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The application of transcranial slow oscillation stimulation (tSOS;
0.75 Hz) was previously shown to enhance widespread endoge-
nous EEG slow oscillatory activity when applied during a sleep
period characterized by emerging endogenous slow oscillatory
activity. Processes of memory consolidation typically occurring
during this state of sleep were also enhanced. Here, we show that
the same tSOS applied in the waking brain also induced an increase
in endogenous EEG slow oscillations (0.4–1.2 Hz), although in a
topographically restricted fashion. Applied during wakefulness
tSOS, additionally, resulted in a marked and widespread increase
in EEG theta (4–8 Hz) activity. During wake, tSOS did not enhance
consolidation of memories when applied after learning, but im-
proved encoding of hippocampus-dependent memories when ap-
plied during learning. We conclude that the EEG frequency and
related memory processes induced by tSOS critically depend on
brain state. In response to tSOS during wakefulness the brain
transposes stimulation by responding preferentially with theta
oscillations and facilitated encoding.

transcranial slow oscillation stimulation � sleep � plasticity � cortex �
tDCS (transcranial direct current stimulation)

The formation of long-term memories encompasses the stages
of encoding and subsequent consolidation, which are linked

to separate brain states. Whereas encoding takes place during
wakefulness and, for hippocampus-dependent declarative mem-
ories, is associated with increased EEG theta activity (1–7),
consolidation of such memories appears to be most effectively
established ‘‘off line’’ during slow wave sleep (SWS) (8–10), a
state that is closely linked to the appearance of EEG slow
oscillations (11–13). Slow oscillations are global up and down
states of neocortical activity with a peak frequency of �0.75 Hz
in humans (11–16). A recent study using anodal transcranial slow
oscillation stimulation (tSOS) at 0.75 Hz (17) to induce slow
oscillatory activity in underlying neocortical tissue during non-
rapid eye movement sleep in healthy humans provided direct
evidence for a causative role of slow oscillation potential fields
for the consolidation of hippocampus-dependent memories. In
contrast, application of anodal transcranial oscillatory stimula-
tion at theta frequency (5 Hz) failed to produce these effects.
Thus, the study demonstrated one possible mechanism through
which declarative memory consolidation during sleep is coupled
to the endogenously generated slow oscillations characterizing
SWS (18).

The objective of the present study was to test whether tSOS
induced slow oscillations reflect a mechanism for memory
consolidation that is specific for SWS, or whether induced slow
oscillatory activity may also subserve memory during wakeful-
ness. One hypothesis is that externally imposed neural dynamics
resemble endogenous activity during SWS and may activate
processes that internally support memory consolidation beyond
sleep. Alternatively, the enhancing effect of tSOS and associated
EEG changes on memory consolidation may depend on the

functional brain state (19). In a series of experiments during
wake, we tested whether tSOS would influence the generation of
slow oscillations in the waking brain and likewise improve
memory consolidation. The associated changes in EEG activity
were taken as a measure of the preparedness of the brain to
resonate in a certain frequency.

Results
Transcranial SOS During Quiet Wake Produces a Local Increase in Slow
Oscillations and Widespread Increase in Theta and Beta EEG Activities.
In Exp. 1 (Fig. S1), tSOS (at 0.75 Hz) induced distinct changes
in EEG activity (as assessed during the 1-min stimulation-free
intervals after each of the 5-min intervals of stimulation). EEG
power in the slow oscillation frequency band (0.4–1.2 Hz) was
distinctly increased; however, clearly restricted to the electrode
sites closest to the location of the stimulating electrodes, i.e., at
the frontal leads F7, Fz, and F8 (stimulation � lead: F10,150 �
4.03, P � 0.01; P � 0.05 for post hoc comparisons at respective
electrode sites) (Figs. 1A and 3A). Also, the effect seemed to
decrease already at the 5th stimulation period (Fig. 1C). Stim-
ulation produced a most pronounced increase in power in the
theta frequency band (4–8 Hz; stimulation: F1,15 � 34.45, P �
0.001; Figs. 1B and 3A). Notably, these effects were equally
distributed across electrode sites (stimulation � lead: F10,150 �
0.73, P � 0.5). Transcranial SOS also increased beta activity
(15–25 Hz, stimulation: F1,15 � 21.47, P � 0.001) (Fig. 3A). For
frontal slow oscillation activity, theta and beta frequencies,
power was specifically increased during the 1-min stimulation-
free intervals after the five stimulation intervals, but not at 30 or
60 min after the stimulation period (stimulation � time: frontal
slow oscillation, F7,105 � 1.99, P � 0.11; theta, F7,105 � 10.18, P �
0.001; beta, F7,105 � 4.89, P � 0.005) (Fig. 1 C and D; Fig. S2).
All other frequency bands (i.e., delta, slow and fast alpha) were
not consistently influenced.

Transcranial SOS During Quiet Wake Does Not Consolidate Memories.
Performance at learning was comparable between conditions for
the four memory tasks [verbal paired-associate learning, non-
verbal paired-associate learning, mirror tracing, and finger se-
quence tapping (P � 0.4; Table 1)]. Retention of these memories
across the 7-h wake interval was not affected by tSOS, as
expressed by the differences in performance at retrieval testing
and learning (P � 0.3), except for a trend toward enhanced
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mirror tracing speed after stimulation (stimulation � time:
F1,15 � 4.17, P � 0.06). Performance changes independent of
stimulation are reported in SI Results. Control measures of
working memory and retrieval function (digit span, word fluency
tests), self- reported mood, and activation also did not differ
between conditions (P � 0.1; Table S1).

Improved Encoding of Verbal Memory by tSOS Applied During Learn-
ing. Experiment 2 (Fig. 1B) was performed to explore the
functional significance of changes in EEG activity after electrical
tSOS, which revealed a particularly prominent increase in theta
and beta EEG activity. These EEG frequencies are closely linked
to explicit encoding of hippocampus-dependent memories (2, 3,
6, 7). We tested effects of tSOS applied as in Exp. 1, but this time
while subjects engaged in encoding of declarative tasks.

Encoding performance on the Verbal Learning and Memory
Test (VLMT) was increased significantly by tSOS, mainly during

later presentation of the list and during free recall after the
interference list (IL) (stimulation: F1,11 � 5.49, P � 0.05) (Fig.
2). In particular, immediate free recalls of the standard list on the
5th and on the 6th trials (the latter after presentation of the IL)
were significantly improved by tSOS compared with sham
(F1,11 � 6.22, P � 0.03). In light of recent findings (20, 21) of
effects of transcranial stimulation on the rate of false memories,
we analyzed aside from total errors also the number of falsely
recalled words (i.e., words not in the standard list), preservation
type (repetitions) errors, and accuracy (ratio of total correct
words by total cited words), but did not find any differences
between the sham and tSOS conditions (each P � 0.1) (Table 2;
Table S2). Recognition performance on the number list learning
task was not sensitive to tSOS (F1,11 � 0.74, P � 0.41) (Table 2),
supporting other studies on differential mechanisms underlying
free-recall and recognition (22–24). Control measures of work-
ing memory, vigilance, and alertness [digit span, Positive and
Negative Affect Schedule (PANAS), Stanford Sleepiness Scale]
were not changed by tSOS (P � 0.2) (Table 2; Fig. S1).

Common EEG Effects Are Produced by tSOS in Attentive and Quiet
Wakefulness. The Supplementary experiment was performed to
assure that EEG changes induced by tSOS during attentive
wakefulness, i.e., during encoding of declarative memories in
Exp. 2, were comparable with those revealed during quiet
wakefulness in Exp. 1. Indeed, like during quiet wakefulness,
tSOS during learning of word lists induced a significant increase
in slow oscillation power (0.4–1.2 Hz) during the 1-min intervals

Fig. 1. Topographical distribution and changes over time in EEG spectral
power in Exp. 1. (A and B) Topographical distribution of averaged EEG power
(�SEM) across the 1-min stimulation-free intervals after the five 5-min inter-
vals of stimulation in the slow oscillation (0.4–1.2 Hz) (A), and theta (4–8 Hz)
frequency band (B). (C and D) EEG spectral power across the five 1-min
intervals immediately succeeding the stimulation intervals and 30 and 60 min
after termination of stimulation in the slow oscillation band at prefrontal
locations, i.e., averaged across F7, Fz, and F8 (stimulation � time: F7,105 � 4.82,
P � 0.01) (C), and theta band (F7,105 � 7.17, P � 0.001) (D). **, P � 0.01; *, P �
0.05; t, P � 0.1 (t Test) for comparisons between the stimulation and sham
condition (n � 16).

Table 1. Performance during learning and retention of memories during sham and stimulation sessions (n � 16; mean � SEM)

Memory task

Learning Retention

Sham Stimulation Sham Stimulation

Verbal paired-associates (recalled word-pairs) 41.31 � 0.76 42.18 � 0.81 �0.5 � 0.82 �0.56 � 0.92
Non-verbal paired-associates (recalled drawing-pairs) 11.13 � 0.27 11.44 � 0.42 �0.75 � 0.53 �1.44 � 0.56
Sequence tapping-speed (no. of sequences) 18.79 � 1.53 18.21 � 1.18 1.52 � 0.38 2.10 � 1.08
Sequence tapping-accuracy (no. of errors) 0.81 � 0.16 1.02 � 0.22 0.4 � 0.38 0.01 � 0.34
Mirror tracing-speed (s) 78.37 � 4.53 80.80 � 4.80 �9.86 � 2.16 �16.81 � 2.51
Mirror tracing-accuracy (no. of errors) 22.78 � 3.06 23.56 � 2.71 5.69 � 1.67 6.84 � 3.36

Retention is defined by the difference in performance at retrieval testing minus performance at learning. There were no significant differences in retention
between the stimulation and sham condition.

Fig. 2. Learning performance on the VLMT. Number of words recalled on the
five learning trials on the standard list (R1-R5), the IL, and at immediate recall
(R6) of the standard list. Encoding performance on the VLMT was significantly
increased during tSOS (F1,11 � 5.49, P � 0.05) especially during the later
presentations of the standard list. *, P � 0.05 for post hoc comparisons
between the stimulation and sham condition (n � 12).
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after each of the five stimulation intervals, with this increase
again restricted to sites closest to the stimulating electrodes, i.e.,
at frontal locations F7, Fz, and F8 (stimulation � lead: F10,120 �
2.49, P � 0.05; P � 0.05 for post hoc comparisons at these leads)
(Fig. 3B). Notably, tSOS was also accompanied by a prominent
and widespread increase in theta (4–8 Hz) activity distributed
almost equally across electrode sites (stimulation main effect:
F1,12 � 12.71, P � 0.005; Fig. 3B) (stimulation � lead: F10,120 �
2.10, P � 0.05). During attentive wakefulness, tSOS did not
modify beta activity (15–25 Hz; stimulation: F1,12 � 0.32, P �
0.5). Both slow oscillation power and theta band activity were
increased only during the five stimulation-free intervals, but not
at 30 or 60 min after the stimulation period (stimulation � time,
frontal slow oscillation, F7,84 � 1.84, P � 0.1, theta, F7,84 � 7.82,
P � 0.001) (data not shown). All other frequency bands were not
significantly influenced.

Discussion
The application of tSOS during a wake retention interval (i)
enhanced frontal EEG slow oscillation activity, but was other-
wise associated with distinctly different effects than those ob-
served previously after tSOS during sleep (18); (ii) tSOS during
quiet and attentive wakefulness enhanced global activity in the
theta (4–8 Hz) frequency band [beta activity (15–25 Hz) was
additionally enhanced during quiet wakefulness]; (iii) retention
of declarative memories during the wake retention interval was
not improved; (iv) instead, tSOS during the process of encoding
improved learning performance as assessed by immediate recall
of words learned in the presence of stimulation. Our findings
indicate that the effects of tSOS on memory function critically
depend on the functional brain state (19, 25). The presence of
slowly oscillating potential fields restricted to prefrontal cortical
tissue does not support memory consolidation beyond sleep.
Instead, tSOS during wakefulness promotes memory encoding
presumably by globally increasing theta EEG oscillations.

Increased EEG Slow Oscillation Activity. The ability of tSOS to
enhance slow oscillatory activity even during wakefulness in the
prefrontal cortex, which is the preferential source of the endog-
enous sleep slow oscillation (26, 27), may indicate increased
frontocortical susceptibility to electric field fluctuations in this
frequency. It has been suggested that the initiation of the slow
oscillation results from a focus of increased excitability arising
from the coincidence of spontaneously occurring miniature
depolarizing events (28). This activity may then spread to
neighboring neurons; thus, incorporating previously silent cells
into an emergent oscillating network. Our tSOS appears suffi-
cient to induce an avalanche response measurable during a short
time period in the immediate aftermath of stimulation.

The amplitude of the slow oscillations is thought to reflect
global synaptic strength in underlying circuitry with stronger
synaptic connectivity resulting in enhanced oscillations with
steeper wave slopes (29–31). Global synaptic strength in under-
lying cortical networks may be low in the beginning of the wake
phase, i.e., the time the experiments were conducted, in com-
parison with conditions in the evening when synaptic potentia-
tion has accumulated over the day (32). On this background, the
stimulation-induced increase in slow oscillation activity would be

Table 2. Performance measures in experiment 2 (n � 12;
mean � SEM)

Test Sham Stimulation

VLMT, errors
R1 (standard list) 0.33 � 0.19 0.17 � 0.11
R2 0.83 � 0.24 0.33 � 0.14
R3 0.92 � 0.31 0.42 � 0.19
R4 0.58 � 0.26 0.92 � 0.34
R5 0.58 � 0.26 0.33 � 0.19
IL 0.17 � 0.11 0.67 � 0.36
R6 0.33 � 0.26 0.17 � 0.11
Delayed recall 0.75 � 0.28 0.33 � 0.14

No. list learning, recognized nos.
List 1, nos.; % 83.6 � 3.1 82.6 � 3.1
List 2, nos.; % 83.3 � 2.7 79.9 � 4.7

Psychometric tests
Digit span forward (digits) 8.16 � 0.60 8.92 � 0.69
Digit span backward (digits) 7.58 � 0.62 8.00 � 0.79

Control tests, before learning
Stanford Sleepiness Scale 2.25 � 0.21 2.08 � 0.34
PANAS, positive score 4.61 � 0.68 4.82 � 0.82
PANAS, negative score 2.88 � 0.56 3.02 � 0.62

Control tests, after learning
Stanford Sleepiness Scale 2.25 � 0.30 2.08 � 0.33
PANAS, positive score 4.21 � 0.51 4.57 � 0.65
PANAS, negative score 2.46 � 0.40 3.06 � 0.64

For all measures, sham vs. stimulation comparisons were nonsignificant.

Fig. 3. Comparative changes in EEG spectral power. tSOS (at 0.75 Hz) induced
changes in subsequent EEG spectral power during quiet (A) and attentive (B)
wakefulness. EEG power spectra are averages across the five 1-min stimula-
tion-free intervals after the 5-min periods of stimulation and sham stimula-
tion. During quiet wakefulness (Exp. 1, n � 16) and attentive wakefulness
(supplementary experiment, n � 13), stimulation enhanced EEG power in the
slow oscillation band (0.4–1.2 Hz) at prefrontal electrode sites, i.e., averged
across F7, Fz, and F8 (Upper), but not at centro-parietal sites, i.e., across C3,Cz,
C4, P3, Pz, and P4 (stimulation � lead: F10,120 � 2.44, P � 0.05, and F10,150 � 4.03,
P � 0.01, respectively) (Lower). EEG power in the theta band (4–8 Hz) was
enhanced over all recording sites (stimulation: A, F1,12 � 15.44, P � 0.005 and
B, F1,15 � 12.85, P � 0.005, respectively). Stimulation during quiet wakefulness
was additionally associated with a widespread change in beta band activity
(15–25 Hz, stimulation: B, F1,15 � 21.47, P � 0.003). (Insets) Magnified changes
in the 0.5–3 Hz range. Hatched areas indicate frequency bands significantly
(P � 0.05) modified by tSOS.

15462 � www.pnas.org�cgi�doi�10.1073�pnas.0904438106 Kirov et al.



expected to be more pronounced after prolonged waking. This
time effect, together with a generally increased inhibitory level
of neocortical networks during the wake state, could also explain
that the tSOS induced increase in endogenous slow oscillation
activity was not only less pronounced, but also topographically
more restricted to prefrontal cortical areas here than observed
after tSOS applied during sleep (18).

Increased EEG Theta Activity and Improved Encoding. Transcranial
SOS during waking enhanced encoding rather than consolida-
tion of declarative memories, and this effect was associated with
a widespread increase in EEG theta activity, but only a restricted
increase in slow oscillation activity. Why was specifically theta
oscillation enhanced by tSOS and not, for example, alpha activity
dominant during quiet wakefulness (33)? One simple reason may
be that during quiet wakefulness, alpha activity has a posterior
focus that was less affected by tSOS location over the dorsolat-
eral prefrontal cortex than EEG theta activity for which a
prefrontal current source has been estimated (34). A preferred
coupling between slowly oscillating potential fields �0.75 Hz and
oscillations at theta frequency may, however, reflect a basic
functional relationship between the cortical networks underlying
these oscillatory frequencies. Spontaneous slow oscillatory EEG
activity emerges on a global scale at the transition into SWS,
whereby theta activity prevails in the active waking state. Based
on the correlation between EEG theta activity in waking and
slow wave activity in sleep, it has been proposed that both
oscillations are markers of a common homeostatic sleep process
(35, 36). Neocortical slow oscillatory and hippocampal theta
activity are also proposed to have complementary roles in the
coupling of neocortical and hippocampal systems during hip-
pocampus-dependent memory formation: Whereas theta is
functionally related to working memory processes that enable
the explicit encoding of episodic memories during active wake-
fulness, slow oscillations during SWS reveal a distinct grouping
influence on hippocampal sharp-wave ripples and an associated
neuronal replay of memory representations, which is thought to
promote the redistribution of these representations to neocor-
tical networks for long-term storage (9, 37–40). The generation
of neocortical EEG slow oscillations depends at least partially on
prior use of the same networks during encoding (11, 12, 41).
Thus, in prefrontal-hippocampal networks involved in the for-
mation of hippocampus-dependent memories, theta activity
critical to explicit encoding in the waking brain may translate into
slow oscillation activity during SWS, supporting the consolida-
tion of these memories. However, the cellular mechanisms
involved in the induction by tSOS of enhanced theta and, to a
lesser extent, beta frequency activity and the wide-spread nature
of these responses are presently unclear. The dependence of the
theta enhancement by tSOS on the waking as opposed to the
sleeping state points toward the relevance of a general increase
in network excitability conveyed, among others, by increased
cholinergic tone (42, 43). Increased network excitability might
have been additionally promoted by the anodal component of
tSOS.

A large body of data on performance-related EEG (and
MEG) theta activity in rodents and humans has indicated its
involvement in various aspects of memory processing, as well as
in working memory, attention, and motivation-related functions
(44, 45). In humans, in relation to episodic memory, enhanced
EEG theta power and/or coherence have mostly been reported
during encoding, but also during retrieval of verbal and spatial
memories (3, 6, 7, 15, 46–48). During spatial navigation, theta
activity increased with maze length, whereas at difficult maze
junction, gamma rather than theta band activity was increased
(48, 49), suggesting a permissive attention-related role for theta
activity, whereas gamma activity (which for technical reasons
was not measured here) more directly relates to the encoding

and retrieval of specific information. On this background, the
improved encoding performance observed here during tSOS is
well in line with reported EEG theta enhancement in association
with increased sustained attentional processes and working
memory demands, although a more immediate contribution to
the encoding process cannot be ruled out. A closer relation of
theta activity to attentional aspects of stimulus processing might
also explain why the overall moderate size of the tSOS effect on
encoding became more robust for the last repetitions of the word
list. The effect size might furthermore be related to the fact that
our subjects were healthy university students showing optimum
encoding capabilities under sham conditions.

Of note, the encoding improvement by stimulation was ob-
served primarily for free recall measures (of the VLMT), but not
for recognition measures (number recognition task). Unlike
recognition, free recall requires the subject to generate his own
retrieval cues and, hence, profits particularly from a high level of
integration of an acquired memory representations into preex-
isting knowledge networks (24). Thus, tSOS enhancing later free
recall, but not recognition may improve encoding efficiency
primarily by increasing associative connectivity of acquired
representations rather than by increasing the strength of asso-
ciations per se. This view is also consistent with the concept of
EEG theta oscillations during waking reflecting long-range
cortical network activity (49). Increased associative connectivity
as measured by long-range theta coherence during working
memory and encoding tasks has been reported between pre-
frontal and temporoparietal neocortical regions (1, 4, 34, 48),
and is interpreted as a functional binding of widely distributed
cortical assemblies (49–51). Enhanced associative connectivity
has likewise been observed between hippocampus and occipital-
temporal neocortex using the same encoding paradigm as used
in the present study (52). However, it has to be emphasized that
these previous studies were all correlative in nature, not exclud-
ing that theta activity represents a mere epiphenomenon of task
performance. By contrast, here, EEG theta activity was in-
creased by electrical stimulation independent of the subject’s
engagement in any task performance, providing evidence in
humans for a functional significance of the EEG theta rhythm in
facilitating processes of encoding (53). On this background, the
finding of enhanced verbal encoding after tSOS provides strong
evidence for a functional role of theta oscillations in the encod-
ing of hippocampus-dependent memories.

In conclusion, the present study contributes essentially to the
debate on the functional relevance of EEG oscillatory activity
(54). Our findings support the concept that neocortical EEG
theta activity is not merely an epiphenomenon of activity
subserving sustained attention and encoding, but that cortical
networks oscillating in theta frequency range are functionally
relevant. Also, a physiological link between potential fields and
networks oscillating at slow oscillation and theta frequencies is
implicated.

Methods
Subjects and General Procedure. Twenty-eight subjects (19 to 35 years), all
native German speakers, nonsmokers, medication-free, and of comparable
education level (students or highly educated professionals) participated in
two main experiments after having given informed written consent. Presence
or history of epilepsy, paroxysms, cognitive impairments, mental, hormonal,
metabolic, circulatory disorders, or sleep disturbances formed the exclusion
criteria. The experimental protocol was approved by the ethics committee of
the University of Lübeck.

For all experiments, subjects were first introduced to the experimental
setup. They were asked to sit relaxed in a chair in a sound-attenuated room
with dimmed light and a PC monitor. The experiments proper consisted each
of a stimulation condition and a sham stimulation condition, separated by an
interval of at least 10 days and balanced in order across subjects. Sixteen
subjects (nine female, seven male), mean age 23.8 � 4.3 years (range: 19.4–
34.7 years) participated in Exp. 1, and 12 subjects (nine female, three male),
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mean age of 23.8 � 2.2 years (range 20.6–27.5 years) in Exp. 2. Thirteen
subjects (six female, seven male; mean age of 24.08 � 2.69 years; range
19.6–27.2 years) participated in a supplementary experiment.

tSOS. Transcranial SOS was identical to that described previously by Marshall
et al. (17, 18). Stimulation current fluctuated between 0 and 260 �A, with 0.33
s-on/0.33 s-off periods, and rising and falling slopes of 0.33 s; thus, resulting in
a 0.75-Hz oscillating stimulation (tSOS). Anodal electrodes (8-mm diameter)
were positioned bilaterally at fronto-lateral locations (F3 and F4) according to
the international 10–20 system, with reference electrodes placed at both
mastoids. Electrode resistance was �2 kOhm. The estimated maximum current
density at the stimulating electrodes corresponded to 0.517 mA/cm2. Pilot
experiments and postexperimental debriefing of subjects assured that stim-
ulation was not felt by the subjects so that they were completely unaware of
being stimulated or not. Stimulation consisted of five 5-min epochs of stim-
ulation separated by 1-min stimulation-free intervals. In the sham sessions,
electrodes were positioned on the scalp as in the stimulation sessions, but the
stimulator remained off.

Procedure of Experiment 1. Subjects arrived at the laboratory at 8:00 h. After
preparation for tSOS and EEG recordings, subjects performed on tasks of declar-
ative memory (verbal and nonverbal paired-associate learning) and procedural
memory (finger sequence tapping and mirror tracing) between 9:00 and 10:00 h
(learning period). For details, see SI Methods. The order of tasks was balanced
across subjects, with two different versions of each task also balanced across
stimulation and sham conditions. Subjects were then seated in the recording
room for continuous EEG recordings and tSOS. Stimulation started �20 min after
the end of the learning period, with this postlearning delay approximately
equivalent to that of a previous study with tSOS during postlearning sleep (18).
EEG was recorded continuously between 20 min before stimulation/sham stim-
ulation until 1 h after stimulation had ended while subjects watched dynamically
shifting abstract color images on a PC monitor and listened to relaxing instru-
mental music. EEG recordings lasted until shortly before 12:00 h. Retrieval per-
formance on the memory tasks was tested 7 h after the learning period, i.e., at
17:00 h. During the last 5 h of the 7-h retention period, participants could choose
to engage in different standardized activities involving low cognitive demand
and/or slightly exerting physical activity (e.g., taking a walk, bicycle riding). They
were not allowed to take in coffee, tea, chocolate, or any kind of drugs, to read,
write, or watch television or to nap. Also, they were asked not to rehearse any of
the learned material. Adherence to these instructions was confirmed in a post-
experimental interview (Fig. S1A).

To control for possible confounding influences of changes in arousal,
mood, and motivation, before the learning and retrieval periods, the PANAS
(55), and an adjective check list describing the subjects’ current mood and
motivation on various dimensions (56) were applied (psychometric control
tests; Fig. S1A). At retrieval, testing subjects performed on a word fluency task
to assess the general capability to retrieve information from long-term mem-
ory (57), and on the digit span test of the Wechsler Adult Intelligence Scale to
control for global changes in working memory function. Activation level was
assessed by the Stanford Sleepiness Scale.

EEG Recordings and Analyses in Experiment 1. The EEG was recorded using
Ag/AgCl electrodes placed according to the 10–20 system (at F7, Fz, F8, T3, C3, Cz,
C4, T4, P3, Pz, and P4), all referenced to an electrode attached to the nose. The
ground was placed on the forehead. Recordings were amplified (1,000 �V/V),
filtered between 0.05 and 30 Hz (5083 Syn-Amps; Neuroscan), and sampled with
200 Hz (5 ms) and 16-bit precision. Also, horizontal and vertical eye movements
and the electromyogram (from the chin) were recorded for artifact detection. All
recordings were stored on a PC for later off-line analyses.

Analyses were conducted using Brain Vision Analyzer (Version 1.05; Brain
Products). After applying an ocular correction to the entire EEG raw data
signal (58), eight EEG intervals were selected for further EEG analyses: a 1-min
interval before tSOS, five 1-min stimulation-free intervals immediately after
each 5-min period of stimulation (including the interval after the last stimu-
lation), and 1-min EEG epochs 30 and 60 min after the end of the fifth
stimulation. EEG signals during corresponding time intervals after recording
begin were taken in the sham condition. For each 1-min interval, fast Fourier
Transformations (frequency resolution � 0.195 Hz) were applied to 8–12
artifact-free (based on visual inspection) EEG segments of 5.12 s duration
(1,024 points � 5 ms), using a Hanning window of 20% before power spectra
calculation. After individual mean power spectra across all segments of each
time interval were calculated and subjected to a three-point moving average,
mean EEG power in the following six frequency bands were calculated for all
eight time intervals: slow oscillations (0.4–1.2 Hz), delta (1–4 Hz), theta (4–8
Hz), slow alpha (8–12 Hz), fast alpha (12–15 Hz), and beta (15–25 Hz).

Procedure of Experiment 2. Here, tSOS was applied during learning, i.e., while
subjects encoded declarative memories. Subjects arrived at the laboratory at
9:00 h. After preparation for tSOS, they performed a modified version of the
VLMT. Before and after the VLMT, subjects conducted a number list learning
task. Immediately after the second number list learning task, the digit span
test was applied to control for working memory function. Before and after the
experiments, the subject’s arousal level, mood, and motivation were assessed
by PANAS, an adjective check list, and the Stanford Sleepiness Scale as de-
scribed in the procedures of Exp. 1. The VLMT and number list learning were
performed during the 5-min intervals of stimulation. Parallel versions of the
tasks were balanced across the stimulation and sham conditions. In these
experiments EEG was not recorded (Fig. S1B).

Learning Tasks in Experiment 2. In the VLMT (i.e., the German version of the Rey
Auditory Verbal Learning Test), a standard word list consisting of 15 semantically
unrelated words (nouns) was orally presented five times, with each run followed
immediately by a free recall, in which the subject had to orally recall as many of
the presented words as possible (R1-R5). Words from all lists were presented each
for 1 s by a prerecorded neutral male voice. Subjects had unlimited time to recall
the words. Immediately after the fifth run, a second list of 15 semantically
unrelated words different from those in the standard word list (i.e., the IL) was
presented inthesamewayas thestandard list, andagain, thesubjecthadtorecall
as many of the words as possible. After the IL, subjects were requested to recall
again the 15 words from the standard list, now without prior presentation of the
listwords (R6 inFig.2).Performancemeasureswerethenumberof recalledwords
and the number of errors (defined as words named by the subjects but not
contained in the corresponding list).

In the number list learning task, adapted from ref. 59, each of 16 two-digit
numbers ranging from 12 to 99 were presented on a monitor sequentially for
2 s in randomized order, with interstimulus intervals of 500 ms. Each test
consisted of two runs, in which 1 min after presentation, recognition was
tested by presenting all 16 numbers of the old list randomly interspersed
among 16 new numbers. The subjects had to report orally whether or not a
number belonged to the old list.

EEG Recording and Analyses During Learning in the Supplementary Experiment.
Because in Exp. 2 EEG was not recorded while subjects were attending to task
performance, the objective of this supplementary experiment was to measure
whether tSOS during attentive wakefulness induces the same EEG responses
as during quiet wakefulness in Exp. 1. EEG recording was conducted as in Exp.
1, while subjects performed the modified version of the VLMT as in Exp. 2.
During EEG recording, subjects were to fixate a large red dot on a black
monitor screen �100 cm in front of them, and requested to suppress eye
movements and blinking. Transcranial SOS and EEG recordings were con-
ducted as described above with the exception that the length of stimulation-
free intervals was not strictly 1-min, to obtain EEG epochs free of speech. VLMT
performance confirmed results of Exp. 2, and are not reported here.

Statistical Analyses. Data were analyzed using SPSS version 11.5 for Windows.
Normal distribution of data were assured by Kolmogorov–Smirnov test. EEG
power was separately analyzed in the six frequency bands of interest using
three-way analyses of variance (ANOVA) with the factors stimulation (stimu-
lation vs. sham), time (baseline, 1-min stimulation-free intervals 1–5, 30 and 60
min after stimulation), and lead (F7, Fz, F8, T3, C3, Cz, C4, T4, P3, Pz, and P4).
Three-way ANOVAs were also conducted using the difference in EEG power at
the 7 time points referenced to the 1-min prestimulation baseline interval.
Only robust results showing significance in analyses of both absolute and
difference power values (and surviving Bonferroni correction) are reported
here (referring to the analyses of absolute values). Post hoc t tests were used
to specify significant interactions.

Memory retention (defined by the difference in performance at retrieval
testing and during learning) was analyzed by one-way ANOVA with the factor
stimulation (stimulation vs. sham). One-way ANOVAs were performed separately
for performance at learning and retrieval testing. Numbers of recalled words on
the VLMT were first analyzed by two-way ANOVA with the factors stimulation
and list (R1-R6). Because the number of errors on the VLMT was not normally
distributed, these data were analyzed using Wilcoxon’s tests. Analyses of all
control tests (digit span, word fluency, etc.) were based on ANOVA.
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