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Multimodal analysis of resting state cortical activity: What does EEG add to our
knowledge of resting state BOLD networks?
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Clinic of Neurology and Brain Imaging Center, Goethe University, Frankfurt am Main, Germany
In this issue, two manuscripts present evidence that resting state
fMRI networks (RSN) can be identified as correlates of so-called EEG
microstates (Britz et al., 2010; Musso et al., 2010). Of note, fMRI-
identified RSN exhibiting “infra-slow” activity fluctuations–usually
with a period of above 10 s–while the EEG microstates represent
approximately 100 ms of EEG (Koenig et al., 2002; Lehmann and
Skrandies, 1980). Assuming four to ten different microstates identi-
fiable during rest an estimated average recurrence rate of between
once and twice per second can thus be expected. Hence, the work by
Musso et al. and Britz et al. could be seen as an example of how EEG
recorded simultaneously with fMRI can add highly resolved temporal
information to the fMRI data.

Musso as well as Britz and colleagues, using in principle similar
methods, segmented resting state EEG acquired simultaneously with
fMRI into microstates. These relate to functional states of the brain each
characterized uniquely by a fixed spatial distribution of active neuronal
generators with time varying intensity (i.e. EEG amplitude topography
maps around local peaks of global field power). Brain electrical activity is
modelled as being composed of a time sequence of non-overlapping
microstates with variable duration (Lehmann et al., 1987; Lehmann and
Skrandies, 1980; Pascual-Marqui et al., 1995). Via an event-related design
(includingmicrostate duration) within the framework of a general linear
model (GLM) both groups correlated the occurrence of EEG microstates
by convolution with a (flexible) haemodynamic response function with
the spontaneous BOLD fluctuations both at the single and multi subject
level, the latter based on four (fixed effects, (Britz et al., 2010)) and seven
(mixed effects (Musso et al., 2010)) microstates, respectively. The
resultingmapswere compared to fMRI-independent component analysis
(ICA) maps bearing more or less (spatial) similarity to previously
identified generic RSN.

These studies are the very first to analyze fMRI data in relation to
EEG microstates. Technical details of these reports are not in the
scope of this commentary. It is possible that subsequent studies will
deal with the multitude of practical and controversial theoretical
challenges in even better ways. Instead, the two studies shall be
considered as a proof of principle and serve for reflection of what
the EEG information may add to the ever growing literature on
resting state fMRI.

By nature of the GLM design, the analyses tested where in the
brain EEG microstates significantly correlate with BOLD signal
changes (activations), and whether these maps overlap with resting
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state networks identified by application of an ICA method to the
fMRI data. Britz et al. (2010) both at the single subject as well as the
group level propose to have found typical RSN associated with each
of their four identified EEG microstates. Musso et al. (2010) at the
single subject level identified RSN for some of their ten identified
EEG microstates; at the group level, Musso et al. for one microstate
(out of seven [based on factor analysis]) found a correlated BOLD
pattern resembling an overlap of several “functionally meaningful”
(“generic”) RSN.

If future studies, based on larger subject groups, unambiguously
confirm the results described above, the intriguing question will
then arise: does EEG microstate-associated RSN activity fluctuate
as quickly as the related EEG feature and hence at a much faster
rate than current evidence suggests? The study of the BOLD
resting state correlates of electrophysiological rhythms (and vice
versa) may also speak to this issue (de Pasquale et al., 2010;
Mantini et al., 2007).

In order to answer this question, the usual identification of fMRI
RSNs needs to be recapitulated briefly. The most commonly used
techniques to create “activation” maps representing RSN include
functional connectivity analysis and independent component analy-
sis. The former method works by extracting the BOLD time course
from a region of interest (“seed region”) at rest and then determining
the temporal correlation between this extracted signal and the time
course from all other brain voxels. This results in a map, representing
a so-called RSN. The latter approach refers to the increasingly popular
(spatial) ICA which was also used by Britz et al. as well as Musso et al.
It does not require an a priori definition of seed regions, but
mathematical algorithms analyse the entire BOLD data set and
decompose it into components that are maximally statistically
independent. Each component is represented by a spatial map and
an associated time course. Some of the resulting maps reflect noise
components and others neuro-anatomical systems, in short “RSN”
(Fox and Raichle, 2007).

The temporal fMRI signal characteristics in both instances need to
be determined post hoc by extracting frequency information from the
component or fMRI time courses of interest, respectively. The spectral
range is restricted by the time of repetition between acquired
volumes (fMRI data sampling rate) and the accuracy limited by the
number of sampling points (acquired volumes). A third method
identifies RSN based a priori on the assumed temporal characteristic of
interest: Fransson chose a discrete cosine basis set containing 120
regressors that together spanned the frequency range of 0–0.1 Hz
effectivelymodelling any signal changewithin this frequency range as
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a linear combination of the individual basis functions (Fransson,
2005).

Neuronal activity translates into the BOLD signal via the (effective)
haemodynamic response function acting as a low pass filter of a few
seconds. Because of this, and given the RSN-identification methods
summarised above, fluctuation rates of fMRI-defined RSN are not–and
cannot–be congruentwith the EEGmicrostatefluctuations occurring at a
much faster time scale than that of spontaneous BOLD signalfluctuations.
While a rapid event-related design allows to sample the BOLD response
to an individual event with a virtual, higher temporal resolution than the
effective haemodynamic response function permits (Josephs and
Henson, 1999), such an analysis is not an option in resting state fMRI.

A potential alternative explanation for the association of the fast EEG
microstate changeswith the slower BOLD signal fluctuations than that of
a direct correlation could be that the latter are sub-harmonics of much
faster microstate-associated neuronal fluctuation rates, which would in
turn have to show a strong and regular periodicity. However, at least
presently, such a periodicity of the microstates has not been reported.

What else may hence underlie the proposed EEG microstate-BOLD
correlation?

It may be that an indirect association exists between the prominence
of a certain RSN and specific EEGmicrostates: High (or low) activity in a
set of brain regions may facilitate the occurrence of shorter-lived
neuronal activity patterns reflected in the surface EEG topography (i.e.
the microstates). In other words, the likelihood of a microstate being
expressed may correlate with the activity of the associated RSN, while
BOLD fMRI may not be sufficiently sensitive to detect the neuronal
activity underlying the microstate. It may instead effectively represent a
temporal density function of microstate prevalence.

A similar account might be that “major activity fluctuations”
within the brain happen at a time scale and with a magnitude which
can be captured by current conventional BOLD fMRI, while “micro-
fluctuations” captured as microstates with EEG do not cause net
BOLD-signal changes. This assumption has been previously implied in
the context of BOLD signal correlates of EEG alpha power fluctuations,
where a low pass filter of the latter did not abrogate the associated
BOLD map (Laufs et al., 2006) suggesting that infra-slow fMRI signal
fluctuations represent the envelope of EEG microstate occurrence.

A less intriguing explanation for the EEG-fMRI correlation may be
vigilance effects leading to fundamentally different microstates on the
one hand and different fMRI RSN on the other hand. This is supported
by the fact that in the work byMusso et al. the only factor resulting in a
significant EEG-BOLD correlation at the group level (“factor 4”), showed
typical sleep-associated EEG features, namely strong delta and theta
frequency content. It also lead to occipital activation–also known to
occur in light sleep (Kjaer et al., 2002)–and to precuneal signal changes
(Musso et al., 2010), which have been shown to persist even in deeper
sleep (Horovitz et al., 2009; Laufs et al., 2007). Of course the authors
were cautious to only include awake subjects, and other factors show a
similarly slow “frequency signature” (Musso et al., 2010). Britz et al.
(2010) report to have not found a strong direct correlation between
EEG (global) frequency content and microstates.

Future work in this area may be able to establish a “microstate
alphabet” of resting state brain activity including across different
vigilance states. The much higher temporal resolution of the EEG
microstate sequence compared to BOLD signal fluctuations should
help to study in detail the interaction and temporal relationship of
different RSN with respect to one another.
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