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ABSTRACT

We present a comprehensive methodology for identifying cerebral areas involved in event-related
changes of electromagnetic activity of the human brain, and also for tracing the temporal evolution of this
activity. Information from pre- and peristimulus time intervals - in terms of event-related synchroniza-
tion (ERS) and desynchronization (ERD) of the magnetoencephalographic (MEG) signal — was directly
incorporated in the relevant test statistics. For the individual steps of the analysis, we used particular
estimations of the time-frequency distribution of the energy along with particular error control meth-
ods, that is, short-time Fourier transform and false-discovery rate at the sensor level and multitapers and
familywise error rate at the source level. This procedure was applied to two types of group-level tests, a
within-condition test and a between-conditions test. The performance of the proposed methodology is
assessed by (1) analyzing the event-related brain activity from two experimental conditions of an audi-
tory MEG experiment—passive listening to a sequence of frequency-modulated sweeps and their active
categorization with respect to the direction of frequency modulation, and (2) comparing the findings

with those obtained with a widely used cluster-based analysis.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Magnetoencephalography (MEG) and electroencephalography
(EEG) are long-established methods to explore stimulus-evoked
transient activity of the human brain, and the related estimation of
sources from mean event-related magnetic fields (ERFs) or electric
potentials (ERPs) constitutes a standard procedure in MEG and EEG
research. The high temporal resolution of the two methods further
allows relating the sources of event-related changes of oscilla-
tory (rhythmic) electromagnetic activity, localized by solving the
inverse problem, to behavioral data, an issue which has attracted
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considerable attention in recent years. The localization of sources of
oscillatory activity has been performed by means of methods based
on minimum norm estimates (Lin et al., 2004), minimum current
estimates (Jensen and Vanni, 2002), or various beamforming tech-
niques operating either in the time domain (e.g. Robinson and Vrba,
1997; Hillebrand and Barnes, 2005; Gaetz and Cheyne, 2006) or in
the frequency domain (e.g. Laaksonen et al., 2008; Nieuwenhuis
et al., 2008). This analysis is a complicated multi-stage process, and
usually involves the following steps (e.g. Laaksonen et al., 2008;
Nieuwenhuis et al., 2008):

I Analysis at the sensor level: Selection of time-frequency regions
of interest (tf-ROIs) where the energy density of the signal dif-
fers between separate time windows within one condition or
between corresponding time windows of two conditions.

II Analysis at the source level: Solution of the forward problem
and the inverse problem in order to estimate, for each condition,
the spatial distribution of power inside the brain, for the tf-ROIs
selected in (I).

Il Identification of brain areas with statistically significant differ-
ences in the power distribution within one condition or between
conditions.
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In this work, we revise crucial points of the above procedure, and
present an advanced and comprehensive approach which includes
the following modifications:

(a) The test statistics for steps I and Il were based on event-related
desynchronization/synchronization (ERD/ERS) values, i.e. rel-
ative changes of the time-frequency energy density of each
subject and experimental condition, rather than the raw energy
density usually reported in literature.

(b) The energy distribution in the time-frequency domain was esti-
mated by means of the short-time Fourier transform (STFT),
whereas the estimation of the cross-spectral density (CSD)
matrix at the source level was based on the multitaper method.

(c) The estimation of tf-ROIs of significant ERD/ERS effects at the
sensor level was performed using a robust statistical procedure
where contiguous time-frequency regions of significant energy
changes emerged naturally as a result of an objective proce-
dure based on the control of the rate of false detections (false
discovery rate (FDR)).

(d) Atthesource level, we propose a non-parametric statistical pro-
cedure which controls the familywise error rate (FWER) in the
strong sense, i.e. for any subset of the hypotheses tested. FWER
is the probability of committing any error of type [ (i.e. of declar-
ing that the null hypothesis is false when it is true) in a family
of comparisons.

In Section 2, we describe all these steps in detail and thus present
a comprehensive framework for ERD/ERS source localization in
MEG and its statistical analysis across subjects and conditions. In
Section 3, we apply the proposed methodology to analyze and con-
trast two simple, exemplary MEG data sets, viz recordings from
an auditory experiment with frequency-modulated (FM) sweeps
as stimulus. FM sweeps play a fundamental role in human speech
as well as in animal vocalizations, and can be easily separated
into two natural categories with respect to the underlying direc-
tion of frequency modulation, upward vs. downward (Ohl et al.,
2001; Poeppel et al., 2004; Brechmann and Scheich, 2005; Konig
et al., 2008). This paradigm allows contrasting ERD/ERS source-
localization results from two different experimental conditions —
a passive condition, in which the subjects were only listening to
the sweeps, with an active condition, in which the sweeps had to
be categorized with regard to the FM direction — and thus serves
as a suitable test case for the assessment of the performance of
our methodology, in particular of the statistical analyses. More-
over, since the paradigm evokes a sequence of cortical processing
steps like stimulus anticipation and processing, decision making,
motor preparation and movement execution, it also allows study-
ing the spatiotemporal capabilities of the proposed methodology.
In Section 4, we assess our methodology and compare it with other
approaches, in particular with the cluster-based method proposed
by Maris and Oostenveld (2007) and implemented in the widely
used FieldTrip toolbox.>

2. Materials and methods
2.1. Analysis at the sensor level

2.1.1. Measure of the modulation of event-related activity

Recently, we showed that it is advantageous for the ERD/ERS
analysis of MEG data to use a planar gradient representation of
the signal (Zygierewicz et al., 2008). Such a representation can be
obtained either directly by using an MEG system equipped with
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planar gradiometers, or, in case the MEG signals were acquired
with a system based on magnetometers, by approximating the sig-
nal using an appropriate transformation (Zygierewicz et al., 2008).
The results presented in this work were computed using the latter
approach.

The time-frequency distribution of the energy E(t, f) of the signal
x(t) was estimated by means of STFT, but other methods, like the
wavelet transform or adaptive signal approximations, yield consis-
tent and similar results (Zygierewicz et al., 2005). For condition c,
subject s, channel ch, and trial tr, E(t, f) is given by

Ecscne(t.f) = \STFT(Xc,s,ch,tr(t))‘2~ (1)

For any frequency f, the mean energy during the pre-stimulus
baseline period T}, is given by

Bc,s,ch(f) = <EC,S,Ch,tr(t7f)>tr,teTb! (2)

where (.) is the operator of taking the average across the variables
indicated by the subscript—in the case of Eq. (2), it is the average
across all trials and across the pre-stimulus baseline time inter-
val. Taking B .,(f) as a reference for the frequency f, ERD and ERS
(denoted as ERDS in all equations from here) can be expressed in
time-frequency coordinates (t, f) as

_ <Ec,s.ch,tr(taf)>tr - Bc,s,ch(f)
Bc,s,ch(f) '

In other words, ERD is the relative decrease and ERS the rela-
tive increase of the energy of a given time-frequency window with
respect to the baseline period (Pfurtscheller, 1999a,b; Pfurtscheller
and Lopez da Silva, 1999b).

(3)

ERDSc,s,ch(ta f)

2.1.2. Statistical analysis at the sensor level

The identification of regions in which ERD/ERS changes are
above the level of fluctuations requires statistical tests to be applied
in the time-frequency domain, discretized into resels (resolution
elements) in compliance with the time-frequency uncertainty
principle. The size of these resels was chosen such that At x Af=1/2
(for a discussion, see Durka et al., 2004).

Two fundamental tests can be performed at the sensor level,
one with regard to ERD/ERS effects within an individual condition,
and one with regard to ERD/ERS differences between two con-
ditions. We adopted a massive univariate approach in which we
tested the null hypotheses Hy for each resel, followed by the cor-
rection for multiple comparisons. This approach has the advantage
that it allows baseline- and peristimulus-interval to have differ-
ent durations. Moreover, since, at the sensor level, meaningful
time-frequency maps can be obtained even for single trials, the
permutation test was performed at the trial level.

2.1.2.1. Within-condition statistic. For the within-condition test,
we propose to use the following statistic for each channel:

Tc,ch(tvf) _ <ERDSc,s,ch(tsf)>s , (4)
Oc,ch
where o, is the standard deviation of ERDS. (¢, f) across sub-
jects. The null hypothesis for this test is that there is no difference in
energy between the pre-stimulus baseline and peristimulus resels.
Thus, under Hy, resels belonging to the baseline period and to
the peristimulus period are exchangeable and can be randomly
swapped for each trial.

2.1.2.2. Between-conditions statistic. For the between-conditions
test, we propose to evaluate the ERD/ERS contrast common to
all subjects in terms of the mean difference between the two
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