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Abstract

Introduction: Chronic insomnia necessitates novel therapeutic strategies. While transcranial alternating current
stimulation (tACS) shows promise, its neural mechanisms remain elusive.

Methods: We conducted a 4-week, double-blind, randomized, sham-controlled trial to investigate the effects of
high-intensity tACS (15 mA). Eighteen patients completed the protocol and longitudinal resting-state fMRI.
Results: Clinical results demonstrated a significant reduction in Pittsburgh Sleep Quality Index (PSQI) scores within
the active tACS group [13.8 (3.0) vs. 7.7 (3.0), p < 0.001], indicating substantial clinical improvement, whereas the
sham group showed no significant change [13.8 (2.9) vs. 13.9 (2.4), p = 0.74]. Furthermore, the spontaneous brain
activity exhibited extensive reductions in both the Default and Salience/Ventral Attention networks, showing a
negative correlation with increase in clinical sleep scores. The functional connectivity was significantly altered
within the Default and Salience/Ventral Attention networks, and the majority of changes displayed a decreasing
trend. Graph theoretical analysis revealed a topological reorganization in these networks, characterized by
reduced clustering coefficients and characteristic path lengths, coupled with increased global efficiency.
Conclusion: The study provides valuable insights into the potential mechanisms of tACS as an innovative
intervention for improving sleep quality in insomnia, contributing to further research and optimization for
insomnia treatment.

Keywords: Insomnia; fMRI; Transcranial alternating current stimulation (tACS); Default and Salience/Ventral
Attention networks; Functional connectivity.
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Introduction

Insomnia is the most prevalent sleep disorder worldwide, affecting a large portion of the general population [1-3].
It is characterized by difficulties in falling asleep, staying asleep, or experiencing restorative sleep, leading to
daytime fatigue, impaired cognitive function, and reduced quality of life. First-line non-drug treatments for
insomnia include cognitive behavioral therapy for Insomnia (CBT-I), relaxation, cognitive therapy, and behavioral
techniques [4, 5]. Although CBT-I could significantly reduce the symptoms of insomnia in the short and long term,
it does have several limitations, such as the limited accessibility of qualified therapists, high time commitment,
and significant economic costs required for face-to-face therapy. Furthermore, only some of the patients respond
to CBT. Currently, there is no global consensus on which approved hypnotic drugs provide the best balance of
efficacy and risk-benefit ratio for treating insomnia [6]. Traditional Benzodiazepine Receptor Agonists (e.g.,
triazolam and temazepam) are effective for both sleep onset and maintenance but are burdened by safety
concerns, ranging from residual sedation and cognitive impairment to long-term risks of dependence and
dementia [7, 8]. Newer agents, specifically Dual Orexin Receptor Antagonists (DORAs, including suvorexant and
daridorexant) offer a safer alternative by targeting the orexin system to improve sleep maintenance with reduced
dependence potential [8, 9]. However, despite this progress, clinical limitations persist; specifically, concerns
regarding residual daytime sedation and potential metabolic drug-drug interactions remain significant challenges
[10-12]. Consequently, there is a clear need for therapeutic modalities that circumvent these pharmacokinetic
constraints.

Non-invasive brain stimulation (NIBS), which modulates cortical excitability directly without systemic metabolic
burden, represents a promising complementary strategy to address these unmet medical needs. Transcranial
alternating current stimulation (tACS) is a notable NIBS technique that has shown potential in modulating
therapeutic outcomes across various neurological and psychiatric disorders [13]. Evidence from both cadaveric
models [14] and in vivo studies including patients with drug-resistant epilepsy [15] or major depressive disorder
[16], indicated that applying alternating current at specific intensities could effectively penetrate to intracranial
and deep brain nuclei, providing a solid physiological foundation for its application in insomnia. However, earlier
studies on tACS for insomnia yielded inconsistent results, likely due to low-intensity current, stimulation places,
current frequency, stimulation duration [17, 18]. To address this, our recent work demonstrated that a specific
tACS protocol (15 mA, 77.5 Hz, delivered via forehead and mastoid montage) was safe and effective for chronic
insomnia over an 8-week period [18]. A subsequent multicenter study (n = 120) replicated these clinical findings
[19]. Nevertheless, the majority of clinical effects were assessed through face-to-face diagnostic questionaries,
and cerebral function variations were primarily evaluated using EEG or local field potentials. While valuable, these
methods lack the spatial resolution to capture whole-brain functional connectivity, leaving the neural
mechanisms for the tACS protocol largely unexplored. It is therefore valuable to investigate cerebral function
variations to precisely elucidate the impact of tACS, facilitating its accelerated clinical application.

Gaining a deeper understanding of the mechanisms underlying tACS in treating insomnia is essential for refining
treatment protocols and enhancing therapeutic outcomes. While insomnia has heterogeneous etiologies, the
convergence of nighttime and daytime symptoms suggests a shared neurobiological substrate [20]. In the classic
network model [21], the Default network (DMN) plays a crucial role in self-referential thinking and emotional
regulation [22, 23], whereas the Salience/Ventral Attention network (SalVentAttn) is primarily responsible for
detecting significant stimuli and redirecting attention [24]. Research has indicated that both the DMN and
SalVentAttn play critical roles in insomnia, with disruptions in their connectivity correlated with subjective sleep
disturbances and increased arousal [25-28, 20]. These disturbances can lead to maladaptive emotional regulation
and challenges in integrating emotional states. Furthermore, the impaired coordination between these two
networks may contribute to the pathophysiological mechanisms underlying insomnia. We hypothesize that tACS
can modulate these networks by stimulating the prefrontal cortex (PFC), thereby attenuating heightened arousal
states associated with rumination and attention control deficits. Understanding the effectiveness of tACS in this
context is crucial, as it may offer a novel approach to addressing the neurobiological factors contributing to
insomnia. To investigate this further, advanced imaging techniques can provide valuable insights. Among these,
magnetic resonance imaging (MRI) is the most widely utilized method for comprehending the underlying brain
mechanisms. By combining tACS with MRI, we aim to elucidate the potential neural pathways through which tACS
enhances brain activity and improves sleep quality in individuals suffering from insomnia.

Materials and Methods
Study design
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This randomized, double-blind, sham-controlled trial was conducted at Xuanwu Hospital of Capital Medical
University and Guang'anmen Hospital of China Academy of Chinese Medical Sciences, Beijing, China from May
2018 to December 2019. This trial is reported in accordance with the CONSORT 2025 statement (see CONSORT
checklist in Supplementary file). The protocol was approved by the Ethics Committee of Xuanwu Hospital
[Approval No. LXS (2017) 003-Amendment-2 & LXS (2025) 340-Amendment-2] and adhered to the Declaration of
Helsinki. The protocol was registered at the Chinese Clinical Trial Registry (ChiCTR1800016480). All participants
provided written informed consent. Clinical assessments and MRI scanning were conducted at baseline and post-
intervention (Figure 1).

Participants

Adult patients diagnosed with chronic primary insomnia were recruited based on the following inclusion criteria:
i) age between 18-65 years, ii) both male and female, iii) diagnosis of chronic primary insomnia based on the
Diagnostic and Statistical Manual of Mental Disorders fourth edition (text revision) (DSM-IV-TR), iv) having had at
least 3 nights per week of difficulties in falling asleep/maintaining sleep/early morning awakening for more than 3
months, v) having had a significant impairment of daytime functioning (i.e. a score of 22 on the Daytime
Dysfunction section of the Chinese version of the Pittsburgh Sleep Quality Index (PSQl)), vi) having a baseline total
score > 8 on the PSQl, vii) not taking hypnotics or medications for insomnia for at least 4 weeks before the
baseline visit, viii) agreeing to use birth control (for female patients aged 18-50 years) during the study period,
and ix) agreeing not to take pharmacological or other nonpharmacological treatment during the whole trial [18].
Participants were excluded based on the following criteria: i) current medical conditions that may impact sleep, ii)
a history of seizures, iii) the presence of a lifetime history of comorbid mental disorder(s) that was ascertained by
the Mini-International Neuropsychiatric Interview (M.I.N.1.), iv) active current suicidal intent or plan according to
the ML.L.N.I., v) prior exposure to electroconvulsive therapy, transcranial magnetic stimulation, or transcranial
direct current stimulation, vi) having a cochlear implant, a cardiac pacemaker, an implanted device (i.e., deep
brain stimulation), or metal in the brain, vii) being pregnant or lactating, viii) being a night shift worker, ix) history
of comorbid sleep disorders (e.g., sleep apnea, restless legs syndrome), and x) participation in concurrent clinical
trials [18].

Study procedure

At the initial screening, all subjects underwent evaluation using the Chinese version of the M.L.N.I. to assess the
presence of mental disorders. At baseline, demographic data, including age, sex, marital status, education, and
employment status were collected, alongside clinical data such as body mass index, pregnancy status, personal
history of surgery, family history of insomnia, personal previous history of insomnia, alcohol use/abuse, substance
use/abuse and nicotine dependence. The duration of any previous medical conditions was documented through
participant interviews and previous medical records.

Following baseline assessment, patients were randomized in a 1:1 ratio to receive either active or sham tACS
intervention for 4 continuous weeks. Randomization was performed using a computer-generated sequence
created by an independent statistician from the Clinical Epidemiology Laboratory at Beijing Chao-Yang Hospital.
tACS intervention was administered for 4 consecutive weeks, with sessions conducted daily (Monday through
Friday). Each session lasted 40 minutes, resulting in a total of 20 treatment sessions. Participants also underwent
two MRI scanning sessions, one at baseline and one at the end of the 4-week intervention, to evaluate brain
structural and functional changes in correlation with the assessment of insomnia severity measured by the PSQl
total scores.

Instruments

The M.L.N.I. is a commonly used structured diagnostic interview that allows the diagnosis according to the DSM-
IV-TR and ICD-10 [29]. The reliability and validity of the Chinese version 5.0 are consistent with the English version
[18]. The PSQl is a 19-item self-report questionnaire and it is widely used to measure overall sleep quality [30].
The Chinese version of the PSQI has been validated with psychometric properties [31].

tACS intervention

Intervention was delivered using the Nexalin ADI tACS and pseudo-stimulators (Nexalin Technology, Inc., Houston,
TX, USA). Active and sham stimulators were identical in appearance and operation, ensuring double-blinding for
both participants and operators. The sham devices were programmed to deliver no current.
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tACS intervention was administered by two trained nurses at a fixed daytime schedule. Each session lasted 40
minutes. Three electrodes were applied to the scalp as described previously [18, 16]. Briefly, one 4.45 x 9.53 cm
electrode was placed over the forehead (Fpz, Fp1, and Fp2 in the 10/20 international placement system) and two
3.18 x 3.81 cm electrodes were placed over the mastoid areas. Stimulation was delivered using a 15-mA
alternating current at a frequency of 77.5 Hz. These specific parameters were derived from our prior
stereoelectroencephalography (SEEG) study [15], which demonstrated that this intensity is required to induce
significant local field potential modifications in deep brain targets (insula, hippocampus, and amygdala). The 77.5
Hz frequency was selected based on established evidence of its capacity to modulate relevant neurochemical
pathways [32, 33]. Each session lasted 40 minutes, during which participants were seated in a reclined chair and
instructed to relax with eyes closed, minimizing movement and external interaction.

MRI data acquisition

High-resolution T1-weighted (T1w) anatomical images and resting-state functional MRIs (rs-fMRI) were acquired
on 3.0 T Siemens Magnetom Trio scanner with an 8-channel head coil. T1w scans were acquired using a MPRAGE
sequence (176 sagittal slices, repetition time (TR) = 1600 ms, echo time (TE) = 2.13 ms, flip angle = 9°, matrix =
224 x 256, voxel size = 1 x 1 x 1 mm3). The rs-fMRI data were acquired using a 2D-EPI sequence (TR/TE/flip angle =
2000 ms/30 ms/90°, matrix = 64 x 64, 180 volumes, voxel size = 3.4 x 3.4 x 4 mm3).

Structural MRI processing

Surface-based analysis was performed on the structural MRI data via FreeSurfer (v7.4.1) [34] and FSL (v5.0.9). Pre-
processing involved several steps, including skull stripping, reorienting, and correcting for intensity non-
homogeneity. Subsequently, the pre-processed images underwent processing through the Freesurfer recon-all
pipeline [34]. In the native space, segmentations and reconstructions of the grey-white interface and pial surfaces
were generated. These individual surfaces were later registered to the fs_LR 32k surface mesh (Conte69
template) [35] with a spherical representation. The whole cerebral cortex was parcellated into 400 functionally
homogenous regions according to the Schaefer 400 atlas [36]. Each brain region was classified as one of seven
networks: the Visual (Vis), Somatomotor (SomMot), Dorsal Attention (DorsAttn), Salience/Ventral Attention
(SalVentAttn), Limbic, Frontoparietal Control (Cont), and Default network, based on the parcellation given by Yeo
et al. [21].

fMRI pre-processing

All rs-fMRI data were preprocessed by using AFNI (v23.1.10, National Institutes of Health, USA) and FSL (v5.0.9).
The preprocessing of rs-fMRI data included the following steps: removal of the first five time points, slice-timing
correction, head motion correction, high-pass filtering (> 0.01Hz), denoising via ICA-AROMA and FIX (FSL).
Subsequently, the fMRI images were registered to the T1-weighted images using boundary-based registration.

To mitigate motion artifacts, volumes with framewise displacement exceeding 0.4 mm were defined as outliers.
Outlier volumes along with their preceding/subsequent time points were censored and then interpolated using
Lomb-Scargle periodograms for low-pass filtering. Simultaneously, regression was performed to remove the
influence of nuisance signals from white matter and ventricular regions. Subsequently, the rs-fMRI images were
registered to the native mid-thickness surface and resampled onto the fs_LR 32k surface mesh with a 10 mm
smoothing kernel, to improve the visualization and analytical quality of the data.

Amplitude of Low-Frequency Fluctuations (ALFF) was calculated via Fast Fourier Transform, segregating them into
frequency domains, and subsequently quantifying the power of low-frequency (typically 0.01-0.1 Hz) fluctuations.
Beyond the standard low-frequency band (0.01-0.1 Hz) used for ALFF, power spectral density (PSD) was
computed across the full frequency spectrum. The surface-based ALFF calculations for individual subjects were
performed using the Connectome Computation System, which allows for the analysis and visualization of brain
connectivity and activity patterns [37].

Graph theoretical analysis

Functional connectivity networks were constructed using the 400-ROI parcellation. Nodal time series were
extracted by averaging voxel-wise signals within each ROI. Edges were defined by Pearson correlation coefficients
between ROI pairs, followed by Fisher’s r-to-z transformation. To account for the strength of negative
correlations, absolute values of the matrix were utilized. Binary undirected graphs were generated by applying an
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absolute threshold of |r| > 0.3 to the connectivity matrix. Topological properties were calculated using NetworkX
and the Brain Connectivity Toolbox (BCTpy).

The research analyzed the global and local features of the functional connectivity network in patients pre- and
post-tACS treatment. Global features were extracted, including characteristic path length, global efficiency, mean
clustering coefficient, modularity, and small-worldness index. Local features included betweenness centrality,
node clustering coefficient, degree centrality, and local efficiency. The selection of these parameters was based
on previous literature as they can quantify network integration (clustering coefficient), modularity, node influence
and importance (degree centrality, betweenness centrality), information flow (characteristic path length, global
efficiency, local efficiency), and small-world attributes.

Statistical Analyses

We compared the network’s average ALFF between the pre- and post-tACS treatment group by paired t-test.
Surface-based analysis was performed using BrainStat [38]. Graph theoretical analysis was performed by
Permutation Analysis of Linear Models (PALM) in FSL (5000 permutations). For these analyses, multiple
comparisons were corrected using the False Discovery Rate (FDR) method. Statistical significance was set at prpr <
0.05. Network analysis were performed by employing the Network-Based Statistics (NBS) method (t threshold =
2.5) via connectomestats of MRtrix3.0 [39]. Two separate one-tailed t-tests (contrasts: Post > Pre and Pre > Post)
were performed to identify subnetworks with significantly increased or decreased connectivity, respectively.
Significance was assessed using Family-Wise Error (FWE) correction (prwe < 0.05), with uncorrected p < 0.05
reported as trend-level findings. Additionally, associations between the changes in clinical PSQI scores and ALFF
values of significant clusters within each network were explored using Pearson partial correlation coefficients
with gender and age as covariates, and these results were corrected for multiple comparisons using FDR.

Results

Demographics and behavioral measures of participants and clinical outcomes

Thirty-four chronic insomnia participants were enrolled and received tACS treatment. Among them, 16 patients
were excluded for the analysis: 4 terminated prematurely due psychotropic medication(s) intake during the study
period, 6 due to emerging medical conditions, and 6 due to declining continuation of tACS treatment. Therefore,
18 patients were finally recruited for this study and their data were analyzed. The demographic characteristics of
the finally enrolled 18 patients are shown in Table 1. At baseline, the PSQI total score was 13.8 + 3.0. At the end
of study, the PSQI total score was 7.7 + 3.0. The difference in PSQI total score between pre- and post- tACS
treatment was statistically significant (p < 0.001, t = -10.203). While this reduction indicates a substantial clinical
improvement, the post-treatment mean remains slightly above the clinical threshold for full remission (PSQl < 7),
suggesting a marked but incomplete remission of insomnia symptoms following the 4-week intervention.

For the sham group, 35 participants were initially enrolled. Of these, 16 patients were excluded: 3 due to
declining continuation of tACS, 8 due to psychotropic medication(s) intake, and 5 due to not receiving fMRI. Thus,
19 patients were included in the final analysis. Baseline PSQI total score of sham group participants was 13.8 +
2.9, and the post-treatment PSQI total score was 13.9 £ 2.4. The change in PSQl score before and after sham tACS
treatment was not statistically significant (p = 0.74, t = 0.335).

These results demonstrate that 4 weeks of active tACS treatment, but not sham stimulation, led to significant
improvements in sleep quality. Given this clinical efficacy, we proceeded to investigate the underlying cerebral
functional alterations associated with tACS treatment using rs-fMRI.

tACS-induced suppression of spontaneous neural activity

At resting-state, the intensity of the BOLD signal spontaneously fluctuates over time. These spontaneous neural
activities exist among different brain networks and exhibit various fluctuational patterns across different
frequency ranges. To evaluate the modulation of spontaneous cortical activity intensity in patients with chronic
insomnia, we computed ALFF of the BOLD signal (0.01-0.1 Hz). We utilized the Yeo 7-network parcellation [21]
and a specific prefrontal cortex (PFC) region as the target site of stimulation defined via the Schaefer 400 atlas
(Figure 2A).

Post-tACS treatment assessments revealed a distinct shift in neural activity patterns. Specifically, probability
density analysis confirmed a leftward shift in the whole-brain ALFF distribution following active tACS, a pattern
not observed in the Sham group (Figure 2B and 2C). Spatially, this decreasing trend was evident across the
majority of cortical regions, with the exception of limited areas within the left sensorimotor cortex (Figure 2D).
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Quantitative analysis of the Yeo 7 networks and the targeted PFC region demonstrated significant reductions in
mean ALFF values in the Active group. Specifically, paired t-tests (FDR corrected) revealed significant suppression
in the Salience/Ventral Attention (Figure 2E, prpr = 0.014, t = -3.159), Limbic (prpr = 0.006, t = -4.123), Control (pror
=0.020, t = -2.804), Default network (pror = 0.014, t =-3.061), and PFC (prpr = 0.014, t = -3.359). Additionally, a
marginal significance in mean ALFF reduction was also observed (prpr = 0.054, t =-2.210) in the Dorsal Attention
Network. No significant changes were detected in the Visual or Somatomotor networks.

To verify these findings across the full frequency spectrum, we performed a Power Spectral Density (PSD) analysis
(Supplementary Figure S1). Consistent with the ALFF findings, the spectral analysis indicated a broad reduction in
power following Active tACS treatment, primarily driven by attenuation in the low-frequency range. Significant
reductions in network average power after treatment were observed in the Salience/Ventral Attention (prpr =
0.043, t =-2.669), Limbic (prpr = 0.022, t = -3.509), Default network (pepr = 0.047, t = -2.491), and PFC (pror = 0.041,
t =-2.883). A marginal significance in mean power reduction was also observed (pepg = 0.059, t = -2.259) in the
Control network. This convergence of ALFF and PSD metrics suggests that tACS exerts a robust inhibitory effect on
intrinsic neural fluctuations throughout the brain, particularly within key cognitive and emotional regulation
networks like the Salience/Ventral Attention, Limbic, Control and Default network, which might be a potentially
critical role of tACS therapy in alleviating insomnia symptoms.

Localized ALFF alterations and their association with sleep improvement

While the preceding network-based analysis provided a global perspective on functional alterations, it relied on
predefined boundaries that might overlook localized changes in other relevant regions. To address this and
uncover the precise neural mechanisms underlying the therapeutic effects of tACS without a priori spatial
assumptions, we further examined vertex-wise changes in ALFF. Vertex-wise paired t-tests (FDR corrected, pror <
0.05) identified significant clusters of reduced ALFF in the Active group following treatment (Figure 3A).
Compared to pre-treatment, significant ALFF reductions were located in the PFC, temporal lobe, and anterior
cingulate cortex (ACC) regions, whereas no significant clusters were observed in the Sham group. We further
guantified the distribution of these significant clusters within large-scale functional networks by calculating the
overlap ratio with the Yeo 7-network parcellation. The analysis revealed that the reduced ALFF clusters were
predominantly situated within the Default network, followed by the Salience/Ventral Attention and Limbic
networks (Figure 3B and 3C).

Finally, to link these neural alterations to behavioral benefits, we performed partial correlation analyses
(controlling for age and gender) between the changes in ALFF and PSQI scores. We observed significant positive
correlations, indicating that a greater reduction in ALFF was associated with a greater improvement (reduction) in
PSQl scores. This synchronous change was significant within the Salience/Ventral Attention (Figure 3D, r = 0.55,
Puncorrected = 0.017, pepr = 0.042), Limbic (r = 0.51, puncorrected = 0.03, pror = 0.042), Control (r = 0.52, puncorrected = 0.026,
pror = 0.042), Default network (r = 0.52, puncorrected = 0.028, pror = 0.042), and PFC (r = 0.53, puncorrected = 0.024, pror =
0.042).

Seed-based functional connectivity maps

Given the extensive ALFF modulation observed within the Default and Salience/Ventral Attention networks,
particularly in the surrounding area of the stimulation site within the PFC, we focused our functional connectivity
(FC) analysis on these specific systems. We conducted a vertex-wise whole-brain FC analysis using the clusters
that exhibited significant ALFF alterations following active tACS intervention as seed regions. This analysis
revealed that brain regions showing significant functional connectivity changes with these seed clusters were also
predominantly situated within the Default and Salience/Ventral Attention networks (Supplementary Figure S2).
To further dissect the functional architecture of these affected networks, we used the Schaefer 400 atlas to
partition these networks into seven bilateral subnetworks (Figure 4A).

By employing the Network-Based Statistics (NBS) method (t threshold = 2.5, FWE corrected p < 0.05), we
identified seven edges exhibiting altered connectivity strength within these subnetworks (Figure 4B and 4C). In
the Active group, increased functional connectivity was observed between the right TempOccPar and two
regions: the left PFC (prwe = 0.050, t = 3.271) and the left pCunPCC (prwe = 0.050, t = 2.997). Conversely, decreased
functional connectivity was observed between the left Temp and 3 regions: the left Par (prwe = 0.034, t = -2.899),
the left pCunPCC (prwe = 0.034, t = -4.167), and the right pCunPCC (prwe= 0.034, t = -3.150). Additionally, the left
FrOperlns exhibited a marginally significant decrease in connectivity with both the left Med (prwe = 0.054, t = -
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3.013) and the right FrOperins (prwe = 0.054, t = -2.996). In contrast, no significant changes in functional
connectivity were observed in the Sham group.

To further evaluate the intra-network integration of these subnetworks, we computed the average functional
connectivity among all vertices within each subnetwork. This analysis revealed a significant reduction in intra-
network connectivity following active tACS treatment, specifically within the left PFC (prwe = 0.035, t = -2.808),
right Med (prwe =0.028, t = -3.242), and right TempOccPar (pswe = 0.028, t = -3.093) (Figure 4D). This reduction
suggests a weakened local integration or decreased functional homogeneity within these specific functional
modules following tACS.

Connectome-based graph theoretical analysis

The functional organization of the brain is characterized by dynamic interactions within networks that underline
diverse cognitive functions. Previous research has revealed unique topological characteristics among functional
networks in the human brain, symbolized by interconnected nodes representing brain regions and edges
representing functional connections between them. We aimed to investigate tACS-induced topological alterations
in patients with chronic insomnia, focusing on both nodal properties and network-level attributes within the
whole brain and the specific Default-SalVentAttn network.

To evaluate local nodal features, we selected four classical graph theoretical analysis metrics, i.e., betweenness
centrality (representing the capacity of a node to act as a bridge for information communication), node clustering
coefficient (reflecting local functional integration), degree centrality (indicating the extent of interconnectivity
between a node and others), and local efficiency (illustrating the local stability of the network). The group mean
values of these metrics were presented using the circular heatmap plots (Figure 5A), with the outer circle
representing the pre-treatment and the inner circle representing the post-treatment states.

Among the four metrics evaluated, the clustering coefficient within the Default-SalVentAttn network exhibited a
distinct decreasing trend. Consequently, we specifically calculated the mean clustering coefficient differences
across its 14 constituent subnetworks (Supplementary Figure S3). All of the subnetworks’ mean clustering
coefficient values were significantly decreased, indicating diminished local integration of the Default-SalVentAttn
network, further corroborating our previous findings in functional connectivity.

For global metrics, we investigated changes in characteristic path length, global efficiency, mean clustering
coefficient, modularity, and small-world within both the entire brain network and the Default-SalVentAttn
network between pre- and post-treatment (Figure 5B). We found that at the whole-brain level, these global
features did not exhibit significant changes post-tACS treatment; however, significant alterations were observed
within the Default-SalVentAttn network in characteristic path length (prpgr = 0.03, t =-2.719), global efficiency (pror
=0.049, t = 2.647) and mean clustering coefficient (pmr = 0.03, t = -2.478).

These findings suggest that tACS selectively remodels the topology of the Default-SalVentAttn network. The
observed reduction in clustering coefficient, coupled with a concurrent increase in global efficiency, indicates a
topological shift towards a more randomized network configuration. This reconfiguration reflects a trade-off
where local segregation is reduced to facilitate rapid, integrated global information processing. Occurring in the
absence of gross whole-brain alterations, this topological rebalancing may represent a key neural mechanism
underlying the therapeutic effects on chronic insomnia.

Discussion

In the present study, we demonstrate that a novel high-intensity (15 mA) tACS protocol significantly alleviates
chronic insomnia symptoms, achieving efficacy where traditional low-intensity interventions have often yielded
inconsistent results. With the help of rs-fMRI analysis, we initially focused on the intensity of spontaneous brain
activity in the region of PFC during resting state before and after tACS treatment in patients with chronic
insomnia. Subsequently, we explored differences in node-based functional connectivity patterns within and
between subnetworks of Default and Salience/Ventral Attention, as well as differences in the entire brain
network. Our findings mainly indicated that: i) spontaneous brain activity exhibited extensive reductions in both
the Default and Salience/Ventral Attention networks, showing a negative correlation with enhancements in
clinical sleep scores; ii) significant alterations in functional connectivity were observed within the Default and
Salience/Ventral Attention networks, with the majority of changes displaying a decreasing trend; iii) graph
theoretical analysis revealed reduced local clustering and increased global efficiency within the Default-
Salience/Ventral Attention subnetwork, suggesting a release from the rigid, hyper-connected state characteristic
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of insomnia. These results provide robust evidence that high-intensity tACS exerts its therapeutic effects by
dismantling the neural substrates of hyperarousal.

Importance of Electrode Montage and Current Intensity

Despite its emergence as a novel clinical therapy, the roots of tACS can be traced back to the "electrosleep
therapy" of the mid-20th century. However, its clinical efficacy remains a subject of controversy. While some
randomized controlled trials reported that electrosleep therapy could improve insomnia and accompanying
symptoms of depression and anxiety compared to sham controls [40, 41], others yielded contradictory results,
finding the therapy ineffective. This substantial heterogeneity in outcomes likely stems from two primary factors:
first, the limitations of early stimulation devices, which lacked precise control over current waveforms and
frequencies; and second, an insufficient understanding of brain function at the time, leading to suboptimal
selection of stimulation paradigms, specifically regarding ineffective electrode placement [42, 43] and inadequate
current intensity [42, 43].

In tACS research, electrode placement plays a pivotal role in therapeutic efficacy. For complex disorders involving
the regulation of emotion, cognition, and arousal—such as depression, anxiety, and sleep disorders—various
targets including the frontal cortex, earlobes, zygomatic-occipital junction, mastoids, or temples have been
reported. The electrode configuration employed in the current study followed a specific "isosceles triangle"
montage, a target electrode over the frontal region and two reference electrodes over the mastoid areas, which
has previously demonstrated potential efficacy for depressive symptoms [16]. This efficacy is likely attributable to
its modulation of the PFC as well as deeper high-order centers such as the insula and medial temporal lobe.
Conversely, two other studies utilizing different frontal-targeted configurations [44, 45] reported intervention
effects indistinguishable from sham stimulation. This suggests that even when targeting the same general region,
precise electrode placement dictates therapeutic outcomes. Future research must systematically compare the
efficacy of different electrode positions to determine the optimal configuration for insomnia intervention.
Beyond electrode placement, tACS reveals complex, frequency-dependent effects. Although distinct in
mechanism, prior rTMS studies provide corroborative evidence that low-frequency prefrontal stimulation can
alleviate insomnia, likely by regulating stress hormones and triggering sleep-wake neurotransmitters such as
melatonin [46, 47]. Building on this foundation, our study employed 77.5 Hz, a frequency previously reported to
elevate beta-endorphins and serotonin levels [32, 33]. We found that after four weeks of 77.5 Hz intervention,
the spontaneous activity of the Default-SalVentAttn network in insomnia patients was significantly inhibited. This
observation may be linked to the entrainment effect of tACS. In a pathological state, gamma oscillations may
deviate from normal patterns; specifically, insomnia patients often exhibit excessive cortical hyperarousal.
Gamma-tACS may function by synchronizing this abnormal activity towards a normalized rhythm via the external
electric field, thereby reorganizing network dynamics and indirectly suppressing uncoordinated, aberrant
connectivity [48]. Interestingly, in contrast to our findings, Mencarelli et al. applied 40 Hz tACS over the bilateral
PFC during fMRI and observed activations in the visual cortices and supplementary motor area [49]. This
discrepancy may arise from the differential sensitivity of neuronal subtypes to specific frequencies, as well as
differences in the physiological states of the participants. This underscores the necessity for personalized
frequency selection based on the individual's baseline state once the target region is determined.

Current intensity represents another critical determinant of tACS efficacy. Influenced by the legacy of early
electrosleep therapy and safety concerns, recent clinical tES studies on insomnia have generally adopted low
current intensities (typically < 1 mA peak), reporting inconsistent results. For instance, Lande et al. found that 0.1
mA tACS had non-significant and fluctuating effects on total sleep time, likely due to insufficient stimulation
dosage [50]. In contrast, D’Atri et al. observed that 0.6 mA frontal oscillating anodal tES effectively altered sleep
efficiency and EEG activity [51]. These contradictory findings may be related to the significant attenuation of
current as it passes through the skull and scalp. Biophysical modeling studies indicate that at lower intensities, the
electric field strength that actually reaches the cerebral cortex, particularly deep structures, is negligible,
potentially failing to produce stable and significant neuromodulatory effects [14].

Therefore, in our previous study utilizing SEEG recordings, we investigated the dose-response relationship
between tACS current intensity and the mean LFPs in deep brain regions, including the insula, hippocampus, and
amygdala [15]. The results revealed that statistically significant differences in neural activity within these deep
structures only emerged when the current intensity exceeded 7 mA. This finding provided the first direct evidence
that tACS can effectively modulate deep limbic systems closely associated with emotion and memory, while also
defining the current threshold required for such deep regulation. Based on this discovery, and considering the
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excellent safety profile of tACS, we proposed that higher current intensities are necessary to achieve effective
intervention for insomnia. The present study verifies both the efficacy and safety of a higher power level (15 mA)
tACS for insomnia intervention. Crucially, our fMRI results demonstrated significant changes in spontaneous
activity in deep brain regions, such as the insula, following stimulation, confirming the capability of high-current
tACS to modulate deep neural structures. This aligns with findings from another investigation involving 62
patients with chronic primary insomnia treated with tACS for 4 weeks; the results indicated that high-current tACS
was not only safe and well-tolerated but also demonstrated robust therapeutic potential for chronic insomnia
over an 8-week follow-up period [18]. Subsequently, a larger multi-center study involving 120 insomnia patients
further corroborated our conclusions, reporting that 20 daily sessions of 15 mA tACS significantly improved sleep
quality and efficiency, increased total sleep time, and reduced daytime dysfunction [19].

Network Mechanisms of tACS Intervention

Spontaneous neural activity in the human brain exhibits high spatiotemporal organization, supported by
structural connectivity, to spontaneously form and maintain large-scale functional networks that are central to
brain function [52]. In recent years, neuroimaging paradigms have undergone a significant shift, moving from
focusing on single-region activity to exploring the interaction mechanisms of multi-scale brain networks, aiming to
better understand the neural basis of cognition and behavior [53]. Aligning with this paradigm shift, the present
study utilized the seven large-scale functional networks defined by Yeo et al. [21] to systematically analyze
spontaneous activity and topological characteristics, thereby elucidating the neural network mechanisms
underlying tACS intervention for insomnia.

A core finding of this study is the reduction in spontaneous activity and the weakening of internal connectivity
within the DMN. The DMN, comprising the medial prefrontal cortex, medial temporal lobe, inferior parietal
lobule, and precuneus, is typically active during rest and suppressed during task performance [54], supporting
processes such as episodic memory and self-referential thought [22, 23]. In a normal sleep cycle, DMN activity
should gradually diminish after sleep onset [27]. However, rs-fMRI studies in insomnia patients consistently report
a failure to deactivate the DMN during sleep initiation [27, 55], with heightened activation often observed during
periods of rumination and worry [56]. Therefore, the tACS-induced reduction in DMN intensity observed here
may be directly linked to the attenuation of compulsive thought processes associated with negative emotional
memories, allowing patients to disengage from excessive rumination. Furthermore, numerous studies indicate
that insomnia patients exhibit abnormally enhanced functional connectivity within the DMN during rest,
particularly in regions related to memory retrieval and self-reference (e.g., temporal lobe, posterior cingulate
cortex), which is considered the neural basis for repetitive negative thinking [57-59]. Our observation that
functional connectivity between the left temporal lobe and core DMN nodes (e.g., pCunPCC and Par) significantly
decreased after tACS treatment directly supports the theory that hyper-connectivity within the DMN is a key
marker of insomnia [57].

We similarly observed a reduction in spontaneous activity and internal functional connectivity within the
SalVentAttn network. Centered on the insular cortex, anterior cingulate cortex, and amygdala, the SalVentAttn
network monitors, integrates, and filters interoceptive, autonomic, and emotional information to generate
subjective arousal, playing a crucial role in sleep function [25, 26, 28]. The insular cortex serves as a hub,
interconnecting with lateral prefrontal areas, superior parietal cortex, and mid-cingulate cortex, thereby
influencing the DMN and other networks [24]. Kay et al. demonstrated that the SalVentAttn network is often
hyperactive in insomnia patients, leading to abnormal sensitivity to minor internal or external disturbances (e.g.,
noise, bodily discomfort) and a state of hyperarousal [60]. This aligns with our finding of tACS-induced reductions
in SalVentAttn network's spontaneous activity associated with improved insomnia symptoms. Moreover, aberrant
connectivity within the Salience network, particularly the insular cortex, is strongly linked to insomnia. For
instance, Wang et al. confirmed that increased connectivity between the left insula and right anterior mid-
cingulate cortex correlates with anxiety and depression in insomnia patients [61]; Chen et al. found that
heightened insular connectivity relates to negative emotions [62]; and Cheng et al. identified a positive
correlation between SalVentAttn-Dorsolateral Prefrontal Cortex connectivity and PSQl scores [28]. Collectively,
these studies suggest that excessive functional tightness within the Salience network leads to dysregulation in
processing negative emotional stimuli and switching between brain states, constituting a neurobiological basis for
insomnia. Thus, the down-regulation of SalVentAttn activity and connectivity in our study suggests that tACS may
facilitate sleep onset and maintenance by effectively lowering physiological and cognitive arousal levels.
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Notably, while widespread changes occurred within specific networks, global topological features of the whole-
brain network remained stable following tACS treatment. This indicates that our high-current tACS paradigm can
specifically modulate target circuits without causing non-specific disruption to global brain organization.
Additionally, we observed enhanced specific inter-network connectivity, such as increased coupling between the
TempOccPar of the right SalVentAttn network and the PFC/pCunPCC of the left DMN post-treatment. This
improved inter-network synchronization may stem from the unique entrainment mechanism of tACS, where the
external electric field phase-locks with endogenous neural oscillations, prompting previously asynchronous
neuronal populations to fire synchronously and inducing lasting network reorganization via neuroplasticity.

In summary, the effects of tACS are multi-level. At the nodal level, tACS suppresses excessive spontaneous activity
in the DMN (related to rumination) and SalVentAttn network (related to hyperarousal). At the local network level,
it weakens the overly tight internal functional connectivity, restoring the network from a pathologically clustered
state. At the global level, tACS enhances synchronized activity between the DMN and SalVentAttn network,
facilitating more flexible cognitive control through strengthened cross-module communication. Through this
multi-hierarchical mechanism, tACS effectively reconstructs synchronized activity among large-scale brain
networks, integrating chaotic neural activity into more ordered and coordinated patterns, thereby fundamentally
ameliorating the clinical manifestations of chronic insomnia.

Limitations

Several limitations impact the interpretation of the findings in this study and highlight areas for future research.
First, the final sample size (n = 18) for the imaging analysis is Imited. While we employed rigorous multiple
comparison corrections (FWE/FDR) to ensure statistical validity, larger cohorts are needed to confirm the
generalizability of these results and to explore potential clinical subtypes.

Second, the current study design did not include a long-term follow-up assessment. Although the post-treatment
PSQI reduction was substantial (p < 0.001), the mean score remained slightly above the clinical cutoff for full
remission. Future longitudinal studies are essential to evaluate the durability of these therapeutic effects and to
determine whether extended intervention protocols could yield sustained remission.

Third, to isolate the effects of insomnia, we strictly excluded patients with comorbid psychiatric disorders using
the M.LN.I. given the high prevalence of comorbidity in chronic insomnia, future pragmatic trials should include
broader populations to enhance ecological validity.

Fourth, while our fMRI results demonstrate clear hemodynamic changes, the lack of simultaneous EEG recording
limits our ability to directly link these BOLD signal alterations to specific electrophysiological sleep microstructures
(e.g., spindles, slow waves). Incorporating multimodal neuroimaging will be crucial for a more granular
understanding of the entrainment mechanisms.

Additionally, given the substantial heterogeneity in insomnia etiology and treatment response, future studies
should explore personalized tACS protocols tailored to individual baseline neural profiles and symptom subtypes.
The neural-clinical correlations identified in this study may serve as biomarkers to guide individualized parameter
selection, potentially enhancing treatment efficacy across diverse patient subgroups.

Finally, as with many stimulation protocols, potential tolerance to repeated tACS sessions remains
uncharacterized. Future investigations could explore optimized dosing schedules, such as intermittent or pulsed
protocols, to maximize long-term efficacy.

In summary, while this study offers valuable insights into the potential benefits of tACS for treating chronic
insomnia, the limitations discussed here highlight the need for sophisticated study designs in future research. By
addressing these drawbacks, subsequent studies can yield more comprehensive evidence regarding the efficacy
of tACS and enhance the development of effective treatment strategies for chronic insomnia.

Conclusions

The present study indicated that 15 mA tACS treatment could improve sleep quality of chronic insomnia patients,
and cerebral function could be directly modulated with the help of rs-fMRI technology. The combined analysis of
ALFF and functional connectivity data suggested that the tACS treatment could suppress widespread spontaneous
activity throughout the brain, particularly within the Salience/Ventral Attention, Limbic, Control and Default
network. The major functional connectivity and topological characteristics of Default and Salience/Ventral
Attention networks indicated conspicuous reductions but not for the whole brain network, which might be a
potentially critical role of tACS therapy in alleviating insomnia symptoms. Therefore, the study could provide
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valuable insights into the potential mechanisms of tACS as an innovative intervention for improving sleep quality
in individuals with insomnia, contributing to further research and optimization for insomnia treatment.

Statements
Acknowledgments
The authors are grateful to all participants for their excellent cooperation.

Statement of Ethics

The protocol was approved by the Ethics Committee of Xuanwu Hospital [Approval No. LXS (2017) 003-
Amendment-2 & LXS (2025) 340-Amendment-2] and adhered to the Declaration of Helsinki. The protocol was
registered at the Chinese Clinical Trial Registry (ChiCTR1800016480). All participants gave their written informed
consent.

Conflict of Interest Statement
The author Hongxing Wang declares Editorial Board membership with Psychotherapy and Psychosomatics. No
other conflicts of interest exist.

Funding Sources

HW supported by grants from Beijing Municipal Science and Technology Project (Z171100000117016), National
Natural Science Foundation of China (82371490), the National Key R&D Program of China (2022YFC2503901,
2022YFC2503900), and the Beijing Hundred, Thousand, and Ten Thousand Talents Project (2017-CXYF-09), and
Beijing Health System Leading Talent Grant (2022-02-10). FS supported by Xiangyang Science and Technology
Bureau in 2021 (2021ZD06), and JWu supported by National Natural Science Foundation of China (82102031).

Author Contributions:

Hongxing Wang, Jie Wang, and Jie Lu had full access to all the data in the study and take responsibility for the
integrity of the data and the accuracy of the data analysis. Hongxing Wang and Jie Wang contributed to the
concept and design. Data acquisition, analysis, or interpretation was performed by Hongxing Wang, Danhao
Zheng, Jing Huang, Wenfeng Zhao, Huang Wang, Xiaolei Liu, Furong Shang, Jiliang Fang, Hai-xia Leng, Qing Xue,
Baoqun Min, Liucen Tan, Jinfeng Wu, Kangan Li, Keming Gao, Jie Lu, and Jie Wang. Hongxing Wang, Jie Wang, and
Danhao Zheng drafted the manuscript. Hongxing Wang, Keming Gao, Jing Huang, and Jie Wang critically revised
the manuscript for important intellectual content. Statistical analysis was conducted by Danhao Zheng, Jie Wang,
Hongxing Wang, Jinfeng Wu, and Furong Shang. Hongxing Wang, Jinfeng Wu, and Furong Shang obtained funding.
Patient recruitment was handled by Jing Huang, Hongxing Wang, Jiliang Fang, Wenfeng Zhao, Xiaolei Liu, Huang
Wang, Hai-xia Leng, Qing Xue, Liucen Tan, and Baoqun Min, Hongxing Wang and Jie Wang supervised the study.

Data Availability Statement
The data that support the findings of this study are not publicly available due to privacy reasons but are available
from the corresponding author upon reasonable request.

References

1. Castro LS, Poyares D, Leger D, Bittencourt L, Tufik S. Objective prevalence of insomnia in the Sao Paulo,
Brazil epidemiologic sleep study. Ann Neurol. 2013;74(4):537-46.

2. Watson NF, Badr MS, Belenky G, Bliwise DL, Buxton OM, Buysse D, et al. Recommended Amount of Sleep
for a Healthy Adult: A Joint Consensus Statement of the American Academy of Sleep Medicine and Sleep Research
Society. Sleep. 2015;38(6):843-4.

3. Watson NF, Badr MS, Belenky G, Bliwise DL, Buxton OM, Buysse D, et al. Joint Consensus Statement of the
American Academy of Sleep Medicine and Sleep Research Society on the Recommended Amount of Sleep for a
Healthy Adult: Methodology and Discussion. Sleep. 2015;38(8):1161-83.

4. Trauer JM, Qian MY, Doyle JS, Rajaratnam SM, Cunnington D. Cognitive Behavioral Therapy for Chronic
Insomnia: A Systematic Review and Meta-analysis. Ann Intern Med. 2015;163(3):191-204.
5. Qaseem A, Kansagara D, Forciea MA, Cooke M, Denberg TD. Management of Chronic Insomnia Disorder in

Adults: A Clinical Practice Guideline From the American College of Physicians. Ann Intern Med. 2016;165(2):125-
33.

9z0z |!idv Tz uo a1 1yn 18N Aq 4pd "2£TZSS000 /0TTOESY /LETZSS000 /6GTT "0T /10p /4pd -8 |9 11 4e /sdd oo “1ebrey //:d 13y wo.i papeo jumoq



6. Perlis ML, Posner D, Riemann D, Bastien CH, Teel J, Thase M. Insomnia. Lancet. 2022;400(10357):1047-60.

7. Balon R, Chouinard G, Cosci F, Dubovsky SL, Fava GA, Freire RC, et al. International Task Force on
Benzodiazepines. Psychother Psychosom. 2018;87(4):193-94.
8. De Crescenzo F, D'Alo GL, Ostinelli EG, Ciabattini M, Di Franco V, Watanabe N, et al. Comparative effects

of pharmacological interventions for the acute and long-term management of insomnia disorder in adults: a
systematic review and network meta-analysis. Lancet. 2022;400(10347):170-84.

9. Xue T, Wu X, Chen S, Yang Y, Yan Z, Song Z, et al. The efficacy and safety of dual orexin receptor
antagonists in primary insomnia: A systematic review and network meta-analysis. Sleep Med Rev.
2022;61:101573.

10. Herring WJ, Connor KM, Snyder E, Snavely DB, Zhang Y, Hutzelmann J, et al. Suvorexant in Patients with
Insomnia: Pooled Analyses of Three-Month Data from Phase-3 Randomized Controlled Clinical Trials. J Clin Sleep
Med. 2016;12(9):1215-25.

11. Mignot E, Mayleben D, Fietze I, Leger D, Zammit G, Bassetti CLA, et al. Safety and efficacy of daridorexant
in patients with insomnia disorder: results from two multicentre, randomised, double-blind, placebo-controlled,
phase 3 trials. Lancet Neurol. 2022;21(2):125-39.

12. Zelabowski K, Petrov W, Wojtysiak K, Ratka Z, Biedka K, Wesolowski M, et al. Targeting the Orexin System
in the Pharmacological Management of Insomnia and Other Diseases: Suvorexant, Lemborexant, Daridorexant,
and Novel Experimental Agents. Int J Mol Sci. 2025;26(17):8700.

13. Soleimani G, Nitsche MA, Bergmann TO, Towhidkhah F, Violante IR, Lorenz R, et al. Closing the loop
between brain and electrical stimulation: towards precision neuromodulation treatments. Transl Psychiatry.
2023;13(1):279.

14, Voroslakos M, Takeuchi Y, Brinyiczki K, Zombori T, Oliva A, Fernandez-Ruiz A, et al. Direct effects of
transcranial electric stimulation on brain circuits in rats and humans. Nat Commun. 2018;9(1):483.

15. ShanY, Wang H, Yang Y, Wang J, Zhao W, Huang Y, et al. Evidence of a large current of transcranial
alternating current stimulation directly to deep brain regions. Mol Psychiatry. 2023;28(12):5402-10.

16. Wang H, Wang K, Xue Q, Peng M, Yin L, Gu X, et al. Transcranial alternating current stimulation for
treating depression: a randomized controlled trial. Brain. 2022;145(1):83-91.

17. Shekelle PG, Cook IA, Miake-Lye IM, Booth MS, Beroes JM, Mak S. Benefits and harms of cranial electrical
stimulation for chronic painful conditions, depression, anxiety, and insomnia: a systematic review. Ann Intern
Med. 2018;168(6):414-21.

18. Wang HX, Wang L, Zhang WR, Xue Q, Peng M, Sun ZC, et al. Effect of Transcranial Alternating Current
Stimulation for the Treatment of Chronic Insomnia: A Randomized, Double-Blind, Parallel-Group, Placebo-
Controlled Clinical Trial. Psychother Psychosom. 2020;89(1):38-47.

109. Zhu X, Ren Y, Tan S, Ma X. Efficacy of transcranial alternating current stimulation in treating chronic
insomnia and the impact of age on its effectiveness: A multisite randomized, double-blind, parallel-group,
placebo-controlled study. J Psychiatr Res. 2023;170:253-61.

20. Peng C, Wang K, Wang J, Wassing R, Eickhoff SB, Tahmasian M, et al. Neural correlates of insomnia with
depression and anxiety from a neuroimaging perspective: A systematic review. Sleep Med Rev. 2025;81:102093.
21. Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead M, et al. The organization of the
human cerebral cortex estimated by intrinsic functional connectivity. ) Neurophysiol. 2011;106(3):1125-65.

22. Buckner RL, Andrews-Hanna JR, Schacter DL. The brain's default network: anatomy, function, and
relevance to disease. Ann N Y Acad Sci. 2008;1124:1-38.

23. Marques DR, Gomes AA, Caetano G, Castelo-Branco M. Insomnia Disorder and Brain's Default-Mode
Network. Curr Neurol Neurosci Rep. 2018;18(8):45.

24, Uddin LQ. Salience processing and insular cortical function and dysfunction. Nat Rev Neurosci.
2015;16(1):55-61.

25. Critchley HD, Wiens S, Rotshtein P, Ohman A, Dolan RJ. Neural systems supporting interoceptive
awareness. Nat Neurosci. 2004;7(2):189-95.

26. Craig AD. How do you feel--now? The anterior insula and human awareness. Nat Rev Neurosci.
2009;10(1):59-70.

27. Horovitz SG, Braun AR, Carr WS, Picchioni D, Balkin TJ, Fukunaga M, et al. Decoupling of the brain's default
mode network during deep sleep. Proc Natl Acad Sci U S A. 2009;106(27):11376-81.

28. Cheng Y, Xue T, Dong F, Hu Y, Zhou M, Li X, et al. Abnormal functional connectivity of the salience network
in insomnia. Brain Imaging Behav. 2022;16(2):930-38.

9z0z |!idv Tz uo a1 1yn 18N Aq 4pd "2£TZSS000 /0TTOESY /LETZSS000 /6GTT "0T /10p /4pd -8 |9 11 4e /sdd oo “1ebrey //:d 13y wo.i papeo jumoq



29. Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, et al. The Mini-International
Neuropsychiatric Interview (M.L.N.L.): the development and validation of a structured diagnostic psychiatric
interview for DSM-IV and ICD-10. J Clin Psychiatry. 1998;59 Suppl 20:22-33+quiz 34-57.

30. Buysse DJ, Reynolds CF, 3rd, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep Quality Index: a new
instrument for psychiatric practice and research. Psychiatry Res. 1989;28(2):193-213.

31. LuT, LiY, Xia P, Zhang G, Wu D. Analysis on reliability and validity of the Pittsburgh sleep quality index.
Chongqing Med. 2014;43(3):260-3.

32. Lebedev VP, Malygin AV, Kovalevski AV, Rychkova SV, Sisoev VN, Kropotov SP, et al. Devices for
noninvasive transcranial electrostimulation of the brain endorphinergic system: application for improvement of
human psycho-physiological status. Artif Organs. 2002;26(3):248-51.

33. White NE, Richards LM. Chapter 5 - Nexalin and Related Forms of Subcortical Electrical Stimulation. In:
Evans JR, Turner RP, editors. Rhythmic Stimulation Procedures in Neuromodulation. Academic Press; 2017. p. 131-
57.

34, Fischl B. FreeSurfer. Neuroimage. 2012;62(2):774-81.

35. Van Essen DC, Glasser MF, Dierker DL, Harwell J, Coalson T. Parcellations and hemispheric asymmetries of
human cerebral cortex analyzed on surface-based atlases. Cereb Cortex. 2012;22(10):2241-62.

36. Schaefer A, Kong R, Gordon EM, Laumann TO, Zuo XN, Holmes AJ, et al. Local-Global Parcellation of the
Human Cerebral Cortex from Intrinsic Functional Connectivity MRI. Cereb Cortex. 2018;28(9):3095-114.

37. Xu T, Yang Z, Jiang L, Xing X-X, Zuo X-N. A Connectome Computation System for discovery science of brain.
Science Bulletin. 2015;60(1):86-95.

38. Worsley KJ, Taylor JE, Carbonell F, Chung MK, Duerden E, Bernhardt B, et al. SurfStat: A Matlab toolbox for
the statistical analysis of univariate and multivariate surface and volumetric data using linear mixed effects
models and random field theory. Neurolmage. 2009;47:5102.

39. Tournier JD, Smith R, Raffelt D, Tabbara R, Dhollander T, Pietsch M, et al. MRtrix3: A fast, flexible and
open software framework for medical image processing and visualisation. Neurolmage. 2019;202:116137.

40. Weiss MF. The treatment of insomnia through the use of electrosleep: an EEG study. J Nerv Ment Dis.
1973;157(2):108-20.

41. Templer DI. The efficacy of electrosleep therapy. Can Psychiatr Assoc J. 1975;20(8):607-13.

42. Hearst ED, Cloninger CR, Crews EL, Cadoret RJ. Electrosleep therapy: a double-blind trial. Arch Gen
Psychiatry. 1974;30(4):463-6.

43, Philip P, Demotes-Mainard J, Bourgeois M, Vincent JD. Efficiency of transcranial electrostimulation on
anxiety and insomnia symptoms during a washout period in depressed patients. A double-blind study. Biol
Psychiatry. 1991;29(5):451-6.

44, Mischoulon D, De Jong MF, Vitolo OV, Cusin C, Dording CM, Yeung AS, et al. Efficacy and safety of a form
of cranial electrical stimulation (CES) as an add-on intervention for treatment-resistant major depressive disorder:
A three week double blind pilot study. J Psychiatr Res. 2015;70:98-105.

45, Alexander ML, Alagapan S, Lugo CE, Mellin JM, Lustenberger C, Rubinow DR, et al. Double-blind,
randomized pilot clinical trial targeting alpha oscillations with transcranial alternating current stimulation (tACS)
for the treatment of major depressive disorder (MDD). Transl Psychiatry. 2019;9(1):106.

46. Jiang CG, Zhang T, Yue FG, Yi ML, Gao D. Efficacy of repetitive transcranial magnetic stimulation in the
treatment of patients with chronic primary insomnia. Cell Biochem Biophys. 2013;67(1):169-73.

47. Feng J, Zhang Q, Zhang C, Wen Z, Zhou X. The Effect of sequential bilateral low-frequency rTMS over
dorsolateral prefrontal cortex on serum level of BDNF and GABA in patients with primary insomnia. Brain Behav.
2019;9(2):e01206.

48. Krause MR, Vieira PG, Pack CC. Transcranial electrical stimulation: How can a simple conductor
orchestrate complex brain activity? PLoS Biol. 2023;21(1):e3001973.

49, Mencarelli L, Monti L, Romanella S, Neri F, Koch G, Salvador R, et al. Local and Distributed fMRI Changes
Induced by 40 Hz Gamma tACS of the Bilateral Dorsolateral Prefrontal Cortex: A Pilot Study. Neural Plast.
2022;2022:6197505.

50. Lande RG, Gragnani C. Efficacy of cranial electric stimulation for the treatment of insomnia: a randomized
pilot study. Complement Ther Med. 2013;21(1):8-13.
51. D'Atri A, De Simoni E, Gorgoni M, Ferrara M, Ferlazzo F, Rossini PM, et al. Electrical stimulation of the

frontal cortex enhances slow-frequency EEG activity and sleepiness. Neuroscience. 2016;324:119-30.

9z0z |!idv Tz uo a1 1yn 18N Aq 4pd "2£TZSS000 /0TTOESY /LETZSS000 /6GTT "0T /10p /4pd -8 |9 11 4e /sdd oo “1ebrey //:d 13y wo.i papeo jumoq



52. Goni J, van den Heuvel MP, Avena-Koenigsberger A, Velez de Mendizabal N, Betzel RF, Griffa A, et al.
Resting-brain functional connectivity predicted by analytic measures of network communication. Proc Natl Acad
Sci USA.2014;111(2):833-8.

53. Betzel RF, Bassett DS. Multi-scale brain networks. Neurolmage. 2017;160:73-83.

54. Whitfield-Gabrieli S, Ford JM. Default mode network activity and connectivity in psychopathology. Annu
Rev Clin Psychol. 2012;8:49-76.

55. Samann PG, Wehrle R, Hoehn D, Spoormaker VI, Peters H, Tully C, et al. Development of the brain's
default mode network from wakefulness to slow wave sleep. Cereb Cortex. 2011;21(9):2082-93.

56. Regen W, Kyle SD, Nissen C, Feige B, Baglioni C, Hennig J, et al. Objective sleep disturbances are
associated with greater waking resting-state connectivity between the retrosplenial cortex/ hippocampus and
various nodes of the default mode network. J Psychiatry Neurosci. 2016;41(5):295-303.

57. Fasiello E, Gorgoni M, Scarpelli S, Alfonsi V, Ferini Strambi L, De Gennaro L. Functional connectivity
changes in insomnia disorder: A systematic review. Sleep Med Rev. 2022;61:101569.

58. Li Y, Zou G, Shao Y, Yao P, Liu J, Zhou S, et al. Sleep discrepancy is associated with alterations in the
salience network in patients with insomnia disorder: An EEG-fMRI study. Neuroimage Clin. 2022;35:103111.

59. Elberse JD, Saberi A, Ahmadi R, Changizi M, Bi H, Hoffstaedter F, et al. The interplay between insomnia
symptoms and Alzheimer's disease across three main brain networks. Sleep. 2024;47(10):zsae145.

60. Kay DB, Buysse DJ. Hyperarousal and Beyond: New Insights to the Pathophysiology of Insomnia Disorder
through Functional Neuroimaging Studies. Brain Sci. 2017;7(3):23.

61. WangT, Yan J, Li S, Zhan W, Ma X, Xia L, et al. Increased insular connectivity with emotional regions in
primary insomnia patients: a resting-state fMRI study. Eur Radiol. 2017;27(9):3703-09.
62. Chen MC, Chang C, Glover GH, Gotlib IH. Increased insula coactivation with salience networks in insomnia.

Biol Psychol. 2014;97:1-8.

9z0z |!idv Tz uo a1 1yn 18N Aq 4pd "2£TZSS000 /0TTOESY /LETZSS000 /6GTT "0T /10p /4pd -8 |9 11 4e /sdd oo “1ebrey //:d 13y wo.i papeo jumoq



Figure Legends

Figure 1. CONSORT diagram showing participant flow through the study.

Abbreviations: ALFF, Amplitude of Low-Frequency Fluctuations; FC, functional connectivity; PSQI, Pittsburgh Sleep
Quality Index.

Figure 2. Alterations of the whole-brain ALFF values following tACS treatment for chronic insomnia patients.
(A) Delimitation of the PFC target region using the Schaefer 400 atlas, alongside the parcellation of the Yeo 7
functional networks [21]. (B) Probability density histograms of whole-brain group-mean ALFF distributions. The
Active group exhibited a decrease in the post-tACS distribution (red) relative to the pre-tACS baseline (gray).
Distributions for the Sham group are displayed for comparison. (C) Network-specific group-mean ALFF
distributions for pre- (gray) and post-treatment (colored) periods. A global signal reduction across the Yeo 7
networks and the PFC region was evident in the Active group, alongside corresponding data for the Sham group.
(D) Surface-based visualization of ALFF differences (post minus pre) for both Active and Sham groups. (E) Paired t-
tests comparing post- versus pre-treatment ALFF values across the Yeo 7 networks and the targeted PFC region
(FDR corrected, p < 0.05). The radial axis represents the mean ALFF value.

*p <0.05, **p < 0.01, ***p < 0.001 (Paired t-test, FDR corrected).

Abbreviations: ALFF, Amplitude of Low-Frequency Fluctuations; Vis, visual network; SomMot, somatomotor
network; DorsAttn, Dorsal attention network; SalVentAttn, Salience/Ventral attention network; Limbic, Limbic
network; Cont, Control network; Default, Default network; PFC, prefrontal cortex.

Figure 3. Paired t-test and clinical parameters correlation analysis of ALFF values in the whole brain.

(A) Vertex-wise paired t-tests comparing ALFF values between post- and pre-tACS conditions (post - pre, FDR
corrected, p < 0.05) for both Active and Sham groups. For each group, the whole-brain t-statistic map is displayed
on the left, with significant clusters shown on the right. (B) Spatial overlap of significantly altered clusters from
the Active group onto the Yeo 7 functional networks. The radar plot illustrates the distribution of significant
clusters from the Active group across the seven functional networks. The y-axis represents the number of vertices
exhibiting significant reduced ALFF within each specific network. (C) Mean ALFF values extracted from significant
clusters within the PFC and specific functional networks for each participant. Only networks containing more than
500 significant vertices were included. The boxplots represent the median (central line), interquartile range (box
limits, 25™"-75% percentiles). (D) Partial correlation analyses (controlling for age and gender) assessing the
relationship between changes in mean ALFF values (AALFF) within the significant clusters of the Active group
networks and corresponding changes in PSQI scores pre- to post-treatment (APSQI).

Abbreviations: ALFF, Amplitude of Low-Frequency Fluctuations; Vis, visual network; SomMot, somatomotor
network; DorsAttn, Dorsal attention network; SalVentAttn, Salience/Ventral attention network; Limbic, Limbic
network; Cont, Control network; Default, Default network; PFC, prefrontal cortex.

Figure 4. Alterations of functional connectivity between 14 subnetworks within the Default-SalVentAttn
network.

(A) Parcellation of the 14 subnetworks comprising the Default and SalVentAttn networks, as defined by the
Schaefer 400 atlas. (B) Matrix of functional connectivity changes (t-values) derived from paired permutation tests
(post- vs. pre-treatment). The lower-left triangle displays results for the Active group, while the upper-right
triangle displays the Sham group. In the Active group, significant connections (FWE corrected, p < 0.05) are
indicated by asterisks (*), and marginally significant connections (FWE corrected, 0.05 < p < 0.06) are indicated by
dots (:). (C) Anatomical visualization of the connections exhibiting significant or marginal modulation in the Active
group. Node colors represent network affiliation (Red: Default network; Purple: SalVentAttn network). Edge
colors represent the direction of connectivity change following tACS (Yellow: increased connectivity; Blue:
decreased connectivity). (D) Analysis of mean intra-subnetwork functional connectivity for the Active group.
Paired t-tests compared the average FC among all vertices within each subnetwork between post- and pre-
treatment conditions. Significant decreases were observed in the left PFC, right Med, and right TempOccPar
subnetworks (FDR corrected, p < 0.05). The boxplots represent the median (central line), interquartile range (box
limits, 25"-75% percentiles).

-p <0.06, *p < 0.05, **p <0.01, **#*p < 0.001 (Panels B and C: Paired permutation test, FWE corrected; Panel D:
Paired t-test, FDR corrected).
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Abbreviations: SalVentAttn, Salience/Ventral attention network; Default, Default network; TempOccPar: temporal-
occipital-parietal area; FrOperins: frontal operculum and insula; Med: medial area; pCunPCC: precuneus/posterior
cingulate cortex; Temp: temporal area; PFC: the prefrontal cortex; Par: parietal area.

Figure 5. Topology analysis of local and global features for the functional network.

(A) Circular heatmaps depicting the mean values of four local nodal metrics (betweenness centrality, node
clustering coefficient, degree centrality, and local efficiency) for the Active tACS group. The outer ring represents
the pre-tACS baseline, and the inner ring represents the post-tACS condition. The upper panel displays the
analysis of the whole-brain network (400 nodes), while the lower panel focuses on the combined Default and
SalVentAttn networks (137 nodes). (B) Comparison of five global topological metrics between post-tACS (red) and
pre-tACS (blue) conditions for the Active group using paired permutation tests (FDR corrected, p < 0.05). The
boxplots represent the median (central line), interquartile range (box limits, 25"-75" percentiles). No significant
differences were detected in global network properties at the whole-brain level. Conversely, within the Default-
SalVentAttn network, significant alterations were observed in characteristic path length, global efficiency, and
mean clustering coefficient.

*p < 0.05, **p < 0.01, ***p < 0.001 (Paired permutation test, FDR corrected).

Abbreviations: Vis, visual network; SomMot, somatomotor network; DorsAttn, Dorsal attention network;
SalVentAttn, Salience/Ventral attention network; Limbic, Limbic network; Cont, Control network; Default, Default
network; TempOccPar: temporal-occipital-parietal area; FrOperins: frontal operculum and insula; Med: medial
area; pCunPCC: precuneus/posterior cingulate cortex; Temp: temporal area; PFC: the prefrontal cortex; Par:
parietal area.
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Table 1. Demographic information of the enrolled insomnia patients

Pre-tACS (n=18) Post-tACS (n=18) p-value

Active tACS
Age at enrollment, years, mean (SD) 58.7 (3.0) - -
Duration, months, median (IQR) 60.0 (36.0, 143.0) - -
Onset age, years, mean (SD) 49.8 (9.4) - -
Sex (%) - -

Male 5 (27.8) - -

Female 13 (72.2) - -
PSQI total score 13.8 (3.0) 7.7 (3.0) <0.001
Sham tACS
Age at enrollment, years, mean (SD) 49.4 (6.9) - -
Duration, months, median (IQR) 36.0 (24.0, 136.0) - -
Onset age, years, mean (SD) 43.8 (6.1) - -
Sex (%) - -
Male 6 (27.8) - -
Female 13 (72.2) - -
PSQI total score 13.8 (2.9) 13.9(2.4) 0.74

Note: SD, standard derivation; IQR, interquartile range; PSQI, Pittsburgh Sleep Quality Index; tACS: Transcranial alternating current

stimulation.
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