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A B S T R A C T

Proactive control is defined as the capacity of an individual to selectively allocate attentional resources to task- 
relevant cues during the preparatory phase of a task, actively encode and sustain this information within working 
memory, and subsequently establish appropriate response readiness. Research demonstrates that proactive 
control has neuroplasticity. The dorsolateral prefrontal cortex (DLPFC) is critically implicated in the modulation 
of proactive control. Theta oscillations, functioning as a neural gating mechanism, facilitate the preferential 
allocation of attentional resources toward the processing of memory-relevant information, thereby enhancing the 
maintenance of such information and playing a pivotal role in memory encoding and cognitive resource dis
tribution. The present study employed theta-frequency transcranial alternating current stimulation (tACS) tar
geting the DLPFC to further elucidate the neuroplasticity of proactive control. Concurrently, to investigate the 
relationship between fluid intelligence and proactive control, participants' fluid intelligence was assessed pre- 
and post-stimulation. A cohort of 58 participants was randomly assigned to receive either left DLPFC stimulation 
(n = 29) or right DLPFC stimulation (n = 29). The results revealed that stimulation of the left DLPFC significantly 
enhanced participants' proactive control capabilities. In ERP indicators, the CNV, following active stimulation, 
the CNV in the BX condition was significantly greater than that in the pre and sham stimulation (p ≤ 0.006). In 
behavioral outcomes, the accuracy rate for the BX condition was significantly higher after active stimulation 
compared to that in pre-stimulation and sham stimulation (p ≤ 0.017). In the lDLPFC group, fluid intelligence 
performance was significantly enhanced, and fluid intelligence scores after active stimulation were significantly 
higher compared to those during pre and sham stimulation (p ≤ 0.032). A statistically significant correlation was 
observed between participants' proactive control capabilities and fluid intelligence. In the rDLPFC group, no 
significant changes in any of the indicators were observed. These findings underscore the efficacy of neuro
modulatory interventions targeting the left DLPFC in augmenting proactive control and suggest a dynamic 
interplay between proactive control and fluid intelligence.

1. Introduction

Cognitive control facilitates goal-directed behavior by enabling in
dividuals to regulate their cognitive, behavioral, emotional, and moti
vational processes (Cocchi et al., 2013; Diamond, 2013; Zink et al., 
2021). In recent years, some researchers have argued that traditional 
inhibitory control theory primarily emphasizes an individual's ability to 
suppress behaviors when facing interference or dominant responses, 
while failing to adequately highlight the proactive aspect of the inhi
bition process itself (Braver et al., 2007). Braver's Dual Mechanisms of 
Cognitive Control (DMC) theory proposes that cognitive control 

operates through two distinct modes: proactive control and reactive 
control. Proactive control is conceptualized as a form of “early selec
tion,” involving the selective attentional processing of task-relevant cues 
during the pre-task phase and the active maintenance of these cues to 
prepare for appropriate responses. For instance, prior to engaging in a 
task, individuals gather and analyze pertinent information to formulate 
an action plan. Proactive control is cue-driven and heavily influenced by 
top-down information processing (Braver et al., 2007). In contrast, 
reactive control refers to the flexible utilization of task-relevant infor
mation that emerges at the moment of response to resolve conflicts. 
When prior cues are required to address current conflicts, reactive 
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control involves retrieving and reactivating these cues to guide re
sponses and correct potential error tendencies. For example, during task 
execution, new information may arise, and reactive control allows for 
the adaptive integration of this information to facilitate ongoing activ
ities. When such information conflicts with prior knowledge, reactive 
control enables the retrieval of earlier information to resolve the con
flict. Reactive control is probe-driven and predominantly influenced by 
bottom-up information input (Braver et al., 2007). This DMC provides a 
comprehensive understanding of the mechanisms underlying cognitive 
control and its adaptive functions in goal-directed behavior.

In cognitive tasks, individuals are required to dynamically balance 
proactive and reactive control mechanisms based on task demands, 
environmental context, and individual capabilities, thereby optimizing 
their cognitive control strategies for task performance. Proactive con
trol, distinguished by its anticipatory, top-down nature and efficient 
processing of task-related rules, has been empirically established as a 
more effective cognitive control strategy (Braver et al., 2007, 2009). As a 
result, a substantial body of research has focused on developing and 
implementing interventions aimed at enhancing individuals' proactive 
control capacities. For example, Edwards et al. (2010) demonstrated 
that individuals diagnosed with schizophrenia could significantly 
improve their utilization of proactive control strategies through targeted 
training, achieving cognitive control patterns comparable to those 
observed in healthy adults. Similarly, interventions designed to train 
older adults in the deliberate application of predictive cues during task 
execution have been shown to markedly enhance their proactive control 
abilities (Braver et al., 2009; Paxton et al., 2006). Furthermore, the ef
ficacy of techniques such as mindfulness training and transcranial direct 
current stimulation (tDCS) has been consistently corroborated across 
multiple studies, underscoring the high degree of plasticity inherent in 
individuals' proactive control capacities (Boudewyn et al., 2020; Li et al., 
2018).

The dorsolateral prefrontal cortex (DLPFC) constitutes a pivotal 
component of the cognitive control network, playing a critical role in the 
active maintenance of goal-directed and task-set information. Studies 
have shown that the DLPFC exhibits sustained pre-stimulus activation 
across a diverse array of tasks, particularly in contexts involving cross- 
trial interference induced by frequent stimulus switching. This activa
tion pattern is hypothesized to reflect the neural mechanisms underlying 
the active maintenance of task rules (MacDonald 3rd et al., 2000; Miller 
and Cohen, 2001; Sakai and Passingham, 2006). Furthermore, research 
has identified a functional asymmetry between the left DLPFC (lDLPFC) 
and the right DLPFC (rDLPFC), with the lDLPFC appearing to play a 
more prominent role in proactive control. For example, a study 
employing tDCS on the lDLPFC in individuals with schizophrenia 
revealed that 20 min of anodal tDCS significantly enhanced task per
formance, with participants demonstrating improved proactive control 
through effective cue maintenance strategies (Boudewyn et al., 2020). 
Conversely, another tDCS study found that anodal stimulation of the 
rDLPFC did not yield comparable improvements in proactive control, 
while cathodal stimulation impaired the active maintenance of task- 
related cues (Gomez-Ariza et al., 2017). These findings underscore the 
differential functional contributions of the lDLPFC and rDLPFC to 
cognitive control processes.

The execution of cognitive tasks in the brain necessitates the 
involvement of extensive neuronal assemblies, with neural oscillations 
reflecting the sustained and rhythmic activity of these assemblies, 
thereby facilitating efficient information exchange among different 
neuronal clusters. Research indicates that the coordinated integration of 
multiple brain regions is achieved through neural oscillations (Zhang 
et al., 2018). Prior studies have revealed that the top-down cognitive 
control process is usually associated with the phenomenon of theta- 
frequency oscillation synchronization. For instance, the maintenance 
and manipulation of information in working memory are often accom
panied by synchronous theta activity (Klimesch et al., 2006; Jacobs 
et al., 2006), and the successful encoding and recollection of items are 

related to the current theta phase (Rizzuto et al., 2006). Reasonable 
allocation of cognitive resources according to needs is also associated 
with a greater degree of inter-regional theta synchronization or consis
tency (Mizuhara and Yamaguchi, 2007). Successful inhibitory control in 
cognitive tasks is associated with increased midfrontal theta oscillations. 
These midfrontal theta oscillations are thought to reflect the neural 
mechanisms underlying conflict detection (Cavanagh and Frank, 2014; 
Eisma et al., 2021). Additionally, theta oscillations have been implicated 
in various cognitive control tasks and are considered potential neural 
markers of cognitive effort and the implementation of top-down control. 
Interregional synchronization of theta oscillations in the frontoparietal 
network(FPN) is associated with cognitive control. Accumulating evi
dence demonstrates that this synchronization enhances behavioral 
performance in control tasks, particularly during rule-set switching 
(Goense and Logothetis, 2008; Koch et al., 2009). A repetitive trans
cranial magnetic stimulation (rTMS) study demonstrated that theta- 
frequency rTMS applied to the lDLPFC during the maintenance phase 
of a working memory task significantly enhanced the brain's prioriti
zation of memorized information, thereby improving working memory 
capacity for target information in the right visual field. This finding 
suggests that frontal theta oscillations regulate the allocation of cogni
tive resources toward the prioritized processing of memory-related in
formation (Force et al., 2021). The above evidence indicates that theta 
wave oscillations play a unique role in controlling the combination of 
neural units, facilitating information integration and enabling goal- 
directed control processes (Sauseng et al., 2010). Consequently, inves
tigating whether enhancing theta-frequency activity in the DLPFC can 
strengthen an individual's proactive control capacity is a central focus of 
this study.

Recent research has demonstrated that the modulation of neural 
oscillations in the brain can be accomplished through the phenomenon 
of “neural entrainment.” This process entails the interaction between 
rhythmic external stimuli and the corresponding rhythmic neural os
cillations within specific brain regions, culminating in synchronization 
and the subsequent regulation of internal neural oscillatory activity 
(Wischnewski et al., 2022). Techniques such as repetitive rTMS and 
transcranial alternating current stimulation (tACS) are particularly 
effective in inducing specific frequency bands of neural oscillations in 
targeted brain areas with high precision. As a result, these methodolo
gies are extensively utilized in research to elucidate the specific roles of 
neural oscillations in cognitive tasks (Antal et al., 2008). In the present 
study, high-precision tACS will be employed to administer theta- 
frequency stimulation to the dorsolateral prefrontal cortex (DLPFC) of 
participants, with the objective of augmenting their proactive control 
capabilities.

The cue-probe AX continuous performance task (AX-CPT) effectively 
differentiates between proactive and reactive control in individuals 
(Cohen et al., 1999). This paradigm comprises cue stimuli (A or B) and 
probe stimuli (X or Y), with a blank screen presented as an interstimulus 
interval (ISI) separating these probes, forming four distinct sequence 
pairs. Participants are instructed to respond solely to the high-frequency 
sequence (e.g., the AX pairs, which occurs with a 58 % probability), 
while refraining from responding to the three low-frequency sequences 
(AY, BX, and BY, each with a 14 % probability). Consequently, the high- 
frequency sequence serves as an effective cue (A), prompting partici
pants to respond swiftly and accurately to the subsequent stimulus (X), 
thereby establishing a response bias. In the context of the BX sequence, 
individuals employ proactive control strategies, actively maintaining 
the cue to mitigate the false alarm rate associated with the BX pairs. 
Conversely, during the AY sequence, the elevated frequency of cue A 
heightens participants' response bias toward the subsequent probe 
stimulus, necessitating enhanced conflict monitoring when probe stim
ulus Y is presented. This increased response bias escalates the cost of 
response inhibition. Thus, the reaction times and accuracy rates for the 
BX and AY sequences serve as indicators of participants' proactive and 
reactive control capabilities. Furthermore, the d’ Context indices 

L. Wang et al.                                                                                                                                                                                                                                   International Journal of Psychophysiology 218 (2025) 113283 

2 



provide a measure of participants' sensitivity to task cues. A higher d’ 
signifies more robust proactive control abilities (Braver, 2012).

Behavioral measures are insufficient to fully capture the changes in 
participants following an intervention. In cognitive neuroscience 
research, the utilization of proactive control strategies is closely asso
ciated with sustained neural activation during the cue-stimulus interval. 
The ERP component Contingent Negative Variation (CNV), first identi
fied by Walter et al. (1964) during reaction time studies, serves as an 
electrophysiological marker indexing proactive preparation for up
coming tasks in both motor and attentional domains. Higher CNV am
plitudes are indicative of more extensive and active preparation 
(Karayanidis and Jamadar, 2014; Shen et al., 2018; Smith et al., 2006). 
Research has revealed that CNV is a negative amplitude associated with 
motor preparation that emerges in response to the “cue stimulus”, and 
this brain activity is believed to be influenced by motivation and effort 
levels (Zhang et al., 2017). This component reflects the degree of 
conscious or unconscious proactive preparation in cognitive activities. 
Studies have shown that the use of proactive control strategies is asso
ciated with sustained brain activation during the interval between cue- 
probe presentation. In the AX-CPT task, the CNV in the medial frontal 
regions during the cue-locked is related to anticipatory attention 
(Brunia, 1999) or response preparation processes (Karayanidis and 
Jamadar, 2014). Researchers hypothesize that the amplitude of the CNV 
may reflect neuronal activation during the accumulation of temporal 
scales, with increased allocation of attentional resources leading to 
greater neuronal activation intensity and higher amplitude (Macar et al., 
1999). When individuals exhibit a higher amplitude CNV in response to 
a specific cue, it indicates that they are engaging in more proactive 
preparation for subsequent reactions (Shen et al., 2018; Smith et al., 
2006). Upon the presentation of a probe stimulus, individuals engage in 
cognitive monitoring, which is reflected in the emergence of a negative 
deflection component known as N2. The amplitude of the N2 component 
is a reliable index of inhibitory control and conflict monitoring capa
bilities (Hämmerer et al., 2010; Lo, 2018; Nieuwenhuis et al., 2003; Van 
Veen and Carter, 2002; Pires et al., 2014). This component underscores 
the top-down regulation of conflict and the allocation of cognitive re
sources to inhibitory control tasks (Nieuwenhuis et al., 2003; Pires et al., 
2014). Moreover, the amplitude of the N2 component is modulated by 
the efficiency of inhibitory control, with greater efficiency associated 
with reduced amplitudes (Lo, 2018). Subsequent to stimulus onset, the 
P3 component, which reflects inhibitory costs, typically emerges within 
a latency window of 300–500 ms (Bruin and Wijers, 2002; Pfefferbaum 
et al., 1985). The P3 component is hypothesized to signify a transition 
from reactive to proactive control strategies (Casey et al., 2000; Church 
et al., 2017).

There is a significant positive correlation between an individual's 
proactive control capacity and fluid intelligence. Fluid intelligence re
fers to reasoning and novel problem-solving abilities. Studies have 
demonstrated that individuals with higher fluid intelligence exhibit 
enhanced proactive control capabilities, enabling them to more effec
tively implement proactive control strategies when confronted with 
cognitive tasks (Burgess et al., 2011). This relationship has been 
corroborated in developmental research involving children. In a study 
by Rico-Picó et al. (2021), children with high fluid intelligence exhibited 
significantly greater CNV than those with low fluid intelligence; and 
these children demonstrated better behavioral indices of proactive 
control, together with increased brain preparation to response cues. 
Nevertheless, the extant literature does not provide evidence regarding 
the dynamic interplay between proactive control capacity and fluid in
telligence. Consequently, fluid intelligence scores will be operational
ized as a measure of intervention transfer effects to further investigate 
the nature of this relationship.

In summary, we hypothesize that theta-frequency tACS applied to 
the lDLPFC can enhance proactive control capacity. To evaluate the 
efficacy of this intervention, the present study employs a comparative 
design, examining behavioral performance and ERPs during the AX-CPT 

task across three conditions: lDLPFC pre-stimulation, sham stimulation, 
active stimulation; and rDLPFC pre-stimulation, sham stimulation, 
active stimulation. Specifically, successful intervention is expected to 
yield improved accuracy rates in both AX and BX trial types, as well as 
an enhanced d’ Context indices. At the neurophysiological level, effec
tive stimulation is hypothesized to result in a significant increase in CNV 
amplitude during BX pairs, a marked reduction in N2 amplitude in both 
AX and BX trials, and the potential elicitation of larger P3 components in 
AY and BX trials. Furthermore, a significant improvement in fluid in
telligence scores is anticipated following the successful enhancement of 
proactive control capacity.

2. Method

2.1. Participants

Participants were recruited via online platforms, with eligibility 
restricted to university students. The screening protocol incorporated 
the Beck Anxiety Inventory (BAI), and the Beck Depression Inventory 
(BDI) to ensure participants did not exhibit clinically significant levels of 
anxiety or depression. 66 individuals completed the screening ques
tionnaires, from which 60 were selected for participation in the exper
imental protocol. Due to data quality concerns, responses from 2 
participants were excluded from the final analysis. The resultant sample 
comprised 58 participants, with 29 individuals assigned to the left 
dorsolateral prefrontal cortex (lDLPFC) stimulation condition (mean 
age = 18.73 ± 1.2 years, 14 females) and 29 individuals assigned to the 
right dorsolateral prefrontal cortex (rDLPFC) stimulation condition 
(mean age = 18.75 ± 1.05 years, 17 females). All participants recruited 
for the study were right-handed, and individuals with a history of psy
chiatric disorders, psychotropic medication use, brain injury, or crani
otomy were systematically excluded. Prior to participation, all 
individuals provided written informed consent after being fully briefed 
on the experimental procedures, potential implications, and their right 
to withdraw at any point without penalty. Participants were compen
sated appropriately upon completion of the study. The research protocol 
received ethical approval from the Ethics Committee of the Department 
of Psychology at Nanjing University.

2.2. Procedure

Participants underwent three testing sessions—pre-test, sham tACS, 
and active tACS—administered in a counterbalanced order to mitigate 
potential order effects, and participants were effectively blinded to the 
stimulation conditions. A 28-day interval was maintained between ses
sions to ensure that female participants were tested on the same phase of 
their menstrual cycle (To maintain consistency, male participants also 
had a 28-day interval between sessions). This design consideration is 
supported by evidence indicating that fluctuations in sex hormones 
across menstrual phases modulate cognitive responses in females (Amin 
et al., 2006). Specifically, elevated levels of estrogen and progesterone 
are associated with enhanced mood states and increased prefrontal 
cortical activation. During the tACS sessions, participants received 20 
min of stimulation, with the sham condition limited to 30 s of stimula
tion. In the pre-test and after each stimulations, participants completed 
an AX-CPT task with ERP recordings and the Raven's Advanced Pro
gressive Matrices (RAPM) to evaluate changes in proactive control ca
pacity and fluid intelligence. At the conclusion of the experimental 
protocol, participants completed a self-report questionnaire assessing 
physiological sensations during stimulation to ensure the absence of 
adverse effects.

2.3. HD-tACS

HD-tACS was administered via a 4 + 1 multi-channel configuration, 
powered by a dedicated battery unit (Model 9002 A, Soterix Medical 
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Inc.). During the active stimulation protocol, a bipolar sinusoidal cur
rent at a frequency of 6 Hz was delivered to the lDLPFC or the rDLPFC. 
The current intensity was incrementally increased to 2 mA over a 30-s 
ramp-up period at the onset of stimulation and sustained until the end 
of the 20-min stimulation period, followed by a 30-s ramp-down period 
to 0 mA (Tavakoli and Yun, 2017; Zhu et al., 2023). In the sham stim
ulation, the current was similarly increased to 2 mA over 30 s, then 
gradually reduced to 0 mA over the subsequent 30 s, and remained at 0 
mA for the duration of the session. Electrode placement was standard
ized according to the international 10–20 system, with the central 
electrodes positioned at F3 (lDLPFC) and F4 (rDLPFC), and the four 
return electrodes located at F5, F1, FC3, and AF3 for lDLPFC, and F6, F2, 
FC4, and AF4 for rDLPFC (Thair et al., 2017; Tavakoli and Yun, 2017; 
Zhu et al., 2023). To ensure optimal conductivity, impedance at each 
electrode was maintained below 5 kΩ throughout the stimulation 
period. This was achieved using five Ag/AgCl electrodes (outer diam
eter: 12 mm, inner diameter: 6 mm) housed in plastic electrode holders 
filled with conductive gel. The current flow was simulated and showed a 
specific effect of the stimulation on the dlPFC, as shown in Figs. 1A and 
B. Upon completion of the experimental protocol, all participants were 
required to complete a questionnaire to evaluate their subjective expe
rience of the stimulation. (see Fig. 1A and 1B).

2.4. Task

2.4.1. RAPM
The RAPM represents an advanced iteration of the Raven's Progres

sive Matrices (Raven, 1990), specifically designed to evaluate fluid in
telligence in individuals aged 16 and above who possess a high school 
education. The RSPM is extensively employed in diverse assessments of 
fluid intelligence (Sternberg et al., 1996). The correlation coefficient 
between RAPM and the Wechsler Adult Intelligence Scale-Revised 
(WAIS-R) is r = 0.56 (p < 0.05, N = 97) (Jaušovec and Jaušovec, 
2012), and it also exhibits a correlation ranging from 0.40 to 0.75 with 
RSPM (Court and Raven, 1995). Consequently, the utilization of RAPM 
does not significantly modify its effectiveness in measuring fluid intel
ligence. Participants completed the test via a paper-based workbook.

2.4.2. AX-CPT
The experimental task in this study utilized the AX-CPT paradigm, 

structured into four blocks, each containing 100 trials. Each trial was 
composed of a cue and a probe. In this task, cue A was represented by a 
blue square; probe X by a yellow square; cue B by either a green or red 
square; and probe Y by either a green or purple square. These color 

blocks formed four distinct pairs: AX (blue-yellow), AY (blue-purple), BX 
(green-yellow), and BY (red-green). The AX pairs constituted 58 % of all 
trials (232 trials), while each of the AY, BX, and BY pairs accounted for 
14 % of the trials (56 trials each). Participants were instructed to press 
the F key upon the presentation of the AX pairs and the J key for the 
other three pairs. The detailed procedure is depicted in Fig. 2. The 
experiment commenced with a fixation point “+”(3 mm × 3 mm) dis
played at the center of the screen for a duration of 1000-1500 ms, fol
lowed by a 300 ms cue stimulus (80 mm × 80 mm), and subsequently a 
600 ms blank screen. Following the blank screen, another fixation point 
(3 mm × 3 mm) was presented at the center of the screen for 1000-1500 
ms, succeeded by the probe appearing at the center for 300 ms (80 mm 
× 80 mm), and concluding with another 600 ms blank screen. The total 
duration of each trial ranged from 3800 to 4800 ms (Rico-Picó et al., 
2021).

2.5. EEG recording and analysis

The electroencephalogram (EEG) was recorded using the Curry 8 32- 
channels recording system in DC mode. Vertical electrooculogram 
(VEOG) electrodes were positioned at the superior and inferior orbital 
ridge centers on the left side, while horizontal electrooculogram (HEOG) 
electrodes were placed at the outer canthi of both eyes. The reference 
point for EEG recording was established at the midpoint between FPz 
and Fz. The data sampling rate was configured at 1024 Hz, with a low- 
pass recording bandwidth of 100 Hz. Throughout the experiment, the 
impedance of all electrodes was consistently maintained below 10 kΩ. 
EEG data processing was conducted using the EEGLAB 2019 toolbox on 
the MATLAB 2019b platform. During the analytical phase, the data were 
re-referenced to the average of all electrodes, followed by band-pass 
filtering within the range of 0.1–40 Hz. Bad channels were identified 
through meticulous visual inspection and subsequently replaced using 
spherical interpolation. For each participant, the interpolation of 
channels did not exceed 5 %. The data were segmented into two distinct 
phases: the cue-locked and the probe-locked, with time windows of 
2400 ms and 1400 ms, respectively. The baseline for both phases was 
defined as the 200 ms interval preceding the stimulus. To mitigate ar
tifacts, trials exhibiting significant drift were manually excluded. Inde
pendent component analysis (ICA) was then employed to identify and 
remove artifacts associated with eye movements and muscle activity. 
Across all participants, an average of 3 ± 3 ICA components were 
visually identified as artifacts and subsequently removed. Finally, seg
ments with amplitudes exceeding ±100 μV at any electrode were dis
carded. To ensure the robustness of the results, event-related potentials 

Fig. 1A. The left figure represents left DLPFC normal electric field strength. The right figure represents right DLPFC electric field strength. The normal electric field 
images on a plus/minus color scale to indicate inward vs. outward electric field.
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(ERPs) were computed exclusively for trials with correct task responses. 
The number of retained epochs did not exhibit significant differences 
across the various combinations (ps > 0.05).

The selection of EEG analysis channels was based on previous 
studies. The Cz channel was designated for the analysis of the CNV, with 
the average amplitude in the 1500–2300 ms cue-locked time window 
used as the CNV index (Hämmerer et al., 2010). The FCz channel was 
selected for the analysis of the probe-locked N2, utilizing the 200–300 
ms probe-locked time window. The Cz channel was also employed for 
the analysis of the post-probe P3 component, with the 450–700 ms post- 
probe time window designated for this purpose (Rico-Picó et al., 2021; 
Wessel, 2018). To enhance the signal-to-noise ratio and address the 
variability in peak latency across different conditions, the average 
amplitude within a 50 ms window centered on the N2 peak and a 125 ms 
window centered on the P3 peak were used for the analysis of the N2 and 

P3 components (Clayson et al., 2013).

2.6. Statistical analysis

All data were analyzed using SPSS 21. The final dataset comprised 
task accuracy rates, d’ Context indices, and amplitudes of ERPs for both 
groups under three conditions: pre-test, post-sham stimulation, and 
post-active stimulation. A repeated-measures analysis of variance 
(ANOVA) was employed to analyze these data. Within-group analyses 
treated task pairs and stimulation conditions as within-subjects factors, 
while between-group analyses considered stimulation locations as 
between-subject factors. Main effects, interaction effects, and pairwise 
comparisons were examined for each condition, with all pairwise com
parisons subjected to Bonferroni correction. Pearson's correlation was 
utilized to evaluate the relationship between ERPs and behavioral 

Fig. 1B. The upper figure represents stimulation electrodes setting and theoretical electronic field for left DLPFC, and electrode locations of left DLPFC(F3) cor
responding return electrodes. The bottom figure represents stimulation electrodes setting and theoretical electronic field for right DLPFC, and electrode locations of 
right DLPFC(F4) corresponding return electrodes. The orientation of the electric field is described by the arrows in the slice plots.

Fig. 2. Flowcharts of AX-CPT tasks and their proportions. AX pairs: the cue (A) consists of a blue square, the probe (X) is a yellow square, accounting for 58 %. AY 
pairs: the cue (A) consists of a blue square, the probe (Y) is a purple square, accounting for 14 %. BX pairs: the cue (B) consists of a green square, the probe (X) is a 
yellow square, accounting for 14 %. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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measures. To address potential motor artifacts arising from bimanual 
task performance, reaction times for correct trials across conditions were 
computed, and no significant differences attributable to bimanual 
execution were found. The alpha level for statistical significance was set 
at p < 0.05.

3. Results

3.1. Behavioral results

A combined repeated-measures ANOVA was performed on the ac
curacy rates of both groups with a 2 (location: left, right) × 3 (condition: 
AX, AY, BX) × 3 (time: pre, active, sham). The results indicated a sig
nificant main effect of time, [F(2,112) = 6.940, p = 0.001, η2 = 0.110], 
and a significant main effect of condition, [F(2, 112) = 6.940, p < 0.001, 
η2 = 0.356]. Pairwise comparisons showed that the accuracy rate for the 
BX pairs in the lDLPFC group was significantly higher than that in the 
rDLPFC group after active stimulation, [t(56) = 2.007, p = 0.050]. Other 
effects were not significant, [location, F(1, 56) = 0.881, p = 0.352, η2 =

0.015; condition × location, F(2, 112) = 0.482, p = 0.619, η2 = 0.009; 
time × location F(2, 112) = 0.278, p = 0.757 η2 = 0.005; condition ×
time, F(4, 224) = 1.761, p = 0.138, η2 = 0.030; time × location×
location, F(4, 224) = 1.578, p = 0.181, η2 = 0.027].

A repeated-measures ANOVA was conducted on the accuracy rates of 
the lDLPFC group with a 3 (condition: AX, AY, BX) × 3 (time: pre, active, 
sham). The results revealed a significant main effect of time, [F(2, 84) =
3.856, p = 0.025, η2 = 0.084]. The main effect of condition was also 
significant, [F(2, 168) = 26.716, p < 0.001, η2 = 0.241]. Pairwise 
comparisons indicated that the accuracy rate for BX was significantly 
higher after active stimulation compared to pre-stimulation [t(56) =
2.505, p = 0.015] and sham stimulation [t(56) = 2.579, p = 0.013]. The 
interaction between time × condition was not significant, [F(4, 168) =
0.791, p = 0.533, η2 = 0.018]. For the rDLPFC group, a repeated- 
measures ANOVA with the same design showed a significant main ef
fect of condition, [F(2, 168) = 21.650, p < 0.001, η2 = 0.205]. Other 
effects were not significant, [time, F(2, 84) = 1.627, p = 0.203, η2 =

0.037; time × condition, F(4, 168) = 1.510, p = 0.202, η2 = 0.035]. (see 
Fig. 3 and Table 1).

A repeated-measures ANOVA was performed on the d’ Context 
indices (calculated as AX hit rate minus BX false alarm rate) using a 2 
(location: left, right) × 3 (time: pre, active, sham). The analysis revealed 
a significant main effect of time, [F(2, 112) = 3.329, p = 0.039, η2 =

0.056]; Other effects were not significant, [location, F(1, 56) = 0.232, p 
= 0.632, η2 = 0.004; time × location, F(2, 112) = 2.302, p = 0.105, η2 =

0.039]. Pairwise comparisons demonstrated that the d’ in the lDLPFC 
group was significantly higher than that in the rDLPFC group following 
active stimulation[t(56) = 2.334, p = 0.023]. No significant differences 
were observed in the pre and sham stimulation[pre-d’, t(56) = − 0.309, 
p = 0.758; sham-d’, t(56) = − 0.461, p = 0.647]. Furthermore, the d’ in 
the lDLPFC group was significantly elevated after active stimulation 
compared to both pre[t(56) = 2.554, p = 0.013] and sham stimulation[t 

(56) = 2.941, p = 0.005]; in the rDLPFC group no significantly differ
ences were observed, pre compared to both sham[t(56) = 0.254, p =
0.800] and active stimulation[t(56) = − 0.070, p = 0.945], sham 
compared to active stimulation [t(56) = − 0.349, p = 0.729]. (see Fig. 4
and Table 1).

3.2. ERPs results

3.2.1. Cue-locked CNV
A combined repeated-measures ANOVA was performed on the mean 

CNV during the cue-locked for both groups, using a 2 (location: left, 
right) × 3 (condition: AX, AY, BX) × 3 (time: pre, active, sham). The 
results revealed a significant main effect of condition, [F(2, 112) =
7.608, p = 0.001, η2 = 0.120]. Pairwise comparisons revealed that, 
following active stimulation, the CNV in the AX [t(56) = − 2.377, p =
0.021] and BX [t(56) = − 3.441, p = 0.001] pairs were significantly 
greater in the lDLPFC group compared to the rDLPFC group. No signif
icant differences were observed in the pre and sham stimulation[pre-AX- 
CNV, t(56) = − 0.226, p = 0.822; pre-AY-CNV, t(56) = 0.295, p = 0.769; 
pre-BX-CNV, t(56) = − 0.253, p = 0.802; sham-AX-CNV, t(56) = − 0.396, 
p = 0.693; sham-AY-CNV, t(56) = − 0.474, p = 0.637; sham-BX-CNV, t 
(56) = 0.378, p = 0.707]. The time × group was significant, [F(2, 112) 
= 3.196, p = 0.045, η2 = 0.054]. Simple effects analysis showed that the 
sum of CNV of the three conditions in the lDLPFC group was signifi
cantly greater following active stimulation compared to pre [F(2, 55) =
3.037, p = 0.047, η2 = 0.099] and sham stimulation [F(2, 55) = 3.037, p 
= 0.022, η2 = 0.099], with no significant differences observed in the 
rDLPFC group. The interaction between time and condition was also 
significant, [F(4, 224) = 2.628, p = 0.035, η2 = 0.045]. Simple effects 
analysis indicated that, following active stimulation, the CNV in the BX 
was significantly greater than that in the pre [F(2, 55) = 3.572, p =
0.038, η2 = 0.115] and sham stimulation [F(2, 55) = 3.037, p = 0.012, 
η2 = 0.115], with no significant differences observed in the AX and AY 
conditions. Other effects were not significant, [time, F(2, 112) = 0.767, 
p = 0.467, η2 = 0.014; location, F(1, 56) = 1.768, p = 0.189, η2 = 0.031; 
condition × location, F(2, 112) = 0.466, p = 0.629, η2 = 0.008; condi
tion × location × time, F(4, 224) = 1.258, p = 0.288, η2 = 0.022].

For cue-locked CNV in the lDLPFC group, ANOVA revealed a sig
nificant main effect of condition, [F(2, 168) = 7.336, p = 0.001, η2 =

0.080]; main effect of time was not significant, [F(2, 84) = 2.148, p =
0.123, η2 = 0.049]. The interaction between time × condition was also 
significant, [F(4, 168) = 3.699, p = 0.007, η2 = 0.081]. Simple effects 
analysis revealed that, following active stimulation, the CNV in the BX 
condition was significantly greater than that in the pre [F(2, 83) =
13.368，p = 0.015, η2 = 0.111] and sham stimulation [F(2, 83) =
13.368，p = 0.003, η2 = 0.111]. For the rDLPFC group, ANOVA showed 
no significant effects, [time, F(2, 84) = 0.387, p = 0.680, η2 = 0.009; 
condition, F(2, 168) = 2.537, p = 0.082, η2 = 0.029; condition × time, F 
(4, 168) = 0.378, p = 0.824, η2 = 0.009]. (see Fig. 5A and 5B; Table 2).

Fig. 3. Violin plots is constructed from the average accuracy of two groups of participants in three pairs after three tests. (A) The lDLPFC group demonstrated 
significantly highter accuracy in the BX pairs after active compared to the after pre and sham stimulation. (B) The lDLPFC group demonstrated significantly highter 
accuracy in the BX pairs after active compared to the rDLPFC group.*P < 0.05. Pre: Pre-stimulation；Sham: Sham-stimulation；Active: Active-stimulation; the thin 
lines represent quartile; the thick lines represent medians.
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3.2.2. Probe-locked ERPs
A combined repeated-measures ANOVA was performed on the mean 

N2 during the probe-locked for both groups, using a 2 (location: left, 
right) × 3 (condition: AX, AY, BX) × 3 (time: pre, active, sham). The 
analysis revealed a significant three-way interaction among time ×
condition × group, [F(4, 224) = 3.853, p = 0.005, η2 = 0.064]. Simple 
effects analysis indicated that, following true stimulation, the N2 in the 
AX was significantly smaller than that in the AY [F(2, 55) = 7.009, p =
0.008, η2 = 0.203] and BX [F(2, 55) = 7.009, p = 0.009, η2 = 0.203] 

pairs in the lDLPFC group. No significant differences were observed 
among the three conditions during pre and sham stimulation. All other 
effects were non-significant, [condition, F(2, 112) = 1.311, p = 0.274, 
η2 = 0.023; time, F(2, 112) = 0.355, p = 0.702, η2 = 0.006; location, F(1, 
56) = 0.285, p = 0.596, η2 = 0.005; condition × location, F(2, 112) =
1.062, p = 0.349, η2 = 0.019; location × time, F(2, 112) = 0.434, p =
0.649, η2 = 0.008; condition × time, F(4, 224) = 1.232, p = 0.298, η2 =

0.022].
For probe-locked N2 in the lDLPFC group, ANOVA revealed no 

Table 1 
The means and SD of accuracy rates and d’ for each condition during the AX-CPT task in the two groups.

AX AY BX d’

Left DLPFC Pre 0.994(0.005) 0.961 (0.036) 0.977 (0.033) 0.971 (0.034)
Active 0.995 (0.007) 0.972 (0.035) 0.993 (0.014) 0.989 (0.016)
Sham 0.989 (0.014) 0.963 (0.033) 0.978 (0.293) 0.968 (0.035)

Right DLPFC Pre 0.992 (0.011) 0.955 (0.051) 0.981 (0.027) 0.974 (0.033)
Active 0.990 (0.013) 0.972 (0.035) 0.984 (0.021) 0.974 (0.029)
Sham 0.989 (0.010) 0.945 (0.075) 0.982 (0.205) 0.971 (0.027)

Fig. 4. Violin plots is constructed from the average d’ of two groups of participants after three tests. (A) The lDLPFC group demonstrated significantly highter d’ after 
active compared to the after pre and sham stimulation. (B) The lDLPFC group demonstrated significantly highter d’ after active compared to the rDLPFC group. *P < 
0.05. Pre: Pre-stimulation；Sham: Sham-stimulation；Active: Active-stimulation; the thin lines represent quartile; the thick lines represent medians.

Fig. 5A. (A) Waveforms and topographical maps of CNV of lDLPFC and rDLPFC groups of participants in three conditions after three tests along Cz. Topographical 
maps were constructed using the mean amplitude for the CNV period (1500–2300 ms). Pre: Pre-stimulation; Sham: Sham-stimulation; Active: Active-stimulation; 
Gray shaded areas represent component time windows.

L. Wang et al.                                                                                                                                                                                                                                   International Journal of Psychophysiology 218 (2025) 113283 

7 



significant main effects for time, [F(2, 84) = 0.018, p = 0.982, η2 <

0.001] and condition, [condition, F(2, 168) = 0.920, p = 0.400, η2 =

0.011]. However, the interaction between time and condition was sta
tistically significant, [F(4, 168) = 2.901, p = 0.024, η2 = 0.065]. Simple 
effects analysis revealed that, following active stimulation, the N2 
amplitude in the AX was significantly smaller than that in the AY [F(2, 
83) = 6.102，p = 0.006，η2 = 0.128] and BX [F(2, 83) = 6.102，p =
0.024，η2 = 0.128] pairs. No significant differences were observed 
among the three conditions during pre and sham stimulation. For the 
rDLPFC group, ANOVA revealed no significant effects, [time, F(2, 84) =
0.519, p = 0.597, η2 = 0.012; condition, F(2, 168) = 2.940, p = 0.056, η2 

= 0.034; condition × time, F(4, 168) = 0.527, p = 0.716, η2 = 0.012]. 
(see Fig. 6A and 6B; Table 2).

A combined repeated-measures ANOVA was performed on the mean 
P3 amplitude during the cue phase for both groups, using a 2 (location: 
left, right) × 3 (condition: AX, AY, BX) × 3 (time: pre, active, sham) 
design. The analysis revealed a significant main effect of condition, [F(2, 
112) = 3.242, p = 0.043, η2 = 0.055]. Other effects were not significant, 
[time, F(2, 112) = 0.417, p = 0.660, η2 = 0.007; location, F(1, 56) =
0.150, p = 0.700, η2 = 0.003; condition × location, F(2, 112) = 2.117, p 
= 0.125, η2 = 0.036; location × time, F(2, 112) = 0.043, p = 0.958, η2 =

0.001; condition × time, F(4, 224) = 0.773, p = 0.544, η2 = 0.014; time 
× condition × group, F(4, 224) = 0.277, p = 0.893, η2 = 0.005].

For probe-locked P3 in the lDLPFC group, ANOVA revealed no sig
nificant effects, [time, F(2, 84) = 0.244, p = 0.784, η2 = 0.006; condi
tion, F(2, 168) = 2.036, p = 0.134, η2 = 0.024; condition × time, F(4, 
168) = 0.524, p = 0.718, η2 = 0.012]. For the rDLPFC group, ANOVA 
revealed a significant main effect of condition, [F(2, 168) = 5.897, p =
0.003, η2 = 0.066]. Other effects were not significant, [time, F(2, 84) =
0.049, p = 0.952, η2 = 0.001; condition × time, F(4, 168) = 0.282, p =
0.889, η2 = 0.007] (see Fig. 7A and 7B; Table 2).

3.3. Fluid intelligence score

A repeated-measures ANOVA was performed on the fluid intelligence 
score using a 2 (location: left, right) × 3 (time: pre, active, sham). The 
results revealed no significant main effects for either time [F(2, 112) =
0.515, p = 0.599, η2 = 0.009] and group [F(1, 56) = 0.012, p = 0.914, η2 

< 0.001]. However, a statistically significant interaction effect was 
observed between time and group, [F(2, 112) = 4.576, p = 0.012, η2 =

0.076]. Simple effects analysis revealed that, following active stimula
tion, the fluid intelligence scores in the lDLPFC group were significantly 
higher than those in the rDLPFC group, [F(1, 56) = 6.325, p = 0.015, η2 

= 0.101]. No significant differences were found between the two groups 
during the pre [F(1, 56) = 1.506, p = 0.225, η2 = 0.026] and sham 
stimulation [F(1, 56) = 0.498, p = 0.483, η2 = 0.009]. Furthermore, 
within the lDLPFC group, the fluid intelligence scores after active 
stimulation were significantly higher compared to those during pre [t 
(56) = − 2.466, p = 0.017] and sham stimulation[t(56) = − 1.864, p =
0.046]. No significant differences in fluid intelligence scores were 
observed in the rDLPFC group across the different stimulation condi
tions, pre compared to both sham[t(56) = − 0.073, p = 0.942] and active 
stimulation[t(56) = 1.165, p = 0.249], sham compared to active stim
ulation [t(56) = 1.201, p = 0.235]. (see Fig. 8).

3.4. Correlation analyses

The CNV in the BX serves as a neurophysiological marker for pro
active preparation of subsequent responses. Following the effective 
intervention of active stimulation in the lDLPFC, we conducted corre
lation analyses between CNVBX and other indicators. The results 
revealed a significant positive correlation between CNVBX and CNVAX (r 
= 0.626, p < 0.001), as well as a positive correlation with the accuracy 
rate in the BX (r = 0.379, p = 0.043). Conversely, CNVBX exhibited 
significant negative correlations with N2AX (r = − 0.536, p = 0.003) and 
N2BX (r = − 0.419, p = 0.024). No statistically significant correlations 
were observed between CNVBX and the other indicators.

Following active stimulation of the lDLPFC, participants exhibited a 
significant improvement in fluid intelligence scores. Consequently, we 
calculated the correlations between fluid intelligence scores and various 
indicators within the lDLPFC group. The results revealed a significant 
negative correlation between fluid intelligence scores and the amplitude 
of CNVBX (r = − 0.432, p = 0.019). There was no significant correlation 
with other behaviors and ERP indicators.

Fig. 5B. (B) Bar chart of the amplitude of CNV along the Cz channel between 1500 and 2300 ms. *P < 0.05; **P < 0.01. Pre: Pre-stimulation; Sham: Sham- 
stimulation; Active: Active-stimulation.
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4. Discussion

This study examined whether HD-tACS could enhance proactive 
control by analyzing behavioral and ERPs data from participants in the 
lDLPFC and rDLPFC groups during the AX-CPT paradigm under pre- 
stimulation, sham stimulation, and active stimulation conditions. The 
results demonstrated that, compared to the rDLPFC group, the lDLPFC 
group showed a significant improvement in proactive control following 
theta-frequency tACS intervention. Specifically, after active stimulation, 
accuracy rates in the AX and BX pairs, as well as the d’ Context indices, 
were significantly higher than pre-stimulation. Furthermore, the accu
racy rates and d’ Context indices in the BX were significantly different 
from those of the rDLPFC group. In terms of neural indicators, the 
lDLPFC group exhibited a significantly increased CNV amplitude during 
the cue-locked under active stimulation, which is associated with pro
active control and differed significantly from the rDLPFC group. During 
the probe-locked, the N2 in the AX was significantly reduced in the 
lDLPFC group. These findings indicate that HD-tACS targeting the 
lDLPFC significantly enhances proactive control compared to the 
rDLPFC group. Additionally, the efficacy of tACS intervention showed a 
significant transfer effect on fluid intelligence, with the lDLPFC group 
displaying a notable improvement in fluid intelligence scores post-active 
stimulation compared to both other stimulation conditions and the 
rDLPFC group.

The behavioral results revealed that the lDLPFC group showed a 
significant improvement in accuracy rates in both the AX and BX pairs 
following HD-tACS, with the BX accuracy rate being significantly higher 
than that of the rDLPFC group. Additionally, the lDLPFC group 
demonstrated a higher d’ Context indices compared to the rDLPFC 
group. These findings are closely linked to the lDLPFC group's adoption 
of a more proactive cognitive strategy in the AX-CPT task after receiving 
6 Hz active stimulation (Redick, 2014; Richmond et al., 2015; Wiemers 
and Redick, 2018). In the task, the AX sequence (58 %) occurred 
significantly more frequently than the BX (14 %) and AY (14 %) se
quences, leading participants to develop a strong associative tendency 
between the cue A and the probe X. This response tendency resulted in 
cognitive conflict when the BX sequence appeared. For the BX, in
dividuals leaning toward proactive control could mitigate this conflict 
by actively maintaining the representation of the cue B before the pre
sentation of the probe X, which typically triggers the response tendency. 
As a result, proactive control is manifested in a reduced error rate in the 
BX (Braver, 2012). The rDLPFC group, regardless of the stimulation 
condition, demonstrated less efficient cue processing compared to the 
lDLPFC group following active stimulation. This indicates that, 
compared to the rDLPFC group, tACS stimulation targeting the lDLPFC 
enabled participants to more effectively utilize the cues provided in the 
task, resulting in a significant enhancement of proactive control 
abilities.

Studies have demonstrated that individuals' increased proactive 
control and preparatory focus on the BX may result in reduced accuracy 
rates when the AY is presented (Burgess and Braver, 2010). However, 
our findings reveal that the lDLPFC group exhibited an upward trend in 
AY accuracy following active stimulation, a pattern consistent with the 
performance of the rDLPFC group post-stimulation. This observation 
aligns with prior research. For example, Zhu et al. (2023) administered 
20 min of 6 Hz high-precision tACS to the lDLPFC and demonstrated that 
theta-frequency stimulation significantly enhanced performance in the 
Stroop task, underscoring the pivotal role of the lDLPFC in reactive 
control. Thus, although the lDLPFC group adopted a more proactive 
control strategy during the task after receiving real stimulation, they 
also exhibited improved reactive control capabilities. These results 
suggest that theta-frequency tACS targeting the lDLPFC not only en
hances proactive control but also facilitates reactive control, high
lighting the multifaceted role of the lDLPFC in cognitive control.

The CNV is widely recognized as a neural marker of anticipatory 
attention (Brunia, 1999) or response preparation processes (Karayanidis Ta
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and Jamadar, 2014). In this study, we observed that the lDLPFC group 
exhibited a significantly larger CNV amplitude in the BX compared to 
the AX and AY pairs following active stimulation. Furthermore, the CNV 
in both the AX and BX pairs was significantly greater in the lDLPFC 
group than in the rDLPFC group. These results indicate that theta- 
frequency tACS intervention significantly enhances proactive control 
abilities. Previous research has demonstrated that during early child
hood, proactive control can be indexed by the CNV in the AX, with larger 
amplitudes reflecting more robust proactive control in young children 
(Rico-Picó et al., 2021). As cognitive control matures, the CNV in the BX 
gradually supplants that in the AX as the primary neural marker of 
proactive control (Wang and Zhou, 2025). The findings of this study 
corroborate this developmental trajectory, as the CNV in the BX signif
icantly increased post-intervention, alongside an enhancement in the AX 
condition CNV. This pattern may suggest that, during the initial stages of 
cognitive development, attentional resources are predominantly allo
cated to frequently encountered stimuli to manage simple tasks in daily 
life. As cognitive abilities mature, individuals progressively automate 
the processing of common stimuli and reallocate attentional resources 
toward understanding rules, actively maintaining them, and employing 
meta-cognitive strategies to address unexpected events. This adaptive 
shift enables individuals to more effectively select contextually 

appropriate responses and inhibit inappropriate ones, highlighting the 
dynamic evolution of proactive control across developmental stages.

The N2, a neural marker of conflict monitoring, revealed that the 
lDLPFC group demonstrated a significant reduction in N2 in the AX 
following active stimulation, both relative to their own baseline and in 
comparison to the rDLPFC group. The N2 is widely regarded as a 
cognitive component of anterior cingulate cortex (ACC) activation. 
Within the DMC, the ACC plays a pivotal role in both proactive and 
reactive control strategies (Braver et al., 2007). Specifically, when in
dividuals employ a proactive control strategy, the ACC facilitates top- 
down attentional processes and enhances preparatory mechanisms for 
subsequent responses. Additionally, the ACC's role in conflict moni
toring supports the detection and resolution of conflicts during reactive 
control (Jimura et al., 2010; Paxton et al., 2008). As previously noted, 
the AX can also serve as an indicator of proactive control abilities to 
some extent. Integrating the observed trends in N2 amplitude changes in 
the BX and AY pairs across different stimulation conditions in the 
lDLPFC group, along with their high correlation, this study provides 
partial support for the DMC. Specifically, when individuals exhibit 
robust proactive control abilities, the ACC is activated during the cue- 
locked, prompting the allocation of greater attentional resources to 
actively maintain the internal representation of task cues. Due to this 

Fig. 6A. (A) Waveforms and topographical maps of N2 of lDLPFC and rDLPFC groups of participants in three conditions after three tests along FCz. Topographical 
maps were constructed using the mean amplitude for the N2 period (200–300 ms). Pre: Pre-stimulation; Sham: Sham-stimulation; Active: Active-stimulation; Gray 
shaded areas represent component time windows.

Fig. 6B. (B) Bar chart of the amplitude of N2 along the FCz channels between 200 and 300 ms. Pre: Pre-stimulation；Sham: Sham-stimulation；Active: Active- 
stimulation.
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proactive cue maintenance, individuals require less conflict monitoring 
during the probe-locked, resulting in diminished ACC activation and a 
smaller N2 at this stage.

The P3 component is widely recognized as a neural marker of 
inhibitory costs during cognitive control processes. In this study, we 
observed larger P3 in the AY, consistent with previous findings (Liu 
et al., 2011). This phenomenon may be attributed to the presence of the 
A cue, which primes participants for subsequent stimuli, suggesting that 
unexpected conflicts necessitate stronger reactive inhibition, thereby 
increasing inhibitory costs. However, no significant changes in P3 were 
detected in the BX following the active intervention, potentially indi
cating that the intervention did not fully exploit the latent plasticity of 
proactive control. Researche shows that applying 20 min of 2 mA 
transcranial direct current stimulation (tDCS) to the DLPFC in patients 
with schizophrenia significantly altered error rate patterns, increased 
gamma power, and enhanced proactive control abilities (Boudewyn 
et al., 2020). These findings suggest that proactive control is not only 
associated with theta frequency but also intricately linked to gamma 
frequency. The multiple buffers model proposes that short-term infor
mation is represented by the ordered activity of cell assemblies, and the 
maintenance of multiple items in working memory is facilitated by 

gamma subcycles nested within theta oscillations. A central tenet of this 
model is that distinct gamma subcycles, corresponding to different theta 
phases, enable the maintenance and segregation of information through 
oscillatory activity (Lisman and Jensen, 2013). When theta oscillation 
peaks are coupled with the energy of high-frequency gamma oscillations 
(80–100 Hz), spatial working memory performance is significantly 
enhanced, and overall neocortical connectivity is strengthened. More
over, cross-frequency tACS stimulation has been shown to yield superior 
outcomes compared to single-frequency stimulation (Alekseichuk et al., 
2016). Consequently, the stimulation protocol employed in this study 
may have inherent limitations. Future research exploring cross- 
frequency tACS interventions could elucidate the neural signatures of 
proactive control and further investigate its underlying plasticity.

The results showed that stimulation of the lDLPFC with HD-tACS 
increased individual proactive control without any change in individ
ual proactive control with tACS stimulation of the rDLPFC. Previous 
studies have shown that neuromodulation interventions in the lDLPFC 
increase self-control behaviors, such as enhanced delayed gratification, 
reduced gambling-seeking, and reduced risk-taking tendencies (Gilmore 
et al., 2018; Guo et al., 2018; Nejati et al., 2018). Our results further 
suggest the causal implication of lDLPFC in proactive control, extending 

Fig. 7A. (A) Waveforms and topographical maps of P3 of rDLPFC and rDLPFC groups of participants in three conditions after three tests along Cz. Topographical 
maps were constructed using the mean amplitude for the N2 period (450–700 ms). Pre: Pre-stimulation; Sham: Sham-stimulation; Active: Active-stimulation; Gray 
shaded areas represent component time windows.

Fig. 7B. (B) Bar chart of the amplitude of P3 along the Cz channels between 450 and 700 ms. Pre: Pre-stimulation; Sham: Sham-stimulation; Active: Active- 
stimulation.
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previous perspectives that self-control behavior is related to lDLPFC 
morphology or connectivity (Chen et al., 2020; Liu and Feng, 2017; Xu 
et al., 2021). For the non-significant effect of rDLPFC, this study cannot 
completely rule out its role in proactive control ability, and we provide 
possible insights into the specific role rDLPFC may play in proactive 
control ability in the future. Whether there are systemic differences in 
the function of the DLPFC on different sides remains controversial. For 
example, several studies have proposed that the rDLPFC plays a key role 
in negative emotion regulation (Feeser et al., 2014; Heller et al., 2013), 
which may have the potential to active regulation of aversive task 
execution. Addressing the neural correlates of self-control behavior, 
some studies have found that a relationship between behavioral control 
and spontaneous activity or structural changes in the rDLPFC (Wang 
et al., 2022; Zhang et al., 2016) is possibly mediated by emotion regu
lation or cognitive control. Moreover, studies have shown that inhibition 
of rDLPFC activation can impair individual's proactive control ability 
(Gomez-Ariza et al., 2017). To this end, more exploratory studies are 
still needed before reaching a laterality-specific conclusion about roles 
of DLPFC in proactive control as well as its underlying pathway.

The different roles played by lDLPFC and rDLPFC in proactive con
trol ability further influence the transfer effect of fluid intelligence. 
Following theta-frequency tACS stimulation, participants in the lDLPFC 
group demonstrated not only a marked enhancement in proactive con
trol but also a positive transfer effect to individual fluid intelligence. 
Analysis of correlations between fluid intelligence scores and other 
metrics within the lDLPFC group revealed a significant positive corre
lation with the CNV in the BX post-active stimulation. This phenomenon 
may be attributed to the substantial overlap in neural networks under
lying both cognitive faculties (Rueda, 2018). Dosenbach et al. in their 
examination of brain functional connectivity, introduced a dual- 
network model of cognitive control (Dosenbach et al., 2007; Dos
enbach et al., 2008). The FPN, which is integral to response inhibition, 
also occupies a pivotal role in the parieto-frontal integration theory (P- 
FIT) of intelligence. This network underpins the co-evolution of cogni
tive control and fluid intelligence, with the DLPFC emerging as a critical 
informational nexus within this network (Fjell et al., 2015; Vendetti and 
Bunge, 2014). Consequently, effective intervention targeting proactive 
control has been observed to positively influence individual fluid 

intelligence scores. Nonetheless, certain studies posit that this transfer 
may be confined to elementary fluid intelligence assessments, suggest
ing that the parietal lobe constitutes the essential node for augmenting 
individual fluid intelligence (Pahor and Jaušovec, 2014). The intricate 
relationship between individual proactive control capabilities and fluid 
intelligence warrants further comprehensive investigation at the whole- 
brain level.

Our results are consistent with the hypothesis, demonstrating that 
theta-frequency HD-tACS stimulation targeting the lDLPFC can effec
tively enhance proactive control in individuals, with the intervention 
effects positively transferring to fluid intelligence, thereby improving 
fluid intelligence scores. The AX-CPT is a widely utilized task for 
assessing cognitive control, motor preparation, anticipation, and sus
tained attention, among other processes. Within this paradigm, the 
preparatory period between the presentation of the cue and the stimulus 
can be delineated into three distinct stages: sensory input, cue evalua
tion, and motor preparation. Following the presentation of cue B, neural 
oscillations during these stages are characterized by a significant 
reduction in alpha oscillations within the prefrontal cortex. This 
reduction may reflect the anticipatory attentional mechanism for action 
processing after individuals receive task cues (Bickel et al., 2012). 
Furthermore, studies have demonstrated that theta-frequency tACS 
stimulation targeting the lDLPFC significantly diminishes alpha oscil
lations (Pahor and Jaušovec, 2014). Concurrently, neural theta oscilla
tions facilitate the rapid allocation of attentional and related cognitive 
resources (Jaušovec and Jaušovec, 2014). The confluence of these two 
factors may constitute a pivotal mechanism underlying the efficacy of 
this intervention. Research underscores that the adoption and efficiency 
of proactive control strategies during task execution are intricately 
intertwined with the development of working memory. Working mem
ory, defined as the capacity to maintain and manipulate information 
over brief intervals, is posited to rely on at least two functionally inde
pendent subsystems: the executive system and the representational 
system. The former orchestrates the allocation of cognitive resources to 
task-relevant information and prioritizes the processing and retrieval of 
pertinent representations, while the latter sustains the specific content 
of task-relevant information (Baddeley, 2003). The interplay between 
these systems, which are thought to depend on distinct neural 

Fig. 8. Violin plots is constructed from the average fluid intelligence score of two groups of participants after three tests. (A) The lDLPFC group demonstrated 
significantly highter scores after active compared to the after pre and sham stimulation; (B) The rDLPFC group showed no significant difference in scores after active 
compared to the after pre and sham stimulation; (C) The lDLPFC group demonstrated significantly highter scores after active compared to the rDLPFC group. *P < 
0.05. Pre: Pre-stimulation; Sham: Sham-stimulation; Active: Active-stimulation; the thin lines represent quartile; the thick lines represent medians.
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substrates, particularly the frontal and parietal cortices, is essential for 
working memory. Cross-regional information exchange is hypothesized 
to be mediated by theta-band neural oscillations, with prefrontal theta 
activity modulating parietal engagement associated with the mainte
nance of working memory content. Theta oscillations may serve as a 
critical mechanism coordinating the interaction between the frontal 
executive system and the parietal representational system (Ratcliffe 
et al., 2022).

In summary, this study extends prior research by investigating the 
plasticity of proactive control in individuals. The findings demonstrate 
that tACS effectively enhances proactive control abilities. However, the 
study is subject to certain limitations. Notably, the absence of control 
groups receiving other single-frequency stimulations precludes defini
tive conclusions regarding the specificity of theta-frequency stimulation 
in improving proactive control. Furthermore, participants were exclu
sively composed of university students, and the lack of age-diverse 
control groups leaves unresolved whether tACS-induced plasticity gen
eralizes across different age ranges. The division of participants into two 
groups also introduces potential confounding of the results. Research 
demonstrates that cross-frequency stimulation yields superior effects 
compared to single-frequency stimulation, prompting the need for 
further exploration of proactive control plasticity through cross- 
frequency approaches. While event-related potential (ERP) technology 
provides high temporal resolution, offering robust neural indices for 
examining the proactive control process, its limited spatial resolution 
constrains a more comprehensive understanding of this relationship. 
Future research should address these limitations to refine our under
standing of the mechanisms underlying proactive control plasticity. In 
addition, the DLPFC plays a key role in emotion regulation, especially in 
the suppression of negative emotional responses. It helps individuals to 
reduce emotional overreactions by modulating the activity of other 
brain areas related to emotional responses, such as the amygdala and 
anterior cingulate cortex, thus contributing to the effective management 
of emotions (Aydın, 2022, 2023). Therefore, the ability of neuro
modulation to intervene in individuals' emotion regulation is also 
currently a focus of future attention.

5. Conclusion

This study provides evidence that theta-frequency tACS applied to 
the lDLPFC significantly enhances proactive control in individuals, 
while also revealing a dynamic relationship between proactive control 
and fluid intelligence. These results revealed the critical role of the 
lDLPFC as a neural substrate for proactive control and highlight the 
potential of neural oscillation modulation as a intervention for 
enhancing higher-order cognitive functions.
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