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Randomized, double-blind, sham-controlled pilot trial of theta-
band transcranial alternating current stimulation during
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Cognitive deficits are a hallmark of Alzheimer’s disease (AD), and effective treatments remain elusive. Transcranial alternating
current stimulation (tACS), a non-invasive technique, has shown potential in improving cognitive function across various
populations, but further research is needed to investigate its efficacy in AD. In a randomized, double-blind, sham-controlled pilot
trial, 36 mild AD patients received active or sham theta-tACS (8 Hz, 1.6 mA, 20-min daily) during n-back task for two weeks, followed
by a 10-week follow-up. Cognitive assessments and resting-state EEG were analyzed at baseline, after-treatment, and follow-up. The
results showed that the active group demonstrated significant cognitive improvements after treatment (MMSE: t (15) =-3.273,
p= 0.005, Cohen’s d= 0.82), particularly in short-term memory (MMSE-recall: Z= -2.11, p= 0.035, r= 0.53), with maintained
benefits after 10 weeks. In contrast, the sham group exhibited long-term cognitive decline (MMSE: t (4)= 3.586, p= 0.023, Cohen’s
d= -1.60). EEG analysis revealed reduced gamma power (t (23)= 2.689, p= 0.013, Cohen’s d= 1.077) and theta connectivity in
active group, particularly in the frontotemporal regions (F4/F7: t (23)= 2.467, p= 0.021, Cohen’s d= 0.988; F4/T3: t (23)= 2.465,
p= 0.022, Cohen’s d= 0.987), which was correlated with cognitive improvements (R= –0.57, p= 0.043). In conclusion, tACS
combining cognitive training may offer cognitive benefits in mild AD by modulating neural activity, though further studies are
needed to clarify its mechanisms.
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INTRODUCTION
Alzheimer’s disease (AD), the leading cause of dementia, is marked
by progressive cognitive decline, neuropsychiatric symptoms, and
impaired daily functioning [1]. With the global prevalence of
dementia projected to exceed 150 million by 2050 [2], the
demand for more effective interventions is urgent. Currently, there
is no cure for AD, and while pharmaceutical treatments remain the
primary approach for managing symptoms, their impact on
cognitive function is limited and often accompanied by undesir-
able long-term side effects [1].
In light of these challenges, non-pharmaceutical approaches

targeting cognitive function are gaining increased attention.
Cognitive training (CT) has emerged as a promising method for
enhancing neural processing, particularly in working memory
tasks like the adaptive n-back task [3, 4]. In parallel, non-invasive
brain stimulation (NIBS) has attracted great interest for its safety

and precision in modulating neural circuits [5]. Specifically,
transcranial alternating current stimulation (tACS) synchronizes
externally applied oscillatory currents with the brain’s natural
rhythms through neural entrainment [6]. This process recruits
neurons into coordinated networks, leading to alterations in brain
dynamics—such as amplitude [7], frequency [8], and connectivity
[9]—which enhance cortical plasticity and improve cognitive
function. tACS has shown cognitive benefits across various
populations, including healthy individuals and those with
neuropsychiatric conditions such as schizophrenia, major depres-
sive disorder and mild cognitive impairment [10]. Notably,
researchers have hypothesized that combining cognitive training
(CT) with transcranial electrical stimulation (tES) could further
amplify cognitive gains by pairing ‘exogenous’ neuromodulation
with ‘endogenous’ neural activation [11]. However, despite
promising initial findings [12–14], large-scale, randomized clinical
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trials with appropriate control groups are missing to fully confirm
these effects.
The choice of stimulation frequency is key for targeting specific

cognitive functions. Beta (13–29 Hz) band tACS has been linked to
improvements in short-term memory [15], while gamma-tACS
(30–140 Hz) is associated with fluid intelligence [16]. The frontal,
parietal, and occipital cortices are critical in working memory
processing [17], with brain oscillations—particularly in the theta
(4–8 Hz) and gamma bands—playing distinct roles. Theta oscilla-
tions are believed to be essential for the temporal organization of
memory items, while gamma oscillations aid in their maintenance
[18, 19]. Growing evidence supports the idea that theta-tACS
enhances working memory performance in healthy individuals
[20, 21]. Specifically, our recent study has linked 8 Hz tACS over the
prefrontal region to improved accuracy in verbal working memory
tasks, with the strongest dependency observed between 8 Hz
power in the prefrontal cortex and n-back task performance,
compared to other frequency-performance pairs [22]. However, all
these findings are based on healthy individuals, while evidence in
AD cohorts remains limited. Additionally, repeated tACS sessions
were associated with strengthened neuroplastic changes, leading
to prolonged therapeutic benefits [23].
Building on these foundations, we conducted a double-blind,

randomized controlled pilot trial to explore the therapeutic
potential of theta (θ) band tACS combined with cognitive training
(CT) in mild Alzheimer’s disease (AD) and its electrophysiological
effects. Participants received repeated 8 Hz θ-tACS sessions
targeting the bilateral prefrontal cortex, paired with the n-back
task, with cognitive function assessed via the Mini-Mental State
Examination (MMSE) to track disease progression.

MATERIALS AND METHODS
Study participants
This study was approved by the Ethics Committee of Sir Run Run Shaw
Hospital, Zhejiang University School of Medicine (No: 20170228-1) and has
been registered on the Chinese Clinical Trial Registry (ChiCTR2400093929).
All methods were performed in accordance with the relevant guidelines
and regulations. A total of 51 patients with mild AD were recruited from
the hospital’s inpatient and outpatient departments between 2020 and
2022. Of these, 6 did not meet the inclusion criteria, 4 declined
participation, and 5 withdrew participant owing to COVID-19 pandemic-
related disruptions. Ultimately, 36 participants were enrolled in this
double-blind, randomized, sham-controlled pilot study and completed
baseline assessments (T0). All participants approved written informed
consent before enrollment. The COVID-19 pandemic introduced additional
challenges, as isolation measures impacted participant retention. As shown
in Fig. S1, four patients (active/sham: 2/2) withdrew during treatment and
missed the post-treatment visit (T1), while 19 (active/sham: 10/9) were lost
to follow-up at 10 weeks (T2).

Inclusion and exclusion criteria
All patients were diagnosed with probable AD based on the criteria
outlined in the fifth edition of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5) at the inpatient and outpatient departments of
Sir Run Run Shaw Hospital (Hangzhou, China). Inclusion criteria were as
follows: (1) structural coronal MRI evidence of hippocampal atrophy,
defined by a Scheltens’s scale score of ≥2; (2) a Clinical Dementia Rating
(CDR) score of 0.5 to 1; (3) age between 55 and 85 years; and (4) right-
handedness. Exclusion criteria included: (1) severe cardiac, pulmonary,
hepatic, or renal disease; (2) a history of significant cranial trauma,
neurological disorders, or psychiatric illness; (3) focal brain lesions on T1 or
T2 imaging; or (4) contraindications for tACS, such as the presence of
medical implants, electronic devices, or metallic elements in the body.

Study design and blinding procedure
Enrolled patients were randomly assigned to either the active transcranial
Alternating Current Stimulation (tACS) group or the sham group in a 1:1
ratio. The randomization sequence was generated using a computer-based
randomization algorithm by an independent biostatistician who was not

involved in participant recruitment, enrollment, or data collection. To
maintain rigorous allocation concealment, the sequence was securely
stored in sequentially numbered, opaque, sealed envelopes prepared by a
study coordinator with no involvement in participant recruitment or
outcome assessment. Each envelope was opened only after the participant
had completed baseline evaluations and formally met all inclusion criteria.
This procedure ensured that both participants and investigators respon-
sible for recruitment and clinical assessments remained blind to group
assignment until after randomization, thereby minimizing selection bias
and ensuring the integrity of the allocation process. Throughout the entire
treatment and follow-up periods, both participants and outcome assessors
remained blinded to group allocation; only the interventionists adminis-
tering the tACS were aware of the assignment, and they were not involved
in any evaluations, follow-up procedures, or data analyses.
Following randomization, all participants underwent 10 sessions of

either active or sham tACS while performing the n-back task, with each
session lasting 20min. Sessions were administered five days per week over
two weeks (Fig. 1A). Cognitive function, neuropsychiatric symptoms, and
daily living activities were evaluated, along with neuroelectrophysiological
activity, which was assessed through resting-state electroencephalography
(rsEEG) at three key time points (shown in Fig. 1A and Fig. S1).

Cognitive training
Participants were trained on an n-back task, a widely used experimental
working memory training paradigm, where they needed to remember a
series of stimuli, such as images or characters, presented on the screen.
Their task was to determine whether the latest stimulus matched the one
presented N items earlier in the sequence (Fig. 1C). The task was tailored to
each participant’s performance, starting at an n-back level of 1, with a
maximum level of 2. If the participant’s accuracy exceeded 95% on a given
trial, the n-back level was increased to 2. If accuracy remained between
75% and 95%, the level was maintained, and if accuracy dropped below
75%, the level was decreased.
To assess the effectiveness of this protocol, we analyzed participants’

decision accuracy and average reaction times, which were recorded daily
throughout the 2-week treatment period. A one-way repeated measures
ANOVA, with treatment date as a repeated factor, showed no significant
differences between the two groups in accuracy (F (1,18)= 2.218,
p= 0.154) or average reaction times (F (1,18)= 2.443, p= 0.136). Within-
group comparisons revealed a significant improvement in accuracy (F
(1.841,33.14)= 11.24, p < 0.001) and a significant reduction in average
reaction times (F (1.743,31.38)= 13.40, p < 0.001) over the course of the
treatment (Fig. S2).

tACS protocol
For the electrical stimulation, we used a tACS Stimulator (N-ET-001,
Shenzhen Zhongkehuayi Technology Co., Ltd., China; website:
www.neuraplus.cn) with the control software NeuroPlus v1.0. Each patient
had two 4.7 cm×9.0 cm electrode patches placed on both sides of the
forehead at the FP1-AF7 and FP2-AF8 sites according to the EEG 10-20
system (Fig. 1B). The stimulation was administered using an alternating
current with a frequency of 8 Hz (theta-band) and an amplitude of 1.6 mA,
for a duration of 20min.
In the sham condition, the current was ramped up and down over 20 s

at the beginning and end of the 20-minute session. The current intensity
was set to 1.6 mA, with a frequency of 8 Hz, but no continuous stimulation
was applied during the session. This allowed participants to feel the initial
tingling of tACS without affecting neuronal excitability.

Participant characteristics and clinical outcome measures
We collected demographic information, including age, gender, years of
education, APOE genotype, and medication status, prior to the interven-
tion. Then cognitive function, neuropsychiatric status, and daily functional
activities were assessed at three time points respectively: before treatment
(T0), immediately after 2-week treatment (T1), and at a 10-week follow-up
(T2).
The primary outcome was assessed using the Chinese version of the

Mini Mental State Examination (MMSE) [24], a widely used tool for
evaluating global cognitive function (see Supplementary Material).
Secondary outcomes included: (i) the Screening Scale for Mild Cognitive
Impairment (sMCI) [25] for detecting mild cognitive impairment; (ii) the 12-
Word Philadelphia Verbal Learning Test (PVLT) specializing in memory
domain evaluation; (iii) neurobehavioral status and dementia-related
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symptoms evaluated through the Clinical Dementia Rating (CDR), the
Neuropsychiatric Inventory (NPI), and the Patient Health Questionnaire-9
(PHQ-9); and (iv) functional independence in daily activities measured by
the Lawton-Brody Activities of Daily Living (ADL) scale.
The sMCI is specifically tailored for the Chinese population, integrating

elements from well-established international assessments like the MMSE
and Montreal Cognitive Assessment (MoCA). It examines key cognitive
domains—including Orientation, Attention, Language, Recall, and Abstract
Reasoning—while thoughtfully considering cultural and linguistic nuances
unique to Chinese individuals [25]. To minimize bias, MMSE scores were
categorized into four levels of severity according to the Chinese
Longitudinal Healthy Longevity Survey [26]: Level 1 (0–9), Level 2
(10–17), Level 3 (18–24), and Level 4 (25–30).

EEG data collection and preprocessing
Resting-state electroencephalography (rsEEG) data were collected to
assess neuroelectrophysiological activity at three time points: baseline
(prior to intervention), immediately following the final tACS session, and at
the 10-week follow-up. Participants were seated comfortably in a sound-
attenuated, dimly lit room, minimizing external stimuli during the
recordings. The EEG data were recorded in the Sir Run Run Shaw Hospital

EEG room by a 16-channel Nihon Kohden device (EEG-1200C, Nihon
Kohden, Japan) at a sampling frequency of 128 Hz. The EEG collection
process is from closed-eye recording until the end, which takes around
5min. To obtain resting-state EEG data and assure the data quality, we
selected the EEG recording from 75 s before the end to 15 s before the end
as the samples to avoid the interference caused by signals of
electromyography and electrooculogram at the beginning of the subject’s
EEG acquisition.
We used Automagic, an open-source MATLAB toolbox [27], to

standardize preprocessing of EEG data. Automagic has proven to be an
effective method to reduce a large extent of EEG by applying a pipeline of
algorithms to identify artifactual channels in combination with multiple
artifact rejection algorithms. All EEG data were preprocessed using the
same procedure, ensuring consistency across subjects. Poor-quality
recordings (two in the sham group and three in the active group) were
objectively identified and excluded using predefined thresholds.

Statistical analysis
All statistical analyses were performed using R version 4.4.0 [28]. The
following R packages were utilized: tidyverse [29] for data manipulation
and visualization, rstatix [30] for statistical tests, and ggplot2 [31] for figure

Fig. 1 Study design and experimental procedures. This double-blind, randomized, sham-controlled study was designed following the pipeline
diagram (A). Participants in the active group underwent a daily 20-minute intervention over two weeks, which combined 8 Hz theta-tACS (B:
stimulation sites indicated in orange) with an n-back working memory task (C). In the experiment, the adaptive n-back task started with 1-back
and dynamically adjusted difficulty based on performance (see Methods). Panels A and C were created using BioRender.com. The figures in Panel
B were adapted from SimNIBS software and a Wikimedia source (https://commons.wikimedia.org/wiki/File:21_electrodes_of_International_10-
20_system_for_EEG.svg), licensed under CC BY-SA 4.0. Timepoints: baseline (T0), after-treatment (T1), and 10-week follow-up (T2).
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creation. Descriptive statistics summarise demographic and baseline
characteristics, presented as means and standard deviations for continuous
variables, and counts with percentages for categorical variables.
To compare baseline characteristics between the active and sham

groups, unpaired Student’s t-tests were used for normally distributed
continuous variables, and the Mann-Whitney U test for non-normally
distributed data. Categorical variables were compared using the chi-square
test (χ²). Within-group differences before and after treatment were
assessed using paired t-tests for normally distributed data or Wilcoxon
signed-rank tests for non-normal data. For the n-back task performance
analysis, one-way repeated measures ANOVA were employed to evaluate
training effects within each group across the intervention period.
Spearman’s rank correlation coefficient was employed to examine the
relationship between electrophysiological changes and cognitive improve-
ments. All statistical tests were two-tailed, and a p-value less than 0.05 was
considered statistically significant.

EEG analysis
EEG data were analyzed with the Fieldtrip MATLAB toolbox [32]. Sixteen
channels in the EEG datasets are selected, including FP1, FP2, F3, F4, C3,
C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, and T6. The electrode distribution for
all channels is set according to the international 10-20 system. The
continuous EEG data were segmented into 1-second epochs with 50%
overlap and power spectral density was then computed using the multi-
taper method with a Hanning window, focusing on the 1-40 Hz range.
Power values were subsequently log-transformed (log10) for normalization
and statistical analysis. The imaginary part of coherency, which minimizes
the effect of spurious connectivity arising from volume conduction [33],
was used to compute the all-to-all functional connectivity between
electrodes in all frequency band.
For power spectrum statistics, nonparametric cluster permutation tests

[34] were performed to statistically evaluate group differences between
the active and sham groups at baseline phase T0 and immediate after
treatment phase T1. Two-sample independent t-tests were used as test
statistics to examine differences between the active and sham groups
across different time points or between the pre- and post-treatment values
between the active group and the sham group, with a predefined
threshold of p < 0.05. Two-sample paired t-tests were used as test statistics
to examine differences in each group before and after treatment (T0 vs T1),
with a predefined threshold of p < 0.05. The sum of the t values within a
given cluster was defined as the cluster-level statistic. To obtain the
reference cluster distribution, group labels were randomly shuffled 1000
times. For each shuffling, the cluster with maximum t values were used to
create reference distribution. Observed cluster statistic values exceeding
the 95th percentile of the reference cluster distribution was considered as
significant cluster.
For functional connectivity statistics, the network-based statistic (NBS)

[35] was conducted to test the network statistical significance while
controlling for multiple comparison corrections. When comparing the
functional connectivity network strength difference between the active
and sham groups across different time points or between the pre- and
post-treatment values between the active group and the sham group, an
independent two-sample t-test was performed on the connectivity value.
When comparing the difference in each group before and after treatment
(T0 vs T1), a paired two-sample t-test was performed on the connectivity
value. Connections exceeding the predefined threshold (p < 0.05) con-
stituted a set of suprathreshold links. Then, connecting graph components
formed topological clusters, and the number of connections was defined
as a cluster score. The maximum number of connections across clusters
was used as the test statistic. By randomizing the data across groups and
recalculating the test statistic 5000 times, a reference distribution of
maximum cluster values was obtained to evaluate the statistic of the
observed cluster scores. Observed cluster scores higher than the 97.5th
percentile or lower than 2.5th percentile were considered significant at
p < 0.05 level. These statistics were performed with the open source NBS
toolbox (NITRC: Network-Based Statistic (NBS): Tool/Resource Info), and
brain network visualization was done by using the python toolkit
matplotlib [36].

RESULTS
We assessed both groups using multi-dimensional assessments,
including neuropsychological tests and resting-state EEG (rsEEG)
at baseline (T0), immediately post-treatment (T1), and at the 10-

week follow-up (T2), as shown in Fig. 1 and Fig. S1. A total of 36
mild AD patients completed the baseline assessment, with
demographic details in Tables 1 and 2. The mean age in the
active and sham groups were no statistically significant differences
(68.22 vs. 69.72, p= 0.57), with similar gender distribution across
both. The average years of education in the active group
(5.06 ± 4.52) were also comparable to those in the sham group
(6.16 ± 5.28). Clinical Dementia Rating (CDR) scores were
0.78 ± 0.26 for the active group and 0.86 ± 0.23 for the sham
group, with no statistically significant differences between the two
groups (p= 0.30). The two groups were also similar in APOE ε4
carrier status, medication use, and baseline cognitive assessments.

Primary and secondary outcome measures
To evaluate the effect of this combined intervention on general
cognition, we compared baseline MMSE scores with post-
treatment and 10-week follow-up results for each group. In the
active group, significant improvements were seen after treatment
(T1 vs. T0: t (15) =-3.273, p= 0.005, Cohen’s d= 0.82), while no
such gains were observed in the sham group (Fig. 2 and Fig. S3).
By the 10-week follow-up, the sham group showed a significant
decline in MMSE scores (T2 vs. T0: t (4)= 3.586, p= 0.023, Cohen’s
d= -1.60), whereas the active group maintained their cognitive
performance (Fig. 2). The secondary outcome of sMCI aligned
directionally with MMSE improvements. It was the active group,
not the sham group, that showed significant post-treatment
improvement from baseline (T1 vs. T0: t (13) =-3.296, p= 0.005,
Cohen’s d= 0.82). In contrast, at the 10-week follow-up, the sham
group exhibited a marginal decline in sMCI scores relative to
baseline (T2 vs. T0: p= 0.077) (Fig. 2).
We further examined specific cognitive domains using sub-

scales from the MMSE and sMCI, as well as the PVLT, a test for
verbal learning and memory (Fig. 2, Table 2). The active group
showed significant improvements in short-term memory, reflected
by gains in MMSE-recall (T1 vs. T0: Z= -2.11, p= 0.035, r= 0.53)
and PVLT-total learning (T1 vs. T0: t (14)= -2.475, p= 0.027,
Cohen’s d= 0.64) and short free recall scores (T1 vs. T0: Z= -2.536,
p= 0.011, r= 0.65). Notable improvements were also observed in
working memory (MMSE-registration (T1 vs. T0: p= 0.063), PVLT-
distractor trial (T2 vs. T0: t (5) =-2.712, p= 0.042, Cohen’s
d= 1.107)) and long-term memory (PVLT-long cued recall (T1 vs.
T0: p= 0.055)). In contrast, the sham group exhibited only minor
improvements in long-term memory, with slight increases in PVLT-
long free recall (T1 vs. T0: p= 0.104) and long cued recall scores
(T1 vs. T0: p= 0.082). Beyond cognitive assessments, we also
evaluated depression, activities of daily living, caregiver burden,
and neuropsychiatric symptoms at each time point (Fig. 2 and

Table 1. Baseline characteristics of mild Alzheimer’ patients.

Active
group

Sham
group

p-value

n= 18 n= 18

Age, years (s.d.) 68.22 (7.78) 69.72 (8.01) 0.57

Female, n (%) 12 (66.67) 10 (55.56) 0.73

Education, years (s.d.) 5.06 (4.52) 6.61 (5.28) 0.42

APOE ε4 carriers, n
(%)a

7(58.33) 6(66.67) 1

Treated with
medication, n (%)

6 (33.33) 7 (38.89) 0.73

CDR score (s.d.) 0.78 (0.26) 0.86 (0.23) 0.3

A χ2 test was used for sex, APOE genotype and medication. A student
t-test was performed for age. A Mann-Whitney U test was utilized for
education year and CDR score.
APOE apolipoprotein E, CDR clinical dementia rating.
aActive group n= 12, Sham group n= 9.
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Fig. S4). No significant changes or trends were observed in these
secondary outcomes in either group.

Gamma power analysis
Resting-state EEG (rsEEG) data were collected before and after the
intervention to evaluate the effects of tACS combined with the n-back
task on brain oscillatory dynamics. A cluster-based permutation test
identified significant group differences in gamma power, particularly
within the 32–40Hz range. As illustrated in Fig. 3A, the active group
exhibited a marked reduction in gamma power post-treatment,
particularly in frontal and temporal regions (F7, F4, C3, T3, P4), while
the sham group showed minimal changes over the same period. This
divergence is further highlighted in the T1–T0 difference maps and

topographic representation (Fig. 3B), both of which underscore the
more pronounced decline in gamma power observed in the active
group. Furthermore, the box plot reveals a statistically significant
reduction in gamma power in the active group compared to the sham
group (t (23)= 2.689, p= 0.013, Cohen’s d= 1.077), underscoring the
impact of tACS on gamma oscillatory activity in this cohort.

Cognitive impact of theta connectivity patterns
Although we explored functional connectivity in all frequency bands,
only a significant theta-band network was identified using network-
based statistics (NBS) (Fig. 4A), primarily localized in the frontal,
temporal, and occipital regions, corresponding to the previously
noted gamma power cluster. We further examined changes in

Table 2. Cognitive subscale scores of mild Alzheimer’s patients at baseline (T0), after-treatment (T1), and 10-week follow-up (T2).

Active group Sham group

MMSE† Orientation T0 6.22 (1.77) 5.44 (2.48)

T1 6.50 (1.51) 4.57 (2.06)

T2 7.00 (1.79) 5.60 (2.30)

Registration of three words T0 2.50 (1.04) 2.50 (0.86)

T1 2.81 (0.54) 2.71 (0.61)

T2 2.83 (0.41) 3.00 (0.00)

Attention and Calculation T0 3.56 (1.54) 2.05 (1.30)

T1 3.63 (1.86) 2.43 (1.40)

T2 4.50 (0.84) 2.80 (2.17)

Recall of three words T0 0.94 (1.06) 0.55 (0.92)

T1 1.44 (1.36) * 0.43 (0.76)

T2 0.83 (1.17) 0.20 (0.45)

Language T0 6.28 (1.56) 5.94 (1.86)

T1 6.44 (1.31) 6.36 (1.50)

T2 6.17 (1.83) 5.20 (2.28)

Visual Construction T0 0.33 (0.49) 0.39 (0.50)

T1 0.31 (0.48) 0.56 (0.50)

T2 0.33 (0.52) 0.20 (0.45)

PVLT‡ Short delay free recall T0 0.65 (1.17) 0.82 (1.33)

T1 2.20 (2.18) ** 1.14 (2.07)

T2 0.00 (0.00) 1.20 (1.79)

Short delay cued recall T0 2.00 (1.54) 1.59 (1.37)

T1 2.27 (2.19) 1.71 (1.44)

T2 1.33 (1.21) 3.00 (2.00)

Long delay free recall T0 0.65 (1.37) 0.47 (0.80)

T1 0.53 (1.36) 1.00 (1.75)

T2 0.33 (1.21) 0.60 (1.34)

Long delay cued recall T0 0.94 (1.43) 0.76 (1.03)

T1 1.53 (1.85) 1.14 (1.41)

T2 2.67 (1.37) 1.00 (1.00)

Distractor trial T0 2.17 (1.29) 1.59 (1.06)

T1 2.07 (1.10) 1.57 (1.28)

T2 2.67 (1.37) * 2.60 (1.34)

Intrusions T0 9.07 (9.28) 5.82 (5.89)

T1 9.33 (8.23) 8.29 (6.88)

T2 7.33 (7.39) 11.00 (8.92)

Available cases number (N):
MMSE mini-mental state examination, sMCI screening scale for mild cognitive impairment, PVLT 12-word philadelphia verbal learning test.
† NActive (T0/T1/T2)= 18/16/6; NSham (T0/T1/T2)= 18/14/5;
‡ NActive (T0/T1/T2)= 18/15/6; NSham (T0/T1/T2)= 18/14/5.
All values with significant differences are marked in bold and black (*p < 0.05, **p < 0.01). All statistics were compared relative to T0 and analyzed using paired
t-tests.
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connectivity strength between specific brain regions and their
relationship to cognitive outcomes, as measured by changes in
MMSE scores. In the active group, there were significant reductions
in connectivity strength (Fig. 4B). The most notable decreases were
observed in the bilateral frontal regions (F4/Fp1: t (23)= 2.884,
p= 0.008, Cohen’s d= 1.154; F4/F7: t (23)= 2.467, p= 0.021,
Cohen’s d= 0.988) and between the right frontal and left temporal
regions (F4/T3: t (23)= 2.465, p= 0.022, Cohen’s d= 0.987; F8/T3: t
(23)= 3.070, p= 0.005, Cohen’s d= 1.229) (Fig. 4B and Fig. S5). To
link these treatment effects with clinical outcomes, we explored the
relationship between changes in cognitive performance and
functional connectivity. In the active group, a significant negative
correlation was found between F4/F7 connectivity strength and
MMSE improvement (R= –0.57, p= 0.043), with similar negative
trends observed in other connections, though not statistically
significant (Fig. 4C). This suggests that reduced connectivity in these
regions may be associated with cognitive improvement. In contrast,
few similar correlations were observed in the sham group.

DISCUSSION
This study demonstrates that combining conventional prefrontal
theta-band tACS with cognitive training (n-back task) significantly
modulates neural connectivity (in the theta and gamma band) and
improves cognitive deficits in individuals with mild Alzheimer’s
disease (AD). Our primary and secondary outcomes both reveal
notable improvements in short-term and working memory, which
were sustained over a 10-week follow-up. These results suggest
that this approach may serve as a promising non-invasive
intervention to slow cognitive decline in AD.
Multiple cognitive assessment tools were employed to evaluate

the impact of tACS combined with cognitive training in mild AD

patients. In addition to the widely used MMSE [24], we also
applied the Screening Scale for Mild Cognitive Impairment (sMCI)
[25], which has proven more accurate than the MoCA in elderly
Chinese populations. Although sMCI has not been extensively
tested in AD, our results suggest that it is effective in monitoring
therapeutic responses in elderly Chinese patients with mild AD
and may offer a valuable tool for capturing nuanced cognitive
changes during interventions.
Our findings, based on assessments using the MMSE, sMCI, and

memory-specific PVLT, provide compelling evidence that com-
bined intervention primarily enhanced general cognition and
short-term memory. Furthermore, while short-term memory
exhibited the most significant improvement, we also observed
positive trends in working memory, long-term memory, and
language abilities. Critically, these cognitive gains occurred
alongside preserved functional independence (stable ADL scores),
a key determinant of quality of life in early AD. These results align
with prior researches, which has consistently identified memory
enhancement as one of the most frequent outcomes of multi-
session tACS interventions [37, 38]. Though improvements in
general cognition were noted, the literature presents mixed
findings regarding tACS’s broader impact on cognitive functions
[37, 39, 40]. Some studies have reported significant gains in global
cognition, while others have found no measurable effect [38].
These discrepancies likely stem from variations in study design,
stimulation protocols, and the specific cognitive tasks employed.
While trends of improvement were observed across several

cognitive domains in our study, attention and executive functions
did not show significant gains. Previous research has shown that
single-session tACS, particularly when applied to the frontal cortex
(F3/F4), can improve working memory, visual attention, and
processing speed, especially in non-AD populations [41]. The

Fig. 2 Violin plots of cognitive (PVLT, MMSE and sMCI), affective (PHQ-9) and functional (ADL and CBI) assessments among baseline (T0),
after-treatment (T1), and 10-week follow-up (T2) in active and sham groups. Participants number (Active/Sham): T0= 18/18, T1= 16 (PVLT:
15)/14, T2= 6/5; Dots and lines show paired values of individual participants; all statistic differences were conducted using paired t-test (*
p < 0.05, ** p < 0.01, ns means no significance). MMSE Mini-Mental State Examination, sMCI Screening Scale for Mild Cognitive Impairment, PVLT
12-Word Philadelphia Verbal Learning Test, PHQ-9 Patient Health Questionnaire-9, ADL Activities of Daily Living, CBI Caregiver Burden Inventory.
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absence of such changes in our study could be due to the
cumulative nature of multi-session tACS or the specific cognitive
profile of AD patients, where memory deficits are more prominent.
As another pivotal neurophysiological marker in AD clinical

trials, we observed distinct changes in gamma-band power and
theta-band connectivity in resting-state EEG measures, both
consistently localized in the frontal, temporal, and occipital
regions. This finding reflects an important aspect of neural
dynamics: while different frequency bands represent distinct
neural processes, they can overlap in the brain regions involved.
Gamma oscillations are typically associated with local neural
processing and higher-order cognitive functions, such as attention
and the integration of long-term memory [18, 19, 42]. In contrast,
theta oscillations are linked with long-range communication and
coordination between brain regions, particularly for tasks invol-
ving working memory and cognitive control [18, 19, 42]. The
frontal, temporal, and occipital cortices serve as hubs for both
local and network-level neural processes [43]. The observed
reduction in both gamma power and theta connectivity within
these regions post-treatment suggests they are central to

cognitive processing, where local computations (gamma) and
broader network integration (theta) occur simultaneously. The
combined effect of tACS and CT likely helps recalibrate both local
gamma oscillations and long-range theta connectivity, potentially
improving cognitive functions such as working memory and
memory consolidation, with possible benefits for long-term
memory. The interaction between local processing and global
network coordination suggests that gamma oscillations may be
nested within theta rhythms during complex tasks, with theta
modulating gamma activity across wider networks. This corre-
sponds with earlier findings that hippocampal gamma power is
modulated by the theta phase during working memory retention
[44], which may explain the observed changes in both frequency
bands within the same regions. tACS could be influencing these
interactions. Further evidence is needed to confirm their role in
cognitive improvements.
The increase in both gamma power and theta connectivity

observed in the sham group likely reflects the brain’s attempt to
compensate for cognitive decline. In early-stage AD, heightened
neural activity may help preserve function despite synaptic loss,

Fig. 3 Gamma-band (32–40 Hz) spectral power analysis. (A) Spectral topographies of baseline (T0), after-treatment (T1), and the difference
before and after treatment (T1–T0) in the active (N= 13) and sham (N= 12) groups. (B) Gamma power differences (Post–Pre intervention)
between the active and sham groups. Left panel: significant channels and frequency bins identified by cluster permutation t-test between two
groups. The significant channels and frequency bins were highlighted. Middle panel: Spectral topography of group differences in gamma
power with t values assessed by independent t-test between active and sham groups. Marked sensors belong to significant clusters identified
by the cluster permutation t-test (p < 0.05). Right panel: Mean gamma power differences over the marked sensors compared by independent
t-test between two groups. * p < 0.05. Timepoints: baseline (T0) and after-treatment (T1).
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but this overactivation is often inefficient and can contribute to
further decline as the disease progresses [45, 46]. This is consistent
with previous studies, one of which has found that patients with
mild AD show greater theta synchrony than those with MCI [47],
suggesting that this increase may serve as a transient compensa-
tory mechanism—acting as a load-shifting process in response to
more severe cognitive deficits [48]. Additionally, similar “overload”
connectivity has been observed not only in Alzheimer’s disease
but also in psychiatric disorders such as schizophrenia, obsessive-
compulsive disorder (OCD), and bipolar disorder [49–51]. Take
together, these findings suggest that pathological hyperconnec-
tivity may represent one of the general mechanisms for coping
with neurological dysfunctions.
In contrast, the active group exhibited a significant reduction in

maladaptive processes following combined tACS and cognitive
training. Additionally, the negative correlation we found between
MMSE scores and theta connectivity further suggests that reduced
connectivity is linked to better cognitive outcomes, supporting the
potential role of tACS in modulating brain activity. We attribute
these effects to two synergistic mechanisms: (i) frequency-specific
entrainment of endogenous oscillations, with maximal efficacy
when stimulation aligns with the intrinsic rhythms of target
networks, and (ii) spike-timing-dependent plasticity (STDP),
facilitating lasting reorganization of neural circuits [6]. Together,
these processes enhance phase-locked neural communication and
promote more efficient network dynamics, leading to cognitive
improvement.
Recent findings may further contextualize the sustained effects

of our 8 Hz protocol. Specifically, stimulation over the medial
prefrontal cortex (Fp1/Fp2) at 5 Hz selectively modulates hippo-
campal oscillations during stimulation, while 10 Hz induces post-
stimulation power changes [52]. This frequency-dependent
spatiotemporal specificity suggests that 8 Hz may strike a
balance—engaging both immediate entrainment and longer-
term plasticity. Nonetheless, parametric studies with finely tuned

stimulation parameters are needed to validate this hypothesis.
Last but not least, the observed negative correlation between
MMSE scores and theta-band connectivity supports the role of
tACS in modulating pathological network activity, with reduced
connectivity linked to better cognitive outcomes.
While our findings of this pilot study are encouraging, several

limitations should be considered. First, all analyses were con-
ducted using complete cases. Comparative analyses showed that
age, gender, and disease severity did not differ significantly
between completers and dropouts, indicating that although some
attrition bias may exist, its impact was limited. However, future
studies with larger cohorts and extended follow-up periods are
needed to better understand the long-term effects of this
intervention. Second, the precise mechanisms underlying the
observed reductions in connectivity strength remain incompletely
understood. Incorporating advanced neuroimaging techniques,
such as multimodal MRI, in future research could provide further
insights into the structural and functional changes associated
with tACS.
Overall, this study offers valuable insights into the potential of

theta-tACS combined with cognitive training to enhance cognitive
performance and modulate neural connectivity in individuals with
mild AD. By targeting frontal-temporal networks, tACS presents a
novel, non-invasive approach to mitigating cognitive decline via
normalization of pathological hyperconnectivity. These findings
underscore the need for further research to assess the long-term
efficacy, optimize stimulation parameters, and fully understand
the neural mechanisms behind these benefits, potentially advan-
cing treatment strategies for neurodegenerative diseases.

DATA AVAILABILITY
The data that support the findings of this study are not publicly available due to
privacy restrictions but are available from the corresponding author upon reasonable
request.

Fig. 4 Patterns and connections of theta-band (4–8 Hz) EEG connectivity strength with cognitive impairments between Post–Pre
intervention in the active (N= 13) and sham (N= 12) groups. Electrode positions (A) showing significant post-pre connectivity differences
between the active and sham groups were indicated with dotted lines, as determined by the Network-Based Statistic (NBS). (B) Changes in
connectivity strengths between two groups were compared by independent t-test. All electrode position pairs in the above plot are non-
directional. (C): Correlations between changes in MMSE levels and connectivity strengths were analyzed using Spearman’s rank test (Orange:
Active group; Blue: Sham group). All Δ above represents differences between after-treatment and baseline (Δ = T1 – T0). * p < 0.05, ** p < 0.01.
Timepoints: baseline (T0) and after-treatment (T1).
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