addressed by the use of a surrogate data technique, which has
lead to statistically based decisions about the significance of
coupling. Moreover, our technique was able to filter out any
erroneous peaks that may have been generated due to noise
contamination. Our results indicate that one possible discrim-
inating dynamic for the AMI subjects is the absence of non-
linear interactions between the sympathetic and parasympa-
thetic nervous systems, which is likely to reflect the depressed
vagal regulation common to this disease. In both healthy young
and old subjects, there were significant nonlinear interactions,
but the magnitudes of coupling appear to decrease with older
subjects in the supine position. Thus it can be summarized that
autonomic imbalance progresses with age and becomes severe
enough to entirely obliterate nonlinear interactions between the
cardiac parasympathetic and sympathetic nervous systems in
the AMI subjects. It is not clear at present whether the method
will be sensitive enough to be used as a discriminator between
normal subjects and people with slowly progressive cardiac
diseases. Obtaining the data to answer this question will
require a continuous monitoring of subjects pre- and post-AMI.
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