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Learning objectives 

To understand: 
 

• How MEG allows us to probe some the different mechanisms 
underlying large-scale brain functional connectivity 
 

• The utility of functional connectivity in terms of understanding brain 
dynamics both at rest and during tasks 
 

• The significance of brain connectivity in development, cognition, and 
health and disease 
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1. MEG - Recap 
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MEG - Spatio-temporal resolution 
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MEG – Oscillations & putative roles 

Gamma (30-80 Hz): local processing & activity 
Beta (15-25 Hz): somatosensory & motor control 
Alpha (8-14 Hz): visual perception & attention 
Theta (3-7 Hz): learning and memory 
Delta (1-3 Hz): sleep processes 
 
 
 

Slow 
 
 
 
 
 

Fast 

Groups of neurons rhythmically oscillate 
together - a fundamental mode of action 
 
Characterized by:  

speed (latency) 
strength (amplitude/power) 
coordination (synchrony) 

 
Different frequencies support different 
functions (simplistic view) 
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MEG - Neural generators 

(Singh, 2002) 

Action potentials not 
detectable, as temporally 
uncorrelated and spatially 
symmetrical magnetic fields 
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MEG - Advantages 

- Excellent temporal resolution 
 

- Good spatial resolution 
 

- Image time- & phase-locked 
evoked responses 
 

- …and phase-locked induced 
oscillatory components 
 

- Changes in functional 
connectivity & coherence 
across regions 
 

- Direct measure of neural 
activity from primary currents 
 

SickKids Research MEG 7 



MEG - Connectivity 

Electrophysiological studies of oscillations have 
mostly concentrated on spectral power in certain 
regions, in isolation (reductionist, segregative 
approach) 

 

Relatively little is known about the functional 
connectivity between regions mediated by 
oscillations (‘intrinsic coupling modes’; Engel et al., 
2013) 

(Huang et al., 2012) (Dunkley et al., 2015) 
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2. Functional connectivity 
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Functional connectivity 

Connectivity can be assessed either during resting state (intrinsic, 
spontaneous) or as task-dependent activity 

 
Resting state analyses are increasingly common 
• Easily translatable, repeatable, and simple to perform, been around since 

1992ish in fMRI 
 
However, is the brain ever at ‘rest’? And inter-subject variability can be high… 
 
Connectivity analyses during a task demonstrate how brain regions implicated 
in a process interact to support cognition/perception/action 
 
Within fMRI, these changes are always low-frequency (ultra-slow, typically < 
0.1 Hz) oscillations, as dependent on blood flow changes 
  
Within MEG, connectivity can be assessed at higher frequencies that better 
reflect activity rates at behaviourally-relevant timescales 
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Neural synchronisation can be measured at a 
number of different spatial scales – single 
neurons to whole brain 

 

Synchrony underlies the spatio-temporal 
organisation of information  

 

Synchronisation is critical in: 

• Cognition, perception, action 

• Neurocognitive development  

• Abberrant synchronisation is found in 
clinical populations 
 
 

Rapid neural synchronisation is considered a 
general mechanism for functional 
integration and segregation, which 
undergoes multifaceted changes with age 

 

 

 

 

 

Neural synchronisation is critical to brain function 

(Fries, 2005) 

‘Communication-through-
coherence’ hypothesis 
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‘Intrinsic coupling modes’ in communication 

I. Neural groups are phase synchronised and oscillating together at 1:1 frequency 
II. Envelope amplitude co-varies;  neural groups are  coupled or ‘yoked’ 
III. Neither phase synchronised or amplitude coupled 

1 

2 

3 

Phase 
synchronised 

Amplitude 
coupled 
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(Dunkley, 2015, Frontiers in Psychiatry)  
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III.  



…with MEG 
 
Different methods, although a common technique (currently used at SickKids) 
involves: 
 

1. Reconstruct (‘virtual sensors’) neural activity in source space (similar to 
fMRI) at pre-defined locations based on atlas coordinates 
 

2. Filter into physiologically relevant canonical frequency ranges (e.g., 
theta, alpha, beta, and low and high gamma) 
 

3. And then calculate pairwise inter-regional statistical dependencies of 
these neural oscillations (different methods available, unlike fMRI which is 
limited to temporal cross-correlations) 

  

How do we measure this non-invasively in humans? 
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Quantifying connectivity 

Theta, θ: 4-7 Hz 

Alpha, α: 8-14 Hz 

Beta, β: 15-30 Hz  

Gamma, γ: 30-80 Hz 

‘High’ gamma,  
h-γ: 80-150 Hz 

Atlas-guided 90 seed 
AAL beamformer 

reconstruction 

Canonical frequency bands 

Unfiltered 
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Quantifying connectivity 

Atlas-guided 90 seed 
AAL beamformer 

reconstruction 

Not synchronised 
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Quantifying connectivity 

Atlas-guided 90 seed 
AAL beamformer 

reconstruction 

Not synchronised 

Highly synchronised 
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Quantifying connectivity 

Atlas-guided 90 seed 
AAL beamformer 

reconstruction 

Source 1 
Source 2 

Phase 
Amplitude 
envelope 

Hilbert-transformation 
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Inter-regional phase synchrony 

 (Near) constant phase difference 

Random phase difference 

1 2 

2 3 

(Vinck et al., 2011) 

Phase Lag Index – Quantifying phase relationships 
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Inter-regional phase synchrony 

phase synchrony 

no phase synchrony 

 (Near) constant phase difference 

Random phase difference 

(Vinck et al., 2011) 

Phase Lag Index – Quantifying phase relationships 
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(Bullmore and Sporns, 2009; Rubinov and Sporns, 2010) 

An adjacency/connectivity matrix 
characterises network organization 
(topology) 

 

Network structure comprised of ‘nodes’ 
(vertices) and pairwise ‘connections’ 
(edges) between regions 

 

Graph theory describes network 
involvement of those regions in terms 
of simple-through-to-complex measures 

 

Can be undirected/symmetrical 
(functional connectivity; data-driven) or 
directed/asymmetrical (effective 
connectivity; model-driven)  

 

…As well as weighted or binarised 

Graph theoretical analysis 

Weighted undirected 

Threshold 

Binarised 

Seed regions (nodes or vertices) 
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Connection 
(edge or lines) 
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Graph theoretical analysis 

Shortest path 
Average shortest 
distance between 
any 2 nodes; a 
measure of global 
integration 

How connected a 
node is to its 
neighbours (number 
of connections that 
exist as a proportion 
of the maximum) 

Modules 
A module consists of a 
number of densely 
interconnected nodes 
with few connections 
between modules 

Triangles 
How connected a node 
is to its neighbours 
(number of connections 
that exist as a 
proportion of the 
maximum) 

Hub nodes 
Hubs have a high 
degree/strength, and are 
central to a network; 
connector hubs connect 
two more modules 

Motif 
A pattern of local 
connectivity 

Degree and strength 
Degree is the 
number of 
connections a node 
has, whilst strength 
is the sum of 
connection weights 
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Summary - connectivity analyses 

Hilbert-transform – 
Phase & Amplitude 

Canonical  
frequency bands 

Atlas-guided  
Beamforming - 90 AAL 

Compute connectivity: 
Amplitude Envelope Correlations & 
Phase Synchronisation (PLI/wPLI) 

Network Based Statistic & 
Graph analysis 

Functional brain networks 

(Dunkley et al., NeuroImage: Clinical, 2015) 22 



3. Comparing fMRI & MEG functional 
connectivity 
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Functional connectivity – fMRI & MEG 
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Functional connectivity – fMRI & MEG 

(Brookes et al., 2011) 

DMN (alpha) 

 

Left Fronto-
Parietal (beta) 

 

RFP (beta) 
Sensorimotor 

(beta) 

• Comparing resting networks in 
fMRI and MEG 

 

• ICA (no a priori assumptions, 
data-driven) and seed-based 
analysis 

 

• Hilbert amplitude envelope 
extracted and temporally-
downsampled to 1 Hz 

 

• ICA (left) analysis revealed similar 
networks in MEG and fMRI 
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Functional connectivity – fMRI & MEG 

• Temporal correlations of the 
inter-network connectivity 
with the DMN shows 
remarkable similarities 
between modalities 

 

Conclusion 

• Shows MEG can directly 
measure intrinsic 
electrophysiological 
networks without relying on 
blood haemodynamics  

 

(Brookes et al., 2011) 
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4. Intrinsic connectivity networks in 
resting state MEG 
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Intrinsic connectivity networks 

Default mode network: DMN  
Centre-piece of network integration and implicated 
in self-referential thought and introspection  
 
Salience network: SAL  
Involved in goal-direction action and the internal 
mental state 
 
Visual network: VIS  
Involved in visual processing 
 
Dorsal & ventral attention networks: DAN and VAN  
Part of the ‘central executive’ and involved in 
attention 
 
Motor network: MOT 
Motor processing 
 
Language network: LAN 
Language processing 
 
 

(de Pasqueale et al., 2012) 29 



Intrinsic connectivity networks 

• Quantified intra-network 
band-limited power 
correlations of seed to rest 
of nodes in network 

 

• Maximal correlation 
windows designated as 
‘strong  internal 
correlation’ 

 

• DMN connectivity (and in 
particular the PPC seed) in 
the beta-band showed 
strong, transient cross-
network coupling when it 
was also strongly internally 
coupled 

 

(de Pasqueale et al., 2012) 30 



ICNs in disease 

23 

Default mode network: DMN  
 
Salience network: SAL  
 
Visual network: VIS  
 
Dorsal and ventral attention 
networks: DAN and VAN  



Reduced alpha ICNs in PTSD 

23 * pcorr < 0.05; ** pcorr < 0.01 
 

(Dunkley et al., Psychiatry Research: Neuroimaging, 2015) 



Reduced alpha ICNs in PTSD 

23 * pcorr < 0.05; ** pcorr < 0.01 
 

(Dunkley et al., Psychiatry Research: Neuroimaging, 2015) 



Increased gamma ICNs in PTSD 

* pcorr < 0.05; ** pcorr < 0.01 
 

(Dunkley et al., Psychiatry Research: Neuroimaging, 2015) 
23 

Altered connectivity 
across multiple frequency 
scales, within and 
between intrinsic brain 
networks in PTSD 



Beta and gamma ICNs predicts symptom severity 

34 * pcorr < 0.05; ** pcorr < 0.01 
 

(Dunkley et al., Psychiatry Research: Neuroimaging, 2015) 



Summary 

• Even at rest, brain connectivity exhibits non-stationarity 

 

• MEG can be used to probe the dynamic interplay between 
intrinsic resting networks in the brain at multiple-frequency 
scales 

 

• Increasing evidences suggests that psychiatric, neurological 
and developmental disorders can be characterised by their 
atypical network patterns 

 

• These disorders could be explained by alterations to functional 
connectivity and the patterns show potential in diagnostics 
and prognostication (although longitudinal studies needed) 
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5. Development of synchronised 
neural networks 
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Synchrony and development 

Age-related  decreases in grey matter volume thought to be due to dendritic pruning 

Structural alterations accompanied by decreases in slow-wave and increases in fast-wave power 
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Synchrony and development 

Task-induced spectral power in high frequencies increases, as well as phase synchrony  

Perception of Mooney faces 
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For each subject‘s resting state BOLD signal, 42 input coordinates  
(de Pasquale et al., 2012) were decomposed to coordinates depicting  
individual correlated fMRI activity patterns   

L R 

Dorsal attention network (DAN) 
Ventral attention network (VAN) 
Default-mode network (DMN) 

Visual network (VIS) 
Motor network (MOT) 
Language network (LAN) 

fMRI-guided determination of seed points for MEG analyses 

Resting of MEG data 
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Different signals, different time-scales, but nevertheless a similar 
general pattern and organisational correspondence 

MEG & fMRI resting state in the same subjects 
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Adults minus  

children 

Adults minus  

adolescents 

Adolescents  
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* p <  0.0005; ** p < 0.0001 

Large differences in ICN 
interactions in the alpha and 
beta band, most pronounced 
between adults and children, 
and adults and adolescents 
(increasing amplitude 
coupling with age) 

Age-related differences in resting MEG connectivity 

Schäfer et al., 2014 
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Increased MEG resting connectivity with development 

Positive correlations of 
network connectivity in the 
beta, alpha and theta 
bands with age 
 
Global connectivity, intra-
network, and  
inter-network connectivity 
increases with age 

Schäfer et al., 2014 
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Axial Left Right 

α 

β 

θ 

Correlations of node strength 
and inter-node connectivity 
with age are shown in beta, 
alpha and theta bands. Node 
colours show network 
affiliation: DAN, VAN, DMN, 
VIS, Mot and LAN 
 
Larger nodes denote greater 
connectivity increases with 
age 
 
Edges depict correlations of 
inter-node connectivity and 
age; line thickness represents 
correlation strength 

Schäfer et al., 2014 

Development of oscillatory network connectivity 
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Summary 

• Developmental trajectories and maturation of functional networks can be 
elucidated by phase- and amplitude-mediated connectivity 

 

• Maturation tends to show increases in strength and clustering, as well as 
decreases in average path length (a move towards a ‘small-world’ network 
from a random network) 

 

• This shows that with age comes increased segregation and integration of 
regions, possibly due to synaptic pruning 
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6. Task-dependent functional 
connectivity 
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Task-induced networks 
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Alpha synchrony supports VWM 

• Delayed-match-to-
sample task (visual 
working memory) 
shows that accuracy 
decreases with 
increased load 

 

• Alpha, beta and 
gamma synchrony 
observed during 
retention, with alpha 
modulations greatest 
on average, and 
scaled by load 
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Alpha synchrony supports VWM 

• Alpha synchrony between 
frontal and parietal regions, 
with high degree and 
betweeness-centrality 
observed in right central and 
frontal gyrus 

 

 

 

• Increasing memory load 
correlates highly with 
intraparietal and central sulcus 
alpha phase synchrony, as well 
as frontal eye fields and lateral 
prefrontal cortex 

 

 

 

50 



Task-dependent connectivity in PTSD 
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2.5% of real-time connectivity (or x40 slower…) 



Mental flexibility in PTSD 

• Intra-dimensional shift – colour-to-colour, shape-to-shape. 

• Extra-dimensional shift – colour-to-shape, shape-to-colour; 
attentionally demanding, requires greater mental flexibility  
and cognitive control. 
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Mean connectivity during set-shifting 

Extra-dimensional shifts - Whole-brain connectivity 

PTSD 
Control 

0 0.6 
Time (s) 

Theta (4-7 Hz) 

(Dunkley, et al., 2015) 
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Parietal theta correlates in PTSD 

r = 0.39, p < 0.01 r = 0.52, p < 0.01 r = 0.59, p < 0.01 

Clinical assessment vs. right parietal θ connectivity 

 

Peak  
response 
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Summary 

• Functional connectivity can also be tracked across the brain at a fine-
grained time resolution, at multiple frequency scales  

 

• Evidence suggests that cognition is mediated by the efficient 
spatiotemporal organisation of such information, using (at least in part) 
amplitude coupling and phase synchronisation  

 

• Complicated cross-frequency interactions (such as phase-amplitude 
coupling) are also known to be involved in tasks (memory, etc.) 

 

• Perturbations to task-induced connectivity (and performance deficits) also 
related to psychiatric and neurological disorders.  
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Learning outcomes 

To have understood: 
 

• How MEG allows us to probe the different mechanisms 
underlying large-scale brain functional connectivity 
 

• The utility of functional connectivity in terms of 
understanding brain dynamics both at rest and during tasks 
 

• The significance of brain connectivity in development, 
cognition, and health and disease 
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Video tutorial & further reading 

Video: ‘Fieldtrip toolbox’ - Connectivity analysis in MEG and EEG data: 

https://www.youtube.com/watch?v=ZBwh0Vm4fh4 

 

Reading: 

Brookes, M., Woolrich, M., Luckhoo, H., Price, D., Hale, Stephenson, M., … Morris, P. (2011). 
Investigating the electrophysiological basis of resting state networks using 
magnetoencephalography. PNAS, 108(40), 16783–8. 

 

De Pasquale, F., Della Penna, S., Snyder, A. Z., Marzetti, L., Pizzella, V., Romani, G. L., & Corbetta, 
M. (2012). A Cortical Core for Dynamic Integration of Functional Networks in the Resting Human 
Brain. Neuron, 74(4), 753–764.  

 

Palva JM, Monto S, Kulashekhar S, Palva S.  2010. Neuronal synchrony reveals working memory 
networks and predicts individual memory capacity. PNAS. Apr 20;107(16):7580-5.  

 

Uhlhaas PJ, Roux F, Rodriguez E, Rotarska-Jagiela A, Singer W. 2010. Neural synchrony and the 
development of cortical networks. Trends in Cognitive Science. 14(2):72-80. 
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