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Abstract

Recent neuroimaging studies of long-term episodic memory have suggested that left prefrontal cortex predominates in encoding condit
whereas right prefrontal cortex predominates in retrieval condition (hemispheric encoding and retrieval asymmetry, HERA model). The pres
electroencephalographic (EEG) study investigated the functional coupling of fronto-parietal regions during long-term memorization of visu
spatial contents (i.e. landscapes, interiors of apartments), to test the predictions of the HERA model. Global fronto-parietal couplingteds estimz
by spectral coherence, whereas the “direction” of the fronto-parietal information flow was estimated by directed transfer function (DTF). Tt
EEG rhythms of interest were theta (4—7 Hz), alpha (8-13 Hz), beta (14-30 Hz), and gamma (30-45 Hz). Statistically significant coherence in |
with the HERA model was obtained at the gamma band. Namely, the fronto-parietal gamma coherence prevailed in the left hemisphere du
the encoding condition and in the right hemisphere during the retrieval condition. The DTF estimates of the gamma band showed a domir
parietal-to-frontal directional flow in the right hemisphere during the encoding condition and in the left hemisphere during the retrieval conditic
(i.e. hemisphere-condition combination not involved by the HERA model). In contrast, a balanced bidirectional flow of the fronto-parietal couplir
was observed in the left hemisphere during the encoding condition and in the right hemisphere during the retrieval condition (i.e. hemisphe
condition combination involved by the HERA model). In conclusion, the present encoding-retrieval conditions induced maximal fronto-pariet
gamma 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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1. Introduction eral of these studies have pointed to a hemispheric asymme-
try. There was a prevalence of activity in the left prefrontal
Previous functional magnetic resonance imaging (fMRI) anccortex during the encoding of verbal and spatial materials
positron emission tomography (PET) studies have shown thd82,39,54] while an enhanced activity was present in the right
bilateral prefrontal areas are engaged alongside the mediptefrontal cortex during the retrieval of that information con-
temporal lobes for the encoding and subsequent retrieval dént. These findings have led Tulving et 4] to propose
episodes in long-term memof$0,12,17] Unexpectedly, sev- a general model of brain function subserving episodic mem-
ory. According to the hemispheric encoding-retrieval asymme-
try (HERA) model, the left hemisphere plays a crucial role in
* Corresponding author. Tel.: +39 06 49910989; fax: +39 06 49910017.  encoding, while the right hemisphere is dominant for retrieval
E-mail address: claudio.babiloni@uniromal.it (C. Babiloni). [54].
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In line withthe HERA model, repetitive transcranial magneticfunctionally coordinated to the frontal gamma rhythms during
stimulation (rTMS) of the prefrontal cortex has been able tothe encoding and retrieval processes. Global fronto-parietal cou-
temporarily interfere with the encoding and consecutive retrievapling was estimated by spectral coherence, whereas the “direc-
of both visuospatia[48] and verbal[49] episodes. It should tion” of the fronto-parietal information flow was estimated by
be remarked that the HERA pattern is not an absolute featurdirected transfer function (DTF). It should be remarked that
of cortical activity during long-term memorization. Rather, theno coherence and DTF finding was published in the previous
level or existence of the HERA pattern is affected and in sometudy [2], so that the present results are entirely original and
cases abolished by the nature of the material to be memorizednedited.
such as verbal content, difficulty, familiarity, level of detail, etc. =~ Concerning the present methodological approach, EEG spec-
[10,12,23,44,57] tral coherence between pairs of cortical regions have been

Beyond the issue of its generalization, the HERA modelinterpreted as an evidence of functional couplifig,53]
has been able to explain the experimental data produced byrautual information exchang@l5], functional co-ordination
design in which young adults were asked to remember a set $19], and integrity of connection pathway33]. In addition,
pictures representing interiors of apartments (“interiors”) andDTF estimates have been proved to roughly model the “direc-
landscapes (“landscape$48]). That design has been also uti- tion” of the information flow between pairs of cortical sites
lized by a recent electroencephalographic (EEG) study aimed §t,3,10,26,29,34]
evaluating the role of brain rhythms in the processes of encod-
ing and retrieval, in the light of the predictions of the HERA 2. Materials and methods

model[2]. In that study, the HERA model was only fitted by , o _ _ _

EEG gamma responses (about 40 Hz) observed in an unex- I_De_tallsonthepartlc!patlngsubjgcts, gxperlmentaltask, EEG_recordlngs, and
g . p > . . 6rel|m|narydataanaIyS|swere provided in the mentioned qRidBriefly, EEG

pected posterior location. The encoding phase was associat@dordings were performed in 12 healthy, right-handed (Edinburgh Inventory)

with a magnitude increment of the gamma EEG oscillationsiolunteers (2241 years). The subjects kept their forearms resting on armchairs,

over the left parietal cortex. Instead, the retrieval phase wawith their rightindex finger resting between two buttons spaced 6 cm apart. The

associated with the magnitude increment of the gamma EEprerimentaI paradigm included an “encoding” (ENC) and a “retrieval” (RET)

phase in which 50 complex colored magazine pictures were shown after a red

oscillations predomlnantly over the I’Ight pa”etal cortex. Sum'central target given as a visual warning stimulus (presentation time of 1s). In

marizing, the amplitude of the parietal but not frontal gammaxe encoding phase, 25 figures representing interiors of apartments (“interiors”)
rhythms fitted the hemisphere-condition combination of thewere randomly intermingled with 25 figures representing landscapes (“land-
HERA model. Why did not frontal cortex entrain into the mod- scapes). The figures were shown one-by-one (cue period, presentation time of
ulation of the gamma response in line with HERA model? Th65 s). The subjects were instructed to press with right index finger one of the

. . . two close buttons (left ="“interiors”; right="landscapes”) as quickly as possi-
issue was crucial since HERA model was constructed on thEle after the appearance of a green central target at the center of the figure (go

basis of prefrontal activity _during encoQing-retrieval Processesstimulus, presentation time of 1 s). Remarkably, no mention to a RET phase was
as revealed by the mentioned neuroimaging and TMS studmade before the encoding phase, according to a standard paradigm of “incidental
ies[32,39,48,49,54]This discrepancy was explained as due tomemory”. _ .
the differential sensitivity of neuroimaging methods to different About 1h later, the RET phase started. In this phase, 25 figures repre-
ts of lona-term episodic memorv. In particular. th senting previously presented “interiors” (“tests”) were randomly intermingled
co_mponer_l 9 P Y- P » N&ith 25 figures representing novel “interiors” (“distractors”). The subjects
S_t”Ct relation between the .EEG gamma responses and percefsre again asked to answer by pressing one of the two buttons (left = “tests”;
tion suggested that the retrieval processes of long-term memaoright = “distractors”) immediately after the go signal. The timing of warning and

may be deeply impinged upon the sensory representations of tige signals, picture presentation, and intervals were as in the “encoding” phase.
stored material in the parietal lobe Of note, the correct choice in both “encoding” and “retrieval” phases was always

L . on the left button. Furthermore, a 10 min training before the “encoding” phase
In EXplammg the results of the mentioned EEG st(&]ywe was performed with a different set of figures, to familiarize subjects with the

could not exclude a remote functional control of the prefrontakyperimental apparatus.

over parietal areas in the modulation of the gamma rhythms dur- EEG data were recorded (256 Hz sampling frequency, 0.1-60 Hz bandpass;
ing the encoding and retrieval processes. Indeed, that EEG studiyked ear reference) with a 46 tin electrode cap in which the electrodes were
[2] hasjust disclosed the topographical distribution of brain reacd'sPosed according to an augmented 10-20 system. Electrooculogram moni-
L . . . tored blinking or eye movements, whereas electromyogram monitored operant
tIVIt_y durlng the task, WlthouF testing Whet_her the fro_ntal and movement as well as mirror movements and involuntary slight muscle activa-

parietal areas were working in parallel or in series with a presigns.

cise hierarchy (i.e. one is being functionally more relevant than The collected EEG data were segmented in individual trials spanning from

the other within the whole network). A reasonable reconcilia-—2.5t0 +7.5s, the zerotime being the presentation onset of the figures. The EEG
tory hypothesis was that the parietal gamma rhythms (followin rials associated with wrong cognitive performances as well as those contami-

. : ated by mirror or involuntary finger movements (about 5%), inadvertent motor
HERA mOdeD would be funCtlona"y interrelated to the frontal acts, slight muscle activations (about 5%) and instrumental artifacts were dis-

gamma rhythms. We could not address that hypothesis at th@rded. of note, the EEG trials associated with wrong cognitive performances
time of the previous studf?]. Indeed, our implementation of and artifact-free EEG trials were too few to address an analysis on them.

the required methodological approach had not been yet fully The spatial resolution of artifact-free EEG data was enhanced by surface
validated. Laplacian estimationi4,5] applied on careful single trial analysis Laplacian-

transformed EEG data. The data of two subjects did not overcome this prelimi-
The present EEG StUdy re_anaIyZEd the EEG data record%@ry analysis and were not further considered. In the remaining 10 subjects, the

in the previous studf2], in order to test the working hypothesis mean of the artifact free single trials was of 29(standard error, S.E.) for the
that the parietal gamma rhythms (following HERA model) wereENC condition and of 26¢3S.E.) for the RET condition.
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2.1. Estimation of the functional connectivity: between-electrode trode B and vice-versa. A direction of the information flow from A to B is
coherence analysis 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
EEG coherence is a normalized measure of the coupling between two gEthe “direction” of the cortico-cortical and cortico-muscular information flow
signals at any given frequen¢$1,45] The coherence values were calculated [1,3,35]

for each frequency bin by the E¢{.). 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
) |fxy(7») | 2 order was 7, as estimated by Akaike criterion suggested in previous DTF studies
Cohy(r) = |ny(x)| =1 D [26,27,29] The goodness of fit was evaluated by visual inspection of the values
T () fyy (1) of noise matrix V of the Mvar model.

Eqg.(1) is the extension of the Pearson’s correlation coefficient to complex num- The Mvar model s defined as

ber pairs. In this equatiofidenotes the spectral estimate of two EEG signals x _?
and y for a given frequency bin). The numerator contains the cross-spectrum A X j=E;
for x and y f&y), while the denominator contains the respective autospectra for ;—o
X (fx) and y fy). For each frequency biri], the coherence value (Cgf) is ) ) ) ) )
obtained by squaring the magnitude of the complex correlation coeffigient whereX; is the L-dimensional vector representing thechannel signal at the
This procedure returns a real number between 0 (no coherence) and 1 (méfe 1, E; is the white noise, and; is theL x L matrix of model coefficients,
coherence). p is the number of time points considered in the model. From the identified

According to the aims of the present study, the EEG coherence was computé@efficients of the model;, spectral properties of the signals can be obtained
from the electrodes overlaying bilateral dorsolateral prefrontal (F3, F4) and the followingz-transformation of the above equation:
posterior parietal (P3, P4) cortical areas, namely the electrode pairs F3-P3 ar}gj(z) — HQEQ)
F4-P4. At these internal electrodes, the surface Laplacian estimates from the
spatial information content of 46 electrodes can be considered as highly reliablghereri(z) is a transfer function of the system and
[5,36,42] The EEG coherence was calculated at three consecutive periods lasting
1seach, namely the “rest” (pre-stimulus) period, the first 1-s period of the figure p
(71), and the second 1-s period of the figuf2) This was true for both ENC  H(z) = ZAI.Z*J'
and RET conditions. pars

The spectral coherence was computed at theta (4-7 Hz), alpha (8-13 Hz),
beta (14-30Hz), and gamma (30-45Hz) bands, since previous studies have
shown that functional connectivity as revealed by EEG coherence can be ' = exp(—i2nfdr)
observed in a wide range of frequencfg8,55,56] It should be stressed that . . . . . . .
the present EEG coherence values at baseline and event were somewhat low. Sln(_:e 'the transfer functloP.l(f) IS not a_syn_1metr|c matrix, the information
This may be due to the large distance between the two temporal recordin an§m|55|on from thh to theith c.hannel IS d|ﬁerent‘from that frqm tm.h o
sites at which EEG data for the coherence analysis were recorded. Previo ejth channel. The DTF from t_hﬁh channel to the ith channel is defined as
findings have shown that EEG coherence between electrodes is inversely pr e square of the slement Aly) divided by the squared sum of all elements of
portional to the inter-electrode distar[&8]. These low values were also due to the relevant row.
the strong deflation of coherence induced by volume conductor effects thanks \Hij|2
to surface Laplacian estimatidB8]. Of note, the statistical analysis consid- DTF;(f) = ﬁ
ered only EEG data from subjects showing coherence values above statistical Zm:ll im ()]
threshold posed at<0.05, i.e. statistically significant coherence values. The A substantial difference between DT (and DTF(); may suggest an asym-
calculation of the statistical threshold level for coherence was made accordingetric information flow from the electrodeto electrodei. When DTFf); is
to Halliday and collaboratorf24], taking into account the number of single greater in magnitude than DT, “direction” of the information flow would
valid EEG trials used as an input for the analysis of EEG coherence. This prse from electrodgto electrode. On the other hand, the “direction” of the infor-

cedure was to compute the statistical thresholds for the present coherence daiation flow would be from electrodeto electrods, when DTFf); is greater
These thresholds were 0.10 and 0.11 for ENC and RET condition, respectivelyy magnitude than DTHY;- '

The final statistical analysis was then performed on the coherence data of all 10 Tq control the DTF results obtained using Laplacian estimates from four
subjects. electrodes (F3, P3, F4, P4), the analysis of the information flow was repeated
on the recorded EEG potentials. In this control analysis, EEG data from 30
electrodesTable 1) were given as an input to the MVAR model and the infor-
mation flow between frontal and parietal regions were evaluated for the left
(DTF mean of F3-P3 and F3-P5) and right (DTF mean of F4-P4 and F4-P6)
hemispheres.

-1

2.2. “Direction” of the functional connectivity estimated by Mvar
model

Before computing the DTF, the EEG data were preliminarily normalized by
subtracting the mean value and by dividing for the variance, according to manda-
tory suggestions by Kaminski and Blinows¥]. Therefore, the DTF can be Table 1
considered as a normalized value ranging from 0 to 1. An important step ofist including 30 electrodes (augmented 10-20 System) used for the control
the DTF method was the computation of the so-called Mvar m@fe27,29] Mvar model on the recorded EEG potentials
Laplacian transformed data at four electrodes (F3, P3, F4, P4) were given as
an input to the Mvar model towards the computation of the directional infor- Eléctrodes
mation flux (DTF) among all these electrodes (F3-P3, F4-P4, F3-F4, P3-P4yr,
F3-P4, etc.). Therefore, the procedure fully overcame the issues due to DTFs £3 F1, Fz, F2, F4, F6
computation from only two electrodes (binary mod®l30]). In particular, our FC3, FCZ, FC4
interest was focused on the estimation of the “direction” of the informationcs 3, I, cz, c2, c4, C6
flow between F3-P3 and F4-P4 for the frequency bands in which significantpg,’ CPz, CP4
event-related coherence values were found for the ENC versus RET condps p3 p1, Pz, P2, P4, P6
tions. In non-mathematical terms, the Mvar model estimates information flowp,
between the electrodes A and B by computing the extent to which the EEG,,
data at the electrode A can be predicted based on the EEG data of the elec-
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2.3. Statistical analysis time during the ENC (696 m&31S.E.) compared to the RET
condition (734 mst34S.E.).
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 B 1. Functional fronto-parietal connectivity as revealed by
Greenhouse-Geisser procedure. Duncan test was used for post-hoc comparisthe spectral coherence
(p<0.05).

The statistical analysis of the event-related EEG coherence (Laplacian data) Fi ;
; . ig. lillustrates the grand average of the coherence spec-
was performed using three-ways ANOVA for each frequency band of inter- 9 9 g P

est. The ANOVA design included the factors condition (ENC, RET), electrodetral CompUted Trom the fronto'p"f‘rmtal electrode pairs of the left

pair (F4-P4, F3-P3), and tim@?, 72). The working hypothesis of functional (F3-P3) and right (F4-P4) hemispheres for the ENC and RET

fronto-parietal connectivity in line with the HERA model implied a statistical conditions. The data refer to both periods of inter@st 4nd

interaction including the factors condition and electrode pa@.05) as well  72). Table 2reports absolute EEG coherence values and statis-

as a post-hoc testing showing a significant increase0(05) of the coherence tical thresholdsl(< 0.05 computed according to HaIIid{;@A])

in the left hemisphere during the encoding (ENC) condition and in the right. th . tal ’ diti ENC d RET) for both .

hemisphere during the retrieval (RET) condition. in the e_xperlmen al condiions ( an ) or both peri-
The statistical analysis of the Laplacian DTF values (“direction” of the infor- 0dS Of interest. On the whole, absolute coherence values were

mation flow) was performed using three-ways ANOVA for the bands and therelatively low in magnitude but above the corresponding sta-

periods showing statisticgl_ly significant cohe_renc_e values. The ANOVA designtistical thresholdsy(< 0.05). This was true for almost all EEG

mclpded the factors condition (ENC, RET), d_lrectlon (frontal-to-parieta,fE . frequency bands. To emphasize the task effects with respect to

parietal-to-frontal, P>F), and electrode pair (F3-P3, F4-P4). The working the pre-stimulus or baseline peridda. 2plots the event-related

hypothesis of hierarchical fronto-parietal connectivity in line with the HERA p p 3 g.2p - ’

model implied a statistical interaction including the factors condition, direction,coOherence (ERCoh) computed in a representative subject (Sub-

and electrode pairp(< 0.05) as well as a post-hoc testing showing a signifi-

cant changep(<0.05) of directionality in hemisphere-condition combination Table 2

predicted by the HERA model. aple . .
The statistical analysis of the DTF values from the recorded EEG data (n§tat|st|cal thresholds of coherence and mean coherence values at both periods

Laplacian estimation) was performed using three-ways ANOVA for the band® interest {1 and72)

and the periods showing statistically significant coherence values. The ANOVA Coherence arl Threshold Coherence &
design included the factors condition (ENC, RET), direction (frontal-to-parietal, - -
F— P; parietal-to-frontal, PF), and electrode pair (DTF mean of F3-P3 and F3-P3  F4-P4 F3-P3  F4-P4

F3-P5; DTF mean of F4-P4 and F4-P6). The working hypothesis stated thEncoding
confirmation of the results obtained using surface Laplacian gat@.05).

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

3. Results Gamrnal  0.24 0.21 0.10 0.26 0.20
. ] ) o _ Retrieval

The behavioral results were described in detail in the previous Theta 0.10 0.02 0.11 0.16 0.14

study (Babiloni et al[1]). In brief, the percentage of the correct  Alpha 0.18 0.15 011 0.27 0.24

responses was significantly greatex(0.001) during the ENC ~ Beta 029 021 0.11 025 024

Gamrnal  0.23 0.28 0.11 0.24 0.26

(91%+3S.E.) than the RET condition (74%3S.E.). Further-
more, there was no statistical difference in the mean reactioMalues refer to the experimental conditions (ENC, RET) and to four EEG bands.

SPECTRAL COHERENCE

COHERENCE
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0 14 7 10131619 22 2528 31 34 37 40 43 46 49 14 7 10131619 22 2528 31 34 37 40 43 46 49
FREQUENCY (Hz) FREQUENCY (Hz)
—ENC - —THR —RET

Fig. 1. Grand average across subjects of the EEG coherence spectra computed from the fronto-parietal (F3-P3, F4-P4) electrodelfiasnscdi@periods (they
lasted 1 s each after the onset of the figure presentation). These spectra refer to the encoding (ENC) and retrieval (RET) conditions of the-{@mesenéfongy
task (visuo-spatial contents). Coherence threshold level is indicated by dashed line.
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EVENT-RELATED COHERENCE SPECTRA
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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) electnindg fibaadi2
periods. These spectra refer to the encoding (ENC) and retrieval (RET) conditions. The ERCoh was defined as the difference between the cobattiee value
periods of interest(1, 72) with respect to the coherence at the pre-stimulus period.

ject 7) from the same electrode pairs and periods. The ERCotomputation of the DTF. A significantinteractiaf((,9) =5.65;
was computed as the difference of the coherencdd atr 72  p <0.041)was observed among the factors of the ANOVA design
and the coherence at the pre-stimulus period. In general, th®ich as condition (ENC, RET), direction (frontal-to-parietal,
ERCoh at all frequency bands was higher during the RET thak— P; Parietal-to-frontal, P F), and electrode pair (F3-P3, F4-
the ENC condition. It should be stressed that the magnitude d?4). The mean across subjects of the DTF for that interaction
ErCoh is usually smaller than the absolute coherence values illustrated inFig. 4 Duncan post-hoc testing indicated that
However, it has the advantage to take into account the intethe parietal-to-frontal “direction” was significantly predominant
subject variability of baseline coherence. Of note, the ERColvhen compared to the frontal-to-parietal “direction” in the right
of the grand average data was not illustrated, since the fréaemisphere during the ENC condition and in the left hemisphere
quency of the coherence peak within the gamma band differeduring the RET conditiony(< 0.05). Namely, the hemisphere-
subject-by-subject and induced some smoothness in the grapltandition combination not involved by the processes predicted
Frequencies of the coherence peak values for all bands and sutyr the HERA model. Instead, the parietal-to-frontal and frontal-
jects and for the ENC and RET conditions were reported irto-parietal “directions” had similar strength (i.e. no prevailing
Table 3 directional flow) in the left hemisphere during the ENC con-
A statistical interaction was observed among all the factorslition and in the right hemisphere during the RET condition.
of the ANOVA design such as condition (ENC, RET), electrodeNamely, the hemisphere-condition combination involved by the
pair (F3-P3, F4-P4), and tim&1,72) (F(1,9)=8.94p <0.015).  processes predicted by the HERA model. Similarly to the coher-
The mean across subjects of the ERCoh for that interactioance results, characteristic features of the front-parietal coupling
is illustrated inFig. 3. Duncan post-hoc testing indicated that, were observed in the hemisphere-condition combination of that
at T2 period, the ERCoh between the left fronto-parietal elecimodel.
trodes (F3-P3) was stronger for the ENC than the RET condition The control analysis of the DTF from the recorded
(p<0.05) in the gamma band. In contrast, the ERCoh betweeBEEG potentials showed a significant ANOVA interaction
the right fronto-parietal electrodes (F4-P4) was stronger for th¢F(1,9) =8,18;p <0.019) among the factors condition (ENC,
RET than the ENC conditiorp(< 0.05). These results fitted the RET), direction (frontal-to-parietal, -5 P; parietal-to-frontal,
HERA model. Of note, the ANOVA analysis for the other bandsP—F), and electrode pair (DTF mean of F3-P3 and F3-P5; DTF
of interest revealed no statistically significant interaction includ-mean of F4-P4 and F4-P6). The mean across subjects of the

ing the factors condition and electrode pair. DTF for that interaction is illustrated iRig. 5. Duncan post-hoc
testing indicated that the parietal-to-frontal “direction” was sig-

3.2. “Direction” of the fronto-parietal connectivity as nificantly predominant when compared to the frontal-to-parietal

revealed by DTF “direction” in the right hemisphere during the ENC condition

and in the left hemisphere during the RET conditipr 0.02).
In line with the coherence results, only the EEG data rel-These results are very similar to those obtained computing the
ative to the gamma band @R were used as an input for the DTF 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 encodthige(E®N@) an
(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 10.9 215 38.7 5.5 9.8 20.6 35.8
S.D. 1.247219 1.449138 3.807887 5.578729 1.269296 0.788811 4501851 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 intdiestZ).
4. Discussion and retrieval processes were taken more than 3 s before the onset

of the go signal. In line with the methodological approach, we

4.1. Methodological remarks applied the DTF analysis only to the encoding-retrieval periods

showing statistically significant coherence values at the fronto-

In the present study, the working hypothesis focused oiparietal electrodes, namely ti#2 period.
HERA model of encoding and retrieval processes and on the In the present study we combined two independent math-
related fronto-parietal functional connectivity of brain rhythms ematical methods for the reconstruction of the fronto-parietal
as revealed by spectral coherence and DTF. These rhythms dtctional connectivity, namely the spectral coherence and DTF
considered as mainly non-phase locked, as opposed to phasealyses. These techniques were applied on the same individual
locked activity reflected by event-related potentig3]. The  data sets, namely the spline surface Laplacian estimates. The
discussion of possible functional “decoupling” of the brain activ-basic idea was to follow the methodological streamline of a vast
ity phase locked to these processes is, hence, beyond the scdperature on EEG coherence and to exploit the unique opportuni-
of this study but would merit to be addressed by future researcties of the DTF analysis for the reconstruction of the directional
[11]. flow of the information between electrode pairs. In this regard,

The present experimental design allowed a selective analyhe preliminary spline surface Laplacian estimation removed the
sis (even if partial) of the fronto-parietal coupling related to theeffects of the electrode reference from the recorded EEG data, an
encoding/retrieval processes and the preparation for the motanportant step before the computation of the spectral coherence.
response occurring after the go signal. The period of the analysiurthermore, the spline surface Laplacian estimation deflated
was limited to the first 2 s after the onset of the figures with interthe coherence values from the head volume conduction. Indeed,
nals and landscapes. This avoided the possible contaminatisacentinvestigations on simulated and real EEG data have shown
of motor preparation on the encoding and retrieval processethat artifactual effects on coheren@46] are negligible when
Indeed, the periods of interest for the evaluation of the encodinthe spline Laplacian functions are correctly implemented and
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STATISTICAL INTERACTION OF into account for the study of the front-parietal network. In order
COND'TIK,JEA];&NK%T\I%RE’ i to control the DTF results obtained using L_aplacian estimayes
from four electrodes, we repeated the analysis of the information
0.35 flow on the recorded EEG potentials (no preliminary surface
- Laplacian estimation as §26,27,29). In this control analysis,

EEG data from thirty electrodes (border electrodes discarded)

b were given as an input to the MVAR model and the information

m flow between frontal and parietal regions were evaluated for
S the left (F3-P3, F3-P5) and right (F4-P4, F4-P6) hemispheres.
% s ‘ The results from the recorded EEG data fully confirmed those

obtained using preliminary surface Laplacian estimation.

0.2 ‘.

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

0.35 Inthe present study, the encoding of visuospatial contents (i.e.
T2 “interiors” or “landscapes”) induced a marked increase of EEG
A gamma coherence (about 40 Hz) between frontal and parietal
0.3 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
0.25 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
0.2 - information processing rather than encoding-retrieval processes
[13,14,20,28,47,51,52]We do not think so, since the present
A visual stimuli were quite similar in the encoding and retrieval
0.15 conditions (identical in the cases of target figures).
LEET RIBEL An alternative explanation is that the prominent left fronto-
A ENG - E parietal gamma coherence of the encoding condition would
reflect the functional “binding” among the visuospatial and
*p < 0.05 “pragmatic” representations of the visual scene, the generic
representations of “interiors” and “landscapes” in the semantic
Fig. 3. Means across subjects of the event-related coherence (E_RCoh) at th@emory, and the subjects’ intentions following the experimen-
gamma frequenues_(aroupd 40Hz) computed from the fronto-parlgtal (F3-P3ta| demands{7,16,21,25] In the retrieval condition, the right
F4-P4) electrode pairs durirfg. and72 periods. These values were given as an .
input to an ANOVA design for repeated measures including the factors conditiorﬁronto—paﬂetal gamma coherence would be related to the func-
(ENC, RET), electrode pair (F3-P3, F4-P4), and tirié, (T2). There was a  tional “binding” of the representations elicited by the visual
statistical interactionK(1,9) = 8.94;p <0.015) among these factors, Duncan scene with those of previous similar episodes, i.e. the so called
post-hoc testing results are indicated by the astepisk)(05). “retrieval mode” [1,6,15,32,39,54,55]The gamma frequency
(about 40 Hz) would be the specific “binding” code of the coordi-
used[37,40,41] Furthermore, we strictly followed the afore- nated fronto-parietal coupling, because of parallel amplitude and
mentioned guidelines for the use of surface Laplacian estimatioooherence of the alpha rhythms during encoding and retrieval
for EEG coherence analysis. This was important not only for thgprocesses did not follow the HERA modg]. In this conceptual
precision of the coherence estimation but also for the DTF estiframework, the previous evidence of increased parietal gamma
mation, which is sensitive to artifactual correlations betweerduring the encoding and retrieval processes (Babiloni ¢LHI.
electrodes. As a limitation of the present surface Laplacian estshould be re-considered in the light of the present finding of
mation, the relevant coherence between ventral prefrontal aral coordinated coupling of the fronto-parietal gamma rhythms.
temporal (including hippocampus) cortical regions could not ben that sense, even the previous evidence become fully compat-
reliably computed. Indeed, the spline surface Laplacian estible with the predictions of the HERA model focused on the
mate at a given brain or scalp site needs substantial EEG dapaefrontal corteX32,39,48,49,54]

ERCoh

from surrounding electrodes to be reliaf3é] and this was not To evaluate the hierarchical role of the prefrontal and pos-
the case of the present scalp montage with electrodes overlyirigrior parietal cortices in the above functional coupling, the
frontal-ventral and temporal regions. analysis of the information flow between fronto-parietal elec-

However, one might argue that the DTF computation fromtrodes was performed withthe DTF metHaé,27,29] The DTF
Laplacian estimates is affected by the correlations introducedomputation for the gamma rhythms showed a predominance of
by these estimates into the MVAR model. One might also argu¢he parietal-to-frontal “direction” in the right hemisphere dur-
that more than four electrodes (F3, P3, F4, P4) should be takeng the encoding condition and in the left hemisphere during
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STATISTICAL INTERACTION OF CONDITION, HEMISPHERE
AND DIRECTION DURING T2 IN GAMMA BAND
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Fig. 4. Means across subjects of the directed transformation function (DTF) estimates at the gamma frequencies (around 40 Hz) computed fospatfetdont
(F3-P3, F4-P4) electrode pairs at fizperiod. 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 stagséicabm(1,9) = 5.65;

p <0.041) among these factors, Duncan post-hoc testing results are indicated by the astaisk).

the retrieval condition (i.e. hemisphere-condition combinatiorto-frontal direction accompanying the visual analysis of the
not involved by the typical HERA effects). This is in line with episodes would parallel an opposite “top-down” flow of infor-
the mainstream of the visual information into the cerebral cormation from the frontal to the parietal areas. This speculation is
tex [58] and would indicate prevalent visual processes fromn accordance with the typical predictions of the HERA model
visual (parietal) to executive (frontal) areas for visuo-motoron the increasing role of the prefrontal cortex in the memory
transformations. The same mainstream of the visual informaencoding and retriev§B2,39,48,49,54]Furthermore, the same
tion was observed in a previous DTF study showing preponbalance between the fronto-parietal information flows was seen
derant parietal-to-frontal information flow during visuo-motor in the previous DTF study during short-term memory demands
demandg1]. [1]. Unlikely, low spatial resolution of the present EEG approach
As anintriguing result, the DTF estimates showed a balancedould not allow the functional dissociation of inferior (Brod-
bidirectional pattern of the fronto-parietal coupling in the hemi-mann area 46) and superior (Brodmann areas 9 and 8) parts of the
spheres involved by the typical HERA effects, namely the lefilateral prefrontal cortex in the encoding-retrieval processes and
hemisphere during the encoding condition and the right hemiin the maintenance of the representations in working memaory.
sphere during the retrieval condition. According to the HERAAnalogously, it was not possible to disentangle the role of cin-
model, in that hemisphere-condition combination, the parietalgulated systems in the parallel “top down” attentional processes.

STATISTICAL INTERACTION OF CONDITION, HEMISPHERE
AND DIRECTION DURING T2 IN GAMMA BAND
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Fig. 5. Means across subjects of the DTF estimates at the gamma frequencies (around 40 Hz) computed from the fronto-parietal electrod&?pesiaed thre
the recorded potentials. These values were given as an input to an ANOVA design for repeated measures including the factors condition (EN@ddE&pgielec
(DTF mean of F3-P3 and F3-P5; DTF mean of F4-P4 and F4-P6), and direction of the information flux (frontal-to-parietal, parietal-to-frontalyskhetatiatical
interaction {(1,9) =8.18;p < 0.019) among these factors, Duncan post-hoc testing results are indicated by the astedisR).
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These are crucial issues for the understanding of executive con- tion techniques, Electroencephalogr. Clin. Neurophysiol. 106 (1998)
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