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A single blind sham-controlled study was conducted to explore the effects of theta and gamma transcranial alternating current stimulation (tACS) on offline performance on working memory tasks. In order to systematically investigate how specific parameters of tACS affect working memory, we manipulated the frequency of stimulation (theta frequency vs. gamma frequency), the type of task (n-back vs. change detection task) and the content of the tasks (verbal vs. figural stimuli). A repeated measures design was used that consisted of three sessions: theta tACS, gamma tACS and sham tACS. In total, four experiments were conducted which differed only with respect to placement of tACS electrodes (bilateral frontal, bilateral parietal, left fronto-parietal and right-fronto parietal). Healthy female students (N = 72) were randomly assigned to one of these groups, hence we were able to assess the efficacy of theta and gamma tACS applied over different brain areas, contrasted against sham stimulation. The pre-post/sham resting electroencephalogram (EEG) analysis showed that theta tACS significantly affected theta amplitude, whereas gamma tACS had no significant effect on EEG amplitude in any of the frequency bands of interest. Gamma tACS did not significantly affect working memory performance compared to sham, and theta tACS led to inconsistent changes in performance on the n-back tasks. Active theta tACS significantly affected P3 amplitude and latency during performance on the n-back tasks in the bilateral parietal and right-fronto parietal protocols.
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INTRODUCTION

Functional imaging of the human brain has shown that maintaining information in working memory is specifically associated with activity in the prefrontal cortex (Courtney et al., 1998; D’Esposito et al., 1999; Haxby et al., 2000; Pessoa et al., 2002) and in the posterior parietal cortex (Honey et al., 2000; Pessoa et al., 2002; Todd and Marois, 2004; Mitchell and Cusack, 2008). A meta-analysis of fMRI studies examining performance one of the most widely used working memory tasks, the n-back, revealed consistent activation in prefrontal and posterior parietal areas across studies, along with activations in the lateral premotor cortex, dorsal cingulate and medial premotor cortex, and the frontal poles (Owen et al., 2005). It is assumed that the prefrontal cortex contributes to working memory by exerting top down control on posterior cortical regions, which strengthens the internal representations of sensory information stored in these areas (Curtis and D’Esposito, 2003; Postle et al., 2006; Feredoes et al., 2011).

Research suggests that neural oscillations play an important role in a range of cognitive functions, including working memory. Several electroencephalogram (EEG) and magnetoencephalogram (MEG) studies have reported working memory-related increases in oscillations in the theta frequency band (3–8 Hz; Gevins et al., 1997; Jensen and Tesche, 2002; Onton et al., 2005; Khader et al., 2010; Maurer et al., 2015) and in the gamma frequency band (>30 Hz; Howard et al., 2003; Roux et al., 2012; Van Vugt et al., 2014; Honkanen et al., 2015). According to Roux and Uhlhaas (2014): (1) theta-band oscillations are involved in the organization of sequentially ordered WM items; (2) gamma-band oscillations play a general role in maintenance of WM information; and (3) alpha-band oscillations represent active inhibition of task-irrelevant information. In addition, the authors propose that cross-frequency coupling between low (theta, alpha) and high (beta, gamma) frequencies enable processing of distinct working memory information. The latter was operationalized in the theta-gamma coding theory proposed by Lisman and Jensen (2013), which assumes that the maximal number of stored items is limited by the number of gamma cycles that fit into a theta cycle.

Transcranial alternating current stimulation (tACS) has recently gained in popularity since it can be used to modulate endogenous oscillations. There is evidence to suggest that tACS leads to frequency-specific changes in power (Zaehle et al., 2010; Neuling et al., 2013; Helfrich et al., 2014; Vossen et al., 2015; Kasten et al., 2016; Witkowski et al., 2016), although not all studies support this finding (Antal et al., 2008; Chander et al., 2016). The mechanisms through which tACS produces its effects are thought to be direct entrainment of endogenous oscillations at the frequency of stimulation (Ali et al., 2013; Herrmann et al., 2013) and induction of synaptic changes via spike-timing dependent plasticity (Zaehle et al., 2010; Vossen et al., 2015). Specifically, spike timing-dependent plasticity may underlie offline effects of tACS on brain oscillatory activity (Vossen et al., 2015).

One of the goals of this study was to provide causal evidence for the roles of theta and gamma-band oscillations in frontal and parietal areas in working memory. The other goal was related to the fact that there is a lack of consensus concerning the optimal parameters of tACS for reliable physiological and behavioral changes. Beneficial effects on memory performance have been reported for different electrode montages: frontal (Polanía et al., 2012; Meiron and Lavidor, 2014; Hoy et al., 2015; Alekseichuk et al., 2016a,b; Santarnecchi et al., 2016), parietal (Polanía et al., 2012; Jaušovec and Jaušovec, 2014; Jaušovec et al., 2014; Tseng et al., 2016), temporal (Tseng et al., 2016), and midline (Vosskuhl et al., 2015). Different stimulation frequency bands have been used: theta (Polanía et al., 2012; Jaušovec and Jaušovec, 2014; Jaušovec et al., 2014; Meiron and Lavidor, 2014; Vosskuhl et al., 2015; Alekseichuk et al., 2016a,b; Santarnecchi et al., 2016; Tseng et al., 2016), beta (Braun et al., 2016), gamma (Hoy et al., 2015; Santarnecchi et al., 2016; Tseng et al., 2016), and theta and gamma co-stimulation (Alekseichuk et al., 2016b). In addition, various memory tasks have been employed: n-back (Jaušovec et al., 2014; Meiron and Lavidor, 2014; Hoy et al., 2015; Alekseichuk et al., 2016a,b), memory span (Jaušovec et al., 2014; Vosskuhl et al., 2015), episodic memory task (Braun et al., 2016), change detection (Jaušovec and Jaušovec, 2014; Santarnecchi et al., 2016; Tseng et al., 2016) and delayed discrimination (Polanía et al., 2012).

In order to systematically investigate how specific parameters of offline tACS affect working memory, the frequency of stimulation (theta vs. gamma frequency band) and the type of WM task (n-back vs. change detection) were manipulated. EEG data was recorded before and after stimulation, and during performance on the WM tasks. In total, four experiments were conducted which differed only with respect to placement of tACS electrodes (bilateral frontal, bilateral parietal, left fronto-parietal, and right-fronto parietal). Thus, it was possible to investigate which electrode montage and which frequency of stimulation produced the strongest behavioral and electrophysiological aftereffects in relation to sham stimulation. Given that: (1) two of the tACS montages were unilateral; and (2) verbal and non-verbal visual working memory tasks tend to show domain-specific lateralization (Rothmayr et al., 2007; Chen et al., 2008), task domain was also manipulated (verbal vs. figural stimuli).

It was predicted that active tACS would affect spectral power in a frequency-specific manner. This would be evident in terms of changes in resting EEG data from pre- to post-stimulation in active tACS sessions. Moreover, task-based electrophysiological data would differ on sham and active tACS sessions. Since tACS was applied offline, it was assumed that active tACS would lead to plastic changes by means of spike-timing dependent plasticity (Vossen et al., 2015). Based on the theta tACS studies conducted in our lab (Jaušovec and Jaušovec, 2014; Jaušovec et al., 2014; Pahor and Jaušovec, 2014) and based on correlational studies that showed that theta band oscillations are involved in working memory processing (e.g., Bastiaansen et al., 2002; Jensen and Tesche, 2002; Sauseng et al., 2004, 2010; Onton et al., 2005; Raghavachari et al., 2006; Lisman, 2010; for a review see D’Esposito and Postle, 2015), it was hypothesized that theta tACS would positively affect performance on WM tasks compared to sham stimulation. In particular, it was predicted that stimulation involving at least one target electrode placed over posterior parietal areas would elicit the greatest behavioral effects (Jaušovec and Jaušovec, 2014; Jaušovec et al., 2014; Pahor and Jaušovec, 2014). In a recent tACS study (Vosskuhl et al., 2015), the theta-gamma coding theory (Lisman and Jensen, 2013) was put to a test. Instead of trying to modulate theta amplitude, the authors decided to down-regulate individual theta frequency by delivering tACS in 1 frequency below the individual frequency. Theoretically, this would increase the theta-to-gamma cycle length ratio, thereby allowing more items to be stored in short term memory. Indeed, the results showed that down-regulating tACS increased individual short term memory capacity as measured by a forward digit span task, but did not affect performance on the backward version of this task or on the 3-back task, suggesting an increase in capacity and not in the ability to manipulate information stored in working memory (Vosskuhl et al., 2015). In the present study, tACS was applied in individual theta frequency with the goal of modulating theta amplitudes, hence it can be predicted that theta tACS would enhance n-back performance (updating) to a greater extent than performance on the change detection task, which provides a more straightforward measure of memory span than the n-back.

There is very little research on the effects of gamma tACS on WM performance. A recent study by Hoy et al. (2015) demonstrated that gamma tACS improved performance on a 3-back task compared to tDCS or sham stimulation. In this study, the anodal/active electrode was placed over the left dorsolateral prefrontal cortex (DLPFC) and the cathodal/reference electrode was placed over the right supraorbital area. Therefore, it was predicted that gamma tACS would positively affect performance on WM tasks in the groups in which at least one target electrode was placed over prefrontal areas.

MATERIALS AND METHODS

Participants

Seventy-two healthy female students (mean age = 20.38, SD = 1.48) participated in the study. This study was carried out in accordance with the recommendations of the Code of Ethics for Psychologists, Slovene Psychological Association with written consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the The Commission for Ethics in Research at the Faculty of Arts. The participants were randomly assigned to four groups based on the site of stimulation they would receive: group 1 = P3–P4, group 2 = F3–P3, group 3 = F4–P4, and group 4 = F3–F4 (see Figure 1A). In order to verify that the four groups of participants did not differ with respect to baseline short term memory capacity, computerized versions of the Digit span task and of the Corsi block tapping test were administered. As expected, there were no significant differences in performance on these tests among the four groups (see Table 1).
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FIGURE 1. (A) Position of transcranial alternating current stimulation (tACS) electrodes in the four groups. (B) The figural change detection task. (C) The figural 2-back task.



TABLE 1. Kruskal-Wallis H test.
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Procedure

A single blind, sham-controlled approach was adopted in order to minimize potential differences between experimental conditions and groups. Except for the placement of the tACS electrodes, the four groups of participants were treated the same throughout the experiment. The participants completed three sessions over three consecutive days (active theta tACS, active gamma tACS and sham tACS), the order of which was counterbalanced across individuals. Each experimental session lasted approximately 1 h and 15 min; it started with 2.5 min of pre-stimulation resting (eyes closed) EEG recording, followed by 15 min of sham or active tACS, 2.5 min of post-stimulation resting (eyes closed) EEG recording and ended with performance on behavioral tasks during which EEG data was recorded. The participants also answered a 5-point likert scale questionnaire about the intensity of skin sensations during stimulation. Cortical localization of scalp electrodes suggests that F3 (F4) scalp electrodes correspond to the left (right) middle frontal gyrus, and that P3 (P4) scalp electrodes correspond mainly to the angular gyrus of left (right) inferior parietal lobule just below the intraparietal sulcus (Kim et al., 2007).

Working Memory Tasks

The participants solved two change detection tasks (figural and verbal) and four n-back tasks (figural and verbal variants of 2- and 3-back tests) while their EEG was recorded. Half of the participants solved the change detection tasks first, whereas the other half solved the n-back tasks first. At the beginning of each experimental session (before pre-stimulation resting EEG data was recorded), they participated in a practice session in order to get acquainted with the tasks and with the response pad. The change detection task involved presenting an array of objects (colored squares or two-letter syllables) on a computer screen and, after a period of delay, presenting a second array that was identical to the first but could differ in one object (Luck and Vogel, 1997). The participants were asked to compare the two arrays and decide whether the cued object had changed (see Figure 1B). In these types of tasks, the first array needs to be stored in short term memory, maintained for a short period, and then compared to the second array (Saults and Cowan, 2007). The stimuli (1.5 × 1.5 cm) consisted of squares of different colors or two-letter syllables arranged at random locations in a gray rectangular display area. The items initially appeared for 400 ms, disappeared during the delay period of 1000 ms, and then reappeared in the same spatial positions for 2000 ms. The inter-trial interval was 1000 ms. When the second array was presented, one of the stimuli was cued by a rectangle and the participants were asked to indicate their answer via the response pad (1 = same, 2 = different). The set size of the visual array consisted of four, six and eight objects thus the difficulty increased as the task progressed. Each set size was presented for 16 trials, giving a total of 48 trials. In the EEG analysis, the data was pooled across the whole task (i.e., the three set sizes). Likewise, reaction time and memory span scores were determined for the entire task. Memory span was calculated according to the formula k = N*(H − FA)/(1 − FA), where N = the number of items in the array, H = the proportion of hits and FA = the proportion of false alarms (Pashler, 1988; Saults and Cowan, 2007). In the n-back tasks, the participants viewed a stream of stimuli and were asked to compare the current item with an item they saw n items previously (see Figure 1C). The order of the tests remained fixed, starting with the easier 2-back tests and ending with the more difficult 3-back tests. The task items, which consisted of colored squares and two-letter syllables, were generated on STIM2 (Compumedics Neuroscan Systems, Charlotte, NC, USA) and appeared on the screen for 400 ms with an inter-stimulus interval of 2000 ms. A two-alternative forced choice design was used: the participants were asked to press 1 on a response pad if the current stimulus matched the stimulus presented n items previously, or press 2 if the stimuli didn’t match. For each participant, target accuracy and reaction time (for correct responses) were determined on the four n-back tests.

Transcranial Alternating Current Stimulation

tACS was applied offline via two electrodes (7 × 5 cm) that were placed in saline-soaked sponges (DC-stimulator plus, Neuroconn, Ilmenau, Germany). It has been demonstrated that the aftereffects of tACS persist for at least 30 min (Neuling et al., 2013) or even up to 70 min (Kasten et al., 2016). It should be noted that these findings are based on alpha tACS, hence they might not extend to tACS applied in other frequency bands. In the present study, behavioral and EEG measures were collected within 25 min after the end of the stimulation period. The waveform of the stimulation was sinusoidal without DC offset and a 0° relative phase. The impedance was kept below 10 kΩ. The magnitude of the current was individually determined on the first session based on thresholds for skin sensations (Zaehle et al., 2010). The amplitude was increased stepwise by 250 μA (duration per step = 30 s) starting with 1250 μA until a maximum of 2000 μA was reached. After each increase in amplitude, the participants were asked to report the presence of a skin sensation. For the remaining experiment, stimulation intensity was kept 250 μA below the lower threshold for skin sensations (see Table 2). In the sham session, active tACS was applied at 10 Hz for 1 min after which it ended unbeknownst to the participant. In the active session, tACS was applied for 15 min; these parameters of tACS were selected based on established and safe protocols reported in the literature (Fertonani et al., 2015). The participants were instructed to keep their eyes closed during the tACS sessions, after which they solved a short questionnaire about their skin sensations during tACS. The results were analyzed with a Wilcoxon Signed Ranks Test (sham/active). The test showed no significant differences between the reported sensations during sham and theta tACS sessions (Z = −0.34; p = 0.73) or between sham and gamma tACS sessions (Z = −0.18; p = 0.99), suggesting that the participants did not distinguish between sham and active sessions.

TABLE 2. Means and standard deviations (in brackets) of transcranial alternating current stimulation (tACS) parameters used during active sessions.
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According to dynamic systems theory, entrainment is strongest when the stimulation frequency is at (or close to) the brain network’s preferred frequency (Ali et al., 2013; Vossen et al., 2015). The stimulation frequency should therefore be matched to the frequency of the endogenous oscillatory state, which presents a challenge for tACS research since most EEG frequency bands, with the exception of alpha, do not show preferred resonance or peak frequency (Ali et al., 2013). In an attempt to match the stimulation frequency to the endogenous oscillatory state, individual theta and gamma stimulation frequencies were determined based on pre-stimulation resting EEG data (see Table 2 and “EEG Recording” section).

EEG Recording

EEG was recorded over 19 scalp locations based on the 10–20 Electrode Placement System using a Quik-Cap (Quik-Cap Compumedics Neuromedical supplies, Charlotte, NC, USA) with sintered electrodes. All leads were referenced to linked mastoids (A1 and A2), and a ground electrode was applied to the forehead. Vertical eye movements were recorded via electrodes placed above and below the left eye. Electrode impedance was maintained below 5 kΩ. The digital EEG data acquisition and analysis system (SynAmps RT) had a band-pass of 0.15–100.0 Hz. The 19 EEG traces were digitized online at 1000 Hz with a gain of 10× and stored on a hard disk.

Pre-stimulation Resting EEG Data Analysis for tACS

Prior to the start of active tACS, 1 min of artifact-free resting EEG data was manually selected and exported to EEGLAB toolbox (freely available from http://sccn.ucsd.edu/eeglab/) for MATLAB (The MathWorks, Natick, MA, USA). Given that there are no typical peaks in the power spectra for the gamma frequency band, we decided to use a method proposed by Kamiński et al. (2011) to determine individual theta and gamma frequency bands. This method is theoretically grounded on theta-gamma cross-frequency coupling, which has been shown to be related to working memory processes. The signal was filtered forward and backward in time in sequential bands for theta (4–5 Hz, 5–6 Hz, …, 8–9 Hz) and gamma (25–26 Hz, 26–27 Hz, …, 47–48 Hz) oscillations. The envelope of each theta band was correlated with the envelope of each gamma band using Pearson’s r correlations. The two frequency bands that had the highest positive correlation between the envelopes were defined as characteristic theta and gamma frequency bands in a given channel (Kamiński et al., 2011). The calculations were based on the two EEG channels that marked the location for the upcoming tACS (P3&P4, F3&P3, F4&P4, F3&F4). The individual stimulation frequencies were determined by taking the average of the two channels. Average stimulation frequencies are presented in Table 2.

Pre- and Post-stimulation Resting EEG Analysis

For each person, six resting EEG data files were obtained: pre- and post-measurements collected during sham, theta tACS and gamma tACS sessions. A 1 min-long artifact-free section of the resting EEG data was manually selected for further analysis. The data was filtered with a band pass of 0.15–70.0 Hz (roll-off 24 dB per octave). On average, 29 epochs were extracted (2 s per epoch) from each section and were rejected if amplitudes exceeded ±100 μV. A Fast Fourier Transformation was performed using a cosine window on the obtained epochs in order to derive estimates of power amplitude (μV) in delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–14 Hz), beta (14–30 Hz), low gamma (30–45 Hz) and high gamma (45–70 Hz) frequency bands (separately for each condition). The obtained values were imported into IBM SPSS Version 24.0 for statistical analysis.

Task-Related EEG Analysis

Neuroscan software Version 4.5. (Compumedics, El Paso, TX, USA) was used to remove ocular artifacts from continuous (CNT) files, which involves a regression analysis in combination with artifact averaging to produce a reliable and valid method for artifact removal (Semlitsch et al., 1986). The common average reference was used to perform the ERP analysis on the EEG data. For both tasks, epochs were extracted ranging from 200 ms before stimulus onset to 1000 ms after its presentation and were rejected if the amplitudes exceeded ± 100 μV. The average voltage in the 200 ms that preceded stimulus onset was used for baseline correction. Peak-to-baseline amplitudes and latencies were determined using SCAN software. A 10% length cosine window was used to control spectral leakage. An automatic peak detection procedure was applied that searched for the largest positive or negative voltage in the following time windows: P1 (40–120 ms), N1 (120–220 ms) and P300 (250–600 ms). These values were imported into SPSS Version 24.0 (IBM Corp, 2016) for statistical analysis.

Statistical Analyses

The effects of tACS on resting EEG activity were examined in delta, theta, alpha, beta, low gamma and high gamma frequency bands. The goal was to investigate whether the mean change in amplitude in the EEG spectra from pre- to post-stimulation differed between sham and active conditions and between the four groups. The focus was on the areas in which stimulation was delivered: bilateral frontal and posterior parietal areas. For each frequency band, a mixed ANOVA was conducted with the following within-subjects factors: tACS (sham/active), time (pre/post), and electrode (F3, F4, P3, P4), whereas the between-subjects factor was group (1–4).

Performance on the change detection tasks (memory span and reaction time) and the n-back tasks (accuracy and reaction time) was analyzed with mixed ANOVAs with the following within-subjects factors: tACS (sham/theta/gamma tACS), type (figural/verbal) and for n-back tasks only, load (2-back/3-back), whereas the between-subjects factor was group (1–4). Based on the results of these analyses, further ANOVAs were conducted in order to investigate the effects of tACS on task performance separately in each group.

In order to investigate the effects of active tACS on ERP characteristics (compared to sham tACS) at the sites of stimulation, a region of interest approach was adopted in which the amplitude and latency of P1, N1 and P3 components were analyzed at electrodes F3, F4, P3 and P4. In all of the analyses, Greenhouse-Geisser corrected p-values are reported.

RESULTS

Resting EEG

The effects of tACS on resting EEG activity were examined in delta, theta, alpha, beta, low gamma and high gamma frequency bands. The goal was to investigate whether the mean change in amplitude in the EEG spectra from pre- to post-stimulation differed between sham and active conditions and between the four groups. For each frequency band a mixed ANOVA was conducted, in which the tACS-by-time interaction was of particular interest. The only mixed ANOVA that showed a significant interaction involving these factors was the one conducted on theta amplitude for the comparison between sham tACS and theta tACS sessions. Specifically, significant interactions between tACS and time (F(3,68) = 8.46, p = 0.005, η2 = 0.11), tACS and electrode (F(3,204) = 3.64, p = 0.025, η2 = 0.05), and between tACS, time, electrode, and group (F(9,204) = 2.22, p = 0.045, η2 = 0.09) were observed. During the sham session, theta amplitude increased after tACS, whereas during the theta tACS session, theta amplitude decreased after stimulation; these effects depended on the location of the recorded EEG data and on the site of stimulation (i.e., group). In contrast, the mixed ANOVA in which the effects of gamma and sham tACS were examined in relation to theta amplitude did not show any significant interaction effects that involved the factors tACS and time, or any main effects of interest. The effects of theta tACS and gamma tACS (contrasted against sham) on EEG amplitudes were also examined in delta, alpha, beta, low gamma and high gamma frequency bands with mixed ANOVAs, however, the analyses did not show any significant interaction effects that involved the factors tACS and time, suggesting that mean change in EEG amplitude from pre- to post-stimulation did not differ between sham and active conditions or between the four groups hence further analyses were not conducted. In order to further explore the effects of sham and theta tACS on theta amplitude, within-subjects ANOVAs were conducted separately in each group.

Group 1: Bilateral Parietal Stimulation

The mean change in theta amplitude from pre- to post-stimulation did not appear to differ between sham and active conditions. However, a significant interaction between time and electrode (F(3,51) = 11.54, p < 0.001, η2 = 0.41) suggested that tACS decreased theta amplitude over parietal but not frontal brain areas.

Group 2: Left Frontoparietal Stimulation

Significant interactions were observed between tACS and time (F(1,17) = 8.49, p = 0.01, η2 = 0.33), tACS and electrode (F(3,51) = 4.34, p = 0.016, η2 = 0.21), and time and electrode (F(3,51) = 5.16, p = 0.012, η2 = 0.23). The tACS × time interaction indicates that sham tACS increased theta amplitude whereas theta tACS decreased it. During the sham session, an increase in theta amplitude was observed at all locations, whereas during the theta tACS sessions, theta amplitude decreased over left frontal (F3) and left parietal (P3) areas, which corresponds to the placement of stimulation electrodes in this group.

Group 3: Right Frontoparietal Stimulation

The mean change in theta amplitude from pre- to post-stimulation did not appear to differ between sham and active conditions. A significant interaction between time and electrode (F(3,51) = 3.94, p = 0.026, η2 = 0.19) suggested that tACS decreased theta amplitude over the stimulated regions (F4 and P4).

Group 4: Bilateral Frontal Stimulation

There is no evidence to suggest that the mean change in theta amplitude from pre- to post-stimulation significantly differed or that it depended on sham and active conditions.

Post hoc t-tests were conducted for groups 1–3 in order to compare pre-stimulation theta amplitude with post-stimulation theta amplitude (measured at four locations) in the active theta tACS session. Only groups 1 and 2 displayed significant differences in theta amplitude (see Figure 2). In group 1, theta tACS significantly reduced theta amplitude at bilateral parietal areas compared to baseline (P3: t(1,17) = 2.63, p = 0.017; P4: t(1,17) = 2.82, p = 0.012); the t-test for the P4 area was still significant after Bonferroni correction (p < 0.0125). The reduction in theta amplitude corresponds to the placement of tACS electrodes in this group. In group 2, theta tACS significantly reduced theta amplitude at a left parietal area compared to baseline (P3: t(1,17) = 3.32, p = 0.004), which remained significant after Bonferroni correction (p < 0.0125). No significant t-tests were obtained in group 3.
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FIGURE 2. Resting electroencephalogram (EEG) activity (mean theta amplitude) before and after theta tACS in the four groups. Error bars represent SEM. *p < 0.05.



For comparison, the same post hoc t-tests were conducted on theta amplitude during the sham sessions. In group 1, sham tACS decreased theta amplitude at electrode P4 compared to baseline (t(1,17) = 2.23, p = 0.04, Mpre = 1.51, SDpre = 0.28, Mpost = 1.40, SDpost = 0.21), but this difference was no longer significant after Bonferroni correction (p > 0.0125). In group 2, theta amplitude increased after sham tACS at electrode F4 (t(1,17) = −3.70, p = 0.002, Mpre = 1.69, SDpre = 0.35, Mpost = 1.85, SDpost = 0.41), which remained significant after Bonferroni correction (p < 0.0125). No significant t-tests were obtained in group 3.

Collectively, these results suggest that theta tACS led to frequency-specific changes in resting EEG amplitude (depending on the site of stimulation), whereas gamma tACS did not induce changes in resting EEG amplitude compared to sham stimulation.

Change Detection Tasks

Behavioral Results

A mixed ANOVA on performance on change detection tasks (i.e., memory span) showed that the interactions between tACS and group were not significant (tACS × group: F(6,136) = 0.50, p = 0.801, η2 = 0.02; tACS × type × group: F(6,136) = 0.69, p = 0.657, η2 = 0.03), nor were the main effects for tACS or group significant, or any of the other interactions of interest. Similar results were obtained for reaction time: the interactions between the factors involving tACS and group were not significant (tACS × group: F(6,136) = 0.50, p = 0.803, η2 = 0.02; tACS × type × group: F(6,136) = 0.93, p = 0.474, η2 = 0.01), nor were the main effects for tACS and group significant. Since there was no evidence that performance on these tasks differed with respect to the tACS condition or as a function of group, further analyses were not conducted. Descriptive statistics for these tasks are presented in Table 3.

TABLE 3. Average scores (span) and reaction times (in ms) on change detection tasks in sham, theta and gamma tACS sessions for each group.
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ERP Results

Because there were no significant behavioral effects with respect to the type of stimuli (figural vs. verbal), ERP amplitude and latency data were collapsed across this variable. A mixed ANOVA was conducted with the factors tACS (sham/theta/gamma tACS), electrode (F3/F4/P3/P4) and between-subjects factor group (1–4), separately for P1, N1, and P3 ERP components. For ERP amplitude, none of these analyses showed significant interaction effects between tACS and group (P1: F(6,136) = 0.55, p = 0.768, η2 = 0.02; N1: F(6,136) = 1.35, p = 0.239, η2 = 0.06; P3: F(6,136) = 0.86, p = 0.522, η2 = 0.04), or any of the other interactions of interest, nor was a main effect of tACS observed (P1: F(2,136) = 1.79, p = 0.172, η2 = 0.03; N1: F(2,136) = 0.13, p = 0.879, η2 = 0.002; P3: F(2,136) = 0.84, p = 0.433, η2 = 0.01). For ERP latency, similar results were obtained; no significant interactions between tACS and group (P1: F(6,136) = 0.21, p = 0.973, η2 = 0.01; N1: F(6,136) = 1.57, p = 0.161, η2 = 0.07; P3: F(6,136) = 1.86, p = 0.098, η2 = 0.08;) and the other interactions of interest, nor was a main effect of tACS observed (P1: F(2,136) = 1.32, p = 0.271, η2 = 0.02; N1: F(2,136) = 1.36, p = 0.259, η2 = 0.02; F(2,136) = 0.38, p = 0.687, η2 = 0.01). ERP amplitude and latency did not appear to depend on the type of stimulation (sham/active) or stimulation montage, therefore further analyses were not conducted.

N-Back Tasks

Behavioral Results

A mixed ANOVA on n-back accuracy showed that the interaction between tACS and group was not significant (F(6,136) = 0.62, p = 0.703, η2 = 0.03), however, a trend towards significance emerged between the factors tACS, type, load and group (F(6,136) = 1.93, p = 0.080, η2 = 0.08), suggesting that the effects of tACS not only depended on electrode placement, but also on the content of the tasks and their difficulty level. In order to determine which type of active tACS, theta or gamma tACS, drove the changes in n-back accuracy, each of these conditions were separately compared to the sham condition. The sham-theta tACS analysis showed a significant interaction between tACS, type, load and group (F(3,68) = 4.16, p = 0.009, η2 = 0.16), whereas in the sham-gamma tACS analysis, this interaction was not significant (F(3,68) = 0.80, p = 0.496, η2 = 0.03), nor were the main effects for tACS or group significant. For n-back reaction time, the interactions that involved the factors tACS and group were not significant (e.g., tACS × group: F(6,136) = 0.30, p = 0.936, η2 = 0.01), nor were the main effects for tACS or group significant. Descriptive statistics for target accuracy and reaction time are presented in Tables 4, 5, respectively. Given that theta but not gamma tACS seemed to affect n-back accuracy in comparison to sham stimulation, and that this interacted with the factor group, subsequent analyses focused on sham—theta tACS comparisons separately in each group.

TABLE 4. Average scores (target accuracy) and standard deviation (SD) on the n-back tasks in sham, theta and gamma tACS sessions for each group.

[image: image]

TABLE 5. Average reaction time (in ms) and standard deviation (SD) on the n-back tasks in sham, theta and gamma tACS sessions for each group.
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Group 1: bilateral parietal stimulation

The results of the ANOVA in which n-back task accuracy was examined on sham and theta tACS did not show a main effect of tACS (F(1,17) = 0.45, p = 0.51). A significant interaction between tACS, load, and type was observed (F(1,17) = 6.36, p = 0.022, η2 = 0.27), however, this interaction appeared to be driven by opposite effects for load 2 and 3 (see Figure 3). Out of the four tests, the 3-back figural test showed the largest increase in accuracy. Post hoc t-tests in which we compared performance on the tasks on sham and theta tACS sessions were not significant at p < 0.05.
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FIGURE 3. Average n-back accuracy in theta tACS and sham sessions in the four groups. Error bars represent SEM.



Group 2: left frontoparietal stimulation

There is no evidence that theta tACS significantly affected performance on n-back tasks compared to sham stimulation: there were no significant main effects of tACS for average scores (F(1,17) = 0.14, p = 0.72) or for reaction time (F(1,17) = 0.15, p = 0.70), nor were there any significant interactions that included the factor tACS.

Group 3: right frontoparietal stimulation

The ANOVA showed a significant interaction between the factors tACS, load, and type (F(1,17) = 4.41, p = 0.05, η2 = 0.21). Again, this seems to be driven by opposite effects of load (see Figure 3). One of the post hoc t-tests showed a trend toward significance (uncorrected t(17) = −1.92, p = 0.07): after theta tACS, the average score on the 3-back verbal test was higher than after sham tACS (see Table 4).

Group 4: bilateral frontal stimulation

There is no evidence that theta tACS significantly affected performance on n-back tasks compared to sham stimulation: there were no main effects of tACS for average scores (F(1,17) = 0.18, p = 0.676) or for reaction time (F(1,17) = 0.65, p = 0.431), nor were there any significant interactions of interest.

ERP Results

The n-back accuracy results guided the ERP amplitude and latency analyses, which focused on the contrast between sham and theta tACS sessions, separately in each group. Namely, repeated measures ANOVAs with the factors tACS (sham/active), type (figural/verbal), load (2-back/3-back) and electrode (F3/F4/P3/P4) were conducted on each ERP component.

Group 1: bilateral parietal stimulation

Theta tACS increased P1 amplitude in 3-back tasks compared to the sham stimulation session, particularly over frontal (F3, F4) areas (tACS × N: F(1,17) = 7.60, p = 0.013, η2 = 0.31; tACS × electrode: F(1,17) = 3.45, p = 0.050, η2 = 0.17). Theta tACS also decreased P3 latency in comparison to sham tACS, particularly during two tasks: the verbal 2-back task and the figural 3-back task (F(1,17) = 5.06, p = 0.038, η2 = 0.23). This pattern corresponds to the behavioral results: the greatest increases in n-back accuracy in theta tACS compared to sham sessions were observed in these two tests (see Figure 3). Since P3 latency is thought to be proportional to stimulus evaluation timing (Polich, 2007), decreased P3 latency in the theta tACS sessions might reflect quicker matching of items.

Group 2: left frontoparietal stimulation

There were no significant main effects or interactions of interest for any of the ERP components (amplitude/latency) for theta-sham comparisons.

Group 3: right frontoparietal stimulation

Theta tACS increased P3 amplitude mainly on the figural 2-back task and on the verbal 3-back task with respect to sham tACS (tACS × N × type: F(1,17) = 4.77, p = 0.043, η2 = 0.22). Like in Group 1, this finding is line with the behavioral results. Increased P3 amplitude has been linked to greater memory and attention loading (Chen et al., 2008).

Group 4: bilateral frontal stimulation

There was a significant main effect of tACS; the amplitude of P1 was larger during performance on n-back tasks in the theta tACS condition compared to sham tACS (F(1,17) = 6.56, p = 0.020, η2 = 0.28).

Figures 4, 5 show grand-average ERP plots at midline electrodes during performance on the n-back tasks in sham and active tACS conditions in groups 1 and 3, respectively.
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FIGURE 4. Grand-average ERPs at midline electrodes during performance on n-back tasks in Group 1 (bilateral parietal stimulation). Blue = sham tACS session, red = theta tACS session, green = gamma tACS session.
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FIGURE 5. Grand-average ERPs at midline electrodes during performance on n-back tasks in Group 3 (right frontoparietal stimulation). Blue = sham tACS session, red = theta tACS session, green = gamma tACS session.



Since Keeser et al. (2011) reported significant correlations between P3-amplitude at electrode Pz and working memory performance after tDCS, we decided to verify whether a similar relation could be observed after theta tACS. Only Group 1 showed significant Pearson linear correlations between the two measures. During the theta tACS session, P3-amplitude at electrode Pz positively correlated with n-back accuracy on two tests: the verbal 2-back (r = 0.47, p = 0.048) and the figural 3-back (r = 0.68, p = 0.002). During the sham session, a negative correlation between P3 amplitude and n-back accuracy was observed on the figural 2-back test (r = −0.63, p = 0.005).

DISCUSSION

Resting EEG Results

Resting EEG data was examined in order to determine whether the average change in amplitude in the EEG spectra from pre- to post-stimulation differed between sham and active conditions and between the four groups. Collectively, there is no evidence that gamma tACS significantly affected EEG amplitude in comparison to pre-stimulation EEG data or in relation to sham stimulation. This may explain why no significant behavioral effects were observed following gamma tACS. The only frequency band in which significant changes in EEG amplitude were observed in relation to baseline was the theta frequency band, showing a complex interaction between condition (theta tACS/sham), location and group. There is no evidence that active tACS affected EEG amplitudes in other frequency bands: delta, alpha, beta and high gamma, providing further support for frequency-specific modulation of EEG amplitudes, at least for theta tACS.

Subsequent analyses showed that only group 2 (left frontoparietal stimulation) showed the predicted interaction effect between stimulation and time, suggesting that after theta tACS, theta amplitude decreased whereas after sham tACS, theta amplitude increased. Groups 1 and 3 also showed pre-to-post changes in EEG amplitude, yet this did not seem to appear depend on the condition (active vs. theta tACS). On the other hand, post hoc t-tests corrected for multiple comparisons revealed that in groups 1 and 2, theta tACS decreased theta amplitude at the locations corresponding to the sites of stimulation. While a decrease in theta activity immediately after theta tACS might seem counterintuitive, there is evidence to suggest that individuals with small resting theta power show a larger percent increase in evoked power during task performance than subjects with large resting theta power (Klimesch et al., 2004). Sham tACS also seemed to affect theta amplitude in group 2, but in a different direction: sham tACS increased theta amplitude in a right frontal area. It is possible that the 1 min long stimulation period in the alpha frequency band within the sham session was long enough to produce aftereffects in EEG spectra. Even though these findings are not straightforward, they lend support for findings suggesting that theta tACS affects resting EEG amplitude in the frequency band that matches the stimulation frequency (Zaehle et al., 2010; Neuling et al., 2013; Helfrich et al., 2014; Vossen et al., 2015; Kasten et al., 2016; Witkowski et al., 2016).

Behavioral Results

As a whole, theta tACS did not significantly affect performance on working memory tasks compared to sham stimulation. Certain n-back tests but not change detection tests tended to show small improvements as a function of theta tACS. Jaeggi et al. (2010) argue that the n-back task involves processes that go beyond the processes that are traditionally associated with working memory, such as inhibition and interference resolution (Kane et al., 2007) and binding (Oberauer, 2005). In the present study, theta tACS may have tapped into some of the processes involved in the more complex task of the two—the n-back. The effects were only observed when the electrodes were placed over bilateral parietal areas and over right fronto-parietal areas, thereby partially supporting the hypothesis that stimulation involving at least one target electrode placed over posterior parietal areas would elicit the greatest behavioral effects. Previous studies demonstrated that theta tACS applied to posterior parietal areas was more effective in enhancing working memory/reasoning ability performance compared to theta tACS applied to prefrontal areas (Jaušovec et al., 2014; Pahor and Jaušovec, 2014).

There is no evidence to suggest that gamma tACS affected working memory performance. This may stem from the lack of significant effects of gamma tACS on resting EEG amplitude in comparison to pre-stimulation EEG data or in relation to sham stimulation. As discussed earlier, Hoy et al. (2015) demonstrated that gamma tACS improved performance on a 3-back task compared to sham. However, a more recent study reported that performance on a change localization working memory task was not affected by gamma tACS (Santarnecchi et al., 2016).

Task-based EEG Results

During performance on change detection tasks, ERP amplitude and latency did not differ as a function of stimulation and group. In contrast, we observed significant changes in ERP amplitude and latency during performance on the n-back tasks in theta tACS sessions compared to sham. The group that received bilateral parietal theta tACS stimulation showed increased P1 amplitude during performance on the 3-back tasks compared to sham. The P1 component is generated in the extrastriate cortex (Natale et al., 2006), and is modulated by attention (Finnigan et al., 2011). This group also showed decreased P3 latency in comparison to sham tACS, particularly during two tasks: the verbal 2-back task and the figural 3-back task, which corresponds to the trends observed in the behavioral results. P3 latency reflects performance of matching on the n-back task—the quicker the better (Chen et al., 2008). This is in line with the finding reported by Jaušovec and Jaušovec (2014): theta tACS applied to the left parietal area improved working memory capacity, which was accompanied by a decrease in P3 latency. Moreover, P3 amplitude at electrode Pz positively correlated with n-back accuracy on two tests: the verbal 2-back and the figural 3-back, thereby supporting the findings reported by Keeser et al. (2011). These correlations were not significant in the sham condition. Significant correlations were not observed on any of the other tests, or in any of the other groups. Collectively, these findings suggest that faster matching of items and larger attention and memory loading (Chen et al., 2008) may contribute to improvements in accuracy on n-back tests.

The group that received left fronto-parietal stimulation did not show any significant effects for ERP amplitude or latency in theta tACS sessions compared to sham. This may also help explain why this group did not show significant changes in working memory performance. In contrast, the group that received right fronto-parietal stimulation showed increased P3 amplitude mainly on the figural 2-back task and on the verbal 3-back task with respect to sham tACS. This corresponds with the results of a study in which more efficient performance on n-back tasks correlated with larger P3 amplitude at parietal sites in young adults (Saliasi et al., 2013). Finally, the group that received theta tACS to bilateral frontal areas showed increased P1 amplitude compared to sham, but no significant effects for P3 amplitude or latency.

LIMITATIONS

The limitations of this study include a relatively low sample size per group (18), and the fact that the sample was restricted to female university students hence the findings cannot be extended to the general populations. One of the strengths of this study, using an individualized approach for determining the frequency and intensity of stimulation, may also represent a weakness, since: (1) resting-state theta and in particular gamma frequencies are not as stable over time as peak alpha frequency (Grandy et al., 2013; Höller et al., 2017); and (2) the method used to estimate these frequencies may not be reliable. In order to verify this, pre-stimulation resting EEG data from a different day was used to estimate another set of individual theta and gamma frequencies. Non-parametric Spearman correlations were used to determine the relationship between individual frequencies obtained on different days. Individual frequencies were estimated for pairs of channels (P3–P4, F3–P3, F4–P4, F3–F4), as described in “EEG Recording” section. For gamma, none of the correlations were significant, whereas for theta, the only significant correlation emerged for P3P4 (rs = 0.25, p = 0.03). We interpret this both as a potential issue in the reliability of the measurement and variability due to changes in theta and gamma frequencies over time. Theta activity over bilateral parietal areas might be more stable than in other areas, therefore more appropriate for approaches based on individual stimulation frequencies. Future research should directly compare the effectiveness of individualized and non-individualized tACS paradigms. Finally, the average stimulation intensity differed substantially between the groups; particularly group 4 (bilateral frontal stimulation) had a lower average intensity value compared to the other groups. Nevertheless, even in group 4 the stimulation intensity was higher than in other studies that produced significant effects (e.g., Hoy et al., 2015; Santarnecchi et al., 2016), therefore it can be assumed that it was high enough.

CONCLUSION

This study provides one of the first direct comparisons of the effects of theta and gamma tACS on behavioral and electrophysiological data in different brain areas associated with working memory performance. While the behavioral results were not consistent, the effects of tACS on electrophysiology were: (1) frequency-specific: theta but not gamma tACS resulted in significant changes in pre/post-stimulation resting EEG data; (2) location-specific: bilateral parietal and right frontoparietal theta tACS affected P3 amplitude and latency, whereas this was not observed after bilateral frontal and left frontoparietal theta tACS; and (3) task-specific: theta tACS affected ERP amplitude and latency during performance on the n-back tests, but not during performance on the change detection tasks. In particular, bilateral parietal stimulation in the theta frequency band affected both resting EEG data (frequency-dependent modulation of EEG oscillations) and task-based EEG data (decreased P3 latency, correlations between P3 amplitude and n-back accuracy). Further research is needed to verify whether this configuration of tACS electrodes affects performance on measures of working memory. These results provide support for studies showing that tACS represent a valuable tool for the study of the neural basis of working memory (Polanía et al., 2012; Jaušovec et al., 2014; Pahor and Jaušovec, 2014; Vosskuhl et al., 2015; Alekseichuk et al., 2016a).

AUTHOR CONTRIBUTIONS

The authors equally contributed to the study; AP wrote the manuscript.

ACKNOWLEDGMENTS

We acknowledge the financial support from the Slovenian Research Agency (research core funding No. P5-0062). The results of this study appeared in the thesis by Pahor (2017).

REFERENCES

Alekseichuk, I., Turi, Z., Amador de Lara, G., Antal, A., and Paulus, W. (2016a). Spatial working memory in humans depends on theta and high gamma synchronization in the prefrontal cortex. Curr. Biol. 26, 1513–1521. doi: 10.1016/j.cub.2016.04.035

Alekseichuk, I., Turi, Z., Antal, A., and Paulus, W. (2016b). ID 164—TACS over the left dorsolateral prefrontal cortex improves hit rate, but not false alarm rate, in a spatial working memory task. Clin. Neurophysiol. 127, e98–e99. doi: 10.1016/j.clinph.2015.11.331

Ali, M. M., Sellers, K. K., Frohlich, F., and Fröhlich, F. (2013). Transcranial alternating current stimulation modulates large-scale cortical network activity by network resonance. J. Neurosci. 33, 11262–11275. doi: 10.1523/jneurosci.5867-12.2013

Antal, A., Boros, K., Poreisz, C., Chaieb, L., Terney, D., and Paulus, W. (2008). Comparatively weak after-effects of transcranial alternating current stimulation (tACS) on cortical excitability in humans. Brain Stimul. 1, 97–105. doi: 10.1016/j.brs.2007.10.001

Bastiaansen, M. C., Posthuma, D., Groot, P. F., and de Geus, E. J. (2002). Event-related alpha and theta responses in a visuo-spatial working memory task. Clin. Neurophysiol. 113, 1882–1893. doi: 10.1016/s1388-2457(02)00303-6

Braun, V., Sokoliuk, R., and Hanslmayr, S. (2016). On the effectiveness of event-related beta tACS on episodic memory formation and motor cortex excitability. bioRxiv. doi: 10.1101/078964

Chander, B. S., Witkowski, M., Braun, C., Robinson, S. E., Born, J., Cohen, L. G., et al. (2016). tACS phase locking of frontal midline theta oscillations disrupts working memory performance. Front. Cell. Neurosci. 10:120. doi: 10.3389/fncel.2016.00120

Chen, Y.-N., Mitra, S., and Schlaghecken, F. (2008). Sub-processes of working memory in the N-back task: an investigation using ERPs. Clin. Neurophysiol. 119, 1546–1559. doi: 10.1016/j.clinph.2008.03.003

Courtney, S. M., Petit, L., Maisog, J. M., Ungerleider, L. G., and Haxby, J. V. (1998). An area specialized for spatial working memory in human frontal cortex. Science 279, 1347–1351. doi: 10.1126/science.279.5355.1347

Curtis, C. E., and D’Esposito, M. (2003). Persistent activity in the prefrontal cortex during working memory. Trends Cogn. Sci. 7, 415–423. doi: 10.1016/s1364-6613(03)00197-9

D’Esposito, M., and Postle, B. R. (2015). The cognitive neuroscience of working memory. Annu. Rev. Psychol. 66, 115–142. doi: 10.1146/annurev-psych-010814-015031

D’Esposito, M., Postle, B. R., Ballard, D., and Lease, J. (1999). Maintenance versus manipulation of information held in working memory: an event-related fMRI study. Brain Cogn. 41, 66–86. doi: 10.1006/brcg.1999.1096

Feredoes, E., Heinen, K., Weiskopf, N., Ruff, C., and Driver, J. (2011). Causal evidence for frontal involvement in memory target maintenance by posterior brain areas during distracter interference of visual working memory. Proc. Natl. Acad. Sci. U S A 108, 17510–17515. doi: 10.1073/pnas.1106439108

Fertonani, A., Ferrari, C., and Miniussi, C. (2015). What do you feel if I apply transcranial electric stimulation? Safety, sensations and secondary induced effects. Clin. Neurophysiol. 126, 2181–2188. doi: 10.1016/j.clinph.2015.03.015

Finnigan, S., O’Connell, R. G., Cummins, T. D. R., Broughton, M., and Robertson, I. H. (2011). ERP measures indicate both attention and working memory encoding decrements in aging. Psychophysiology 48, 601–611. doi: 10.1111/j.1469-8986.2010.01128.x

Gevins, A., Smith, M. E., McEvoy, L., and Yu, D. (1997). High-resolution EEG mapping of cortical activation related to working memory: effects of task difficulty, type of processing, and practice. Cereb. Cortex 7, 374–385. doi: 10.1093/cercor/7.4.374

Grandy, T. H., Werkle-Bergner, M., Chicherio, C., Schmiedek, F., Lövdén, M., and Lindenberger, U. (2013). Peak individual alpha frequency qualifies as a stable neurophysiological trait marker in healthy younger and older adults. Psychophysiology 50, 570–582. doi: 10.1111/psyp.12043

Haxby, J. V., Petit, L., Ungerleider, L. G., and Courtney, S. M. (2000). Distinguishing the functional roles of multiple regions in distributed neural systems for visual working memory. Neuroimage 11, 380–391. doi: 10.1006/nimg.2000.0592

Helfrich, R. F., Schneider, T. R., Rach, S., Trautmann-Lengsfeld, S. A., Engel, A. K., and Herrmann, C. S. (2014). Entrainment of brain oscillations by transcranial alternating current stimulation. Curr. Biol. 24, 333–339. doi: 10.1016/j.cub.2013.12.041

Herrmann, C. S., Rach, S., Neuling, T., and Strüber, D. (2013). Transcranial alternating current stimulation: a review of the underlying mechanisms and modulation of cognitive processes. Front. Hum. Neurosci. 7:279. doi: 10.3389/fnhum.2013.00279

Höller, Y., Uhl, A., Bathke, A., Thomschewski, A., Butz, K., Nardone, R., et al. (2017). Reliability of EEG measures of interaction: a paradigm shift is needed to fight the reproducibility crisis. Front. Hum. Neurosci. 11:441. doi: 10.3389/fnhum.2017.00441

Honey, G. D., Bullmore, E. T., and Sharma, T. (2000). Prolonged reaction time to a verbal working memory task predicts increased power of posterior parietal cortical activation. Neuroimage 12, 495–503. doi: 10.1006/nimg.2000.0624

Honkanen, R., Rouhinen, S., Wang, S. H., Palva, J. M., and Palva, S. (2015). Gamma oscillations underlie the maintenance of feature-specific information and the contents of visual working memory. Cereb. Cortex 25, 3788–3801. doi: 10.1093/cercor/bhu263

Howard, M. W., Rizzuto, D. S., Caplan, J. B., Madsen, J. R., Lisman, J., Aschenbrenner-Scheibe, R., et al. (2003). Gamma oscillations correlate with working memory load in humans. Cereb. Cortex 13, 1369–1374. doi: 10.1093/cercor/bhg084

Hoy, K. E., Bailey, N., Arnold, S., Windsor, K., John, J., Daskalakis, Z. J., et al. (2015). The effect of γ-tACS on working memory performance in healthy controls. Brain Cogn. 101, 51–56. doi: 10.1016/j.bandc.2015.11.002


IBM Corp. (2016). IBM SPSS Statistics for Windows. Armonk, NY: IBM Corp.


Jaeggi, S. M., Buschkuehl, M., Perrig, W. J., and Meier, B. (2010). The concurrent validity of the N-back task as a working memory measure. Memory 18, 394–412. doi: 10.1080/09658211003702171

Jaušovec, N., and Jaušovec, K. (2014). Increasing working memory capacity with theta transcranial alternating current stimulation (tACS). Biol. Psychol. 96, 42–47. doi: 10.1016/j.biopsycho.2013.11.006

Jaušovec, N., Jaušovec, K., and Pahor, A. (2014). The influence of theta transcranial alternating current stimulation (tACS) on working memory storage and processing functions. Acta Psychol. 146, 1–6. doi: 10.1016/j.actpsy.2013.11.011

Jensen, O., and Tesche, C. D. (2002). Frontal theta activity in humans increases with memory load in a working memory task. Eur. J. Neurosci. 15, 1395–1399. doi: 10.1046/j.1460-9568.2002.01975.x

Kamiński, J., Brzezicka, A., and Wróbel, A. (2011). Short-term memory capacity (7 ± 2) predicted by theta to gamma cycle length ratio. Neurobiol. Learn. Mem. 95, 19–23. doi: 10.1016/j.nlm.2010.10.001

Kane, M. J., Conway, A. R. A., Miura, T. K., and Colflesh, G. J. H. (2007). Working memory, attention control, and the n-back task: a question of construct validity. J. Exp. Psychol. Learn. Mem. Cogn. 33, 615–622. doi: 10.1037/0278-7393.33.3.615

Kasten, F. H., Dowsett, J., and Herrmann, C. S. (2016). Sustained aftereffect of α-tACS lasts up to 70 min after stimulation. Front. Hum. Neurosci. 10:245. doi: 10.3389/fnhum.2016.00245

Keeser, D., Padberg, F., Reisinger, E., Pogarell, O., Kirsch, V., Palm, U., et al. (2011). Prefrontal direct current stimulation modulates resting EEG and event-related potentials in healthy subjects: a standardized low resolution tomography (sLORETA) study. Neuroimage 55, 644–657. doi: 10.1016/j.neuroimage.2010.12.004

Khader, P. H., Jost, K., Ranganath, C., and Rösler, F. (2010). Theta and alpha oscillations during working-memory maintenance predict successful long-term memory encoding. Neurosci. Lett. 468, 339–343. doi: 10.1016/j.neulet.2009.11.028


Kim, D.-Y., Kim, S. W., Joo, E.-Y., Tae, W.-S., Choi, S.-J., and Hong, S. B. (2007). Cortical localization of scalp electrodes on three-dimensional brain surface using frameless stereotactic image guidance system. Neurol. Asia 12:84. Available online at: http://jkna.org/journal/view.php?number=5497


Klimesch, W., Schack, B., Schabus, M., Doppelmayr, M., Gruber, W., and Sauseng, P. (2004). Phase-locked alpha and theta oscillations generate the P1–N1 complex and are related to memory performance. Cogn. Brain Res. 19, 302–316. doi: 10.1016/j.cogbrainres.2003.11.016

Lisman, J. (2010). Working memory: the importance of theta and gamma oscillations. Curr. Biol. 20, R490–R492. doi: 10.1016/j.cub.2010.04.011

Lisman, J. E., and Jensen, O. (2013). The theta-γ neural code. Neuron 77, 1002–1016. doi: 10.1016/j.neuron.2013.03.007

Luck, S. J., and Vogel, E. K. (1997). The capacity of visual working memory for features and conjunctions. Nature 390, 279–281. doi: 10.1038/36846

Maurer, U., Brem, S., Liechti, M., Maurizio, S., Michels, L., and Brandeis, D. (2015). Frontal midline theta reflects individual task performance in a working memory task. Brain Topogr. 28, 127–134. doi: 10.1007/s10548-014-0361-y

Meiron, O., and Lavidor, M. (2014). Prefrontal oscillatory stimulation modulates access to cognitive control references in retrospective metacognitive commentary. Clin. Neurophysiol. 125, 77–82. doi: 10.1016/j.clinph.2013.06.013

Mitchell, D. J., and Cusack, R. (2008). Flexible, capacity-limited activity of posterior parietal cortex in perceptual as well as visual short-term memory tasks. Cereb. Cortex 18, 1788–1798. doi: 10.1093/cercor/bhm205

Natale, E., Marzi, C. A., Girelli, M., Pavone, E. F., and Pollmann, S. (2006). ERP and fMRI correlates of endogenous and exogenous focusing of visual-spatial attention. Eur. J. Neurosci. 23, 2511–2521. doi: 10.1111/j.1460-9568.2006.04756.x

Neuling, T., Rach, S., and Herrmann, C. S. (2013). Orchestrating neuronal networks: sustained after-effects of transcranial alternating current stimulation depend upon brain states. Front. Hum. Neurosci. 7:161. doi: 10.3389/fnhum.2013.00161

Oberauer, K. (2005). Binding and inhibition in working memory: individual and age differences in short-term recognition. J. Exp. Psychol. Gen. 134, 368–387. doi: 10.1037/0096-3445.134.3.368

Onton, J., Delorme, A., and Makeig, S. (2005). Frontal midline EEG dynamics during working memory. Neuroimage 27, 341–356. doi: 10.1016/j.neuroimage.2005.04.014

Owen, A. M., McMillan, K. M., Laird, A. R., and Bullmore, E. (2005). N-back working memory paradigm: a meta-analysis of normative functional neuroimaging studies. Hum. Brain Mapp. 25, 46–59. doi: 10.1002/hbm.20131


Pahor, A. (2017). The Role of Brain Oscillations in Working Memory [Dissertation]. Maribor, SI: University of Maribor.


Pahor, A., and Jaušovec, N. (2014). The effects of theta transcranial alternating current stimulation (tACS) on fluid intelligence. Int. J. Psychophysiol. 93, 322–331. doi: 10.1016/j.ijpsycho.2014.06.015

Pashler, H. (1988). Familiarity and visual change detection. Percept. Psychophys. 44, 369–378. doi: 10.3758/bf03210419

Pessoa, L., Gutierrez, E., Bandettini, P., and Ungerleider, L. (2002). Neural correlates of visual working memory: fMRI amplitude predicts task performance. Neuron 35, 975–987. doi: 10.1016/S0896-6273(02)00817-6

Polanía, R., Nitsche, M. A., Korman, C., Batsikadze, G., Paulus, W., Koch, C., et al. (2012). The importance of timing in segregated theta phase-coupling for cognitive performance. Curr. Biol. 22, 1314–1318. doi: 10.1016/j.cub.2012.05.021

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin. Neurophysiol. 118, 2128–2148. doi: 10.1016/j.clinph.2007.04.019

Postle, B. R., Ferrarelli, F., Hamidi, M., Feredoes, E., Massimini, M., Peterson, M., et al. (2006). Repetitive transcranial magnetic stimulation dissociates working memory manipulation from retention functions in the prefrontal, but not posterior parietal, cortex. J. Cogn. Neurosci. 18, 1712–1722. doi: 10.1162/jocn.2006.18.10.1712

Raghavachari, S., Lisman, J. E., Tully, M., Madsen, J. R., Bromfield, E. B., and Kahana, M. J. (2006). Theta oscillations in human cortex during a working-memory task: evidence for local generators. J. Neurophysiol. 95, 1630–1638. doi: 10.1152/jn.00409.2005

Rothmayr, C., Baumann, O., Endestad, T., Rutschmann, R. M., Magnussen, S., and Greenlee, M. W. (2007). Dissociation of neural correlates of verbal and non-verbal visual working memory with different delays. Behav. Brain Funct. 3:56. doi: 10.1186/1744-9081-3-56

Roux, F., and Uhlhaas, P. J. (2014). Working memory and neural oscillations: alpha-gamma versus theta-gamma codes for distinct WM information? Trends Cogn. Sci. 18, 16–25. doi: 10.1016/j.tics.2013.10.010

Roux, F., Wibral, M., Mohr, H. M., Singer, W., and Uhlhaas, P. J. (2012). Gamma-band activity in human prefrontal cortex codes for the number of relevant items maintained in working memory. J. Neurosci. 32, 12411–12420. doi: 10.1523/JNEUROSCI.0421-12.2012

Saliasi, E., Geerligs, L., Lorist, M. M., Maurits, N. M., and Lee, Y. (2013). The relationship between P3 amplitude and working memory performance differs in young and older adults. PLoS One 8:e63701. doi: 10.1371/journal.pone.0063701

Santarnecchi, E., Muller, T., Rossi, S., Sarkar, A., Polizzotto, N. R., Rossi, A., et al. (2016). Individual differences and specificity of prefrontal gamma frequency-tACS on fluid intelligence capabilities. Cortex 75, 33–43. doi: 10.1016/j.cortex.2015.11.003

Saults, J. S., and Cowan, N. (2007). A central capacity limit to the simultaneous storage of visual and auditory arrays in working memory. J. Exp. Psychol. Gen. 136, 663–684. doi: 10.1037/0096-3445.136.4.663

Sauseng, P., Griesmayr, B., Freunberger, R., and Klimesch, W. (2010). Control mechanisms in working memory: a possible function of EEG theta oscillations. Neurosci. Biobehav. Rev. 34, 1015–1022. doi: 10.1016/j.neubiorev.2009.12.006

Sauseng, P., Klimesch, W., Doppelmayr, M., Hanslmayr, S., Schabus, M., and Gruber, W. R. (2004). Theta coupling in the human electroencephalogram during a working memory task. Neurosci. Lett. 354, 123–126. doi: 10.1016/j.neulet.2003.10.002

Semlitsch, H. V., Anderer, P., Schuster, P., and Presslich, O. (1986). A solution for reliable and valid reduction of ocular artifacts applied to the P300 ERP. Psychophysiology 23, 695–703. doi: 10.1111/j.1469-8986.1986.tb00696.x

Todd, J. J., and Marois, R. (2004). Capacity limit of visual short-term memory in human posterior parietal cortex. Nature 428, 751–754. doi: 10.1038/nature02466

Tseng, P., Chang, Y.-T., Chang, C.-F., Liang, W.-K., and Juan, C.-H. (2016). The critical role of phase difference in gamma oscillation within the temporoparietal network for binding visual working memory. Sci. Rep. 6:32138. doi: 10.1038/srep32138

Van Vugt, M. K., Chakravarthi, R., and Lachaux, J.-P. (2014). For whom the bell tolls: periodic reactivation of sensory cortex in the gamma band as a substrate of visual working memory maintenance. Front. Hum. Neurosci. 8:696. doi: 10.3389/fnhum.2014.00696

Vossen, A., Gross, J., and Thut, G. (2015). Alpha power increase after transcranial alternating current stimulation at alpha frequency (α-tACS) reflects plastic changes rather than entrainment. Brain Stimul. 8, 499–508. doi: 10.1016/j.brs.2014.12.004

Vosskuhl, J., Huster, R. J., and Herrmann, C. S. (2015). Increase in short-term memory capacity induced by down-regulating individual theta frequency via transcranial alternating current stimulation. Front. Hum. Neurosci. 9:257. doi: 10.3389/fnhum.2015.00257

Witkowski, M., Garcia-Cossio, E., Chander, B. S., Braun, C., Birbaumer, N., Robinson, S. E., et al. (2016). Mapping entrained brain oscillations during transcranial alternating current stimulation (tACS). Neuroimage 140, 89–98. doi: 10.1016/j.neuroimage.2015.10.024

Zaehle, T., Rach, S., and Herrmann, C. S. (2010). Transcranial alternating current stimulation enhances individual alpha activity in human EEG. PLoS One 5:e13766. doi: 10.1371/journal.pone.0013766

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Pahor and Jaušovec. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-11-00651-g002.gif
Mean theta amplitude (uV)

Mean theta amplitude (uV)

2.8

26

24

22

2.0

18

16

1

s

p

o

1.0

2.8

26

2.4

22

2.

o

1.

3

1.

@

1.

IS

1.

~

1.0

Group 1

*
F3 F4 P3 4

P
Group 3
F3 F4 3 P4
BPRE ®POST

28

26

24

&2

20

1.8

1.6

14

12

1.0

2.8

2.6

2.

kN

T

o

2.0

18

16

14

1.2

1.0

Group 2

I *
F3 F4 P3 2

Group 4

3 F4 P3 2

WPRE WPOST





OPS/images/fnhum-11-00651-t003.jpg
Group tACS Figural (span) Verbal (span) Figural (RT) Verbal (RT)
Mean sD Mean sD Mean sD Mean sD

1 sham 4.30 1.30 294 0.80 898.41 171.61 850,03 206.96
theta 414 1.21 312 059 666.80 120.89 817.19 191.49
gamma 415 119 329 075 684.32 167.98 829,06 195.20

2 sham 4.48 096 321 0.82 72041 145.01 818.78 147.26
theta 4.0 0561 320 082 887.31 133.65 819.78 141.99
gamma 4.48 054 337 072 74047 190.93 862.32 170,06

3 sham 397 0.99 306 087 780,12 100.47 875.97 127.81
theta 385 0.90 307 074 77847 161.15 914.80 165.16
gamma 397 0.76 302 081 781.91 165.80 895.10 166.00

4 sham 391 091 270 1.08 691.31 153.89 817.41 212.81
theta 386 095 297 0.80 696,68 177.23 799.09 240.85
gamma 401 0.99 265 073 709.20 164.32 788.34 21492
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H test X3 =085,p=084 X3 =385,p=028 X3 =259,p=046 X% =6.42,p=0.09
M (SD) 6.33(1.09) 5.83(1.49) 5.77(0.95) 5.43(1.01)

Means (M) and standard deviations (SD) are presented for the entire sample of participants (N =
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Group 3 Group 4
Theta (Hz) 4.94(087) 4.89 (0.95) 5.08(0.86) 5.28(1.02)
Gamma (Hz) 31.81 (5.03) 33.22 (6.33) 32,60 (5.69) 32,53 (5.77)
Intensity (uA) 1763.89 (104.04) 1750 (100.00) 1602.78 (199.61) 1452.78 (183.49)

The same intensity was used in theta and gamma tACS sessions.
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Group tACS Figural 2-back Figural 3-back Verbal 2-back Verbal 3-back
Mean SD Mean SD Mean sD Mean sD
1 sham 43.72 9.02 38.50 6.90 41.67 9.15 39.56 856
theta 42.44 6.95 40.94 472 43.89 514 40.33 6.60
gamma 42.83 6.87 39.28 911 447 9.87 36.83 851
2 sham 42.72 6.91 39.00 8.02 42.83 584 38.94 7.20
theta 44.33 474 38.11 8.16 43.61 468 39.56 6.41
gamma 43.67 6.40 39.33 6.31 4472 587 39.28 8.03
3 sham 42.06 8.36 371.72 6.58 43.00 6.35 37.50 6.54
theta 45.06 3.06 38.78 6.84 43.44 468 40.22 6.26
gamma 43.78 491 40.22 5.82 4456 5.26 40147 514
4 sham 44.22 5.88 38.39 713 4494 458 40.39 568
theta 44.28 346 38.00 6.53 43.56 482 39.72 588
gamma 45.39 381 39.17 6.31 4517 391 40.28 5.56
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Group tACS Figural 2-back Figural 3-back Verbal 2-back Verbal 3-back
Mean sD Mean SD Mean SD Mean SD

1 sham 512.26 179.22 534.35 197.87 573.84 213.66 563.24 173.24
theta 508.94 195.28 507.46 181.76 530.77 158.74 501.22 162.45
gamma 535.12 200.82 539.00 192.49 541.31 178.13 566.07 163.83

2 sham 616.70 21373 627.22 190.59 508.82 195.97 630.08 175.06
theta 59422 221.34 598.75 190.60 604.06 203.97 616.87 179.16
gamma 568.31 186.07 585.50 181.22 560.48 160.70 596.73 164.13

3 sham 536.55 1565.41 602.38 177.44 570.32 150.57 600.37 156.72
theta 52363 180.32 560.78 185.15 535.46 174.45 554.74 179.85
gamma 559.29 162.75 586.60 184.88 554.88 161.70 583.82 153.98

4 sham 536.55 1565.41 602.38 177.44 570.32 150.57 600.37 156.72
theta 52363 180.32 560.78 185.15 535.46 174.45 554.74 179.85
gamma 559.29 162.75 586.60 184.88 554.88 161.70 583.82 153.98
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