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Recent neuroimaging studies of long-term episodic memory have suggested that left prefrontal cortex predominates in encoding
hereas right prefrontal cortex predominates in retrieval condition (hemispheric encoding and retrieval asymmetry, HERA model). T
lectroencephalographic (EEG) study investigated the functional coupling of fronto-parietal regions during long-term memorization
patial contents (i.e. landscapes, interiors of apartments), to test the predictions of the HERA model. Global fronto-parietal coupling wated
y spectral coherence, whereas the “direction” of the fronto-parietal information flow was estimated by directed transfer function (D
EG rhythms of interest were theta (4–7 Hz), alpha (8–13 Hz), beta (14–30 Hz), and gamma (30–45 Hz). Statistically significant cohere
ith the HERA model was obtained at the gamma band. Namely, the fronto-parietal gamma coherence prevailed in the left hemisp

he encoding condition and in the right hemisphere during the retrieval condition. The DTF estimates of the gamma band showed
arietal-to-frontal directional flow in the right hemisphere during the encoding condition and in the left hemisphere during the retrievaln
i.e. hemisphere-condition combination not involved by the HERA model). In contrast, a balanced bidirectional flow of the fronto-parieta
as observed in the left hemisphere during the encoding condition and in the right hemisphere during the retrieval condition (i.e. h
ondition combination involved by the HERA model). In conclusion, the present encoding-retrieval conditions induced maximal front
amma coupling with bidirectional information flow in the hemisphere-condition combination predicted by the HERA model.
2005 Elsevier Inc. All rights reserved.
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. Introduction

Previous functional magnetic resonance imaging (fMRI) and
ositron emission tomography (PET) studies have shown that
ilateral prefrontal areas are engaged alongside the medial

emporal lobes for the encoding and subsequent retrieval of
pisodes in long-term memory[10,12,17]. Unexpectedly, sev-
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eral of these studies have pointed to a hemispheric asy
try. There was a prevalence of activity in the left prefro
cortex during the encoding of verbal and spatial mate
[32,39,54], while an enhanced activity was present in the r
prefrontal cortex during the retrieval of that information c
tent. These findings have led Tulving et al.[54] to propose
a general model of brain function subserving episodic m
ory. According to the hemispheric encoding-retrieval asym
try (HERA) model, the left hemisphere plays a crucial rol
encoding, while the right hemisphere is dominant for retri
[54].
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In line with the HERA model, repetitive transcranial magnetic
stimulation (rTMS) of the prefrontal cortex has been able to
temporarily interfere with the encoding and consecutive retrieval
of both visuospatial[48] and verbal[49] episodes. It should
be remarked that the HERA pattern is not an absolute feature
of cortical activity during long-term memorization. Rather, the
level or existence of the HERA pattern is affected and in some
cases abolished by the nature of the material to be memorized,
such as verbal content, difficulty, familiarity, level of detail, etc.
[10,12,23,44,57].

Beyond the issue of its generalization, the HERA model
has been able to explain the experimental data produced by a
design in which young adults were asked to remember a set of
pictures representing interiors of apartments (“interiors”) and
landscapes (“landscapes”;[48]). That design has been also uti-
lized by a recent electroencephalographic (EEG) study aimed at
evaluating the role of brain rhythms in the processes of encod-
ing and retrieval, in the light of the predictions of the HERA
model [2]. In that study, the HERA model was only fitted by
EEG gamma responses (about 40 Hz) observed in an unex-
pected posterior location. The encoding phase was associated
with a magnitude increment of the gamma EEG oscillations
over the left parietal cortex. Instead, the retrieval phase was
associated with the magnitude increment of the gamma EEG
oscillations predominantly over the right parietal cortex. Sum-
marizing, the amplitude of the parietal but not frontal gamma
r the
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functionally coordinated to the frontal gamma rhythms during
the encoding and retrieval processes. Global fronto-parietal cou-
pling was estimated by spectral coherence, whereas the “direc-
tion” of the fronto-parietal information flow was estimated by
directed transfer function (DTF). It should be remarked that
no coherence and DTF finding was published in the previous
study [2], so that the present results are entirely original and
unedited.

Concerning the present methodological approach, EEG spec-
tral coherence between pairs of cortical regions have been
interpreted as an evidence of functional coupling[18,53],
mutual information exchange[45], functional co-ordination
[19], and integrity of connection pathways[33]. In addition,
DTF estimates have been proved to roughly model the “direc-
tion” of the information flow between pairs of cortical sites
[1,3,10,26,29,34].

2. Materials and methods

Details on the participating subjects, experimental task, EEG recordings, and
preliminary data analysis were provided in the mentioned study[2]. Briefly, EEG
recordings were performed in 12 healthy, right-handed (Edinburgh Inventory)
volunteers (22–41 years). The subjects kept their forearms resting on armchairs,
with their right index finger resting between two buttons spaced 6 cm apart. The
experimental paradigm included 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
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hythms fitted the hemisphere-condition combination of
ERA model. Why did not frontal cortex entrain into the m
lation of the gamma response in line with HERA model?

ssue was crucial since HERA model was constructed o
asis of prefrontal activity during encoding-retrieval proces
s revealed by the mentioned neuroimaging and TMS

es[32,39,48,49,54]. This discrepancy was explained as du
he differential sensitivity of neuroimaging methods to diffe
omponents of long-term episodic memory. In particular,
trict relation between the EEG gamma responses and p
ion suggested that the retrieval processes of long-term me
ay be deeply impinged upon the sensory representations

tored material in the parietal lobe.
In explaining the results of the mentioned EEG study[2], we

ould not exclude a remote functional control of the prefro
ver parietal areas in the modulation of the gamma rhythms

ng the encoding and retrieval processes. Indeed, that EEG
2] has just disclosed the topographical distribution of brain r
ivity during the task, without testing whether the frontal
arietal areas were working in parallel or in series with a
ise hierarchy (i.e. one is being functionally more relevant
he other within the whole network). A reasonable reconc
ory hypothesis was that the parietal gamma rhythms (follo
ERA model) would be functionally interrelated to the fron
amma rhythms. We could not address that hypothesis

ime of the previous study[2]. Indeed, our implementation
he required methodological approach had not been yet
alidated.

The present EEG study re-analyzed the EEG data rec
n the previous study[2], in order to test the working hypothe
hat the parietal gamma rhythms (following HERA model) w
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he encoding phase, 25 figures representing interiors of apartments (“inte
ere randomly intermingled with 25 figures representing landscapes (
capes”). The figures were shown one-by-one (cue period, presentation
s). The subjects were instructed to press with right index finger one

wo close buttons (left = “interiors”; right = “landscapes”) as quickly as po
le after the appearance of a green central target at the center of the fig
timulus, presentation time of 1 s). Remarkably, no mention to a RET pha
ade before the encoding phase, according to a standard paradigm of “inc
emory”.

About 1 h later, the RET phase started. In this phase, 25 figures
enting previously presented “interiors” (“tests”) were randomly intermin
ith 25 figures representing novel “interiors” (“distractors”). The subj
ere again asked to answer by pressing one of the two buttons (left = “

ight = “distractors”) immediately after the go signal. The timing of warning
o signals, picture presentation, and intervals were as in the “encoding”
f note, the correct choice in both “encoding” and “retrieval” phases was a
n the left button. Furthermore, a 10 min training before the “encoding” p
as performed with a different set of figures, to familiarize subjects with
xperimental apparatus.

EEG data were recorded (256 Hz sampling frequency, 0.1–60 Hz ban
inked ear reference) with a 46 tin electrode cap in which the electrodes
isposed according to an augmented 10–20 system. Electrooculogram

ored blinking or eye movements, whereas electromyogram monitored o
ovement as well as mirror movements and involuntary slight muscle a

ions.
The collected EEG data were segmented in individual trials spanning

2.5 to +7.5 s, the zerotime being the presentation onset of the figures. Th
rials associated with wrong cognitive performances as well as those co
ated by mirror or involuntary finger movements (about 5%), inadvertent m
cts, slight muscle activations (about 5%) and instrumental artifacts we
arded. Of note, the EEG trials associated with wrong cognitive perform
nd artifact-free EEG trials were too few to address an analysis on them.

The spatial resolution of artifact-free EEG data was enhanced by s
aplacian estimation[4,5] applied on careful single trial analysis Laplaci

ransformed EEG data. The data of two subjects did not overcome this pr
ary analysis and were not further considered. In the remaining 10 subjec
ean of the artifact free single trials was of 29 (±3 standard error, S.E.) for t
NC condition and of 26 (±3S.E.) for the RET condition.



C. Babiloni et al. / Brain Research Bulletin 68 (2006) 203–212 205

2.1. Estimation of the functional connectivity: between-electrode
coherence analysis

EEG coherence is a normalized measure of the coupling between two EEG
signals at any given frequency[31,45]. The coherence values were calculated
for each frequency bin by the Eq.(1).

Cohxy(λ) =
∣∣Rxy(λ)

∣∣2 =
∣∣fxy(λ)

∣∣2
fxx(λ)fyy(λ)

. (1)

Eq.(1) is the extension of the Pearson’s correlation coefficient to complex num-
ber pairs. In this equation,f denotes the spectral estimate of two EEG signals x
and y for a given frequency bin (λ). The numerator contains the cross-spectrum
for x and y (fxy), while the denominator contains the respective autospectra for
x (fxx) and y (fyy). For each frequency bin (λ), the coherence value (Cohxy) is
obtained by squaring the magnitude of the complex correlation coefficientR.
This procedure returns a real number between 0 (no coherence) and 1 (max
coherence).

According to the aims of the present study, the EEG coherence was computed
from the electrodes overlaying bilateral dorsolateral prefrontal (F3, F4) and
posterior parietal (P3, P4) cortical areas, namely the electrode pairs F3-P3 and
F4-P4. At these internal electrodes, the surface Laplacian estimates from the
spatial information content of 46 electrodes can be considered as highly reliable
[5,36,42]. The EEG coherence was calculated at three consecutive periods lasting
1 s each, namely the “rest” (pre-stimulus) period, the first 1-s period of the figure
(T1), and the second 1-s period of the figure (T2). This was true for both ENC
and RET conditions.

The spectral coherence was computed at theta (4–7 Hz), alpha (8–13 Hz),
beta (14–30 Hz), and gamma (30–45 Hz) bands, since previous studies have
shown that functional connectivity as revealed by EEG coherence can be
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trode B and vice-versa. A direction of the information flow from A to B is
stated when that case is statistically more probable than a directionality from
B to A. In precedence, that Mvar model has been successfully used to estimate
the “direction” of the cortico-cortical and cortico-muscular information flow
[1,3,35].

The mathematical core of the Mvar algorithm is based on the ARfit programs
running on the platform (Matlab 5.3, Mathworks Inc., Natrick, MA). The model
order was 7, as estimated by Akaike criterion suggested in previous DTF studies
[26,27,29]. The goodness of fit was evaluated by visual inspection of the values
of noise matrix V of the Mvar model.

The Mvar model is defined as

p∑
j=0

AjXt−j = Et

whereXt is theL-dimensional vector representing theL-channel signal at the
time t, Et is the white noise, andAj is theL × L matrix of model coefficients,
p is the number of time points considered in the model. From the identified
coefficients of the modelAj, spectral properties of the signals can be obtained
by the followingz-transformation of the above equation:

X(z) = H(z)E(z)

whereH(z) is a transfer function of the system and

H(z) =
(

p∑
j=0

Ajz
−j

)−1

z−i = exp(−i2πfdt)
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bserved in a wide range of frequencies[50,55,56]. It should be stressed th
he present EEG coherence values at baseline and event were somew
his may be due to the large distance between the two temporal rec
ites at which EEG data for the coherence analysis were recorded. Pr
ndings have shown that EEG coherence between electrodes is inverse
ortional to the inter-electrode distance[53]. These low values were also due

he strong deflation of coherence induced by volume conductor effects t
o surface Laplacian estimation[38]. Of note, the statistical analysis cons
red only EEG data from subjects showing coherence values above sta

hreshold posed atp < 0.05, i.e. statistically significant coherence values.
alculation of the statistical threshold level for coherence was made acc
o Halliday and collaborators[24], taking into account the number of sing
alid EEG trials used as an input for the analysis of EEG coherence. Thi
edure was to compute the statistical thresholds for the present coheren
hese thresholds were 0.10 and 0.11 for ENC and RET condition, respec
he final statistical analysis was then performed on the coherence data o
ubjects.

.2. “Direction” of the functional connectivity estimated by Mvar
odel

Before computing the DTF, the EEG data were preliminarily normalize
ubtracting the mean value and by dividing for the variance, according to m
ory suggestions by Kaminski and Blinowska[27]. Therefore, the DTF can b
onsidered as a normalized value ranging from 0 to 1. An important st
he DTF method was the computation of the so-called Mvar model[26,27,29].
aplacian transformed data at four electrodes (F3, P3, F4, P4) were gi
n input to the Mvar model towards the computation of the directional i
ation flux (DTF) among all these electrodes (F3-P3, F4-P4, F3-F4, P
3-P4, etc.). Therefore, the procedure fully overcame the issues due t
omputation from only two electrodes (binary model;[9,30]). In particular, ou
nterest was focused on the estimation of the “direction” of the informa
ow between F3-P3 and F4-P4 for the frequency bands in which signi
vent-related coherence values were found for the ENC versus RET
ions. In non-mathematical terms, the Mvar model estimates information
etween the electrodes A and B by computing the extent to which the
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Since the transfer functionH(f) is not a symmetric matrix, the informatio
ransmission from thejth to theith channel is different from that from theith to
he jth channel. The DTF from thejth channel to the ith channel is defined
he square of the element ofH(f) divided by the squared sum of all elements
he relevant row.

TFij(f ) = |Hij |2∑L

m=1|Him(f )|2
.

A substantial difference between DTF(f)ij and DTF(f)ji may suggest an asym
etric information flow from the electrodei to electrodej. When DTF(f)ij is
reater in magnitude than DTF(f)ji, “direction” of the information flow would
e from electrodej to electrodei. On the other hand, the “direction” of the info
ation flow would be from electrodei to electrodej, when DTF(f)ji is greate

n magnitude than DTF(f)ij.
To control the DTF results obtained using Laplacian estimates from

lectrodes (F3, P3, F4, P4), the analysis of the information flow was rep
n the recorded EEG potentials. In this control analysis, EEG data fro
lectrodes (Table 1) were given as an input to the MVAR model and the in
ation flow between frontal and parietal regions were evaluated for th

DTF mean of F3-P3 and F3-P5) and right (DTF mean of F4-P4 and F
emispheres.

able 1
ist including 30 electrodes (augmented 10–20 System) used for the c
var model on the recorded EEG potentials

lectrodes

Fz
5, F3, F1, Fz, F2, F4, F6
C3, FCZ, FC4
5, C3, Cl, Cz, C2, C4, C6
P3, CPz, CP4
5, P3, P1, Pz, P2, P4, P6
Oz
z
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2.3. Statistical analysis

Statistical comparisons for the ENC and RET conditions were performed
by ANOVA analyses for repeated measures. Mauchley’s test evaluated the
sphericity assumption and correction of the degrees of freedom was made by
Greenhouse-Geisser procedure. Duncan test was used for post-hoc comparisons
(p < 0.05).

The statistical analysis of the event-related EEG coherence (Laplacian data)
was performed using three-ways ANOVA for each frequency band of inter-
est. The ANOVA design included the factors condition (ENC, RET), electrode
pair (F4-P4, F3-P3), and time (T1, T2). The working hypothesis of functional
fronto-parietal connectivity in line with the HERA model implied a statistical
interaction including the factors condition and electrode pair (p < 0.05) as well
as a post-hoc testing showing a significant increase (p < 0.05) of the coherence
in the left hemisphere during the encoding (ENC) condition and in the right
hemisphere during the retrieval (RET) condition.

The statistical analysis of the Laplacian DTF values (“direction” of the infor-
mation flow) was performed using three-ways ANOVA for the bands and the
periods showing statistically significant coherence values. The ANOVA design
included the factors condition (ENC, RET), direction (frontal-to-parietal, F→P;
parietal-to-frontal, P→F), and electrode pair (F3-P3, F4-P4). The working
hypothesis of hierarchical fronto-parietal connectivity in line with the HERA
model implied a statistical interaction including the factors condition, direction,
and electrode pair (p < 0.05) as well as a post-hoc testing showing a signifi-
cant change (p < 0.05) of directionality in hemisphere-condition combination
predicted by the HERA model.

The statistical analysis of the DTF values from the recorded EEG data (no
Laplacian estimation) was performed using three-ways ANOVA for the bands
and the periods showing statistically significant coherence values. The ANOVA
design included the factors condition (ENC, RET), direction (frontal-to-parietal,
F→P; parietal-to-frontal, P→F), and electrode pair (DTF mean of F3-P3 and
F d the
c

3

ious
s ect
r
( -
m ctio

time during the ENC (696 ms±31S.E.) compared to the RET
condition (734 ms±34S.E.).

3.1. Functional fronto-parietal connectivity as revealed by
the spectral coherence

Fig. 1 illustrates the grand average of the coherence spec-
tra computed from the fronto-parietal electrode pairs of the left
(F3-P3) and right (F4-P4) hemispheres for the ENC and RET
conditions. The data refer to both periods of interest (T1 and
T2). Table 2reports absolute EEG coherence values and statis-
tical thresholds (p < 0.05, computed according to Halliday[24])
in the experimental conditions (ENC and RET) for both peri-
ods of interest. On the whole, absolute coherence values were
relatively low in magnitude but above the corresponding sta-
tistical thresholds (p < 0.05). This was true for almost all EEG
frequency bands. To emphasize the task effects with respect to
the pre-stimulus or baseline period,Fig. 2plots the event-related
coherence (ERCoh) computed in a representative subject (Sub-

Table 2
Statistical thresholds of coherence and mean coherence values at both periods
of interest (T1 andT2)

Coherence atT1 Threshold Coherence atT2

F3-P3 F4-P4 F3-P3 F4-P4

E

R

V ands.

F puted from the fronto-parietal (F3-P3, F4-P4) electrode pairs duringT1 andT2 periods (they
l refer to the encoding (ENC) and retrieval (RET) conditions of the present long-term memory
t ashed line.
3-P5; DTF mean of F4-P4 and F4-P6). The working hypothesis state
onfirmation of the results obtained using surface Laplacian data (p < 0.05).

. Results

The behavioral results were described in detail in the prev
tudy (Babiloni et al.[1]). In brief, the percentage of the corr
esponses was significantly greater (p < 0.001) during the ENC
91%±3S.E.) than the RET condition (74%±3S.E.). Further
ore, there was no statistical difference in the mean rea

ig. 1. Grand average across subjects of the EEG coherence spectra com
asted 1 s each after the onset of the figure presentation). These spectra
ask (visuo-spatial contents). Coherence threshold level is indicated by d
n

ncoding
Theta 0.13 0.12 0.10 0.17 0.14
Alpha 0.10 0.17 0.10 0.15 0.17
Beta 0.13 0.13 0.10 0.20 0.19
Gamrnal 0.24 0.21 0.10 0.26 0.20

etrieval
Theta 0.10 0.02 0.11 0.16 0.14
Alpha 0.18 0.15 0.11 0.27 0.24
Beta 0.29 0.21 0.11 0.25 0.24
Gamrnal 0.23 0.28 0.11 0.24 0.26

alues refer to the experimental conditions (ENC, RET) and to four EEG b
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Fig. 2. Event-related coherence (ERCoh) computed in a representative subject (Subject 7) from the fronto-parietal (F3-P3, F4-P4) electrode pairs during T1 andT2
periods. These spectra refer to the encoding (ENC) and retrieval (RET) conditions. The ERCoh was defined as the difference between the coherence values at the
periods of interest (T1, T2) with respect to the coherence at the pre-stimulus period.

ject 7) from the same electrode pairs and periods. The ERCoh
was computed as the difference of the coherences atT1 or T2
and the coherence at the pre-stimulus period. In general, the
ERCoh at all frequency bands was higher during the RET than
the ENC condition. It should be stressed that the magnitude of
ErCoh is usually smaller than the absolute coherence values.
However, it has the advantage to take into account the inter-
subject variability of baseline coherence. Of note, the ERCoh
of the grand average data was not illustrated, since the fre-
quency of the coherence peak within the gamma band differed
subject-by-subject and induced some smoothness in the graphs.
Frequencies of the coherence peak values for all bands and sub-
jects and for the ENC and RET conditions were reported in
Table 3.

A statistical interaction was observed among all the factors
of the ANOVA design such as condition (ENC, RET), electrode
pair (F3-P3, F4-P4), and time (T1,T2) (F(1,9) = 8.94;p < 0.015).
The mean across subjects of the ERCoh for that interaction
is illustrated inFig. 3. Duncan post-hoc testing indicated that,
at T2 period, the ERCoh between the left fronto-parietal elec-
trodes (F3-P3) was stronger for the ENC than the RET condition
(p < 0.05) in the gamma band. In contrast, the ERCoh between
the right fronto-parietal electrodes (F4-P4) was stronger for the
RET than the ENC condition (p < 0.05). These results fitted the
HERA model. Of note, the ANOVA analysis for the other bands
of interest revealed no statistically significant interaction includ-
i

3
r

rel-
a he

computation of the DTF. A significant interaction (F(1,9) = 5.65;
p < 0.041) was observed among the factors of the ANOVA design
such as condition (ENC, RET), direction (frontal-to-parietal,
F→P; Parietal-to-frontal, P→F), and electrode pair (F3-P3, F4-
P4). The mean across subjects of the DTF for that interaction
is illustrated inFig. 4. Duncan post-hoc testing indicated that
the parietal-to-frontal “direction” was significantly predominant
when compared to the frontal-to-parietal “direction” in the right
hemisphere during the ENC condition and in the left hemisphere
during the RET condition (p < 0.05). Namely, the hemisphere-
condition combination not involved by the processes predicted
by the HERA model. Instead, the parietal-to-frontal and frontal-
to-parietal “directions” had similar strength (i.e. no prevailing
directional flow) in the left hemisphere during the ENC con-
dition and in the right hemisphere during the RET condition.
Namely, the hemisphere-condition combination involved by the
processes predicted by the HERA model. Similarly to the coher-
ence results, characteristic features of the front-parietal coupling
were observed in the hemisphere-condition combination of that
model.

The control analysis of the DTF from the recorded
EEG potentials showed a significant ANOVA interaction
(F(1,9) = 8,18;p < 0.019) among the factors condition (ENC,
RET), direction (frontal-to-parietal, F→P; parietal-to-frontal,
P→F), and electrode pair (DTF mean of F3-P3 and F3-P5; DTF
mean of F4-P4 and F4-P6). The mean across subjects of the
D c
t sig-
n ietal
“ ion
a
T g the
D

ng the factors condition and electrode pair.

.2. “Direction” of the fronto-parietal connectivity as
evealed by DTF

In line with the coherence results, only the EEG data
tive to the gamma band atT2 were used as an input for t
TF for that interaction is illustrated inFig. 5. Duncan post-ho
esting indicated that the parietal-to-frontal “direction” was
ificantly predominant when compared to the frontal-to-par
direction” in the right hemisphere during the ENC condit
nd in the left hemisphere during the RET condition (p < 0.02).
hese results are very similar to those obtained computin
TF from surface Laplacian estimates.
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Table 3
The frequencies of the ERCoh peak values for all bands and subjects in the left and in the right hemisphere (F3-P3, F4-P4), both for the encoding (ENC) and retrieval
(RET) conditions

Individual EEG Er-coherence frequencies

Encoding (ENC)

F3-P3 F4-P4

Subjects Theta Alpha Beta Gamma Theta Alpha Beta Gamma

Sub. 1 7 8 24 34 7 8 23 45
Sub. 2 5 10 19 37 4 11 19 33
Sub. 3 7 9 16 45 6 10 25 44
Sub. 4 4 11 26 36 6 11 17 32
Sub. 5 7 9 14 45 7 12 28 32
Sub. 6 7 12 22 42 7 8 19 33
Sub. 7 5 11 15 40 5 9 14 37
Sub. 8 4 10 28 45 4 9 16 37
Sub. 9 6 11 21 45 7 13 28 31
Sub. 10 5 8 29 39 6 13 17 44

Mean 5.7 9.9 21.4 40.8 5.9 10.4 20.6 36.8
S.D. 1.25 1.37032 5.378971 4.211096 1.197219 1.897367 5.059644 5.573748
S.E. 0.40 0.43 1.70 1.33 0.38 0.60 1.60 1.76

Retrieval (RET)
Sub.1 5 9 23 34 5 9 24 32
Sub. 2 6 10 17 44 5 9 17 30
Sub. 3 7 13 23 31 7 11 26 44
Sub. 4 4 12 18 35 4 10 21 35
Sub. 5 7 10 22 38 6 10 27 43
Sub. 6 4 10 24 44 7 11 16 45
Sub. 7 7 10 29 43 4 10 17 33
Sub. 8 6 13 16 31 4 10 16 33
Sub. 9 7 12 21 42 7 9 25 31
Sub. 10 7 10 22 45 6 9 17 32

Mean 6 10.9 21.5 38.7 5.5 9.8 20.6 35.8
S.D. 1.247219 1.449138 3.807887 5.578729 1.269296 0.788811 4.501851 5.82714
S.E. 0.39 0.46 1.20 1.76 0.40 0.25 1.42 1.84

These frequencies were the same in the two periods of interest (T1, T2).

4. Discussion

4.1. Methodological remarks

In the present study, the working hypothesis focused on
HERA model of encoding and retrieval processes and on the
related fronto-parietal functional connectivity of brain rhythms
as revealed by spectral coherence and DTF. These rhythms are
considered as mainly non-phase locked, as opposed to phase-
locked activity reflected by event-related potentials[43]. The
discussion of possible functional “decoupling” of the brain activ-
ity phase locked to these processes is, hence, beyond the scope
of this study but would merit to be addressed by future research
[11].

The present experimental design allowed a selective analy-
sis (even if partial) of the fronto-parietal coupling related to the
encoding/retrieval processes and the preparation for the motor
response occurring after the go signal. The period of the analysis
was limited to the first 2 s after the onset of the figures with inter-
nals and landscapes. This avoided the possible contamination
of motor preparation on the encoding and retrieval processes.
Indeed, the periods of interest for the evaluation of the encoding

and retrieval processes were taken more than 3 s before the onset
of the go signal. In line with the methodological approach, we
applied the DTF analysis only to the encoding-retrieval periods
showing statistically significant coherence values at the fronto-
parietal electrodes, namely theT2 period.

In the present study we combined two independent math-
ematical methods for the reconstruction of the fronto-parietal
functional connectivity, namely the spectral coherence and DTF
analyses. These techniques were applied on the same individual
data sets, namely the spline surface Laplacian estimates. The
basic idea was to follow the methodological streamline of a vast
literature on EEG coherence and to exploit the unique opportuni-
ties of the DTF analysis for the reconstruction of the directional
flow of the information between electrode pairs. In this regard,
the preliminary spline surface Laplacian estimation removed the
effects of the electrode reference from the recorded EEG data, an
important step before the computation of the spectral coherence.
Furthermore, the spline surface Laplacian estimation deflated
the coherence values from the head volume conduction. Indeed,
recent investigations on simulated and real EEG data have shown
that artifactual effects on coherence[8,46] are negligible when
the spline Laplacian functions are correctly implemented and
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Fig. 3. Means across subjects of the event-related coherence (ERCoh) at th
gamma frequencies (around 40 Hz) computed from the fronto-parietal (F3-P3
F4-P4) electrode pairs duringT1 andT2 periods. These values were given as an
input to an ANOVA design for repeated measures including the factors condition
(ENC, RET), electrode pair (F3-P3, F4-P4), and time (T1, T2). There was a
statistical interaction (F(1,9) = 8.94;p < 0.015) among these factors, Duncan
post-hoc testing results are indicated by the asterisk (p < 0.05).

used[37,40,41]. Furthermore, we strictly followed the afore-
mentioned guidelines for the use of surface Laplacian estimatio
for EEG coherence analysis. This was important not only for the
precision of the coherence estimation but also for the DTF esti
mation, which is sensitive to artifactual correlations between
electrodes. As a limitation of the present surface Laplacian esti
mation, the relevant coherence between ventral prefrontal an
temporal (including hippocampus) cortical regions could not be
reliably computed. Indeed, the spline surface Laplacian esti
mate at a given brain or scalp site needs substantial EEG da
from surrounding electrodes to be reliable[36] and this was not
the case of the present scalp montage with electrodes overlyin
frontal-ventral and temporal regions.

However, one might argue that the DTF computation from
Laplacian estimates is affected by the correlations introduced
by these estimates into the MVAR model. One might also argue
that more than four electrodes (F3, P3, F4, P4) should be take

into account for the study of the front-parietal network. In order
to control the DTF results obtained using Laplacian estimates
from four electrodes, we repeated the analysis of the information
flow on the recorded EEG potentials (no preliminary surface
Laplacian estimation as in[26,27,29]). In this control analysis,
EEG data from thirty electrodes (border electrodes discarded)
were given as an input to the MVAR model and the information
flow between frontal and parietal regions were evaluated for
the left (F3-P3, F3-P5) and right (F4-P4, F4-P6) hemispheres.
The results from the recorded EEG data fully confirmed those
obtained using preliminary surface Laplacian estimation.

4.2. Long-term episodic memory: fronto-parietal coupling
in line with HERA model

In the present study, the encoding of visuospatial contents (i.e.
“interiors” or “landscapes”) induced a marked increase of EEG
gamma coherence (about 40 Hz) between frontal and parietal
electrodes, which was stronger in the left than right hemisphere.
In the retrieval condition, the recognition of these contents
with respect to “distractors” produced marked fronto-parietal
gamma coherence, which was prominent to the right than left
hemisphere. This pattern of fronto-parietal coupling fitted the
HERA model. However, did it merely depend on visuo-spatial
information processing rather than encoding-retrieval processes
[13,14,20,28,47,51,52]? We do not think so, since the present
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isual stimuli were quite similar in the encoding and retrie
onditions (identical in the cases of target figures).

An alternative explanation is that the prominent left fron
arietal gamma coherence of the encoding condition w
eflect the functional “binding” among the visuospatial
pragmatic” representations of the visual scene, the ge
epresentations of “interiors” and “landscapes” in the sem
emory, and the subjects’ intentions following the experim

al demands[7,16,21,25]. In the retrieval condition, the rig
ronto-parietal gamma coherence would be related to the
ional “binding” of the representations elicited by the vis
cene with those of previous similar episodes, i.e. the so c
retrieval mode”[1,6,15,32,39,54,55]. The gamma frequenc
about 40 Hz) would be the specific “binding” code of the coo
ated fronto-parietal coupling, because of parallel amplitude
oherence of the alpha rhythms during encoding and retr
rocesses did not follow the HERA model[2]. In this conceptua

ramework, the previous evidence of increased parietal ga
uring the encoding and retrieval processes (Babiloni et al[1])
hould be re-considered in the light of the present findin
coordinated coupling of the fronto-parietal gamma rhyth

n that sense, even the previous evidence become fully co
ble with the predictions of the HERA model focused on
refrontal cortex[32,39,48,49,54].

To evaluate the hierarchical role of the prefrontal and
erior parietal cortices in the above functional coupling,
nalysis of the information flow between fronto-parietal e

rodes was performed with the DTF method[26,27,29]. The DTF
omputation for the gamma rhythms showed a predominan
he parietal-to-frontal “direction” in the right hemisphere d
ng the encoding condition and in the left hemisphere du
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Fig. 4. Means across subjects of the directed transformation function (DTF) estimates at the gamma frequencies (around 40 Hz) computed from the fronto-parietal
(F3-P3, F4-P4) electrode pairs at theT2 period. These values were given as an input to an ANOVA design for repeated measures including the factors condition (ENC,
RET), electrode pair (F3-P3, F4-P4), and direction of the information flux (frontal-to-parietal, parietal-to-frontal). There was a statistical interaction (F(1,9) = 5.65;
p < 0.041) among these factors, Duncan post-hoc testing results are indicated by the asterisk (p < 0.05).

the retrieval condition (i.e. hemisphere-condition combination
not involved by the typical HERA effects). This is in line with
the mainstream of the visual information into the cerebral cor-
tex [58] and would indicate prevalent visual processes from
visual (parietal) to executive (frontal) areas for visuo-motor
transformations. The same mainstream of the visual informa-
tion was observed in a previous DTF study showing prepon-
derant parietal-to-frontal information flow during visuo-motor
demands[1].

As an intriguing result, the DTF estimates showed a balanced
bidirectional pattern of the fronto-parietal coupling in the hemi-
spheres involved by the typical HERA effects, namely the left
hemisphere during the encoding condition and the right hemi-
sphere during the retrieval condition. According to the HERA
model, in that hemisphere-condition combination, the parietal-

to-frontal direction accompanying the visual analysis of the
episodes would parallel an opposite “top-down” flow of infor-
mation from the frontal to the parietal areas. This speculation is
in accordance with the typical predictions of the HERA model
on the increasing role of the prefrontal cortex in the memory
encoding and retrieval[32,39,48,49,54]. Furthermore, the same
balance between the fronto-parietal information flows was seen
in the previous DTF study during short-term memory demands
[1]. Unlikely, low spatial resolution of the present EEG approach
could not allow the functional dissociation of inferior (Brod-
mann area 46) and superior (Brodmann areas 9 and 8) parts of the
lateral prefrontal cortex in the encoding-retrieval processes and
in the maintenance of the representations in working memory.
Analogously, it was not possible to disentangle the role of cin-
gulated systems in the parallel “top down” attentional processes.

F encie
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ig. 5. Means across subjects of the DTF estimates at the gamma frequ
he recorded potentials. These values were given as an input to an ANOV
DTF mean of F3-P3 and F3-P5; DTF mean of F4-P4 and F4-P6), and dire
nteraction (F(1,9) = 8.18;p < 0.019) among these factors, Duncan post-ho
s (around 40 Hz) computed from the fronto-parietal electrode pairs at theT2 period on
sign for repeated measures including the factors condition (ENC, RET), etrode pair
of the information flux (frontal-to-parietal, parietal-to-frontal). There was a statistica

ing results are indicated by the asterisk (p < 0.02).
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These are crucial issues for the understanding of executive con-
trol functions[22], to be investigated with advanced whole-head
magnetoencephalographic techniques combining high temporal
and moderate spatial resolution.

5. Conclusions

The present EEG study investigated the functional fronto-
parietal coupling during the long-term episodic memory (visuo-
spatial contents), to test the predictions of the HERA model
on the related inter-hemispherical functional asymmetry. In line
with the HERA model, fronto-parietal functional coupling of
gamma rhythms (about 40 Hz) prevailed in the left hemisphere
during the encoding condition and in the right hemisphere during
the retrieval condition. That coupling would show balanced bidi-
rectional information flows between frontal and parietal areas,
as opposed to dominant parietal-to-frontal information flow in
the right hemisphere during the encoding condition and in the
left hemisphere during the retrieval condition (i.e. hemisphere-
condition combination not involved by the HERA model). In the
light of this fronto-parietal coupling at gamma frequency, the
previous evidence of increased parietal gamma rhythms during
the encoding and retrieval processes[2] become fully compatible
with the predictions of the HERA model. Even with all limita-
tions of the studies carried out in small groups (hereN = 10),
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