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Abstract
The classification of repeating stimuli as either old or new is a general mechanism of everyday perception. However, the 
cortical mechanisms underlying this process are not fully understood. In general, mnemonic processes are thought to rely 
on changes in oscillatory brain activity across several frequencies as well as their interaction. Lower frequencies, mainly 
theta-band (3–7 Hz) and alpha-band (8–14 Hz) activity, are attributed to executive control and resource management, 
respectively; whereas recent studies revealed higher frequencies, e.g. gamma-band (> 25 Hz) activity, to reflect the activa-
tion of cortical object representations. Furthermore, low-frequency phase to high-frequency amplitude coupling (PAC) was 
recently found to coordinate the involved mnemonic networks. To further unravel the processes behind memorization of 
repeatedly presented stimuli, we applied a continuous item recognition task with up to five presentations per item (mean 
time between repetitions ~ 10 s) while recording high-density EEG. We examined spectral amplitude modulations as well as 
PAC. We observed theta amplitudes reaching a peak at second presentation, a reduction of alpha suppression after second 
presentation, decreased response time, as well as reduced theta–gamma PAC (3 to 7 to − 30 to 45 Hz) at frontal sites after 
third presentation. We conclude a shift from an explicit- to an implicit-like mnemonic processing, occurring around third 
presentation, with theta power to signify encoding of repetition-based episodic information and PAC as a neural correlate 
of the coordination of local neural networks.
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Introduction

Mnemonic processes in the human brain are related to oscil-
latory brain activity in mainly three frequency bands in the 
theta, alpha and gamma range (Roux and Uhlhaas 2014). In 
a complex manner, oscillations within each band correlate 
with specific cognitive functions (Hanslmayr and Staudigl 
2014).

Theta-band activity commonly refers to oscillations 
between approximately 3 and 7 Hz. In humans, these are 
most prominent in the hippocampus and in prefrontal areas 

(Headley and Paré 2017; Sirota et al. 2008). Theta-band 
activity is widely believed to reflect central executive func-
tions, it is linked to successful encoding in declarative mem-
ory tasks (e.g. Klimesch et al. 2000; Heusser et al. 2016; 
Osipova et al. 2006; Roux and Uhlhaas 2014; Sederberg 
et al. 2003), retrieval (e.g. Jacobs et al. 2006; Osipova et al. 
2006) and provides intermediate- and long-range connec-
tivity between different brain areas (Sarnthein et al. 1998; 
Sauseng et al. 2004, 2005, 2010; for review see).

Alpha-band activity, neural oscillation in the frequency 
of approximately 8–14 Hz usually found at parieto-occipital 
recording sites, is assumed to mirror functional inhibition 
in visual memory tasks (e.g. Gevins et al. 1997; Jokisch 
and Jensen 2007; Klimesch et  al. 2007). Task-relevant 
information, i.e. information that has to be attended, leads 
to decreased alpha activity in associated areas, whereas 
task-irrelevant information, i.e. information that has to be 
ignored, leads to increased alpha activity in associated areas 
(Hanslmayr and Staudigl 2014; Jensen and Mazaheri 2010; 
for review see Roux and Uhlhaas 2014).
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Neural gamma oscillations are a phenomenon which can 
be found in most cortical areas (Fries et al. 2007). Gamma-
band activity, which encompasses oscillations upwards 
of approximately 25 Hz, in memory tasks is connected to 
successful encoding and retrieval (e.g. Gruber et al. 2004; 
Hanslmayr et al. 2008; Osipova et al. 2006) as well as fea-
ture integration (for a review see Jensen et al. 2007; Jutras 
and Buffalo 2010; Nyhus and Curran 2010). Gamma-band 
activity might therefore signify the activation of cortical 
object representations in a bottom-up or top-down fashion as 
shown in the seminal work by Tallon-Baudry and Bertrand 
(1999) and many other studies (e.g. Chaumon et al. 2009; 
Vidal et al. 2006). Importantly, mnemonic processing is not 
only dependent on oscillatory activity in a specific band, 
but the dynamic interplay of these oscillations (Lisman and 
Jensen 2013). This interaction is commonly referred to as 
cross-frequency coupling (CFC; for a schematic overview of 
different types of cross-frequency coupling, see Jensen and 
Colgin 2007). Various studies suggest that the most promis-
ing candidate mechanism for efficient mnemonic process-
ing is the coupling of lower frequency phase information 
to higher frequency amplitudes (phase–amplitude coupling; 
PAC). PAC might be a core mechanism of neuronal com-
munication in and across neural areas (e.g. Axmacher et al. 
2010; Canolty et al. 2006; Canolty and Knight 2010; Friese 
et al. 2013; Köster et al. 2014). More specifically, PAC might 
be a prime candidate reflecting the regulating influence of 
frontal/executive brain areas on currently activated cortical 
representations of an item (Daume et al. 2017).

In a nutshell, theta oscillatory activity possibly marks the 
executive control over an activated memory representation, 
whereas gamma oscillatory activity signifies the activation 
itself. Alpha-band modulations might mirror the gating of 
attended or ignored information, respectively. The activity in 
specific frequency bands is coordinated by PAC. Notewor-
thy, from a conceptual perspective, an activated and situ-
ationally relevant representation in memory can be termed 
“working memory” (Ruchkin et al. 2003). This mechanistic 
view on mnemonic functioning is well in line with cog-
nitive-psychological memory models, which focus on the 
function of the human storage system. One prominent exam-
ple is the embedded-process model by Nelson Cowan (1999) 
also defining “working memory” as activated long-term 
memory traces within or outside a mental focus of attention 
(Cowan 2008). These claims are underpinned by EEG and 
MEG studies (e.g. Daume et al. 2017a, b; LaRocque et al. 
2013; Lewis-Peacock et al. 2012). However, most of these 
studies examined the activation of memory traces by means 
of single-item presentations: a stimulus is presented once 
and it has to be matched to a sample after a delay period. 
These single-presentation designs do not completely reflect 
mnemonic processing as used in everyday life. Usually, 
we encounter items several times in short order and decide 

continuously if a stimulus is old or new. Thus, to examine 
oscillatory correlates in these situations, we applied a con-
tinuous item recognition task, similar to an fMRI design 
used by Johnson, Muftuler and Rugg (2008): in this para-
digm, items are presented several times at random intervals. 
Each item has to be continuously classified as either old or 
new while recording high-density EEG.

Because of the general lack of prior EEG studies examin-
ing oscillatory neuronal activity with comparable designs, 
in the present study, we opted for an exploratory approach 
and omitted specific hypotheses regarding impact of rep-
etition on oscillatory activity. Nonetheless, we expect theta 
and gamma oscillatory activity to increase with activation 
of relevant memory traces, accompanied by raised PAC 
over involved areas. Alpha oscillatory activity should be 
suppressed over task-relevant sites and increased over task-
irrelevant sites.

Method

Participants

In accordance with numerous prior EEG studies twenty-two 
participants were recruited for the experiment. Two partici-
pants had to be excluded from further analyses: one because 
of low performance resulting in too few trials, i.e. eight, 
and thus a suboptimal signal-to-noise ratio; one because 
of extremely unusual motor responses. The remaining 20 
were university students (Mage 22.4 years, SD 3.4 years) who 
received course credits for their participation. Unexpectedly, 
all remaining participants were female. No relevant health 
conditions or deviations from normal vision were reported 
by the participants. They each gave prior informed consent 
in accordance to the Declaration of Helsinki and the ethi-
cal guidelines of Osnabrück University. The present study 
was reviewed and approved by the local ethics committee of 
Osnabrück University.

Apparatus and stimuli

All instructions and stimulus material were presented on 
a 19 inch monitor (resolution: 1024 × 768 px, refresh rate: 
60 Hz) while participant sat in an electrical and sound-
shielded room. The stimulation software was coded in 
MATLAB (MathWorks) and the PsychToolbox (Brainard 
and Vision 1997; Kleiner et al. 2007).

The stimulus material consisted of 440 full-colour 
images showing natural objects (e.g. pumpkin, sun-
flower), man-made objects (e.g. screwdriver, golf ball), 
animals (e.g. cat, frog) and people in different attire (e.g. 
ballet dancer, bride). Pictures of all categories were ran-
domly assigned to the conditions. They were presented 
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centrally on the screen at a visual angle of approximately 
4° × 4° from edge to edge (see Fig. 1 for examples).

Each participant performed a continuous item-recog-
nition task while the EEG was recorded (see below). This 
task consisted of 702 trials separated into three blocks 
of equal length. The experiment was preceded by two 
practice blocks of four trials each. A trial started with a 
fixation cross (approx. 0.36° × 0.36°) for 500–1000 ms. 
Subsequently, a picture was presented for 1500 ms while 
participants had to classify the picture as fast as possible 
via button press into one of two categories: initial (NEW) 
vs. repeated (OLD). A picture could be shown once, twice 
or five times in total and at least 45 unique images were 
used in each condition (see Fig. 1a). After the picture, 
a fixation cross was presented for 800 ms during which 
participants were allowed to blink, if necessary. Repeat-
edly presented images were intervened by one up to six 
different pictures (time between repeated pictures: from 
approximately 3 to 18 s). Conditions for the later analy-
sis were picture presentation count (one, two, three, four 
and five), i.e. the number of times the stimulus has been 
presented. As pictures could be shown once, twice or 
five times in total, the counts three, four and five include 
the same pictures. To ensure proper encoding of the pre-
sented items, an unannounced long-term old/new recogni-
tion task was administered after 24 h. Only trials which 
were correctly identified as being presented at day 1 were 
included in further analysis (on average ~ 15% percent of 
the trials had to be rejected).

EEG recordings

The EEG data were recorded with a BioSemi ActiveTwo 
system with 128 electrodes at 512 Hz sample rate during 
the task. Four electro-occulogram (EOG) electrodes were 
mounted at the outer canthi and below each eye to monitor 
for saccades and blinks. As ground and reference two addi-
tional electrodes were used, Common Mode Sense (CMS) 
and Driven Right Leg (DRL). The continuous data were 
epochized from − 1000 to 2000 ms relative to stimulus onset. 
Artefacts related to blinks, eye movements, muscle activ-
ity, and heart beat were removed by means of the FASTER 
toolbox (Nolan et al. 2010). Furthermore, we applied the 
COSTRAP algorithm (Hassler et al. 2011) to remove high-
frequency artefacts attributed to miniature saccades. COS-
TRAP and similar ICA-based algorithms have been shown 
to effectively diminish these artefacts (Craddock et al. 2016) 
and were successfully applied in prior publications (e.g. 
Friese et al. 2013; Köster et al. 2014). The average reference 
was used for all further analyses. To guarantee for similar 
signal-to-noise ratios in all conditions, the remaining trials 
were matched in number across conditions (average number 
of trials per condition: 35, SD 8.7).

Design

This study was a three-level within-subject picture-based 
working memory experiment with picture presentation 
count (one, two, three, four, five) as independent variable. 
The dependent variables were response time, accuracy and 
electrophysiological markers; i.e. theta band, alpha band, 

Fig. 1   a Stimulus/trial example. First-time presented pictures are 
marked as NEW. Repeated pictures are marked as OLD with a num-
ber indicating number of repetition; in the example given the ballet 
dancer has been repeated three times and the frog is repeated for the 
first time. b Lineplot of average accuracy in percentage (%) and reac-

tion time in milliseconds (ms) for each repetition condition with error 
bars representing 95% confidence interval. For accuracy at OLD2, 
OLD3 and OLD4 95% confidence intervals are smaller than the line 
width
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gamma-band activity and cross-frequency phase–amplitude 
coupling between theta and gamma-band activity.

Data analysis

The data analysis was conducted similar to previous studies 
(e.g. Gruber et al. 2008; Köster et al. 2014): we calculated 
the spectral changes in the oscillatory activity by means 
of Morlet’s wavelet transform (Bertrand and Pantev 1994) 
using approximately 12 cycles per wavelet for the convolu-
tion with the data. We calculated the wavelets for frequen-
cies from 2 to 100 Hz in approximately 1 Hz steps. To exam-
ine induced oscillatory activity we subtracted the ERP from 
each trial, computed the time-dependent spectral changes 
for each trial, and then averaged across trials (Bertrand and 
Tallon-Baudry 2000).

As we aimed to investigate changes in already established 
frequency ranges, we selected the following frequencies for 
further analyses: 4–7 Hz for theta activity, 9–13 Hz for alpha 
activity and 50–100 Hz for gamma activity. All selected fre-
quencies are in line with prior research (e.g. Chaumon et al. 
2009; Roux and Uhlhaas 2014).

Time × Frequency plots (TF-plots) of the grand mean 
were used to define relevant frequency time windows for 
further analyses. The TF-plots for lower frequencies, i.e. 
3–20 Hz, and higher frequencies, i.e. 30–100 Hz, were 
averaged across all electrodes excluding those on the outer 

edge of the electrode setup (see Fig. 2a) and were baseline-
corrected with baseline from − 500 to − 100 ms relative 
to stimulus onset. To outrule artefacts through temporal 
smearing, a minimum of 100 ms distance to stimulus onset 
was adhered to. Visual inspection of the corresponding TF-
plots led to the selection of the following time windows: 
100–700 ms for theta band, 200–1200 ms for alpha band 
and 100–700 ms for gamma-band activity in the range of 
50–100 Hz (see Fig. 2a). All areas of interest were selected 
based on prior research (e.g. Chaumon et al. 2009; Roux 
and Uhlhaas 2014) and fitted to the specific grand mean 
topography for each time × frequency (see Fig. 2b). These 
topographical plots were created within EEGLAB (Delorme 
and Makeig 2004). Importantly, to avoid any bias regarding 
the selection of time and frequency ranges, we examined an 
average across all conditions for TF-plots as well as topog-
raphies in both, spectral power analyses and PAC.

Behaviour

The conditions for final analysis were first (NEW), sec-
ond (OLD1), third (OLD2), fourth (OLD3) and fifth pres-
entation (OLD4). A one-factorial repeated measurement 
ANOVA with five levels (REPETITION: NEW, OLD1, 
OLD2, OLD3, OLD4) was calculated and post-hoc t tests, 
with Bonferroni-corrected alpha-niveau of 0.005, followed 
were appropriate. Because of the emerging pattern, we also 

Fig. 2   a Time × frequency plots over whole scalp without cap rim 
electrodes. − 100 to 1400  ms relative to stimulus onset. 3–20  Hz 
lower and 30–100 Hz upper frequency ranges. Percentage change to 
baseline. Marked are time × frequency windows for topographies. b 

Topographies of marked time × frequency windows. Marked are elec-
trodes for further statistical analysis. Percentage change to baseline. c 
Lineplot of average activity at electrode sites for each repetition con-
dition. Percentage change to baseline. Error bars indicate SEM
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calculated post-hoc t test between the mean across NEW and 
OLD1 versus the mean across remaining repetitions OLD2, 
OLD3 and OLD4.

Spectral power

Spectral power was analysed similar to the behavioural data: 
a one-factorial repeated measurement ANOVA with five lev-
els (REPETITION: NEW, OLD1, OLD2, OLD3, OLD4) 
was calculated and post-hoc t tests, with Bonferroni-cor-
rected alpha-niveau of 0.005, followed where appropriate. 
Because of the emerging alpha activity pattern, post-hoc 
t test between the mean across NEW and OLD1 and the 
mean across remaining repetitions OLD2, OLD3 and OLD4 
were calculated, parallel to behavioural analysis. Also, to 
validate our results, we examined ERPs, namely the FN400 
component (420 ms to 450 mx) and the LPC (470–500 ms) 
at conventional electrodes, i.e. F3 for FN400 and P3 for LPC 
(Rugg and Curran 2007).

Phase–amplitude coupling (PAC)

We quantified the phase–amplitude coupling by calculating 
the Modulation Index (MI; Tort et al. 2010). To determine 
the MI, one extracts the phase information from a lower 
frequency band and the amplitude from a higher frequency 
band. The phase angle of a full cycle is then divided into sev-
eral bins, i.e., 20, so one bin represents 18°, and the average 
amplitude of the higher frequency is calculated for each bin. 
If no coupling is present, the distribution of the amplitude 
mean values should be approximately uniform across bins. 
In case of phase–amplitude coupling, a distribution different 
from uniform emerges. The divergence of this peak-distri-
bution from an equal distribution is calculated by the Kull-
back–Leibler distance, modified to limit the result from 0 to 
1 (Tort et al. 2010). Similar to Friese and colleagues (2013) 
we deviated from the suggested Hilbert transforms (Tort 
et al. 2010), by applying wavelet-analysis to extract phase 
and amplitude information, as the same wavelet transform 
was used in the spectral power analysis (for the legibility of 
this approach also see Kramer et al. 2008; Mormann et al. 
2005). As the MI is influenced by data length (Tort et al. 
2010), in that longer epochs allow a more reliable calcula-
tion of MI, we reshaped the trial data by concatenating tri-
als into one continuous data stream (see also Daume et al. 
2017). Trials were offset-corrected via an addition of the dif-
ference of the last data point of the prior trial and the starting 
point of the current trial to reduce influence of ripples, cre-
ated by the sharp edge between two data points on different 
levels (Kramer et al. 2008). To reduce edge artefacts, we 
padded the concatenated trial data with half a second of mir-
rored data points at both ends prior to the wavelet transform. 
This padding was then removed afterwards.

For selecting possible theta–gamma interactions, we first 
calculated MI between the phase of frequencies from 3 to 
9 Hz, to include the whole theta activity range, in 1 Hz steps 
and the amplitude for frequencies from 25 to 105 Hz, to 
include the whole gamma activity range, in steps of 5 Hz 
with a frequency window of 10 Hz around each target fre-
quency, e.g. 45 Hz target frequency leads to 35–55 Hz win-
dow used as amplitude for the MI calculation. This calcu-
lation was done separately for each subject, condition and 
electrode. The time range was based on the theta time win-
dow of the spectral analyses, i.e. 100–700 ms after stimu-
lus onset. As baseline we calculated the MI. In the same 
way, but for a time range from − 700 to − 100 ms relative to 
stimulus onset. To further narrow down frequency regions 
of interest, we created a comodulogram by averaging across 
subjects, conditions and electrodes, followed by dividing by 
each corresponding point of the baseline comodulogram. 
Visual inspection of the emerging comodulogram led to the 
selection of the coupling range for the subsequent analy-
ses, i.e. 3–7 Hz phase to 30–45 Hz amplitude (see Fig. 3a). 
Furthermore, a grand mean topographical plot, showing 
the mean MI for each scalp electrode (Fig. 3b), was created 
based on this phase/amplitude frequency selection.

Based on this MI topography, we identified two appro-
priate regional means for statistical evaluations, namely 
a frontal and an occipital region (see Fig. 3a). For these 
regions, we calculated the MI for each condition, participant 
and frequency band separately; then averaged across relevant 
frequencies and participants and subtracted the equivalent 
baseline data. We conducted a two-factorial repeated meas-
urement ANOVA with the factors SITE (2 levels: FRON-
TAL, OCCIPITAL) and REPETITION (5 levels: NEW, 
OLD1, OLD2, OLD3, OLD4), followed by post-hoc t tests.

In all ANOVAs the degrees of freedom were Green-
house–Geisser corrected, if necessary. Effect strength meas-
ures used are partial η2 for ANOVA and Cohen’s d for t tests.

Results

Behavioural data

The  repeated measurement ANOVA showed a main 
effect in response time (RT) for REPETITION [F(2.356, 
44.772) = 89.036, p < .001, partial η2 = 0.824; see Fig. 1b]. 
Participants response times did not differ for the first 
two presentations, NEW versus OLD1 [t(19) = − 0.798, 
p = .44]. They became faster with each subsequent repetition 
[t(19) > 3, all p < .005, all d > 0.29]. Post-hoc t test between 
the mean RT across NEW and OLD1 versus the mean RT 
across OLD2, OLD3 and OLD4 revealed a large decrease 
in RT [t(19) = 14.485, p < .001, d = 1.35] after the first two 
presentations.
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The  repeated measurement ANOVA also revealed 
a main effect in accuracy (ACC) for REPETITION 
[F(1.987, 37.750) = 35.088, p < .001, partial η2 = 0.649; 
see Fig. 1b]. Similar to RT, the ACC at first two presenta-
tions did not differ [t(19) = 2.502, p = .022]. Participants 
became more accurate in their response over increasing 
repetition count, but hit a ceiling at OLD2, which did not 
differ from OLD3 and OLD4 [for comparisons between 
OLD2, OLD3 and OLD4, all t(19) < 1, p > .3; all remain-
ing t(19) > 5, p < .001, d < − 2.0]. Post-hoc t test between 
the mean ACC across NEW and OLD1 versus the mean 
ACC across OLD2, OLD3 and OLD4 revealed a large 
increase of accuracy after first two presentations [t(19) 
= − 8.093, p < .001, d = − 1.35].

RT and ACC are positively correlated up to OLD2 
(NEW: r = .31, p = .19; OLD1: r = .46, p = .04; OLD2: 
r = .50, p = .03) and show a non-significant negative cor-
relation for OLD3 and OLD4 (OLD3: r = − .27, p = .26; 
OLD4: r = − .17, p = .47). Averaging across conditions 
revealed a medium effect strength confound between RT 
and ACC (r = .46, p = .04).

ERPs (FN400 and LPC)

We found the  FN400 at 420–450  ms and the LPC at 
470–500 ms (see Fig. 4). The FN400 was reduced with 
each subsequent presentation [F(2.525, 47.982) = 4.661, 
p = .009, partial η2 = 0.197]. The LPC was increased for 
each subsequent presentation [F(2.448, 46.509) = 6.879, 
p = .001, partial η2 = 0.266]. We observed no meaningful 
correlation between ERP amplitudes and our oscillatory 
measures (Bonferroni corrected p = .01; all p > .02).

Spectral changes

Time by frequency plots revealed stimulus-triggered 
increase of activity between 100 and 700 ms after stimu-
lus onset in theta band (4–7  Hz; Fig.  2a). A decrease 
of alpha-band activity emerged around 200–1200  ms 
(9–13 Hz; Fig. 2a). As well as an increase in gamma-band 
activity (50–100 Hz) between 100 and 700 ms (Fig. 2a). 

Fig. 3   a Comodulogram. Phase frequency 3–9  Hz, amplitude fre-
quency 15–105  Hz in 5  Hz steps with a 10  Hz window centered 
around target frequency. Percentage change to baseline. Marked are 
phase × amplitude frequency window for topography. b Topographies 
of marked phase × amplitude frequency window. Marked are elec-

trodes for further statistical analysis. c Lineplot of baseline corrected 
average MI for each repetition condition, error bars represent SEM. 
Significance of differences between locations for each condition is 
marked to the right side of each pair. *p < .05; **p < .01

Fig. 4   a ERPs averaged across signals at electrodes in the vicinity of 
sensor F3. b ERPs averaged across signals at electrodes in the vicin-
ity of sensor P3. Each line represents one condition: NEW (blue), 
OLD1 (red), OLD2 (yellow), OLD3 (violet), OLD4 (green)
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Topographical distributions revealed typical local maxima 
for each frequency band, i.e. medio-frontal sites for theta, 
parieto-occipital sites for alpha and occipital electrodes for 
gamma activity. Further statistical analyses were conducted 
with data obtained from these electrode sites (Fig. 2b).

Fronto-medial theta-band activity changed with REP-
ETITION [F(4, 76) = 10.036, p < .001, partial η2 = 0.346; 
see Fig. 2c]. Theta-band activity peaked at OLD1, differ-
ing from all other conditions [t(19) > 3.4, p < .005, d > 0.7]. 
The remaining conditions did not differ from each other (all 
p > .005).

Alpha-band activity at parieto-occipital electrodes 
revealed less suppression as the number of repetitions 
increased [F(4, 76) = 3.065, p = .021, partial η2 = 0.139; see 
Fig. 2c]. Post-hoc t test showed only one significant differ-
ence between NEW and OLD3 [t(19) = − 3.182, p < .005, 
d = 0.7; all remaining p > .005]. But post-hoc t test between 
the mean activity across NEW and OLD1 versus the mean 
across OLD2, OLD3 and OLD4 revealed that overall alpha-
band activity increased after the first two repetitions [t(19) 
= − 3.674, p = .002, d = − 0.37]. Interestingly, this reduction 
of alpha suppression, which is normally associated with low-
ering task demand, mirrors the pattern of the improvement 
of both behavioural outcomes.

Gamma-band activity revealed no main effect for REP-
ETITION at occipital sites [F(4, 76) = 1.141, p = .344; see 
Fig. 2c]. Note: as some spectral changes appeared to lateral-
ize, namely alpha-band activity, gamma-band activity and 
the posterior coupling measures (see Figs. 2, 3), we calcu-
lated additional ANOVA with hemisphere as a factor. No 
relevant interactions were significant.

Theta gamma phase–amplitude coupling (PAC)

The  repeated Measurement two-factorial ANOVA 
revealed no significant modulation of the MI by SITE 
[F(1,19) = 3.516, p = .076, partial η2 = 0.156], but a main 
effect for CONDITION [F(4, 76) = 2.886, p = .028, partial 
η2 = 0.132], which is further characterized by the interaction 
between SITE and CONDITION [F(2.333, 44.331) = 8.060, 
p = .001, partial η2 = 0.298]. During the first two presenta-
tions, the MI did not differ between frontal and occipital 
sites [NEW: t(19) = 1.374, p = .185; OLD1: t(19) = 0.319, 
p = .753]. All remaining presentations resulted in a lower 
MI over frontal sites [OLD2: t(19) = − 2.954, p = .008, d 
= − 0.68; OLD3: t(19) = − 2.701, p = .014, d = − 0.61; 
OLD4: t(19) = − 2.930, p = .009, d = − 0.72; see Fig. 3c]. 
Interestingly, the reduction in frontal MI also mirrors the 
pattern of alpha power and the behavioural outcome meas-
ures, with the first two presentations resulting in a more pro-
nounced MI than the remaining presentations [t(19) = 3.636, 
p = .002, d = 1.02]. No such effect was found for the occipital 
MI [t(19) = − 1.179, p = .25].

To rule out possible influences of theta power fluctua-
tion on the MI, we calculated correlations between theta 
power at relevant coupling sites and the MI. We found one 
significant result at frontal sites for OLD3 (r = .49, p = .028, 
all other p > .2, all r between r = − .28 and r = − .02) and 
two correlations at occipital sites for OLD3 and OLD4 
(OLD3: r = − .435, p = .055; OLD4: r = − .449, p = .047; 
all other p > .4, all other r between r = − .17 and r = .07). 
If theta power were systematically influencing MI calcula-
tion, we would expect at least medium strength correlations 
in the same direction between theta power and MI for all 
conditions. As this is clearly not the case, we consider these 
results as spurious correlations.

Discussion

In the present EEG study, we applied a continuous item 
recognition task, to investigate oscillatory brain activity as 
well as cross-frequency coupling during the repeated (re-)
activation of memory entries. Although the participants 
were unexpectedly all female, we do not consider this fact 
to influence our results in an interpretable fashion.

The behavioural data, i.e. response times and accuracy, 
are in accordance with prior results in similar tasks (e.g. 
Johnson et al. 2008). As would be expected, repetition lead 
to better performance (Yonelinas 2002; Yassa and Stark 
2008). Thus, the experimental design was well suited to 
measure mnemonic performance during the repetition of 
task-relevant objects. In particular, accuracy and response 
time are consistent for first and second presentation. For 
further repetitions, accuracy increases, reaching a ceiling at 
third presentation, whereas participants also became faster 
in responding to learned items. Accuracy and response time 
were clearly confounded overall, but an accurate interpreta-
tion of this confound is limited by the ceiling of accuracy. 
Therefore, we focus on response times in our discussion. 
Interestingly, a sharp alteration from the second to the third 
presentation is obvious in both behavioural measures. This 
alteration might indicate a change in the underlying mne-
monic processes. The continuous decrease in reaction times 
from the second repetition onwards might indicate a prim-
ing-like phenomenon, i.e. the facilitation in the processing 
of previously presented stimuli (cf. Tulving and Schacter 
1990). Speculatively, our behavioural data suggest that the 
participants automatically switched from an explicit- to an 
implicit-like mnemonic processing after the second presen-
tation of an object. In other words, the first recognition of an 
item as “old” might be related to a resource-intensive pro-
cess (explicit), whereas repeated presentations could be rec-
ognized by a resource-tolerant (implicit) process (Graf and 
Schacter 1985). This alteration of mnemonic processing is 
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accompanied by specific electrophysiological indices, which 
we will discuss in detail in the following section.

We found increased theta-band activity at fronto-medial 
recording sites. This topographical localisation replicates 
the result of prior working memory research (for review, 
see Roux and Uhlhaas 2014). As expected, theta amplitude 
was elevated during all conditions. However, it showed a 
marked increase after the second presentation of a stimu-
lus and decreases to the initial response level for further 
repetitions. This decrease after second presentation mirrors 
response time data. The general increase in theta power 
matches prior results (Sauseng et al. 2010; Sederberg et al. 
2006) and supports the notion of increased executive func-
tion demands during mnemonic processing, i.e. executive 
control over activated memory (Cowan 1999). The maxi-
mum increase of theta after the second presentation is in 
line with previous observations reporting a similar pattern 
of results after the second presentation of meaningful objects 
after repetition (Gruber and Müller 2006). These authors 
speculated that the theta increase during the repeated item 
presentation is related to recollection-related mechanisms 
(Gruber and Müller 2006), i.e. the encoding and retrieval 
of additional episodic information related to the repeated 
stimulus (Curran 1999). Interestingly, in our study, the theta 
amplitude decreases back to the level of the initial presenta-
tion in response to the third, fourth, and fifth appearance. 
Thus, it is unlikely to be a general correlate of repeated pres-
entation. If one assumes that theta is related to recollection-
related processes, it has to be concluded that further repeti-
tions do not trigger the encoding and retrieval of additional 
episodic information. Speculatively, the processing of the 
stimuli presented for a third time (or more often) might be 
accompanied by familiarity related mnemonic mechanisms, 
i.e. the automatic experience that a stimulus was observed 
before (for similar interpretations see, e.g. Burgess and Ali 
2002; Gruber and Müller 2006). It is important to note, 
even though our paradigm was not specifically designed 
to explore familiarity and recollection, as postulated in the 
dual process theory (Wixted 2007), the results so far point 
towards such a model. This explanation, a facilitation of pro-
cessing by reducing the amount of encoded and retrieved 
information, is underpinned by our reaction time data.

In line with our hypothesis, alpha activity was generally 
suppressed over occipital and parietal areas, as has been also 
reported in several prior visual task studies (e.g. Jokisch and 
Jensen 2007; Klimesch et al. 2007; for review see; Roux and 
Uhlhaas 2014). More specifically, we found a pattern similar 
to our behavioural results, i.e. a sharp alteration of alpha 
amplitudes from the second to the third presentation. The 
larger alpha suppression over left-parieto and occipital sites 
during the first two presentations might indicate a disinhibi-
tion of task-relevant areas (Roux and Uhlhaas 2014), since 
the task up to second presentation was relatively demanding. 

Starting with third presentation, we observed an increase 
in performance accompanied by a less pronounced alpha 
suppression.

This is in line with our proposed switching from explicit 
to implicit retrieval processing: as more features of an item 
are encoded and/or retrieved from memory during explicit 
retrieval, more neuronal areas/resources need to be involved, 
requiring reduced alpha suppression. During implicit 
retrieval, the process is a less resource intensive task, result-
ing in a relative lack of alpha suppression. One could of 
course argue, that repetition merely leads to a practice effect, 
i.e. a reduction of required resources with each repetition. 
The pattern we observed, relatively strong suppression for 
first two presentations followed by a strong one-time lessen-
ing of the suppression for the following presentations, stands 
in contrast to that notion: obviously, a practice effect should 
reveal a linear pattern, without any marked non-monotonous 
changes in the dependent variables. This does not exclude 
effects of task practice on the observed data.

As predicted, we observed an overall increase of gamma-
band activity over posterior sites, as has been reported in 
various studies (e.g. Hassler et al. 2013; Friese et al. 2012a, 
b). This posterior gamma-band activity seems to mirror the 
activation of a cortical object representation driven by vis-
ual perceptive input (Chaumon et al. 2009, Tallon-Baudry 
and Betrand 1999; Vidal et al. 2006). Interestingly, gamma 
amplitudes did not vary with item repetition. Thus, one 
might speculate that a similar cortical representation of an 
object is activated with each presentation. This stands in 
contrast to previous research claiming that item repetition 
is accompanied by repetition suppression, i.e. a reduction 
of neuronal responses elicited by repeated items (Wiggs 
and Martin 1998; Friese et al. 2012). One explanation for 
this phenomenon is the assumption that with each repetition 
less features of an object representation need to be activated 
to meet task demands. However, repetition suppression is 
primarily observed when the repetition of an item is task-
irrelevant and the processing of the repeated item is solely 
based on implicit mechanisms (cf. Gruber and Müller 2006). 
Based on the interpretation proposed above, i.e. from the 
third presentation onwards, our task might be solved by 
means of implicit mnemonic processes, one has to conclude 
that gamma suppression is not the sole neuronal correlate of 
this mechanism and a more complex interplay of processes 
is involved.

A likely candidate for the neural correlate of this com-
plex interplay is phase–amplitude coupling (PAC). PAC was 
found to be elevated at mid-frontal and at occipital sites. 
These topographical distributions are in line with prior 
research (e.g. Canolty et al. 2006 for frontal; Canolty and 
Knight 2010; Friese et al. 2013; Heusser et al. 2016 for 
occipital). As the changes in PAC show a different pattern 
for frontal compared to occipital sites, they possibly fulfill 
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different task-specific functions related to visual working 
memory (Canolty et al. 2006). This also fits the notion, that 
visual working memory in general is closely associated with 
activity in the prefrontal and posterior cortex (Xu 2017). In 
our study PAC at occipital sites was found to be elevated 
and insensitive to item repetition. This finding might mir-
ror a general mechanism of associative visual processing: 
when an object is presented, corresponding information 
is retrieved from prior established memory, signified by 
gamma activity and maintained via ongoing theta activity. 
This proposed process matches activated long-term memory, 
as defined in the embedded process model (Cowan 1999). In 
contrast, PAC at frontal sites shows a similar pattern to alpha 
activity and the behavioural results, i.e. a sharp alteration 
from second to third presentation. As PAC diminishes with 
third and ongoing presentation, the underlying processes 
seem to be unnecessary or, as PAC is still slightly elevated, 
at least demanded less to fulfil the task requirement during 
the third, fourth and fifth presentation of a stimulus. Most 
likely, this PAC represents coordination of frontal executive 
or mnemonic networks relevant in explicit mnemonic pro-
cessing, i.e. active matching of memory content with active 
perception content. After the second presentation, the need 
for this frontal executive network is diminished, as the task 
can be successfully solved with less resource-intensive pro-
cesses. This result, of two different PAC patterns at differ-
ent locations during one task, is further evidence, that PAC 
is a general neural process used for “transient coordination 
of local networks on short time scales” (Jensen and Colgin 
2007).

The FN400 and the LPC ERP components, i.e. conven-
tional markers of mnemonic processing, do not sufficiently 
mirror the complex interplay of cognitive function evident 
in the present experimental design. Both components were 
modulated in a linear fashion with the number of presenta-
tions. The interpretation of these results based on the litera-
ture is difficult, since in our design the filler items between 
two task-relevant repetitions were task-relevant as well. In 
our opinion, the most likely explanation is a simple repeti-
tion effect revealed in the ERPs.

Several other factors might have influenced our behav-
ioural and electrophysiological measures, namely perfor-
mance anxiety and reduction of task novelty. Increased per-
formance anxiety would most likely result in reduction of 
performance measurements (Johnson and Gronlund 2009), 
whereas reduction of task novelty, i.e. practice, most likely 
has positive effects on these measurements (Yonelinas 
2002). Both variables might influence brain oscillations. As 
we have neither assessed performance anxiety nor reduction 
of task novelty directly, we cannot assume these to affect 
every participant (or experiment block) equally. However, 
the expected direction of these influences goes in opposite 
direction reducing the likelihood of a systemic bias.

In conclusion, continuous item repetition, similar to the 
real-world experience of stimuli, requires the coordination 
of several underlying mnemonic processes. We observed 
changes in theta and alpha-band activity, as well as cou-
pling measures over frontal areas to mirror changes in 
response time over repeated presentations. This study was a 
first step in illuminating possible characteristics of memory 
mechanisms during multiple item repetition. We propose, a 
change from explicit-like to implicit-like mnemonic retrieval 
processes underlying the observed alterations in numerous 
oscillatory markers of brain activity: frontal theta-band 
activity could reflect general executive functions accom-
panying explicit and implicit retrieval processes; posterior 
alpha-band activity marks disinhibition of neural areas 
involved in attention towards memory traces. Posterior 
gamma-band activity signifies the activation of neuronal 
object representation. The coordinative and communicative 
demands of the involved neural networks during continuous 
memory are managed via phase–amplitude cross-frequency 
coupling in theta–gamma range.
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