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A B S T R A C T   

Transcranial alternating current stimulation (tACS) is an efficient neuromodulation technique that enhances 
cognitive function in a non-invasive manner. Using functional magnetic resonance imaging, we investigated 
whether tACS with different phase lags (0◦ and 180◦) between the dorsal anterior cingulate and left dorsolateral 
prefrontal cortices modulated inhibitory control performance during the Stroop task. We found out-of-phase 
tACS mediated improvements in task performance, which was neurodynamically reflected as putamen, dorso
lateral prefrontal, and primary motor cortical activation as well as prefrontal-based top-down functional con
nectivity. Our observations uncover the neurophysiological bases of tACS-phase-dependent neuromodulation and 
provide a feasible non-invasive approach to effectively modulate inhibitory control.   

1. Introduction 

Inhibitory control is a fundamental component of cognitive function 
because it empowers individuals to purposefully regulate their thoughts, 
behaviors, and responses (Friedman and Miyake, 2004; Strauss et al., 
2006). Its significance lies in the several key aspects of cognitive pro
cessing. First, inhibitory control facilitates seamless switching between 
different tasks and mental processes, promoting the cognitive flexibility 
necessary for effective problem solving and adaptation to changing en
vironments (Hendry et al., 2022). Additionally, it enables selective 
attention, allowing individuals to focus on relevant information while 
suppressing distractions (Diamond, 2013; Theeuwes, 2010). Inhibitory 
control is crucial for suppressing responses and inhibiting impulsive or 
inappropriate reactions (Diamond, 2013). This function enhances the 
effectiveness of working memory by filtering out irrelevant information 
(Friedman and Miyake, 2004). Moreover, inhibitory control is integral 
to goal-directed behavior, emotional regulation, and risk management, 
ensuring individuals stay aligned with their objectives and make 
well-considered decisions (Diamond, 2013; Fox and Calkins, 2003). 

To execute appropriate behaviors and cognitive processes based on 
task demands, cognitive control, including selective attention, is 
necessary for controlled and coordinated action. Through selective 

attention, cognitive interference or competing information processing 
demands are reduced, and inappropriate habitual actions or interference 
are simultaneously suppressed (Miller and Cohen, 2001). However, with 
a strong distractor, it may be challenging to process task-relevant in
formation and cognitive conflict may occur (Nee et al., 2007). 

The Stroop task is a well-established psychological test that assesses 
an individual’s ability to demonstrate cognitive and inhibitory control 
over automatic or habitual responses (Stroop, 1935). The classic Stroop 
task involves presenting participants with a list of color names (e.g., red, 
green, blue) written in incongruent ink colors (e.g., the word “red” 
written in blue ink). The participants are typically instructed to name 
the ink color as quickly and accurately as possible while ignoring the 
actual written word. This creates a conflict between the automatic 
processing of words and task-relevant information, which is the color of 
ink (Guo et al., 2018; Purmann and Pollmann, 2015). Inhibitory control, 
as demonstrated by the Stroop task, refers to the ability to suppress or 
override prepotent or automatic responses in favor of a more controlled 
and task-relevant response (Strauss et al., 2006). In the context of the 
Stroop task, inhibitory control is required to inhibit the automatic ten
dency to read a word and instead focus on identifying and naming the 
ink color (Siegrist, 1997). 

Functional neuroimaging studies have identified several frontal 
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brain regions that support cognitive control in the Stroop task, partic
ularly the left dorsolateral prefrontal cortex (L-dlPFC) and the dorsal 
anterior cingulate cortex (dACC) (Banich et al., 2001; Krug and Carter, 
2012; MacDonald et al., 2000; Menon and D’Esposito, 2022; Nee et al., 
2007). The L-dlPFC maintains a representation of task-related demands, 
controls visual processes, and directs attention to pertinent features of 
stimuli (Banich et al., 2000, 2001; Egner and Hirsch, 2005; Polk et al., 
2008). Furthermore, it plays a crucial role in exerting control over 
behavior with extensive connections to the sensory and motor regions 
(Miller and Cohen, 2001; Vanderhasselt et al., 2009). Increased dlPFC 
activity is observed during high-conflict trials in inhibitory control tasks 
such as the Stroop task, correlating with better behavioral performance 
(Silton et al., 2010). The dACC is also involved in conflict monitoring 
(Apps et al., 2012; Borsa et al., 2018; Yeung et al., 2004) and attentional 
inhibitory regulation processing (Johnston et al., 2007; Silton et al., 
2010). Activity in this region closely mirrors the level of control 
recruited in conflict scenarios and has a strong functional relationship 
with the lateral prefrontal cortex (Botvinick, 2007; Botvinick et al., 
2004; Kerns et al., 2004). Alongside the dACC, the dlPFC contributes to 
conflict induced behavioral adjustments, especially in tasks involving 
conflicting rules or responses, including the Stroop task (MacLeod and 
MacDonald, 2000). 

On the other hand, non-invasive neuromodulation of cognitive 
control processes might impact cognitive performance augmentation. 
Various studies have used non-invasive brain stimulation methodolo
gies, such as transcranial magnetic stimulation (TMS), direct current 
stimulation (tDCS), or alternating current stimulation (tACS) (Levas
seur-Moreau and Fecteau, 2012; Mansouri et al., 2019; Pulopulos et al., 
2020; Veniero et al., 2019). Furthermore, several studies have attempted 
to understand the causal influence of specific brain oscillations on 
cognitive function (Filmer et al., 2014; Herrmann et al., 2013; Thut and 
Miniussi, 2009). By utilizing these approaches and manipulating specific 
stimulation parameters, researchers have successfully demonstrated 
intentional modulation of brain activity as well as improved perfor
mance in cognitive tasks such as working memory performance (Bru
noni and Vanderhasselt, 2014; Brunye et al., 2017; Hill et al., 2019; Kim 
et al., 2022) or inhibitory control (Schluter et al., 2018; Volpe et al., 
2022). For example, neuronal communication relies on the coherent 
oscillation of activated neuronal groups, enabling effective interactions 
through synchronized communication windows and supporting cogni
tive flexibility (Fries, 2005). Using tACS to synchronize intrinsic 
neuronal oscillations to the applied stimulation phase, it is possible to 
effectively entrain brain rhythms through phase specificity (Johnson 
et al., 2020; Krause et al., 2019). To improve cognitive functions such as 
attention, executive skills, and context processing, phase synchroniza
tion is a crucial neuronal mechanism that manages intrinsic communi
cation among distinct nodes (Doesburg et al., 2009; Gollo et al., 2014; 
Palva and Palva, 2011). Accordingly, in-phase tACS aims to enhance 
synchronization and coordination between brain regions to improve 
specific cognitive functions, whereas out-of-phase tACS seeks to intro
duce interference or desynchronization to modulate cognitive processes 
(Alekseichuk et al., 2017; Polania et al., 2012; Reinhart, 2017; Tseng 
et al., 2018; Violante et al., 2017). However, the type of phase lag that 
can effectively enhance task performance and the underlying neuro
physiological mechanisms remain controversial. 

Therefore, in the present study, we investigated the neurodynamics 
associated with the phase-dependent neuromodulatory effects of tACS 
on inhibitory control using functional magnetic resonance imaging 
(fMRI) and functional connectivity analyses. We hypothesized that 
cognitive inhibitory processing is modulated by phase-dependent tACS 
between the L-dlPFC and the dACC. For this purpose, we administered 
individualized tACS with two different phase lags (0◦ or 180◦) between 
two task-relevant key regions (i.e., the dlPFC and dACC) to participants 
while performing a color-word Stroop task. 

2. Results 

2.1. Behavioral data 

Since a significant interaction effect between congruency and tACS- 
phase factors was observed in the reaction times normalized to the no- 
tACS condition (F(2, 48) = 5.803, p < 0.05), post-hoc tests were per
formed accordingly. Subsequent tests revealed that the 180◦-phase-lag 
tACS yielded significantly reduced reaction times in the incongruent 
trials compared with the 0◦-phase-lag tACS (t(24) = 2.313, p < 0.05, 
false discovery rate (FDR)-corrected; 180◦-phase-lag tACS: 650.4 ms, 0◦- 
phase-lag tACS: 677.7 ms: Fig. 1A). Trials with congruent conditions 
exhibited significantly reduced reaction times compared to trials with 
incongruent conditions for both 0◦-phase-lag tACS (t(24) = –6.295, p <
0.001, FDR-corrected; congruent: 597.3 ms, incongruent: 677.7 ms) and 
180◦-phase-lag tACS (t(24) = –5.713, p < 0.001, FDR-corrected; 
congruent: 588.7 ms, incongruent: 650.4 ms). After the 0◦-phase-lag 
tACS, the incongruent condition yielded significantly higher reaction 
times than the neutral condition (t(24) = –4.678, p < 0.001, FDR- 
corrected; incongruent: 677.7 ms, neutral: 568.0 ms). Regarding per
formance accuracy, a main effect of congruency was observed (F(2, 48) 
= 14.950, p < 0.001; congruent, 98.7 %,; incongruent, 96.2 %; neutral, 
98.1 %). The other comparisons did not yield statistically significant 
results. 

2.2. Brain activation during Stroop task performance 

Random-effects group analyses of the phase-dependent tACS- 
induced blood oxygenation level-dependent (BOLD) responses revealed 
no significant difference in activation between 0◦- and 180◦-phase-lag 
tACS in both congruent and incongruent conditions. However, signifi
cantly greater activation was observed in the incongruent condition than 
in the congruent condition in the left putamen, dorsolateral prefrontal 
cortex (dlPFC), and primary motor cortex (M1) during 180◦ versus 
0◦ phase-lag tACS (Fig. 2). 

2.3. tACS-phase-dependent functional connectivity 

During the Stroop task performance, functional connectivity was 
differentially modulated by the specific phase-lag tACS condition. 
Compared to the no-tACS and 0◦-phase-lag tACS, the 180◦-phase-lag 
tACS induced PFC-centered anterior-to-posterior connectivity (Fig. 3). 
In contrast, functional connectivity in the 0◦-phase-lag tACS condition 
appeared to be randomly oriented compared to that in the 180◦-phase- 
lag tACS-mediated well-oriented frontoparieto-occipital directions. 
Nevertheless, both 0◦- and 180◦-phase-lag tACS showed dominant con
nectivity based on the seed regions of the central executive network 
(CEN; pink regions in Fig. 3) when stronger connectivity was present in 
the congruent condition as opposed to the incongruent condition (blue 
arrows in Fig. 3). Conversely, dominant connectivity from the seed re
gions of the salience network (SN; green regions in Fig. 3) was observed 
when stronger connectivity occurred in the incongruent condition 
compared to the congruent condition (red arrows in Fig. 3). Regarding 
the default mode network (DMN), there were fewer modulations of 
functional connectivity from any seed regions, irrespective of the phase 
differences of the tACS signals. Particularly in the incongruent condition 
compared to the congruent condition (red arrows in Fig. 3), the left 
lateral geniculate nucleus (LGN) was a connectivity seed linked with the 
left pulvinar during the 180◦-phase-lag tACS, whereas it was linked with 
the left/middle occipital cortex during the 0◦-phase-lag tACS. In the 
context of the congruent condition compared to the incongruent con
dition (blue arrows in Fig. 3), the left LGN served as a connectivity seed 
linked with the right rostral PFC (a node of the SN) during the 180◦- 
phase-lag tACS. 

Between the tACS target regions (i.e., the dACC and left dlPFC), the 
differences in functional connectivity between the 0◦- and 180◦-phase- 
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lag tACS conditions were marginally significant for the incongruent 
condition (t(24) = 2.021, p = 0.055, FDR-corrected), whereas the 
congruent condition was not statistically significant (t(24) = 1.734, n.s., 
FDR-corrected). Compared to the no-tACS condition (z-score for no- 
tACS: 0.142), the congruent condition yielded significantly reduced 
functional connectivity between the dACC and left dlPFC by the 0◦- 
phase-lag tACS (t(24) = 5.322, p < 0.001, FDR-corrected; z-score for 0◦- 
phase-lag tACS: –0.108) and 180◦-phase-lag tACS (t(24) = 3.752, p <
0.01, FDR-corrected; z-score for 180◦-phase-lag tACS: –0.329). Simi
larly, compared to the no-tACS condition (z-score for no-tACS: 0.175), 
the incongruent condition showed significantly reduced functional 
connectivity between the dACC and left dlPFC for the 0◦-phase-lag tACS 
(t(24) = 2.719, p < 0.05, FDR-corrected; z-score for 0◦-phase-lag tACS: 
0.051) and 180◦-phase-lag tACS (t(24) = 4.423, p < 0.01, FDR- 
corrected; z-score for 180◦-phase-lag tACS: –0.025). 

In the incongruent condition, there were significant differences in 
functional connectivity related to the salience network between the two 
phase-lag tACS conditions (Fig. 4B). Compared to the no-tACS condition, 
the 0◦-phase-lag tACS exhibited significantly enhanced functional con
nectivity between mediodorsal nucleus of the thalamus (MD) and rostral 

prefrontal cortex (rPFC) in the left hemisphere (t(24) = –2885, p < 0.05, 
FDR-corrected; z-score for no- tACS: –0.043, z-score for 0◦-phase-lag 
tACS: 0.066) and significantly reduced functional connectivity between 
rPFC and supramarginal gyrus (SMG) in the right hemisphere (t(24) =
3.063, p < 0.05, FDR-corrected; z-score for no-tACS: 0.219, z-score for 
0◦-phase-lag tACS: 0.111). Compared to the no-tACS condition, the 
180◦-phase-lag tACS exhibited significantly enhanced functional con
nectivity between right dlPFC and left rPFC for both congruent (t(24) =
–4.141, p < 0.01, FDR-corrected; z-score for no-tACS: 0.064, z-score for 
180◦-phase-lag tACS: 0.294) and incongruent conditions (t(24) =
–4.089, p < 0.01, FDR-corrected; z-score for no-tACS: 0.104, z-score for 
180◦-phase-lag tACS: 0.304). 

Furthermore, in the incongruent condition, compared to the 0◦- 
phase-lag tACS, the 180◦-phase-lag tACS exhibited significantly 
enhanced functional connectivity between rPFC and SMG in the right 
hemisphere (t(24) = 5.537, p < 0.001, FDR-corrected; z-score for 0◦- 
phase-lag tACS: 0.111, z-score for 180◦-phase-lag tACS: 0.301), and 
between right dlPFC and left rPFC (t(24) = 4.972, p < 0.001, FDR- 
corrected; z-score for 0◦-phase-lag tACS: 0.097, z-score for 180◦-phase- 
lag tACS: 0.304), while the opposite pattern was observed between MD 
and rPFC in the left hemisphere (t(24) = –6.147, p < 0.001, FDR- 
corrected; z-score for 0◦-phase-lag tACS: 0.066, z-score for 180◦-phase- 
lag tACS: –0.112). Among these brain regional pairs, the congruent 
condition yielded significant changes in functional connectivity only 
between the right dlPFC and left rPFC (t(24) = 3.865, p < 0.01, FDR- 
corrected; z-score for 0◦-phase-lag tACS: 0.151, z-score for 180◦-phase- 
lag tACS: 0.294; Fig. 4A). 

2.4. Congruency-dependent functional connectivity 

Compared with the functional connectivity of the congruent condi
tion, the incongruent condition yielded further pruned and concentrated 
functional connectivity (Fig. 5). In particular, for the incongruent con
dition yielding a significant reduction in reaction times during the 180◦- 
phase-lag versus the 0◦-phase-lag tACS, strong functional connectivity 
was observed between the posterior cingulate cortex (PCC) and MD for 
the 180◦-phase-lag tACS and between the ventrolateral prefrontal cortex 
(vlPFC) and fusiform gyrus (FUS) for the 0◦-phase-lag tACS in the left 
hemisphere. 

Fig. 1. Phase-dependent tACS-mediated changes in reaction times and accuracies. The 0◦-phase-lag (blue bars) and 180◦-phase-lag (orange bars) tACS-mediated 
mean (A) reaction times and (B) task performance accuracy, normalized by those in the no-tACS condition for the congruent, incongruent, and neutral condi
tions of the Stroop task. Small circles and their trajectories represent individuals’ data and their tACS-mediated changes, respectively. Error bars indicate standard 
errors of the mean. Asterisks indicate statistical significance (*p < 0.05, ** p < 0.001, FDR-corrected). 

Fig. 2. 180◦-phase-lag tACS-mediated brain activations in the incongruent 
condition. The significant activation regions for the (A) no-tACS and (B) 180◦- 
phase lag tACS > 0◦-phase-lag tACS conditions are displayed for the incon
gruent condition versus the congruent condition of the Stroop task (Incongruent 
> Congruent). As compared to the deactivation of the left primary motor cortex 
(M1) in the no-tACS condition, the left putamen, dorsolateral prefrontal cortex 
(dlPFC), and M1 were significantly more activated during the incongruent 
condition than in the congruent condition in the 180◦-phase-lag tACS as 
compared to the 0◦-phase-lag tACS (fMRI voxel-level threshold of p < 0.001 and 
a cluster-level family-wise error of p < 0.05). The positive t-values (in yellow) 
indicate activation, whereas the negative ones (in blue) indicate deactivation. 
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Fig. 3. tACS-phase-dependent functional connectivity. The (A) no-tACS, (B) 0◦-phase-lag, and (C) 180◦-phase-lag tACS-mediated functional connectivity. Only 
the statistically significant connectivity is displayed as arrows, and the thickness of the arrows represents t values ranging from 4.77 to 9.46. The starting points are 
the seeds for functional connectivity. The blue arrows indicate the cases when the congruent condition yielded higher connectivity than the incongruent condition, 
whereas the red arrows indicate the cases when the incongruent condition yielded higher connectivity than the congruent condition. The nodes of the central ex
ecutive network (CEN), default mode network (DMN), and salience network (SN) are colored in pink, cyan, and green, respectively. aINS, anterior insula; dACC, 
dorsal anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; FUS, fusiform gyrus; LGN, lateral geniculate nucleus; 
M1, primary motor cortex; MD, mediodorsal nucleus of thalamus; Occi, occipital cortex; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; pHC, para
hippocampal gyrus; pMTG, posterior middle temporal gyrus; PPC, posterior parietal cortex; PrCu, precuneus; PUL, pulvinar; PUT, putamen; rPFC, rostral prefrontal 
cortex; S1, primary somatosensory cortex; SMA, supplementary motor cortex; SMG, supramarginal gyrus; STG, superior temporal gyrus; TP, temporal pole; V1, 
primary visual cortex; V2, secondary visual cortex; vlPFC, ventrolateral prefrontal cortex; vmPFC, ventromedial prefrontal cortex; R, right; M, middle; L, left. 
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2.5. Brain activation depends on the preceding congruency condition 

Only in cases where the incongruent trials were preceded by incon
gruent trials (i.e., I-I condition), the 180◦-phase-lag tACS yielded 
significantly reduced no-tACS-normalized reaction times compared to 
the 0◦-phase-lag tACS (t(24) = 2.791, p < 0.05 FDR-corrected; 180◦- 
phase-lag tACS: 643.6 ms, 0◦-phase-lag tACS: 689.0 ms; Fig. 6A). No 
significant differences in reaction times were detected for other con
gruency combinations in consecutive trials. The accuracy of the task 
performance, depending on the preceding congruency condition, did not 
reach the statistical significance. 

Regarding brain activation, similarly, only when incongruent trials 
were preceded by the incongruent trials (i.e., I-I condition), the 180◦- 
phase-lag tACS induced significantly increased activation in the left 
putamen and left SMG compared with the 0◦-phase-lag tACS (Fig. 6B). 
For any trial types preceded by the congruent trials (i.e., C-C, N-C, or I-C 
conditions), there were no statistically significant tACS-induced BOLD 
response modulations. 

3. Discussion 

This study investigated the effects of phase-manipulated tACS on 
brain activation and functional connectivity during an inhibitory control 
task. We observed a better task performance in the 180◦-phase-lag tACS 
condition than in the 0◦-phase-lag tACS condition (Fig. 1A). Notably, the 
180◦-phase-lag tACS induced significantly enhanced activation in the 
left putamen, dorsolateral prefrontal cortex, and primary motor cortex, 

particularly in the incongruent trials (Fig. 2). Subsequent tests revealed 
that this effect was prominent, particularly when incongruent trials were 
preceded by incongruent ones (Fig. 6). Furthermore, the 180◦-phase-lag 
tACS yielded reinforced anterior-to-posterior functional connectivity 
compared to the 0◦-phase-lag tACS and no-tACS treatments (Fig. 3). All 
these findings suggest that a specific phase of the two tACS signals tar
geting the two key functional nodes (i.e., the L-dlPFC and dACC) during 
the Stroop task is crucial for effective neuromodulations of inhibitory 
control. 

3.1. 180◦-phase-lag tACS-mediated enhanced activation in the putamen, 
dlPFC, and M1 

We observed significantly enhanced brain activity in the putamen in 
the incongruent trials compared to the congruent trials during the 180◦- 
phase-lag tACS condition compared to the 0◦-phase-lag tACS condition. 
Moreover, this 180◦-phase-lag tACS-induced behavioral improvement 
and putamen activation were consistently observed only in incongruent 
trials preceded by incongruent trials (Fig. 6B). The putamen plays an 
essential role in various movement-related functions (Alexander and 
Crutcher, 1990; Marchand et al., 2008). Previous studies have shown 
that the putamen is not functionally limited to motor control tasks, and 
reflects the interaction between memory, action, and rewards (Koster 
et al., 2015; Voytek and Knight, 2010). The putamen is also associated 
with cognitive processes such as cognitive control (Salvia et al., 2019; 
Swick et al., 2011). The cognitive inhibitory function of the putamen is 
not as extensively studied or well-defined as its motor-related function; 
however, several studies have suggested that the putamen may play a 
modulatory role in cognitive functions, including cognitive inhibition 
(Aizenstein et al., 2006; Monchi et al., 2006). Presumably, consecutive 
incongruency (i.e., incongruent trials preceded by incongruent trials) 
might induce reinforced activation of the putamen, reflecting accumu
lated cognitive inhibition, which might be influenced by the 180◦-pha
se-lag tACS, resulting in reduced reaction times in the Stroop task 
(Fig. 6). 

The predominant functions of cognitive control are response selec
tion and inhibition (Goghari and MacDonald III, 2009). Previous studies 
have identified brain regions involved in inhibition, including the basal 
ganglia (such as the putamen), which are thought to be involved in the 
inhibition of inappropriate responses, and prefrontal regions (such as 
the dlPFC), which receive inputs from the basal ganglia thalamocortical 
circuit and represent and maintain relevant information for 
goal-directed behaviors (Aron et al., 2014; Booth et al., 2003; Casey 
et al., 2001; Maciejewski et al., 2018). Consistently, the left dlPFC, the 
target region of tACS, was activated under the same conditions (Fig. 2). 
It is implicated in the suppression of irrelevant or inappropriate re
sponses, cooperatively allowing for the selection and execution of the 
most appropriate actions based on the current goals and contexts. 
Consequently, we observed that the 180◦-phase-lag tACS induced both 
enhanced putamen activation and dlPFC-mediated top-down inhibitory 
control. 

We also observed enhanced activation in the primary motor cortex 
(M1) in incongruent trials of the 180◦-phase-lag tACS versus the 0◦- 
phase-lag tACS. The putamen and M1 are two distinct brain regions that 
play pivotal roles in inhibitory functions, including cognitive and motor 
inhibition (Guo et al., 2018). Although both the putamen and M1 
contribute to inhibitory functions in the context of motor control, the M1 
is more directly involved in motor execution and precision, while the 
putamen, as part of the basal ganglia, plays a broader role in motor 
planning and regulation (Bhattacharjee et al., 2021; Guo et al., 2018). 
Aspects of cognitive inhibition are more indirect and complicated, with 
the M1 playing a contributing role, especially in coordination with other 
cortical regions (Fujiyama et al., 2016). The M1 may play a tactical role 
in inhibiting competing motor plans or adjusting movements based on 
cognitive demands. Taken together, the facilitation of cognitive and 
motor inhibitory control might result in significantly reduced reaction 

Fig. 4. Phase-dependent tACS-mediated changes in functional connectiv
ity of the salience network. The mean z-scores of the functional connectivity 
across the nodes of the salience network are compared across no-tACS (green 
bars), 0◦ (blue bars) and 180◦-phase-lag (orange bars) tACS in the (A) 
congruent and (B) incongruent conditions. Asterisks indicate statistical signif
icance (* p < 0.05, ** p < 0.01, *** p < 0.001, FDR-corrected). Small circles and 
their trajectories represent individuals’ data and their tACS-mediated changes, 
respectively. Error bars indicate standard errors of the mean. dACC, dorsal 
anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; MD, medi
odorsal nucleus of thalamus; rPFC, rostral prefrontal cortex; SMG, supra
marginal gyrus; R, right; L, left. 
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times for incongruent trials during the 180◦-phase-lag tACS versus the 
0◦-phase-lag tACS. Since all participants in the present study were 
right-handed, left-lateralized activation in the putamen, dlPFC, and M1 
appeared to be observed. 

3.2. 180◦-phase-lag tACS-mediated anterior-to-posterior top-down 
control 

Compared with the 0◦-phase-lag tACS condition, the 180◦-phase-lag 
tACS condition yielded prominent anterior-to-posterior functional con
nectivity (Fig. 3C). Functional connectivity in the 0◦-phase-lag tACS 
condition appeared randomly oriented compared to that in the 180◦- 
phase-lag tACS-mediated well-oriented frontoparieto-occipital di
rections. When the functional connectivity of the two tACS target re
gions was compared, the 0◦-phase-lag tACS revealed a marginally 
significant enhancement in the incongruent condition compared to the 

congruent condition. Such congruency-dependent modulation by phase- 
dependent tACS may imply to consider task-dependent and regional- 
distance-dependent neuromodulatory dynamics when interpreting the 
observations although previous studies have reported the principal 
relationship between in-phase electrical stimulation and optimal 
behavioral performance (Alekseichuk et al., 2017; Polanía et al., 2014, 
2015; Polania et al., 2012; Reinhart, 2017; Tseng et al., 2018; Violante 
et al., 2017) or synchronization of oscillatory activity in the stimulated 
brain regions as its neurophysiological basis (Helfrich et al., 2014; 
Huang et al., 2021; Wischnewski et al., 2024). Presumably, the 
0◦-phase-lag tACS may facilitate local cortico-cortical networking 
within a short-time scale, while the 180◦-phase-lag tACS may involve 
long-range communication (Alekseichuk et al., 2019) or inhibitory 
top-down control as shown in the incongruent condition of this study. 
Within the 180◦-phase-lag tACS-mediated anterior-to-posterior 
long-range functional connectivity, the PFC seemed to functionally 

Fig. 5. Congruency-dependent functional connectivity. Both 0◦- and 180◦-phase-lag tACS-mediated functional connectivity are shown in the (A) congruent and 
(B) incongruent conditions of the Stroop task. Only the statistically significant connectivity is displayed as arrows, and the thickness of the arrows represents t values 
ranging from 4.77 to 9.46. The starting points are the seeds for functional connectivity. The blue arrows indicate the cases when the 0◦-phase-lag tACS yielded higher 
connectivity than the 180◦-phase-lag tACS, whereas the red arrows indicate the cases when the 180◦-phase-lag tACS yielded higher connectivity than the 0◦-phase- 
lag tACS. The nodes of the central executive network (CEN), default mode network (DMN), and salience network (SN) are colored in pink, cyan, and green, 
respectively. aINS, anterior insula; dACC, dorsal anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; FUS, fusiform gyrus; HC, hippocampal gyrus; ITG, 
inferior temporal gyrus; LGN, lateral geniculate nucleus; MD, mediodorsal nucleus of thalamus; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; pMTG, 
posterior middle temporal gyrus; PPC, posterior parietal cortex; PrCu, precuneus; PUL, pulvinar; PUT, putamen; rPFC, rostral prefrontal cortex; S1, primary so
matosensory cortex; SMA, supplementary motor cortex; SMG, supramarginal gyrus; STG, superior temporal gyrus; TP, temporal pole; vlPFC, ventrolateral prefrontal 
cortex; R, right; M, middle; L, left. 
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influence the posterior cortical regions in a top-down manner. As the 
PFC is one of the core regions of the CEN, its fundamental functions are 
associated with executive functions, attentional control, and working 
memory, including goal-directed behavior (Fuster, 2001). Increased 
connectivity within the CEN may be expected during tACS because this 
network is implicated in cognitive control processes associated with the 
dlPFC. Previous studies have suggested that tACS administered to the 
dlPFC can enhance the functional connectivity between the dlPFC and 
other brain regions, including the ACC (Khan et al., 2023; Lehr et al., 
2019). This heightened connectivity is thought to modulate cognitive 

processes related to attention, working memory, and decision-making. 
As depicted in Fig. 7, it is widely accepted that the coordination of 

mutually antagonistic CEN and DMN plays a key regulatory role in 
organizing the neural responses underlying fundamental brain functions 
(Nekovarova et al., 2014). The anti-correlated relationship between the 
CEN and DMN during most cognitive functions has been well established 
(Menon, 2011; Sridharan et al., 2008). For instance, during the perfor
mance of cognitively demanding tasks, cognitive states that activate the 
CEN typically deactivate the DMN, and vice versa (Fox et al., 2006; 
Greicius et al., 2003; Raichle et al., 2001a). Notably, the tACS-induced 

Fig. 6. Behavioral performance and brain activation for incongruent trials preceded by the incongruent trials. (A) In cases where the incongruent trials were 
preceded by the incongruent trials (i.e., the I-I condition), the 180◦-phase-lag tACS yielded significantly reduced reaction times than the 0◦-phase-lag tACS (* p <
0.05, FDR-corrected). Reaction times are normalized with the no-tACS condition. Small circles and their trajectories represent individuals’ data and their tACS- 
mediated changes, respectively. Error bars indicate standard errors of the mean. C-I, congruent-incongruent trial-pair condition; N-I, neutral-incongruent trial- 
pair condition; I-I, incongruent-incongruent trial-pair condition. (B) For this I-I condition, the left putamen and the left supramarginal gyrus (SMG) exhibited 
significantly enhanced activation for the 180◦ phase-lag tACS versus the 0◦ phase-lag tACS. 

Fig. 7. Anti-correlated brain network model. The anti-correlated relationship between the central executive network (CEN; pink regions) and default mode 
network (DMN; cyan regions), which are regulated by the salience network (SN; green regions). aINS, anterior insula; dACC, dorsal anterior cingulate cortex; dlPFC, 
dorsolateral prefrontal cortex; HC, hippocampus; mPFC, medial prefrontal cortex; PCC, posterior cingulate cortex; pMTG, posterior middle temporal gyrus; PPC, 
posterior parietal cortex; PrCu, precuneus; rPFC, rostral prefrontal cortex; SMG, supramarginal gyrus. 
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neuromodulation of functional connectivity was observed in the SN, 
including the insula and dACC (Fig. 3). As tACS-mediated dominant 
functional connectivity in the incongruent condition was observed in the 
seed regions of the SN (green regions in Fig. 3), the SN appeared to play 
an essential role in the inhibitory control of the incongruent condition. 
Consistent with this, the functional connectivity within the SN was 
significantly more modulated by phase-dependent tACS in the incon
gruent condition than in the congruent condition (Fig. 4). The dynamics 
of switching between the anti-correlated CEN and DMN are controlled 
by the SN, which is involved in recruiting relevant functional networks 
(Menon and Uddin, 2010; Peters et al., 2016; Sridharan et al., 2008). 
Indeed, the insula is known as a multimodal integration region 
providing an interface between external information and internal 
motivational states (Craig, 2009; Seeley et al., 2007). For instance, the 
anterior insula is involved in a wide range of cognitive processes, 
including switching between cognitive resources (Uddin and Menon, 
2009) and reorienting attention (Ullsperger et al., 2010). The dorsal 
anterior insula and dACC are functionally connected to a set of regions 
described as cognitive control networks (Dosenbach et al., 2007; Grin
band et al., 2006). Compared to the posterior insula, it has been sug
gested that the anti-correlation pattern between the CEN and DMN is 
modulated by an anterior insula-based network, primarily comprising 
the anterior insula and dACC (Chand and Dhamala, 2016; Sridharan 
et al., 2008). Thus, the insula has been consistently implicated in 
switching the dominant processing network between the CEN and the 
DMN, serving as one of the key nodes in the SN. 

Additionally, tACS-mediated functional connectivity was observed 
in the dACC, another key node in the SN. The dACC is associated with 
attentional processes, including error detection, conflict monitoring, 
and performance evaluation (Botvinick et al., 2001; Bush et al., 2000; 
Shenhav et al., 2013). Activity in this region closely mirrors the level of 
control recruited in conflict scenarios and has a strong functional rela
tionship with the lateral PFC (Botvinick, 2007; Botvinick et al., 2004; 
Kerns et al., 2004). This notion can be expanded to incorporate a conflict 
monitoring unit represented by the dACC, which signals the level of 
control required to facilitate processing in the task-relevant pathway 
implemented by the dlPFC (Botvinick et al., 2001; Krug and Carter, 
2012). Moreover, the time course of activity in the dlPFC and dACC 
during top-down attentional control reveals a dynamic interplay be
tween these regions in orchestrating cognitive processes related to 
attention regulation (Banich, 2019; Silton et al., 2010). Considering the 
dynamic interactions in activation between the L-dlPFC and dACC, 
especially with the 180◦-phase-lag tACS, it seems that this condition was 
more effective, particularly for the incongruent condition, in inducing 
better behavioral performance compared with the condition without 
considering the temporal difference in the 0◦-phase-lag tACS. It is likely 
that the different phase lags simulate temporally delayed stimulation 
between the L-dlPFC and the dACC. Recent models further explored and 
tested the temporal dynamics between these two regions (Banich, 2009, 
2019; Oehrn et al., 2014; Silton et al., 2010). 

While only the left parahippocampal gyrus (the primary hub of the 
DMN during the resting state (Ward et al., 2014)) was notably associated 
with the SMG (a node of the SN), specially in the incongruent condition 
during the 0◦-phase-lag versus 180◦-phase-lag tACS, the DMN exhibited 
comparatively lower functional connectivity compared to the CEN and 
SN. Presumably, as the present study applied phase-lagged tACS to the 
L-dlPFC (a node of the CEN) and the dACC (a node of the SN), 
tACS-mediated modulation of functional connectivity was observed in 
both the CEN and SN, but not in the DMN. Additionally, the DMN is 
predominantly active during rest and is often associated with internally 
focused and self-referential processes (Raichle et al., 2001b; Sormaz 
et al., 2018). Thus, the inhibitory-controlled feature processing of 
externally presented colored words in the Stroop task might not involve 
functional connectivity in the DMN. 

The thalamus is also known to regulate conscious perception through 
inhibitory control within the thalamocortical network (Halassa and 

Acsády, 2016; Min et al., 2020; Seo et al., 2022). Consistently, regarding 
the tACS-mediated subthalamic connectivity in the present study, it is 
noteworthy that the functional connectivity between the pulvinar and 
LGN was enhanced in the incongruent condition during the 180◦-pha
se-lag tACS. As the pulvinar is also crucially involved in cognitive con
trol (Halassa and Kastner, 2017; Michael and Buron, 2005; Phillips et al., 
2021), this observation corroborates the 180◦-phase-lag tACS-mediated 
facilitation of inhibitory control, particularly in the incongruent 
condition. 

However, the present study has several limitations. First, owing to 
current technical limitations, deep brain structures, such as the dACC, 
were not efficiently stimulated using the scalp-based tACS device 
(Fig. 8E). In the present study, the stimulation power of the target areas 
was also limited by individuals’ sensation thresholds of the input cur
rent. Moreover, since the averaged simulation electric field in this study 
(0.12 V/m) was below the minimum of 0.2 V/m to modulate neurons in 
awake and behaving mammals (Alekseichuk et al., 2022; Reato et al., 
2010), a more enhanced stimulation intensity would have improved the 
observed neuromodulatory effect for future research. A recent neuro
modulatory approach using temporal interference has begun to eluci
date a non-invasive way to selectively stimulate deep-brain structures 
(Esmaeilpour et al., 2021; Grossman et al., 2017), which may provide 
further corroborating evidence for future studies. Second, the EEG theta 
frequency should be computed under the no-tACS condition for the 
subsequent tACS resonating frequency, and the long experimental time 
(when including both no-tACS and sham conditions) could induce fa
tigue in participants leading to poor data quality; therefore, the present 
study employed only the no-tACS condition instead of the tACS-sham 
condition. Thus, the present study focused on the tACS 
phase-dependent modulatory effect between in-phase (0◦) and 
out-of-phase (180◦) lags across the dlPFC and dACC on subsequent 
behavioral and neurodynamic changes. Third, the effects of tACS are 
known to be mediated by retinal (Schutter, 2016) and somatosensory 
(Asamoah et al., 2019) stimulation, which should be carefully consid
ered when interpreting our observations in cortical regions. 

In conclusion, our observations provide convincing evidence that a 
specific phase-lag tACS between two essential nodes effectively modu
lates relevant cognitive functions, thereby facilitating inhibitory control. 
Our findings suggest that at least some of the variability in non-invasive 
brain stimulation effects may be attributed to stimulation-signal phase 
relationships across task-relevant brain networks, indicating that this 
point should be considered when designing a neuromodulatory para
digm. The potential applications of specific-phase-lag tACS are mani
fold, ranging from therapeutic perspectives in cognitive rehabilitation to 
cognitive augmentation, such as attention deficit/hyperactivity disorder 
(ADHD). By individually refining the optimal phase-lag tACS configu
rations and revealing their neurophysiological underpinnings, precise 
and robust neuromodulation can be achieved for a wide range of neu
romodulatory applications. 

4. Material and methods 

4.1. Participants 

Thirty-one healthy volunteers (13 females; mean age 23.6 ± 3.2 
years) participated in this study. All the participants had normal or 
corrected-to-normal vision. None of the participants had a history of 
psychiatric or neurological disorders, contra-indications for MRI scan
ning, current and past alcohol/drug abuse or dependence, or current use 
of illicit substances. This study was conducted in accordance with the 
ethical guidelines of the Institutional Review Board of the Korea Uni
versity (No. KUIRB-2021–0209–08). All participants provided written 
informed consent. 
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Fig. 8. Experimental design: Stroop task and tACS simulation with a phase lag. (A) We used a color naming Stroop task. The two color-word stimuli employed 
were the words "Red" and "Green", presented either in red or green hue on a gray background. Stimuli were presented for 1500 ms with an inter-stimulus interval (ISI) 
of 1500 ms. Participants were instructed to respond as fast as possible by pressing buttons indicating whether the stimulus word matched its color and naming. Visual 
feedback was provided immediately after each response. (B) Before the main experiment, individual tACS theta frequencies were identified using EEG data during the 
Stroop task performance without tACS, and anatomical T1 images were obtained for the subsequent tACS treatment. The Stroop task was repeatedly applied to the 
same participant before and during either the 0◦-phase-lag or 180◦-phase-lag tACS. The order of 0◦- and 180◦-phase-lag tACS sessions was counterbalanced across 
participants, and tACS was applied for the entire period of the Stroop task. (C) tACS stimulation waveforms in the L-dlPFC (red solid line) and dACC (blue dashed line) 
with 0◦-phase-lag (upper panel) or 180◦-phase-lag (lower panel) tACS. (D) tACS channel montage for a sample participant. The red color indicates stimulation 
channels, and the blue color represents surrounding return channels. Each green ring indicates a modular subset of stimulation and return channels for each target 
region. L-dlPFC, left dorsolateral prefrontal cortex; dACC, dorsal anterior cingulate cortex. (E) Simulation of the tACS-induced electric field in the L-dlPFC and dACC. 
The unit normE denotes the normalized strength of the induced electric field (V/m), with high intensities indicated in red and low intensities represented in blue. 
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4.2. Task paradigm 

We used the color-word Stroop task (Stroop, 1935) to assess for 
inhibitory control (Fig. 8A). The Stroop task is appropriate for studying 
the neurodynamics related to cognitive control as it requires attentional 
allocation and inhibitory processes with conflicting features. Task 
stimuli consisted of congruent, neutral, and incongruent conditions. The 
stimuli were colored words (“Red” and “Green”) written in congruent or 
incongruent colors, while neutral stimuli were meaningless streams of 
letters (“XXX”). The items were presented randomly and equally to each 
participant using presentation software (E-prime 3.0 Professional, Psy
chology Software Tools Inc., Sharpsburg, USA). 

The participants were instructed to respond as quickly as possible by 
pressing a button with their right or left index finger indicating the color 
of the presented letter stimulus. The response hands were counter
balanced across participants. Afterward, visual feedback in the form of 
“Correct,” “Incorrect,” or “No Response” was displayed to motivate 
participants to perform the task better. The inter-trial interval was 1500 
ms, during which a fixation cross was presented at the center of the 
screen. Each participant completed three task sessions, each comprising 
45 trials per congruency condition (i.e., congruent, incongruent, and 
neutral conditions) for a total of 135 trials per task session. 

4.3. Individual theta-frequency tACS neuromodulation 

Before the main experiment, we conducted fMRI to localize the brain 
regions activated during the Stroop task and to optimize the stimulation 
electrode placement. We used the initial fMRI data from the Stroop task 
without tACS to individually identify the target regions, specifically the 
L-dlPFC and the dACC. Electrode placement was then planned to maxi
mize the tACS-induced electric field intensity in the target regions. 
Electrode-placement optimization was performed using SimNIBS (ver. 
3.2.6, DRCMR & DTU, Denmark) (Thielscher et al., 2015) and tES LAB 
(ver. 3.0, Neurophet, Seoul, Korea) simulation software. For spatially 
accurate stimulation, the participant-specific optimized coordinates of 
the target regions for stimulation were computed based on individual T1 
images obtained before the main experiment (Fig. 8B). Electrode 
placements were selected to optimize the strength of the electric field at 
the target locations. The optimal stimulation power was determined 
based on the attainment of maximum intensity in both the two target 
regions (i.e., the L-dlPFC and dACC) when manipulating the combina
tion of input/return-electrode positions around the scalp target regions 
using individual sensation thresholds of the input current. For each 
target region, we selected one stimulation electrode (marked in red) and 
three return electrodes (marked in blue; sample channel-montage, 
Fig. 8D). The currents of all stimulation and return channels were 
configured to maintain the total current at zero. Using tES LAB simu
lation software, we examined whether the stimulation signals matched 
the intended phase lag (either 0◦ or 180◦) before the main study. Uti
lizing an oscilloscope, we double-checked whether the phase-lag 
manipulated signals physically generated the exact amplitude, shape, 
and frequency intended for the design phase. The averaged simulation 
electric-field intensity was 0.12 V/m (standard deviation: 0.02 V/m) at 
the activated cortical region. As shown in Fig. 8E, the simulation results 
demonstrated that the activation regions were well aligned with the 
intended target regions. 

The choice of theta frequency (ranging from 4 to 8 Hz and individ
ually obtained by each participant) for tACS signals between the L-dlPFC 
and dACC was based on the stronger connectivity observed in these 
regions during conflict situations, such as incongruent conditions in the 
Stroop task, particularly in the electroencephalographic (EEG) theta 
band (Cohen and Cavanagh, 2011; Hanslmayr et al., 2008; Nigbur et al., 
2012; Oehrn et al., 2014). The neuromodulatory effect is maximized 
when the stimulus wave (i.e., tACS) closely resembles the target wave (i. 
e., the human brain wave), thus supporting the selection of the theta 
frequency for the tACS signals in the present study. Differentiation 

between congruent and incongruent conditions has consistently been 
observed in temporal neurodynamic patterns in the left dlPFC, followed 
by dACC activation (Silton et al., 2010). Furthermore, the application of 
anodal tDCS to the left dlPFC led to improved behavioral responses 
during Stroop task performance (Angius et al., 2019; Loftus et al., 2015). 

Individual theta frequencies were determined individually for every 
participant, as the dominant theta peak frequency during the Stroop task 
performance varied between the participants. The theta frequencies 
(4–8 Hz) for each participant were individually determined based on the 
EEG data of the Stroop task without tACS treatment before the main 
fMRI experiment and were administered as personalized theta- 
frequency sinusoidal tACS signals. This approach is based on the close 
relationship between the midfrontal theta frequency band during con
flict situations and central executive function (Cavanagh and Frank, 
2014; Cohen and Donner, 2013). To individually determine midfrontal 
theta peak frequencies before the main tACS experiment (Fig. 8B), using 
the fast Fourier transform, the frequency (ranging from 4 to 8 Hz) was 
chosen when its maximum power at the midfrontal electrodes Fz, F1, 
and F2 was detected within the time window between stimulus onset 
and 1 s poststimulus during the no-tACS Stroop task (mean theta peak 
frequency with its standard deviation: 5.68 ± 1.41 Hz). EEG signals 
were recorded using a BrainAmp DC amplifier (Brain Products, Ger
many) with 64 Ag/AgCl electrodes, according to the international 10–10 
system. A reference electrode was placed at the tip of the nose and the 
AFz electrode was used as the ground electrode. Electrode input im
pedances were kept below 10 kΩ prior to the data acquisition. EEG data 
were collected at a sampling frequency of 500 Hz using a high-pass filter 
(cut-off frequency: 0.5 Hz) with a notch filter of 60 Hz. To determine 
individual theta frequencies, EEG data were epoched from stimulus 
onset to 1000 ms poststimulus. Eye movement activity was monitored 
with an EOG electrode placed sub-orbitally to the left eye, and vertical 
and horizontal electro-ocular activity was computed using two pairs of 
electrodes placed vertically and horizontally with respect to both eyes (i. 
e., Fp1 and EOG for the vertical EOG; F7 and F8 for the horizontal EOG). 
All epochs were visually inspected for artifacts, and epochs containing 
eye movements or other artifacts (maximum amplitude ±100 μV and 
maximal gradient voltage step 50 μV/ms) were automatically rejected 
from further analyses. Only the trials with correct responses were 
collected for further analysis. 

Phase-modulated tACS was delivered online for the entire duration 
(9 min) of the Stroop task using an MR-compatible M × N 65 high- 
definition (HD) transcranial electrical stimulator (tES) system (Soterix 
Medical Inc., New York, USA). The tACS intensities were kept below 
individual sensation thresholds, using the task-relevant frequency 
within the theta band. The peak-to-peak amplitude ranged from 0.3 to 
1.5 mA, tailored for each participant. 

4.4. Experimental procedure 

Stimulation of the L-dlPFC and dACC was performed with either a 0◦- 
or 180◦-phase-lag. Among the tACS phase-lag values that may induce 
efficient facilitation or suppression of task performance, we selected in- 
phase (0◦) and out-of-phase (180◦) lags for the present study. This choice 
was based on previous studies that empirically reported optimal 
behavioral performance when the DMN led the CEN with a full or partial 
phase lag, and a 180◦-phase-lag (full anti-phase) resulted in the least 
favorable behavioral performance during cognitive tasks (Alekseichuk 
et al., 2017; Polanía et al., 2014, 2015; Polania et al., 2012; Reinhart, 
2017; Tseng et al., 2018; Violante et al., 2017). 

The Stroop task was repeatedly applied to the same participant 
before and during either the 0◦-phase-lag or 180◦-phase-lag tACS to 
investigate the ongoing effects of phase-lag-modulated tACS treatment 
on inhibitory control. Each experiment consisted of three 9-min-long 
sessions, between which short breaks were given (Fig. 8B). We con
ducted two tACS-treatment sessions, during which tACS was adminis
tered for 9 min (with 30-s ramp-up and ramp-down periods) with either 
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a 0◦ (in-phase) or 180◦ (out-of-phase) phase difference between the L- 
dlPFC and dACC (Fig. 8C). The task flow was as follows: (1) fMRI-session 
performing the task without tACS; (2) tACS-fMRI session performing the 
task with a 0◦-phase-lag tACS; and (3) tACS-fMRI session performing the 
task with a 180◦-phase-lag tACS (Fig. 8B). The order of the 0◦ and 180◦

phase-lag tACS sessions was counterbalanced across participants. Par
ticipants were debriefed immediately after the last session. During the 
debriefing, the participants indicated their subjective perception (or any 
uncomfortable experience, including retinal phosphenes) of the stimu
lation. We analyzed both reaction times and accuracy as behavioral 
measures of task performance. Each participant’s reaction times were 
fitted to a gamma distribution and collected within a 95 % confidence 
interval (De Boeck and Jeon, 2019). To control for inter-individual 
variability in behavioral performance, the post-treatment values for 
both reaction times and accuracies were individually normalized by 
their pre-treatment values in the no-tACS condition. Normalized reac
tion times and performance accuracies were compared using 
repeated-measures ANOVA with a tACS phase factor (no-tACS normal
ized 0◦- and 180◦-phase-lag behavioral results) and a congruency factor 
(congruent, incongruent, and neutral) of the Stroop task. If a significant 
interaction effect was detected, subsequent tests were conducted using 
FDR-corrected two-sided paired t-tests (Benjamini and Hochberg, 1995). 

4.5. fMRI data acquisition 

Whole-brain images were collected using a Siemens 3 Tesla MAG
NETOM Trio Tim Syngo scanner (Siemens Healthcare, Erlangen, Ger
many) and a 32-channel head coil. Before the experiment, the 
participants received a detailed explanation of the experimental pro
cedure and were familiarized with the experimental surroundings and 
stimuli. The participants were instructed to keep their eyes open and 
gaze at the MR-compatible screen located at the end of the MRI bed 
through a mirror positioned on the head coil. The distance between the 
screen and participants was approximately 245 cm, and the diameter of 
the stimulus on the screen was 30 cm, resulting in a visual angle of 7.0◦. 
To maximize the participants’ concentration in the task, darkness was 
maintained both inside and outside the MRI-shielding room during the 
experiment. After acquiring automated scout images and performing 
shimming procedures to optimize field homogeneity, 270 fMRI image 
volumes were collected using an interleaved T2*-weighted echo-planar 
imaging sequence for each fMRI session. A total of 75 slices per volume 
were obtained using the following parameters: repetition time (TR) =
2000 ms, echo time (TE) = 30 ms, flip angle (FA) = 90◦, multiband 
acceleration factor = 3, acquisition matrix = 96 × 96, field of view =
192 × 192 mm2, in-plane voxel size = 2 × 2 × 2 mm3, and no slice gap. 
High-resolution structural scans of 3-dimensional anatomical magneti
zation prepared rapid acquisition gradient echo (MP-RAGE) images 
were collected for each participant after fMRI data collection (TR = 2.3 
s, TE = 2.13 ms, inversion time = 0.9 s, FA = 9◦, acquisition matrix =
256 × 256, in-plane voxel size = 1 × 1 × 1 mm3, and 224 sagittal slices). 

4.6. fMRI data analysis 

BOLD images were processed and analyzed using Statistical Para
metric Mapping (SPM12; https://www.fil.ion.ucl.ac.uk/spm/softw 
are/spm12) in MATLAB (ver. R2021a, MathWorks, Natick, USA). 
Functional images were preprocessed using a standard task-based fMRI 
processing pipeline: slice-timing correction (using the first slice as the 
reference slice), motion correction, co-registration, gray/white matter 
segmentation, normalization to the Montreal Neurological Institute 
template, and spatial smoothing using a 6-mm full-width at half- 
maximum Gaussian kernel. A temporal high-pass filter with a 128-s 
cutoff was applied to remove low-frequency signal drift, and serial 
correlations from aliased biorhythms in the time series were adjusted 
using an autoregressive AR 1 model (Bullmore et al., 1996). The 
movement parameters from the realignment procedure (x, y, z, roll, 

pitch, and yaw) were used as regressors of non-interest in the first-level 
analysis. Although the majority of participants exhibited minimal 
movement during the functional scan of each fMRI session (< 3 mm and 
3◦ for all participants), data from six participants were excluded from 
further analyses because of excessive head motion. 

In the first-level analysis, we examined whole-brain activity for each 
trial type (congruent, C; incongruent, I; and neutral, N) relative to a 
fixation block, as well as for their differences (e.g., congruent minus 
incongruent) for each fMRI session (no-tACS, 0◦-phase-lag tACS, and 
180◦-phase-lag tACS). To investigate the effect of phase-dependent tACS 
treatment on inhibitory control, the generated contrast images 
(congruent > fixation, incongruent > fixation, neutral > fixation, and 
congruent > incongruent) for each fMRI session were submitted to a 
second-level analysis across participants, which employed a general 
linear model with random effects to identify the brain regions that 
averaged the within-tACS-condition using one-sample t-tests. We also 
submitted contrast maps to a flexible factorial design (analogous to a 
repeated-measures ANOVA) to assess possible interactions across the 
Stroop and phase-dependent tACS effects, including 3 (congruent, 
incongruent, and neutral conditions) × 3 (no-tACS, 0◦-phase-lag tACS, 
and 180◦-phase-lag tACS) factors. To correct for multiple comparisons, a 
voxel-level threshold of p < 0.001 and a cluster-level family-wise error 
(FWE) of p < 0.05 were used. 

To subsequently evaluate the behavioral and neurodynamic modu
lation following tACS treatment, based on the preceding congruency 
type (congruent, neutral, and incongruent), we further analyzed the 
behavioral and fMRI data. Specifically, we explored the following pairs: 
congruent-congruent (C-C), neutral-congruent (N-C), incongruent- 
congruent (I-C), congruent-incongruent (C-I), neutral-incongruent (N-I) 
and incongruent-incongruent (I-I) pairs. 

4.7. Functional connectivity analyses 

To investigate the phase-lag tACS-mediated differences in functional 
connectivity between congruent and incongruent trials during the 
Stroop task, we conducted seed-based functional connectivity in both 
the 0◦- and 180◦-phase-lag tACS using the functional connectivity 
toolbox (CONN toolbox, ver. 20b; https://www.nitrc.org/projects/c 
onn/) (Whitfield-Gabrieli and Nieto-Castanon, 2012). To define 
task-relevant regions of interest (ROIs), we employed the default atlas in 
the CONN toolbox. This atlas integrates the CONN’s human connectome 
project independent component analysis (HCP-ICA) networks and the 
automated anatomical atlas (AAL), along with a selection of frequently 
utilized ROIs derived from recognized networks and areas (Yeo et al., 
2011). Based on the task-relevant activation regions activated during 
the Stroop task performance, we defined the following brain regions as 
seed regions: the dorsal anterior cingulate cortex (dACC), bilateral 
anterior insula (aINS), rostral prefrontal cortex (rPFC), and supra
marginal gyrus (SMG) as those involved in the salience network (SN); 
the lateral prefrontal cortex (lPFC) and posterior parietal cortex (PPC) as 
those involved in the CEN; and the medial prefrontal cortex and poste
rior cingulate cortex as those representing the DMN. Additionally, 10 
bilateral ROIs in subcortical areas were selected, including the bilateral 
putamen, hippocampus, and three thalamic subdivisions (lateral 
geniculate nucleus [LGN], pulvinar, and mediodorsal nucleus of the 
thalamus [MD]). As the lPFC can be broadly subdivided into the 
dorsolateral PFC (dlPFC) and ventrolateral PFC (vlPFC), which 
approximately correspond to Brodmann areas (BA) 9/46 and 45/47, 
respectively, we also added BA 9 and 46 for the dlPFC and BA 45 and 47 
for the vlPFC (Petrides, 2005). 

To analyze the functional connectivity, we first preprocessed the 
fMRI time series from all voxels within the gray matter to minimize 
potential confounding factors. This involved regressing out six rigid 
motions as well as noise components originating from the white matter 
and cerebrospinal fluid masks. In addition, linear trends and cosine and 
sine waveforms up to 0.009 Hz were removed. Following the 
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preprocessing steps, functional connectivity was determined by calcu
lating the correlation coefficients between the seed time series and those 
of all voxels in the entire brain during the task condition. To improve 
normality, the correlation coefficients were Fisher z-transformed. The z- 
scores of functional connectivity were averaged across voxels of interest 
for quantitative analysis. To evaluate the significance of seed-based 
functional connectivity regarding tACS phase differences, paired t-tests 
were performed with a voxel-level significance threshold set at p <
0.001 between congruent and incongruent trials within each tACS phase 
(i.e., 0◦- and 180◦-phase-lags). To address multiple comparisons, cluster- 
level FWE correction with a significance threshold set at p < 0.05 was 
applied during the cluster size analysis. 
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