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Abstract— Local field potentials (LFPs) recorded from
implanted deep brain electrodes demonstrated the oscillatory
nature of human basal ganglia. LFP rhythms were mainly
characterized by means od power spectral analysis, thus loosing
information related to rhythm phase synchronization and to
event related phase modulations. Because the application of
higher-order spectral analysis methodology can overcome such
limitation, here we review the present applications of bispectral
and cross-bispectral analysis to LFP recordings. The results
obtained up to now showed that higher-order spectral analysis
was able to clarify detect different rhythm synchronizations
and interactions characterizing different pathologies and
patient’s states.

I. INTRODUCTION

The availability of local field potential (LFP) recordings
from patients with implanted deep brain stimulation (DBS)
electrodes opened the way to the investigation of oscillation-
based alternatives to the classical basal ganglia model[1], [2].
LFP analysis was used to assess the functional properties of
these deep neural structures in response to various
pharmacological and behavioral stimuli. LFPs have revealed
the oscillatory behavior of deep brain structures and can
detect focal network rhythms that are not necessarily
observable in single neurones or neurone pairs [1], [3]. Two
or three days after surgery for electrodes positioning and
before the connection of electrode wires to the subcutaneous
electrical stimulator, DBS electrodes are accessible for
recording LFPs that can be defined as the synchronous
presynaptic and postsynaptic activity of large neuronal
populations. Oscillations in the basal ganglia were mainly
studied in Parkinson’s disease (PD) and were disclosed to
range in a wide interval, from low frequencies (below 7 Hz),
to frequencies in the beta band (13-35 Hz), up to high
frequencies, around 70Hz and around 300 Hz [3], [4]. LFP
rhythms are modulated by dopamine intake, by voluntary
movement execution and imagination, are related to the
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patient’s clinical and motor state, and different pathologies
are characterized by different LFP patterns [5], [6].

However, traditional methodological approaches of signal
processing cannot detect information related to rthythm phase
synchronization and to event related phase modulations. The
application of different methodological approaches, such as
higher-order analysis, could help clarifying the role played by
rhythms in the information processing when complex
mechanisms, such as cross-frequency coupling, are present

[7].

Most studies defined the LFP rhythms in the human basal
ganglia by means of power spectral analysis. The power
spectrum, that is related directly to the second order statistic,
can completely describe the signal when the underlying
process is Gaussian and linear. When non-linear correlations
between rhythms are present, whereas power-spectral
analysis suppresses phase relations between oscillations, the
third order spectrum (bispectrum) does contain such
information and it is particularly useful in the detection of
phase-locking phenomena[8], [9]. When the processes
characterizing the system are more than one, the cross-
bispectrum can detect phase locking phenomena between
different signals. In biomedicine, the bispectrum was applied,
for the first time, to bioignals for investigating EEG
recordings [10]. From that first work, the bispectrum and
cross-bispectrum were used to charachterize biological
signals and it has been recently proposed for emotional state
classification [11], the identification of Alzheimer’s disease
EEG biomarkers[12], the study of short-memory processing
[13], the detection of cardiac ischemia[14], and many others.

The application of these methodological approaches to
LFPs could open the possibility to uncover non-linear
dynamics of brain cortical and subcortical oscillations. In this
paper, we review the present applications of bispectral and
cross-bispectral analysis to LFP recordings and propose a
possible pathophysiological interpretation model of the
results obtained.

II. BISPECTRAL ANALYSIS AND NON-LINEAR LFP DYNAMICS

A. LFP bispectral biomarkers in Parkinson’s Disease

The DBS target for PD patients is the subthalamic
nucleus (STN). LFP recordings from the STN of PD patients
were extensively described in different clinical states and are
now used as control variable in new adaptive DBS
strategies[6].
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correlations between STN-LFP rhythms in PD before and
after the administration of a clinical effective dose of
levodopa[15]. The bispectrum is used to detect phase
synchronizations among oscillations in a single signal. A
bispectral peak at frequencies (fl, f2) implies that the two
oscillations, one at fl and one at f2, interact and that the
oscillation at f1+f2 in the signal is the result of this non-linear
interaction. The bispectrum is defined as the two-dimensional
Fourier Transform (FT) of the third-order cumulant.

The results disclosed that Parkinson’s disease produces
non-linear correlations between STN LFP rhythms oscillating
at different frequencies[15], differing between genders [16],
and characterizing levodopa-induced dyskinesias [17].

The most marked non-linear correlation phenomenon was
detected between the low-beta (13-20 Hz) and the high beta
(20-35 Hz) rhythm: the LFP activity in the high-beta range
(20-35 Hz) is distorted by a harmonic of the low-beta rhythm.
When patients were in the off state, non-linear correlations
were also observed between the low-beta rhythm and other
rhythms at very-low frequencies (2—7 Hz) or in the alpha
range (8—12 Hz). After levodopa administration, these non-
linear correlations decrease and the low-beta/high-beta
distortion is virtually eliminated: levodopa increased non-
linear interactions within the low-frequency band and
decreased (or left unchanged) all the other non-linear
interactions, thereby increasing segregation between LFP
rhythms operating at different frequencies. Hence, after the
administration of a clinically effective levodopa dose, the
system moves towards a more segregated state[15].

Bispectral analysis in PD was also applied to investigate
gender-related  differences in the non-linear phase
synchronizations between LFP rhythms. LFPs were in fact
shown to be gender-specific, with women displaying higher
beta activity than men before levodopa administration. The
pathophysiological basis of gender differences in PD may
reside in the different effects of gonadal hormones on the
brain development and functioning (Marceglia et al 2007).
The results showed that, in the absence of levodopa
stimulation, males had higher synchronization within the
low-frequency band, whereas the pattern of synchronizations
between and within the other rhythms was similar. After
dopaminergic therapy had restored more physiological
dopamine levels, the non-linear phase coupling phenomena
were similar between the two genders[16].

In PD, after the administration of levodopa, there is a 30
minutes time window after which patients first improve in
rigidity thanks to the effect of levodopa (non-dyskinetic on)
and, then, can show involuntary movements due to peak-dose
levodopa (dyskinetic on). The oscillatory activity during
levodopa-induced dyskinesias is characterized by a large
increase in the low-frequency (2-7 Hz) band (Alonso-Fretch
et al, 2006). Bispectral analysis showed that, after the
administration of levodopa, without diskinesias, the low-
frequency oscillation increased, whereas the bispectral power
in the region (2-7Hz, 2-7Hz) did not change, suggesting that
the low-frequency oscillation was boosted by levodopa
administration without changing its non-linear properties.
Conversely, the low-beta oscillation decreased together with
the decrease in the bispectral power in the region (13-20Hz,
13-20Hz), but did not completely disappear. When the
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Figure 1. Example of bispectrum estimated in STN-LFPs before levodopa
administration (A), and after levodopa administration without (B) and with
(C) levodopa-induced dyskinesias. On the x and y axis are represented
power spectra (log PSD).

patients displayed levodopa-induced dyskinesias, there
was an abnormal increase of low-frequency oscillations,
together with an increase in bispectral power in the region (2-
7Hz,2-7Hz). In addition, the low-beta oscillation decreased
more and the rhythms became totally segregated and all the
peaks in the bispectral region (13-20Hz, 13-20Hz)
disappeared (Figure 1) [17].

B. LFP bispectral biomarkers in Dystonia

Dystonic patients are implanted with DBS electrodes in
the Globus Pallidus internus (GPi). Spectral analysis of GPi
LFPs from dystonic patients at rest revealed power spectra
dominated by the oscillatory activity below 7 Hz, in the low-
frequency band, whereas activity in the beta band is almost
inexistent. Bispectral and bicoherence analysis applied to GPi



LFPs recorded in dystonic patients [18] disclosed that the
low-frequency band generates a second harmonic, without
any other non-linear interaction between rhythms. This result
suggested that the rhythms expressed in the GPi of the
untreated PD patient are similar to those observed in the STN
and are characterized by a large amount of nonlinear
interactions. Conversely, in the dystonic GPi, as well as in
the parkinsonian GPi after dopaminergic medication, the
rhythms are substantially independent.

III. APPLICATIONS OF CROSS-BISPECTRAL ANALYSIS

Cross-bispectral analysis was applied to LFP and
electromyographic (EMG) signals recorded in a patient with
essential tremor, implanted in the subthalamic nucleus (STN)
with DBS electrodes[19]. Whereas the bispectrum is able to
characterize non-linear interactions and phase
synchronizations between the rhythms composing a single
signal, the cross-bispectrum (C,y,) is able to detect such
interactions between two or three signals. As well as the
bispectrum, the cross-bispectrum is defined as the two-
dimensional Fourier Transform (FT) of the third-order cross-
cumulant.

LFPs were recorded at rest synchronously with the
surface electromyography (EMG) of the limbs showing
tremor two days after functional neurosurgery for DBS
electrode placement.

The power spectrum showed that both the LFP and the
EMG had a predominant peak at SHz and a smaller peak at
10Hz, and had a high cross-coherence at 5SHz and 10Hz . The
LFP signal also showed the characteristic STN high-beta
activity (25-35 Hz). Bispectral analysis was applied to STN.

LFPs and showed that STN rhythms were independent.
Because in physiological application there is no a priori
knowledge on the kind of relationship between signals,
simulations were needed to uncover the specific pattern of
non-linear synchronizations from the distribution of cross-
bispectral peaks in the bidimensional frequency domain
(Marceglia NER 09). Results from simulations were used, to
infer, from the position of symmetric peaks in the principal
domain, the reciprocal relationship between the analyzed
signals.

The cross-bispectrum disclosed significant non-linear
synchronizations between LFPs and EMG. Since the cross-
bispectrum was calculated among two signals, the C,y,
configuration for cross-cumulant estimation was chosen,

Figure 2. Cross-bispectral analysis in essential tremor.

where x corresponded to the LFP and y corresponded to
the EMG. The -cross-bicoherence (normalized cross-
bispectrum) displayed two peaks in the principal domain at
(5Hz,5Hz) and (10Hz,-5Hz). This pattern of interaction was
similar to that observed in a simulation study (Marceglia
NERO09), and suggested that the SHz subthalamic rhythm and
the SHz muscular rhythm were non-linearly interacting and
that this interaction produced at least part of the 10Hz
oscillation in the EMG. The 10Hz oscillation in the LFP was
independent and not involved in the resonance system
probably causing the cortico-muscular non linear coherence.

IV. A POSSIBLE MODEL OF BASAL GANGLIA MOTOR
OSCILLATIONS

According to these observations from real recordings, a
possible model of basal ganglia motor oscillations in
Parkinson’s disease without dopaminergic stimulation,
Parkinson’s disease with dopaminergic stimulation without
dyskinesias, and in hyperkinesias (Dystonia, dyskinesias,
tremor) is proposed in Figure 3.

The dopamine-dependent non-linear interaction between the
low-beta and the high-beta rhythms could reflect the phase-
locked activity of two generators. In BG, the STN and the
globus pallidus externus (GPe) form a closed-loop that can
sustain oscillations in the beta range [20] as well as in the
low-frequency range. A possible explanation for the
observed bispectral pattern is that the phase relations
between rhythms in the STN could be the result of a non-
linear synchronization between STN and GPe that induces
the phase coupling in the low-beta range, thereby affecting
the BG output (Figure 3A). This phenomenon is abolished
by the administration of levodopa that restores the normal
independence between generators and normalizes, at least in
the beta range, the BG output. Also, the abnormal low-beta
activity is drastically reduced but not completely destroyed;
however, the reduction allows the non-spreading of the low-
beta throughout the circuit; on the other hand, the low-
frequency rhythm is restored and its non-linear interaction at
the STN and GPi level appears, too (Figure 3B). Finally, if
the dopaminergic or electrical stimulation leads to
dyskinesias in Parkinson’s disease, or if the patient is
affected by dystonia, the low-frequency rhythm is
abnormally increased and non-linear synchronizations
spread from STN to GPi, leading to hyperkinesias (Figure
30).

If there is tremor, a pathological synchronization at the
tremor frequency involves the STN and the muscles where a
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Figure 3. Possible model of basal ganglia rhythm interactions (A) in PD
before levodopa; (B) in PD after levodopa; (C) in hyperkinesias. Th =
Thalamus; STN = Subthalamic Nucleus; GPi = Globus Pallidus internus;
GPe = Globus Pallidus externus; LF = LFP low-frequency rhythms; LB =
LFP low-beta rthythm; HB = LFP high-beta rhythm

double harmonic is also produced. In all cases, the CM-Pf-
VO thalamic complex expresses a low-frequency rhythm,
possibly reverberating to the striatum.

V. CONCLUSIONS

From a signal processing point of view, the investigation
of nonlinear interactions can help to correctly interpret the
power spectrum. The knowledge gained with the bispectrum
permits, if not a real quantification, at least a qualitative
distinction between the independent activity of LFP rhythms
and the synchronized activity due to the interaction between
rhythms. From a pathophysiological point of view, despite
the suggested role of interactions between rhythms, their
origin remains debatable. Non-linear interactions could
reflect the synchronization between two or more generators.
LFPs generators are not single neurons, but populations of
synchronized neurons. Therefore, the interaction between
rhythms could be due to a common network input, able to
synchronize the output of the neural networks generating
LFPs. However, it cannot be a priori excluded the possibility
that the observed non-linearity could be the result of a non-
linear behavior of a single oscillator.

In conclusion, higher-order spectral analysis clarified that
in different pathologies and patient’s states, LFP rhythms
behave differently and display different synchronizations,
and interactions.
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