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Abstract

Background: Transcranial alternating current stimulation (tACS)—a noninvasive brain
stimulation technique that modulates cortical oscillations in the brain—has demonstrated the
capacity to enhance working memory (WM) abilities in healthy individuals. The efficacy of tACS
on the improvement of WM performance in healthy individuals is not yet fully understood.

Objective/Hypothesis: This meta-analysis aimed to systematically evaluate the efficacy of
tACS in the enhancement of WM in healthy individuals and to assess moderators of response

to stimulation. We hypothesized that active tACS would significantly enhance WM compared to
sham. We further hypothesized that it would do so in a task-dependent manner, and that differing
stimulation parameters would impact response to tACS.

Materials and Methods: Ten tACS studies met inclusion criteria and provided 32 effects in the
overall analysis. Random effect models assessed mean change scores on WM tasks from baseline
to post-stimulation. Included studies involved varied stimulation parameters, between-subject, and
within-subject study designs, and online versus offline tACS.

Results: We observed a significant, heterogeneous, and moderate effect size for active tACS in
the enhancement of WM performance over sham (Cohen’s d=0.5). Cognitive load, task domain,
session number, and stimulation region showed a significant relationship between active tACS and
enhanced WM behavior over sham.
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Conclusions: Our findings indicate that active tACS enhances WM performance in healthy
individuals compared to sham. Future randomized controlled trials are needed to further

explore key parameters, including personalized stimulation versus standardized EEG frequencies,
maintenance of tACS effects, and whether tACS-induced effects translate to populations with WM
impairments.
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Introduction

Working memory (WM)—the capacity for temporary storage and manipulation or
reorganization of information held online—facilitates many higher-level cognitive functions
(e.g., learning, language, problem solving)[1]. As a largely frontal lobe-mediated cognitive
process, WM is linked to fluid intelligence and is involved in decision-making and goal-
directed behaviors that are fundamental to everyday life[2,3]. Unfortunately, this critical
cognitive ability typically declines with age, even among healthy older adults, which can
negatively impact quality of life, limit functional independence, and increase mortality rates
among the older adult population[4,5].

Recent years have witnessed growing interest in the use of noninvasive brain stimulation
(NIBS) techniques as interventions aimed at cognitive enhancement, maintenance of
cognition, or slowing of age-related cognitive changes[6-12]. Most WM NIBS studies

to date have employed transcranial direct current stimulation (tDCS), which applies a

direct current that impacts the resting membrane potential of neurons[13]. In contrast,
transcranial alternating current stimulation (tACS) is a form of NIBS that safely and
painlessly alters cortical oscillations, rhythmic patterns of electrophysiological activity

of the brain, in a frequency-specific manner[14,15]. Similar to tDCS, tACS influences
cortical excitability and brain activity but differs from tDCS by the application of an
alternating sinusoidal electrical currents (in-phase or anti-phase) using electrodes placed
over the scalp[16,17]. The mechanism of action involves entrainment of endogenous neural
oscillations as a function of rhythmic shifts in membrane potentials to the set frequency

of stimulation[18-22], differing from tDCS. Frequency of tACS can be applied at a

standard value across participants or personalized (EEG-informed) to an individual’s peak
frequency of interest. TACS can synchronize (or desynchronize, depending on phase) neural
oscillations to modulate cortical rhythms that underlie cognitive processes, manipulate brain
activity, and impact behavior[23-25]. In addition to being dependent on phase and frequency
of stimulation, effects of tACS on brain oscillations have also been shown to be task/state-
dependent, in that the activities one engages in at the time of stimulation directly impact

the effects elicited by stimulation[23,25-27]. Additionally, evidence suggests that multiple
sessions of tACS entrainment can elicit enduring neuroplastic changes and subsequent
physiologic and behavioral aftereffects[16,18,28,29], underscoring the therapeutic potential
of tACS[15].
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Neural oscillations play an important role in a variety of cognitive functions,

including WM[27]. Mounting evidence from electroencephalography (EEG) and
magnetoencephalography (MEG) studies demonstrates that WM is associated with
synchronous activity across multiple frequency bands independently (e.g., theta, alpha,

beta, and gamma) as well as cross-frequency coupling between theta and gamma (e.g., theta-
nested gamma)[30-34]. Theta oscillations are thought to be involved in the organization of
sequentially ordered WM items, whereas gamma band oscillations appear to correspond

to general maintenance of WM information[35,36]. Prior research has suggested that
crossfrequency coupling between low (theta) and high (gamma) frequencies enables
processing of information held in WM, including the sequentially ordering and maintenance
of stimuli[29,30,37,38]. Disruption of theta frequency has shown to impair working memory
performance[39]. A growing body of research suggests that tACS can enhance cognitive
processes that underlie WM function in healthy individuals[22,31,32,40,41]. For instance,

a study in healthy participants found that tACS applied at individualized theta-frequency
during a WM task increased short-term memory capacity in the active versus sham
group[42]. Recent research has suggested that active frontotemporal theta tACS can enhance
WM performance in healthy older adults to levels comparable to that of young adults[32].
There is also evidence that specific frequency bands are relevant to different features

of WM, such as the positive association between gamma band frequency (>40 Hz) and
performance at higher cognitive loads on WM tasks in healthy individuals[30,31,43,44]. The
ability to manipulate cortical oscillations to a standardized frequency or personalized to an
individual makes tACS a promising tool to alter brain activity that underlies cognition.

However, while studies employing tACS to enhance WM have shown promise, there exists
variability in the response to tACS that is not yet well understood[45]. Moreover, the
efficacy of tACS for enhancing WM in healthy individuals has not yet been explored

in sufficiently large cohorts to be considered definitive. Therefore, the aim of this meta-
analysis was to assess the efficacy of tACS on the enhancement of WM performance (e.g.,
accuracy or reaction time) in healthy participants. Potential moderators of treatment effects
such as stimulation parameters (including frequency of stimulation, number of sessions,
duration, stimulation region, subject-specific frequency versus standard frequency), WM
task demands (e.g., cognitive load), verbal versus spatial tasks, and participant demographics
were also explored, in order to determine potential moderator effects on tACS response.
We hypothesized that active tACS versus sham would significantly enhance WM task
performance and improve behavioral outcomes. We also hypothesized that tACS-induced
effects on behavioral performance would be demonstrated in a task-dependent manner.

Materials and Methods

This systematic meta-analysis was conducted and reported in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines[46,47].

Literature search strategy

One reviewer (N.N.) carried out literature searches to identify studies assessing tACS in
the context of WM performance in healthy individuals. Articles were identified through
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a computerized literature search using the following databases: Embase, PubMed, Web

of Science, Cochrane Central Register of Controlled Trials, and clinicaltrials.gov. The
following search terms were included for titles, abstracts, and keywords: “transcranial
alternating current stimulation” OR “tACS” OR “oscillatory activity” AND “working
memory” OR “executive function” OR “cognition”. The search was limited to published
research articles between January 1960 and March 2022 written in English. Using this
approach, we identified 509 articles from Embase, PubMed, Web of Science, Cochrane
Central Register of Controlled Trials, and 24 records from ClinicalTrials.gov. The PRISMA
flow diagram displays the procedures for study identification as seen in Figure 1. Additional
thorough manual reviews of the articles were performed as described below.

Eligibility: inclusion/exclusion

Aurticles were eligible for inclusion if the studies they reported met the following criteria:
(1) enrolled healthy human subjects; (2) involved administration of tACS either online

or offline (e.g., during or before behavioral assessments); (3) assessed WM performance
before, during or after stimulation; (4) had more than two participants. Between-subject
studies with active versus sham trials and baseline data were included, in addition to within-
subject crossover study designs. The rationale for requiring pre- and post-stimulation data
was to increase the validity and stability of working memory performance across studies
that assessed different cognitive aspects of working memory and included heterogeneous
stimulation protocols. The following factors excluded articles from meta-analysis: (1) case
studies of a single participant; (2) studies involving clinical populations; (3) review articles;
(4) studies involving non-alternating waveforms of transcranial electrical stimulation (tES);
(5) studies that involved pharmacological or other additional interventions; or (6) studies that
assessed tACS only in motor or sensory contexts. Common reasons for excluding articles
were duplication within the literature search, tACS applications in non-cognitive domains,
studies involving other brain stimulation techniques, review articles, or limited statistical
reporting (e.g., conference abstracts).

Literature data extraction

Manuscripts (titles, abstracts, and full texts) were independently screened by four of the
authors (N.N., D.M., S.E., and A.P.). Any disagreements during the selection process
were resolved through collaborative discussion and consensus. The final selected studies
are summarized in Table 1 and study demographics in Table 2. For articles that met
inclusion criteria, the following information was extracted: author and publication year,
study design, sample size, participant demographics (e.g., age, sex and education when
reported), cognitive task, cognitive domain of the task (i.e., verbal versus spatial WM task),
mean performance and SDs (accuracy and/or reaction time) at baseline, during tACS, or
post-stimulation to calculate change score, and stimulation parameters including duration,
frequency band, number of sessions, electrode location and size, region of stimulation
(i.e., frontal versus parietal versus frontoparietal versus frontotemporal), hemisphere (i.e.,
bilateral versus left versus right), and personalized versus standard frequency.
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Data Analyses

The Comprehensive Meta-Analysis software (CMA v3.0; www.meta-analysis.com) was
used to perform analyses. To account for heterogeneity across studies due to differences

in methods and sample characteristics, the random effects model approach was used

for all analyses[48]. The main outcome measures, accuracy, or reaction time on WM
assessments, were defined as the mean percent correct response or mean latency (ms)
determined from the change score (baseline to post-stimulation). For all studies, change in
performance was calculated by comparing the mean accuracy or latency achieved before
versus during or after active and/or sham stimulation. If the means and standard deviations
(SDs) were not reported, effect sizes were calculated from reported univariate /~tests,
tstatistics, or p-values. In the event studies reported that active versus sham differences
were not statistically significant, but did not report the direction of the effect, the direction
was coded as negative to provide more conservative effect size estimates. Effect sizes

were classified as small (¢20.20), medium (¢0.5) or large (¢20.80), corresponding to
previous conventions[49]. To determine if statistical significance was achieved, confidence
intervals (CI) and ztransformations of the effect size were used. The criterion for statistical
significance was achieved for mean effects within the 95% CI which did not span zero,
providing evidence that tACS has a reproducible, robust effect on WM in healthy adults.
Cochran Q-statistic, which computes the sum of the squared deviations from each study’s
estimate from the overall meta-analysis estimate[50], was used to assess how much of the
total variability could be attributed to heterogeneity amongst the selected studies or whether
variations in findings were due to chance alone[51]. Behavioral performance was analyzed
across 32 effects in an overall omnibus analysis spanning different WM tasks. The following
data assignments were used across all effects: paired groups (difference, p), paired groups
(N, #value), independent groups (means, SDs). The number of effects are defined as &;
Cohen’s d is defined as d.

To assess factors that might influence response to tACS, we explored moderator variables
that might impact behavioral outcomes in sub-group moderator analyses. Performance
was assessed further on behavioral tasks with multiple effects. The following categorical
variables were examined: WM task domains (3 levels: identifying letters (verbal) versus
spatial location versus object recognition (nonverbal), cognitive load on N-Back task
(1-Back versus 2-Back versus 3-Back versus 2-Back over 1-Back), accuracy versus
reaction time, study design (between-subject versus within-subject), stimulation frequency
(Hz), number of sessions (1 versus 2 versus 4), stimulated hemisphere (bilateral versus
left versus right), stimulation region (frontal versus parietal versus frontoparietal versus
frontotemporal), and online versus offline task performance. Meta-regression was performed
to explore characteristics of continuous variables, including stimulation duration, and
participant demographics (mean age, education, % female versus male).

Publication bias was evaluated by visual assessment of the funnel plot, which provides a
graphic scatter plot of the effect size estimates from each study plotted against the result.

A relatively symmetrical funnel plot indicates absence of publication bias, whereas an
asymmetrical shape indicates bias between the included studies[52]. Egger’s regression was
used to quantify a statistical measure of the funnel plot[53]. An adjusted rank-correlation
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test was calculated according to the methods of Begg and Mazumdar[54]. The classic
fail-safe N was used as a measure to identify the number of additional negative studies that
would be needed to negate the current findings[55].

From the initial database search, we identified 10 articles[31,32,56-63] that met our
inclusion criteria and provided 32 effects (k=32) included in the meta-analysis. All articles
involved tACS, with 16 effects involving subject-specific frequency and 16 effects set at

a standard frequency. The overall sample size across all effects included n=695 healthy
participants that underwent tACS during WM task performance (online) or tACS in between
task assessments (offline). Study details are shown in Table 1.

Effects across all tACS studies and WM tasks: Omnibus analysis

The omnibus analysis of overall effects from active tACS across all WM tasks resulted

in a significant and moderate improvement in behavioral performance over sham (k=32;
a=0.514; 95% C1=0.349-0.680; z=6.105; p=0.0001). Analysis of homogeneity indicated
that specific study effect sizes were significantly heterogeneous (Q-stat=91.47; d/=32;
p=0.0001). Given the variability across tasks, study-specific effect sizes, and differences

in tACS parameters, moderator analyses were performed to better account for the observed
heterogeneity. The study statistics and corresponding forest plot for the omnibus analysis are
provided in Figure 2.

Moderator Analyses

Effect of cognitive load: N-Back task—Assessment of cognitive load and its
relationship with tACS revealed a significant difference such that 2-Back over 1-Back
demonstrated the greatest effect (k=1, d=1.709, 95% CI1=0.822-2.597, p<0.0001), followed
by 2-Back (k=4, d=1.067, 95% CI=0.376-1.76, p=0.002), 1-Back (k=2, d=0.839, 95%
C1=0.373-1.304, p<0.0001), and 3-Back (k=2 d=0.072, 95% C1=-0.53-0.67, p=0.813) (Q-
stat=10.32; df=3; p=0.02). This suggests that tACS effects on WM behavior are beneficial
for the more challenging 2-Back over 1-Back condition, but do not reliably influence the
highest-level difficulty (i.e., 3-Back (p>0.05)).

Task domains: verbal, spatial, and object—Analysis of WM task domains included
three levels: verbal, spatial, and object. We defined verbal tasks as those that employed
language-related stimuli, including single letters. Spatial tasks tested subjects on the location
of visual stimuli, while object tasks tested recognition of sequentially presented visual
stimuli. Active tACS had a significant and larger improvement in verbal WM tasks (k=16;
ad=0.720; 95% C1=0.498-0.942) relative to tasks testing spatial location (k=6; ¢=0.321;

95% Cl=-0.154-0.796) and object recognition (k=5; ¢=0.238; 95% Cl=-0.095-0.571) (Q-
stat=6.520; d=2; p=0.04).

Task accuracy versus reaction time—Contrasts assessing accuracy (k=25; d=0.622;
95% CI1=0.453-0.790) versus reaction time (k=7; d=-0.008; 95% CI=-0.247-0.231)
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revealed that accuracy was significantly and moderately enhanced from active tACS,
whereas reaction time (d=0.622) slowed as a function of stimulation (p=0.0001).

Number of tACS sessions—Contrasts assessing number of sessions indicated a
significant, heterogeneous result suggesting that higher number of sessions imparts greater
benefit to WM behavior for active over sham stimulation (4 sessions: A=2; d=0.750;

95% CI1=0.435-1.063; 2 sessions: k=14; d=0.735; 95% C1=0.454-1.016; 1 session: k=16;
d=0.301; 95% C1=0.109-0.494) (Q-stat=9.211; d=2; p=0.01).

Target region of stimulation—Contrasts assessing stimulation region revealed a
significant effect between parietal, frontal, frontoparietal, and frontotemporal (k&=15, 5,

8, 4, respectively) where parietal received the most benefit (¢=0.742), followed by

frontal (6=0.479), frontoparietal (¢=0.255), and frontotemporal stimulation (6=0.202) (Q-
stat=9.082; df=3; p=0.03).

Non-significant Moderator Variables—Nonsignificant moderator variables, included:
1. Study design type (within-subject, A&=24; between-subject, &=8) (Q-stat=0.001, d&1;
p=0.973); 2. Online (k=17) versus offline (k=15) performance (Q-stat=0.782; df=1,;
p=0.38); 3. Waveform phase—in-phase (k=28) versus anti-phase (k=2) (Q-stat=1.559; df=1;
p=0.212); 4. Frequency (Hz) between 4-40 Hz range (Q-stat=2.848; a=6; p=0.83); 5.
Personalized (Hz) (k=16) versus standard frequency (k=16) (Q-stat=0.470; d1; p=0.50); 6.
Electrode type (conventional versus HD-tACS) (Q-stat=1.104; df=1; p=0.30). 7. Stimulation
hemisphere (bilateral versus left versus right; =5, 17, 10) (Q-stat=0.133; df=2; p=0.071).

Meta-regression for continuous variables—No significant differences were observed
for stimulation duration (12-, 15-, 20-, 25-minutes) (z=—-1.33; p=0.19). Participant
demographics did not reveal significant moderation of effect size by age (z=-1.10;

p=0.27) (mean age=30.56 years; range=20.5-69.6) or education (z=—1.22; p=0.22; mean
education=16.7 years). Also, young (k=26) versus older adults (k=6) was not a significant
moderating variable (p=0.364). Meta-regression revealed a significant moderation of effect
size by percentage of female versus male participants (z=1.95; p=0.05), suggesting that
studies with a higher number of females may benefit more from active tACS over sham.

Publication bias—Evaluation of publication bias revealed significant Begg (1-tailed
p=0.0003) and Egger (1-tailed p=0.00018) tests, indicating the possibility of bias within
this sample of literature. Trim-and-fill analyses identified five putative outlier effects. If
excluded, they only minimally reduced the omnibus effect size (0=0.34)[49,64,65]. Finally,
the calculation of the classic fail-safe N indicated that 573 negative or “null” results would
be needed to negate the present findings. Figure 3 displays the funnel plot for all included
studies.

Discussion

This systematic meta-analysis explored the efficacy of tACS on the enhancement of WM
performance in healthy adults. Results revealed a significant, heterogeneous positive effect
of active tACS in improving WM performance over sham. A prior meta-analysis assessed
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tACS on visual cognition[41] but assessed different cognitive domains with no pooled effect
size. [22]This meta-analysis extends the literature by assessing the effectiveness of tACS on
WM behavioral performance and factors that might modulate stimulation effects, which to
our knowledge, has not been the primary focus of prior meta-analyses. In sub-analyses,

we explored potential moderator variables that could impact tACS response including
task-dependent effects, variations in stimulation parameters and participant demographics.
Collectively, these data suggest that active tACS may enhance WM performance in healthy
individuals over sham.

As we predicted, a task-dependent effect of tACS was identified on the N-Back task,
suggesting cognitive load may be important for stimulation response. The load effect was
specific to 2-Back over 1-Back condition (which targets attention but lacks the manipulation
aspects of WM) while the 3-Back condition was not significant. This indicates that capacity
of tACS-induced enhancement may depend on the nature of the task, with limits that might
relate to WM network ceiling effects, given the nonsignificant 3-Back condition. Previous
research has demonstrated that task-dependent effects of tES cognitive enhancements relate
to the nature and cognitive load of the task being performed during stimulation[6,31,66,67];
this finding is also corroborated with state-dependent effects of tACS (i.e., physiological
state and fluctuations in neural activity) that have been suggested to occur in the motor
system[25]. These results also align with functional neuroimaging evidence demonstrating
that neural activation of WM related brain regions correlates with the cognitive demands of a
task[68,69].

Verbal and nonverbal WM tasks are supported by different neural processes[70], which
could be differentially affected by tACS. Thus, we examined differences in task domain

as potential moderating factors across three levels (verbal, spatial, and object stimuli).

We identified significantly larger improvements on verbal compared to spatial and

object recognition tasks. Prior neuroimaging studies point to hemispheric lateralization
between verbal versus spatial WM in left hemisphere (LH) versus right hemisphere (RH),
respectively[71]. As site specific effects may alter the impact of tACS for different WM
subdomains, our results should be interpreted cautiously; very few studies in our analysis
compared performance on the same behavioral task paired with stimulation at different sites.

Given the bihemispheric network of brain regions that are known to subserve WM, we
examined hemisphere and stimulation region as moderator variables. Stimulation region
was a significant moderator for active tACS—parietal lobe had the strongest effect on WM
behavior followed by frontal, frontoparietal, and frontotemporal. Hemisphere of stimulation
(LH, RH, bilateral) did not significantly moderate tACS effects. The parietal region is
understood to be an essential node in the WM network[72] with involvement in short-term
storage and retrieval of phonologically coded verbal information[73]. Patients with superior
parietal lesions exhibit deficits when WM tasks require manipulation of information and
show normal performance on rehearsal/retrieval processes, which indicates the critical
nature of the parietal lobe during manipulation of WM information[72]. Our results suggest
that parietal tACS is associated with improvement in several WM functions. This indicates
that stimulation to other brain regions may be less effective. These findings underscore the
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importance of determining appropriate and optimal targets for WM task enhancement via
tACS.

Across all effects, accuracy and reaction time were impacted by active stimulation over
sham; accuracy significantly improved, whereas reaction time, a proxy for processing speed,
slowed in response to stimulation. This is broadly consistent with prior research exploring
tACS for cognitive remediation in healthy older adults, wherein accuracy, but not reaction
time, has been shown to be enhanced by active stimulation[32]. This is also consistent with
prior studies employing tDCS[6,74]. However, the finding could represent a speed-accuracy
tradeoff whereby, due to the WM benefits induced by stimulation, individuals are able to
respond with fewer errors, but at the cost of responding more slowly[75].

Stimulation parameters including number of sessions and frequency (Hz) (standardized
versus personalized (Hz)), are important factors that can impact tACS response. Consistent
with previous studies[76-78], we found that number of sessions (4 versus 2 versus 1)
significantly moderated response to stimulation; a higher number of sessions associated with
more robust effects. This finding may relate to underlying mechanisms of neuroplasticity;
studies of tES have shown that repeated sessions of stimulation may produce stable
long-term changes in neuroplasticity via mechanisms like long-term potentiation (LTP)
[77-79]. Stimulation frequency, including standardized versus personalized Hz, did not
significantly moderate tACS effects. It has been suggested that personalized frequency

may confer greater benefits in behavior over a standard frequency across participants[32].
However, our results suggest no significant difference between EEG-informed tACS versus
standardized frequency across healthy participants. This may not necessarily mean that
personalized tACS is less effective; across studies, different approaches are used to
determine endogenous peak frequency (e.g., EEG-triggered TMS, closed loop NIBS during
task/rest)[22,27,32,80-83]. Different methods may impart variability in personalization of
tACS. More insight is needed to reduce potential variability of EEG-informed tACS effects
across studies. Also, participant demographics may be a confounding factor; most studies
included relatively young adults with high performance rates and ceiling effects compared to
older adults with normal age-related decline.

Other parameters important to tACS response include duration of stimulation, online or
offline task performance, in-phase versus anti-phase waveforms, and conventional versus
HD-tACS. Duration of stimulation (12-, 15-, 20-, 25-minutes) was not associated with
significant differences in tACS effects. This may indicate that the maximum benefit from
tACS can be achieved at short stimulation session in healthy young adults. Variables such
as online (during) or offline (after stimulation) performance, in-phase versus anti-phase, and
conventional versus HD-tACS also were not significant moderators of response to tACS.

Demographic features such as age, sex and education have potential to influence response to
stimulation and were examined as covariates using meta-regression. Mean age and education
were nonsignificant factors with respect to stimulation effects. The age range across all
effects was 20.5-69.6 years. We categorized subjects as young versus older adults (26 versus
6 effects, respectively) to examine potential age-related differences in tACS response but
observed none. Sex was a significant covariate in response to stimulation; higher percentage
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of female participants in studies was associated with greater WM performance. However,
this finding could be driven largely by the higher number of females in this particular
sample, and not an actual biological difference in response to tACS.

This study had several limitations. Although our criteria were broad, the final number

of studies that met inclusion was low and stimulation protocols varied. We acknowledge
that methodological heterogeneity across tACS protocols limits the ability to identify the
most beneficial strategy. In an effort to be comprehensive, we performed several moderator
analyses in which only a small number of effects could be compared. One particular area
where we think additional data are needed is the determination of whether stimulation at
personalized tACS frequencies versus standardized frequency has an impact on stimulation
effects in samples of young healthy adults. Specific regions of the WM network that are
preferentially involved in particular aspects of WM may be differentially influenced by
tACS (i.e., variability of functional connectivity between regions within the WM network
could impact response to stimulation). Future research combining tACS with neuroimaging
techniques (e.g., EEG, fMRI; structural MRI) may provide greater insights into brain
processing during WM performance and aid in the optimization of targeted stimulation
sites for tACS WM enhancement.

Conclusions

In summary, we identified a significant, heterogeneous effect of tACS on the enhancement
of WM performance and several factors that may impact response to stimulation. Future
research in this area will need to address substantive gaps in the existing data by conducting
studies with larger subject samples, increasing focus on important parameter settings and
protocol optimization, and further examining structure-function relationships mediating the
effects of stimulation on specific WM abilities. Future studies that explore cross-frequency
coupling during tACS and working memory performance may provide greater guidance
towards protocol optimization. Nonetheless, this meta-analysis provides support for the use
of tACS as a tool to interrogate and improve WM and foundational evidence to support the
exploration of tACS as a potential intervention for clinical populations with WM deficits.
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Study name Statistics for each study Std diff in means and 95% ClI
Std diff  Standard Lower Upper
in means error Variance  limit limit Z-Value p-Value

Meiron, 2014 1.265 0.447 0200 0.388 2141 2.828 0.005

Meiron, 2014a 0.418 0.413 0170 -0.391 1226 1.012 0.312

Jausovec, 2014 (1)  1.137 0.370 0.137  0.411 1.863 3.070 0.002

Jausovec, 2014a (1) -0.312 0.296 0.087 -0.891 0.268 -1.055 0.292
Jausovec, 2014b (1) -0.049 0.289 0.083 -0615 0517 -0.170  0.865

Jausovec, 2014 (2)  0.719 0324 0105 0084 1354 2220 0.026

Jausovec, 2014a (2) 0.635 0316 0100 0015 1256 2008  0.045

Jausovec, 2014b (2) 1.709 0453 0205 0822 2597 3775 0.000

Jausovec, 2014c (2) 0.785 0330 0109 0138 1432 2377 0017

Jausovec, 2014d (2) 0.672 0320 0102 0046 1299 2103  0.035

Jausovec, 2014e (2) 0.897 0342 0117 0227 1566 2623  0.009

Jausovec, 2014f (2) 0.785 0330 0109 0138 1432 2377 0017 ——
Jausovec, 2014g (2) 2.208 0535 0286 1159 3257 4125  0.000 —
Jausovec, 2014h (2) 0.672 0320 0102 0046 1299 2103  0.035 e
Hoy, 2015 0.431 0246 0061 -0.052 0914 1750  0.080 — —
Borghini, 2018 0.749 0.226 0051 0305 1193 3310  0.001 ——t—
Borghini, 2018a 0.749 0226 0051 0305 1193 3310  0.001 —t—
Jones, 2019 0.378 0168 0028 0049 0707 2251  0.024 —l—

Jones 2019a 0232 0164 0027 -0.554 0090 -1.411  0.158 —it

Bender, 2019 0.754 0303 0092 0160 1347 2480 0013 —t—
Bender, 2019a 0.714 0299 0090 0127 1300 2384 0017 ——t—
Reinhart, 2019 0.577 0167 0028 0250 0903 3461  0.001 ——
Reinhart, 2019a  -0.099 0155 0024 -0402 0204 -0639 0523

Reinhart, 2019b 0.586 0205 0042 0185 0987 2865 0.004 ——
Reinhart, 2019c ~ -0.242 0192 0037 -0617 0134 -1260  0.208

Biel, 2021 0.046 0417 0174 -0.773 0864 0109 0913

Biel, 2021a 0.218 0419 04175 -0.602 1.039 0521  0.602 =

Biel, 2021b 0.693 0430 0185 -0.149 1535 1612  0.107 =

Biel, 2021c 0.295 0420 0176 -0.528 1.118 0703  0.482 '

Biel, 2021d 0416 0173 -0270 1359 1309  0.190 i

Biel, 2021e 0422 0178 -0.085 1569 1758  0.079

Thompson, 2021 0144 0021 0054 0619 2338 0019 -
Omnibus effect > |0. 0.084 0007 0349 0680 6105  0.000 >

-2.00 -1.00 0.00 1.00 2.00

Favors Sham Favors Active

Figure 2.
Overall meta-analysis effect size (Cohen’s d omnibus effect=0.514) of all included tACS

studies. Corresponding forest plot demonstrates the effects of favoring active stimulation
(>0) versus favoring sham stimulation (<0).
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Figure 3.

Funnel Plot of Standard Error by Std diff in means
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Funnel plot displays tACS effects for the assessment of publication bias.
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Study sample demographics.

Table 2.

Sample

Author, year size

Age

Percent

fernale Education (mean year)

Meiron, 2014 24 215
JauSovec, 2014a 12 20.6
JauSovec, 2014b 12 20.5

Hoy, 2015 18 29.3
Borghini, 2018 25 69.1
Jones, 2019 38 245
Bender, 2019 14 21.9
Reinhart, 2019 42 68.8
Biel, 2021 24 21.3
Thompson, 2021 51 24.1
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100 12.67 Active; 12.43 Sham
66.6 -
75 -
50 16.23
44 16.2
66 -
85 -
52 17
58.3 -
58.8 -
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