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A B S T R A C T

The wake human brain constantly encodes novel information and integrates them into existing neuronal representations. It is posited that the formation of new
memory traces is orchestrated by the synchronization of neuronal activity in the theta rhythm (3–8 Hz), theta coupled gamma activity (40–120 Hz), and decreases in
the alpha rhythm (8–12 Hz). Critically, given the correlative nature of neurophysiological recordings, the functional relevance of oscillatory processes is not well
understood. Here, we experimentally enhanced memory formation processes by a rhythmic visual stimulation at an individual theta frequency, in contrast to the
stimulation at an individual alpha frequency. This memory entrainment effect was not explained by theta power per se, but was driven by a visually evoked theta-
gamma coupling pattern. This underlines the functional role of the theta rhythm and the theta-gamma neuronal code in human episodic memory. The entrain-
ment of mnemonic network mechanisms by a visual stimulation technique provides a proof of concept that visual pacemakers can entrain complex cognitive processes
in the wake human brain.
1. Introduction

To retain a coherent internal representation of the outer world, the
wake human brain constantly samples and integrates novel information
from the environment, accompanying perception (Cowan, 1988). The
rhythmic synchronization of neuronal activity within and across nerve
cell populations is posited to coordinate and integrate distributed pro-
cesses across the brain (Engel et al., 2001; Fries, 2015) and is assumed to
be a key mechanism underpinning perceptual processes (VanRullen,
2016) and the integration of novel experiences into existing neuronal
representations (Fell and Axmacher, 2011).

In the human brain, research has established a close association be-
tween the formation of novel memories with neuronal oscillatory activity
in the theta (3–8 Hz), alpha (8–12Hz), and gamma (40–120 Hz) fre-
quency (Friese et al., 2013; Klimesch, 1999; Osipova et al., 2006). Spe-
cifically, successful encoding of visual stimuli was marked by increases in
theta and gamma power and a decrease in alpha power (Uwe Friese et al.,
2013; Osipova et al., 2006).

Theta oscillations are proposed to serve the ordering and binding of
perceptual information, which are reflected in gamma synchronization
processes, forming a theta-gamma neuronal code (Lisman and Jensen,
2013). This is substantiated by theta-gamma phase-amplitude coupling
(PAC) processes in the human neocortex (Canolty et al., 2006), which
increase in cortical and medio-temporal networks during successful
memory encoding (Friese et al., 2013; Heusser et al., 2016; K€oster et al.,
2018; Staudigl and Hanslmayr, 2013). The theta-gamma code is assumed
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to facilitate the integration of perceptual information into existing net-
works (Buzs�aki, 1996), and to promote long-term potentiation processes
in the hippocampus (K€oster et al., 2018; Pavlides et al., 1988). Reduced
alpha oscillations during successful encoding may reflect visual percep-
tual and attentional gating processes (Jensen and Mazaheri, 2010; Kli-
mesch, 2012; K€oster et al., 2018).

Critically, empirical findings that fuel contemporary theoretical
models on distinct roles of neuronal theta, alpha and gamma oscillations
in memory encoding are foremost correlational. This is, oscillatory ac-
tivity observed in the human brain could be an epiphenomenon of
perceptual and mnemonic processes in neuronal networks (Buzsaki,
2004). There is first evidence that memory consolidation during sleep
can be experimentally enhanced by transcranial (Marshall et al., 2006) or
auditory stimulation (Ngo et al., 2013) of slow-wave delta oscillations
(0.5–2 Hz). In the wake human brain, transcranial alternating current
stimulation at the theta frequency (Vosskuhl et al., 2015) and with
theta-gamma stimulation protocols (Alekseichuk et al., 2016) were suc-
cessfully applied to enhance working memory capacity.

Regarding the encoding of visual stimuli, steady state visually evoked
potentials (SSVEPs) are a fruitful method to experimentally stimulate
neuronal oscillatory activity in the visual processing stream in a non-
invasive way. This is, visually flickering stimuli elicit steady state visu-
ally evoked potentials (SSVEPs), an oscillatory response of the visual
cortex at the specific frequency of the driving stimulus (Müller et al.,
2003), which can modulate cognitive processes (Bauer et al., 2009).
Importantly, a former study reported increased theta SSVEPs for
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unfamiliar stimuli and, conversely, higher alpha SSVEPs for familiar
stimuli (Kaspar et al., 2010). Furthermore, a recent audio-visual
entrainment study provided first evidence that the 4 Hz theta phase of
simultaneously presented auditory and visual stimuli is decisive for
associative memory formation (Clouter et al., 2017). However, the au-
thors did not further investigate the subsequent memory processes
associated with memory formation by audio-visual entrainment.

In the present study, we experimentally manipulated the memory
encoding process by a rhythmic visual stimulation at an individually
adjusted theta rhythm to selectively enhance the memory encoding, in
contrast to an individual alpha frequency, which may disrupt encoding.
Individual frequencies were determined based on spectral activity during
the encoding phase of a previous study (Friese et al., 2013). We further
presented static stimuli to estimate the difference in memory perfor-
mance for flickering and non-flickering stimuli. A scalp electroencepha-
logram (EEG) was recorded to test the oscillatory dynamics that predict
subsequent memory performance.

2. Materials and methods

2.1. Subjects

20 university students (19 females, Mage¼ 21.7, SDage¼ 3.6) volun-
tarily participated and received monetary reward or course credits. None
of the subjects reported any history of neurologic or psychiatric disorders
and all subjects had normal or corrected to normal visual acuity.
Informed consent was obtained from all subjects and the experimental
procedure agreed with the World Medical Association's Declaration of
Helsinki. All subjects who returned to the laboratory from the previous
study (20 of 26 subjects) were included in the analyses.

2.2. Experimental design

2.2.1. Individual frequency adjustment
We identified individual theta and alpha frequencies in the data of a

preceding study. Specifically, we reinvited the subjects who participated
in a previous subsequentmemory experiment, which is already published
(Friese et al., 2013). In this previous study we presented 300 colored
object pictures, presented for 2000ms, and subjects made living/-
nonliving judgements (see the original study for details on the experi-
mental design and data processing). The present study was conducted a
few weeks after the first study.

Because theta and alpha signals vary largely across individuals (Kli-
mesch, 1999), we selected individual frequencies on the basis of the grand
mean time-frequency characteristics of the encoding phase (i.e., the
spectral activity across all trials of all encoding conditions at frontal and
posterior electrodes, corrected by a 500ms pre-stimulus baseline). For
each participant, the individual theta frequency was defined as the peak
frequency between 3 and 8Hz and the individual alpha frequency was
defined as the trough frequency between 8 and 13Hz, namely the alpha
suppression after stimulus onset. The highest and lowest frequency was
identified in the respective frequency range, in the time window from 500
to 2000ms, to exclude event related activity. The mean individual fre-
quencies for the 20 subjects who returned to the lab for the main study
were 5.4Hz (SD¼ 1.1Hz) for theta and 10.2 Hz (SD¼ 1.7Hz) for alpha.
For consistency reasons, we also focused our analysis on the gamma range
reported in this previous study (Friese et al., 2013), peaking at 50–80Hz
over posterior electrodes. Note that we applied the same procedure to
identify individual frequencies in several previous publications (Friese
et al., 2013; K€oster et al., 2014, 2017a, 2017b, 2018).

2.2.2. Stimuli
The stimuli of the present experiment were 600 colored object pic-

tures (e.g. plants, animals, clothes, tools), taken from a standard library
(Hemera Photo Objects). Pictures were presented at the center of a 19 in.
computer screen at a visual angle of about 6.2� 6.2�.
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2.2.3. Procedure
During encoding subjects saw 450 objects, presented in one of three

conditions, in a within-subject design: individual theta, individual alpha,
or static, presented in an intermixed, randomized order. Frequency
stimulus allocations were counterbalanced across participants. In the
theta and alpha conditions, the object was presented at the individual
frequencies determined in the pre-study (see above) by controlling the
presentation at every refresh cycle of a 72 Hz CRT monitor (one refresh
cycle¼ 13.89ms). For example, to establish a flicker rate of 6 Hz, the
object was presented at a duty cycle of 6:6, i.e. six on and six off cycles.
Note that we adjusted the individual frequency by using the closest theta
and alpha frequency, which could be achieved with the 72 Hz monitor
(namely to: 3, 3.4, 4, 4.5, 5.1, 5.5, 6.0, 6.5, 7.2, 8.0, 9.0, 10.3, or 12.0 Hz).
Pictures presented statically were shown at any given duty cycle of the
CRT monitor and therefore at 72 Hz (on cycles only). Each picture was
presented for 3 s, following a black screen (1 s) and a white fixation dot
(variable duration of 0.5–1 s), ending at a full duty cycle.

To maintain attention high during the whole stimulus presentation,
subjects had to detect a magenta-colored dot that appeared for 111ms on
15% of the encoding trials at a random time and position (including
positions on the object) and respond as quickly as possible by a button
press. We analyzed the detection rates and reaction times in the dot
detection task (15 trials per stimulation condition) to explore potential
effects of the stimulation frequency on the attention of the subjects.

The retrieval phase followed a 15min filler task (solving simple math
equations). 405 pictures from encoding were randomly intermixed with
150 new stimuli. Objects were presented for 2 s and subjects judged
whether they would remember an object explicitly, with details from
encoding (“remember”), the object seemed familiar (“know”), or the
object was novel to them (“new”; i.e., remember/know paradigm,
Tulving, 1995).

2.3. Electroencephalographic (EEG) recording

2.3.1. Apparatus
The EEG was recorded from 128 active electrodes using a BioSemi

Active-Two amplifier system at 512Hz, in a electromagnetically-shielded
room. Two additional electrodes (CMS: Common Mode Sense and DRL:
Driven Right Leg; cf. http://www.biosemi.com/faq/cms&drl.htm)
served as reference and ground.

2.3.2. Preprocessing
EEG signals were band-pass filtered from 1Hz to 120Hz and

segmented into epochs from �1500ms to 4500ms, regarding the stim-
ulus onset. Eye-blinks and muscle artifacts were detected using an in-
dependent component procedure and removed after visual inspection.
Noisy trials were identified visually and discarded (approx. 5%–10%).
We applied a correction of saccade-related transient potentials (Hassler
et al., 2011) to remove artifacts caused by miniature eye-movements
(Yuval-Greenberg et al., 2008), before signals were re-referenced to the
average reference.

2.4. Statistical analyses

2.4.1. Behavioral analysis
Given the within-subject design, we compared the pure response rates

of the three stimulation conditions: subsequently remembered (SR),
subsequently known (SK), and subsequently forgotten (SF) responses.
Note that the response rates do not need to be corrected by false alarm
rates due to the within design (i.e., correcting all conditions by the false
alarm rate leads to the same within statistics). Our main comparison
relied on the SR and SF responses and the subsequent memory effect
(SME ¼ SR-SF) for the theta and the alpha stimulation.

Furthermore, we tested if inter individual differences in behavioral
performance would be explained by the theta or the alpha stimulation. In
order to obtain a single measure for the enhancement of memory
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Fig. 1. Study design and visual stimulation effects on subsequent memory performance. (A) Object pictures were presented at different stimulation frequencies;
individually adjusted theta (3–8 Hz), individually adjusted alpha (8–12 Hz), or static (non-flickering) during encoding. (B) Exemplary simulation protocol for the first
~400ms for a 6 Hz theta and a 9 Hz alpha frequency and static pictures. On and off protocols refer to the refresh cycles of a 72 Hz CRT monitor. (C) Subsequently
remembered (SR) and forgotten (SF) response rates are displayed (z-values used for the combined visualization). Each subject is represented by a green and a red dot.
Green dots above the 45� diagonal indicate subjects with a higher SR rate for theta, red dots below the diagonal indicate subjects with a higher SF rate for alpha. The
subsequent memory performance (SME ¼ SR - SF) was higher for theta, compared to alpha (p< .05, Cohen's d¼ 0.50). Note that the 45� diagonal indicates equal
response rates for theta and alpha stimulation and should not be confused with a regression line. (D) Topographies display the steady state visually evoked potentials
(SSVEPs) at the individual theta and alpha frequency. The gamma topography displays the 50–80 Hz activity accompanying theta and alpha SSVEPs. Values indicate
relative signal changes (RSC, 500–3000ms). Time-frequency plots display the spectral power at the topographical peak electrode. (E) Inter-individual differences in
the responsiveness to the visual stimulation (memory entrainment¼ theta SME – alpha SME) were explained by the participants theta SSVEP (r¼ 0.71, p< .001,
R2¼ 0.50), but not by alpha SSVEP (p¼ .697; not displayed).

M. K€oster et al. NeuroImage 188 (2019) 181–187
encoding by the theta compared to the alpha rhythm, we integrated the
behavioral performance into one composite score, namely a memory
entrainment effect (theta SME – alpha SME). To obtain a single measure
for the power and spread of the theta and alpha SSVEPs, we took the
mean of the SSVEP as a power measure (power at the peak electrode) and
the Shannon entropy on the SSVEP values across 128 electrodes as a
measure for the spread of the SSVEP signal (normalized from 0 to 1). Both
measures were z-transformed (due to the different scales) and integrated
into a single z-score.

2.4.2. Steady state visually evoked potentials (SSVEPs)
The main analyses focused on the SSVEPs elicited by the theta and

alpha stimulation. Specifically, the evoked spectral power was obtained
by Morlet's wavelets with approximately seven cycles at a resolution of
0.5 Hz for theta and alpha and a 2.0 Hz resolution in the gamma range.
We identified the individual theta and alpha peak SSVEP signals, based
on the grand mean spectral activity, and used the gamma range of
50–80 Hz, identified in the pre-study. Event-related changes for each
condition and frequency were then calculated as the relative signal
change of the post stimulus spectral activity, in percent, relative to �500
to �250ms baseline for low frequencies, and a �200 to 100ms baseline
for gamma (Cohen, 2014). For the analysis of theta and alpha SSVEPs as
well as the gamma power in the SSVEP conditions, the SSVEP grand
mean peak electrode of each condition was used (Fig. 2).
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2.4.3. Phase-amplitude coupling (PAC)
To assess PAC between the phase of both low frequencies, theta and

alpha, and the gamma amplitude (illustrated in Fig. 2B), the modulation
index (MI) (Tort et al., 2010) was calculated as described previously
(Friese et al., 2013; K€oster et al., 2014). Specifically, the theta and alpha
SSVEPs at the grand mean peak electrodes were filtered� 0.5 Hz around
the individual peak frequency, and the gamma signal was filtered be-
tween 50 and 80 Hz, at all 128 electrodes. The MI was then calculated
between the theta phase of the peak electrode in combination with the
gamma amplitude, separately for each electrode, for the 500–3000ms
time window. To verify that the MI effects were not explained by power
differences in the stimulated theta or the accompanying gamma rhythm,
we tested the correlation between peak theta and gamma power and the
average MI across all electrodes; MI and power values, split by partici-
pants and frequency conditions. With the same procedure and the same
electrodes, we tested theta-gamma PAC across a 40–120 Hz gamma
range, in 5 Hz steps, using a 20 Hz sliding window for the gamma fre-
quency, separated between conditions. The resulting MI value was
averaged across all electrodes. For a circular plot of the subsequent
memory differences (SR-SF) for gamma amplitudes, we z-standardized
the gamma amplitudes across the 18 bins for each participant and con-
dition. The SME difference (SR-SF) in standardized gamma amplitudes
was averaged over the left temporal peak electrodes of the MI difference
plot (Fig. 2B).



Fig. 2. Memory entrainment by theta-gamma coupling. (A) Bars indicate the theta SSVEP signal differences between subsequently remembered (SR), known (SK), and
forgotten (SF) items, at the SSVEP peak electrode (ANOVA: F [2, 38]¼ 6.41, p¼ .004). The topographical map illustrates the distribution of the inverse subsequent
memory effect (SME, SF> SR) across the scalp. Note that alpha SSVEP and gamma did not differ between conditions (SR, SK, SF; ps > .486, not displayed). *p < .05,
**p< .01. (B) The cartoon head illustrates theta-gamma phase-amplitude coupling, between individual theta rhythm and the 50–80 Hz gamma frequency range, as
assessed by the modulation index (MI). Bars display the mean differences in MI, averaged across all electrodes (F [2, 38]¼ 8.08, p< .001). The topographical map
displays the distribution of the SME (SR> SF) in theta-gamma PAC. Note that theta-gamma PAC was much higher than alpha-gamma PAC (p< .002; not displayed).
(C) Theta-gamma PAC across the 40–120 Hz gamma range. MI values indicate the mean PAC between gamma amplitude at each of 128 electrodes to the individual
SSVEP theta phase at the peak electrode. (D) The circular histogram displays subsequent memory differences (SR-SF) for z-standardized gamma amplitudes at the left
temporal peak electrodes of the MI difference plot.
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3. Results

3.1. Visual theta and alpha stimulation effect subsequent memory
performance

The stimulation at an individual theta frequency increased subse-
quent memory performance (SME ¼ SR-SF), compared to the alpha
stimulation, t (19)¼ 2.24, p¼ .037, Cohen's d¼ 0.50 (see Fig. 1C). This
was due to a higher number of subsequently remembered (SR) items in
the theta stimulation condition, compared to the alpha stimulation,
23.8% (SD¼ 16.9%) vs. 21.5% (SD¼ 15.7%), t (19)¼ 2.13, p¼ .046,
and a higher rate of subsequently forgotten (SF) items in the alpha
stimulation condition, compared to the theta stimulation, 47.4%
(SD¼ 16.9%) vs. 49.9% (SD¼ 16.7%), t [19]¼ 1.99, p¼ .062, by trend.
Pictures presented statically were remembered best (SR: 28.2%
[SD¼ 16.2%] and SF: 42.6% [SD¼ 16.6%]), with a higher SME
compared to the theta (t [19]¼ 4.15, p .001), and the alpha stimulation
(t [19]¼ 10.97, p .001). SR rates were below chance (i.e., 33.3%), but
markedly higher than the false alarm rate of 3.5% (SD¼ 4.7%), namely,
remember responses to novel stimuli, indicating guesses, all t
(19)> 6.02, p< .001. The stimulation condition did not affect the rates
of subsequent know (SK) responses (theta: 28.7% [SD¼ 10.3%], alpha:
28.6% [SD¼ 10.0%], static: 29.3% [SD¼ 9.6%]). All mean differences
for SR and SF were tested post hoc, following significant main effects and
interactions in the overall ANOVA (3 Conditions [theta, alpha, gamma] x
3 Responses [SR, SK, SF]) and the subsidiary ANOVAs for SR and SF
responses, all p< .001.

To test if the visual stimulation condition (theta, alpha, static)
affected participants’ attention processes during encoding, we tested for
differences in dot detection performance and reaction times. Overall
participants were highly attentive and detected on average 44.1 of 45
dots (97.9%), with no effect of the encoding condition, F (2, 38)¼ 1.30,
p¼ .273. However, reaction times were fastest in the alpha stimulation
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(M¼ 494ms, SD¼ 67ms), and the theta stimulation (M¼ 508ms,
SD¼ 54ms), compared to the static condition (M¼ 521ms, SD¼ 47ms),
F (2, 38)¼ 7.27, p¼ .005, both t (19)> 2.66, p< .016. Reaction times
were also marginally faster for the alpha compared to the theta stimu-
lation, t (19)¼ 1.91, p¼ .072. Thus it is unlikely that higher memory
performance for stimuli presented in theta compared to alpha, were due
to differences in attention or perception during encoding.
3.2. Participants’ responsiveness to the theta stimulation predicts memory
entrainment

The theta and the alpha stimulation elicited clear SSVEP signals over
the visual cortex, accompanied by increased gamma oscillations at pos-
terior recording sites, all t (19)> 3.11, all p .006 (Fig. 1D). The effect size
of the memory entrainment effect for theta compared to alpha was at an
intermediate level and not all participants responded equally well to the
visual stimulation (i.e., participants close to the 45� diagonal in Fig. 1C).
Thus, we tested if inter-individual differences in participants SSVEP brain
response to the visual stimulation would explain differences in the
memory entrainment effect. The memory entrainment effect (theta SME -
alpha SME) was clearly predicted by the power and spread of the theta
SSVEP, r¼ .71, p¼ .00043, R2¼ 0.50 (see Fig. 1E), but no relation was
found between the alpha SSVEP signal and the memory entrainment
effect, r¼ 0.09, p¼ .697. Thus, memory entrainment was driven by
memory enhancing effects of the theta stimulation, but not by disrupting
effects of the alpha stimulation.
3.3. Memory entrainment is driven by visually evoked theta-gamma phase-
amplitude coupling (PAC)

At the individual level, theta oscillations showed an inverse SME,
namely higher theta SSVEPs for SF, than SK, than SR items (Fig. 2A,
upper panel), F (2, 38)¼ 6.41, p¼ .004. This inverse SMEwas distributed
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across posterior, central and frontal regions (Fig. 2A, lower panel). The
memory enhancing effect of the theta stimulation was resolved by the
theta-gamma PAC analyses. We tested the coupling between the phase of
the individual theta SSVEP at the peak electrode with the 50–80 Hz
gamma amplitude (Fig. 2B) at all 128 electrodes. We found a clear SME,
namely higher theta-gamma PAC for SR, compared to SK, compared to SF
items, when tested across all electrodes, F (2, 38)¼ 8.08, p< .001. The
difference in theta-gamma PAC was highest at left temporal and centro-
frontal electrodes (Fig. 2B). In accordance with previous studies (Friese
et al., 2013; K€oster et al., 2014, 2018), neither theta nor gamma power
was correlated with the MI coupling magnitude (theta: r¼�0.209
p¼ .108; gamma: r¼�0.033 p¼ .803).

Further inspection of theta-gamma PAC revealed that the SME in
theta-gamma coupling was not restricted to the preselected gamma fre-
quency range (50–80Hz), and ranged from 40 to 120Hz (Fig. 2C). We
further looked at the critical theta phase of theta-gamma PAC for suc-
cessful memory encoding at left temporal recording sites. The gamma
amplitude difference (SR-SF), was specifically high at an early theta
phase (0�

–90�), corresponding to the onset of the flickering stimulus, but
lower towards the offset of the flickering stimulus (120�–210�; Fig. 2D).

No differences between encoding conditions (SR, SK, SF) were found
for the alpha SSVEPs, F (2, 38)¼ 0.74, p¼ .486. Furthermore, the gamma
power accompanying the SSVEP conditions (displayed in Fig. 1C), did
not differ between conditions, when tested in an ANOVA with all sub-
sequent responses (SR, SK, SF) and both SSVEP conditions (theta and
alpha), all ps> .634, for all main effects and interactions. In addition,
across all conditions and all electrodes, theta-gamma PAC was much
higher than alpha-gamma PAC, t (19)¼ 3.53, p¼ .002. Thus, neither the
alpha SSVEPs nor the accompanying gamma power as such differed be-
tween encoding conditions. Also, rehearse that inter-individual differ-
ences in memory entrainment were driven by the theta SSVEP, but not by
the alpha SSVEP (see above). Because of this, the encoding activity was
not further analyzed or visualized in more detail for these conditions.

4. Discussion

By entraining neuronal oscillatory activity using rhythmic visual
brain stimulation, this study substantiates a functional role of the theta
rhythm and provides further evidence for the theta-gamma neuronal
code in human episodic memory processes (Lisman and Jensen, 2013).
Specifically, subsequent memory performance was higher for a visual
stimulation at an individual theta frequency, compared to a stimulation
at an individual alpha frequency. This memory entrainment effect was
strongest for participants with a high SSVEP response to the theta stim-
ulation, indicating that memory entrainment was due to the visual
stimulation at the theta rhythm. However, at the individual level, sub-
sequent memory performance was not explained by the theta SSVEP per
se, but was driven by theta-gamma PAC entrained by the theta stimula-
tion. More generally, these results demonstrate that simplistic external
pacemakers can stimulate rhythmic processes in the wake human brain
and thereby entrain complex cognitive functions, such as memory.

In the theta power we found a positive effect on memory entrainment
for participants SSVEP response to the theta stimulation, but an inverse
SME (SR< SM) at the individual level. The latter result contradicts
former findings of higher theta power during memory processes in
studies analyzing non-individualized frequency ranges (Backus et al.,
2016; Hanslmayr et al., 2009; Osipova et al., 2006; Sederberg et al.,
2003) and using individual theta frequencies (Friese et al., 2013; K€oster
et al., 2017b; K€oster et al., 2018). However, recently a number of studies
using non-individualized frequency ranges has also revealed lower theta
power for successful encoding (Burke et al., 2013; Greenberg et al., 2015;
Griffiths et al., 2016). Critically, the SME in theta-gamma PAC pattern
was in the expected direction (SR> SM). Thus, theta SSVEP power be-
tween participants may rather indicate if the stimulation was effective
(i.e., eliciting resonant activity in neuronal networks, possibly due to a
well-adjusted individual frequency), but it was then not the power as
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such, which entrained memory, but the specific theta-gamma dynamics
elicited by theta SSVEP. This is in line with recent suggestions that the
temporal structure, which the theta rhythm provides is decisive for
memory binding, rather than the theta power by itself (Berens and
Horner, 2017; cf. Clouter et al., 2017).

The alpha SSVEP stimulation was associated with a lower memory
performance, compared to the theta stimulation. However, the alpha
SSVEP signal did not explain inter-individual differences in memory
entrainment and did not differ between encoding conditions (SR, SK, SF).
Thus, the alpha SSVEP stimulation was unspecific compared to the
visually entrained theta rhythm and theta-gamma PAC pattern. This
dissociation between the theta and the alpha rhythm is in line with recent
findings on the phase synchronization of theta but not alpha (nor delta)
oscillations for associative memory formation (Clouter et al., 2017;
K€oster et al., 2018). As could have been expected, non-flickering stimuli
were remembered best: This may either be due to the physically longer
presentation time (no off frames), or simply because, in the absence of
external stimulation, the brain could more flexibly adjust its rhythmicity.
Yet another possibility would be that entrained 72 Hz, the frequency of
the monitor, may have contributed to encoding. However, the present
design does not allow to disentangle these possibilities. Additionally, the
major part of the participants in the present study were female students.
It would be favorable to replicate the findings with more heterogeneous
age and gender characteristics.

The theta (3–8 Hz) versus alpha (8–12 Hz) pace of the stimulus pre-
sentation may modulate memory encoding via attention and perception
processes. The analysis of accuracy and response times in the dot
detection task (15% of the trials), substantiates that subjects were highly
attentive for the whole 3 s time window of the stimulus presentation and
that their level of attention did not differ between the theta and the alpha
stimulation conditon. Furthermore, a recent audio-visual entrainment
study, which also reports beneficial effects of a theta stimulation on
memory encoding (Clouter et al., 2017), also controlled for a lower delta
(1.7 Hz) frequency. Thus, perceptual stimulation effects in the theta
rhythm are not explained by low level differences in attention or simply
by a slower vs. faster stimulation speed. As a critical addition, recording a
high-density EEG, we could here identify neuronal dynamics entrained
by the theta stimulation that predicted subsequent memory and which
cannot be due to differences between the encoding conditions. Overall,
these results further underline the entrainment account of perceptual
theta stimulation techniques. Yet, entrained theta oscillations may
facilitate memory encoding process via rhythmical perceptual dynamics
that act in concert with memory encoding processes. This would be in
line with common conceptions of perception and memory as embedded
processes (Cowan, 1988; Craik and Lockhart, 1972) and recent studies
that highlight the role of the theta rhythm in perceptual sampling
(Landau et al., 2015; Lowet et al., 2016; Spyropoulos et al., 2018; Hel-
frich et al., 2018), discussed in more detail below.

Importantly, we could pinpoint a subsequent memory effect for
gamma oscillations that were coupled to the entrained theta rhythm,
with higher theta-gamma PAC for later remembered stimuli. At the same
time, we found an inverse SME in theta power and no SME in gamma
power. Furthermore, like in former studies (Friese et al., 2013; K€oster
et al., 2014, 2018), neither theta nor gamma power was correlated with
the MI magnitude. Thus, the theta-gamma PAC effects reported here,
were not confounded with power differences in the theta or gamma
amplitude. While time-varying input may effect PAC results (Aru et al.,
2015), this could not explain the differences in PAC within the theta
stimulation condition (e.g., SR vs. SF), because the time varying inputs
were identical for all trials within conditions.

Theta oscillations in the cerebral cortex are associated with mne-
monic control processes, the ordering and binding of perceptual infor-
mation, reflected in gamma oscillations, which are nested in the theta
phase (Bahramisharif et al., 2017; Heusser et al., 2016; K€oster et al.,
2017b; K€oster et al., 2018; Lisman and Jensen, 2013). In line with this
idea, we found a strong subsequent memory effect in theta-gamma PAC
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and the theta stimulation selectively improved context-dependent,
associative memories (SR, “remember” responses), but not familiarity
based memory processes (SK, “know” responses) (Tulving, 1995). How-
ever, while the theta rhythm is ascribed a prefrontal and medio-temporal
control function (Anderson et al., 2010; Backus et al., 2016; Buzs�aki,
1996), the present study adds to recent evidence for a bottom-up
mechanism of the theta-gamma code in the visual cortical networks
(Landau et al., 2015; Lowet et al., 2016), and a specific role of the theta
rhythm in perceptual sampling (Spyropoulos et al., 2018; Helfrich et al.,
2018). Speculatively, the prefrontal and medio-temporal system, in
concert with the oculomotor and the visual system may implement a
mnemonic sampling loop. Novel perceptual information, reflected in
gamma bursts, may be sampled bit by bit, at a theta pace (Fries, 2015;
VanRullen, 2016), in order to integrate them into existing neuronal
networks and to establish a continuous update of internal representations
of the external world (Buzs�aki, 1996). Specifically, theta-gamma PAC
may map real time events onto a neuronal time scale, to provide an
optimal temporal code for long-term potentiation processes in the medial
temporal lobe (Pavlides et al., 1988), the core system for episodic
memories (Squire and Zola-morgan, 1991), to establish a coherent rep-
resentation of time and space (Eichenbaum, 2017).

To conclude, this is the first study to demonstrate that rhythmic visual
brain stimulation can entrain complex cognitive functions, such as
memory encoding, in the wake human brain. Specifically, memory
entrainment was explained by participants’ responsiveness to a visual
stimulation at a theta pace and the present findings support the critical
role of theta-gamma coupling as key mechanism in memory formation.
More generally, the present findings show how visual stimulation tech-
niques open up new ways for the selective enhancement and the inves-
tigation of functional mechanisms that underpin human cognition.
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