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Abstract: The functions of human alpha oscillations (�10 Hz) were related to cognitive processes such
as memory and top-down control. Recent models suggest that alpha phase serves as a mechanism
especially relevant for the timing of neural activity, whereas alpha amplitude is important for the inhi-
bition of task-irrelevant brain areas. This study investigates directly the influence of top-down modula-
tion on phase-locked and nonphase-locked alpha rhythms. We conducted an EEG experiment where
subjects performed a working memory task. In the encoding phase of the task subjects had to learn
presented pictures of nonliving objects that could later be asked to be retrieved. We varied the
top-down modulation by including cues indicating either to remember or to forget (not to remember)
the next following item. Spectral analyses showed that nonremember cues elicited pronounced alpha
amplitude increase compared to remember cues. Furthermore, phase-locking in low frequencies,
especially in the alpha range (7–12 Hz), was stronger for remember as opposed to not-to-remember
items. In conclusion, we propose that alpha amplitude reflects top-down modulated inhibition and
that alpha phase is important for the exact timing of neural activity and can be related to binding proc-
esses. Hum Brain Mapp 30:3417–3425, 2009. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

The meaning of brain oscillations for different cognitive
processes encounters increasing interest. In this study,
the influence of top-down processing on brain oscillations
such as the human alpha rhythm (�10 Hz) was inves-
tigated. The functional significance of alpha synchroni-
zation (increase in amplitude) is not yet clear and has
been debated under several aspects such as idling [e.g.
Pfurtscheller, 2001] or inhibition. As proposed by Klimesch
et al. [2007b], alpha event-related synchronization (ERS)
[Pfurtscheller, 2001] most likely reflects inhibition as
derived from several studies including, for example,
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working memory tasks [Busch and Herrmann, 2003; Jen-
sen et al., 2002; Klimesch et al., 1999, 2000; Sauseng et al.,
2005a] and motor memory tasks [e.g. Hummel et al., 2002].
The inhibition-timing hypothesis comprises of two main
aspects in regard to alpha oscillations: (i) the amplitude
increase reflecting inhibition and (ii) the phase of the alpha
rhythm that was considered as relevant for the timing of
neural information processing. This means that oscillations
enable time frames in which neurons are most likely to
fire and, as a consequence, target cells receive their inputs
synchronously which is thought to be important for neuro-
nal communication [Varela et al., 2001]. The exact timing
of neural activity would result in efficient behavioral task-
performance.

With respect to the phase of alpha oscillations, some
studies reported evidence for the importance of alpha
(phase) coupling in top-down control and binding of
memory processes [Bäuml et al., 2008; Sauseng et al.,
2005a; Von Stein et al., 2000]. Further, increased alpha
phase-locking (measured with the PLI: phase-locking
index) has been shown to be relevant for correct cate-
gorization/identification to enable good performance
[Hanslmayr et al., 2005; Klimesch et al., 2004]. Palva and
Palva [2007] argue that alpha phase and not amplitude is
of primary importance for cognitive functions such as
attention and consciousness. For instance, it was shown
that consciously perceived as opposed to unperceived
stimuli were characterized by stronger alpha phase-lock-
ing [Palva et al., 2005]. Phase-concentration or high
phase-locking at around stimulus onset probably mirrors
a phase-reset [cf. Makeig et al., 2004]. Klimesch et al.
[2007b] proposed that early processing of a stimulus is
accompanied by top-down processing, for example
expectancy or attention. Top-down activation most likely
leads to a phase-reset of an oscillation during an early
poststimulus time-window. Because the P1 component of
the ERP was found to be the earliest manifestation of top-
down control, this seems a likely time-window for a
phase-reset. In addition, in a very recent study, Mazaheri
and Jensen [2008] could nicely demonstrate that also slow
ERP components are probably generated by alpha ampli-
tude variations.

Considering alpha ERS, it was found in several experi-
ments that upper alpha increases with memory load and
task demands, this has been interpreted as inhibition or
disengagement of task-irrelevant areas [Cooper et al., 2003;
Jensen et al., 2002; Klimesch et al., 1999; Tuladhar et al.,
2007]. In particular, Tuladhar et al. [2007] questioned
whether the load-dependent increase in upper alpha is
related directly to working memory maintenance or to the
inhibition of task-irrelevant brain areas. If the alpha
increase was directly related to working memory mainte-
nance it would show up in specific areas relevant for
working memory. Otherwise, if the increase was found in
other areas not related to working memory it could be
interpreted as inhibition of nontask relevant regions. They
found strongest alpha effects in parieto-occipital areas

speaking in favor of the inhibition hypothesis. Similar
results were obtained in a visual discrimination task relat-
ing the alpha increase to inhibition of the dorsal stream
[Vanni et al., 1997]. Vanni et al. briefly presented line
drawings of real and distorted objects. They found the
strongest increase in alpha amplitude for nonobjects. This
was interpreted as inhibition or disengagement of neural
systems relevant for object recognition.

In our study, we used a modified version of the tradi-
tional Sternberg paradigm similar to a task by Mainy et al.
[2007] while recording the EEG. The main idea of this task
was to vary the encoding phase while holding constant
the memory load. Each trial consisted of a set of 16 items
(photographs) where each item was preceded by a cue
indicating either to remember or to inhibit (not to remem-
ber) the following item. Several predictions can be derived
from this design: (i) when alpha is related to inhibitory
processing not-to-be-remembered items should be pre-
ceded by alpha synchronization and (ii) this synchroniza-
tion is most likely located to parieto-occipital regions
where access to relevant memory regions is blocked for
further processing of the nonrelevant items, and thus, hin-
ders efficient encoding of not-to-be-remembered items [see
Jokisch and Jensen, 2007; Tuladhar et al., 2007; Vanni
et al., 1997].

To reveal effects concerning the timing aspect of the in-
hibition-timing hypothesis, we included phase-locking
measures (PLI, phase-locking index) in our analyses. The
PLI provides a measure for the degree of phase-locking
for a specific oscillation to a stimulus event. An increase in
PLI can be interpreted as a phase-reorganization or phase
resetting of an oscillation. For instance, it has been shown
that during the time-window of the P1-N1 enhanced
phase-locking in the theta (4–6 Hz) and alpha range is
apparent [Klimesch et al., 2004]. Most interestingly, the
stronger phase-locking was also associated with better
memory performance during recognition. This is well in
line with a recent study where enhanced alpha phase-
locking was related to good perception performance
[Hanslmayr et al., 2005]. These findings show that oscilla-
tions reorganize their phases, as reflected in high PLI val-
ues, due to external events to establish good cognitive
performance during task execution, and it also shows that
phase-locked oscillations do probably modulate or even
generate ERP components. As outlined earlier, alpha
phase-coupling was associated with, for example, binding
of memories [see Bäuml et al., 2008], thus we expected to
find increased alpha phase-locking for to-be-remembered
as opposed to not-to-be-remembered items. In several
studies [e.g. Gruber et al., 2005; Klimesch et al., 2004,
2007b; Makeig et al., 2002], phase-locked alpha was found
to possibly modulate P1 component, thus, we also ana-
lyzed this component with special interest on similarities
to alpha amplitude and/or phase-locking. We expected to
find enhanced alpha phase locking over areas where the
P1 component is most pronounced and shows task-related
effects.
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METHODS

Subjects

Thirty healthy university students (20 female, 10 male)
with a mean age of 22.4 years (SD ¼ 4.0) participated in
this experiment. All except three were right-handed. None
of the subjects reported psychological or neurological dis-
orders. Subjects had to sign an informed consent form,
and the experiment was conducted according to the code
of ethics [World Medical Association, 1996]. Seven subjects
had to be excluded due to abundant eye or muscle arti-
facts resulting in a final pool of 23 subjects for data
analyses.

Procedure

We used a modified version of the traditional Sternberg
paradigm [Sternberg, 1966]. Subjects were seated 1 m in

front of a CRT screen with a frame rate of 75 Hz. Each
trial (a single trial is depicted in Fig. 1) started with a fixa-
tion screen followed by a train of 16 items of nonliving
objects (e.g. ashtrays, suitcases, etc.) that were randomly
cued either to remember (thumb up) or not-to-remember
(thumb down). In each trial 8 items were cued as ‘‘remem-
ber’’ and 8 as ‘‘not-to-be-remembered.’’ Cues were pre-
sented for 800 ms followed by a short fixation interval of
600 ms and the items were then presented for 1,000 ms.
The interval between item-offset and cue-onset was
500 ms. Each object covered a visual angle of 4.3� � 6.0�.
Subjects were explicitly instructed to only encode remem-
ber items and to ignore (or inhibit to encode) not-to-
remember items. After the last object a retention interval
of 1,800 ms was included and the probe items were pre-
sented for 1,000 ms. The subjects had to respond to ‘‘old"
or ‘‘new" items by pressing a respective button. ‘‘New"
items were objects not already presented in remember or
not-to-be-remembered trials but the stimulus-category
remained the same. For the whole experiment 8 ‘‘old" and
8 ‘‘new" probe items were presented. Items that were cued
as not-to-be-remembered were never presented as probes.
In sum, the whole experiment involved 64 items (8 Non-
Rem-items per trial � 8 trials) for the to-be-remembered
and 64 (8 Rem-items per trial � 8 trials) items for the not-
to-be-remembered condition.

EEG Recordings

EEG-signals were recorded using a BrainAmp system
(BrainProducts) referenced to a nose electrode and subse-
quently rereferenced to digitally linked earlobes. Band-
pass filters were set from 0.15 to 100 Hz with a notch filter
at 50 Hz. Signals were digitized at a sampling rate of
500 Hz. Thirty-one Ag-AgCl-electrodes were mounted on
the following positions using an EasyCap: Fp1, Fp2, F7,
F3, Fz, F4, F8, Fc3, Fcz, Fc4, T3, C3, Cz, C4, T4, Cp5, Cp1,
Cp2, Cp6, T5, P3, Pz, P4, T6, Po7, Po3, Po4, Po8, O1, Oz,
O2. Impedances were kept below 8 kX. To control for ver-
tical and horizontal eye movements, two bipolar EOG-
channels were mounted. After rereferencing the data were
transformed into laplacian current source density values
(lA/m2). Current source density transformation enables to
overcome possible influences of volume conduction and
referencing problems [Nunez et al., 2001]. Epochs contain-
ing eye or muscle artifacts were rejected. Data analyses
were performed using BrainVision Analyzer (BrainProducts)
and MatlabV

R

7.6. (The MathWorks).

P1-Amplitude

For ERP analyses the data were filtered within 1 and
30 Hz and segmented for remember and nonremember
items separately from �1,000 to 1,000 ms in respect to
onset of set items. Within this time-window, we performed

Figure 1.

Experimental procedure of the modified Sternberg task is

depicted. Each item was preceded by a cue either indicating to

remember (thumb) or to not remember (thumb down) the

item. In every trial eight items were presented, four to-be-

remembered items and four not-to-be-remembered items. Items

were presented for 1,000 ms, cues for 800 ms, followed by a

short interval of 600 ms between cue and item. After the pre-

sentation of the last item in the encoding list a retention interval

of a duration of 1,800 ms was included followed by the presen-

tation of a probe item that had to be judged as ‘‘old" or ‘‘new.’’

[Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]
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a semiautomatic peak detection as implemented in
BrainVision Analyzer 1.05.

Total Power

For time-frequency estimations, the segmented data
(�1,900 to 600 ms in respect to onset of individual items)
were wavelet-transformed and subsequently averaged. To
establish an adequate time-frequency resolution, for lower
frequencies from 1 to 25 Hz, we used a 9-cycle complex
Morlet wavelet and for higher frequencies from 26 to
70 Hz, a 7-cycle wavelet. For power analyses six frequency
bands were selected: theta ¼ 4–6 Hz, lower alpha ¼ 7–
9 Hz, upper alpha ¼ 10–12 Hz, beta ¼ 15–25 Hz, lower
gamma ¼ 26–45 Hz, higher gamma ¼ 55–70 Hz.

Phase-Locking Index

The phase-locking index (PLI) reflects the extent of inter-
trial phase-variability for a given frequency across time
[Tallon-Baudry et al., 1996]. PLI values range from 0 (high-
phase variability) to 1 (no phase-variability). For PLI anal-
yses we first filtered the data with the Gabor expansion
from 1 to 20 Hz and within �1,000 to 1,000 ms around
item appearance. For every time and frequency bin PLI
values were calculated resulting in a time-by-frequency
matrix. For later statistical analyses PLI bins were aver-
aged for three frequency bands: theta (4–6 Hz), lower
alpha (7–9 Hz), and upper alpha (10–12 Hz). These bands
were selected because of findings showing functional simi-
larities between ERPs and oscillations [e.g. Freunberger
et al., 2007]. Posterior electrodes (P3, Pz, P4, Po7, Po3, Po4,
Po8, O1, Oz, O2) were selected for PLI analyses, given
that in these regions alpha shows most pronounced
amplitudes.

Statistical Designs

Visual inspection of ERPs showed effects for the P1
component on posterior-electrodes only. We therefore
selected electrodes Po7 and Po8 for ERP analyses given
that P1 was most pronounced on these locations and cal-
culated an ANOVA with factors ELECTRODE (Po7,
Po8) and CONDITION (to-be-remembered, not-to-be-
remembered).

For analyses of power estimates the wavelet-trans-
formed data were averaged for four time-windows and for
the six frequency bands. The time-windows were defined
as two preitem intervals from �400 to �200 ms and from
�200 to 0 ms, and two postitem intervals from 0 to 200 ms
and from 200 to 400 ms. We calculated two-way ANOVAS
with factors CONDITION (to-be-remembered, not-to-be-
remembered) and ELECTRODE (all 31 electrodes) for each
time-window separately.

PLI was analyzed by application of two-way ANOVAs
for four time-windows (t1 ¼ �400 to �200 ms, t2 ¼ �200

to 0 ms, t3 ¼ 0–200 ms, t4 ¼ 200–400 ms) with factors
ELECTRODE (P3, Pz, P4, Po7, Po3, Po4, Po8, O1, Oz, O2)
and CONDITION (to-be-remembered, not-to-be-remem-
bered). Greenhouse-Geisser correction was applied where
necessary and the significance level was set to P < 0.05.
For significant interactions Scheffé post-hoc comparisons
were calculated.

For the evaluation of possible dependencies between
phase-locking of oscillations and ERP components, we cal-
culated Spearman’s correlation coefficients.

RESULTS

Behavioral Data

Subjects responded correctly to old items with a mean
percentage hit rate of 82.1% (SD ¼ 13.0) and to new items
with 91.8% (SD ¼ 9.0), respectively. Mean reaction times
for old items were 1046.0 ms (SD ¼ 252.4) and 984.1 ms
(SD ¼ 191.5) for new items. Hit rates and reaction times
showed no significant differences between old and new
items as revealed by t-tests.

P1-Amplitude

The two-way ANOVA yielded significant main effects
for ELECTRODE (F1/22 ¼ 4.64, P ¼ 0.042) and CONDI-
TION (F1/22 ¼ 5.88, P ¼ 0.024) indicating that P1 ampli-
tude is generally higher for to-be-remembered as
compared to not-to-be-remembered items and that this
effect is more pronounced on Po8 as compared to Po7 (cf.
Fig. 2a,b).

Total Power

Time-frequency plots for a representative electrode (Po8)
are plotted in Figure 3. Not-to-be-remembered compared
to to-be-remembered items showed enhanced upper alpha
power over time-windows from �200 to 400 ms as indi-
cated by the main effects for CONDITION (t2: F1/22 ¼
4.53, P ¼ 0.045; t3: F1/22 ¼ 9.54, P ¼ 0.005; t4: F1/22 ¼
11.34, P ¼ 0.003). We also found the usual effects for factor
ELECTRODE (t1: F30,660 ¼ 12.80, P < 0.001; t2: F30,660 ¼
15.12, P < 0.001; t3: F30,660 ¼ 16.25, P < 0.001; t4: F30,660 ¼
7.80, P < 0.001) and two CONDITION � ELECTRODE
interactions for the time-windows from 0 to 200 ms and
from 200 to 400 ms (t3: F60/660 ¼ 5.61, P ¼ 0.001; t4: F60/660
¼ 5.61, P < 0.001, respectively). For t3, post-hoc compari-
sons (Scheffé test, diffcrit ¼ 10.911; P < 0.01) revealed that
alpha power was more pronounced for not-to-be-remem-
bered items compared to to-be-remembered items on elec-
trodes T6, Po7, Po4, Po8, O2 and for t4 on electrodes T6
and Po7 (cf. Fig. 4). The mean alpha amplitudes averaged
over the significant posterior electrode positions amounted
to 98.38 lA/m2 (SD ¼ 41.86) for t3 and 70.32 lA/m2 (SD
¼ 23.71) for t4 for to-be-remembered items; for not-to-be-
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remembered items the mean values were 113.48 lA/m2

(SD ¼ 56.84) for t3 and 79.42 lA/m2 (SD ¼ 28.95) for t4.
For lower alpha, theta, and beta bands, as well as for

higher gamma frequencies the two-way ANOVAs yielded
no task-specific effects for the factor CONDITION and/or
for the interaction ELECTRODE � CONDITION.

PLI

PLI results are shown as time-frequency plots in Figure
4a, the results for each of the three frequency bands are

plotted in Figure 4b, respectively. For upper alpha the
ANOVAs yielded significant main effects for factor CON-
DITION (F1/22 ¼ 11.97, P ¼ 0.002) and ELECTRODE (F1/22
¼ 3.24, P ¼ 0.012) within the time-window from 0 to 200
ms. In the lower alpha band ANOVAs reached signifi-
cance for the time-windows ranging from �200 to 0 ms
(CONDITION: F1/22 ¼ 11.02, P ¼ 0.003; ELECTRODE:
F1/22 ¼ 5.17, P < 0.001), from 0 to 200 ms (CONDITION:
F1/22 ¼ 11.00, P < 0.001; ELECTRODE: F1/22 ¼ 5.90, P <
0.001), and from 200 to 400 ms (CONDITION: F1/22 ¼ 6.00,
P ¼ 0.023; ELECTRODE: F1/22 ¼ 4.09, P ¼ 0.004). All of
the effects indicate a higher phase-locking for to-be-
remembered as compared to not-to-be-remembered items.
For the theta band no significant effects were revealed for
factor CONDITION or the interaction CONDITION �
ELECTRODE.

Correlation Between PLI and P1 Component

For estimation of Spearman’s correlation coefficients, we
first calculated the ratio of to-be-remembered versus not-
to-be-remembered items for PLIs from theta, lower, upper
alpha, and the P1 amplitude over electrode Po8. For data
normalization the resulting quotients were logarithmically
transformed. We found a positive correlation between P1
and PLI ratios for lower alpha (r ¼ 0.438, P ¼ 0.037) and
upper alpha (r ¼ 0.617, P ¼ 0.002) but not for theta. This
finding indicates a relationship between alpha phase-lock-
ing and P1 modulation.

DISCUSSION

As predicted we found an increase in upper alpha
power when subjects were cued not to remember the fol-
lowing item in a time-period around onset of item-presen-
tation. This is in line with a variety of studies providing
strong evidence that the human alpha rhythm plays a cru-
cial role for top-down processing and inhibition during
visual working memory [e.g. Herrmann et al., 2004;
Klimesch et al., 1999; Jensen et al., 2002; Jokisch and
Jensen, 2007; Sauseng et al., 2005a; Tuladhar et al., 2007],
auditory working memory [e.g. Kaiser et al., 2007], object
detection [e.g. Vanni et al., 1997], and attention [Freun-
berger et al., 2008; Sauseng et al., 2005b; Thut et al., 2006].
In this study, alpha power increased steadily in response
to both types of cues, probably reflecting the initiation of
top-down control. Most importantly, however, we found a
functional relationship between phase-locked alpha and
the P1 amplitude as well as dissociation between phase-
locked and non-phase-locked alpha activity. The P1 and
phase-locked alpha showed similar reactivity to task-varia-
tions, i.e. we found higher P1 amplitudes and a larger
alpha PLI for to-be-remembered as compared to not-to-be-
remembered items (see Figs. 2 and 4, respectively). This
functional relationship is also indicated by the correlation
analysis. On the other hand, non-phase-locked alpha

Figure 2.

ERP curves and topographical maps for electrode Po8 is shown.

(A) Bold black lines indicate to-be-remembered and thin gray

lines not-to-be-remembered items. Time zero denotes item pre-

sentation. Note the stronger P1 at around 100 ms for to-be-

remembered as compared to not-to-be-remembered items. (B)

Topographical maps of P1 component at 106 ms for to-be-

remembered and not-to-be-remembered items. Strongest task-

related effects were found on the right hemisphere. [Color fig-

ure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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activity in the preitem interval increased stronger for not-
to-be-remembered items (Fig. 3) when compared with to-
be-remembered items showing a functional dissociation
between phase-locked and nonphase-locked alpha.

The obtained effects can be interpreted as alpha reflect-
ing top-down control, which would be relevant in the
present task for attentional and memory processing.
Phase-locking of alpha oscillations across electrodes [i.e.
phase-coupling indexed by PLV, phase-locking values,
Lachaux et al., 1999] were recently discussed as a mecha-
nism associated with binding of memories in a directed
forgetting task [Bäuml et al., 2008]. In this task subjects
were presented with two lists of 20 words. Between the
word lists a cue was given indicating either to remember
or to forget the List-1 items. List-2 items were always cued

to remember. After a distracter condition, subjects were
tested to recall items from List-1 and List-2 separately. The
behavioral data showed a specific effect in a way that for-
get cues induced memory enhancement of List-2 items
and forgetting of List-1 items. Most interestingly, phase-
coupling was generally lower in the forget condition as
compared to the remember condition. Noteworthy, this
phase-coupling decrease was apparent during the whole
trial already in prestimulus intervals. The authors con-
clude that this decrease of upper alpha phase-coupling can
be associated with ‘‘unbinding’’ of previously learned List-
1 items. In addition, they showed that increased alpha
power was a correlate of memory enhancement of List-2
items in the forget condition. This can be interpreted as a
top-down process to inhibit interfering and distracting

Figure 3.

Total power plots as revealed by wavelet transformation for

electrode Po8. (A) Time-frequency plots for to-be-remembered

items (time ¼ 0 ms) and for not-to-be-remembered items.

Warm colors denote power increases. There is a stronger

increase at frequencies at around 12 Hz for not-to-be-remem-

bered compared to to-be-remembered items. (B) 12 Hz power

is plotted as a function of time. Dotted lines denote to-be-

remembered and black lines not-to-be-remembered items. Not-

to-be-remembered items showed a stronger increase in 12 Hz

power at around item-onset when compared to to-be-remem-

bered items. (C) Topographical plots of 12 Hz power for to-be-

remembered minus not-to-be-remembered items for the time-

range from �200 to 200 ms. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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information. A similar interpretation of alpha oscillations
as a relevant top-down mechanism important for memori-
zation has been shown in an auditory Sternberg task
[Leiberg et al., 2006].

The study by Bäuml et al. [2008] can be well linked to
the results of the presented study. We also suggest that
the upper alpha power increase after not-to-be-remem-
bered cues reflects top-down regulations to inhibit process-
ing of the following item. The stronger phase-locking most
likely can be associated with some sort of binding of infor-

mation during memory storage. Rizzuto et al. [2003] found
a stronger phase-locking to probe items in a verbal work-
ing memory task that they interpreted as a correlate of
phase reset. In their study, phase-locking of oscillations at
8 Hz was negatively correlated to power in the same
range. Interestingly, they also found enhanced phase-lock-
ing to list items in specific areas mainly located in the
right occipital and temporal cortex. These findings fit to
the data given that the effects in our study were also
located in posterior regions more pronounced on the right
hemisphere (cf. Figs. 2b and 3c.) and, thus, can well be
linked to other studies showing memory-related top-down
effects within posterior regions [e.g. Tuladhar et al., 2007;
Vanni et al., 1997]. Evidence for the assumption that alpha
phase-locking reflects processes relevant for memory
encoding also comes from a study showing that increased
alpha PLI is associated with better memory performance
and that the enhanced phase-locking correlates with early
ERP components such as the P1 and N1 [Klimesch et al.,
2004]. In our study, we found a strong correlation between
upper alpha phase-locking and P1 modulation speaking in
favor of similar functional processes.

When interpreting the reported findings, we have to
keep in mind that oscillations can influence the generation
of an ERP component in at least two different ways, by (i)
the degree of phase locking and (ii) a change in amplitude.
The influence of these two factors can be estimated by cal-
culating alpha phase locking (e.g., by the phase locking
index, PLI as we have done in the present experiment)
and alpha power. Here, we have associated the increased
P1 with increased phase locking. But it is important to
emphasize that an increase in the amplitude of an ERP
component (in one condition as compared to another) can
be obtained also when an oscillation increases in ampli-
tude in one condition (with no difference in PLI between
two conditions). As a consequence, a functional relation-
ship between ERPs and oscillations can be investigated
with respect to phase-locking and/or power variations of
a certain oscillation. Later, we report findings, where an
increase in P1 amplitude was associated with an increase
in alpha power. In these cases an increase in amplitude
appears functionally related to inhibition. For instance,
Freunberger et al. [2008] reported higher P1 amplitudes
associated with higher alpha power in a spatial cueing
task. In this study subjects had to direct their attention
towards a cued position, either on the right or left visual
hemifield. It could be observed that during the cue-target
interval upper alpha increased stronger on ipsilateral com-
pared to the contralateral sites leading to the assumption
that alpha inhibits task-irrelevant sites [see also Rihs et al.,
2007; Sauseng et al., 2005b for similar results]. In addition,
similar to alpha power, P1 amplitude was also stronger on
task-irrelevant ipsilateral sites. These and also the present
results provide evidence that P1 and alpha show a cova-
riation. In previous studies the ERP-P1 component was
typically found to be stronger on contralateral as com-
pared to ipsilateral sites [e.g. Heinze et al., 1994; Mangun

Figure 4.

Phase-locking as revealed by the phase-locking index (PLI) of

frequencies from 1–20 Hz over time for electrode Po8.

(A) Time-frequency plots of PLI values for to-be-remembered

and not-to-be-remembered items. Topographical distributions

are provided for the 7–12 Hz range (denoted by the white

squares within the time-frequency plots). Warm colors indicate

strong phase-locking, cold colors no phase-locking. (B) Two

frequency bands extracted from the time-frequency plots.

Strongest differences between to-be-remembered (red lines)

and not-to-be-remembered (black lines) items were found in the

range from 10–12 Hz. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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and Hillyard, 1991; for reviews see Hillyard and Anllo-
Vento, 1998; Posner and Dehaene, 1994]. The enhancement
of P1 in spatial attention tasks was thought to reflect top-
down modulated amplification of neural networks rele-
vant for target processing.

To conclude, our findings provide evidence that alpha is
an important top-down control mechanism for inhibitory
processing within areas being task-irrelevant and that P1
shows a functional relationship to alpha oscillations.

ACKNOWLEDGMENTS

P.S. is recipient of an APART fellowship of the Austrian
Academy of Sciences. The authors want to thank the stu-
dents from the laboratory course ‘‘ES Biologische Psycho-
logie’’ for their help in data acquisition and recruitment of
subjects. Their names are in alphabetical order: J. Acker, F.
Dicke, M. Fillinger, S. Frank, M. Glennon, A. Heidecke, V.
Karl, S. Kohl, L. König, C. Mühlberger, A. Narr, Y. Pees,
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