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Neural oscillations are observed across a
variety of temporal and spatial scales, and
are believed to play a key role in brain
function. In addition to specific functional
roles ascribed to isolated frequencies, it is
likely that the interplay between activity at
different frequencies plays an essential role
in cognition and behavior (Canolty and
Knight, 2010). As such, cross-frequency
interactions have become the focus of a
large literature exploring different types
of coupling across a multitude of brain
regions and states (Jirsa and Müller, 2013).
Coupling between low and high frequency
signal components may occur in different
forms involving either the phase, ampli-
tude or frequency of the signals. The
best studied form is phase-amplitude cou-
pling, in which the amplitude of higher
frequency activity is modulated with the
phase of activity in a lower frequency band.
Most work to date has, however, focused
on local cross-frequency interactions, leav-
ing coupling between brain regions rel-
atively little explored. These non-local
interactions are interesting because they
provide a means by which neuronal activ-
ity can be coordinated across both space
and time. The paper by Roux et al. (2013)
stands out because it addresses this issue
non-invasively in humans.

Using magnetoencephalography
(MEG), Roux et al. (2013) analyzed data
collected from 45 healthy participants
during quiet wakefulness with eyes shut.
Time series for left and right thalamus, and
all other cortical and subcortical locations,
were extracted by projecting band-pass
filtered data through beamformer spa-
tial filters. The instantaneous phase of
thalamic alpha band activity (8–13 Hz)
and the instantaneous amplitude of cor-
tical gamma activity (30–70) were used
to test for phase-amplitude coupling by
computing the modulation index (Tort
et al., 2008). This revealed a significant
thalamo-cortical cross-frequency coupling
with the posterior medial parietal cortex
(PMPC), one of the hubs in the default
mode network.

These results are exciting, but raise an
obvious concern. The thalamus is deeply
located close to the center of the head and
it can, therefore, be doubted whether its
signal-to-noise ratio is sufficient for reli-
able alpha phase estimation. Furthermore,
spurious thalamo-cortical coupling might
have been introduced by leakage from
sources elsewhere in the brain. It is vital
to rule this out, and in general assess
the plausibility of estimating thalamo-
cortical coupling using MEG. Recently,
Attal and Schwartz (2013) showed that sig-
nificant thalamic sources could be detected
when contrasting alpha power between
eyes open and eyes closed. In addition,
thalamo-cortical alpha band synchroniza-
tion has been reported previously (Pollok
et al., 2005). The prima facie plausibil-
ity of cross-frequency coupling between
subcortical structures and the cortex on
the other hand, is demonstrated by

studies reporting thalamo-cortical phase-
amplitude coupling using data collected
invasively from the thalamus (Fitzgerald
et al., 2013) and subthalamic nucleus (de
Hemptinne et al., 2013). Taken together,
existing literature provides some support
for both the approach pursued by Roux
et al. (2013) and the findings they present,
however without obviating the need for
careful supplementary analysis to support
their findings.

To this end, the authors report three
extra analyses. Firstly, the transfer entropy
between the raw signals from thalamus
and cortex was estimated at different time
lags. This indicated that information flow
was directed from thalamus to cortex, and
was maximal at a lag in line with phys-
iologically plausible conduction delays.
Secondly, to verify that coupling was spe-
cific to the thalamus, the authors took
the gamma amplitude at PMPC as a seed
and tested for coupling with the phase at
all other source locations. Significant cou-
pling was confined to the thalamus and
did not appear in other regions except that
gamma amplitude was also significantly
coupled to alpha phase within the PMPC.
Finally, correlations between spatial filters
at the thalamus and all other locations in
the brain supported the absence of leakage
from signals at cortical locations into those
of the thalamus.

These analyses mitigate concerns that
thalamo-cortical coupling resulted from
volume conduction artefacts although fur-
ther analyses could have been performed
to establish this more definitively. In
particular, as the authors also report
phase locking between the thalamus and
PMPC within the alpha band, a non-zero
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phase delay for this locking would argue
against volume conduction. An alternative
approach would have been to orthogonal-
ize the thalamic and cortical time series as
demonstrated by Hipp et al. (2012). Here,
before analysing dependencies between
two signals all zero-phase correlated activ-
ity is regressed out of one signal, ensur-
ing that the time series no longer share
any activity picked up from common
sources.

From a broader perspective, a key ques-
tion is how best to understand different
types of cross-frequency coupling func-
tionally and neurophysiologically. One
possibility is that activity at the frequen-
cies of interest plays clearly defined func-
tional roles as a pair of oscillations, such
as segregating and maintaining neuronal
representations of different items in work-
ing memory (Lisman and Jensen, 2013).
However, an equally plausible alternative is
that cross-frequency coupling is a data fea-
ture that arises as an epiphenomenon due
to particular neuronal firing patterns with-
out functional significance in itself. This
would not decrease the interest of results
like those reported by Roux et al. (2013),
but simply change their interpretation.

This discussion motivates the use of
neurobiologically plausible models as a
means to understand the generative mech-
anisms behind observed activity. Such
models could include a detailed descrip-
tion of the neural dynamics of the differ-
ent layers within a cortical column (Bastos
et al., 2012). Cross-frequency phenom-
ena might emerge by linking the layer-
specific intrinsic firing frequencies (Spaak
et al., 2012). It may turn out to be possi-
ble to explain complex changes in cross-
frequency coupling patterns by adjusting
a single parameter in the underlying neu-
ronal model. This approach could also,

in principle, support deductions about
the causal relationships between sources
underlying the observed coupling.

Understanding interactions between
neuronal dynamics at different spatial and
temporal scales, both within and between
regions, is likely to be critical for char-
acterizing normal and pathological brain
function. The paper of Roux et al. (2013)
represents a step toward this, and suggests
that MEG can play a useful role in charac-
terizing cross-frequency coupling between
deep sources and the neocortex.

ACKNOWLEDGMENTS
We thank Dr. Gareth Barnes and Dr.
Vladimir Litvak for helpful comments
on the manuscript. This work was sup-
ported by the National Institute for Health
Research University College London
Hospitals Biomedical Research Center and
the Wellcome Trust.

REFERENCES
Attal, Y., and Schwartz, D. (2013). Assessment of

subcortical source localization using deep brain
activity imaging model with minimum norm
operators: a MEG study. PLoS ONE 8:e59856. doi:
10.1371/journal.pone.0059856

Bastos, A. M., Usrey, W. M., Adams, R. A., Mangun,
G. R., Fries, P., and Friston, K. J. (2012). Canonical
microcircuits for predictive coding. Neuron 76,
695–711. doi: 10.1016/j.neuron.2012.10.038

Canolty, R. T., and Knight, R. T. (2010). The
functional role of cross-frequency cou-
pling. Trends Cogn. Sci. 14, 506–515. doi:
10.1016/j.tics.2010.09.001

de Hemptinne, C., Ryapolova-Webb, E. S., Air, E. L.,
Garcia, P. A., Miller, K. J., Ojemann, J. G., et al.
(2013). Exaggerated phase-amplitude coupling in
the primary motor cortex in Parkinson disease.
Proc. Natl. Acad. Sci. U.S.A. 110, 4780–4785. doi:
10.1073/pnas.1214546110

Fitzgerald, T. H., Valentin, A., Selway, R., and
Richardson, M. P. (2013). Cross-frequency cou-
pling within and between the human thalamus
and neocortex. Front. Hum. Neurosci. 7:84. doi:
10.3389/fnhum.2013.00084

Hipp, J. F., Hawellek, D. J., Corbetta, M., Siegel, M.,
and Engel, A. K. (2012). Large-scale cortical corre-
lation structure of spontaneous oscillatory activity.
Nat. Neurosci. 15, 884. doi: 10.1038/nn.3101

Jirsa, V., and Müller, V. (2013). Cross-frequency
coupling in real and virtual brain net-
works. Front. Comput. Neurosci. 7:78. doi:
10.3389/fncom.2013.00078

Lisman, J. E., and Jensen, O. (2013). The theta-
gamma neural code. Neuron 77, 1002–1016. doi:
10.1016/j.neuron.2013.03.007

Pollok, B., Gross, J., Muller, K., Aschersleben, G.,
and Schnitzler, A. (2005). The cerebral oscilla-
tory network associated with auditorily paced fin-
ger movements. Neuroimage 24, 646–655. doi:
10.1016/j.neuroimage.2004.10.009

Roux, F., Wibral, M., Singer, W., Aru, J., and Uhlhaas,
P. J. (2013). The phase of thalamic alpha activity
modulates cortical gamma-band activity: evidence
from resting-state MEG recordings. J. Neurosci.
33, 17827–17835. doi: 10.1523/JNEUROSCI.5778-
12.2013

Spaak, E., Bonnefond, M., Maier, A., Leopold, D.
A., and Jensen, O. (2012). Layer-specific entrain-
ment of gamma-band neural activity by the alpha
rhythm in monkey visual cortex. Curr. Biol. 22,
2313–2318. doi: 10.1016/j.cub.2012.10.020

Tort, A. B., Kramer, M. A., Thorn, C., Gibson, D. J.,
Kubota, Y., Graybiel, A. M., et al. (2008). 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. 105, 20517–20522. doi:
10.1073/pnas.0810524105

Received: 28 January 2014; paper pending published: 07
March 2014; accepted: 14 March 2014; published online:
02 April 2014.
Citation: van Wijk BCM and FitzGerald THB (2014)
Thalamo-cortical cross-frequency coupling detected
with MEG. Front. Hum. Neurosci. 8:187. doi: 10.3389/
fnhum.2014.00187
This article was submitted to the journal Frontiers in
Human Neuroscience.
Copyright © 2014 van Wijk and FitzGerald. This is
an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is per-
mitted, provided the original author(s) or licensor are
credited and that the original publication in this journal
is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Human Neuroscience www.frontiersin.org April 2014 | Volume 8 | Article 187 | 2

http://dx.doi.org/10.3389/fnhum.2014.00187
http://dx.doi.org/10.3389/fnhum.2014.00187
http://dx.doi.org/10.3389/fnhum.2014.00187
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Thalamo-cortical cross-frequency coupling detected with MEG
	Acknowledgments
	References


