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Abstract. In this study, we presented a methodology useful to estimate statistically significant distributed sources of
cortical activity by using non-invasive high-resolution electroencephalography (HREEG) recordings. Such
methodology was demonstrated on HREEG data gathered during different memory experiments in a group of healthy
subjects. Cortical distributed sources were estimated by using as volume conductor model subjects’ realistic magnetic
resonance (MR)-constructed head models. To increase the reliability of the source estimations, an average of the
current density estimates were performed in particular regions of interest (ROIs). Such ROIs were drawn on the
cortical mantle in agreement with the known location of the Broadmann areas (BAs). By using an estimate of the
HREEG noise standard deviation of the cortical current density over the different BAs it is possible to derive a
gaussian estimator (z score) of the power spectra variations relative to the task analysed in selected frequency bands
(Statistical Parametric Mapping; SPM). Moreover, due to statistical properties of the z score it is also possible to
evaluate significant differences between the power spectra variations over BAs between different experimental tasks.
Furthermore, functional connectivity estimates from the cortical waveforms in the experimental tasks were obtained
with the use of Directed Transfer Function. Results obtained showed active participation of cortical prefrontal and
parietal areas during the task phase in which an image has to be held in the memory before an appropriate decision
has to be made by the subjects. Such information is not visible by using conventional mapping procedures. The
presented methodology allows separating statistical significant current density estimates from the random fluctuations
due to the noise in selected ROIs coincident with BAs.

Keywords: Significance Probability Mapping; Distributed current density estimates; Brodmann areas; inverse problem; high-resolution EEG,
Functional connectivity

1. Introduction

It is well known that high-resolution EEG (HREEG) recording technique presents a very good temporal
resolution (ms scale) and a moderate spatial resolution (in the order of 2-3 cm). The spatio-temporal resolution of
HREEG is adequate to follow the complex temporal dynamics of brain phenomena [Nunez,1995]. Furthermore, the
wide availability of magnetic resonance images of subjects’ heads has made possible the use of realistic models for
the head and the cortical surface in procedures involving the estimation of cortical current activity. It has been
demonstrated that the use of realistic head models increases the accuracy of the cortical current reconstruction from
HREEG data. Point-like models of cortical sources (such as the current dipole) are largely used in the analysis of
primary evoked potentials/fields or epileptic spikes [Torquati et al., 2002; Stenbacka et al., 2002; Otsubo et al., 2001],
However, such source models insufficiently represent extended cortical activations due to cerebral engagement in
motor or cognitive tasks [Anourova et al., 2001; Okada et al., 1998]. In the distributed source approach, thousands of
equivalent current dipoles covering the cortical surface modeled have been used, their strengths estimated by using
linear and non-linear inverse procedures
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[Dale et al., 1993; Phillips et al., 1997; Baillet et al., 1997; Baillet et al., 1999 Uutela et al., 1999]. The solution space
(i.e., the set of all possible combinations of the cortical dipoles strengths) is generally reduced by using geometrical
constraints. For example, the dipoles can be disposed along the reconstruction of cortical surface with a direction
perpendicular to the local surface. An additional constraint involves forcing the dipoles to explain the recorded data
with a minimum or a low amount of energy (minimum-norm solutions; [Dale et al., 1993]). However, a statistical
characterization of the estimated cortical current densities is also needed, to understand if the observed changes in
brain activity are due to chance alone or are induced by the experimental task. However, in the study of cognitive
processes with EEG recordings frequency-related instead temporal analysis are often used [Pfurtscheller et al., 1999].
This because many cognitive processes produced marked variations of EEG spectral contents while the temporal
variations of the electromagnetic field could be less informative, due to the jitter of the time components of the event-
related potentials/fields [Klimesch et al., 1999]. Hence, an interest arose about the extension of the SPM approach to
the analysis of EEG data computed in the frequency domain. Another aspect of interest for a possible extension of the
SPM techniques to the frequency domain is related to the fact that often the experimental design requires that the
same group of subjects performs different tasks. This occurs when cognitive paradigm like GO/NOGO or working/no
working memory are investigated [Fallgatter et al., 1999; Bokura et al.,2001; Gevins et al., 1997; Gevins et al., 1998].
The comparison between these different tasks in the framework of SPM can be conveniently addressed by using the
same approach used by the neuroscientific community for the fMRI studies. In fact, by using the properties of the z
score, it is possible to derive a contrast technique that extends in the frequency domain the comparisons usually
employed by the SPM between the task and the baseline periods.

Besides the statistical characterization of the cortical source activity from EEG recordings with the SPM, it is
also of interest in the assessment of the functional connections existing between the cortical areas. In fact, the
estimation of cortical connectivity is of paramount importance in order to infer the circuits and the temporal and
functional relations between them during the examined task. Several techniques have been proposed for the study of
functional brain connectivity with hemodynamic and electromagnetic measurements [Buchel and Friston, 1997; Lee
et al., 2003; Brovelli et al., 2004]. Two main definitions of brain connectivity have been proposed along these years:
functional and effective connectivity [Horwitz, 2003]. While functional connectivity is defined as the temporal
correlation between spatially remote neurophysiologic events, the effective connectivity is defined as the simplest
brain circuit which would produce the same temporal relationship as observed experimentally between cortical sites.
As for the functional connectivity, the computational methods proposed to estimate how different brain areas are
working together typically involve the estimation of some covariance properties between the different time series
measured from the different spatial sites during motor and cognitive tasks studied by EEG and fMRI techniques.
Structural Equation Modeling (SEM) is a technique that has been used for a decade to assess effective connectivity
between cortical areas in humans by using hemodynamic and metabolic measurements [MclIntosh and Lima, 1994;
Buchel and Friston, 1997]. The basic idea of SEM differs from the usual statistical approach of modeling individual
observations since SEM considers the covariance structure of the data. However, the estimation of cortical effective
connectivity obtained with the application of the SEM technique on fMRI data has a low temporal resolution (in the
order of several seconds) which is far from the time scale at which the brain operates normally. Such temporal
resolution can be improved by applying the SEM to high-resolution EEG data [Astolfi et al., 2005a]. It is worth
noticing that the SEM approach is model dependent, while in general, a connectivity model is not available before the
data analysis. From this point of view, there is an interest in the functional connectivity methods that do not need an a
priori connectivity model, since they are data-driven. Among the linear and non linear methods used to estimate
functional brain connectivity [Nunez, 1995; Clifford Carter 1987, Gevins et al. 1989; Urbano et al., 1998; Inouye et
al. 1995; Stam et al., 2002; Stam et al., 2003, Tononi et al., 1994], the frequency-based methods are particularly
attractive for the analysis of EEG or MEG data, since the activity of neural populations is often best expressed in this
domain [Pfurtscheller and Lopes da Silva, 1999; Gross et al., 2001, 2003]. Recently, it has been proposed the use of
Directed Transfer Function (DTF) techniques for the estimation of functional connectivity between estimated cortical
waveforms from high-resolution EEG data [Babiloni et al., 2005; Astolfi et al., 2005b]. The good quality of the
estimation of such functional connectivity by the application of DTF has been tested by simulations [Astolfi et al.,
2005b].

In this paper, we present a methodological approach that allows the use of spectral data in the framework of the
SPM for the analysis of complex behavioral memory tasks. Furthermore, we showed the possibility of the application
of DTF techniques to the estimated cortical activity from the gathered neuroelectric data in order to estimate
functional connectivity patterns during the analyzed tasks. An application of the proposed approach is provided on
data related a Short-Term Memory (STM) and No Short-Term memory (NSTM) paradigm and data related to a long-
term memory experiment on the encoding (ENC) and delayed (RET) retrieval of images. Results obtained with the
proposed technology showed active participation of cortical prefrontal and parietal areas during the task phase in
which an image has to be held in the memory by the subjects. Such participation was not visible by using previously
adopted conventional mapping procedures while was highlighted by the proposed statistical approach.
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2. Material and Methods

2.1. Experimental Tasks

For the EEG recordings, the subjects were seated in a comfortable reclining armchair placed in a dimly-lit,
sound-damped, and electrically-shielded room (magnetically insulated room). They kept their forearms resting on
armchairs, with right index finger resting between two buttons spaced 6 cm each other. A computer monitor was
placed in front of the subjects (about 100 cm). Subjects are exposed to the vision of a cue visual stimulus on the
computer screen. Two types of tasks were investigated: one related to the short-term memory (in terms of seconds),
the other related to the long-term memory (in terms of hours).

Short-Term Memory task. In the short-term memory condition (STM) these stimulus consists of a couple of
vertical bar that were first presented (trigger time) and then hidden for few seconds (delay time) in the Short-Term
Memory (STM) condition, while in the No Short-Term Memory (NSTM) condition the vertical bars remained on the
screen. Hence, only during the STM task subjects were asked to hold the images in memory (delay period). In both
STM and NSTM tasks, when the go stimulus appears on the computer screen, subjects were asked to produce a motor
performance in accordance with the image. In particular, the subjects have to push the left button if the left bar on the
screen is higher than the right vertical bar, or vice-versa. Brief on-line feedback on the performance was
automatically provided. The timing of the STM task was the following: pre-trigger time with a duration of 1 sec;
warning visual stimulus (trigger time) with a duration of 1 sec; the cue stimulus with a duration of 5.5-7.5 sec; the
visual go stimulus with a duration of 1 sec and finally the inter-trial interval: duration 5 sec. The control condition in
which the spatial bar remains on the screen for all the task duration will also be developed and this was called in the
following no short-term memory condition (NSTM). The experiment included two trial blocks for the NSTM task
and two trial blocks for the STM task (each block including 50 trials). The NSTM and STM blocks were intermingled
according to a predefined sequence (pseudorandom order). The inter-block interval was of about 2 min. Subjects were
told in advance if the block comprised NSTM or STM trials. Before the recording session, a training of about ten
minutes familiarized subjects with the experimental apparatus and NSTM-STM tasks. Subjects were free to use any
memorization strategy including “visuo-spatial imagery”, somato-motor preparation and covert verbal coding and
rehearsal. Fig. 1 presents the typical images used to present the task to the experimental subjects for both the NSTM
and STM tasks.
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Figure 1. The experiment included a short-term memory (STM) task compared with a control no short-term memory (NSTM)
task. The first row from the top presents the sequence of events for the STM condition. The second row presents the sequence of
events for the NSTM condition. In the Short-Term Memory (STM) task the events are as follows: (1) a cross at the center of the
monitor as baseline lasting 1 s; (2) a cross surrounded by a red circle at the center of the monitor as a visual warning stimulus
lasting 1 s; (3) a couple of vertical bars as a visual cue stimulus lasting 2 s; (4) a blank screen as a delay period lasting 3.5-5.5 s;
(5) a green circle at the center of the monitor as a go stimulus lasting 1 s; and (6) a finger movement as a motor response. Subjects
had to click the left mouse button if the taller bar was at the left monitor side, or the right mouse button if the taller bar was at the
right monitor side. Compared with the STM task, the NSTM task had visual cue stimuli lasting up to the go stimulus. The zero time
was the onset of the cue stimulus.
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Encoding and Retrieval tasks. In the long-term experiment there was an encoding (ENC) and a retrieval (RET)
phase in which 50 complex colored magazine pictures were shown after a red central target given as a visual warning
stimulus (presentation time of 1 s). In the ENC condition, 25 figures representing interiors of apartments (“indoor”)
were randomly intermingled with 25 figures representing landscapes (“landscapes”). The figures were shown one-by-
one (cue period, the presentation time of 5 s). Subjects were instructed to press with right index finger one of the two
buttons (left = “indoor”; right = “landscapes”) as quickly as possible after the appearance of a green central target at
the center of the figure (go stimulus, the presentation time of 1 s). Remarkably, no mention to a “retrieval” phase was
made before the encoding phase, according to a standard paradigm of “incidental memory”. About 1 hour later, the
RET condition started. In this phase, 25 figures representing previously presented “indoor” (“tests”) were randomly
intermingled with 25 figures representing a novel “indoor” (“distractors”). Subjects were asked to discriminate
between “tests” and “distractors” by pressing with right index finger one of the two buttons (left ="tests”; right =
“distractors”) immediately after the go stimulus. The timing of the warning stimulus, cue stimulus (picture
presentation) and go stimulus were as in the “encoding” phase. Before the ENC phase, a training of about ten minutes
was performed with a different set of figures to made familiar subjects with the experimental apparatus and general
procedure used for the ENC-RET tasks, namely to press the mouse buttons with the right index finger after visual
stimuli. Figure 2 presents the typical images used to present the task of encoding and retrieval to the experimental
subjects.

ENCODING AND RETRIEVAL TASKS
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Figure 2. Set up and experimental tasks. The experiment included an “encoding” (ENC) and a “retrieval” (RET) tasks in
which 50 complex colored magazine pictures were shown after a red central target given as a visual warning stimulus
(presentation time of 1 s). In the ENC condition, 25 figures representing interiors of apartments (“indoor”) were randomly
intermingled with 25 figures representing landscapes (“landscapes™). The figures were shown one-by-one (cue period, the
presentation time of 5 s). Subjects were instructed to press with right index finger one of the two close buttons (left = “indoor™;
right = “landscapes™) as quickly as possible after the appearance of a green central target at the center of the figure (go stimulus,
the presentation time of 1 s). About 1 h later, the RET condition started. In this phase, 25 figures representing previously presented
“indoor” (“tests”) were randomly intermingled with 25 figures representing novel “indoor* (“distractors”). Subjects were asked
to discriminate between “tests” among “distractors” by pressing one of the two buttons (left = “tests”; right = “distractors”)
immediately after the go stimulus. The timing of warning stimulus, cue stimulus (picture presentation) and go stimulus was as in
the “encoding” phase.

2.2. Subjects and EEG recordings.

All the subjects involved in EEG experiments gave their informed written consent according to the Helsinki
declaration. General recording procedures were approved by the local institutional ethics committees. Nine healthy
subjects were considered in this study. Each EEG recording was made by using forty-six scalp electrodes, that were
positioned according to an extension of the international 10-20 system extension. EEG data were recorded with
0.3-70 Hz bandpass and linked-earlobes reference. Electrooculogram (0.3-70 Hz bandpass) and surface rectified
electromyographic activity of bilateral extensor digitorum muscles (1-70 Hz bandpass) were also collected. Artifact-
free EEG activity from 3,5 s before to 4 s after the onset of the visual go stimulus (zerotime) was then considered for
the EEG linear inverse procedures. EEG segments contaminated by blinking, eye movements, mirror movements
and/or other artifacts were rejected off-line. In EEG recordings, frequency bands of interest were theta, alpha 1, alpha
2, and alpha 3 whose band limits were computed according to a standard procedure based on the peak of individual
alpha frequency (IAF; [Klimesch et al., 1999]). IAF was defined as the frequency showing maximum power density
peak within a large frequency range lasting from 4 to 14 Hz. It was calculated at baseline period (1-second epoch
preceding the onset of the warning stimulus, —2000 to —1000 ms). With respect to IAF, these frequency bands were
defined as follows: (i) theta as the IAF-7 Hz to IAF-4 Hz; (ii) alpha 1 or “lower-1 alpha band” as the 1AF-4 Hz to
IAF-2 Hz, (iii) alpha 2 or “lower-2 alpha band” as IAF-2 Hz to IAF, and (iv) alpha 3 or “upper alpha” as IAF to
IAF+2 Hz. The power spectrum analysis was based on a FFT approach using Welch technique and Hanning
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windowing function. To quantify the event-related percentage reduction of alpha oscillations, we followed the
widely-used procedure for the computation of event-related desynchronization/synchronization (ERD/ERS>;
[Pfuntscheller et al., 1999; Pfuntscheller et al., 1977]). The ERD/ERS was computed for theta, alpha 1, alpha 2 and
alpha 3 bands, based on the individual determination of the 1AF.

2.3. Cortical source estimation.

In this study, magnetic resonance (MR)-constructed subjects’ realistic head models and an averaged one were
used to compute individual cortical current density estimates and to visualize population data, respectively.. The
averaged head model was constructed using a set of averaged MRIs of 152 normal subjects coming from the
Montreal Neurological Institute. Scalp, skull, dura mater and cortical surfaces of the realistic and averaged head
models were obtained with segmentation and contouring algorithms. The surfaces of the realistic head models were
then used to build the Boundary Element Model of the head as volume conductor employed in the present study. A
cortical surface reconstruction was accomplished with a tessellation of about 3,000 triangles. A current dipole was
placed at the center of each triangle. The orientation of each dipole was placed perpendicular to the triangle surface,
to model the alignment of the cortical neurons with respect to the cerebral cortex surface. Fig 1 presents the averaged
head model adopted for the visualization of the population data in this paper.

When the EEG activity is mainly generated by circumscribed cortical sources (i.e. short-latency evoked
potentials/magnetic fields), the location and strength of these sources can be reliably estimated by the dipole
localization technique [Scherg et al., 1984; Salmelin et al., 1995]. In contrast, when EEG activity is generated by
extended cortical sources (i.e. event-related potentials/magnetic fields), the underlying cortical sources can be
described by using a distributed source model with spherical or realistic head models [Dale et al., 1993; Grave de
Peralta et al., 1998; Pascual-Marqui, 1995]. With this approach, typically thousands of equivalent current dipoles
covering the cortical surface modeled and located at the triangle center were used, and their strength was estimated by
using linear and non-linear inverse procedures [Dale et al., 1993; Uutela et al., 1999]. Taking into account the
measurement noise n, supposed to be normally distributed, an estimate of the dipole source density magnitudes X,
that generated a measured potential b at a particular time instant t can be obtained by solving the linear system:

Ax+n=Dhb 1)
where A is a m’n matrix with number of rows equal to the number of sensors and number of columns equal to the
number of modeled sources. We denote with A; the potential distribution over the m sensors due to each unitary j-th
cortical dipole. The collection of all the m-dimensional vectors Axj, (j =1,..., n) describes how each dipole generates
the potential distribution over the head model, and this collection is called the lead field matrix A. This is a strongly
under-determined linear system, in which the number of unknowns, dimension of the vector X, is greater than the
number of measurements b of about one order of magnitude. The estimation of the current density vector x has been
performed in this paper by using the weighted minimum norm solution [Grave de Peralta et al., 1998; Pascual-
Marqui, 1995].

2.4. Spectral estimation of current densities.

According to the equation (1), let be x(t) the source estimates for each time instant t of the recorded event-related
potentials/fields b(t). By computing the Fourier transform of the obtained solution x(t) we have

X(t) = Geb(t) => X(f) = GB() 2)
where X(f), B(f) are the Fourier transform of the time-varying sources and potentials, respectively and G is the
pseudoinverse matrix, that maps the recorded potentials b to the estimated current density vector x, To estimate the
spectral contents of the obtained solutions X(f), the cross spectral density matrix xCSD(f) was computed according to
the following formula, where the H indicates the Hermitian condition and the apex the transposition

XCSD(f)=X(f) X(HH 3)
and from the positions above it follows
XCSD(f)=G+B(f)sB(f)+G" = GebCSD(f)G’ 4)

where bCSD(f) is the spectral covariance matrix of the recorded data. The i-th entry of the xCSD(f) matrix
(xCSD;i(f)) is relative to the power spectra of the i-th current dipole. After the spectral computations, the logarithmic

transform was applied, to make the spectral data more gaussian than the untransformed ones.
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2.5. The estimation of the cortical activity in the Regions of Interest

The estimation of the cortical activity returns a current density estimate for each one of the about 3,000 dipoles
constituting the modeled cortical source space. Each dipole presents a time-varying magnitude representing the
spectral power variations generated during the task time-course. This rather large amount of data can be synthesized
by computing the ensemble average of all the dipoles magnitudes belonging to the same cortical region of interest
(ROI). Each ROI was defined on the cortical model adopted in accordance with the Brodmann areas (BAs). Such
areas are regions of the cerebral cortex whose neurons sharing the same anatomical (and often also functional)
properties. One decades of neuroimaging studies assigned to different BAs a precise role in the reception and the
analysis of sensory and motor commands, as well as the memory processing. Actually, such areas are largely used in
neuroscience as a coordinate system for sharing cortical activation patterns found with different neuroimaging
techniques. As a result of this anatomical-guided data reduction, we pass from the analysis of about 3,000 time series
to the evaluation of less than one hundred, (the BAs located in both cerebral hemispheres). These BAs waveforms,
related to the increase or decrease of the spectral power of the cortical current density in the investigated frequency
band, can be successively averaged across the subjects of the studied population. The generated grand-average
waveforms describe the time behavior of the spectral power increase or decrease of the current density in the
population during the task examined.

2.6. Statistical significance of the estimated cortical activity

What is often missing in EEG linear inverse solutions is the level of reliability of the solution itself. Not all
modelled sources have the same degree of sensitivity to measurement noise, so we cannot say whether a source has a
high strength because it is the most probable source of that potential distribution, or just because that source well
accounts for the noise superimposed to the potential. Even in the ideal case of absence of noise, some sources seem
more inclined to explain a large set of data, just because of their geometrical properties (i.e. sources positioned on a
cortical girus, rather than deep in a sulcus). A statistical approach to the problem and a measure of the signal to noise
ratio in the modelled cortical activity are then required. The level of noise in the EEG linear inverse solutions can be
addressed by estimating the “projection” of the EEG noise n(t) onto the cortical surface by means of the computed

pseudoinverse operator G; the standard error of the noise on the estimated source strength xj is given by (Gj.n(t)) =
G;j.C(Gj.)", where G;j. is the j-th row of the pseudoinverse matrix, C is the EEG noise covariance matrix. This allows

to quantitatively assess the ratio between the estimated cortical activity x and the amount of noise at the cortical level,
quantified through the standard deviation of its estimate. It can be demonstrated that under the hypothesis of a normal
estimate for the noise n(t) obtained with more than 50 time points, the following normally-distributed z score
estimator can be obtained for each j-th cortical location and for each time point t considered

_Gjeb(t)
Z j( t)= (5)
V(G C(G}))
where C is the estimated noise covariance matrix. The uncorrected threshold for the z score level at 5% is 1.96.
Values of z exceeding such threshold represents levels of estimated cortical activity that are unlikely due to the
chance alone but are related to the task performed by the experimental subject. However, to avoid the effects of the

increase of the Type | error due to the multiple z tests performed, the results will be presented after the application of
the Bonferroni correction [Zar, 1984].

Here, we extend the SPM approach to the analysis of the power spectra variations during the experimental task.
The computation of the z score level in the spectral case is performed according to the following formula

o 2Noisej = Var(bCSDj;( f))

[G « bCSD;; ()GT;

Zi(f)= _ (6)
o Noise;

where Var(bCSDjj(f)) indicates the variance of the estimate of the log-transformed spectral density of the EEG
measurements during the baseline period at the considered frequency f, and Z;(f) is the z score for the i-th current
dipole for the frequency f. The z;(f) it is for construction a z score variable, identical to those introduced in the time

domain by Dale and colleagues [Dale et al., 2000], while the inverse operator G is identical to those computed for the
temporal case.



IJBEM, Vol. 8, No. 1, 2006 Page 37

The z score for each brain region investigated, independently as a result of a time or frequency domain
processing, return information about the significance of the increase or the decrease of the variable considered in the
analysed period with respect to the baseline chosen. Due to the additive properties of the z estimator, the z scores
obtained for all the dipoles belong to a particular ROI can be averaged together. Furthermore, such average z scores
for each particular ROI can be averaged across the subject’s population, by returning a grand-average z score level for
each ROI investigated. These values can be considered as an estimate of the statistical behaviour of the variable
analyzed (in time or frequency domain) for the entire population in each one of the considered ROI.

In particular, the computation of the population z-score waveform for the r-th ROl while performing the k-th task
is performed as follows:

N
> Zrsk
s=1 (7)
Zrk(grav) =

N
where Zsk(t) is the average z score level for the r-th ROIs, in the s-th subject, performing the k-th task.

Often, due to the experimental design adopted, EEG data were gathered from the same population during the
performance of different behavioral tasks. In this case it can be of interest to analyze if the levels of the variable
considered for the characterization of brain activity differ between tasks. In order to explore these hypothetical
differences, we can use the properties of the computed z scores over the employed ROIs. In fact, due to the additive
properties of the z score, it is possible to analyze if the changes of such variable between the different experimental
tasks is statistically significant. The quantitative measure of the contrast between tasks 1 and 2 in the analysed
population for the i-th BA is obtained as follows:

zdiffe(t) = Z¢1(t) - Zr2(t) 8)

where zj1(zjp) is the average z score level for the r-th ROI during the task 1 (2), zdiff,(t) is the z score level of the

difference of statistical activations for the r-th ROI between the task 1 and 2. If such value is over the threshold level,
we can conclude that the r-th ROI presents variation of the analysed variable that are not due to the random
fluctuation of the noise but are relative to the differences of the task performed.

2.7. From the estimation of cortical activity to the estimation of cortical connectivity

For each time point of the recorded EEG we solved the linear inverse problem, estimated the magnitude for each
one of the thousand dipoles used for cortical modelling. Then, we computed the average of the magnitude of such
dipoles in each ROI considered, for each time point considered. The resulting cortical waveforms, one for each
predefined ROI, were then processed for the estimation of cortical connectivity by using the Directed Transfer
Function [Belger et al., 1998]. The DTF is a full multivariate spectral measure, used to determine the directed
influences between any given pair of signals in a multivariate data set. Let be X a set of EEG measurement from k

channels at time t: X = [Xj (t), X5 (1), ..., Xk (t) ]T, and suppose that X is adequately described by the following
MVAR process:

p
X= Y -A@)X(t-1) + E(t) ©)
i=1
which is equal to:

5 AMX(t-i) = EQ) w0
iz0

where E(t) is the vector of multivariate zero-mean uncorrelated white noise process, A, Ay, ... Ap are the matrices

of model coefficients and p is the model order. In order to investigate the spectral properties of the examined process,
this equation is transformed to the frequency domain as follows:

A(f) X(f) = E(F) (11)
where A(f) is the Fourier transform of the A(i) process. The Fourier transformed equation could read as
X(f) = AL(f) E(F) = H(f) E(f) (12)

where H(f) is the transfer matrix of the system, whose element Hij represents the connection between j-th input
and i-th output of the system. The spectral matrix of the process can be written as:
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S(H=X(f) X(H*=H(F)V H(H)* (13)
where V is the spectral matrix of the white noise input. The DTF from channel j to i , representing the causal
influence from j to i, is defined as:

0ij? (f) = Hjj( )2 (14)

In order to be able to compare the results obtained for data strings with different power spectra, a normalization is
performed by dividing each element by the squared sums of all elements of the relevant row, thus obtaining the
normalized DTF [Kaminski and Blinowska, 1991]:

| Hij ()l 2
it ()= (15)
> | Him()12

m=1
which expresses the ratio of the influence of channel j to channel i with respect to the influence of all other channels
oni.

3. Results

Subjects were exposed to the STM and NSTM tasks while they are under the EEG recording device. All the data
in this section are relative to the time-varying spectral changes in different frequency bands during the delay period.
The Fig. 3 (first column from the left) presents two estimated cortical distributions, obtained by the solution of the
linear inverse problem in the spectral domain associated with the gathered EEG data. The figure presents the grand
average data of the EEG recorded population relative to the variation of cortical current density power in the theta
frequency band.

SPM

.

100% ERS

—
100% ERD

Figure 3. The first column left: Estimated cortical distributions, obtained by the solution of the linear inverse problem in the
spectral domain associated with the gathered EEG data for the Short Time Memory (STM) and No Short Time Memory (NSTM).
The figure presents the grand average data of the EEG recorded population relative to the variation of cortical current density
power in the theta frequency band. Increasing values of spectral power with respect to the baseline period (ERS) are represented
from yellow to red hues, while the decreasing values of spectral power (ERD) are coded from the dark to the light blue. The upper
cortical distribution is relative to the STM task while the bottom one presents data estimated during the NSTM task. Spectral maps
are relative to the time period of 1.5 seconds from the beginning of the delay period. The head is seen from above, nose down, left
ear at the right of the visualized head.

Increasing values of spectral power with respect to the baseline period (ERS) are represented from yellow to red
hues, while the decreasing values of spectral power (ERD) are coded from the dark to the light blue. The upper
cortical distribution is relative to the STM task while the bottom one presents data estimated during the NSTM task.
Spectral maps are relative to the time period of 1.5 seconds from the beginning of the delay period. The head is seen
from above, nose down, left ear at the right of the visualized head. It is worth of note that during the STM task, there
is a large ERS in theta band in the right and left parietal cortical areas, together with a synchronization occurring over
the mesial and right premotor cortical areas.
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Furthermore, a large bilateral frontal reduction of spectral power (ERD) also occurred as indicated by the blue regions
over the cortical map. The NSTM task presents a different pattern of ERD and ERS with respect to the STM task.
The grand averaged EEG data returned a modest ERS phenomena in the right parietal areas, together with a large
bilateral ERD in frontomesial cortical areas. An interesting question is if such variation of spectral power with respect
to the baseline period (the ERS and ERD) in the theta band is statistically significant or are only due to the noise
fluctuations. The answer to this question is presented in the second column from the left of the Fig. 3, that shows the
distribution of the statistical z scores associated to the variations of the cortical spectral power in each one of the
ROIs analysed. In particular, if the power spectra during the delay period is superior to the power spectra computed
during the baseline for the analysed ROI, a positive z score is obtained. Furthermore, if the z score exceeds the
threshold for the statistical significance required the ROI analysed was coded with a hue from yellow to red (in the
present case up to a value of z equals to 5, that it is associated to a statistical significance of p<10). Instead, a
decrement of spectral power in a particular ROI is statistically significant if the associated negative value of the z
score is lower than the required threshold. In that case, the ROl was coded with a hue from dark to the light blue (z =
-5). If the spectral power increase or decrease in the analysed ROI does not reach the threshold of the statistical
significance, the ROI presents the grey color. The upper map of the right column of Fig.3 shows the grand average
significance probability map for the STM task. It is worth of note the presence of a large statistically significant
increase in the power spectra of the right premotor and the mesial cortical areas, coded in the red color. Of interest
also a statistically significant decrease of spectral power in the theta band for the left frontal areas, coded in blue. The
SPM associated with the grand average data for the NSTM task in the same frequency band is presented in the
bottom map of Fig. 3, right column. In such map few cortical areas present variations of spectral power not due to the
chance alone. In particular, the left frontal cortical areas showed a significant decrease in spectral power in the theta
band during the NSTM task.

The application of the presented methodologies to the long-term memory task has produced the results listed in
the figure 4. In this figure the Significance Parametric Mapping is presented for the grand average of all the subjects.
The head is seen from above, the nose at the bottom, left ear at the right of the each head. The colour bar has the same
significance described in Figure 3, i.e the z score that exceeds the threshold for the statistical significance required is
coded with a hue from yellow to red (in the present case up to a value of z equals to 5, that it is associated to a
statistical significance of p<10~), while decrement of spectral power in a particular ROI statistically significant are
presented with a negative value of the z score coded with a hue from dark to the light blue (z = -5). It is interesting to
note that in the theta band during the encoding time period, the data from the analyzed population in the theta band
present and increased spectral activity (when compared to the rest state) located in the dorsolateral prefrontal areas
(coded in the dark red), while the left prefrontal areas presents a decrement of the spectral power (when compared to
the rest state) coded with the blue hues. A large increase of spectral power in the same band is also presented in the
visual areas (red hues) while for the time period from 1500 to 3500 ms after the stimulus presentation a decrease of
the spectral power in the theta band in the parietal areas is observed bilaterally.

Encoding Theta band, delay period, SPM

. e

Figure 4. In this figure the Significance Parametric Mapping (SPM) is presented for the grand average of all the subjects that
were subjected to the Long-Term Memory task, in the part of the Encoding of pictures. The SPM data presented are relative to the
time period from about 500 ms to 3500 ms after the stimulus presentation and are referred to the theta frequency band. The head is
seen from above, the nose at the bottom, left ear at the right of each head. The colour bar has the same significance described in
the figure 3, i.e the z score that exceeds the threshold for the statistical significance required is coded with a hue from yellow to red
(in the present case up to a value of z equals to 5, that it is associated to a statistical significance of p<10®), while decrement of
spectral power in a particular ROI statistically significant are presented with a negative value of the z score coded with a hue from
dark to the light blue (z = -5).

s



IJBEM, Vol. 8, No. 1, 2006 Page 40

The estimation of the functional connectivity patterns from the above mentioned set of high-resolution EEG data
was performed by the application of the DTF tool to the cortical waveforms estimated in the different ROIs
considered. The network for the functional connectivity during in the theta band for the encoding-retrieval task, for
the grand-average data of all the subjected analyzed is presented in the figure 5.

Functional connectivity pattern Theta band

L J ! o L o

1000 1200 1400 1600 1800

Figure 5. Sequence of functional connectivity patterns estimated by using the DTF on the grand average data for the
population performing the Encoding long-term memory task. The connectivity has been computed in the theta frequency band. The
cortex is seen from above, nose at the bottom, left ear to the right. The number under each map represents the ms from the
stimulus presentation (see Fig. 2 for the task description). Labels on the maps code the ROIs interested in the analysis, the label R
means right cortex, the label L mean left cortex. Then, A19L means Brodmann area 19 in the left hemisphere.. A functional link
between two ROl is represented as an arrow, with a size and color according to the intensity of the causality flows between the two

regions. The lighter the color of the arrow the stronger is the connection estimated from the ROIs. Only the statistically significant
link at p<0,001 between cortical ROIs are represented here.

It is worth to note that only the statistically significant link at p<0,001 between cortical ROIs are represented
here. We noted a precise directed flow of information from the prefrontal cortical areas toward the parietal and the
occipital areas during the time period from the stimulus presentation up to 2. sec after. Such flow as estimated by the
statistically significant connections from DTF is coded with yellow and light red arrows of appreciable size,
departing from the Brodmann areas 10 and 9 directed toward the Brodmann areas 5 and 7, as well as toward the
Brodmann area 19.

4. Discussion

4.1 Methodological considerations

What is often missing in EEG linear inverse solutions is the level of reliability of the solution itself. Not all
modeled sources have the same degree of sensitivity to measurement noise, so we cannot say whether a source has a
high strength because it is the most probable source of that potential distribution, or just because that source well
accounts for the noise superimposed to the potential. Even in the ideal case of absence of noise, some sources seem
more inclined to explain a large set of data, just because of their geometrical properties (i.e. sources positioned on a
cortical girus, rather than deep in a sulcus). A statistical approach to the problem and a measure of the signal to noise
ratio in the modeled cortical activity are then required.

In this study the cortical activity has been estimated by non-invasive EEG recording with the use of a quasi-
realistic head model and linear inverse procedure. The head model used allows us to express brain activity in terms of
Broadmann and Tailarach coordinates, that improves the capability to replicate results obtained with EEG recordings
between different research groups. Furthermore, it alleviates the need to use individual MRIs of the experimental
subjects, since they are not always available. The results of the application of the methodology proposed in the
present study were reported at the ROI level instead of the level of each one of the three thousand cortical dipoles
used as a source model. An ROI-dependent type of result expression such as the one used in our study has been
chosen due to our interest in the reported efficacy of the estimation process at this still acceptable spatial scale
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The interest in the approach presented here regards the extension of the DSPM techniques proposed by Dale and
coworkers [Dale et al., 2000] to the frequency domain and in the possibility to further exploit this approach by
applying contrast statistical techniques normally used in the fMRI field. It is already accepted that the estimation of
current densities with the weighted minimum norm procedure from the EEG recordings can return an accurate picture
of the underlying cortical activation at a moderate spatial scale [Babiloni et al., 2001; Dale et al., 1993; Grave de
Peralta et al., 1999]. In this context, the use of DSPM and the related contrast techniques (z score differences between
the STM and NSTM or ENC-RET tasks) provided useful insights on the phenomena studied besides the analysis of
topographic distribution at the cortical level.

4.2 Short-Term Memory

Animal studies and human neuroimaging studies indicate that tasks requiring short-term memory activate a
functional network linking regions of the prefrontal cortex with posterior association cortices [Belger et al., 1998;
Chafee and Goldman-Rakic, 1998; Friedman and Goldman-Rakic, 1994]. Activation of this network can also be
characterized by measurements of neuroelectric activity recorded on the scalp. It is of interest that recent studies have
indicated that an enhancement in the power spectra in theta frequency band of EEG signal over midline frontal region
of the during short-term memory tasks [Gevins et al., 1997; Gevins et al., 1998]. Enhancement of the frontal midline
theta rhythm has been noted in a variety of tasks that require sustained focused attention [Gevins et al., 1997;Gevins
et al., 1998]. Current evidence suggests that this signal is generated in the anterior cingulate cortex [Gevins et al.,
1998], an important component of an anterior attentional network critical to the performance of complex cognitive
tasks [Posner and Petersen, 1990]. The results we obtained with the DSPM techniques extended to the frequency
domain can be framed in the previously described context. The centro mesial activation related to the power spectral
increase in theta frequency bands has been obtained in contrast with the same experimental paradigm but without the
memory task. This increase in spectral activity only holds during the delay period, while in the remaining time
periods there are no significant differences between memory and non short-term memory tasks.

4.3 Encoding Retrieval Memory task

Positron emission tomography (PET), functional magnetic resonance imaging (fMRI), and event-related potential
(ERP) studies have shown that, in healthy young individuals, long-term episodic memory is associated with
“activation” of discrete frontal neuronal networks [Fletcher et al.,2001; Buckner and Wheeler 2000]. In particular,
different aspects of the memory performance are represented in right and left prefrontal areas [Fletcher et al., 2001],
which cooperate with medial temporal lobe structures for the retrieval of both verbal and non-verbal information
[Buckner and Wheeler 2000]. For example, a focal “activation” of right prefrontal cortex and bilateral mediotemporal
regions (i.e. parahippocampal) during the encoding phase predicts a successful recognition of visual stimuli in a later
retrieval phase. The presented results allowed evaluation of the main brain rhythms of both frontal and parietal areas
during the ENC and RET phases. The working hypothesis was that the brain rhythmicity represents a neural substrate
of the hemispherical functional asymmetry as predicted in literature for these tasks [Tulving et al., 1994; Nyberg et
al., 1996; Lepage et al., 2000].

Compared to the encoding condition, the retrieval condition (not showed here) was characterized by a posterior
theta event-related synchronization and a stronger high alpha (10-12 Hz) event-related desynchronization. These
results are globally in line with previous evidence [Klimesch et al. 1999] showing that theta and upper alpha rhythms
are sensitive to semantic long-term memory processes and retrieval processes, possibly as a reflection of the gating
oscillatory activity within thalamo-cortical (alpha) and hippocampo-cortical (theta) feedback loops. Furthermore,
previous studies showed that theta and alpha rhythms are widely distributed rhythms over both hemispheres,
especially with engaging cognitive demands involving working memory, focused attention, and semantic
categorization [Klimesch et al.1999].

The use of the estimation of the cortical flow by using the DTF tool is able to return information about the
dynamical link between ROIs during a particular task. This information is of great importance in the neuroscience,
since often it is not sufficient to know where an increase of cortical activity occurs but event which are the network of
cortical areas that support a particular cognitive task. The use of tools like DTF or even the Partial Directed
Coherence [Baccala and Sameshima, 2001] could return this estimation by using the high-resolution EEG recordings
associated with the geometrical accurate representation of the cortical surface for the population analysed. By using
these advanced computational tools, namely the high-resolution EEG and the estimation of cortical activity and
connectivity by the techniques above description, the analysis of the time behaviour of the cortical activity can be
performed with an accuracy never reached before by using the standard EEG measurements.
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