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A B S T R A C T   

Objective: Insomnia is a significant health issue associated with various systemic diseases. Transcranial alter-
nating current stimulation (tACS) has been proposed as a potential intervention for insomnia. However, the 
efficacy and mechanisms of tACS in chronic insomnia remain unclear. Accordingly, this study aimed to inves-
tigate the efficacy of tACS in treating chronic insomnia in adults and assess the impact of age on its effectiveness 
using a large sample from two centers. 
Methods: A total of 120 participants with chronic insomnia underwent 20 daily sessions of tACS (duration: 40 
min, frequency: 77.5 Hz, and intensity: 15 mA) or sham tACS targeting the forehead and both mastoid areas over 
4 weeks. Assessments were conducted at baseline, post-treatment, and 4-week follow-up. Primary outcomes 
included sleep quality and efficiency, onset latency, total sleep time, and daily disturbances. Secondary outcomes 
included depression, anxiety, and clinical impression. 
Results: Compared with the control group, the tACS group demonstrated improved sleep quality and efficiency, 
increased total sleep time, and reduced daily disturbance (all ps < 0.01). Moreover, tACS had a significant effect 
on clinical impression (p < 0.001), but not depression and anxiety scores. Subgroup analyses revealed that older 
participants experienced significant benefits from tACS in sleep quality, efficiency, and overall insomnia 
reduction at post-treatment and follow-up (p < 0.001). Notably, improved insomnia correlated with attenuated 
depressive and anxiety symptoms. 
Conclusions: These findings suggest that tACS may be an effective intervention for chronic insomnia within an 
eight-week timeframe, and age affects the response to tACS in terms of insomnia improvement.   

1. Introduction 

Chronic insomnia is characterized by difficulty in initiating or 
maintaining sleep, and early morning awakening, occurring at least 
three nights per week for at least 3 months, accompanied by daytime 
consequences such as fatigue, attention deficits, and emotional insta-
bility (Riemann et al., 2015). As one of the most common sleep disorders 
(Wong et al., 2017), Chronic insomnia has a high prevalence and inci-
dence, with approximately 6%–10% of adults experiencing this condi-
tion (Buysse, 2013; Morin and Benca, 2012). It can manifest 
independently or as a result of other underlying diseases and is more 

commonly observed in women and older adults (Siengsukon et al., 2020; 
Xu et al., 2011). Chronic insomnia is associated with various adverse 
health outcomes, neurocognitive disorders, and a severely reduced 
quality of life (Kyle et al., 2010; Medalie and Cifu, 2017; Riemann et al., 
2015), making it a significant public health concern worldwide. 
Currently, medication is the mainstay treatment option for chronic 
insomnia, along with cognitive behavioral therapy for insomnia (CBT-I) 
(Riemann et al., 2017). The approved hypnotic drugs have demon-
strated effectiveness only in the short term and are often accompanied 
by numerous side effects and potential risks of dependence and misuse 
(Huedo-Medina et al., 2012; Riemann et al., 2017). In addition, CBT-I is 
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recommended as the first-line non-drug treatment for insomnia, it is a 
treatment package including behavioral techniques, relaxation, and 
cognitive therapy (Qaseem et al., 2016; Trauer et al., 2015). With CBT-I, 
insomnia symptoms can be significantly reduced in the short and 
long-term (Trauer et al., 2015). However, CBT-I does have some limi-
tations, including a lack of qualified therapists and the significant 
personnel, time, and space costs required for face-to-face therapy. Due to 
these reasons, the application of face-to-face individual or group CBT-I 
in clinical setting is still limited (Thomas et al., 2016; van Straten and 
Cuijpers, 2009). Moreover, not all patients respond positively to the 
above approaches (Morin and Benca, 2012). Therefore, the development 
of effective treatments for insomnia is urgently needed. 

A potentially novel treatment modality for insomnia is transcranial 
alternating current stimulation (tACS), a noninvasive electrical stimu-
lation technique that modulates brain activity by applying low-intensity 
electrical currents to the scalp. Prior studies have shown that tACS can 
enhance the consolidation of sports memory (Lustenberger et al., 2016), 
improve psychophysiological states (Lebedev et al., 2002), modulate the 
default mode network connectivity, and regulate neuroplasticity 
(Feusner et al., 2012). Moreover, tACS can alter the level of serotonin in 
the hypothalamus, which is involved in the neurobiological mechanisms 
underlying chronic insomnia (Morin and Benca, 2012; Riemann et al., 
2015). However, previous studies have reported conflicting results 
regarding the effectiveness of tACS in improving sleep efficiency, 
probably due to variations in study designs, such as differences in 
electrode positioning, patient management procedures, or tACS stimu-
lation current frequencies (Annarumma et al., 2018; Antal et al., 2017; 
Antonenko et al., 2013; D’Atri et al., 2016; Lande and Gragnani, 2013; 
Matsumoto and Ugawa, 2017; Shekelle P and Miake-Lye IM, 2018). In 
addition, large-scale studies evaluating the efficacy of tACS in treating 
chronic insomnia are lacking. Accordingly, to address these gaps in 
knowledge, we performed a two-center, large-sample, randomized 
controlled trial to explore the effect of tACS on chronic insomnia and 
identify potential factors that mediate treatment benefits in adults. 

2. Material and methods 

2.1. Design 

This study was an 8-week, randomized, double-blind, parallel-group, 
placebo-controlled trial. All eligible participants who consented and 
fulfilled the inclusion criteria were randomly allocated to either the 
tACS or sham tACS (control) group. Primary outcome measures, 
including the Pittsburgh Sleep Quality Index (PSQI) total score, sleep 
onset latency (SOL), total sleep time (TST), sleep efficiency, sleep 
quality, and daily disturbances, were assessed at baseline (week 0), post- 
treatment (week 4), and follow-up (week 8). Secondary outcomes, 
including Hamilton Depression Scale (HAMD), Hamilton Anxiety Scale 
(HAMA), and Clinical Global Impression (CGI), were also evaluated at 
the same time points. The study was approved by the local ethics com-
mittee and registered at the Chinese Clinical Trial Registry 
(ChiCTR1800016480). All participants provided their written informed 
consent. 

2.2. Participants 

Participants with chronic insomnia were recruited from October 17, 
2017, to March 5, 2018, at Xuanwu Hospital of Capital Medical Uni-
versity in Beijing and Beijing Anding Hospital. During the screening 
process, potential participants who met the inclusion criteria underwent 
further assessment using the Chinese version of the Mini-International 
Neuropsychiatric Interview (M.I.N.I.) to exclude those with mental 
disorders. The M.I.N.I. is a commonly used short, structured diagnostic 
interview that enables the diagnosis of psychiatric disorders based on 
the Diagnostic and Statistical Manual of Mental Disorders 4th edition 
(text revision) (DSM-IV-TR) and International Classification of Diseases- 

10 (ICD-10) (American Psychiatric Association, 2010; Sheehan et al., 
1998). 

Inclusion criteria were as follows: age between 18 and 65 years, a 
diagnosis of chronic primary insomnia according to the DSM-IV-TR 
(American Psychiatric Association, 2010) or ICD-10 (Sheehan et al., 
1998), difficulties in falling asleep and maintaining sleep or early 
morning awakening for more than three times per week over a period of 
three or more consecutive months (Riemann et al., 2015), significant 
impairment of daytime functioning, a baseline PSQI total score >8, not 
taking hypnotics or insomnia drugs for at least four weeks before the 
baseline visit, agreement to use birth control (for female patients aged 
18–50 years) during the study period, and willingness not to undergo 
drug therapy or other non-drug therapy throughout the trial. 

Exclusion criteria included current medical diseases, a history of 
seizures, comorbid psychiatric disorders, active suicidal intent or plan, 
prior exposure to other electrical stimulation therapies, presence of a 
cochlear implant, a cardiac pacemaker, an implanted device (such as 
deep brain stimulation), metal in the brain, pregnant or breastfeeding, 
night work, presence of other sleep disorders (such as sleep apnea, pe-
riodic limb movements, parasomnias, and hypersomnia), and concur-
rent participation in other clinical trials. 

2.3. Sample size calculation 

In our pilot study, the response rates at the 4-week follow-up were 
67% (10/15) in the tACS group and 7% (1/15) in the control group. 
Assuming a response rate of 50% in the tACS group and 10% in the 
control group at a 4-week follow-up, a sample size of 20 per group was 
calculated to achieve an 80% power with a two-tailed alpha level of 5%. 
Considering a 20% attrition rate and a block size of 4, the target 
enrolment was set at 62 participants. 

2.4. Randomization of treatment and blinding 

The CONSORT flow diagram in Fig. 1 illustrates the randomization of 
124 participants. Sixty-two patients from Xuanwu Hospital of Capital 
Medical University (China) and 62 patients from Beijing Anding Hos-
pital were randomly assigned to either the tACS intervention or control 
group in a 1:1 ratio (Fig. 1) based on computer-generated random 
numbers. Randomization was independently conducted by a statistician 
who was not involved in the enrolment or assessment of the participants. 
The randomization sequence was computed in permuted blocks of four. 
A random number table, which was provided in sealed envelopes, was 
used to generate randomization. To evaluate the integrity of the trial- 
group blinding, participants were asked to guess the intervention they 
had received. Emergency unblinding was possible if necessary. Both 
study staff and participants were blinded to the assignment of the 
intervention group. 

2.5. Outcome measures 

Primary outcomes: The sleep quality of the patients was assessed 
using the PSQI, a widely used 19-item self-report questionnaire (Buysse 
et al., 1989; Riemann et al., 2017). The Chinese version of the PSQI has a 
three-factor scoring model that includes sleep efficiency, sleep quality, 
and daily disturbances. It has demonstrated a high correlation with the 
insomnia severity index (Lu T et al., 2014). The primary outcome 
measures included the PSQI total score, SOL, TST, sleep efficiency, sleep 
quality, and daily disturbances. 

Secondary outcomes: Anxiety and depression symptoms were 
assessed using the HAMD and HAMA. Functional outcomes were eval-
uated using CGI. 

Others: At the end of the 4-week intervention, adverse events were 
assessed by asking participants the following question: “Did you expe-
rience any discomfort, seizures, or abnormal sensations during the study 
period?" 

X. Zhu et al.                                                                                                                                                                                                                                      



Journal of Psychiatric Research 170 (2024) 253–261

255

2.6. Therapies 

Each patient underwent 20 sessions of tACS intervention adminis-
tered by two trained nurses over a four-week period, from Monday to 
Friday, once a day. Each session lasted 40 min. On tACS intervention 
days, participants were instructed to sit in a comfortable reclined chair 
and turn off their smartphones and were encouraged to drink water, 
relax, and fall asleep. Communication with the nurses was limited 
during the sessions. The tACS intervention involved the stimulation of 
the scalp with three Nexalin electrodes (Nexalin Technology, Inc., 
Houston, TX, USA). The electrode placements followed the international 
10/20 system for electroencephalogram recording; one 4.45 × 9.53 cm 
electrode was positioned over the forehead (Fpz, Fp1, and Fp2), and two 
3.18 × 3.81 cm electrodes were placed over the mastoid areas. A current 
level of 15 mA with a patented frequency of 77.5 Hz was applied to the 
tACS group, whereas no stimulation was applied to the control group. 

2.7. Statistical analysis 

All data were analyzed using IBM SPSS software (version 20.0; IBM 
Corp., Armonk, NY, USA). Differences between the two groups were 
assessed using t-tests for continuous variables, while χ2 test and Fisher’s 
exact test were used to analyze categorical variables. 

Intention-to-treat analyses were performed to examine the effects of 
tACS on all outcome variables. General linear mixed models (GLM) with 

model parameters estimated by maximum likelihood based on normality 
were used for efficacy analysis and exploration of secondary outcomes. 
The models included fixed effects for the experimental factors (i.e., main 
effect of group [control or tACS group] and time [post-treatment and 
follow-up] and group × time interaction), and baseline values of the 
outcome measure were included as covariates. A significant group ×
time interaction indicated a differential effect of treatment at post- 
treatment and follow-up, and further simple effect analyses were con-
ducted with Bonferroni correction for multiple comparisons for the 
significant group × time interaction. If the interaction effect was not 
significant, the model was refitted excluding the interaction term to 
assess the overall group effect. The main effect of the group was inter-
preted as an overall effect of tACS across both post-treatment and follow- 
up. In addition, random effects for participants and study sites were also 
included in the models. 

To explore the influence of age on treatment benefits, we divided the 
participants into two age groups (younger group: <50 years; older 
group: ≥50 years) (Luca et al., 2015; Madrid-Valero et al., 2017). GLM 
analyses were also used, but these models included additional fixed ef-
fects for the age group and two-way or three-way interactions for 
moderator analyses. The model was adjusted by excluding the interac-
tion term if it was not significant. Furthermore, a simple effect analysis 
of the significant group × age group interaction was conducted. 

To investigate the putative effects of clinical symptom improvement 
on insomnia improvement, we performed a Pearson or partial 

Fig. 1. Study flowchart.  
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correlation analysis, controlling for age, sex, and years of education in 
the tACS and control groups. Insomnia improvement was defined as a 
reduction in the PSQI total score from baseline to post-treatment. Im-
provements in clinical symptoms were assessed by changes in HAMD 
(baseline to post-treatment) and HAMA (baseline to post-treatment). 
The statistical P-values were corrected using Bonferroni correction 
across all 5 subfield tests of PSQI (P < 0.05/5 = 0.01). 

3. Results 

A total of 136 subjects were screened. Among them, 12 were 
excluded (2 were on psychotropic medication, 4 had other active med-
ical conditions, 6 declined). Therefore, 124 patients were included and 
randomized into the control group or the tACS group. During the process 
of collecting information, four participants withdrew from the experi-
ment due to time and interest reasons. 120 patients completed the trial 
with a retention rate of 96.8% (120/124), as shown in Fig. 1. Table 1 
presents the baseline characteristics of the two groups. There were no 
significant differences in demographics between the two groups. The 
mean baseline scores for insomnia severity, clinical symptoms, and 
functional outcomes were similar across both groups (Table 2). 

3.1. Treatment effects of tACS on primary and secondary outcomes 

The GLM analysis revealed longitudinal changes in insomnia 
severity, as assessed by the PSQI total score, in both groups over 8 
weeks. Table 3 shows the results of the formal analyses of the main and 
secondary outcomes. For more detailed analysis, please refer to Sup-
plement Table 1 and Table 2. There were significant group effects on 
PSQI total score, TST, sleep efficiency, sleep quality and daily distur-
bances. The tACS group demonstrated a statistically significant decrease 
in insomnia severity compared with the control group (95% CI: 1.47 to 
3.75, p < 0.001). Similarly, statistically significant patterns of change 
were found for TST (95% CI: − 1.06 to − 0.24, p = 0.002), sleep efficiency 
(95% CI: 0.48 to 1.62, p < 0.001), sleep quality (95% CI: 0.29 to 1.34, p 
= 0.003), and daily disturbances (95% CI: 0.58 to 1.25, p < 0.001) 
(Table 3). 

Regarding the secondary outcomes, tACS exhibited significant ef-
fects on CGI-SI (95% CI: 0.38 to 1.30, p < 0.001), CGI-GI (95% CI: 0.42 
to 1.06, p < 0.001), and CGI-EI (95% CI: − 1.02 to − 0.39, p < 0.001), but 
not on the total scores of HAMD and HAMA. 

While most outcomes did not show significant interactions, two 
significant interactions were observed for the sleep quality score of the 
PSQI (F1,118 = 6.21, p = 0.014) and the HAMD total score (F1,118 = 4.58, 
p = 0.034). The sleep quality score in the control group showed an 
estimated increase of 0.37 points from post-treatment to follow-up (95% 
CI 0.03 to 0.70, p = 0.033). The HAMD total score in the tACS group 
demonstrated an estimated decrease of 0.80 points from post-treatment 
to follow-up (95% CI: − 1.41 to − 0.19, p = 0.012). 

3.2. Effect of age on treatment efficacy 

In the exploratory subgroup analysis, there was no group-by-age 
interaction observed for age, education, duration of illness, and onset 
age at baseline within the four age subgroups, and no group-by-age in-
teractions were found for the primary and secondary outcomes (see 
Online Supplementary Table S3). However, when additional fixed ef-
fects for age group were included in the GLM analyses, after the removal 
of the non-significant interactions, we observed group-by-age in-
teractions for the PSQI total score (F1,115 = 4.51, p = 0.036), sleep ef-
ficiency (F1,115 = 5.81, p = 0.018), sleep quality (F1,115 = 6.04, p =
0.015), CGI-SI (F1,115 = 5.02, p = 0.027), CGI-GI (F1,116 = 8.11, p =
0.005), and CGI-EI (F1,115 = 7.31, p = 0.008), with relevant baseline 
scores as covariates (except for CGI-GI and CGI-EI) (see Online Supple-
mentary Table S4). 

Further analyses revealed that in the older group, tACS treatment 
resulted in a significant benefit in sleep quality (F1,72 = 14.399, p <
0.001; an estimated decrease of 1.263 points; 95% CI: 0.599 to 1.926), 
sleep efficiency (F1,72 = 16.908, p < 0.001; an estimated decrease of 
1.542 points; 95% CI: 0.795 to 2.290), PSQI total score (F1,72 = 26.183, 
p < 0.001; an estimated decrease of 3.552 points; 95% CI: 2.168 to 
4.936), CGI-SI (F1,72 = 16.020, p < 0.001; an estimated decrease of 
1.233 points; 95% CI: 0.619 to 1.848), CGI-GI (F1,73 = 31.244, p <
0.001; an estimated decrease of 1.083 points; 95% CI: 0.697 to 1.470), 
and CGI-EI (F1,73 = 28.759, p < 0.001; an estimated increase of 1.025 
points; 95% CI: − 1.406 to − 0.644) at both post-treatment and follow- 
up. However, these benefits were not observed in the younger group 
(Figs. 2 and 3). In addition, age had no effect on clinical symptoms after 
tACS treatment (Online Supplementary Table S2). 

3.3. Correlation between clinical symptoms and insomnia improvement 

Regarding post-treatment outcomes, HAMD improvement was posi-
tively correlated with PSQI improvement in both groups (tACS: r =
0.485, p < 0.001; control: r = 0.448, p < 0.001). Similarly, a positive 
correlation was found between HAMA and PSQI improvements in both 
groups (tACS: r = 0.359, p = 0.005; control: r = 0.333, p = 0.009). For 
the clinical impression, CGI-SI improvement was positively correlated 
with PSQI improvement in both groups (tACS: r = 0.641, p < 0.001; 
control: r = 0.751, p < 0.001). After controlling for age, sex, and 
educational level, these correlations remained significant (all Ps < 0.01). 

4. Discussion 

This double-center, large-sample study explored the effects of tACS 
on chronic insomnia. The results showed that patients who underwent a 
4-week active tACS intervention at a frequency of 77.5 Hz and a current 
of 15 mA exhibited reduced insomnia severity, increased TST, improved 
sleep efficiency, and enhanced sleep quality. Additionally, daily dis-
turbances were alleviated. These results align with other studies and 
meta-analyses and further suggest that tACS is effective and well- 
tolerated in treating chronic insomnia (Motamedi et al., 2022; Zheng 
et al., 2023). A possible mechanism underlying the efficacy of tACS 
treatment in chronic insomnia may be frequency-specific entrainment, i. 
e., the phase alignment of endogenous brain oscillations with oscillating 
tACS currents (Motamedi et al., 2022). Neurobiological research has 
found that insomnia patients have neuroendocrine disorders (Riemann 

Table 1 
Demographic, clinical and functional outcomes of the two groups.  

Characteristics Control group 
(n = 60) 

tACS group (n 
= 60) 

t/χ2 P 
value 

Sex (male/female) 23:37 19:41 0.59 0.444b 

Mean age (SD), year 52.25 ± 10.38 48.93 ±
12.78 

1.56 0.121a 

Mean education years 
(SD), year 

12.33 ± 3.41 12.78 ± 2.81 − 0.79 0.432a 

Duration of illness (SD), 
year 

4.39 ± 5.43 4.48 ± 5.70 − 0.10 0.923a 

Mean onset age (SD), 
year 

47.87 ± 10.84 44.45 ±
12.39 

1.61 0.111a 

PSQI total score 13.77 ± 2.00 13.85 ± 1.75 − 0.24 0.809a 

HAMD score 6.57 ± 3.33 7.13 ± 3.60 − 0.90 0.372a 

HAMA score 6.63 ± 5.92 7.25 ± 6.84 − 0.53 0.599a 

CGI-SI 4.15 ± 1.01 4.05 ± 0.93 0.57 0.572a 

Advent Events (yes/no) 3:57 4:56 – 0.500c 

Epileptiform discharges 
(yes/no) 

1:59 1:59 – 0.752c 

PSQI, Pittsburgh Sleep Quality Index; HAMD, Hamilton Depression Scale; 
HAMA, Hamilton Anxiety Scale; CGI-SI, Clinical Global Impression Scale 
severity of illness. 

a Independent samples t-test. 
b chi-square tests. 
c Fisher’s exact test. 
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et al., 2010). tACS may regulate the abnormal levels of neurotransmit-
ters in insomnia patients, such as serotonin and norepinephrine, to 
normalize the neuroendocrine levels in the patient’s body and achieve 
corresponding therapeutic effects (Strüber et al., 2015; Gabis et al., 
2009). 

In addition, tACS demonstrated a significant direct effect on func-
tional outcomes, primarily manifested by the reduction in disease 
severity assessed using the CGI scale. However, although both groups 
showed improvement in clinical symptoms, such as anxiety and 
depression, no significant effect of tACS on these symptoms was 
observed. This finding is similar to that of a previous study (Motamedi 
et al., 2022). A potential explanation for the lack of a direct effect of 

tACS on anxiety and depression could be the relatively low baseline 
levels of these symptoms in the patients. Due to the floor effect, tACS did 
not yield clinically significant effects on anxiety and depression. 

In terms of age-related differences, we observed the benefits of tACS 
on sleep quality, sleep efficiency, PSQI total score, CGI-SI, CGI-GI, and 
CGI-EI among participants aged >50 years, whereas no significant 
treatment effect was found in younger participants. Similarly, another 
study found significant improvements in PSQI scores and blood cortisol 
levels in insomnia patients over 60 years of age who received Low- 
Frequency Transcutaneous Electric Nerve Stimulation (LF-TENS), but 
not in the younger group (Lee et al., 2022). This disparity might be 
attributed to the natural changes in sleep physiology that occur with 

Table 2 
Linear model for mean (S.D.) scores on PSQI, Clinical symptom and functional outcome by group (tACS and Control) for baseline, post-treatment and the follow-up.   

Control group (n = 60/60/60) tACS group (n = 60/60/60)  

Baseline Post-treatment Follow-up Baseline Post-treatment Follow-up 

PSQI 
PSQI total score 13.77 ± 2.00 8.58 ± 3.22 9.40 ± 3.30 13.85 ± 1.75 6.12 ± 3.24 6.40 ± 3.98 
SOL (min) 79.67 ± 53.50 48.67 ± 41.80 50.33 ± 46.21 93.25 ± 60.68 42.18 ± 37.69 41.27 ± 38.00 
TST (hour) 4.01 ± 1.10 5.43 ± 1.17 5.29 ± 1.34 3.84 ± 1.11 6.02 ± 1.42 5.84 ± 1.35 
Sleep efficiency 5.07 ± 1.15 3.17 ± 1.73 3.32 ± 1.83 5.25 ± 0.91 2.15 ± 1.75 2.43 ± 1.82 
Sleep quality 5.20 ± 0.88 3.18 ± 1.55 3.55 ± 1.53 5.23 ± 0.79 2.67 ± 1.54 2.45 ± 1.78 
Daily disturbances 3.50 ± 1.13 2.23 ± 1.43 2.53 ± 1.26 3.37 ± 1.31 1.30 ± 0.83 1.52 ± 1.08 

Clinical Symptoms 
HAMD score 6.57 ± 3.33 2.45 ± 2.32 2.60 ± 2.76 7.13 ± 3.60 3.22 ± 2.91 2.42 ± 2.69 
HAMA score 6.63 ± 5.92 3.22 ± 4.29 3.07 ± 3.34 7.25 ± 6.84 3.58 ± 4.14 3.12 ± 3.97 

Functional Outcome 
CGI-SI 4.15 ± 1.01 2.97 ± 1.19 3.15 ± 1.46 4.05 ± 0.93 2.17 ± 1.46 2.12 ± 1.55 
CGI-GI – 2.63 ± 0.92 3.08 ± 1.01 – 1.90 ± 1.00 2.33 ± 1.28 
CGI-EI – 2.38 ± 0.92 2.00 ± 0.92 – 3.08 ± 0.96 2.72 ± 1.17 

PSQI, Pittsburgh Sleep Quality Index; SOL, sleep onset latency; TST, total sleep time; HAMD, Hamilton Depression Scale; HAMA, Hamilton Anxiety Scale; CGI-SI, 
Clinical Global Impression Scale severity of illness; CGI-GI, Clinical Global Impression Scale global improvement; CGI-EI, Clinical Global Impression Scale efficacy 
index. 

Table 3 
Results of the mixed models analyses.  

Cognitive 
Outcome 

Interaction test Group effect (excluding non- 
significant interaction) 

Estimated advantage to tACS (no. of points on the scale)/ 
95% Confidence Interval 

Effect Size (95% Confidence 
Interval) 

PSQI 
PSQI total score F (1,118) = 1.54; P =

0.217 
F (1,117) = 20.63; P < 0.001 2.61(1.47–3.75) 0.76(0.43–1.09) 

SOL (min) F (1,118) = 0.13; P =
0.722 

F (1,117) = 3.44; P = 0.066 11.15(-0.76 to 23.06) 0.29(-0.02 to 0.60) 

TST (hour) F (1,118) = 0.07; P =
0.797 

F (1,117) = 10.04; P = 0.002 − 0.65(-1.06 to − 0.24) − 0.54(-0.88 to − 0.20) 

Sleep efficiency F (1,118) = 0.31; P =
0.580 

F (1,117) = 13.27; P < 0.001 1.05(0.48–1.62) 0.62(0.28–0.95) 

Sleep quality F (1,118) = 6.21; P =
0.014 

F (1,117) = 9.46; P = 0.003 0.82(0.29–1.34) 0.51(0.18–0.84) 

Daily 
disturbances 

F (1,118) = 0.18; P =
0.672 

F (1,117) = 29.78; P < 0.001 0.91(0.58–1.25) 0.86(0.55–1.17) 

Clinical Symptoms 
HAMD score F (1,118) = 4.58; P =

0.034 
F (1,117) = 0.22; P = 0.643 − 0.20(-1.04 to 0.65) − 0.08(-0.40 to 0.25) 

HAMA score F (1,118) = 0.21; P =
0.652 

F (1,117) = 0.00; P = 0.964 − 0.02(-1.12 to 1.07) − 0.01(-0.31 to 0.30) 

Functional Outcome 
CGI-SI F (1,118) = 1.66; P =

0.200 
F (1,117) = 13.22; P < 0.001 0.84(0.38–1.30) 0.61(0.28–0.95) 

CGI-GI F (1,118) = 0.01; P =
0.933 

F (1,118) = 20.44; P < 0.001 0.74(0.42–1.06) 0.70(0.39–1.00) 

CGI-EI F (1,118) = 0.01; P =
0.925 

F (1,118) = 19.97; P < 0.001 − 0.71(-1.02 to − 0.39) − 0.71(-1.02 to − 0.39) 

PSQI, Pittsburgh Sleep Quality Index; SOL, sleep onset latency; TST, total sleep time; HAMD, Hamilton Depression Scale; HAMA, Hamilton Anxiety Scale; CGI-SI, 
Clinical Global Impression Scale severity of illness; CGI-GI, Clinical Global Impression Scale global improvement; CGI-EI, Clinical Global Impression Scale efficacy 
index. 
General linear mixed models (GLM) were used for efficacy analysis and exploration of secondary outcomes, and baseline values of the outcome measure were included 
as covariates. The group effect was interpreted as an overall effect of tACS across both post-treatment and follow-up. A significant interaction (group × time) indicated 
a differential effect of treatment at post-treatment and follow-up. 
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aging and the distinct manifestations of insomnia symptoms in older 
individuals. Sleep quality tends to decrease with age (Ohayon et al., 
2004). The natural deterioration of sleep in older adults can lead to 
anxiety about sleep and the development of dysfunctional sleep habits, 
resulting in poorer subjective sleep quality and more severe sleep 
complaints. In our study, the PSQI, used to evaluate sleep quality, was a 
subjective evaluation scale that could be influenced by patients’ sub-
jective feelings. Therefore, the beneficial effects of tACS in older patients 
with insomnia may be attributed to their elevated levels of sleep-related 
anxiety and stress responses, which could be potentially higher than 

those observed in their younger counterparts. Similarly, participants 
aged >50 years demonstrated the benefits of tACS as indicated by im-
provements on the CGI scale, which is also a subjective evaluation. In 
addition, the improvement in insomnia observed in older patients 
following LF-TENS was suggested to be related to the regulation of 
hypothalamic-pituitary-adrenal axis activity (Lee et al., 2022). Future 
research should incorporate various biological indicators to explore the 
physiological mechanism underlying age-related differences in the 
therapeutic effect of tACS in patients with insomnia. 

Previous studies have shown that insomnia symptoms have a 

Fig. 2. Effects of tACS on PSQI total score, sleep efficiency, and sleep quality in the older and younger groups. 
Note: *P < 0.001, compared to the control group. Time 0 = Baseline; time 1 = Post-treatment; time 2 = Follow-up. 
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bidirectional relationship with affective disorders and contribute to the 
development and maintenance of depressive and anxiety symptoms, and 
treating insomnia can improve depressive and anxiety symptoms (Her-
tenstein et al., 2019; Scott et al., 2021). Consistent with these findings, 
we observed a similar positive correlation between the improvement of 
depressive and anxiety symptoms and the amelioration of insomnia, 
regardless of whether participants received tACS. Some studies sug-
gested that insomnia may have similar underlying neural mechanisms to 

depression and anxiety. Chronic insomnia and depression both exhibit 
structural abnormalities in brain regions such as the frontal lobe, pari-
etal lobe, thalamus, striatum, and hippocampus, which are closely 
related to sleep and emotional regulation in physiology (Falgàs et al., 
2021; Hong et al., 2021; Bresser et al., 2020). Another study found that 
insomnia can lead to a decrease or imbalance in circadian rhythms, 
thereby reducing connectivity between the prefrontal cortex and 
amygdala, leading to emotional regulation disorders (Gruber and 

Fig. 3. Effects of tACS on CGI scales in the older and younger groups. 
Note: *P < 0.001, compared to the control group. Time 0 = Baseline; time 1 = Post-treatment; time 2 = Follow-up. 
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Cassoff, 2014). An imaging study suggested that the decrease in 
top-down control of the amygdala is neurobiological evidence for the 
role of sleep abnormalities in the pathogenesis of anxiety (Pace-Schott 
et al., 2017). However, there is still much uncertainty regarding the 
exact neural mechanisms underlying insomnia, anxiety, and depression. 
Further experiments are warranted. 

This study has some limitations. First, the follow-up period was 
limited to 8 weeks; thus, longer follow-up studies are necessary to 
explore the sustained effects of tACS on chronic insomnia. Second, the 
severity of chronic insomnia was determined using PSQI. Future 
research can enhance the assessment of insomnia severity by incorpo-
rating the insomnia severity index, polysomnography, and wrist actig-
raphy. These objective measures of sleep parameters can provide a more 
comprehensive evaluation and help determine how tACS improves 
circadian rhythm sleep-wake disorders, which may underlie the symp-
toms of chronic insomnia. In this study, the average age of the patients 
we enrolled was 50.59 years old, ranging from 22 to 65 years old, and we 
observed the benefits of tACS on insomnia participants aged >50 years. 
In future research, participants with a wider age range can be enrolled to 
explore the therapeutic effects of tACS on patients of different age 
groups. 

5. Conclusions 

This study demonstrated the effectiveness of tACS as an intervention 
for chronic insomnia and identified the role of age in treatment response 
using a large sample from two centers. These significant findings 
contribute substantially to promoting evidence-based practices and 
facilitating the development of innovative treatment strategies for 
chronic insomnia. 
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