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Highlights 

 Meta-analysis about the tDCS effect on P3 elicited by cognitive tasks. 

 Anodal frontal tDCS significantly increases parietal P3 amplitude during oddball and n-

back tasks.  

 No tDCS effect was detected on P3 latency, however, few studies analyzed this marker. 

 P3 brain potential may be useful to assess the effects of tDCS during attention and 

memory processes. 

 

 

Abstract 

Transcranial direct current stimulation (tDCS) has been widely used to modulate 

cognition and behavior. However, only a few studies have been probing the brain mechanism 

underlying the effects of tDCS on cognitive processing, especially throughout 

electrophysiological markers, such as the P3. This meta-analysis assessed the effects of tDCS in 

P3 amplitude and latency during an oddball, n-back, and Go/No-Go tasks, as well as during 

emotional processing. A total of 36 studies were identified, but only 23 were included in the 
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quantitative analysis. The results show that the parietal P3 amplitude increased during oddball 

and n-back tasks, mostly after anodal stimulation over the left dorsolateral prefrontal cortex (p 

= 0.018, SMD = 0.4) and right inferior frontal gyrus  (p < 0.001, SMD = 0.669) respectively. 

These findings suggest the potential usefulness of  the parietal P3 ERP as a marker of tDCS-

induced effects during task performance. Nonetheless, this study had a low number of studies 

and the presence of considerable risk of bias, highlighting issues to be addressed in the future. 

 

Keywords: Event-related potential P3 P300 tDCS Cognition Working memory Attention 

Inhibitory control 

 

 

 

 

 

1. Introduction 

Transcranial direct current stimulation (tDCS) is one of the most studied 

techniques in non-invasive neuromodulation. With a very good safety profile and low 

cost, tDCS has been used to modulate cognition in both experimental and clinical settings 

(Coffman et al., 2014; Fregni et al., 2020). tDCS relies on the application of a weak direct 

current through two electrodes with different polarities – the anode and the cathode. The 

cortical excitability modulation depends on the polarity. The concept is that anodal 

stimulation leads to a subthreshold neuronal depolarization augmenting the likelihood of 

spontaneous neuronal firing, whilst the cathode has the opposite hyperpolarization effect  
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(Stagg and Nitsche, 2011). Additionally, tDCS induced after-effects occur through 

neuroplastic changes at molecular level, e.g. in the N-methyl-D-aspartate (NMDA) 

receptors and brain-derived neurotrophic factor (BDNF), namely by inducing long-term 

potentiation (LTP) and long-term depression (LTD) (Chan et al., 2021; Monte-Silva et 

al., 2013). The neuroplastic modulation is not only dependent on tDCS polarity, but it is 

also contingent on other stimulation parameters (e.g., current density, stimulation 

duration). Recent studies showed that the dose-response relationship follows a non-linear 

inverted U-shaped function (Batsikadze et al., 2013; Goldsworthy and Hordacre, 2017). 

Moreover, resting neuronal state seems also to be relevant for understanding the 

neurophysiological impact of tDCS. For instance, recent studies showed that tDCS 

effects are dependent on the timing of stimulation, task difficulty, or ongoing neuronal 

activity  (Fertonani and Miniussi, 2017). 

tDCS has been widely studied in clinical trials (Fregni et al., 2020) or cognitive 

enhancement studies (Coffman et al., 2014). However, most of these studies rely on 

behavioral or clinical measures (mostly self-reporting) to assess the effectiveness of 

tDCS, without a clear explanation of the underlying mechanisms responsible for its 

effects. The understanding of the mechanisms underlying brain activity and the impact of 

tDCS on those networks is especially important in cognition, in which task performance, 

although important, is only correlated with brain functioning. 

The P3 (or P300) is one of the most studied event-related potentials (ERP) (Sutton 

et al., 1965). This positive component peaks with a latency around 300 – 400 ms after the 

stimulus onset in any sensory modality, and is thought to underlie attention and working 

memory processes (Kok, 2001; Polich, 2007). Deviations in P3 amplitude and latency are 
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associated with cognitive deficits  in several neuropsychiatric disorders, such as alcohol 

use disorder (Hamidovic and Wang, 2019), attention-deficit/hyperactivity disorder 

(ADHD; Kaiser et al., 2020), bipolar disorder (Wada et al., 2019), post-traumatic stress 

disorder (PTSD; Johnson et al., 2013), and psychopathy and antisocial behavior (Pasion 

et al., 2018). 

Often referred in the literature as a single component, P3 can be divided in two 

additional subcomponents: P3a and P3b. P3a signals an attentional and orientation 

processes (P3a) occurring after the exposure of an unpredictable stimulus (e.g., a 

distracter or a novel stimulus in a three-stimulus oddball paradigm) and it is elicited in 

the frontocentral brain region (Friedman et al., 2001). This subcomponent might be a 

neuronal representation of attentional allocation and orientation to something unexpected 

(Simons et al., 2001; Spencer et al., 2001). The amplitude and latency of P3a are 

modulated by the stimulus salience with more relevant stimuli eliciting a larger and faster 

P3a (Kok, 2001). The amplitude of this component is also modulated by habituation as 

novelty and/or salience of the stimulus decreases in repeated presentations, especially 

with short interstimulus intervals (Rushby and Barry, 2009). On the other hand, P3b is 

elicited in parieto-temporal region approximately 60-80 ms after the P3a during a 

standard oddball paradigm, specifically after an infrequent stimulus (i.e., target) that is 

intermingled in a series of frequent stimuli (i.e., non-target). Participants are instructed to 

respond to a target stimulus (e.g., press a button or count the number of targets), whilst 

they need to ignore the non-target stimulus. (Polich, 2007). Low uncertainty in stimulus 

prediction is necessary to elicit the P3b component and this component occurs when the 

target does not match the representation maintained on the WM, suggesting a role in 
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processing task-relevant information and subsequent memory storage (Polich, 2007). P3b 

is thought to be a neural signature of goal-directed target identification in complex 

cognitive processes such as goal-directed learning and decision making (Rac-

Lubashevsky and Kessler, 2019). 

However, the oddball task is not the only task in which the P3 component can be 

elicited. For instance, the memory operations reflected by P3 are also observed during n-

back tasks, mostly after the exposure of a target stimulus that matches the stimulus 

displayed n trials before (Saliasi et al., 2013). In sum, P3b is thought to reflect the 

comparison between the present stimulus and the information already stored (i.e., 

categorization of task-relevant information), while the P3 elicited in n-back is more 

strongly related with the memory storage of the current stimulus (i.e., update WM) to 

successfully perform the upcoming comparisons (Polich, 2007). The amplitude of the 

component is related to the allocation of the neuronal resources and the cognitive 

processing, while the latency is associated with the time required to evaluate the stimulus, 

which suggests that reduced P3 amplitude with longer latencies indicates poorer and 

delayed operations relative to the task-relevant stimulus. 

Additionally, P3 is also elicited during tasks requiring the inhibition of a 

forthcoming response, such as the Go/No-Go (GNG) task and the Stop Signal Reaction 

Time task (SSRT). Both paradigms require distinct frontal-basal-ganglia circuits due to  

different functional demands in the inhibitory processing via proactive (e.g., GNG task) 

and reactive inhibition (e.g., SSRT; Aron, 2011). In GNG tasks, P3 is elicited during the 

“no-go” and “go” trials. The “no-go” P3 amplitude has been highlighted as an important 

marker of inhibitory control and is often elicited in frontocentral regions during 
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successful inhibition trials (Huster et al., 2013). Thus, this component has been associated 

with P3a due to its topographic similarities, whilst the “go” P3 is observed in parietal 

regions after a stimulus requiring a motor action (Ruchsow et al., 2008). On the other 

hand, during the SSRT, the P3 component is elicited during “stop” trials that demand an 

inhibition of an action that was already initiated. Moreover, changes in P3 amplitude 

have also been shown to reflect inhibitory processes. For instance, P3 amplitude has been 

shown to increase under high inhibitory load conditions, such as the one required by 

faster response times or decreased probability of stop-signal (Huster et al., 2013). 

Additionally, a recent meta-analysis also demonstrated the importance of P3 latency for 

inhibitory processes, showing a strong correlation between early P3 latency (and not the 

amplitude) with successful inhibition in stop trials (Huster et al., 2020). 

P3 is also very sensitive to the emotional-motivational value of the stimuli. For 

instance, P3 amplitude increased after emotionally laden stimuli when compared with a 

stimulus with a neutral emotional meaning (Hajcak et al., 2010) or after the exposure of 

drug-related pictures in subjects with addiction problems (Dunning et al., 2011).  

Moreover a study using P3 as a workload probe showed that videos with high levels of 

emotional arousal (e.g., horror or erotic) have strong interference in the P3 amplitude 

during an oddball paradigm when compared with videos with lower arousal (Carvalho et 

al., 2011).  These findings suggest that P3 is also responsive to the salience of the 

stimulus, which might reflect the motivational purposes in the allocation of attentional 

resources as well (Boggio et al., 2009; Nakamura-Palacios et al., 2012). 

Overall, P3 has been used frequently as an index of attention and working memory 

underlying several cognitive processes and can be used to assess the impact on cognitive 
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functioning of several neuromodulatory interventions on the brain.  In this sense, it is important 

to study its usefulness as mechanistic biomarker of the effects of tDCS in cognition. Thus, this 

systematic review and meta-analysis assess the effect of tDCS on the distinct P3 components 

elicited during cognitive processing. For this, the current study analyzed P3 amplitude and 

latency in four main sections/paradigms: Oddball paradigm, N-back tasks, GNG task, and 

Emotional Processing. 

2. Methods 

The systematic review with meta-analysis followed the recommendations of the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA; Moher et al., 2009) and 

the Cochrane Handbook for Systematic Reviews (Higgins, 2021) 

 

2.1. Literature Search and Study Selection 

We searched in MEDLINE/PUBMED, EMBASE, Cochrane Central, Web of science, 

and Central, using a two-staged approach to increasing selection sensitivity. In the first stage, we 

used general controlled and uncontrolled search terms for “non-invasive brain stimulation,” and 

“electroencephalography,” or “event-related potential.” The complete search strategy is available 

at the Table A in Supplementary Materials. The accuracy of the search formula was confirmed 

by cross-verification with the results of previous systematic reviews on the topic (Horvath et al., 

2015; Kim et al., 2018). The last search was performed on March 11, 2020. Additionally, we 

reviewed the bibliographic references of the included studies and previous systematic and 

narrative reviews on the topic. The screening phase was performed by two researchers 

independently in the Covidence web-based platform (Kellermeyer et al., 2018), where potential 

disagreements were resolved by a third researcher. 
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We performed a two-stage study selection process. The inclusion criteria for the first 

stage were: i) randomized or counterbalanced experiment (pseudorandomized) sham-controlled 

trials, ii) studies assessing the effects of Non-invasive brain stimulation (including tDCS), iii) 

studies reporting any EEG-related variable, and iv) studies including healthy subjects and 

clinical populations. No restrictions by language or publication date.  We excluded other 

publication types (conference proceedings, abstracts, or reviews) and other studies design (non-

randomized studies or observational studies). The screening on this step was based on the 

abstract of each study. 

In the second stage, we selected a specific set of studies from the highly sensitive 

identified studies and the screening was based on the full-text article. The inclusion criteria for 

this stage were: 

i. Randomized controlled trials (RCT, e.g., parallel-groups, crossover designs, pilot studies) 

and quasi-experimental trials (e.g., pseudo-randomized) were included. 

ii. EEG was performed during the engagement in tasks involving cognitive processes, such 

as inhibitory control, working memory, attentional processing, or cue-reactivity 

paradigms. 

iii. Application of tDCS during or before the EEG collection comprising active and sham 

conditions. 

iv. P3 was analyzed during one of the aforementioned tasks and analyzed with the aim to 

compare active tDCS with a sham condition. 

v. Studies including healthy or clinical population. 

In the case of multiple publications related to one cohort, we included the most updated 

report. We did not exclude studies because of language or publication date. Moreover, before the 
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screening phase, the reviewers screened titles and abstracts from one random sample of 100 

search results to ensure an inter-rater agreement of at least 90%. The Cohen’s kappa was 

estimated as a measure of the inter-rater reliability assessment (McHugh, 2012). The mean inter-

rater agreement and kappa estimators were 94% and 90% respectively (see Table B in 

Supplementary Materials for more details). 

2.2. Data extraction 

The relevant information was extracted from the second-stage included studies, namely, first 

author, year of publication, mean, and standard deviation of P3 amplitude and latency post or 

during tDCS, number of subjects analyzed (i.e., excluding outliers or subjects with noisy EEG 

data), EEG electrode(s), brain region of stimulation (i.e., anode and cathode location), tDCS 

parameters (i.e., intensity, density, and duration), number of sessions (e.g., single or multi-

session), population (e.g., healthy subjects or with clinical diagnostic), computerized cognitive 

task that elicited P3, target probability and stimulus modality in the computerized task, (e.g., 

auditory, visual), and study design (e.g., crossover, parallel). In studies lacking the required 

statistical information to estimate effect size in the text or tables, however with the information 

available  on the graphs, the Web Plot Digitizer was used to extract those data (Rohatgi, 2017).  

In case of the inexistence of the required statistical information in any format, an email was sent 

to the corresponding author requesting the intended information. Furthermore, considering that 

P3 is a component more prominent in frontal and parietal regions (Polich, 2007), the amplitude 

and the latency of P3 were extracted from the Fz and Pz electrodes when available. Otherwise, 

the regions of interest (ROI) analyzed in the studies are considered to extract the data, namely P3 

on parietal and frontal areas (Table I in Supplementary Materials). Therefore, the meta-analysis 

of P3 was performed independently for frontal and parietal areas since they represent the main 
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regions of interest with distinct functional significances. Additionally, the GNG subsection is 

also divided by type of trial (i.e., No-Go and Go trials). 

2.3. Statistical analysis 

All the analysis was conducted using R (R Development Core Team, 2018; R Version 4.0.3) 

using the metafor package (Viechtbauer, 2010; metafor Version 2.4-0, released on 19-03-2020). 

2.3.1. Pooled effect estimates and subgroup analysis 

A random-effect model was performed due to the expected high level of heterogeneity, assuming 

that the true effect size among the studies might not be identical (Borenstein et al., 2010). The 

effect size was calculated by subtracting sham P3 values from the active tDCS condition 

measured during/after tDCS. The standard mean difference (SMD) between both tDCS 

conditions, namely the effect size of the intervention relatively to its variability, was calculated 

following the unbiased method of Hedges’ g (Hedges, 1981). Thus, the pooled effect estimates 

were analyzed independently for anodal and cathodal tDCS due to its potential antagonistic 

effects (Cochrane, 2019). The subgroup analysis were performed accordingly to the tDCS 

polarity and brain region of stimulation (e.g., left dorsolateral prefrontal cortex - lDLPFC, right 

Inferior Frontal Gyrus - rIFG). These analyses were performed only when there were the effect 

estimates from at least two studies. Furthermore, the I2 index was performed to assess 

heterogeneity (Higgins and Thompson, 2002). 

2.3.2. Influential analysis 

The influential analysis was performed using the leave-one-out method. This technique allows 

the recalculation of the estimates of the meta-analysis by removing one study per recalculation in 

a total of N-1 times (Viechtbauer and Cheung, 2010). This sensitivity analysis tests the 
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robustness of the detected effects by observing the influence of each comparison in the 

significant findings. 

2.3.3. Moderator analysis 

The moderator analysis was completed using a univariate regression model. The meta-regression 

comprised the following moderators: brain region and hemisphere of stimulation, tDCS 

parameters (i.e., intensity, density, duration), number of sessions (i.e., single or multi-session) 

population (i.e., healthy and clinical), response requirement, target probability, timing 

(online/offline), and study design. Nonetheless, not all moderators have been included in every 

moderator analysis because it was dependent on the heterogeneity of the studies analyzed in each 

subsection. For instance, if all the studies from a sub-analysis have the same tDCS intensity 

parameter except in one comparison, this variable was not analyzed. Moreover, the meta-

regression was not performed if there were less than 10 comparisons (Thompson and Higgins, 

2002). 

2.3.4. Publication bias 

The publication bias was analyzed through funnel plots and Egger’s regression test for the 

asymmetry (Egger et al., 1997).  The p-value and the test-statistics (i.e., z-value) from Egger’s 

test were considered to evaluate potential asymmetries. The methods to detect publication bias 

test the differences between studies, which implies that only one comparison per study must be 

included. Nonetheless, in this study, all the comparisons were included due to the low number of 

studies but with a high number of comparisons. Therefore, these analyses were only performed 

when there were at least 10 comparisons (Sterne et al., 2011). 

2.4. Risk of Bias 
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The risk of bias was assessed using the Cochrane Collaboration’s risk of bias tool 

(Higgins et al., 2011). Each study was classified as “high risk”, “low risk” or “unclear” in seven 

criteria, namely (1) random sequence generation, (2) allocation concealment, (3) selective 

reporting, (4) other sources of bias, (5) participants and (6) raters blinding, and (7) lack of 

outcome data. The traffic light graphs were plotted using the robvis package in R (McGuinness 

& Higgins, 2020; ref.; robvis Version 0.3.0, released on 22-11-2019). 

2.5. Evidence certainty assessment 

We assessed the certainty of our pooled estimates applying the grading of 

recommendation, assessment, development, and evaluation (GRADE) approach (Balshem et al., 

2011). This assessment is based on five domains: study limitations (i.e., risk of bias of the studies 

included), imprecision (i.e., sample sizes and confidence intervals (CI)), indirectness 

(generalizability), inconsistency (heterogeneity), and publication bias as stated in the GRADE 

handbook (Schünemann et al., 2013). The certainty of the evidence was characterized as high, 

moderate, low, or very low and was described in the Summary of findings table to present the 

most relevant pooled estimates. We used the web-based platform GRADE online tool 

(http://gradepro.org). 

3. Results 

A total of 23 studies were included, specifically, 4 with GNG, 7 with n-back, 10 with 

oddball, and 4 with emotional processing. There was one study that evaluated P3 on GNG and in 

an oddball paradigm and two that used emotional-charge stimuli in the GNG task. Therefore, 

these studies were included in two sections of analyses accordingly to their characteristics. Two 

studies that analyzed P3 in an auditory oddball and in GNG were not included because they only 
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reported the data from the electrode site Cz. Furthermore, six studies did not report sufficient 

information to estimate the effect size and the corresponding author did not reply to the request 

via e-mail. We excluded five studies evaluating P3 on other cognitive tasks, such as flanker task, 

recognition task, naming task, and a decision-making paradigm (Figure 1). The results of the 

study characteristics, pooled effect estimates, and subgroup analysis are divided into four main 

analyses, namely in GNG, n-back, oddball, and emotional processing. Finally, we presented the 

moderator and influential analysis, the publication bias, risk of bias, and evidence certainty 

assessment. 

<INSERT HERE FIGURE 1> 

3.1. Oddball 

3.1.1. Study Characteristics 

Thirteen studies met the eligibility criteria. However, two studies were excluded because, 

in one, no relevant data was available directly from the article, and another study only analyzed 

the P3 in the Cz electrode. Therefore, 11 studies (with 22 comparisons) with a total of 236 

participants were analyzed (see Table H in Supplementary Materials). Seven (out of 11) studies 

(with 16 comparisons) analyzed the P3 amplitude in the frontal region and nine studies (with 16 

comparisons) in the parietal area. In the frontal P3 assessment, the anodal stimulation was 

performed in seven studies (with 10 comparisons and the cathodal in five studies, with eight 

comparisons). Considering the studies that analyzed parietal P3 amplitude, all the studies (nine 

studies with 11 comparisons) studied the effect of anodal stimulation, whilst four of them (with 

five comparisons) also tested the effects of cathodal tDCS.  In line with other tasks, the P3 

latency was less frequently analyzed, specifically four studies (with five comparisons) tested 
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anodal and cathodal tDCS in frontal P3, while two studies (with four comparisons) explored the 

anodal effect and one study (with two comparisons) on parietal P3 (see Table E in 

Supplementary Materials). 

Taking into account the brain region of tDCS, most of the studies targeted to the lDLPFC 

(six studies with 16 comparisons), others the cerebellum (two studies with six comparisons), 

rIFG (one study and one comparison), supraorbital area (one study and two comparisons) and 

motor cortex (one study and one comparison) (see Table F in Supplementary Materials). Most of 

the studies performed tDCS before the assessment of P3 (nine studies), whilst only one did it 

during tDCS and another one assessed the after effects of tDCS on the P3 component. 

Additionally, the oddball tasks were mostly designed using auditory stimuli (nine out of 11 

studies) and only two studies used visual cues (i.e., one employed letters and numbers and 

another one used human faces). Finally, six studies (with 10 comparisons) explored P3 in healthy 

subjects and five studies (with eight comparisons) in a clinical population (i.e., three in people 

with schizophrenia, one in people with multiple sclerosis and Alzheimer’s disease). 

3.1.2. Pooled effect estimates and subgroup analysis 

The pooled effect estimated from the seven studies (with 10 comparisons) that analyzed 

anodal tDCS on the frontal P3 amplitude did not present significant heterogeneity (p = 0.685, I2 

= 2.429). Moreover, this set of studies did not show a significant effect on frontal P3 amplitude 

(p = 0.576, SMD = -0.062, 95% CI [-0.28 0.16]). Further subgroup analysis did not show 

significant heterogeneity in the studies applying anodal stimulation on cerebellum (p = 0.928, I2 

= 0), neither on the lDLPFC (p = 0.385, I2 = 22.448). Nonetheless, both subgroup analysis 

revealed a non-significant effect of stimulation on the frontal P3 amplitude, namely when using 
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anodal tDCS over the cerebellum (p = 0.668, SMD = -0.104, 95% CI [-0.58 0.37]) or over the 

lDLPFC (p = 0.839, SMD = -0.029, 95% CI [-0.31 0.25]). Additionally, five studies (with six 

comparisons) that analyzed the effect of cathodal tDCS in frontal P3 amplitude did not reveal 

significant heterogeneity (p = 0.18, I2 = 22.141) and showed that cathodal tDCS significantly 

decreased frontal P3 amplitude (p = 0.017, SMD = -0.404, 95% CI [-0.73 -0.07]) (Figure 2). The 

subsequent subgroups analysis regarding brain region stimulation did not show significant result 

in heterogeneity test for cathodal tDCS over the cerebellum  (p = 0.109, I2 = 54.612) or over the 

lDLPFC (p = 0.215, I2 = 38.57). Cathodal stimulation over the cerebellum did not show a 

significant effect on frontal P3 amplitude (p = 0.383, SMD = -0.325, 95% CI [-1.05 0.41]), 

whilst a non-significant trend was showed when the cathodal tDCS was delivered over the 

lDLPFC (p = 0.076, SMD = -0.42, 95% CI [-0.88 0.04]). 

<INSERT HERE FIGURE 2> 

For frontal P3 latency, the four studies (with five comparisons), in which anodal stimulation was 

applied, were significantly heterogeneous (p < 0.001, I2 = 92.818). However no significant 

effects of anodal tDCS in frontal P3 latency were found (p = 0.47, SMD = 0.493, 95% CI [-0.84 

1.83]). Furthermore, the heterogeneity test in the subgroup analysis revealed a non-significant 

heterogeneity in anodal cerebellar tDCS (p = 0.79, I2 = 0), but a significant heterogeneity in the 

studies applying anodal stimulation over the lDLPFC (p < 0.001, I2 = 97.817). The subgroup 

analysis probing the effects of anodal tDCS in the frontal P3 latency was non-significant, 

regardless of the stimulation site  (p = 0.937, SMD = 0.019, 95% CI [-0.46 0.5] for cerebellum) 

and (p = 0.518, SMD = 1.221, 95% CI [-0.31 4.92] for the lDLPFC). Concerning the same for 

studies, but for the cathodal stimulation comparisons (five comparisons), a significant 

heterogeneity was revealed (p < 0.001, I2 = 91.403. However, there were no significant effects of 
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cathodal tDCS on the frontal P3 latency (p = 0.172, SMD = 0.843, 95% CI [-0.37 2.05]). 

Subgroup analysis suggested significant heterogeneity in cathodal cerebellar (p < 0.001, I2 = 

93.107)) and in the lDLPFC tDCS(p = 0.006, I2 = 86.523). In line with the pooled effect estimate 

analysis, both subgroups showed no significant effect on the frontal P3 latency, namely with 

cerebellar (p = 0.283, SMD = 1.17, 95% CI [-0.97 3.31]) or the lDLPFC tDCS (p = 0.465, SMD 

= 0.492, 95% CI [-0.88 1.81]). 

For probing the effects of anodal tDCS in the parietal P3 amplitude, nine studies (with 11 

comparisons) were retrieved. There was a non-significant trend regarding heterogeneity (p = 

0.058, I2 = 42.218) and there was no significant anodal tDCS effect (p = 0.596, SMD = 0.081, 

95% CI [-0.22 0.38]). Moreover, subgroup analysis did not present significant heterogeneity in 

studies with anodal tDCS over the cerebellum (p = 0.68, I2 = 0) or the lDLPFC (p = 0.338, I2 = 

11.264). No significant effect of anodal cerebellar tDCS on parietal P3 amplitude was shown (p 

= 0.984, SMD = 0.005, 95% CI [-0.47 0.48]), however there was a significant effect of anodal 

stimulation over the lDLFPC (p = 0.018, SMD = 0.4, 95% CI [0.07 0.73]). The anodal tDCS 

over the lDLPFC increased the frontal P3 amplitude in comparison with the sham condition 

(Figure 3). The subgroup analysis of anodal tDCS over supraorbital, rIFG or M1 are not reported 

because they were comprised by only one study. For cathodal tDCS, the four studies (with five 

comparisons) did not show significant heterogeneity (p = 0.857, I2 = 0) and there was no 

significant effect of cathodal tDCS in the parietal P3 amplitude (p = 0.837, SMD = -0.036, 95% 

CI [-0.38 0.31]). The subgroup analysis with the cathodal cerebellar tDCS comparisons neither 

reveal heterogeneity (p = 0.578, I2 = 0), nor significant effect of cathodal tDCS (p = 0.78, SMD = 

-0.068, 95% CI [-0.55 0.41]). The subgroup analysis of cathodal tDCS over the supraorbital 

region, or the lDLPFC is not reported because there is only one study targeting those regions. 
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<INSERT HERE FIGURE 3> 

Finally, the pooled effect estimate and subgroup analysis was not performed in the parietal P3 

latency during oddball due to the lack of data. 

3.2. N-back tasks 

3.2.1. Study Characteristics 

A total of eight studies met the inclusion criteria, but one of them did not report the 

required data and the corresponding author did not reply to the data request. So, seven studies 

(with 20 comparisons) comprising 132 participants were analyzed (see Table H in 

Supplementary Materials). Most of the studies (six out of seven with 18 comparisons) analyzed 

the P3 amplitude in the frontal region, whilst four studies (with 11 comparisons) also assessed it 

on the parietal area. Concerning anodal polarity, six of them (with 15 comparisons) tested the 

frontal P3, whilst only four (with eight comparisons) tested anodal tDCS in parietal P3. On the 

other hand, two of them (with three comparisons) also tested the cathodal stimulation effect in 

frontal and parietal P3 amplitude. Regarding the P3 latency, only two studies (with seven 

comparisons) analyzed P3 in the frontal region, and one study (with two comparisons) analyzed 

P3 in the parietal area (see Table E in Supplementary Materials). 

Every study explored the effect of tDCS on frontal areas, namely over the lDLPFC (five 

studies out of seven with 15 comparisons assessed frontal P3; and two studies with six 

comparisons in total, assessed parietal P3) and rIFG (two studies out of seven with three 

comparisons assessed frontal P3 and five comparisons in parietal P3) (see Table F in 

Supplementary Materials). All the studies performed tDCS before assessing the P3 component. 

Moreover, the study population was different between the included studies, comprising healthy 
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adults (five studies with 15 comparisons), healthy elderly (one study with two comparisons), 

patients with Alzheimer disease (one study with two comparisons) and children and adolescents 

with Attention Deficit Hyperactivity Disorder (ADHD; one study with two comparisons). 

Finally, the P3 was assessed in 0-back and 1-back (three studies with five comparisons), 2-back 

(five studies with eight comparisons), and 3-back (four studies with seven comparisons). 

3.2.2. Pooled effect estimates and subgroup analysis 

The pooled effect estimates of the six studies (and 15 comparisons) with anodal tDCS that 

incorporated frontal P3 amplitude in their analysis revealed a significant heterogeneity (p < 

0.001, I2 = 70.497). Considering all the studies, there were no differences between anodal and 

sham tDCS in frontal P3 amplitude (p = 0.959, SMD = 0.008, 95% CI [-0.31 0.33]). The studies 

with anodal tDCS over the lDLPFC presented a significant heterogeneity (p = 0.03, I2 = 47.561). 

Furthermore, there were no significant effects of anodal tDCS over the lDLPFC in frontal P3 

amplitude (p = 0.169, SMD = 0.202, 95% CI [-0.09 0.49]). The subgroup analysis of anodal 

tDCS over rIFG is not reported because only one study analyzed the frontal P3 amplitude. 

Additionally, both studies that explored the effects of cathodal tDCS over the frontal P3 

amplitude did not present significant heterogeneity (p = 0.368, I2 = 2.664), but no significant 

effects were detected (p = 0.888, SMD = -0.032, 95% CI [-0.48 0.41]). Finally, regarding the 

frontal P3 latency, the two studies (with seven comparisons) did not reveal significant 

heterogeneity (p = 0.936, I2 = 0) and no significant effects of anodal tDCS on frontal P3 latency 

were found (p = 0.201, SMD = -0.173, 95% CI [-0.44 0.09]). 

Regarding the P3 evaluated in the parietal region, the four studies (with 8 comparisons) with 

anodal tDCS analysis did not reveal a significant heterogeneity (p = 0.49, I2 = 64.786) and there 
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was a significant effect of tDCS on parietal P3 amplitude (p = 0.001, SMD = 0.477, 95% CI [0.2 

0.76]). In fact, there is an increase in the P3 amplitude during the performance of the n-back 

tasks after anodal tDCS (Figure 4). Subgroup analysis performed in the studies that applied 

anodal tDCS over rIFG did not reveal a significant heterogeneity level (p = 0.572, I2 = 0) and 

showed even a significant larger positive mean estimated effect size (p < 0.001, SMD = 0.669, 

95% CI [0.31 1.03]).  Additionally, subgroup analysis on studies with anodal stimulation over 

the lDLPFC did not present significant heterogeneity (p = 0.672, I2 = 47.561), but also did not 

reveal a significant effect estimate (p = 0.398, SMD = 0.19, 95% CI [-0.25 0.63]). Concerning 

both studies assessing cathodal tDCS effect, neither significant results in terms of heterogeneity 

between comparisons was found (p = 0.891, I2 = 2.664), nor a significant effect on parietal P3 

amplitude (p = 0.939, SMD = -0.017, 95% CI [-0.46 0.42]). Finally, only one study assessed the 

parietal P3 latency in n-back tasks, which did not allow the analysis to be performed. 

<INSERT HERE FIGURE 4> 

3.3. Go/No-Go task 

3.3.1. Study Characteristics 

Six studies were eligible according to the aforementioned criteria, nonetheless, in two of 

them it was not possible to extract the required information and the corresponding author did not 

reply to our requests. Therefore, four studies (with seven comparisons) comprising 120 

participants were analyzed (see Table H in Supplementary Materials). All the studies used anodal 

tDCS. Every study analyzed the No-Go P3 amplitude, while only two (out of five) analyzed the 

No-Go latency. Nonetheless, two of them evaluated the No-Go P3 in the frontal region, whilst 

the other two in the parietal. Regarding the Go-P3, data was extracted from parietal electrodes, 
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and amplitude was assessed in two studies, and latency in one of them. Most of the studies 

applied tDCS over frontal areas (three out of four), whilst only one applied tDCS over the motor 

cortex. Considering the studies of frontal tDCS, the targeted regions were the rIFG, and the right 

and left DLPFC (see Table F in Supplementary Materials). All the studies applied tDCS before 

the EEG recording. Moreover, every study included a sample of healthy adults, but one study 

included an additional sample of binge drinkers (BDs) and another  a sample of elderly subjects. 

Finally, two studies used emotional-charged stimuli in the GNG, namely alcohol-related and 

food-related pictures. 

3.3.2. Pooled effect estimates and subgroup analysis 

The pooled effect estimates of the two studies (with one comparison each) which analyzed the 

No-Go P3 amplitude in frontal areas showed a non-significant trend in heterogeneity (p = 0.087, 

I2 = 65.884). No effect of tDCS was revealed in the frontal No-Go P3 (p = 0.866, SMD = -0.086, 

95% CI [-1.09 0.92]). On the other hand, two studies (with five comparisons) analyzed the No-

Go P3 in parietal electrodes and they did not reveal a significant heterogeneity (p = 0.702, I2 = 

0). Furthermore, there was no significant effect of anodal tDCS on parietal No-Go P3 (p = 0.574, 

SMD = 0.08, 95% CI [-0.2 0.36]). The No-Go P3 latency was only analyzed in parietal region 

and the two studies (with five comparisons) did not reveal a significant heterogeneity (p = 0.818, 

I2 = 0). Moreover, there was no significant effect of anodal tDCS on parietal No-Go P3 latency 

(p = 0.854, SMD = 0.026, 95% CI [-0.25 0.3]). Additionally, the two studies (with three 

comparisons) that assessed the parietal P3 amplitude did not reveal significant heterogeneity (p = 

0.336, I2 = 20.313), but also no significant effect of anodal tDCS effect (p = 0.793, SMD = -

0.061, 95% CI [-0.51 0.39]) was detected. Subgroup analysis were not performed due to the lack 

of data (see Table E in Supplementary Materials). 
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3.4. Emotional processing 

3.4.1. Study Characteristics 

There were six studies that met the eligibility criteria, although two studies did not report 

the required data. Hence, four studies (with 12 comparisons) with 87 participants were analyzed 

(see Table H in Supplementary Materials). Two (out of four) studies (with three comparisons) 

analyzed the frontal P3 amplitude, whilst three studies (with eight comparisons) assessed the 

parietal region. All these studies assessed P3 amplitude with emotional-charged stimuli in 

different tasks, namely GNG and cue-reactivity paradigms (i.e., two studies each). None of the 

studies analyzed the P3 latency. All the studies applied tDCS over DLPFC, specifically the 

anode on the left hemisphere in two studies (with six comparisons) and on the right in another 

two (with three comparisons) (see Table F in Supplementary Materials). Moreover, in two 

studies tDCS was applied before and during EEG recording, while in other two tDCS was 

applied before. Finally, two studies (with four comparisons) included a group of healthy subjects 

and three studies (with five comparisons) comprised subjects with addiction conditions, namely 

BDs, alcoholism, and crack/cocaine dependence. 

3.4.2. Pooled effect estimates and subgroup analysis 

The two studies (with three comparisons) which assessed the frontal P3 amplitude after 

emotional stimuli in their analysis presented significant heterogeneity (p < .001, I2 = 92.713). 

Additionally, no significant effect of tDCS on frontal P3 amplitude was revealed (p = 0.506, 

SMD = 0.425, 95% CI [-0.83 1.68]). Regarding the parietal P3 amplitude, the three studies (with 

eight comparisons) revealed significant heterogeneity (p < .001, I2 = 90.163), without a 

significant tDCS effect (p = 0.706, SMD = -0.134, 95% CI [-0.83 0.56]). Subgroup analysis with 
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the two studies (with six comparisons) that applied anodal tDCS over the lDLPFC revealed a 

significant heterogeneity (p < 0.001, I2 = 90.163), without a significant effect (p = 0.706, SMD = 

-0.134, 95% CI [-0.83 0.56]). Additionally, excluding the comparison with online anodal tDCS 

over the lDLPFC with EEG recording, the subgroup analysis still maintained a significant 

heterogeneity (p = 0.029, I2 = 54.85) and without a significant effect in parietal P3 amplitude (p 

= 0.249, SMD = 0.214, 95% CI [-0.15 0.58]). No data about P3 latency was not included in the 

analysis since this data was not reported in the included studies. 

3.5. Moderator and Influential Analysis 

The moderator analysis was only performed in studies using the n-back (i.e., only in 

anodal comparisons on frontal P3 amplitude) and oddball tasks (i.e., anodal comparisons on 

frontal and parietal P3 amplitude). This analysis was not performed in GNG, emotional 

processing and other comparisons from the other two cognitive tasks, following the Thompson 

and Higgins recommendation about the minimum number of studies required to the meta-

regression (Thompson and Higgins, 2002). The analysis in studies with n-back and oddball that 

evaluated the effect of anodal stimulation on frontal P3 amplitude did not reveal any significant 

moderator effect. These non-significant results are in line with the lack of effects from the pooled 

effect estimates and subgroup analysis. In the parietal P3 amplitude during oddball paradigms, 

the univariate meta-regression only revealed a significant moderator effect in duration (p = 

0.002, b = 0.093, 95% CI [0.03 0.15]), suggesting that longer intervals of stimulation are related 

to larger parietal P3 amplitudes. 

The leave-one-out method revealed similar results when compared to the pooled effect 

estimates and subgroup analysis in general. The anodal tDCS effect detected on the pooled effect 
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estimate and subgroup analysis of parietal P3 amplitude in n-back tasks was not changed with 

the removal of any of the comparisons. Moreover, in oddball paradigms, the enhancement of 

parietal P3 amplitude after anodal tDCS over the lDLPFC also was maintained in the sensitivity 

analysis. Additionally, the significant result obtained on cathodal comparisons in frontal P3 

amplitude has switched to non-significant when removed only one study (Rassovsky et al., 

2018), suggesting that this effect was highly influenced by this study. 

3.6. Publication Bias 

The publication bias analysis was only performed in anodal comparisons on frontal P3 amplitude 

during n-back and on frontal and parietal P3 amplitude during oddball paradigms (i.e., same 

requirement of moderator analysis about the minimum comparisons). Thus, comparisons on P3 

latency, GNG, emotional processing, and other comparisons from n-back and oddball were not 

analyzed regarding publication bias (Sterne et al., 2011). In oddball paradigms, frontal P3 

amplitude studies do not suggest publication bias in the funnel plot (see Figure A1 in 

Supplementary Materials) and in Egger’s test (p = 0.158, z = 1.413). Moreover, parietal P3 

studies also show some deviations in the funnel plots (see Figure A2 in Supplementary 

Materials), namely two studies out of the CI boundaries, one on each side, which was verified in 

the Egger’s test (p = 0.004, z = -1.839).   Nonetheless, this result is strongly influenced by one 

study applying tDCS over M1 and that measured P3 in an oddball speller (Izzidien et al., 2016). 

At last, the studies with anodal tDCS in n-back tasks that evaluated frontal P3 amplitude suggest 

a lack of publication bias due to its symmetry in funnel plot, although four studies are out of the 

CI boundaries (see Figure A3 in Supplementary Materials) and the non-significant effect in 

Egger’s test (p = 0.32, z = 0.995). 
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3.7. Risk of Bias and Certainty of Evidence 

The risk of bias assessed by two researchers was mostly characterized by the absence of 

information regarding the criteria from the Cochrane Risk of Bias tool (Higgins et al., 2011). The 

randomization assessment revealed a low risk of selection bias in 16 studies (69.5%), high risk in 

5 studies (21.7%), and unclear in two studies (8.6%). The allocation concealment was the criteria 

less reported on the studies, only one study was labeled as low risk (4.3%), whilst 22 studies did 

not report any information (95.7%). Therefore, the lack of information in both criteria made it 

difficult the evaluation of the presence of selection bias in these studies. Moreover, selective 

reporting was labeled in every study as low risk, because all the studies analyzed the P3 in the 

tasks that proposed to assess. Regarding participant´s blinding, 15 studies did not evaluate the 

blinding efficacy of the sham condition (65.2%), while 7 studies were evaluated with low risk in 

performance bias (30.4%) and only one was labeled as high risk. Otherwise, the rater’s blinding 

was mostly evaluated as low risk totaling 10 studies (43.5% of the studies), eight studies were 

not clear about the rater’s blinding (34.7%), and five studies did not blind the researcher 

responsible to EEG collection/analysis (21.7%). The attrition bias was low risk in 17 studies 

(73.9%), unclear in five studies (21.7%), and high risk in one study (4.3%). Finally, the other 

bias criteria were found in three studies, specifically baseline imbalance in one study, potential 

contamination bias in two studies. The traffic light plots with the risk of bias assessment per 

cognitive task in Figure B in Supplementary Materials. 

The certainty of the included evidence was judged from very low to moderate. Most of 

the assessed outcomes were graded as very low certainty, only one oddball outcome (frontal P3 

amplitude during cathodal stimulation) and one n-back outcome (parietal P3 amplitude during 

anodal stimulation) were graded as low and moderate certainty, respectively. We started the 
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evaluation from high certainty since we included only randomized and counterbalanced 

experiments. We downgraded according to the risk of bias of the studies (more than 75% of the 

studies had an unclear risk of bias on critical domain such as allocation concealment and 

participant blinding) and due to imprecision (wide confidence interval and small sample sizes), 

additionally we downgraded two outcomes due to publication bias (see Table G in 

Supplementary Materials). 

4. Discussion 

The current study aimed to study the usefulness of the P3 component as a potential neural 

signature for probing the neuromodulatory effects of tDCS. P3 is an ERP observed in different 

neurocognitive processes, such as attentional allocation, WM, response inhibition, and emotional 

processing. This meta-analysis focused on the assessment of P3 elicitation during three tasks, 

namely GNG, n-back, and oddball, as well as an additional analysis during emotional processing. 

Overall, the data suggests that tDCS over frontal region significantly increases parietal P3 

amplitude during oddball and n-back tasks. No effects were found for GNG and emotional 

processing. 

4.1. Oddball 

During oddball paradigms, parietal P3 amplitude was significantly increased after tDCS, 

but only when anodal tDCS was applied over the lDLPFC (SMD = 0.4). Moreover, a significant 

decrease in terms of amplitude was detected in frontal P3 after cathodal tDCS (SMD = -0.4), 

although it was strongly influenced by the results of one study (Rassovsky et al., 2018). 

Additionally, long duration tDCS was associated with larger effects on parietal P3, even though 

the intervals from the analyzed studies only ranged from 15 to 27.29 minutes. Moreover, both 

significant effects were observed in a set of studies comprising healthy and clinical populations, 
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namely schizophrenia and multiple sclerosis (see Table H in Supplementary Materials). The 

differential effect of anodal and cathodal tDCS on P3 might be explained by distinct modulations 

in cortical excitability as suggested by the initial studies testing the physiological effects of tDCS 

in motor cortex (Stagg and Nitsche, 2011). The depolarization of the neuronal membrane might 

counteract a regular decrease in P3 amplitude observed in oddball tasks (Fiene et al., 2018), 

whilst the hyperpolarization might enhance the decrease in P3 amplitude. Nonetheless, the effect 

on parietal P3 should be interpreted accordingly to its functional significance in the 

frontoparietal network and the neurobiology behind both subcomponents. 

The P3a component in frontal regions during the oddball task has been associated with 

the attentional allocation and orienting toward salient stimuli (Friedman et al., 2001). Moreover, 

studies approaching the EEG band powers associated with the P3 showed a predominant theta 

activity over the frontal cortex (Bernat et al., 2007; Demiralp et al., 2001). In fact, the midfrontal 

theta oscillation has been associated to attentional and orienting processes (Cavanagh et al., 

2012). Additionally, a recent model suggested that the frontal midline theta is associated with the 

synchronization of other task-relevant brain regions (e.g., parietal areas), which is commonly 

observed in attention tasks that require conflict detection and memory operations (Cohen, 2014). 

tDCS has been shown to improve attentional capacity, as illustrated in phasic attention and 

conflict resolution (Coffman et al., 2012; Miler et al., 2018). However, the effects of tDCS on 

oscillatory activity synchronization during attention is still unclear. For instance, a study testing 

the application of anodal tDCS over the medial PFC showed  a resting state  increase in the 

power of theta over the frontal midline region, although these changes were not observed during 

a sustained attention task (Miller et al., 2015). On the other hand, a study by Spooner and 

colleagues (2020) tested the effects of bilateral HD-tDCS over the DLPFC and showed that 
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anodal stimulation over the lDLPFC increased theta connectivity between frontal and visual 

cortices in the contralateral hemisphere. Anodal stimulation over the rDLPFC did not change 

theta connectivity, although performance in a visual attention task improved in both tDCS 

conditions (Spooner et al., 2020). Hence, the effect detected of cathodal tDCS over the lDLPFC 

in P3 might be related to the modulation of frontal mid-line theta. However, there is lack of 

consistent regarding the mechanisms of action of cathodal stimulation on this oscillatory activity. 

Additionally, the tDCS effects on neurotransmitters might also be present, given that P3a 

is associated with frontal dopaminergic activity (Polich, 2007). A recent study showed that 

anodal tDCS over the lDLPFC had a modulatory effect in the contralateral subcortical region 

involved in dopamine release, namely the ventral striatum (Fonteneau et al., 2018). Moreover, 

another study tested how these effects might impact cognitive processes, namely attention and 

WM. Results have also shown an increase of dopamine signaling in the ventral striatum after 

tDCS, which was associated with enhanced attentional skills, but not WM (Fukai et al., 2019). In 

the present meta-analysis, no significant effects of anodal frontal tDCS in frontal P3 amplitude 

and latency were observed, nonetheless, cathodal stimulation in frontal regions showed a 

marginally significant decrease on frontal P3 amplitude. These findings, in line with the previous 

studies (Fonteneau et al., 2018; Fukai et al., 2019), suggest an opposite effect between anodal 

and cathodal on  dopamine release . Nonetheless, it is important to emphasize that the current 

meta-analysis considered any P3 assessment in the frontal electrodes after a novel or target 

stimulus as frontal P3 due to the lack of data. Additionally, the significant result observed in 

cathodal stimulation was highly influenced by one study, suggesting the need for further studies 

to address this result. 
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P3b in parietal (and temporal) areas has been associated to stimulus categorization and 

context updating during WM (Polich, 2007). The parietal P3 elicited in oddball paradigms has 

been associated with the delta band over centroparietal regions and linked to categorization of 

task-relevant stimuli (Bernat et al., 2007; Cooper et al., 2016). Moreover, the interregional 

communication of relevant information in the frontoparietal network is crucial during the oddball 

paradigm, namely with enhanced functional connectivity in theta and delta-band between frontal 

and parietal areas after a target stimulus requiring categorization and updating of the context 

(Güntekin and Başar, 2010; Harper et al., 2017). Additionally, a recent model suggested that the 

frontal midline theta is associated with the synchronization of other task-relevant brain regions 

(e.g., parietal areas), which is commonly observed in attention tasks requiring conflict detection 

and memory operations (Cohen, 2014).  Interestingly, the current meta-analysis demonstrated 

that tDCS over the lDLPFC had an impact on parietal P3 amplitude suggesting an interregional 

effect of tDCS during the oddball paradigm. These findings are in line with previous studies that 

observed the modulatory effects of tDCS on midfrontal theta power and its connectivity with 

others task-relevant brain regions (Miller et al., 2015; Spooner et al., 2020). Hence, these 

findings are in line with the P3 generation model suggested by Polich (2007), the attention and 

memory processes are controlled by functional connectivity within the frontoparietal network. 

In line with this model, P3b arises from phasic response of the noradrenergic activity of 

the  locus coeruleus-norepinephrine (LC-NE) pathway (Nieuwenhuis et al., 2005), and the 

resulting release of norepinephrine after target stimulus presentation (although this response is 

also observed after non-target stimuli in a weaker form). Likewise, P3 co-occurs along with 

several psychophysiological reactions related with LC-NE activity, such as pupil dilation and 

heart rate increase (Nieuwenhuis et al., 2011). However, few studies have explored the 
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neuromodulatory effects of tDCS in the LC-NE system. For instance, one study showed an effect 

of tDCS over the motor cortex in the pupil diameter (i.e., an indirect marker of LC-NE activity) 

and theta activity on frontal areas during an inhibitory control task (Adelhöfer et al., 2019). Thus, 

the effect observed in parietal P3 amplitude after anodal stimulation on frontal areas might be 

related with the LC-NE, given that the noradrenergic fibers initially innervate frontal regions 

followed by posterior cortical areas (Morrison et al., 1982). Likewise, the modulation of distal 

LC neurons through PFC stimulation  was already observed in animal studies (Aston-Jones et al., 

1991). Therefore, the parietal P3 amplitude increase after frontal tDCS might be associated with 

the LC-NE, nonetheless, the evidence is still very scarce in humans. 

Finally, the current meta-analysis also analyzed the cerebellar tDCS effect on frontal and 

parietal P3 amplitude during oddball. No modulatory effect of tDCS over cerebellum on the P3 

component was found. The goal of these studies was to test the cognitive functioning regulation 

through the strong inhibitory projections of cerebellum to frontal and parietal areas (Kelly and 

Strick, 2003). Hence, it was hypothesized that cathodal tDCS over the lDLPFC could enhance 

activity on these task-relevant brain regions. Nonetheless, in this meta-analysis there was a lack 

of evidence regarding the effects of cerebellar tDCS on P3 during the oddball paradigm, namely 

only two studies were included in this subgroup analysis (Mannarelli et al., 2016; Ruggiero et al., 

2019). 

 

4.2. N-back tasks 

tDCS modulated differently the P3 amplitude during n-back task in parietal regions, however no 

effects were found on frontal regions. P3 amplitude increased after active tDCS over frontal 

areas in comparison with sham (SMD = 0.33), especially when tDCS was applied over the rIFG 
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(SMD = 0.67). The significant effect estimate of frontal tDCS was observed in healthy and 

clinical populations, specifically Alzheimer’s disease and ADHD (see Table H in Supplementary 

Materials). This is consistent with what has been found after programs of cognitive training with 

WM exercises (O’Brien et al., 2013; Tusch et al., 2016). Hence, an enhanced parietal P3 

amplitude might be related to better WM processing, as some studies suggest this correlation 

(e.g., Cespón et al., 2017). This finding is in line with Polich (2007) about the role of P3b in the 

updating WM, given that behavioral performance increase in n-back were associated with the 

parietal P3 and not in frontal P3 that is more related to attentional processes. 

The P3 dynamics observed within the frontoparietal network during WM tasks after 

tDCS might be explained by the efficiency of the neuronal processing (Neubauer and Fink, 

2009). The optimal cognitive functioning relies on the efficiency of broader neuronal networks, 

instead of the overactivation of frontal regions. In fact, subjects with higher levels of intelligence 

present less cortical activation in frontal areas during WM task with moderate difficulty 

(Nussbaumer et al., 2015). Likewise, elderly performing a WM task shown a larger frontal P3 

amplitude and a smaller in parietal region in comparison with young adults, suggesting an 

ineffective distribution of neuronal resources (Saliasi et al., 2013). On the other hand, the 

opposite pattern is observed on young adults with better WM skills than elderly, namely a larger 

P3 amplitude in parietal region and a reduced amplitude in frontal areas (Cespón et al., 2017; van 

Dinteren et al., 2014).  Hence, although the large spatial resolution of EEG might difficult the 

interpretation about the source of the evoked potential, the increase of parietal P3 amplitude after 

anodal frontal tDCS might indicate the activation of a broader network involved in the WM 

processing (i.e., attentional allocation in the frontal regions and categorization of task-relevant 

events in parietal). 
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Therefore, studies aiming at the enhancement of WM processing using NIBS techniques targeted 

the frontoparietal network, given its role in the access, maintenance and manipulation of 

information. A recent study found a coupling between the phase of frontal midline theta rhythm 

and gamma oscillatory amplitude on the parietal region during a visuospatial WM task (Berger et 

al., 2019). In fact, changes on phase-amplitude coupling between frontal theta and parietal 

gamma activity were observed after four sessions of WM cognitive training coupled with tDCS 

over frontal and parietal regions associated with WM improvements (Jones et al., 2020). Another 

study, in which intermittent Theta Burst Stimulation (iTBS)  was delivered to the lDLPFC, 

resulted in an improvement in WM skills coupled with stronger connectivity of frontoparietal 

theta and an enhancement of parietal gamma activity (Hoy et al., 2016). A similar effect was 

found in a study testing tDCS over the lDLPFC in patients with schizophrenia, who shown 

behavioral gains and an increased synchronization of gamma activity during the task (Hoy et al., 

2015). Thus, gamma oscillations assume an important role in WM processes, which intriguingly 

is co-occurring with the P3 component, in parietal regions after task-relevant stimuli, although 

both markers might index different mental events (Pitts et al., 2014). 

More recently, Riddle and colleagues (2020) explored theta and alpha oscillations using 

repetitive Transcranial Magnetic Stimulation (rTMS) in the frontal and parietal regions 

respectively to improve WM processing through an optimal engagement and disengagement of 

neuronal resources. Results have shown that both entrainments enhanced WM abilities, 

specifically frontal theta entrainment improved the prioritization of information, whilst parietal 

alpha assisted the inhibition of irrelevant information (Riddle et al., 2020).  These studies 

propose an inter-dependency between both cortical areas for successful access and maintenance 

of task-relevant information that can be modulated by NIBS. In line with these findings, the 
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current meta-analysis shows a modulation within the frontoparietal network through an increase 

in parietal P3 amplitude after the application of tDCS over frontal areas. In fact, a comparable 

effect was already found using neuroimaging techniques in the frontoparietal network after tDCS 

over the lDLPFC (Keeser et al., 2011). Moreover, enhanced parietal P3 amplitude might be 

related with gamma synchronization in parietal areas, given that both are enhanced by NIBS and  

related to successful WM processing (Berger et al., 2019; Hoy et al., 2016). 

4.3. Go/No-Go task 

tDCS did not show any significant change in P3 amplitude and latency during the no-go 

and go trials, even though a recent meta-analysis suggested a moderate significant effect of tDCS 

on the behavioral outcomes of inhibitory response tasks (Schroeder et al., 2020). This subsection 

of analysis included a very low number of studies and with large heterogeneity among them. For 

instance, two studies (with four comparisons) assessed the no-go P3 in parietal areas, whereas 

two other studies (with two comparisons) assessed the effects of no-go trials in the frontal region. 

This variability led us to analyze the no-go P3 in frontal and parietal areas independently, which 

resulted in a very low number of comparisons per analysis, which decreased the power of the 

analysis. 

The P3 elicited during no-go trials is thought to be generated in fronto-medial areas and it 

is highly associated with delta band processes (Huster et al., 2013). The frontal delta activity has 

been associated with the motivational salience of stimuli, which suggests its importance in the 

attentional processes required towards a no-go trial (Knyazev, 2012).  Likewise, these 

electrophysiological markers were also observed during the oddball paradigm, namely the 

enhancement in the delta band, suggesting similar mental operations related to information 

processing between both cognitive tasks (Bernat et al., 2007; Demiralp et al., 2001). In fact, delta 
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activity has been associated with other cognitive functions such as attention, perception, and 

decision-making. Moreover, changes in delta activity have also been associated with several 

clinical conditions with cognitive deficits, such as, mild cognitive impairment, Alzheimer’s 

disease or schizophrenia, in which delta band activity is decreased (Güntekin and Başar, 2016). 

Additionally, the frontal midline theta, discussed in the previous cognitive tasks, should be 

considered as well during response inhibition tasks (Miller et al., 2015). Thus, considering these 

electrophysiological features and its topography, the no-go P3 is thought to be a variant of the 

P3a component (Polich, 2007). So, the absence of tDCS effect in no-go P3 is in line with the 

oddball and n-back findings, given that in these cognitive tasks it was not found any modulation 

on frontal P3. On the other hand, the go-P3 follows a more posterior topography in comparison 

with the P3 elicited in no-go trials, which suggests similarities with the P3b component (Huster 

et al., 2013). Nonetheless, the parietal go-P3 amplitude was not modulated by tDCS, although it 

is important to highlight the scarceness of data to make this claim (i.e., two studies with a total of 

three comparisons). 

These findings should be cautiously interpreted accordingly to recent models of 

inhibitory control. Specifically, inhibition is a broad concept that can be divided into several 

subtypes, such as the proactive and reactive processes. The proactive inhibition aims the 

inhibition a forthcoming response (i.e., GNG task), whilst reactive inhibition is dependent on an 

external cue (i.e., SSRT task; Aron, 2011). The rIFG assumes an important role in both 

processes, although proactive inhibition is related to an indirect pathway that connects the rIFG 

with the striatum, whilst reactive inhibition has been associated with a hyperdirect pathway from 

rIFG to subthalamic nucleus (Jahfari et al., 2011). Therefore, anodal tDCS over the rIFG might 

modulate differently both subtypes of response inhibition. In fact, a recent meta-analysis showed 
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that tDCS enhanced inhibitory control only in the SSRT task (and a marginally significant in 

GNG) and the effect estimate was larger in the anodal stimulation over rIFG in comparison with 

other cortical areas (Schroeder et al., 2020). Nevertheless, the effect of anodal tDCS over the 

rIFG in P3 during GNG were analyzed in only one study out of the four. 

 

4.4. Emotional Processing 

The tDCS did not affect the P3 amplitude and latency after the presentation of emotionally laden 

stimuli. This subsection aimed to study the emotional processing that occurred during tasks using 

affective-charged stimuli (e.g., food, drugs). Specifically, the frontal P3 component related to 

orienting and attentional allocations was suggested to be an endogenous marker of stimulus-

reactivity. For instance, subjects with patterns of heavy drinking in a social context showed a 

larger frontal P3 amplitude after the visualization of alcohol-related pictures in comparison with 

neutral pictures (Herrmann et al., 2001). Therefore, given that the DLPFC assumes an important 

role in top-down cognitive control, it has been hypothesized that tDCS over that area could 

reduce the reactivity to salient stimuli (Lapenta et al., 2014; Nakamura-Palacios et al., 2012).  

Nonetheless, although several studies showed that anodal tDCS over the lDLPFC decreased 

(Den Uyl et al., 2015) or increased craving levels (Carvalho et al., 2019), the current meta-

analysis did not show any modulation of this tDCS montage in frontal or parietal P3 amplitude or 

latency after affective stimuli. 

In line with the previous findings from GNG tasks, this analysis was comprised of a reduced 

number of studies that share important differences among them. First, the study population was 

different in the four studies, namely Binge drinkers, people suffering from alcohol use disorder, 

with crack/cocaine addiction, and healthy controls. This might be a potential confounder in the 
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present meta-analysis, given that the pooled effects were observed on distinct effects of craving 

and consumption pattern (den Uyl et al., 2018; Den Uyl et al., 2015). Second, two studies 

analyzed the P3 component in a cue-reactivity task, whilst the other two in a GNG with 

emotional stimulus. Although the analysis included only the P3 evaluated after the affective 

stimulus, in the cue-reactivity task participants were only instructed to observe the picture and in 

the GNG they were required to press a button (or not) depending on the type of trial. Therefore, 

the cognitive operations required during the GNG task might difficult the interpretation of P3 as 

a marker of cue-reactivity, especially because task dependent effects of tDCS have been shown. 

Overall, the tDCS effect on cue-reactivity P3 still needs further clarification due to the 

heterogeneous and small set of studies analyzed. The P3 related to emotional processing might 

be dependent on specificities of the population (e.g., BDs vs alcoholics) and also on the 

experimental task (e.g., observation vs press a button). 

4.5. Future Directions 

The effects of tDCS on the brain during cognitive processing are still unclear (Chan et al., 2021). 

The current study showed how tDCS can modulate the cognitive P3 in distinct contexts, but the 

underlying neurophysiological mechanisms are still unclear. For a better understanding, it is 

important to test how tDCS can influence the connectivity within frontoparietal network during 

cognitive processing. In particular, the frontal theta activity is a common marker observed in 

several cognitive processes that rely on the PFC and has been associated with the 

synchronization of other task-related regions (Cohen, 2014). Although recent studies have 

approached the tDCS effect on frontal theta within the frontoparietal network in resting-state 

(Jones et al., 2020), the dynamics during cognitive functioning are not fully understood yet.  

Furthermore, the neurotransmitters dynamics are also an important component to understand the 
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cognitive processing and are strongly associated with the elicitation of P3 (Polich, 2007). 

Specifically, the phasic activity of the LC-NE has been implicated in the P3 generation along 

frontoparietal areas (Nieuwenhuis et al., 2005). Several physiological changes related with the 

LC-NE system occur in parallel with the P3 elicitation, such as an increase in pupil diameter or 

heart rate (Nieuwenhuis et al., 2011). Nonetheless, there is a lack of evidence regarding the tDCS 

impact on norepinephrine release observed on these autonomic components during P3 response. 

Moreover, despite the fact that recent meta-analysis suggests that tDCS impacts cognitive 

function as assessed by behavior (Brunoni and Vanderhasselt, 2014; Schroeder et al., 2020), it is 

also true that tDCS affects EEG activity per se. Even though ERPs are very specific, it is not 

possible from the present results to state that the effects of tDCS on P3 are due to changes in 

cognition, or in the underlying brain activity. However, this does not change the potential value 

of using biomarkers to direct interventions, especially because they are highly correlated with 

cognitive function, and as such may prove to be very useful to understand the mechanisms 

underlying tDCS effects, or to guide interventions, for instance using closed loop systems (Leite 

et al., 2017). Correlation between the modulatory effects of tDCS on P3 and direct changes in 

cognition should be further explored with behavioral data analysis. Finally, the current meta-

analysis shows the low number of studies testing the tDCS effect in P3 during GNG task or 

emotional processing. Even in oddball and n-back task analysis, the set of included studies share 

a reduced sample sizes and the methodological flaws should be addressed in future studies. 

4.6. Limitations 

The low number of studies in some subsections did not allow all the intended analysis, 

such as the publication bias and the meta-regression analysis. For instance, the meta-regression 

was only performed in parietal and frontal P3 amplitude after anodal stimulation during oddball 
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and the parietal P3 amplitude after anodal tDCS in the n-back task (see Table E in 

Supplementary Materials). Also, the set of studies included share high variability among them 

(e.g., tDCS intensity, duration), which can difficult the evaluation of the impact of different 

parameters of tDCS in P3. 

In addition, the current study explored the post-tDCS P3 assessments rather than the 

difference between baseline and post-intervention, due to the fact that eight of the studies did not 

assess P3 component before the application of tDCS. If differences towards baseline were to be 

probed, these studies would ultimately be excluded, further decreasing the statistical power to 

draw conclusions. Nonetheless, controlling for different baseline levels would be important for 

an improved analysis of the effects of tDCS on P3, as tDCS effects are dependent on the baseline 

neuronal state (Dubreuil-Vall et al., 2019; Li et al., 2019). Furthermore, the current meta-analysis 

included healthy and clinical population, which might increase the variability among results. 

Although heterogeneity tests and meta-regression did not suggest a differential effect of tDCS on 

P3 regarding study population, this should be addressed in future studies. 

Lastly, neuroimaging data suggest high levels of interindividual variability of the effects 

of active tDCS when  comparing to sham (Wörsching et al., 2017).  To the best of our 

knowledge, no similar study was performed using EEG, nonetheless, the available data from 

behavioral performance, suggests a non-linear effect of tDCS, which is dependent on multiple 

factors (e.g., individual differences, baseline, task, intensity, duration, electrode placement, and 

size). Despite these differences, most of the studies included in this meta-analysis are crossovers 

(16 out of 23), which might mitigate differences in the tDCS effect between individuals. 

5. Conclusion 
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This meta-analysis suggests the usefulness of P3 component to study the 

neurophysiological effects of tDCS during cognition. Specifically, the current study has shown 

that tDCS over frontal areas had an impact in P3 amplitude assessed in parietal regions during 

oddball and n-back tasks (Figure 5). Nonetheless, these effects must be cautiously interpreted 

due to the low number of studies in this analysis, the low-to-moderate certainty of evidence, and 

the heterogeneity among them (e.g., study population). Additionally, no tDCS effect was 

detected in P3 evaluated in the GNG task, after emotionally charged stimulus, or in latency. Even 

so, the low number of analyzed comparisons and the small sample sizes included in these 

subsections might undermine the statistical power (Button et al., 2013). 

Our findings suggest the broad spatial resolution of tDCS impact, given that the changes 

were not observed in the brain region of stimulation, but in the task-related brain network. In 

particular, the connectivity within the frontoparietal network might assume an important role in 

the neurophysiological effects of frontal anodal tDCS during oddball and n-back tasks, mostly 

via theta band (Gulbinaite et al., 2014).  The frontal midline theta has an important role in several 

cognitive tasks and it has been associated with the synchronization of other task-relevant brain 

regions (Cohen, 2014), which can be a mediator of the frontal tDCS impact in other areas (i.e., 

parietal region). In line with this hypothesis, recent evidence demonstrated that NIBS techniques 

are able to modulate not only the cognitive functioning but also its electrophysiological markers 

in a spatially distributed manner (Hoy et al., 2015; Jones et al., 2020). Therefore, those 

neuromodulatory effects observed in the oscillatory synchronization might co-occur in parallel 

with the modulation of P3, namely the increase of parietal P3 amplitude after the application of 

anodal tDCS over frontal areas. 

<INSERT HERE FIGURE 5> 
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Figure 1. PRISMA flow diagram (*one study analyzed P3 on a GNG task and oddball paradigm; **two studies were 

included in GNG and emotional processing analysis because P3 was evaluated in an emotional GNG).  
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Figure 2. Forest plot with pooled effect estimate and subgroup analysis concerning the cathodal stimulation on frontal P3 

amplitude during oddball.  
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Figure 3. Forest plot with pooled effect estimate and subgroup analysis concerning the anodal stimulation on parietal P3 

amplitude during oddball.  Jo
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Figure 4. Forest plot with pooled effect estimate and subgroup analysis concerning the anodal stimulation on parietal P3 

amplitude during n-back.  
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Figure 5. Overall effects observed on the meta-analysis of P3 amplitude and latency in each section.  

Jo
ur

na
l P

re
-p

ro
of


