
  

  

Abstract— Cross-frequency phase-amplitude coupling (PAC) 

within large neuronal populations is hypothesized to play a 

functional role in information processing in a range of cognitive 

tasks. The goal of our study was to examine the putative role of 

PAC in the brain networks that mediate continuous visuomotor 

control. We estimated the cortical activity that mediates 

visuomotor control via magnetoencephalography (MEG) 

recordings in 15 healthy volunteers. We extracted the cortical 

signal amplitudes and phases at the frequencies of interest by 

means of band-pass filtering followed by Hilbert transforms. 

To quantify task-related changes of PAC, we implemented a 

technique based on the Kullback-Leibler divergence. The 

choice of this technique among others was based on the results 

of comparisons performed on simulations of coupled sources in 

various noise conditions. The application of PAC to the MEG 

data revealed a significant task-related increase in coupling 

between the phase of delta (2-5 Hz) and the amplitude of high-

gamma (60-90 Hz) oscillations in the occipital and parietal 

cortices as well as in the cerebellum. Remarkably, when 

comparing PAC in the early trials to PAC recorded towards 

the end of the experiment we found a significant increase in 

delta-high-gamma coupling over time in the superior parietal 

lobule, possibly reflecting visuomotor adaptation processes. 

Our results suggest that, in addition to power modulations, 

cross-frequency interactions play a key role in visuomotor 

behavior. 

 

I. INTRODUCTION 

Phase-amplitude coupling (PAC) of electrophysiological 
signals, which occurs for instance when amplitudes of faster 
oscillations are modulated by phases of slower rhythms, is a 
phenomenon that has been attracting increasing interest 
among neuroscience researchers. Cross-frequency PAC has 
been reported using both invasive and non-invasive 
recordings, and has been studied not only in tests for local 
cross-frequency interactions, but also in the analysis of long-
range coupling [1]. Since high-frequency oscillations are 
usually related to localized cortical information processing, 
whereas low-frequency rhythms can be modulated across 
brain regions by both internal cognitive processing and 
external sensory inputs, it is believed that PAC phenomena 
might reflect the transfer of information from distributed 
brain networks, which operate at the timescales of typical 
behavioral processes, to the faster localized cortical 
processing units, which perform the actual computation and 
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synaptic transmission of information [2]. In humans, PAC 
has been detected in regions such as the hippocampus [3], the 
basal ganglia [4] and the neocortex [5], and has been linked 
to memory maintenance [3], decision making [6], reward 
processing [4], and visuomotor learning [7], among other 

cognitive tasks.  

In this study, our goal was to investigate task-modulated 
changes in local PAC between low-frequency phase and 
high-frequency amplitude of cortical activity across the brain 
using magnetoencephalography (MEG) signals acquired 
during a visuomotor (VM) control experiment. In particular, 
we focused on the phase of the delta frequency band (2-5 Hz) 
and the amplitude of the high-gamma frequency band (60-90 
Hz). The motivation for this stems from observations of an 
increase in cortical power at these frequency bands around 
the contralateral motor cortex during a visuomotor task [8], 
suggesting a possible functional role for cross-frequency 

interaction in these bands.  

We converted MEG measurements into estimated current 
densities with a linear minimum-norm inverse solution, and 
obtained their delta phase and high-gamma amplitude 
representations by means of band-pass filtering followed by 
Hilbert transforms. As there are several methods available to 
estimate cross-frequency PAC, we compared the 
performance of five different techniques using an ROC 
analysis and simulated cross-frequency coupling between 
synthetic cortical time series. Once we identified the most 
robust PAC modulation detection method, we analyzed real 
multi-subject MEG data, looking for PAC modulations 
between the VM task and rest condition. Additionally, we 
also examined the putative modulations of PAC between the 
early phase and late phase of the VM experiment to test for a 

putative role of PAC in visuomotor adaptation. 

II. METHODS 

A. Phase-Amplitude Coupling 

Let us consider a time series x(t) and narrowband signals 
xL(t) and xH(t), which are obtained by band-pass filtering x(t) 
at low- and high-frequency bands BL and BH, respectively. 
There is phase-amplitude coupling between BL and BH for 
this time series if the amplitude of xH(t), which we call aH(t), 

and the phase of xL(t), which we call !L(t), are correlated. We 

can obtain aH(t) and !L(t) by applying the Hilbert transform to 

the narrowband signals xH(t) and xL(t), respectively. In this 
work, we used Kaiser windowing and filtering in both 

forward and reverse directions, to avoid phase distortion.  

A number of methods to estimate the degree of coupling 

between aH(t) and !L(t) has been proposed. The PAC 

methods we analyzed are presented in table I (see [9, 10] and 
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