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ABSTRACT 29 

 30 

Transcranial alternating current stimulation (tACS) is an efficient neuromodulation technique 31 

to enhance cognitive function in a non-invasive manner. Using functional magnetic resonance 32 

imaging, we investigated whether a cross-frequency coupled tACS protocol with a phase lag 33 

(45 and 180 degrees) between the central executive and the default mode networks modulated 34 

working-memory performance. We found tACS-phase-dependent modulation of task 35 

performance reflected in hippocampal activation and task-related functional connectivity. Our 36 

observations provide a neurophysiological basis for neuromodulation and a feasible non-37 

invasive approach to selectively stimulate a task-relevant deep brain structure. Overall, our 38 

study highlights the potential of tACS as a powerful tool for enhancing cognitive function and 39 

sheds light on the underlying mechanisms of this technique.  40 
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INTRODUCTION 41 

 42 

Working memory is a cognitive system with limited capacity that enables us to temporarily 43 

retain information and focus our attention on a specific mental representation 1. As a 44 

fundamental cognitive process, working memory plays a critical role in human behavioral 45 

performance. Non-invasive neuromodulation techniques aimed at enhancing working memory 46 

have the potential to significantly improve overall cognitive function. However, recent studies 47 

attempting to increase working-memory capacity have yielded controversial results, possibly 48 

due to protocol discrepancies and a lack of understanding regarding the underlying 49 

neurophysiological mechanisms 2-5. 50 

 51 

In recent years, neuromodulatory approaches aimed at enhancing cognitive function have 52 

undergone multiple adjustments in an effort to identify reliable and robust methods consistent 53 

with their neurophysiological bases 6-9. One approach that has attracted renewed attention is 54 

non-invasive brain stimulation, which has shown promise as both a means of cognitive 55 

augmentation and a potential alternative to conventional therapies due to its safe and innovative 56 

nature. For instance, the successful use of transcranial alternating current stimulation (tACS) 57 

for neuromodulation in cognition and memory has been consistently demonstrated in recent 58 

studies 5, 10-13. It is presumed that tACS sinusoidally alters the transmembrane potential at the 59 

cellular level, and this effect is amplified through neurons that are synaptically connected 14. 60 

This effect may underlie the tACS-mediated neuromodulatory mechanism leading to the 61 

entrainment and amplification of endogenous neuronal oscillations 15-19. As a result, these 62 

sinusoidal transmembrane potential modulations may drive the resonation of one spectral 63 
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activity by another in cases when oscillations approximately align.  64 

 65 

In addition, neuromodulatory effects may have broader implications for neuronal oscillatory 66 

processes, as in the case of cross-frequency coupling (CFC), which reflects a specific interplay 67 

between large ensembles of neurons 20. For instance, multiple-memory activity patterns can be 68 

encoded in a single neural network that shows nested oscillations, and these bear a similarity 69 

to those observed in the human brain 21. The work of Canolty et al. 22 demonstrated a CFC 70 

between theta and gamma oscillations during working-memory operations, supporting this 71 

model. Temporal segmentation, with each memory being stored in a different high-frequency 72 

subcycle of a low-frequency oscillation, theoretically provides a principal framework for the 73 

maintenance of multiple working-memory items. For example, it has been proposed that the 74 

number of gamma cycles per theta cycle determines the buffer’s working-memory capacity 23, 75 

with the number of nested theta/gamma subcycles possibly accounting for the approximate 76 

number of items held in working memory 21, 24.  77 

 78 

The human brain is intrinsically organized into distinct functional networks supporting 79 

cognitively different demanding processes 25-28. Analysis of resting-state functional 80 

connectivity has suggested the existence of at least three canonical networks 29: (1) a central-81 

executive network (CEN), which includes the dorsolateral prefrontal cortex (dlPFC) and 82 

posterior parietal cortex (PPC); (2) a default-mode network (DMN), whose key nodes include 83 

the medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC); and (3) a salience 84 

network (SN), which includes the anterior insula (AI) and the anterior cingulate cortex (ACC). 85 

The anti-correlated relationship between CEN and DMN during most cognitive functions is 86 
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well known (Fig. 1) 29, 30. For instance, during the performance of cognitively demanding tasks, 87 

cognitive states that activate the CEN typically deactivate the DMN and vice versa 25, 26, 31. The 88 

dynamics of switching between these two networks are controlled via the SN, which is involved 89 

in recruiting relevant functional networks 30, 32, 33. It is widely accepted that coordination of the 90 

mutually antagonistic CEN and DMN networks plays a key regulatory role in organizing the 91 

neural responses underlying fundamental brain functions 34.  92 

 93 

Our tACS-mediated neuromodulatory experimental design utilized this anti-correlated 94 

relationship between CEN and DMN. We applied tACS with a multi-electrode setup, which 95 

can be used to investigate how oscillatory coherence between spatially distinct nodes of 96 

functional networks underlies behavior. This method allows for the simultaneous application 97 

of oscillatory currents over different regions at the same frequency, but with different 98 

oscillatory phases, facilitating or hampering synchronization in functional networks 35-38. We 99 

administered tACS to the core nodes of two anti-correlated networks (i.e., CEN and DMN) 100 

with a specific phase lag (either 45° or 180° between CEN and DMN) to induce facilitation or 101 

inhibition in task performance, respectively.  102 

 103 

Specifically, we hypothesized that the neuromodulatory effect of targeting the brain oscillations 104 

responsible for working memory would be maximized when (i) the stimulation wave resembled 105 

the target wave (i.e., human brain theta/alpha/gamma oscillations) as closely as possible, and 106 

(ii) an optimal phase lag was applied between CEN and DMN. To address the first point, the 107 

present study employed an individually customized theta-alpha phase and high-gamma-108 

amplitude tACS to influence cross-frequency coupling (CFC), focusing on the participants’ 109 
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endogenous oscillations. Since working-memory performance involves frontal theta activity 39-110 

41 and fronto-parietal theta synchronization 5, 42, 43, and alpha activity generally reflects cortical 111 

inhibition 44-46, we hypothesized that individually customized theta or alpha peak-coupled 112 

CFC-formed tACS might strengthen its influence on working memory. To address the second 113 

point, we adapted a previous study that found that phase differences (Δ𝜑) of approximately 45° 114 

(optimally partially in-phase) and 180° (anti-phase) between the tACS oscillatory activity in 115 

the fronto-polar and parietal electrodes yielded the best and worst performance during a 116 

decision-making task, respectively 38. Therefore, we applied CFC-formed tACS with phase 117 

lags of either 45° or 180° between CEN and DMN to examine its phase dependency in 118 

cognitive control 47-50. In addition, previous studies have shown that the effects of non-invasive 119 

electrical stimulation on working memory vary depending on participants' task performance 120 

levels5, 51-54. For example, applying 8-Hz tACS to the prefrontal region can effectively improve 121 

working memory performance (especially in individuals with low ability)51. Therefore, the 122 

present study also aims to investigate the effects of tACS on working memory by categorizing 123 

participants based on their task performance abilities. 124 

 125 
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 126 

Figure 1. Triple network model. The anti-correlated relationship between the central 127 

executive network (CEN; red regions) and default mode network (DMN; blue regions), which 128 

are regulated by the salience network (SN; green regions). rPFC: rostral prefrontal cortex, ACC: 129 

anterior cingulate cortex, aINS: anterior insula, SMG: supramarginal gyrus, dlPFC: 130 

dorsolateral prefrontal cortex, PPC: posterior parietal cortex, mPFC: medial prefrontal cortex, 131 

HC: hippocampus, PCC: posterior cingulate cortex, pMTG: posterior middle temporal gyrus, 132 

PrCu: precuneus.  133 

 134 

RESULTS 135 

Human participants (N=26) conducted a modified Sternberg working-memory task 55 (Fig. 2A 136 

and B) while we collected functional magnetic resonance imaging (fMRI) data and applied a 137 
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network-wise cross-frequency tACS protocol to modulate their brain activity. The stimulation 138 

targets were the right/left PPC and right/left dlPFC for the CEN, and the mPFC and PCC for 139 

the DMN (Fig. 2C, also see Fig. 8 for the tACS channel montage). Each target was 140 

neuromodulated with a stimulation signal that had a combined theta/alpha-phase and high-141 

gamma-amplitude coupled pattern, with frequencies individually selected based on the peaks 142 

of subject-specific power spectra on EEG data collected before the main experiment (see Eqs. 143 

1 and 2). The CEN and DMN stimulation targets were modulated with a tACS phase-lag of 144 

Δ𝜑. Among the Δ𝜑 values that could potentially facilitate or suppress task performance, we 145 

used 45 degrees as the optimal partially in-phase lag and 180 degrees as the out-of-phase lag, 146 

respectively, between the CEN and DMN regions in the present study (Fig. 2B). The tACS 147 

neuromodulation was applied only during the retention period of the Sternberg task. The 148 

experimental design included five consecutive fMRI runs of the Sternberg task with: (1) no 149 

tACS, (2) 45°-phase-lag CFC-tACS, (3) no tACS, (4) 180°-phase-lag CFC-tACS, and (5) no 150 

tACS. The order of the 45°- and 180°-phase-lag CFC-tACS sessions was counterbalanced 151 

across participants. Since neuromodulation effects have been shown to depend on task 152 

difficulty and the participant’s ability to improve on a task, participants were divided into two 153 

groups, the Slow Group and the Fast Group, based on the median split of the individual mean 154 

reaction times during the first fMRI run without tACS. This is because we anticipated different 155 

tACS effects depending on initial performance56-59: Low performers may potentially improve, 156 

whereas high performers have limited space to improve (saturated performance), though they 157 

can get worse. Data from six participants were excluded from analyses due to excessive head 158 

motion during fMRI. 159 

 160 
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Figure 2. Experimental design with the Sternberg working-memory task and tACS 162 

neuromodulation. (A) The Sternberg task was repeatedly applied to the same participant 163 

during, before, and after 45°-phase-lag and 180°-phase-lag tACS, with the order 164 

counterbalanced across participants. The tACS was applied only during the retention period of 165 

the Sternberg task. (B) We used a modified Sternberg task with a 7-item memory load. During 166 

the encoding phase, seven letter-numeral combinations were visually presented consecutively 167 

on the display monitor for 700 ms with an inter-stimulus interval (ISI) of 150 ms. This was 168 

followed by a 9-s retention period before the onset of a retrieval (probe-test) phase that was 169 

cued by a 1-s auditory beep. Participants were instructed to respond as fast as possible by 170 

pressing buttons indicating whether the probe item was part of the memory set presented during 171 

the encoding phase. Visual feedback was provided immediately after each response. (C) tACS 172 

neuromodulation with a phase lag between the CEN and DMN nodes. Cortical maps (lateral 173 

and medial views in the left panel) show the simulated neuromodulation of the tACS target 174 

areas during the peak stimulation of the CEN network (i.e., x-axis at p/2; vertical dotted lines 175 

in the right panel). The electric current intensities (mA) were scaled to be equal across CEN 176 

and DMN. Cross-frequency coupled tACS was applied with multi-electrode setups designed 177 

to modulate DMN (mPFC and PCC) with a phase lag of 45° (time course in blue) or 180° (time 178 

course in green) preceding that of CEN (dlPFC and PPC, time course in red). Color scales 179 

indicate the intracranial electric field (V/m), with high intensity in red and low intensity in blue. 180 

 181 

Behavioral effects of CFC-tACS 182 

We observed significant differences in the reaction times of the Sternberg task due to the tACS 183 

neuromodulation (Fig. 3A). Specifically, in the Fast Group, the 180°-phase-lag tACS condition 184 



 

   

 

12 

yielded a significant increase in reaction times compared to (i) the no-tACS condition (t(9) = –185 

2.98, p = 0.016, FDR-corrected; 180°-phase-lag tACS: 758.36 ms; no-tACS before-treatment: 186 

691.88 ms) and (ii) the 45°-phase-lag tACS condition (t(9) = –2.93, p = 0.017, FDR-corrected; 187 

45°-phase-lag tACS: 690.80 ms). There was no significant differences between no-tACS and 188 

45°-phase-lag tACS conditions (t(9) = 0.072, p = 0.944, FDR-corrected). In the Slow Group, 189 

we found no significant differences in reaction times due to tACS neuromodulation (no-tACS 190 

vs. 45°-phase-lag tACS: t(9) = 1.96, p = 0.082, FDR-corrected; no-tACS vs. 180°-phase-lag 191 

tACS: t(9) = 1.35, p = 0.211, FDR-corrected; 45°-phase-lag tACS vs. 180°-phase-lag tACS: 192 

t(9) = –0.24, p = 0.816, FDR-corrected). In both the Fast and Slow Groups, we found no 193 

statistically significant differences in task performance accuracy due to tACS neuromodulation 194 

(See Supplementary Fig. S1).  195 

 196 

Neural effects of CFC-tACS 197 

The random-effects analysis of fMRI data revealed significant stimulation effects. Specifically, 198 

during the Sternberg task, the posterior cingulate cortex (PCC) was significantly more activated 199 

in the 180°-phase-lag tACS condition compared to the 45°-phase-lag tACS condition (across-200 

tACS-condition analysis, both groups; Fig. 3B). This suggests that the DMN network remained 201 

more engaged in the 180°-phase-lag tACS condition compared to the 45°-phase-lag tACS 202 

condition. The within-tACS-condition analysis yielded consistent findings (Supplementary Fig. 203 

S2 and Table S1). As expected, the Sternberg task had the effect of suppressing DMN activity, 204 

particularly in the PCC (retention < rest). However, tACS neuromodulation counteracted this 205 

effect. Specifically, the suppression of PCC activity was more pronounced in the no-tACS 206 

condition, followed by the 45°-phase-lag tACS condition, and then by the 180°-phase-lag tACS 207 
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condition, in which there was no longer any suppression. The effect was more evident in the 208 

Fast than the Slow Group. 209 

 210 

The full factorial analysis yielded a significant interaction effect between Group and 211 

Stimulation factors. The hippocampus in the right hemisphere exhibited significantly higher 212 

activation in the Fast Group than the Slow Group during the 180°-phase-lag tACS condition 213 

compared to the no-tACS condition (Fig. 3C).  214 

 215 

 216 

Figure 3. Behavioral data and phase-lag tACS-mediated brain-activated regions. (A) 217 

Phase-lag tACS-mediated mean reaction times of the Fast and Slow Groups during the 218 

Sternberg task. Asterisks indicate statistical significance (p < 0.05, FDR-corrected). Error bars 219 

indicate standard errors of the mean. (B) The posterior cingulate cortex (PCC) was significantly 220 

more activated in the 180°-phase-lag tACS condition compared to the 45°-phase-lag tACS 221 

condition (cluster size: 209 voxels). (C) Interaction effects between Group and Stimulation. 222 

The right hippocampus was significantly more activated in the 180°-phase-lag tACS condition 223 

compared to the no-tACS condition in the Fast Group compared to the Slow Group (cluster 224 

size: 203 voxels; fMRI voxel-level threshold of p < 0.001 and a cluster-level family-wise error 225 
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of p < 0.05).  226 

Functional connectivity analyses revealed significantly higher connections during the 45°-227 

phase-lag tACS condition in all three networks (i.e., CEN, DMN, and SN) compared to the 228 

180°-phase-lag tACS condition (Fig. 4 and Table 1). Additionally, Supplementary Fig. S5 229 

shows brain regions where functional connectivity was greater in the 45°-phase-lag tACS 230 

condition compared to the no-tACS condition, as well as in the 180°-phase-lag tACS condition 231 

compared to the no-tACS condition. Regarding the DMN, using the right hippocampus as the 232 

seed for functional connectivity analysis led to the activation of the right anterior insula in the 233 

SN network for the Fast Group (Fig. 4A). In turn, when the right anterior insula was used as 234 

the seed, we observed activation of the posterior middle temporal gyrus (pMTG), a DMN node, 235 

in the same hemisphere for the Fast Group, and activation of the precentral gyrus in the SN 236 

network for the Slow Group (Fig. 4C; top segment). Notably, when the rostral PFC, an SN 237 

node, was used as the seed in either hemisphere, we observed the activation of the pMTG in 238 

the left hemisphere only for the Fast Group (Fig. 4C; middle and bottom segments). Regarding 239 

the CEN, using the right DLPFC as the seed for functional connectivity analysis led to the 240 

pronounced activation of the ventral precuneus, a DMN node, in both hemispheres only for the 241 

Fast Group (Fig. 4B). On the other hand, using the bilateral mPFC, a DMN node, as the seed 242 

led to the activation of the dorsal precuneus, a DMN node, only for the Fast Group (Fig. 4A; 243 

bottom segment). Furthermore, for the Fast Group, using the rostral PFC, an SN node, as the 244 

seed led to the activation of the fusiform gyrus in the left hemisphere, whereas using the same 245 

seed in the right hemisphere led to the activation of the lingual gyrus in both hemispheres. 246 

However, we did not observe any significant differences in functional connectivity for the Slow 247 

Group in these conditions. 248 
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 249 

A direct comparison between the Fast and Slow Groups was conducted (Fig. 4). Regarding the 250 

DMN, when the right hippocampus was used as the seed, the Fast Group exhibited higher 251 

functional connectivity than the Slow Group in the right anterior insula, caudate, middle frontal 252 

gyrus, and brainstem. Conversely, the Slow Group showed higher functional connectivity in 253 

the left hippocampus. Using the bilateral mPFC as the seed, the Fast Group demonstrated 254 

significantly higher functional connectivity in the right precuneus and cerebellum, with no 255 

regions showing significantly higher connectivity for the Slow Group. For the CEN, when the 256 

right DLPFC was used as the seed, the Fast Group exhibited significantly higher functional 257 

connectivity in the right precuneus compared to the Slow Group. Regarding the SN, when the 258 

right anterior insula was used as the seed, the Fast Group showed significantly higher functional 259 

connectivity in the left superior/middle temporal gyrus, superior temporal gyrus (temporal 260 

pole), hippocampus, thalamus, Heschl's gyrus, cerebellum, and brainstem, as well as in the 261 

right superior temporal gyrus and superior temporal gyrus (temporal pole). In contrast, the Slow 262 

Group exhibited significantly higher functional connectivity in the right middle frontal gyrus 263 

and supplementary motor area. Finally, when the rostral PFC was used as the seed, the Fast 264 

Group showed higher functional connectivity in the left fusiform gyrus, cerebellum, vermis, 265 

superior temporal gyrus (temporal pole), lingual gyrus, the right precuneus, and inferior 266 

occipital gyrus. However, the Slow Group exhibited higher functional connectivity in the left 267 

supplementary motor area. Taken together, increased functional connectivity during the 45°-268 

phase-lag tACS condition compared to the 180°-phase-lag tACS condition was predominantly 269 

observed in the Fast Group rather than in the Slow Group. 270 

 271 
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Figure 4. Functional connectivity in the DMN, CEN, and SN. Brain regions where 273 

functional connectivity was greater for the 45°-phase-lag tACS condition compared to the 274 

180°-phase-lag tACS condition. Results shown separately for each group (within-group 275 

analysis; paired t-tests) for the DMN (A), CEN (B), and SN (C). ACC: anterior cingulate cortex, 276 

aINS: anterior insula, dlPFC: dorsolateral prefrontal cortex, FUG: fusiform gyrus, HC: 277 

hippocampus, LinG: lingual gyrus, mPFC: medial prefrontal cortex, PrCG: precentral gyrus, 278 

PrCu: precuneus, pMTG: posterior middle temporal gyrus, rPFC: rostral prefrontal cortex, 279 

SMA: supplementary motor area, Thal: thalamus, TPOsup: superior temporal gyrus (temporal 280 

pole). Seed regions are in cyan. Color scales indicate the t values. 281 

 282 

Table 1. tACS-phase-dependent functional connectivity of Fast and Slow Groups. dlPFC: 283 

dorsolateral prefrontal cortex, PFC: prefrontal cortex, MTG: middle temporal gyrus, L: left, R: 284 

right. 285 

Brain 
network Seed region tACS condition  

(45° > 180°) 

Peak 
MNI coordinates 

Cluster 
size  

(voxels) 
t value 

x y z 

Default 
mode  
network 
(DMN) 

Hippocampus R Fast Group       

Anterior insula R 38 18 −6 86 11.01 

 
Slow Group      

Non-significant      

  
Fast > Slow      

 Anterior insula R 38 18 −6 1982 14.68 
 Caudate R 14 12 −8 312 12.99 

 Middle frontal gyrus 
R (orbital part) 28 42 −18 90 8.77 

 Anterior cingulate 
cortex L −2 34 4 661 8.64 

 Inferior frontal gyrus 
L (orbital part) −44 22 −8 188 7.36 

 Middle frontal gyrus 
L −30 64 2 126 6.73 

 Brainstem  R 10 −20 −30 90 6.34 



 

   

 

18 

  
Fast < Slow      

 Hippocampus L −34 −28 −6 134 8.20 
mPFC L/R Fast Group      

Precuneus R 2 −68 52 192 9.75 
 
Slow Group      

Non-significant      
 
Fast > Slow       

Precuneus R 2 −68 52 209 9.49 
Cerebellum 6 R 20 −64 −22 256 6.59 

 
Fast < Slow       

Non-significant      
Central 
executive  
network 
(CEN) 

dlPFC R Fast Group      
Precuneus R 4 −62 24 131 6.39 

 
Slow Group      

Non-significant      

 
Fast > Slow      

Precuneus R 4 −56 14 310 6.30 

 
Fast < Slow      

Non-significant      
Salience 
network 
(SN) 

anterior Insula R Fast Group      
Posterior MTG R 50 −76 −2 65 7.88 

 
Slow Group      

Precentral gyrus R 54 −12 46 86 8.06 
  

Fast > Slow      

 Middle temporal 
gyrus L −46 −26 −8 156 11.51 

 Fusiform gyrus L −32 −40 −18 329 11.11 
 Superior temporal 

gyrus L −54 −30 10 122 9.67 

 Superior temporal 
gyrus R (temporal 
pole) 

52 10 −22 1036 9.26 

 Superior temporal 
gyrus R 62 −30 2 1220 9.16 

 Thalamus L −8 −28 2 133 8.40 
 Hippocampus R 34 −8 −24 146 8.06 
 Middle temporal 

gyrus L −64 −14 0 117 8.03 



 

   

 

19 

 Superior temporal 
gyrus L (temporal 
pole) 

−12 10 −26 174 7.57 

 Brainstem R −2 −34 −38 82 7.57 
 Heschl L −40 −22 10 83 7.56 
 Anterior cingulate 

cortex R 12 48 14 83 7.34 

 Paracentral lobe L −12 −26 76 86 7.30 
 Hippocampus L −30 −22 −8 150 6.76 
 Cerebellum 7b L −28 −40 −40 80 6.73 
 Cerebellum 8 R 14 −60 −32 100 5.72 
  

Fast < Slow      

 Middle frontal gyrus 
R 52 0 54 262 9.48 

 Middle frontal gyrus 
R 40 26 50 177 7.65 

 Supplementary motor 
area R 8  20 68 74 6.52 

rostral PFC L Fast Group      
Fusiform gyrus L  −26 −76 −12 150 13.88 
Posterior MTG L  −56 −68 0 103 6.47 

 
Slow Group      

Non-significant      
  

Fast > Slow      

 Fusiform gyrus L  −26 −76 −12 202 14.04 
 Cerebellum 6 R 30 −58 −22 121 8.0 
 Vermis 6 −2 −72 −14 159 7.86 
  

Fast < Slow       

 Non-significant      
rostral PFC R Fast Group      

Lingual gyrus L  −22 −64 −8 77 6.78 
Posterior MTG L  −56 −68 2 66 6.46 

 
Slow Group      

Non-significant      

 
Fast > Slow      

Superior temporal 
gyrus L (temporal 
pole) 

−38 22 −26 105 10.54 

Precuneus R 20 −44 6 374 9.14 

Lingual gyrus L  −24 −40 −4 284 8.81 
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Inferior occipital 
gyrus R 40 −76 −8 121 8.25 

 
Fast < Slow      

Supplementary motor 
area L −14 8 44 68 7.21 

 286 

287 

Figure 5. Summary of functional connectivity. Pairs of brain regions showing greater 288 

functional connectivity in the 45°-phase-lag tACS condition compared to the 180°-phase-lag 289 

tACS condition. Only significant functional connectivity is displayed for each group. DMN 290 
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(blue blobs), CEN (red blobs), and SN (green blobs), along with the connecting lines, represent 291 

the links between a seed region and its functionally connected regions. dlPFC: dorsolateral 292 

prefrontal cortex (R: right), vPrCu: ventral precuneus, rPFC: rostral prefrontal cortex, pMTG: 293 

posterior middle temporal gyrus, mPFC: medial prefrontal cortex, dPrCu: dorsal precuneus, 294 

HC: hippocampus, aINS: anterior insula, PrCG: precentral gyrus. 295 

 296 

As shown in Fig. 5, the Fast Group demonstrated a greater number of brain regions with 297 

increased functional connectivity in the 45°-phase-lag tACS condition compared to the 180°-298 

phase-lag tACS condition, relative to the Slow Group. When comparing functional 299 

connectivity across the CEN, DMN, and SN, significant differences were observed between 300 

the CEN and DMN for the Fast Group in the 45°-phase-lag tACS condition (mean functional 301 

connectivity: 0.427) compared to the no-tACS condition (mean functional connectivity: 0.183; 302 

t(9) = 4.74, p = 0.001, Fig. 6A) and the 180°-phase-lag tACS condition (mean functional 303 

connectivity: 0.256; t(9) = 3.17, p = 0.011, Fig. 6C). Additionally, marginally significant 304 

differences were found between the Fast and Slow Groups in the 45°-phase-lag tACS condition 305 

compared to the no-tACS condition (t(9) = 1.86, p = 0.079, Fig. 6A) and the 180°-phase-lag 306 

tACS condition (t(9) = 2.06, p = 0.055, Fig. 6C). There were no significant differences between 307 

the Fast and Slow Groups in the 180°-phase-lag tACS condition compared to the no-tACS 308 

condition (Fig. 6B). 309 

 310 



 

   

 

22 

 311 

Figure 6. Phase-dependent tACS-mediated modulation in functional connectivity across 312 

the CEN, DMN, and SN. Mean changes in functional connectivity are indicated by the 313 

thickness of connecting lines, with values shown for both the Fast and Slow Groups. Panels 314 

represent functional connectivity differences for the 45°-phase-lag tACS condition compared 315 

to the no-tACS condition (A), the 180°-phase-lag tACS condition compared to the no-tACS 316 

condition (B), and the 45°-phase-lag tACS condition compared to the 180°-phase-lag tACS 317 

condition (C). Red lines indicate positive functional connectivity changes, while blue lines 318 

indicate negative changes. Statistically significant differences in functional connectivity within 319 

groups (paired t-tests; Fast and Slow Groups) and between groups (two-sample t-tests; Fast vs. 320 

Slow Groups) across the CEN, DMN, and SN are marked with an asterisk (p < 0.05). 321 

 322 

Interestingly, as shown in Fig. 7, we found opposite patterns of tACS-phase-dependent 323 

relationships between performance accuracy and functional connectivity between DMN and 324 

SN during the 45°-phase-lag tACS condition relative to the 180°-phase-lag tACS condition for 325 

both the Fast and Slow Groups. Specifically, in the Fast Group, we observed a significant 326 

positive correlation, whereas in the Slow Group, we observed a significant negative correlation 327 

between task performance accuracy and the averaged functional connectivity measures 328 
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between DMN and SN under the 45°-phase-lag tACS condition compared to the 180°-phase-329 

lag tACS condition. The other network combinations of functional connectivity (i.e., CEN-330 

DMN and CEN-SN) did not show statistically significant correlations with behavioral 331 

performance. 332 

 333 

Figure 7. Opposite patterns of tACS-phase-dependent correlation between DMN-SN 334 

functional connectivity and task performance accuracy in Fast and Slow Groups. The 335 
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scatter plot illustrates the correlation between task performance accuracy (%) and functional 336 

connectivity across the default mode network (DMN) and the salience network (SN) in the 45°-337 

phase-lag tACS condition compared to the 180°-phase-lag tACS condition. In the Fast Group 338 

(red), higher DMN-SN functional connectivity is associated with greater task performance 339 

accuracy (r = 0.76, p = 0.01). Conversely, in the Slow Group (blue), higher DMN-SN functional 340 

connectivity is linked to lower task performance accuracy (r = –0.67, p = 0.03), suggesting an 341 

opposite pattern of correlation across groups during the 45°-phase-lag tACS contrasted with 342 

the 180°-phase-lag tACS. 343 

 344 

Discussion 345 

We observed several neural correlates of fMRI data for the tACS-phase-dependent modulated 346 

behavioral performance during the working-memory task. In the Fast Group, the 180°-phase-347 

lag tACS condition yielded a significant increase in reaction times (Fig. 3A), indicating the 348 

feasibility of anti-correlated-network-mediated intentional neuromodulation of working-349 

memory performance. For the neural correlates of this behavioral change, the hippocampus in 350 

the right hemisphere exhibited significant activation in the Fast Group compared to the Slow 351 

Group during the 180°-phase-lag tACS condition (Fig. 3C, Fig. S3, and Table S2). This finding 352 

of spatially isolated and selective hippocampal activation may reflect phase-specific tACS-353 

mediated neurophysiological correlates during the task performance since the hippocampus is 354 

one of the key nodes in working-memory function 60. When the right hippocampus was 355 

assigned to a seed for the functional connectivity, the functional connectivity of the right 356 

anterior insular was increased in the 45°-phase-lag tACS condition compared to the 180°-357 
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phase-lag tACS condition. The observed right-lateralization during memory performance was 358 

consistent with previous studies. It has been reported that delay activity during working-359 

memory performance was limited to the right insular 61, and the right-hemispheric insular and 360 

hippocampus activation increased in patients with working-memory deficits 62. In addition, as 361 

the high- but not the low-memory-load condition yielded activity lateralized to the right 362 

hemisphere 63, our letter-digit combined 7-item workload in the working-memory task might 363 

induce right lateralization.  364 

 365 

Notably, the anterior, not posterior, insular showed significant functional connectivity with the 366 

hippocampus. Consistently, the anterior insular was activated during the delayed matching 367 

experiment 64, which is similar to the Sternberg task in the present study. It has also been 368 

reported that core DMN regions are anti-correlated with the dorsal anterior insular (dAI) and 369 

dorsal anterior cingulate cortex (dACC) 65, 66. Reportedly, the insula is a multimodal integration 370 

region providing an interface between external information and internal motivational states 28, 371 

67. The dAI and dACC were found to be functionally connected to a set of regions described as 372 

a decision-making and cognitive control network 68, 69. Compared to the posterior insular, it has 373 

been suggested that the anti-correlation pattern between the DMN and CEN is modulated by 374 

an anterior insular(AI)-based network, which primarily comprises the AI and dACC 30, 70. For 375 

instance, the AI is involved in a wide range of cognitive processes, including switching between 376 

cognitive resources 71 and reorienting attention 72. Thus, the AI may have been consistently 377 

implicated in switching the dominant processing network between the CEN and DMN as one 378 

of the key nodes in the SN of this study.   379 

 380 
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In the right hemisphere, the fMRI signal of AI (an SN node) was positively synchronized with 381 

the pMTG signal. Previous fMRI working-memory studies consistently demonstrated that 382 

delayed vibrotactile frequency discrimination under distraction 73 and a delayed match-to-383 

sample task 74 were correlated with activation in both MTG and AI, particularly in the right 384 

hemisphere. Indeed, individuals with ADHD exhibited negative resting-state functional 385 

connectivity of the right AI with right MTG 75. As such, the right-hemispheric fronto-parietal 386 

network is mainly involved in selective attention, so the 45°-phase-lag tACS condition might 387 

facilitate selective attention during a working-memory task. In addition, since activation of the 388 

right MTG has also been related to object-recognition in visual perception76, the letter-digit 389 

combined stimuli in the present study appeared to be efficiently processed with enhanced 390 

selective attention during the 45°-phase-lag tACS condition in the Fast Group.  391 

 392 

Meanwhile, the pMTG and fusiform gyrus in the left hemisphere were activated when rPFC (a 393 

CEN node) in the same hemisphere was designated as a seed for the functional connectivity. It 394 

is likely that the pMTG in the left hemisphere was under the control of the CEN, while that in 395 

the right hemisphere was regulated by the SN. As the Sternberg task utilized in the present 396 

study predominantly required verbal (letters/numbers) working-memory demands that might 397 

rely on a greater proportion of left-hemisphere mediated resources 77, 78, the observations in 398 

left-hemisphere involved functional connectivity are interpretable in this context. Since rPFC 399 

is associated with the mentalizing category 79 and the pMTG and fusiform gyrus have been 400 

associated with working-memory function 80, 81, the 45°-phase-lag tACS condition seemed to 401 

facilitate mentalizing processing during the present Sternberg task. Additionally, the lingual 402 

gyrus in both hemispheres was activated when the right rPFC was used as a seed, which is 403 
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consistent with the previous studies reporting that the lingual gyrus is also involved in working-404 

memory function 81, 82.  405 

 406 

Regarding the precuneus, its dorsal part was activated when mPFC was a seed, whereas its 407 

ventral part was activated when dlPFC in the right hemisphere was a seed. In general, the 408 

precuneus is a functional core of the DMN 83, 84 and plays a critical role in working-memory 409 

performance 85. In accordance with our observations, previous studies reported that the dorsal 410 

precuneus exhibited pronounced functional connectivity with the right frontoparietal network 411 

implicated in attention and working memory 84, 86. Additionally, a significant memory effect 412 

has been exhibited in the dorsal precuneus, predominantly in the right hemisphere 87. On the 413 

other hand, the ventral precuneus has been known to be key for the mnemonic representational 414 

aspects necessary for an exemplar-based judgment process 88, 89. The ventral precuneus has 415 

been found to re-activate for stimuli that are familiar due to recent exposure 90, 91, and activity 416 

levels in the ventral precuneus predicted performance after learning 89. The ventral precuneus 417 

could also be involved either in directing attention toward internal memory representations 418 

stored in the hippocampus-centered medial temporal lobe (MTL) or in the retrieval of memory 419 

representations used for decision-making 92. Moreover, the CEN centered at the dlPFC is 420 

essential for the active maintenance and manipulation of information in working memory 93-99. 421 

Thus, in the present study, the dlPFC (a CEN node) seemed to further communicate with the 422 

ventral precuneus (a DMN node) during the encoding-retrieval flip, reflected in prominent 423 

functional connectivity in the 45°-phase-lag tACS condition as compared to the 180°-phase-424 

lag tACS condition. As the ventral precuneus is involved in building and retrieving memory 425 

representations with the hippocampus-centered MTL and the mPFC 89, 92, the DMN and CEN 426 
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seem to be coordinated with the dorsal and ventral precuneus during working-memory 427 

performance. Furthermore, in the present study, the right hippocampus showed tACS-phase-428 

specific modulation of functional connectivity with the anterior insular (an SN node) during 429 

working-memory performance (Fig. 4 and Table 1). Taken together, the significant right-430 

lateralized functional connectivity in the dorsal and ventral precuneus observed in the 45°-431 

phase-lag tACS condition compared to the 180°-phase-lag tACS condition in the Fast Group 432 

may indicate the tACS-phase-dependent modulation of the DMN in relation with the SN (for 433 

the dorsal precuneus) and CEN (for the ventral precuneus) during working-memory 434 

performance. Consistently, we observed a significant enhancement in functional connectivity 435 

between the CEN and DMN under the 45°-phase-lag tACS condition compared to the no-tACS 436 

(Fig. 6A) and 180°-phase-lag tACS conditions (Fig. 6C) in the Fast Group. Such a series of 437 

neurodynamics in functional connectivity across CEN, DMN, and SN (Fig. 5) might account 438 

for the tACS-mediated neuromodulation in task performance in the Fast Group. It is also 439 

noteworthy that we observed significant positive (in the Fast Group) and negative (in the Slow 440 

Group) correlations between task performance accuracy and the averaged functional 441 

connectivity measures between DMN and SN in the 45°-phase-lag tACS condition compared 442 

to the 180°-phase-lag tACS condition (Fig. 7). Specifically, during the 45°-phase-lag tACS 443 

condition relative to the 180°-phase-lag tACS condition, higher functional connectivity 444 

between DMN and SN was associated with greater task performance accuracy in the Fast 445 

Group, whereas in the Slow Group, higher DMN-SN functional connectivity was linked to 446 

lower task performance accuracy. This suggests that the behavioral effects of phase-lag tACS 447 

depend on an individual's performance level and the functional neurodynamics between the 448 

DMN and SN. 449 
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 450 

As compared to these results of functional connectivity, we observed that the posterior 451 

cingulate cortex (PCC) was influenced by the manipulation of tACS phases but was not related 452 

to behavioral performance, since PCC was activated under the 180°-phase-lag tACS contrasted 453 

with 45°-phase-lag tACS but irrespective of the type of group (noting that only the Fast Group 454 

exhibited tACS-mediated behavioral modulation; Fig. 3AB). As the PCC is one of the DMN 455 

nodes, PCC seems to be involved in the way to tACS-phase-dependent processes. Presumably, 456 

there would be disinhibition (or gating) in this early-processing DMN node for the downstream 457 

cascade processes, resulting in tACS-phase-dependent behavioral modulation in the Fast 458 

Group. This is because we observed the significantly prominent functional connectivity 459 

particularly in the Fast Group during the 45°-phase-lag tACS contrasted with the 180°-phase-460 

lag tACS (Figs. 4 and 5), simultaneously with PPC activation during the 180°-phase-lag tACS 461 

contrasted with the 45°-phase-lag tACS (Fig. 3B, Fig. S3, and Table S2), which seems to be 462 

contradictory in terms of the fMRI results induced by different tACS phases. That is, under the 463 

45°-phase-lag tACS condition compared to the 180°-phase-lag tACS condition, less suppressed 464 

(i.e., disinhibited) deactivation and the enhanced functional connectivity were simultaneously 465 

detected in the DMN region. To some extent, such contradictory neurodynamic behaviours 466 

within the DMN regions are characteristic of the DMN. For example, there is a reciprocal 467 

relationship between the DMN and the visual stream network along with the visual processing 468 

stream during conscious perception 100. Thus, the present observations are probably due to the 469 

180°-tACS-mediated active suppression of deactivation in the DMN region centered at PCC 470 

because this region showed prominent deactivation during the task performance without tACS 471 

treatment, noticeably disappearing in the Fast Group (Supplementary Fig. S2B). Consequently, 472 
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the 180°-phase-lag tACS condition might actively interrupt the functional connectivity 473 

necessary for better task performance, exhibiting a relatively prominent connectivity in the 45°-474 

phase-lag tACS condition compared to the 180°-phase-lag tACS condition of the Fast Group 475 

(Figs. 4 and 5), resulting in significantly increased reaction times (Fig. 3A). 476 

 477 

As compared to such prominent functional connectivity during the 45°-phase-lag tACS 478 

condition of the Fast Group, the Slow Group exhibited a single connectivity with the right 479 

precentral gyrus being activated when the anterior insular of the same hemisphere was assigned 480 

to a functional connectivity seed (Fig. 5B). In both the right precentral gyrus and right insula, 481 

hypoactivation was observed during working-memory processing in patients with major 482 

depressive disorder 101. Presumably, the 45°-phase-lag tACS condition could also modulate 483 

behavioral (attention and executive) characteristics of the Slow Group during working-memory 484 

performance. 485 

 486 

It is also noteworthy that the present non-invasive electrical stimulation utilizing the anti-487 

correlated relationship between CEN and DMN significantly activated the deep brain structure 488 

such as the hippocampus, known as an essential region of learning and memory 102, 103. That is, 489 

the hippocampus was activated (Fig. 3C) even though the tACS in this study was targeted 490 

principally to cortical regions as well as non-hippocampal subcortical structures such as mPFC 491 

and PCC. We had not intended to target the hippocampus at the beginning of this study, and it 492 

is difficult to do so under the technical limitations of current non-invasive neuromodulatory 493 

technology, but it was selectively and prominently activated depending on the task-relevant 494 

phases of tACS signals. Presumably, our stimulation influenced not only the targeted regions 495 
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but also the entire corresponding network relevant to working-memory functions in which the 496 

hippocampus was involved. This tACS-mediated subsidiary non-target activation, even in 497 

subcortical structures if involved in task performance, is a newly observed non-invasive 498 

neuromodulatory technique to stimulate or effectively drive activation in task-relevant 499 

subcortical structures in a non-invasive manner. Thus, the selective activation of a task-relevant 500 

subcortical structure can be induced even by non-invasive scalp stimulation when manipulating 501 

appropriate stimulus parameters. 502 

 503 

However, compared to a previous study demonstrating tACS-mediated cognitive improvement 504 

primarily in individuals with low verbal working memory ability 51, our study observed 505 

inconsistent results, with tACS effects being particularly prominent in the Fast Group. This 506 

discrepancy may arise due to several key differences between the studies. First, the verbal N-507 

back task used in the previous study 51 and the Sternberg task employed in our study engage 508 

distinct cognitive processes. Although both assess working memory capacity, they rely on 509 

different cognitive components. The Sternberg task requires participants to retain a sequence 510 

of items in short-term memory and later determine whether a presented stimulus matches one 511 

of the previously seen items. This task primarily evaluates active maintenance and controlled 512 

retrieval abilities. In contrast, the N-back task presents stimuli sequentially, requiring 513 

participants to decide whether the current stimulus matches the one presented N trials earlier. 514 

While both tasks demand active maintenance and cognitive control, the N-back task does not 515 

necessarily require controlled retrieval. Due to these differences, the two tasks assess distinct 516 

aspects of working memory, and performance in each may be influenced by different cognitive 517 

mechanisms. Second, response time, which was used to classify participants into either the Fast 518 
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or Slow Group in our study, does not necessarily correlate with performance scores on the N-519 

back task, which was used to categorize participants into low- and high-performance groups in 520 

the previous study 51. For example, longer reaction times can sometimes be associated with 521 

improved performance accuracy, resulting in higher N-back task scores. Nevertheless, given 522 

the importance of non-invasive neuromodulatory effects for both low and high performers, the 523 

observed inconsistencies in tACS effects across different performance levels should be 524 

systematically investigated in future studies. 525 

 526 

Our present observations provide several inspiring points for future potent neuromodulatory 527 

technology. First, the present modulation of working-memory performance can be understood 528 

in terms of plausible underlying neurophysiological mechanisms of the PFC-hippocampal 529 

involvement in the framework of anti-correlated neurodynamics between CEN and DMN. 530 

Second, as compared to most of the previous two-region-based stimulation studies utilizing a 531 

functionally anti-correlated relationship 104-109, our present study firstly introduced a network-532 

wise approach using an MR-compatible multiple-channel high-definition transcranial electrical 533 

stimulator system on the functionally anti-correlated networks, CEN and DMN (Fig. 2C and 534 

Supplementary Fig. S1). Third, our findings directly support that some of the variability of non-535 

invasive brain stimulation effects may be associated with the specific phase-dependent 536 

temporal relation across corresponding task-relevant brain regions, suggesting that this 537 

information could be considered when designing a neuromodulatory paradigm, leading to more 538 

efficient stimulation protocols in the context of mutually anti-correlated networks of CEN and 539 

DMN. Fourth, the transcranial brain stimulation using an optimal phase lag between CEN and 540 

DMN could selectively target a task-relevant deep brain structure (e.g., the hippocampus in a 541 
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memory task). Presumably, this could be achieved by means of stimulation propagation 542 

through the corresponding functional network from the scalp to the deep brain structure 110. 543 

Moreover, an animal study showed that a new non-invasive brain stimulation protocol, termed 544 

temporal interference (TI), allows the entrainment of oscillatory neuronal activity in subcortical 545 

structures (such as the hippocampus) without recruiting neurons of the overlying cortex 111. 546 

The TI technique has currently been highlighted as a potent tool for selectively stimulating a 547 

deep brain structure 112, in which two different pairs of stimulation electrode sets are employed 548 

and the tACS frequency difference of the stimulation signals between these two electrode pairs 549 

is expected to be delivered to the targeted deep brain structure 111. However, as shown in our 550 

findings (Fig. 3BC and Fig. S3), the deep brain structure can be selectively stimulated simply 551 

by using transcranial electrical stimulation with a phase lag. Thus, although more experimental 552 

validation is prerequisite, our observations provide a feasibility of additional non-invasive 553 

cognitive augmentation technology implementing non-invasive brain stimulations for cascade 554 

neurophysiological deep-brain activation. Further refined phase lags between CEN and DMN 555 

could be studied in future, and this approach can be adapted to various cognitive functions, 556 

which might slightly or profoundly differ in terms of their anti-correlated relationship between 557 

CEN and DMN. 558 

 559 

Nevertheless, this study has several limitations. First, although a larger sample size would have 560 

improved the statistical power of our study, the sample sizes were limited due to the Fast and 561 

Slow subgrouping. Additionally, the inclusion of multiple inconvenient tACS conditions (i.e., 562 

the 45°-phase-lag tACS and the 180°-phase-lag tACS conditions) restricted further participant 563 

recruitment. As such, the statistical power should be carefully considered when interpreting the 564 
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current findings. Second, we observed behavioral performance-dependent tACS effects in the 565 

present study. Specifically, for the Fast Group, anti-phase (i.e., 180°-phase-lag) tACS exhibited 566 

inhibitory effects, while partially in-phase (i.e., 45°-phase-lag) tACS showed no behavioral 567 

effects but did induce greater functional connectivity changes. It is presumed that the current 568 

anti-phase tACS further suppressed the activation of working-memory networks in participants 569 

who demonstrated fast performance. Furthermore, it is noteworthy that changes in functional 570 

connectivity do not necessarily lead to behavioral changes, as the two are not mutually 571 

dependent. Although a manifest and consistent relationship between tACS-mediated neural 572 

modulations and consequent behavioral changes aids in understanding robust brain-behavior 573 

correlations, the tACS-induced neural effects had no detectable behavioral consequences in 574 

some conditions. However, the clear differences in tACS effects between the Fast and Slow 575 

Groups underscore the critical importance of inter-individual variability in response to tACS. 576 

 577 

METHODS 578 

Participants 579 

Twenty-six healthy volunteers (nine females; mean age 24.1±2.9 y) participated in this study. 580 

All participants had normal or corrected-to-normal vision. None reported a personal history of 581 

psychiatric or neurological disorders. All participants were free of neurological and psychiatric 582 

illnesses, any contra-indications for magnetic resonance imaging (MRI) scanning, current and 583 

past alcohol/drug abuse or dependence, and current use of illicit substances. All participants 584 

provided written informed consent. The study, including the experimental protocols, was 585 

conducted in accordance with the ethical guidelines established and the study was approved by 586 

the Institutional Review Board of Korea University (No. KUIRB-2021-0209-06). 587 
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 588 

Sternberg memory task 589 

We used the Sternberg task to investigate the neuromodulatory effect of phase-lagged cross-590 

frequency coupled (CFC) tACS treatment on working-memory performance 55. The Sternberg 591 

task, a classical test of working memory, is well suited for investigating brain activity related 592 

to working-memory load because each trial has a well-defined retention period over which 593 

participants should hold the information of items presented in the encoding phase.  594 

 595 

As a small memory-set size in the Sternberg task may lead to difficulty in revealing the tACS 596 

effect, we selected a 7-item memory span and modified a presented item (commonly either a 597 

digit or letter) into a complex one (a letter-digit combined format; Fig. 2A). Thus, the presented 598 

items in the Sternberg task were a combination of one letter and one digit randomly drawn from 599 

a series of single letters (A–Z) and digits (0–9). When generating sets of letter-digit stimuli for 600 

each trial, the letters and digits were randomly drawn without replacement. For example, seven 601 

letter-numeral combinations (e.g., Y2, X0, I5, J3, D4, A9, C7) were visually presented 602 

consecutively (one at a time) on the display monitor for 700 ms with an ISI of 150 ms (Fig. 603 

2A). The items were presented randomly and equally often to each participant. The black-604 

colored letter-digit combined items subtended 7.0° of visual angle and were presented on a 605 

gray background. Following the 7-item encoding phase, the retention phase lasted 9 s, and the 606 

onset of a test probe (test stimulus) marked the beginning of the retrieval phase. Participants 607 

then had to respond as fast as possible by pressing a button with their right or left thumb, 608 

indicating whether the probe item was or was not part of the memory set presented during the 609 

encoding phase. The probe had an equal probability of being part of the memory set or not. 610 
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Response hands were counterbalanced across participants. The probe was presented for 2 s. 611 

Following participants’ response, visual feedback (“Correct!”, “Incorrect!”, or “No Response”) 612 

was promptly shown for 1 s to motivate participants to improve performance. The inter-trial 613 

interval was 6 s, which began with the visual feedback offset and ended with the onset of the 614 

next trial. Stimuli were presented using E-prime stimulus presentation software (E-prime 3.0 615 

Professional, Psychology Software Tools, Sharpsburg, USA). The reaction times and 616 

performance accuracies were compared using false discovery rate (FDR)-corrected two-sided 617 

paired t-tests 113. 618 

 619 

Cross-frequency tACS neuromodulation 620 

Among the tACS phase-lag (Δ𝜑) values that could potentially facilitate or suppress task 621 

performance, we determined 45 degrees and 180 degrees, respectively, as the optimal lags for 622 

partially in-phase and out-of-phase conditions in the present study. This choice was based on 623 

previous studies empirically reporting the mPFC (a DMN node) leading the PPC (a CEN node) 624 

with a phase-lag range of 24°±15° for optimal behavioral performance, and 180° (full anti-625 

phase) for worst behavioral performance during a decision-making task 38, 114. Compared to the 626 

two-site tACS stimulation of the previous studies, however, our present study deployed a 627 

network-wise tACS approach using the anti-correlated relationship between subnetworks CEN 628 

and DMN. 629 

 630 

Transcranial alternating current stimulation (tACS) was delivered online for the entire 9-s 631 

retention period of every trial of the Sternberg task performances using an MR-compatible 64 632 

M×N high-definition (HD) transcranial electrical stimulator system (Soterix Medical Inc., New 633 
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York, USA) with intensities below their individual sensation threshold using the individual 634 

task-relevant frequency (within the theta and alpha bands) of the CFC-tACS, subsequently 635 

ranging from 0.6 to 1.5 mA peak-to-baseline. 636 

 637 

The right/left PPC and right/left dlPFC were stimulation targets for the CEN, and the mPFC 638 

and PCC for the DMN. For spatially accurate stimulation, subject-specific optimized 639 

coordinates of stimulation target regions were computed based on individual T1 images. An 640 

example montage for a single individual is shown in Fig. 8. Generally, center-surround 641 

antagonistic configuration was used for the coordination of the stimulation and return channels, 642 

respectively (that is, return electrodes were arranged in a ring around the central stimulation 643 

electrode). The currents of all stimulation and return channels were set to keep the total amount 644 

of current at a zero sum.  645 

 646 
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 647 

Figure 8. tACS channel montage for a single participant. Red indicates the stimulation 648 

channels, and blue indicates the surrounding return channels. Each green ring indicates a 649 

modular subset of stimulation and return channels for each target region, dlPFC: dorsolateral 650 

prefrontal cortex, PPC: posterior parietal cortex, mPFC: medial prefrontal cortex, and PCC: 651 

posterior cingulate cortex. Montages for all individuals are shown in Supplementary Fig. S7. 652 

 653 

The tAC stimulus wave was designed as a cross-frequency coupled pattern. The lower 654 

frequency was selected based on the subject-specific peak in the theta-alpha band range (4–13 655 

Hz) and the high frequency as the peak in the high-gamma range 50–250 Hz (Fig. 2C). To 656 

establish the theta-alpha-phase and high-gamma-amplitude coupled pattern, we used the 657 

following equations coded in MATLAB (ver. R2021a, MathWorks, Natick, USA): 658 
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𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠	𝑠𝑖𝑔𝑛𝑎𝑙	 = 	
!!"
"
	(sin(2𝜋𝑓#𝑡)+1) sin(2𝜋𝑓!𝑡) + 𝐴$# sin(2𝜋𝑓#𝑡)          (1) 659 

𝑅𝑒𝑡𝑢𝑟𝑛	𝑠𝑖𝑔𝑛𝑎𝑙	 = 	− %
&
	(𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠	𝑠𝑖𝑔𝑛𝑎𝑙)                                    (2) 660 

where 𝑓# and 𝑓! are theta-alpha and gamma frequency, respectively. 𝐴$$ and 𝐴$"are constants 661 

that determine the maximum amplitude of 𝑓# and 𝑓!, respectively. N is the number of return 662 

channels. CFC-tACS stimulus was generated with a sampling frequency of 1000 Hz. 𝐴$$ and 663 

𝐴$" were set to 0.8 and 0.2, respectively.  664 

 665 

The theta or alpha frequency (𝑓#) for the generation of the stimulus was individually selected 666 

as the dominant activity within theta and alpha bands based on the fast Fourier transformed 667 

results on individual EEG data during the retention period of task performance before 668 

stimulation and before the main fMRI experiment. It has been proposed that the number of 669 

gamma cycles per lower-frequency cycle determines the working-memory capacity of the 670 

buffer 23 based on the CFC-memory model 21, 24. The gamma frequency (𝑓!) for the CFC-tACS 671 

stimulation was individually selected based on individual CFC results using the EEG session, 672 

in which EEG signals of the retention period were recorded during the Sternberg task without 673 

tACS. We confined the high-gamma range to 50–250 Hz. In the present study, we used a peak-674 

coupled CFC-tACS to investigate whether a peak-coupled theta-alpha-phase/high-gamma-675 

amplitude CFC-tACS treatment perturbed the degree of ongoing CFC, possibly associated with 676 

significant changes in working-memory performance. To use the individually customized CFC 677 

waveforms in tAC stimulation protocols, the generated CFC-formed tAC stimulus file was 678 

loaded into a 64 M×N HD stimulator system. The stimulation duration was 9 s with a 200-ms 679 

ramp-up and ramp-down for each stimulus. Using an oscilloscope, we double-checked whether 680 
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the CFC-formed signals physically generated the exact amplitude, shape, and frequency that 681 

were intended during the design phase.  682 

 683 

Using a simulation program (tES LAB software, ver. 3.0, Neurophet, Korea), we examined 684 

whether the stimulation signals matched the intended phase lag (either 45° or 180°) before the 685 

main study. The averaged electric field intensity (V/m) was 0.12 V/m at the activated cortical 686 

region. As shown in Fig. 2C and Supplementary Fig. S6, the simulation results demonstrated 687 

that the activation regions were considerably well aligned with the intended target regions. For 688 

example, as shown in Fig. 8, the stimulation electrode Cz was selected to target the PCC (a 689 

DMN node) as it provided the most optimized stimulation of the PCC based on the simulation 690 

results. Moreover, whether the phase difference between the CEN and DMN stimulation 691 

signals exactly matched the intended phase lag (either 45° or 180°) was investigated 692 

(Supplementary Fig. S6B).  693 

 694 

Experimental design 695 

Each participant performed 30 trials for 45°-phase-lag tACS and 30 trials for 180°-phase-lag 696 

tACS. The Sternberg task was repeatedly applied to the same participant during and after either 697 

45°-phase-lag or 180°-phase-lag tACS to investigate both the ongoing and after-treatment 698 

effects of phase-lag-modulated tACS treatment on working-memory performance. Thus, the 699 

task flow was as follows: (1) fMRI-session performing the task without tACS, (2) tACS-fMRI 700 

session performing the task with a 45° phase-lag CFC-tACS, (3) fMRI-session performing the 701 

task without tACS, (4) tACS-fMRI session performing the task with a 180° phase-lag CFC-702 

tACS, and (5) fMRI-session performing the task without tACS (Fig. 2A). The order of 45° and 703 
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180° phase-lag CFC-tACS sessions was counterbalanced across participants.  704 

 705 

Since prior research has suggested that the efficacy of tACS may vary based on the initial task 706 

performance level 56-59, with low performers more likely to benefit from tAC stimulation than 707 

high performers, we divided participants into two groups based on the median split of their 708 

individual mean reaction times during the first fMRI run without tAC stimulation. We labelled 709 

these groups Slow Group and Fast Group. After subgrouping and excluding 6 participants due 710 

to excessive head motion, the Fast and Slow groups each consist of 10 participants. 711 

 712 

fMRI Acquisition. Whole-brain images were collected with a Siemens 3T MAGNETOM Trio 713 

Tim syngo scanner (Siemens Healthcare, Erlangen, Germany) and a 32-channel head coil. 714 

Before the experiment, participants received a detailed explanation of the experimental 715 

procedure and were familiarized with the experimental surroundings and stimuli. Participants 716 

were instructed to keep their eyes open and gaze at the MR-compatible screen located at the 717 

end of the MRI bed through the mirror positioned on the head coil. The distance between the 718 

screen and the participants was approximately 245 cm, and the diameter of the stimulus on the 719 

screen was 30 cm, resulting in a visual angle of 7.0°. To maximize participants’ concentration 720 

on the task, darkness was maintained both inside and outside the MRI shielding room during 721 

the experiment. After acquiring automated scout images and performing shimming procedures 722 

to optimize field homogeneity, 360 blood oxygenation level dependent (BOLD) fMRI image 723 

volumes were collected using an interleaved T2*-weighted echo-planar imaging (EPI) 724 

sequence for each fMRI session. A total of 75 slices per volume were obtained with the 725 

following parameters: repetition time (TR) = 2000 ms; echo time (TE) = 30 ms; flip angle (FA) 726 
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= 90°; multi-band acceleration factor = 3; acquisition matrix = 96 × 96; field of view (FOV) = 727 

192 × 192 mm2; in-plane voxel size = 2 × 2 × 2 mm3; no slice gap. High-resolution structural 728 

scans of 3-dimensional anatomical magnetisation prepared rapid acquisition gradient echo 729 

(MP-RAGE) images were collected for each subject after fMRI data collection (TR = 2.3 s; TE 730 

= 2.13 ms; inversion time (TI) = 0.9 s; FA = 9°; acquisition matrix = 256 × 256; in-plane voxel 731 

size = 1 × 1 × 1 mm3; 224 sagittal slices).  732 

 733 

fMRI data Analysis. BOLD images were processed and analyzed using Statistical Parametric 734 

Mapping (SPM12; https://www.fil.ion.ucl.ac.uk/spm/software/spm12) in MATLAB R2021a 735 

(Mathworks Inc., Natick, Massachusetts, USA). Functional images were pre-processed with a 736 

standard task-based fMRI processing pipeline: slice-timing correction (using the first slice as 737 

the reference slice), motion correction, co-registration, grey/white matter segmentation, 738 

normalization to the Montreal Neurological Institute (MNI) template, and spatial smoothing 739 

using a 6-mm full-width at half-maximum (FWHM) Gaussian kernel. A temporal high-pass 740 

filter with a 128-second cutoff was applied to remove low-frequency signal drift, and serial 741 

correlations from aliased biorhythms in the time series were adjusted for using an 742 

autoregressive AR 1 model. The movement parameters from the realignment procedure (x, y, 743 

z, roll, pitch, and yaw) were used as regressors of non-interest in the first-level analysis. The 744 

data of six participants were excluded from further analyses due to their excessive head motion 745 

(i.e., translational displacement greater than 3 mm and rotational displacement more than 3°) 746 

during the fMRI session.  747 

 748 

Statistical analysis of fMRI maps relied on random-effects modelling. For the first-level 749 
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analysis, we analyzed whole-brain activity during the retention period of the Sternberg task 750 

relative to a rest block for each fMRI session—that is, for each participant, we generated a 751 

contrast image of retention > rest. To investigate the effect of phase-lag-modulated tACS 752 

treatment on working-memory performance, the generated contrast images (retention > rest) 753 

from the first-level analyses for each fMRI session were submitted to a second-level analysis 754 

across subjects, which employed a general linear model with random effects. Using one-sample 755 

t-tests, we detected statistically significant whole-brain activity within each stimulation 756 

condition (no-tACS, 45°-phase-lag CFC-tACS, and 180°-phase-lag CFC-tACS). In addition, 757 

paired t-tests were employed to detect significant differences in brain activation across the 758 

three stimulation conditions (no-tACS vs. 45°-phase-lag CFC-tACS; no-tACS vs. 180°-phase-759 

lag CFC-tACS; 45°-phase-lag CFC-tACS vs. 180°-phase-lag CFC-tACS). The random-effects 760 

analysis was conducted separately for the Fast Group, Slow Group, and Both Groups, each 761 

time separately testing for increased activation (retention > rest) and decreased activation 762 

(retention < rest). This enabled us to investigate whether working-memory function under 763 

tACS neuromodulation was associated with patterns of brain excitation or suppression (see 764 

Supplementary Fig. S2 and Table S1 for increased/decreased activation maps of the three 765 

groups). To correct for multiple comparisons, we set a voxel-level threshold of p < 0.001 and 766 

a cluster-level family-wise error (FWE) of p < 0.05. In addition, we performed the region of 767 

interest (ROI) analyses for the representative nodes of CEN, DMN, and SN are as follows: 768 

dlPFC and PPC for CEN; mPFC, PCC, and hippocampus for DMN; and ACC, anterior insula, 769 

rPFC, and supramarginal gyrus for SN. The results were shown in Fig. S4 and Table S3. 770 

 771 

To study group-tACS interactions, a full factorial design was conducted to detect activated 772 
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voxels associated with the three tACS conditions (Stimulation factor: no tACS, 45°-phase-lag 773 

CFC-tACS, and 180°-phase-lag CFC-tACS) across the two groups (Group factor: Fast and 774 

Slow). To correct for multiple comparisons, a voxel-level threshold of p < 0.001 was set, and 775 

a cluster-level family-wise error (FWE) of p < 0.05 was used.  776 

 777 

Task-related functional connectivity. To investigate the tACS phase-lag-mediated 778 

differences in functional connectivity between the Fast and Slow Groups during the Sternberg 779 

task, we conducted seed-based functional connectivity in both 45°-phase-lag tACS and 180°-780 

phase-lag tACS using the Functional Connectivity toolbox, a MATLAB-based cross-platform 781 

software (https://www.nitrc.org/projects/conn/, Whitfield-Gabrieli and Nieto-Castanon 115). 782 

Based on previous studies 116-118, we defined the following brain regions as seed regions: dlPFC 783 

and PPC for CEN; mPFC, PCC, and hippocampus for DMN; and ACC, anterior insula, rPFC, 784 

and supramarginal gyrus for SN, according to the CONN’s HCP-ICA networks and the 785 

automated anatomical atlas (AAL) 119. 786 

 787 

For the functional connectivity analysis, the fMRI time series of all voxels within the gray 788 

matter were pre-processed by regressing out six rigid motions, noise components of the white 789 

matter and the cerebrospinal fluid masks, linear trends, and cosine and sine waveforms up to 790 

0.009 Hz. After regression, functional connectivity was calculated using the correlation 791 

coefficients between the seed time series and those of the whole brain voxels in the task 792 

condition. The correlation coefficients were Fisher z-transformed. To assess the statistical 793 

significance of the seed-based functional connectivity within each group, we conducted one-794 

sample t-tests for each group (i.e., Fast and Slow Groups) and cluster size threshold estimation. 795 
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For the tACS phase differences of the seed-based functional connectivity at the second-level 796 

analyses, paired t-tests were conducted with the voxel-level significance threshold at p < 0.001. 797 

This was followed by cluster size analysis using a cluster-level FWE of p < 0.05 to correct for 798 

multiple comparisons. To analyze functional connectivity changes across the three networks 799 

(CEN, DMN, and SN), we calculated the Fisher z-transformed correlation coefficients between 800 

pairs of time series from the three networks. Within-group analysis was conducted using paired 801 

t-tests, while between-group analysis (i.e., Fast vs. Slow Groups) was performed using two-802 

sample t-tests. In addition, to examine brain-behavior correlations, Pearson correlations were 803 

computed between behavioral data (either task performance accuracy or reaction times) and 804 

the averaged functional connectivity measures across pairs of the CEN, DMN, and SN during 805 

the 45°-phase-lag tACS condition relative to the 180°-phase-lag tACS condition for both the 806 

Fast and Slow Groups. 807 

 808 
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