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Network-nodal tACS induces right-
lateralization of thalamocortical
connectivity

Seulgi Lee%%3%, Bumhee ParkX%*5611 Jeehye Seo’ & Byoung-Kyong Min7:89105

Almost all functional processing in the cortex heavily relies on thalamic interactions. Since neural
interactions across thalamocortical networks are essential for regulating cognitive functions, we
investigated whether network-level transcranial alternating current stimulation (tACS) could modulate
the functional connectivity of thalamocortical networks. Using network-node-based tACS and
functional MRI (fMRI) data from the color flickering task, we performed functional connectivity and
modularity analyses. Notably, tACS applied to key nodes of canonical functional networks resulted

in right-lateralized thalamocortical connectivity. Compared to tACS applied to the medial prefrontal
cortex (mPFC), tACS applied to the dorsolateral prefrontal cortex (dIPFC) significantly enhanced
functional connectivity within the control and attentional networks. Further analyses of modularity
and hub scores revealed functional clustering among sensory-visual, associative, and executive-control
thalamocortical modules, along with a significant enhancement in thalamocortical interplay within
the cluster. TACS-to-dIPFC enhanced interactions within the visual network, whereas tACS-to-mPFC
enhanced interactions within the control network. Taken together, this study demonstrates the
feasibility of network-based tACS for modulating task-relevant brain functional organization, with
potential applications in cognitive impairment and clinical populations.

Keywords Conscious perception, Mental representation, Functional magnetic resonance imaging, Non-
invasive electrical brain stimulation, Transcranial alternating current stimulation, Thalamocortical network,
Graph network, Modularity

The experience of conscious perception of mental representations is a fundamental aspect of human cognition;
however, the neural mechanisms supporting this process remain underexplored. Recent debates on the neural
mechanisms underlying conscious perception have increasingly highlighted the significance of thalamocortical
networks!~%. The thalamus is commonly regarded as the central hub—or gateway—for transmitting nearly all
sensory information (excluding olfactory input) to specific cortical regions via direct thalamocortical pathways*".
As such, dynamic interactions between the thalamus and the cortex are considered vital for fundamental
perceptual and cognitive operations.

Building on this understanding, the present study employed a color flickering task to examine whether
thalamic gating mechanisms are fundamental to the conscious experience of mental representations. Specifically,
we explored whether thalamocortical interactions are essential for perceiving an illusory color generated from
alternating physical stimuli. Because this form of perception occurs without a direct physical substrate, it offers
a unique opportunity to investigate the neural mechanisms of conscious perception. In our task, participants
viewed rapidly alternating red and green stimuli. Occasionally, this rapid flicker evoked the perceptual
fusion of the two colors into a new, illusory orange. Notably, the same physical stimulus could yield either
fused (orange) or non-fused percepts across trials within the same individual, allowing us to isolate the neural
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correlates of conscious perception under identical sensory conditions. In previous research, we conducted a
color flickering experiment to investigate thalamocortical interactions associated with conscious perception
using magnetoencephalography (MEG)® and functional magnetic resonance imaging (fMRI)”. By comparing
physically present individual red/green colors with their illusory fused orange counterpart, thalamocortical
inhibitory coupling between the thalamus and visual cortex was identified as a critical mechanism underlying
conscious perception.

Furthermore, by applying transcranial alternating current stimulation (tACS) to the medial prefrontal
region (a key node of the default-mode network), we observed suppressed hemodynamic activation in higher-
order subthalamic and central executive networks associated with the perception of fused colors®. This finding
suggests that higher-order thalamocortical and default-mode networks play a crucial role in humans’ conscious
perception of mental representations. These findings provided both theoretical® and empirical®’ evidence
supporting the pivotal role of the thalamocortical inhibitory network in conscious mental representation.

Building on this, the current study aims to explore the functional connectivity within task-relevant
thalamocortical and higher-order networks while applying tACS to representative nodes of mutually antagonistic
networks (the dorsolateral prefrontal cortex [dIPFC] for the central executive network [CEN] and the medial
prefrontal cortex [mPFC] for the default-mode network [DMN]). TACS to the primary visual cortex (V1)
served as a control for the lower hierarchy of the visual processing stage. This investigation was conducted while
participants performed the color flickering task. The conscious experience of mental representations is thought
to require repeated and integrated interactions between specific thalamic subdivisions and their associated
cortical areas’. This awareness is progressively enhanced as higher-order relay signals are transmitted through
relevant thalamocortical circuits in a cumulative manner. Functional connectivity analysis offers a dynamic
perspective on the neurophysiological interactions between thalamic relay nuclei and corresponding cortical
regions, further elucidating their roles in the conscious perception process. Prior literature has established
the involvement of first-order and higher-order thalamic relay nuclei—such as the lateral geniculate nucleus
(LGN) and pulvinar—in visual processing, emphasizing their cumulative contributions to refined conscious
perception!?. Moreover, the interplay between the CEN, DMN, and the salience network (SN) regulates
neural dynamics underlying cognitive functions'!"!*. Compared to typical nodal-based tACS, network-level
tACS—particularly when alternately administered to either the CEN or DMN, leveraging their anti-correlated
relationship during cognitive performance (Fig. 1)—has gained increasing attention due to its refined and potent
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Fig. 1. Network-level tACS model. tACS leverages the anti-correlated relationship between the central
executive network (CEN, shown in red) and the default-mode network (DMN, shown in blue). Network-level
tACS was applied using a multi-electrode setup designed to alternately modulate the CEN and DMN. The
representative nodes of the CEN (i.e., dIPFC) and the DMN (i.e., mPFC) were targeted for network-nodal
tACS administration. Additionally, tACS applied to the primary visual cortex (V1, shown in purple) served as a
control for the lower hierarchy of the visual processing stage. To consider lateralized thalamocortical networks
during tACS, the left thalamus (shown in cyan) and the right thalamus (shown in yellow) are individually
highlighted. Abbreviations: dIPFC dorsolateral prefrontal cortex, mPFC medial prefrontal cortex, VI primary
visual cortex, THAL thalamus.
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neuromodulatory effects reported in recent studies®!>~!7. The anti-correlated relationship between the CEN
and DMN during most cognitive functions has been well established'>!. For instance, during most cognitive
functions, cognitive states that activate the CEN typically deactivate the DMN, and vice versal®~2l, Thus, we
examined whether network-nodal tACS significantly modulates functional connections across thalamocortical
networks during the conscious perception of mental representations.

In this study, we applied functional connectivity analysis to investigate network interactions during the
conscious perception of mental representations using network-level tACS (alternately targeting the CEN and
DMN) in a previously validated color flickering task paradigm®-8. To achieve this, we analyzed thalamocortical
functional connectivity across 200 cortical regions?* and 14 thalamic regions* for each hemisphere. During
the color flickering task, participants were presented with rapidly alternating red and green stimuli, which
occasionally induced the illusory perception of a fused orange color. This paradigm allowed us to compare
distinct conscious perceptions of mental representation (fusion vs. non-fusion) elicited under identical physical
conditions, effectively isolating top-down subjective experience from bottom-up sensory inputs.

By investigating functional connectivity patterns across these regions, this study aims to examine the
interaction between two key brain networks—namely, the CEN and DMN—which are critically involved in
the high-order conscious perception of mental representations during a color flickering task. Our findings
will expand the understanding of network-level interactions in conscious perception, complementing prior
structural and neuromodulatory evidence®~8. This approach underscores the importance of thalamocortical and
large-scale network dynamics in shaping subjective cognitive experiences.

Results

Since the identical physical presentation of the 50-ms flickering stimulus occasionally elicited distinct perceptual
responses (fusion vs. non-fusion), the present tACS-fMRI study specifically employed the 50-ms flickering
condition. During the entire fMRI scanning session of the color-flickering task, tACS was delivered online.
Participants took part in two experimental sessions, during which they received two randomly assigned
treatments among no-tACS, tACS-to-V1, tACS-to-mPFC, and tACS-to-dIPFC. Targeted regions for tACS
included the left/right V1, mPFC (a primary DMN node), and left/right dIPFC (a primary CEN node). In the
‘no-tACS’ condition, participants performed the color flickering task without tACS. The color flickering task was
repeated in each run to assess the impact of tACS on color perception performance.

Behavioral data

A significant interaction effect was found between response types and tACS conditions (F(3, 60)=7.3482,
p=0.0003, partial n? = 0.269). Post-hoc tests revealed that all tACS conditions resulted in significantly more
fusion perceptual responses than non-fusion perceptual responses (tACS-to-V1: p=0.0050; tACS-to-dIPFC:
Pp=0.0091; tACS-to-mPFC: p <0.0001). Additionally, in fusion perception compared to non-fusion perception,
the tACS-to-V1 (p=0.0011) and tACS-to-mPFC (p=0.0002) conditions produced significantly more responses
than the no-tACS condition.

tACS effect on brain functional connectivity

We observed no significant hemispheric difference in baseline thalamocortical functional connectivity strength
in the no-tACS condition. In contrast to the absence of significant tACS-mediated differences in functional
connectivity in the non-fusion condition, the fusion condition showed significant tACS-dependent changes.
Notably, while no significant effects of tACS on functional connectivity were observed across the cortex and
the left thalamus, tACS resulted in significant functional connectivity between 10 cortical regions and the
right thalamus after false discovery rate (FDR) correction (Figs. 2 and 3A, and Table S1). The cortical areas
corresponding to these tACS-affected functional connections were distributed across the salience/ventral
attention, control, visual, dorsal attention, and auditory networks. Since the main effects of tACS were observed
in these 10 thalamocortical regions, post hoc tests were conducted to identify the specific tACS condition
responsible for significant changes in functional connectivity. As shown in Fig. 2 and Table S1, seven functional
connections exhibited significantly greater strength with tACS applied to the dIPFC compared to the mPFC.
These cortical regions were part of the visual, auditory, control, and salience/ventral attention networks.

We conducted a formal hemisphere x stimulation interaction analysis and found no significant interaction,
suggesting that the effect of tACS does not differ across hemispheres. Accordingly, the observed main effect of
tACS on right lateralization is unlikely to reflect hemisphere-specific modulation. In addition, we compared
the simulated electric fields (E-fields) for stimulation applied to the left and right hemispheres across both
stimulation targets (i.e., tACS to the dIPFC and V1). As shown in Fig. 4, no significant differences were observed
between hemispheres (tACS-to-dIPFC: #(20) =—0.498, n.s.; tACS-to-V1: #(20) =0.789, n.s.). Therefore, the right
lateralization observed in the present study is unlikely to be attributable to differences in the physical properties
of the stimulation.

Brain functional organization

Modularity

The no-tACS, tACS-to-V1, tACS-to-mPFC, and tACS-to-dIPFC conditions yielded modularity quality (Q) values
of 0.6234, 0.5791, 0.5326, and 0.5202, respectively. As the Q values are relatively high, each module included
the specific thalamocortical subregions. Since we observed consistent thalamocortical regions for each module
regardless of tACS conditions, we labeled the three modules as the ‘sensory-visual thalamocortical module;
‘associative thalamocortical module, and ‘executive-control thalamocortical module; primarily based on the
temporal and functional roles of each thalamocortical processing stage. Subsequently, corresponding thalamic
and cortical regions were classified into each module (Fig. 5 and Table S2). The sensory-visual thalamocortical
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Fig. 2. Significant thalamocortical functional connectivity across tACS conditions. Red lines in the upper-

left panel indicate tACS-to-dIPFC > tACS-to-mPFC, whereas purple lines in the lower-left panel indicate
tACS-to-dIPFC > tACS-to-V1. Orange lines in the upper-middle panel indicate tACS-to-dIPFC > no-tACS,
whereas green lines in the lower-middle panel indicate tACS-to-V1>no-tACS. Blue lines in the upper-

right panel indicate tACS-to-mPFC > no-tACS, whereas pink lines in the lower-right panel indicate tACS-
to-mPFC>tACS-to-V1. Gray dots represent thalamic nodes, while black dots represent cortical nodes.
Notably, all significant functional connections are linked with the right thalamus (yellow), with no significant
connectivity observed in the left thalamus. Solid lines indicate stronger connectivity in the first tACS
condition, whereas dotted lines indicate stronger connectivity in the second condition. Only functionally
significant connections (p <0.05) are shown, with line thickness reflecting connectivity strength. Abbreviations:
Cingm mid-cingulate cortex, dIPFC dorsolateral prefrontal cortex, FrMed frontal medial cortex, FrOper frontal
operculum, ExStr extrastriate cortex, MDI mediodorsal lateral parvocellular thalamus, IPL inferior parietal
lobule, mPFC medial prefrontal cortex, PuA anterior pulvinar, ST superior temporal cortex, VA ventral anterior
thalamus, VL ventral lateral thalamus, VPL ventral posterolateral thalamus, V1 primary visual cortex.

module consisted of visual cortical regions and two thalamic regions [i.e., LGN and inferior pulvinar]. The
associative thalamocortical module included three thalamic regions (i.e., anterior pulvinar, ventral posterolateral,
and intralaminar thalamus) and 48 cortical areas associated with the somatomotor, dorsal attention, salience/
ventral attention, and auditory networks. The executive-control thalamocortical module comprised six thalamic
subdivisions (i.e., anteroventral nucleus, lateral posterior, ventral anterior, ventral lateral, mediodorsal medial
magnocellular, and mediodorsal lateral parvocellular thalamus) and 50 cortical regions linked to the control,
default, salience/ventral attention, language, and dorsal attention-related networks. Notably, this categorization
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Fig. 3. tACS region-dependent functional connectivity and WMD scores. The left panel (A) shows functional
connectivity values (z-scores) between the right mediodorsal lateral parvocellular thalamus (MDL.R) and the
right medial frontal cortex (FrMed2.SAA.R) across different tACS conditions: no-tACS (gray), tACS-to-V1
(green), tACS-to-dIPFC (red), and tACS-to-mPFC (blue). The middle panel (B) presents WMD scores within
the right lateral prefrontal cortex (PFCI1.ContC.R) across different tACS conditions. The right panel (C)
displays WMD scores within the left medial posterior prefrontal cortex (PFCmp1.ContB.L) across different
tACS conditions. Asterisks indicate statistical significance (*p <0.05; **p <0.01; **p <0.001). Small circles
represent individual data points (N=21). Error bars represent standard errors of the mean. Abbreviation: L
left, R right, ContB control network B, ContC control network C, SAA salience/ventral attention network A,
PFCI] lateral prefrontal cortex 1, PFCmp1 medial posterior prefrontal cortex 1, FrMed?2 frontal medial cortex 2,
MDI mediodorsal lateral parvocellular thalamus, mPFC medial prefrontal cortex, dIPFC dorsolateral prefrontal
cortex.
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Fig. 4. Comparison of tACS-induced electric fields across the left and right hemispheres. Simulated electric
field strength (V/m) during bilateral tACS applied to (A) the dIPFC (blue boxes) and (B) V1 (red boxes). For
both the tACS-to-dIPFC and tACS-to-V1 conditions, no significant hemispheric differences were observed.
Box plots indicate the interquartile range (first to third quartiles), with the horizontal line representing the
median; whiskers extend to the minimum and maximum values. Abbreviations: dIPFC dorsolateral prefrontal
cortex, V1 primary visual cortex.
aligns with recent studies demonstrating a temporal sequence of thalamic activity?*?°. Specifically, the sensory-
visual thalamocortical module reflects the role of thalamic subregions in mediating inter-regional coupling and
top-down communication across large-scale cortical networks?®-28. The associative thalamocortical module
corresponds to nuclei such as the intralaminar (centromedian) nucleus, which exhibits the earliest activation
during behavioral arousal transitions?>°. It has also been consistently reported that the ventral posterolateral
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Fig. 5. Three thalamocortical modules. Modularity analysis identified three distinct functional clusters:
the sensory-visual thalamocortical module (green), the associative thalamocortical module (blue), and the
executive-control thalamocortical module (red). The left panel represents the left hemisphere, while the
right panel represents the right hemisphere. The upper sections represent the lateral view, while the lower
sections represent the medial view. The inset highlights thalamic subdivisions. The thalamus is shown from
a dorsal view, with the top oriented toward the anterior side. Notably, only the right thalamus exhibited
significant thalamocortical functional connections. Modules were estimated accordingly, with the included
right thalamic regions highlighted in color. These thalamocortical modules remained consistent across
different tACS conditions. A detailed list of thalamic and cortical regions for each module is provided in
Table S2. Abbreviations: AV anteroventral nucleus, LGN lateral geniculate nucleus, LP lateral posterior, MDm
mediodorsal medial magnocellular, PuA pulvinar anterior, Pul pulvinar inferior, VA ventral anterior, VL
ventral lateral, VPL ventral posterolateral.

thalamic nucleus activates earlier’*. Finally, the executive-control thalamocortical module aligns with higher-
order nuclei, including the mediodorsal thalamus, which are known to support sustained delay-period activity
and prolonged modulation of cortical processing*'~3*. Together, these categorizations highlight how distinct
thalamocortical components contribute sequentially and interactively to information processing.

Hub scores

We calculated hub scores, specifically the participation coefficient (PC) and within-module degree (WMD), to
indicate the degree of interconnection between clusters and within individual clusters, respectively. Consistent
with a previous study®, hub score levels differed between thalamic and cortical regions. The mean PC scores of
the right thalamic areas were 0.5493, 0.5412, 0.5067, and 0.5420 for the no-tACS, tACS-to-V1, tACS-to-mPFC,
and tACS-to-dIPFC conditions, respectively, while the mean PC scores of the cortical regions were 0.3331,
0.3183, 0.3330, and 0.2956 for the same conditions. The WMD values of the right thalamic subregions were
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3.2407, 3.1276, 3.1662, and 3.0579, whereas those of the cortical areas were —0.2269, —0.2189, —0.2216, and
—0.2141 for the same conditions.

Statistical analysis was performed on PC and WMD scores for each cortical and thalamic region that remained
consistent across modules, regardless of tACS conditions. A significant main effect of tACS, FDR-corrected, was
found in WMD scores but not in PC scores (Table S3). Subsequent tests were conducted to identify the specific
tACS condition responsible for significant effects on WMD scores. When comparing the effects of tACS-to-
mPFC and tACS-to-dIPFC, cortical regions within the visual network (i.e., the extrastriate cortex and fusiform
area) exhibited significantly greater WMD scores when tACS was applied to the dIPFC compared to the mPFC
(Table S3). Conversely, in the tACS-to-mPFC condition relative to tACS-to-dIPFC, significantly higher WMD
values were observed in the ventral anterior thalamus and cortical regions associated with the control network
(i.e., the mPFC, dIPFC, orbitofrontal cortex, and inferior parietal lobule; Fig. 3BC and Table S3).

Discussion

The present study revealed the non-invasive neuromodulatory effects of tACS on functional connectivity during
the conscious perception of mental representations in the color flickering task. These findings provide compelling
evidence that tACS can serve as a potent tool for modulating not only node-based brain functions but also
network-level interactions across key nodes. Notably, tACS applied to the primary nodes of canonical functional
networks led to right-lateralized thalamocortical connectivity during the color flickering task. Further analyses
of modularity and hub scores revealed functional clustering among sensory-visual, associative, and executive-
control thalamocortical modules.

ComparedtotACSapplied tothe mPFC, tACS applied to the dIPFCresultedinsignificantly enhanced functional
connectivity within attentional and control-related thalamocortical networks (Fig. 2 and Table S1). For example,
tACS to the dIPFC facilitated thalamocortical communication across higher-order thalamic subdivisions (e.g.,
anterior pulvinar, ventral anterior, mediodorsal lateral parvocellular, and ventral posterolateral thalamic nuclei)
and cortical areas involved in control and salience/ventral attentional networks. Since the dIPFC is a key node of
the central executive network!®34, tACS applied to the dIPFC may promote neural interactions associated with
control and attentional functioning during the color flickering task. From a thalamic perspective, the ventral
anterior thalamus is associated with executive and attentional regulation®’. The tACS-induced reinforcement of
functional connectivity between the ventral anterior thalamus and extrastriate visual cortices suggests a tACS-
modulated interplay between higher-order attentional processes and fundamental visual processing during the
conscious perception of flickering colors. Consistently, we observed that tACS applied to the mPFC significantly
enhanced WMD scores in the ventral anterior thalamus, indicating improved intercommunication within this
region. Both the ventral anterior and mediodorsal lateral parvocellular (MDI) thalamic nuclei have strong
connections with the prefrontal cortex*>3¢, MDI activity mediates prefrontal contributions to both perceptual
performance® and executive control®®. We observed that dIPFC-tACS strengthened functional connectivity
between the MDI and the frontal salience/ventral attentional network. This is consistent with previous findings
that the MDI serves as a key relay hub between sensory and cognitive systems**, playing a significant role in
attention, working memory, and sensory integration!~*3. Additionally, since the anterior pulvinar is substantially
involved in visual attentional processing®*-%°, tACS may enhance thalamocortical interactions between the
anterior pulvinar and the salience/ventral attentional network in the present study.

Notably, we observed tACS-induced, right-lateralized thalamocortical changes in task-relevant functional
connectivity. Although tACS in the present study was applied bilaterally, its effect on functional connectivity was
particularly evident in the right hemisphere. In line with our findings, during the presentation of color stimuli,
the mean cerebral blood flow velocity in the right posterior cerebral artery was consistently greater than in the
left, and the right visual cortex is known to be selectively sensitive to wavelengths?’. It has also been reported
that the left hemisphere tends to interact more exclusively with itself, particularly in cortical regions involved
in language and fine motor coordination, whereas the right hemisphere is more involved in visuospatial,
attentional, and non-verbal processing*® and interacts in a more integrative manner with both hemispheres®.
Thus, it is likely that tACS administration during the color flickering task facilitated thalamocortical interactions
in an integrative manner to achieve a fused perception of the orange color, resulting in enhanced functional
connectivity, particularly in the right hemisphere.

It is noteworthy that the three clustered modules correspond to the functional and temporal processing stages
of thalamocortical communication. Specifically, considering the fundamental roles of subthalamic regions,
one module appears to be associated with the early processing stage, while another is likely related to the late
processing stage, particularly involving prefrontal functions. This classification is supported by the composition
of the associative thalamocortical module, which includes the anterior pulvinar, ventral posterolateral, and
intralaminar thalamus—key structures involved in the relatively early thalamocortical processing®*?*. In contrast,
the executive-control thalamocortical module consists of the ventral anterior, ventrolateral, and mediodorsal
thalamus, which are strongly connected to prefrontal areas’3. Additionally, the remaining module appears
to represent the principal thalamocortical interaction during the color perception task, primarily involving the
LGN and pulvinar. This suggests that the brain strategically utilizes network resources for visual processing in a
functionally specialized manner.

Moreover, the tACS in the present study facilitated neural interactions not between modules (i.e., PC) but
within modules (i.e., WMD). Specifically, tACS applied to the dIPFC significantly enhanced interaction within
the visual network, while tACS applied to the mPFC significantly enhanced interaction within the control
network and ventral anterior thalamus. Notably, tACS administered to the dIPFC facilitated intercommunication
within the extrastriate cortex and fusiform gyrus. This aligns with the established role of the extrastriate cortex in
processing specific features of visual object recognition®>! and the fusiform area’ active correlation with color
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perception®>33, Presumably, tACS-mediated modulation of the CEN relative to the DMN promoted the essential
processing sequence of color features during the color flickering task.

Comparedto tACSapplied to the dIPFC, tACS applied to the mPFCsignificantly increased intercommunication
within the control-related network, including the mPFC, dIPFC, orbitofrontal cortex, and inferior parietal
cortex. This suggests that tACS applied to the mPFC efficiently modulated not only the mPFC (a key node of the
DMN) but also the dIPFC (a key node of the CEN). This is plausible because the CEN and DMN are functionally
connected; the CEN is mutually anti-correlated with the DMN, and their interaction is regulated by the salience
network!>-%18, Thus, tACS administered to the mPFC could influence not only the DMN but also the CEN.
Additionally, as the orbitofrontal cortex and mPFC are functionally linked, particularly in decision-making and
inhibitory control®*->¢, tACS applied to the mPFC was able to modulate WMD scores in the orbitofrontal cortex.
Similarly, improved inter-networking within the inferior parietal cortex could be achieved by tACS applied to
the mPFC during the color flickering task. This effect may be attributed not only to the functional connection
between the mPFC and the inferior parietal cortex but also to the inferior parietal cortex’s involvement in
perception®’, response inhibition®, and working memory>®. Accordingly, tACS applied to the mPFC could
facilitate functional interplay within the inferior parietal cortex.

However, the findings should be interpreted with caution considering several limitations. First, stimulation
frequencies differed across target regions to induce resonance with their predominant oscillatory dynamics
(occipital alpha, prefrontal beta), raising the possibility that observed effects may partly reflect frequency-specific
influences rather than network-node targeting per se. Accordingly, for instance, V1-related inferences may need
to be considered exploratory. To mitigate this concern, harmonically related frequencies were selected (9 Hz for
occipital alpha; 18 Hz for prefrontal beta). Notably, comparisons between dIPFC and mPFC are less susceptible
to this confound, as both regions were stimulated at the same beta frequency (18 Hz). Second, the no-tACS
condition involved the absence of current delivery. Although this controls for task-related effects, it does not
account for cutaneous sensations or arousal associated with stimulation, and therefore may not constitute a fully
adequate sham control, particularly for behavioral outcomes. Third, although a clear and consistent relationship
between tACS-induced neural modulation and behavioral changes would support a robust brain-behavior
relationship, no detectable behavioral consequences of the neural effects were observed in the present study.
Therefore, this constraint should be considered when interpreting the findings. Future studies should further
refine experimental designs to address these limitations.

To sum up, our findings provide compelling evidence for the feasibility of network-level tACS administration
in modulating task-relevant functional connectivity and intercommunication within the module. Almost
all cortical functional processing heavily relies on thalamic interactions. Since neural interactions across
thalamocortical networks are essential for regulating cognitive functions, tACS may serve as a potent tool for
intentionally and selectively manipulating brain network dynamics, ultimately influencing human cognitive
behavior. Furthermore, it holds potential for applications in treating cognitive impairments and clinical
populations.

Materials and methods

Participants

The research included thirty-five healthy individuals (average age: 24.8 +2.9 years, SD; 20 males). All participants
possessed normal or corrected-to-normal vision and successfully completed the Ishihara color test, verifying
the absence of color blindness. They reported no history of neurological or psychiatric conditions, MRI
contraindications, or current/past issues with alcohol or drug abuse or dependence. Additionally, none were
using illicit substances. Each participant provided written informed consent and was compensated for their
participation. The study complied with ethical guidelines established by the Institutional Review Board of Korea
University (Approval No. KUIRB-2021-0209-08) and the Declaration of Helsinki (World Medical Association,
2013).

Materials and procedure

For this study, we conducted a new analysis of the dataset collected by Seo and Min®. The study presented stimuli
using a 5x5 grid of 3-mm round, diffused red and green light-emitting diode (LED) lights (model number:
100F3W-YT-REGR-CA, Chanzon Technology). The grid, consisting of five rows and five columns of LEDs, was
mounted on a black panel with a 1-cm gap between adjacent rows and columns. The red and green LEDs emitted
wavelengths of 620-625 nm and 515-520 nm, respectively, targeting human retinal long-wave and middle-wave
photoreceptors, which exhibit peak responses at mean absorbance wavelengths of 562.8 nm (red) and 533.8 nm
(green), as noted by Bowmaker and Dartnall®®. Monochromatic testing, based on the CIE 1931 RGB color-
matching function, revealed maximal peak emissions of approximately 610 nm for red and 540 nm for green. To
control for luminance effects, the intensity of both colors was adjusted to around 800 mcd. A thin plastic diffuser
was placed over the LED grid to ensure uniform light dispersion.

The experimental design employed in this study aimed to investigate neural interactive changes in the
thalamocortical network, as in the previous MEG® and fMRI"# studies. This study employed a 50-ms flickering
condition to investigate subjective perceptual differences between fusion and non-fusion conditions. Despite
identical 50-ms flickering stimuli, participants occasionally reported perceiving different colors, such as red and
green (non-fusion) or orange (fusion). We propose that this difference is optimal for exploring the top-down
aspects of conscious perception. The presentation involved alternating red and green LED flickers, each lasting
50 ms, with trials lasting 5 s and intertrial intervals varying between 6 and 10 s (average 8 s). To prevent retinal
afterimages, a 5-ms gap was introduced between consecutive red and green stimuli, allowing the previous color
impressions to fade®!. Participants were instructed to press a button with either their right or left thumb to
indicate their perception of a fused orange color, with response hands balanced across participants. To minimize

Scientific Reports |

(2026) 16:16997 | https://doi.org/10.1038/s41598-026-48061-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

movement artifacts, they were asked to press the button only after the conclusion of each 5-second flickering
presentation.

During the entire fMRI scanning session (15 min 10 s) of the color-flickering task, tACS was delivered online
using an MR-compatible MxN 65 high-definition (HD) transcranial electrical stimulator (tES) system (Soterix
Medical Inc., New York, USA). TACS intensities were maintained below each participant’s sensory threshold,
with peak-to-peak amplitudes ranging from 0.2 to 1.5 mA, customized for each individual. Targeted regions for
tACS included the left/right V1, mPFC (a primary DMN node), and left/right dIPFC (a primary CEN node).
The SimNIBS software (ver. 3.2.6, DRCMR & DTU, Denmark)®? and tES LAB stimulation software (ver. 3.0,
Neurophet, Seoul, Korea) were used to ensure accurate targeting of stimulation areas prior to the main study
(Fig. 6D). The mean electric field intensity reached 0.12 V/m at the stimulated cortical regions.

Participants took part in two experimental sessions, each spaced at least two days apart, during which they
received two randomly assigned treatments among no-tACS, tACS-to-V1, tACS-to-mPFC, and tACS-to-dIPFC.
In the ‘no-tACS’ condition, participants performed the color flickering task without tACS. Both participants and
examiners were blinded to the type of stimulation administered. Each session comprised two fMRI scanning
runs, with each run assigned a different tACS treatment and separated by a short break. The order of tACS
treatments was counterbalanced among participants. The color flickering task was repeated in each run to assess
the impact of tACS on color perception performance, with thirty trials per run in the 50-ms flickering condition.

To align the 50-ms flickering frequency with perceptual processing, 9 Hz was used when consecutive inputs
of two colors were perceived as a single unit (100 ms with a 10-ms gap), and 18 Hz was used when each color was
perceived as an individual unit (50 ms with a 5-ms gap). Both frequencies were employed as tACS stimulation
frequencies. Given that electroencephalography (EEG) alpha activity predominantly occurs in the occipital
region and EEG beta activity is associated with top-down processing in the prefrontal region®-%, 9 Hz (alpha
band) was applied to V1 (tACS-to-V1), while 18 Hz (beta band) was applied to the prefrontal region (targeting
the dIPFC and mPFC; tACS-to-dIPFC and tACS-to-mPFC). Although the occipital alpha frequency (9 Hz)
and frontal beta frequency (18 Hz) were chosen for the respective tACS conditions, these distinct frequencies
might induce different brain activation patterns, which should be considered when interpreting the results. As
shown in Fig. 6C, a sample channel montage illustrating the placement of both stimulation input electrodes and
surrounding return electrodes®. The currents of all stimulation and return channels were adjusted to ensure that
the total current sum remained at zero.

FMRI data acquisition

MR images were acquired using a Siemens 3T MAGNETOM Trio Tim Syngo scanner (Siemens Healthcare,
Erlangen, Germany) equipped with a 32-channel head coil. Participants were briefed on the experimental
procedure and familiarized with the setup and stimuli prior to the experiment. They were instructed to keep
their eyes open and focus on the LED panel located outside the MRI shielding room, visible through a mirror
attached to the head coil. The LED light, viewed through an electromagnetically shielded window, was positioned
approximately 520 cm from the participants, creating a visual angle of 0.8°. To enhance color perception, the
LED flickering experiment was conducted in a dark environment, both inside and outside the MRI shielding
room.

FMRI data were acquired using an echo-planar imaging (EPI) sequence, with the initial 5 volumes
(~10 s) discarded, yielding a total of 455 volumes (~ 15 min 10 s) [repetition time (TR)=2,000 ms, echo time
(TE)=30 ms, flip angle (FA)=90°, multi-band acceleration factor = 3, acquisition matrix =96 x 96, field of view
(FOV)=192x192 mm?, in-plane voxel size=2x2x2 mm?, 75 transverse slices, no slice gap]. After the fMRI
data collection, three-dimensional anatomical images were obtained using a magnetization-prepared rapid
gradient-echo (MP-RAGE) for each participant [TR =2,300 ms, TE=2.13 ms, inversion time (TT)=0.9s, FA=9°,
acquisition matrix =256 x 256, in-plane voxel size=1x 1x 1 mm?, 224 sagittal slices].

Spatial pre-processing for fMRI data

MRI data pre-processing was performed using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12).
Standard task-based fMRI pre-processing steps were applied, including slice-timing correction (with the first
slice as the reference), realignment for motion correction, co-registration, segmentation of gray and white matter,
normalization to the Montreal Neurological Institute (MNI) template, and spatial smoothing using a 6-mm
full-width at half-maximum (FWHM) Gaussian kernel. To reduce potential head-motion effects, participants
were excluded based on the following criteria: (1) average head movement (frame-wise displacement, FD)
exceeding 0.2 mm and (2) more than 30% of volumes showing high motion (relative FD >0.2 mm). As a result,
five participants were excluded due to excessive motion during the fMRI session. Additionally, nine participants
were excluded for the following reasons: three were unexpectedly taking psychotropic medications before the
experiment, five exhibited one-directional responses (all non-fusion) during the no-tACS fMRI session, and one
reported one-directional responses (all non-fusion) during the tACS-to-dIPFC session. Ultimately, behavioral
and neuroimaging data from 21 participants were included in the analysis. As the typical fMRI results were
reported in our previous study?, the present study focused on network analyses.

Thalamocortical functional connectivity

Significant alterations in thalamocortical functional connectivity suggest that tACS may modulate specific
information flows in the brain, with even minor fluctuations potentially influencing functional organization.
To clarify the neuromodulatory mechanisms underlying tACS effects on brain network dynamics, we examined
its influence on functional connectivity. The brain regions were defined using the Schaefer 200 atlas for cortical
regions®? and the Automated Anatomical Labeling 3 (AAL3) atlas for bilateral thalamic regions?’. For each
region of interest (ROI), regionally averaged fMRI time series were extracted and temporally preprocessed using
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A. Task flow B. Experimental design
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standard procedures: (1) linear detrending, (2) removal of confounding effects from six rigid motion parameters,
their derivatives, and five principal components derived from white matter and cerebrospinal fluid (CSF)
masks, and (3) band-pass filtering (0.009-0.25 Hz) to capture low-frequency fluctuations in fMRI signals®-7°.
Functional connectivity was estimated by calculating the Pearson correlation coeflicient between the time series
of each pair of regions. All correlation coeflicients were normalized via Fisher’s r-to-z transformation to improve
normality for further analyses. These procedures were repeated for each tACS condition (no-tACS, tACS-to-V1,
tACS-to-mPFC, and tACS-to-dIPFC). To examine associations between bilateral thalamic areas and cortices,
statistical analyses were conducted separately for right-thalamocortical and left-thalamocortical connections
(i.e., a total of 2,800 functional connections =200 cortical areas x 14 thalamic areas).
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«Fig. 6. Experimental design and tACS neuromodulation. (A) Red and green LED stimuli alternated in 50-ms
flickers within 5-s trials, with intertrial intervals of 6-10 s (mean 8 s). Participants indicated the perception of a
fused orange color by pressing a button. To minimize motion artifacts, responses were made only after the end
of each 5-s flickering presentation. (B) Participants completed two experimental sessions separated by at least
two days, receiving two randomly assigned conditions from four treatments (tACS-to-dIPFC, tACS-to-mPFC,
tACS-to-V1, and no-tACS). During the entire fMRI scanning session (15 min 10 s) of the color-flickering
task, tACS was delivered online. In the no-tACS condition, the color-flickering task was performed without
electrical stimulation. (C) tACS channel montage for tACS to the dIPFC (left), tACS to the mPFC (middle),
and tACS to V1 (right). Red indicates the stimulation channels, while blue represents the surrounding return
channels. Each green ring marks a modular subset of stimulation and return channels for each target region.
The number of tACS channels was matched across the three tACS conditions. (D) Simulation of the tACS-
induced electric field when tACS was administered to the dIPFC (left; top view), the mPFC (middle; sagittal
view), and V1 (right; back view). The unit normE denotes the normalized strength of the induced electric field
(V/m), with high intensities indicated in red and low intensities in blue. Abbreviations: dIPFC dorsolateral
prefrontal cortex, mPFC medial prefrontal cortex, VI primary visual cortex.

Modularity and hub scores

By defining modularity and estimating hub scores of the brain for each tACS condition, we explored the
neuromodulatory effects of tACS on brain functional organization. Modularity describes how the brain is
organized into modules, allowing for specialization within distinct systems. In addition, hub scores represent
the degree of interconnection between clusters and within each cluster. We applied this network analysis to
thalamocortical functional connections across the bilateral cortex and thalamus.

The thalamocortical functional connections were clustered using modularity optimization and consensus
clustering’!. After confirming the robustness of the modularity results across thresholds (10-50%, in 5%
increments), the top 30% of the functional connectivity matrix was selected as a representative threshold for
modularity estimation. To construct a symmetric matrix, a zero block matrix was added, corresponding to the
number of regions within the cortex (n=200) and thalamus (n=14), resulting in a 214 x 214 symmetric matrix’2.
To validate the optimized module structure, the modularity quality (Q) value was calculated for each modularity
configuration”®. All thalamocortical connections in each tACS condition were divided into three modules.
Subsequently, we evaluated the Q value, which indicates how well nodes in a network are categorized into
modules. The Q values typically range between 0.3 and 0.7 in networks with meaningful modular organization’,
and values above 0.3 generally indicate the presence of significant community structures within a network”.

Furthermore, we calculated hub scores, including the participation coefficient (PC) and within-module
degree (WMD), to evaluate node properties’®. The PC reflects the extent to which a node connects across different
modules, while the WMD measures the degree centrality within its own module. Nodes with relatively higher
PC scores are more likely to function as connector hubs, facilitating inter-modular connectivity, compared to
those with lower scores. In contrast, nodes with higher WMD scores are more likely to act as provincial hubs,
primarily collaborating within their own module.

Statistical analysis

A two-way repeated measures analysis of variance (ANOVA) was conducted to assess the effects of tACS
conditions (no-tACS, tACS-to-V1, tACS-to-mPFC, and tACS-to-dIPFC) and response types (fusion and non-
fusion) on perceptual outcomes during the color-flickering task. The perceptual outcomes were measured by
the number of button presses for each of the fusion and non-fusion perceptions. Under the no-tACS condition,
we analyzed the main effect of hemisphere (FDR-corrected) to investigate hemispheric differences in baseline
thalamocortical functional connectivity. Additionally, a one-way repeated measures ANOVA was performed
to determine whether functional connectivity varied across tACS conditions. A one-way repeated measures
ANOVA was conducted across all 2,800 connections (200 cortical x 14 thalamic). Connections exhibiting a
significant main effect of tACS (FDR-corrected) were subsequently identified, followed by post hoc comparisons.
After analyzing the impact of tACS on thalamocortical functional connectivity, network analyses were applied to
the functional connectivity matrix.

For each tACS condition, modularity was identified as a characteristic module, and a one-way repeated
measures ANOVA was used to evaluate differences in hub scores across tACS conditions. When significant
main effects of tACS were detected in thalamic or cortical regions, post hoc tests were conducted to identify
the specific tACS condition responsible for these effects. To address multiple comparison issues across multiple
functional nodes or connections, the false discovery rate (FDR) correction was applied (FDR <0.05). All analyses
were conducted using MATLAB (ver. R2021a, MathWorks, Natick, USA), and modularity and hub scores were
calculated using the Brain Connectivity Toolbox (BCT: https://sites.google.com/site/bctnet/)””.

Data availability
Anonymized derivatives (e.g., unthresholded statistical maps) will be made available when feasible. The data and
analytical tools used in this study are available from the corresponding author upon reasonable request.
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