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Introduction - Synchronisation and cross-frequency coupling
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Fell J. and Axmacher N., Nature Review, 2011 

Phase synchronisation 
between two time-series

Cross-frequency coupling 
between different 
frequency bands

(a)	Power	of	the	gamma	oscillations	are	
correlated	with	power	in	the	lower	
frequency	band.

(b)	In	each	slow	cycle,	there	are	four	faster	
cycles	and	their	phase	relationship	
remains	fixed.	

(c)	The	frequency	of	the	fast	oscillations	is	
modulated	by	the	phase	of	the	slower	
oscillations.

(d)	The	power	of	the	gamma	oscillations	is	
modulated	by	the	phase	of	the	theta	
oscillations.

Jensen et	al.,	2007,	TRENDS	COGN	SCI
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An integrative view of memory-related synchronization 
mechanisms
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working memory load. Furthermore, the variability of 
theta phases at which beta–gamma activity is maximal 
decreases with increasing working memory load70. 
These results suggest that object representations are 
more precisely locked to certain phases of theta oscil-
lations when working memory load is high105. This 
phenomenon may reflect the necessity for an accurate 
arrangement of gamma cycles to guarantee tempo-
rally adjacent but non-overlapping representations of 
multiple objects.

An increase of theta–gamma phase coupling within 
two regions will automatically lead to enhanced gamma 
phase synchronization between these regions if there 
is already theta phase synchronization between the 
two regions. For example, if gamma phases of 0° are 
locked to theta phases of 0°, 45°, 90°, 135° and so on, 
and if theta phases are synchronized across regions (for 
example, with zero lag), then gamma phases of 0° will 
occur in both regions simultaneously. In other words, 

gamma oscillations are phase-synchronized between 
these regions (in this case, with zero lag). As described 
above, increased theta phase synchronization has been 
detected during both working memory maintenance47 
and long-term memory encoding29. Enhanced gamma 
phase synchronization, in turn, is likely to facilitate spike 
timing-dependent plasticity33,34.

In this way, the complementary mechanisms of 
theta–gamma phase coupling and theta phase synchro-
nization may support the transfer of items maintained in 
working memory into long-term memory by enhancing 
gamma phase synchronization. Indeed, a simultaneous 
increase of theta and gamma phase synchronization and 
theta–gamma phase coupling has been observed during 
successful long-term memory encoding in humans125. 
Furthermore, across subjects, rhinal–hippocampal theta 
phase synchronization associated with successful long-
term memory formation was found to be correlated with 
rhinal–hippocampal gamma phase synchronization42. 
However, experimental evidence for these cooperative 
effects based on paradigms that directly address interac-
tions between working memory and long-term memory 
is still needed.

Open questions and future perspectives
Although our understanding of synchronization mech-
anisms underlying memory processes has advanced 
considerably during recent years, there remain many 
unresolved issues. In general, gamma phase synchro-
nization probably supports two major functions — 
namely, neural communication and plasticity. However, 
it is likely that not all regions involved in the transfer of 
information show neural plasticity. Hence, it is an open 
question how interference between communication 
and plasticity can be avoided or whether communica-
tion and plasticity are supported by different types of 
gamma phase synchronization. Similarly, it is currently 
unclear how phase synchronization can simultaneously 
support memory-related processes and other cognitive 
operations without interference. 

It was recently reported that fast gamma oscilla-
tions (around 100 Hz) in CA1 specifically synchronize 
with fast gamma oscillations in the entorhinal cor-
tex, whereas slow gamma oscillations (around 45 Hz)  
in CA1 synchronize with slow gamma oscillations in 
CA3 (REF. 126). Such a mechanism could enable simul-
taneous but non-interfering communication within 
memory networks. Directional coupling and net-
work analyses may help to reveal the information flow  
and interaction schemes during working memory and 
long-term memory127.

As described in this Review, empirical data suggest that 
synchronization-based mechanisms have a role in both 
working memory and long-term memory processing. We 
have described some ideas regarding the synchronization- 
based interplay between both functions for which evi-
dence is accumulating, although such evidence is still 
indirect. A better understanding of these mechanisms 
requires experimental paradigms that directly address 
the interaction between working memory and long-term 
memory — that is, the transfer of information maintained 

Figure 4 | An integrative view of memory-related synchronization mechanisms. In 
this schematic overview, dotted arrows point to the functions that are supported by the 
different neural mechanisms. Thin black arrows indicate that functions contribute to 
cognitive operations. Thick double-headed arrows represent interactions between 
mechanisms, functions or cognitive operations. Of note, ‘phase synchronization’ strictly 
refers to a bivariate measure of interaction between two brain regions, and ‘m:n phase 
coupling’ refers to interactions between different frequencies — that is, m ≠ n. In general, 
all three synchronization mechanisms are probably related to both working memory and 
long-term memory (and to the interaction between these memory processes). We 
propose that this relationship between mechanisms and memory operations is exerted 
through different primary functions of the three mechanisms: first, the mechanism of 
phase synchronization supports two general functions — namely, neural communication 
and spike timing-dependent plasticity. In addition, phase synchronization probably 
supports object representation — for example, through feature binding. This function 
also relies on neural communication (as indicated by the double-headed arrow). Neural 
communication facilitates both working memory and long-term memory processes, 
whereas spike timing-dependent plasticity specifically contributes to long-term memory. 
Synaptic enhancement resulting from spike timing-dependent plasticity also leads to 
increased phase synchronization. Second, the complementary mechanisms of 
phase–amplitude coupling and m:n phase coupling are crucial for a non-interfering 
representation of multiple objects in working memory. Synchronization processes, 
particularly within the medial temporal lobe, probably support the interaction of working 
memory and long-term memory operations.

REVIEWS
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© 2011 Macmillan Publishers Limited. All rights reserved

Fell J. and Axmacher N., Nature Review, 2011 
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Phase synchronisation
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Functional roles of phase synchronisation
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Fell J. and Axmacher N., Nature Review, 2011 

Phase synchronization of neural 
assemblies coordinates the 
timing of synaptic inputs to a 
common target region.

The propensity of action 
potentials that are propagated 
from region 2 to region 1 to 
induce synaptic plasticity in 
region 1 depends on the theta 
phase in region 1 during which 
the action potentials arrive. 

Precise timing of action 
potentials resulting from phase 
synchronization between two 
regions can induce spike 
timing-dependent plasticity of 
the synaptic connections 
between these regions. 

Between multiple brain regions 
allows for efficient information 
transfer (indicated by the 
arrows) during excitable periods.
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Measuring phase synchronisation

• Instantaneous phase of each signal is calculated from analytic signal, which is 
obtained from Hilbert transform. 

• The analytic signal: x = xr + i*xi  
• Real part: xr, which is raw data  
• Imaginary part, xi, which is Hilbert transform 

• The imaginary part is a version of the original real sequence with a 90° phase 
shift (sines are transformed to cosines and conversely). 

• Mean of differences of instantaneous phases as Mean Phase Coherence 
(MPC) or Phase-Locking Value (PLV) 
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Mean Phase Coherence in MATLAB

• Instantaneous phase of signals are extracted using analytical form of signals (Hilbert phase) 

• phase1 = angle(hilbert(signal1)); 

• phase2 = angle(hilbert(signal2)); 

• MPC is absolute value of the mean phase differences 

• MPC = abs(mean(exp(1i*(phase1-phase2))));
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Dynamics of phase synchronisation over time

• Brain is a complex dynamic system and neural signals are non-stationary 

• Synchronisation patterns change over time, even in short periods of time 

• We need to estimate them for short time windows, e.g. few seconds. 

• Segmentation of signals (moving window length and step of moving)

8

winLen = 4;  % length of moving window for segmentation in second
stepLen = 0.5; % step of moving window in second
for i = 1:nSeg % loop for segmentation
    idxSeg = floor((i-1)*stepLen*sampRate+1):...
        floor((i-1)*stepLen*sampRate+winLen*sampRate);
    MPC(i,nf) = abs(mean(exp(1i*(phase1(idxSeg)-phase2(idxSeg)))));
end
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Dynamics of phase synchronisation over time and frequency

• MPC can also be estimated in desired frequency bands

9

    % filter signals for frequency bands
    order = round(3*(sampRate/freqBands(nf,1)));
    fir1Coef = fir1(order,[freqBands(nf,1),freqBands(nf,2)]./(sampRate/2));
    filtSignal1 = filtfilt(fir1Coef, 1, signal1);
    filtSignal2 = filtfilt(fir1Coef, 1, signal2);
    
    % extract instantaneous phase of signals using hilbert transform
    phase1 = angle(hilbert(filtSignal1));
    phase2 = angle(hilbert(filtSignal2));
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Phase synchronisation during epileptic seizure
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Histogram of phase differences in 3 conditions
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[sortMPC,idxSort] = sort(MPC(:,idxFreq),'ascend');
idx(1) = idxSort(1); % lowest MPC
idx(2) = idxSort(floor(length(idxSort)/2)); % middle MPC
idx(3) = idxSort(end); % highest MPC
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Cross-frequency coupling
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Different principles of cross-frequency interactions

• Quantification of interaction between different frequency bands of a signal is 
called cross-frequency coupling 

13

(a)	Power	of	the	gamma	oscillations	are	
correlated	with	power	in	the	lower	
frequency	band.

(b)	In	each	slow	cycle,	there	are	four	faster	
cycles	and	their	phase	relationship	
remains	fixed.	

(c)	The	frequency	of	the	fast	oscillations	is	
modulated	by	the	phase	of	the	slower	
oscillations.

(d)	The	power	of	the	gamma	oscillations	is	
modulated	by	the	phase	of	the	theta	
oscillations.

Jensen et	al.,	2007,	TRENDS	COGN	SCI
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Phase-amplitude theta-gamma CFC

• A good example of phase-amplitude cross-frequency coupling is modulation 
of gamma activities by phase of theta oscillations in rodent hippocampus

14

Cross-frequency coupling across sleep-wake states 3

Department of Neurology, Inselspital, Bern 

Phase-amplitude cross frequency coupling

Gamma (60-80 Hz)

Theta (5-9 Hz)

LFP

100 ms

Sample recording from CA1 during REM
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Phase-amplitude CFC and working memory

• Coupling level depends on working memory load in human hippocampus 

• Modulation frequency depends on working memory load in human hippocampus 

• The frequency of modulating theta oscillations shifts toward lower frequencies with 
increasing memory load.

15

Axmacher et	al.,	2010,	Proc.	Natl.	Acad.	Sci.
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Correlation between CFC and learning performance

• Phase-amplitude CFC strength is the most predictive neurophysiological 
marker of learning yet found.

16

Learning task in rodent - Hippocampal CA3 recordings (118 trials)

Tort et al, Proc Natl Acad Sci, 2009 
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Dynamic entrainment of low-frequency phase

• Phase of low frequency 
oscillations can be entrained by 
rhythmic external sensory and 
motor events, or internal cognitive 
processes (learning and memory)  

• Is it possible that P-A CFC exists 
but is unrelated to functional 
activity, computation or 
communication? No! why? 

• Low frequency phase entrainment 
combined with presence of 
phase-amplitude CFC implies that 
the modulation of HF power by 
CFC will be entrained and 
coordinated with the occurrence 
of slower, behaviourally relevant 
internal and external events.

17

Lakatos et	al.,	Science,	2008
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Measuring phase-amplitude coupling using Modulation 
Index (MI)

18

Cross-frequency coupling across sleep-wake states 4

Department of Neurology, Inselspital, Bern 

Modulation Index (MI)

Tort et al., 2010, J Neurophysiol

Kullback–Leibler (KL) distance

Modulation Index (MI)

Aru et al., 2015, Curr Opin Neurobiol
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Steps to calculate Modulation Index

• Filtering signal for slow (modulating) and fast (modulated) frequency bands 

• Extracting envelope of fast oscillations and phase of slow oscillations

19

%% Define phase/amplitude frequency bands of interest
phaseFreq = [6 9]; % frequency band for phase (Hz)
ampFreq = [55 95]; % frequency band for amplitude (Hz)
 
%% Extract envelope for amplitude frequency band using Hilbert transform
order = round(3*(sampRate/ampFreq(1)));
fir1Coef = fir1(order,[ampFreq(1),ampFreq(2)]./(sampRate/2));
ampSignal = filtfilt(fir1Coef, 1, signal);
Amp = abs(hilbert(ampSignal));

%% Extract phase for phase frequency band using Hilbert transform
order = round(3*(sampRate/phaseFreq(1)));
fir1Coef = fir1(order,[phaseFreq(1),phaseFreq(2)]./(sampRate/2));
phaseSignal = filtfilt(fir1Coef, 1, signal);
Phase = angle(hilbert(phaseSignal));
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Steps to calculate Modulation Index

• Divide phase of slow oscillations into several bins

20

%% Dividing phase [0 2*pi] into several equal bins
nBin = 18; % 18 bins, each bin covers 20 degrees
binStart = zeros(1, nBin);
binSize = 2*pi/nBin;
for i = 1:nBin
    binStart(i) = (i-1)*binSize-pi; % start of each bin
end

Ascending theta-gamma coupling swings during REM sleep
Mojtaba Bandarabadi1,2, Richard Boyce3, Kaspar Schindler1, Antoine Adamantidis1,2

1 Department of Neurology, Inselspital University Hospital, University of Bern, Bern, Switzerland
2 ZEN, Zentrum für Experimentelle Neurologie, Inselspital University Hospital, Bern, Switzerland 

3 Integrated Program in Neuroscience, McGill University, Montreal, Quebec, Canada

mojtaba.bandarabadi@dkf.unibe.ch

Introduction

Methods

Causality between hippocampal theta rhythms and contextual memory 
consolidation during REM [1].

Hippocampal theta phase has been reported to modulate amplitude of fast 
oscillations during learning, navigation, and REM [2,3,4,5].

Phase-amplitude coupling refers to interaction between phase of slow 
oscillation and amplitude of fast oscillation.   

Question
Although phase-amplitude coupling during REM has been linked to 
memory consolidation, precisely how this coupling contributes to synaptic 
plasticity remains elusive.

Objective
To further investigate the mechanisms behind REM memory 
consolidation theory. 

- Hippocampal CA3, CA1, and subiculum LFPs as well as cortical EEG recordings of mice were analyzed.

- We quantified phase-amplitude coupling using Modulation Index (MI) [3], and in different vigilance states.

- We assessed phase-amplitude CFC across a wide range of slow and fast activities using comodulogram analysis.

- Dynamics of phase-amplitude coupling were assessed using a time-resolved approach.

Results - General patterns of phase-amplitude coupling

Results - Dynamics of phase-amplitude coupling during REM sleep

General patterns of phase-amplitude 
coupling during active wake (aWk), 
NREM, and REN. 

(a) Comodulogram graphs show Modu-
lation Index (MI) for a wide range of 
frequency band pairs, obtained from 24 
h recordings of CA3 pyramidal layer, 
CA1 stratum radiatum, subiculum py-
ramidal layer, and cortical EEG. 

(b) Phase-amplitude histograms corre-
spond to the theta-slow gamma and 
either theta-fast gamma or theta-ripple 
coupling during aWk and REM. 
CA3 pyramidal slow gamma and rip-
ples are modulated at significantly dif-
ferent phases of theta rhythms during 
REM. Ripple modulation phase lags 
slow gamma modulation by about 90° 
(~32 ms time delay) in CA3 pyramidal 
layer.  

(c) Quantification of theta-slow gamma 
coupling during aWk and REM sleep. 
REM coupling is stronger than aWk, 
specifically within subiculum and corti-
cal EEG. 

(d) Sharp waves and their associated 
ripples induce phase-amplitude cou-
pling in comodulogram graphs during 
NREM, due to wideband frequency of 
sharp waves.

Results - Theta-gamma coupling strength increases over REM. Results - CFC&Coherency during optogenetic inhibition of theta

Conclusions References Acknowledgment
1. Boyce, R., Glasgow, S.D., Williams, S., and Adamantidis, A. (2016). Causal evidence for the role of 

REM sleep theta rhythm in contextual memory consolidation. Science 352, 812-816.
2. Diekelmann, S. and J. Born, The memory function of sleep. Nat Rev Neurosci, 2010. 11(2): p. 114-126.
3. Tort, A.B., et al., Dynamic cross-frequency couplings of local field potential oscillations in rat striatum 

and hippocampus during performance of a T-maze task. Proc Natl Acad Sci U S A, 2008. 105(51): p. 
20517-22.

4. Siegel, M., M.R. Warden, and E.K. Miller, Phase-dependent neuronal coding of objects in short-term 
memory. Proceedings of the National Academy of Sciences, 2009. 106(50): p. 21341-21346.

5. Cohen, M.X., C.E. Elger, and J. Fell, Oscillatory Activity and Phase–Amplitude Coupling in the Human 
Medial Frontal Cortex during Decision Making. Journal of Cognitive Neuroscience, 2008. 21(2): p. 
390-402.
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Optogenetic suppression of extrinsic theta projections destroys coupling and theta coherency within hippocampus and cortical 
EEG. (a) REM hippocampal and EEG recordings before, during, and after optogenetic inhibition of GABAergic medial septal 
(MSGABA) neurons. (b) Theta coherency between CA3, CA1, subiculum, and cortical EEG, before/during/after inhibition. Graphs 
show average results of 40 inhibition trials from 4 mice. There is a strong phase coherency between recorded sites before and 
after stim, while significantly decreased during MSGABA inhibition. (c) Difference between theta coherency before and during stim. 
Highest decrease in coherency is between CA3 and cortical EEG, which drops from ~0.7 to ~0.3. (d) Theta-gamma coupling 
before/during/after MSGABA inhibition. (e) Changes in theta-slow gamma coupling (MI-SG), theta-fast gamma coupling (MI-FG), 
theta power, slow and fast gamma power, and ripple activity, during and after inhibition in comparison to the baseline. 

(a) Normalised Modulation Index (MI) for CA3, CA1, subiculum, and EEG during middle and late phases of REM episodes. For 
each REM episode, middle and late MI values were normalised to the early segment. MI increases significantly for all studied 
regions. (b,c) Same as a for theta and gamma power, respectively. Theta has no significant changes across REM segments, 
while gamma increases significantly. (d) Relation between REM duration and theta-gamma coupling change for studied regions. 
Each point represents one REM episode. Lines indicates mean and error bars (Mean±SEM). There is no linear correlation be-
tween REM duration and MI changes, however shorter REMs have less changes. In CA3, average relative MI has highest in-
crease for REM episodes with ~80 s duration, and then start to decrease. Interestingly, the average duration of REM episodes is 
around 70-80 s in mice, which might indicate an optimized duration. For CA1, average relative MI increases till 80 s, and then is 
stable.

Results - Phase-amplitude CFC swings between regions

(a) Concurrent recordings from CA3 pyramidal, CA1 
radiatum, subiculum pyramidal strata, and EEG/EMG 
signals during active wake and REM. (b) corresponding 
power spectral density obtained from 24h recordings.

(a) phase-amplitude coupling waxes and wanes over time during each REM episode. (b) tme-resolved PLV as a control measure 
of phase-amplitude coupling. (c) the normalized powers of fast oscillations obtained from 4 s moving windows (3 s overlapping) 
during a REM episode. (d) dominant frequency of fast oscillation envelope, which was used as phase frequency to obtain 
time-resolved MI and PLV measures. (e) relation between coupling strength and theta/gamma power. Theta-slow gamma cou-
pling strength within CA3 and CA1 seems to be less dependent on theta/gamma power than within subiculum and cortical EEG. 
Stronger coupling is associated with higher theta/gamma power for subiculum and cortical EEG during both aWk and REM.
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Theta-gamma coupling swings between hippocampal/cortical regions during REM. (a) top: dynamics of theta-slow gamma cou-
pling over a REM episode for CA3, CA1, subiculum, and EEG recordings. Coupling switches between regions, while co-occurs 
in some periods of time. bottom: corresponding time-frequency representation. (b) same as (a) for different layers of CA1. The-
ta-slow gamma coupling is highly synchronized across layers of CA1. (c) quantification of concurrency between recording pairs 
during aWk and REM. Overlap ratio indicates portion of times that two regions show simultaneously theta-slow gamma coupling 
higher than 1.5 SD above the mean. (d) correlation between theta-slow gamma coupling of recording pairs. (e) average dis-
tance between theta-slow gamma coupling events. Inter coupling interval is silent periods between two coupling events.

- Theta phase significantly modulates slow gamma activities (50-90 Hz) during aWk and REM sleep. 
- During REM, in addition to theta-slow gamma coupling, theta phase also modulates ripples (150-250 Hz) in pyramidal layers of CA3 and subiculum, 
as well as fast gamma (110-160 Hz) in cortical EEG. 
- The preferential theta phases for slow gamma and ripples are significantly different in CA3 pyramidal layer, while they are similar for slow gamma and 
ripples in subiculum and slow/fast gamma in EEG. 
- Theta-gamma coupling is a transient discrete phenomenon that lasts for few seconds, while swings between different hippocampal regions during 
REM, and tends to increase over single REM episodes. 
- Suppression of extrinsic theta projections into hippocampus destroyed both phase-amplitude coupling and theta coherency significantly. 
- Based on our results, and previous reports, we hypothesize that phase-amplitude coupling provides principal mechanisms for information processing 
within each hippocampal region, while switching between regions establish a specific phase-space coding of information during memory processes.

b



BENESCO, Department of Neurology, Inselspital, Bern 

Steps to calculate Modulation Index

• Calculate average power of fast oscillations within each bin to construct 
phase-power histogram 

• Compare it with a uniform distribution using Kullback-Leibler distance

21

%% Compute Modulation Index
meanAmp = zeros(1,nBin); % Mean power in each phase-bin
for k = 1:nBin
    meanAmp(k) = nanmean(Amp(Phase>=binStart(k) & Phase<(binStart(k)+binSize)));
end
meanAmp = meanAmp./sum(meanAmp); % normalize phase-amplitude histogram
KLdist = meanAmp.*log(nBin.*meanAmp); % Kullback-Leibler distance
KLdist(isnan(KLdist)) = 0;
MI = sum(KLdist)./log(nBin); % Normalize KL distance by log(nBin)
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Phase-amplitude CFC
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Phase-amplitude CFC over time
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winLen = 5;  % length of moving window for segmentation in second
stepLen = 1; % step of moving window in second

%% Compute Modulation Index for each segment
nSeg = floor(length(Phase)/(stepLen*sampRate))-ceil((winLen-stepLen)/stepLen); % number of segments
MI = zeros(1, nSeg);
meanAmp = zeros(nSeg, nBin);
for j = 1:nSeg
    idx = (j-1)*stepLen*sampRate+1:((j-1)*stepLen+winLen)*sampRate; % index of segment
    AmpT = Amp(1,idx);
    PhaseT = Phase(1,idx);
    meanAmpT = zeros(1,nBin); % Mean power in each phase-bin
    for k = 1:nBin
        meanAmpT(k) = nanmean(AmpT(PhaseT>=binStart(k) & PhaseT<(binStart(k)+binSize)));
    end
    meanAmpT = meanAmpT./sum(meanAmpT);
    KLdist = meanAmpT.*log(nBin.*meanAmpT);
    KLdist(isnan(KLdist)) = 0;
    MI(1,j) = sum(KLdist)./log(nBin);
    meanAmp(j,:) = meanAmpT;
end
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Comodulogram analysis

• Comodulogram analysis is a data-driven approach to explore coupling across 
different pairs of frequency bands.  

• Modulation Index is calculated for frequency pairs of interest to obtain 
comodulogram graph.
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Phase-amplitude cross frequency coupling
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Comodulogram analysis - MATLAB

• Modulation Index is calculated for each pair of low and high frequency 
oscillations 

25

%% Comodulogram analysis
stPh = 0.5:17.5;
edPh = stPh+1;
phaseFreq = [stPh' edPh'];
 
stA = 10:10:240;
edA = stA+10;
ampFreq = [stA' edA'];

[comod, meanAmp] = f_comodulogram(signal, sampRate, phaseFreq, ampFreq);

comodulogram
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Thank you
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