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Abstract
Background The mechanistic effects of gamma transcranial alternating current stimulation (tACS) on hippocampal 
gamma oscillation activity in Alzheimer’s Disease (AD) remains unclear. This study aimed to clarify beneficial effects of 
gamma tACS on cognitive functioning in AD and to elucidate effects on hippocampal gamma oscillation activity.

Methods This is a double-blind, randomized controlled single-center trial. Participants with mild AD were 
randomized to tACS group or sham group, and underwent 30 one-hour sessions of either 40 Hz tACS or sham 
stimulation over consecutive 15 days. Cognitive functioning, structural magnetic resonance imaging (MRI), and 
simultaneous electroencephalography–functional MRI (EEG-fMRI) were evaluated at baseline, the end of the 
intervention and at 3-month follow-up from the randomization.

Results A total of 46 patients were enrolled (23 in the tACS group, 23 in the sham group). There were no group 
differences in the change of the primary outcome, 11-item cognitive subscale of the Alzheimer’s Disease Assessment 
Scale (ADAS-Cog) score after intervention (group*time, p = 0.449). For secondary outcomes, compared to the control 
group, the intervention group showed significant improvement in MMSE (group*time, p = 0.041) and MoCA scores 
(non-parametric test, p = 0.025), which were not sustained at 3-month follow-up. We found an enhancement of 
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Introduction
Disruption of gamma rhythm affects learning-induced 
neuronal ensembles [1], and specific theta-gamma rela-
tionships underpin entorhinal-hippocampal communi-
cation and episodic memory [2]. Greater theta-gamma 
coupling predicts successful encoding [3]. Previous stud-
ies have shown alterations in hippocampal theta-gamma 
cross-frequency coupling prior to Aβ overproduction 
in Alzheimer’s disease (AD) transgenic mice [4]. Loss of 
gamma-band synchronization has also been reported 
in mild cognitive impairment (MCI) and AD dementia 
[5, 6]. Evidence of AD-related alteration of neural oscil-
lations has been translated into encouraging findings of 
potential benefit from brain stimulation, especially in the 
gamma range [7].

Transcranial alternating current stimulation (tACS) 
entrains endogenous EEG oscillations in a specific fre-
quency, which was suggested to have effects on cogni-
tive improvements in aging population [8]. 40  Hz tACS 
has gained recent attention as an intervention for AD, 
and limited randomized, double-blind controlled stud-
ies suggest that gamma-tACS improves overall cogni-
tive function and memory performance [9]. Mechanistic 
explanations for the apparent benefit have included res-
toration of cholinergic neurotransmission, increased 
brain perfusion [10], and amyloid and tau clearance [11, 
12].

A challenge for tACS is the generation of effects within 
deep brain structures, especially the hippocampus [13]. 
In nonhuman primates, conventional two scalp electrode 
tACS influences the spiking time of single neurons in 
deep brain structures, including the hippocampus [14]. 
Recently, our team directly recorded local field potentials 
(LFP) in the hippocampus in patients with drug-resistant 
epilepsy with stereoelectroencephalography (SEEG) elec-
trodes and demonstrated that compared to 0 mA, greater 
than 7  mA tACS were required to produce significant 
differences in LEP in the hippocampus [15]. Addition-
ally, it was observed that the LFPs increased significantly 
with higher external currents, especially at 15 mA. Most 
importantly, no seizure activity was observed in patients 
during tACS, indicating that 15  mA may offer more 
effective stimulation compared to lower currents, while 
remaining safe. These research data suggest that tACS 

can be proposed for neuromodulation of deep brain 
structures. However, we do not yet know the nature of 
changes of oscillations in the hippocampus after tACS 
and its potential to improve cognitive function in AD.

We conducted this randomized, sham-controlled, 
clinical trial with the primary objective to determine the 
effect of 40  Hz tACS on global cognitive functioning of 
patients with mild dementia due to AD with evidence of 
amyloid pathology obtained either through CSF or amy-
loid PET scan. As a secondary objective, we used simul-
taneous electroencephalography–functional magnetic 
resonance imaging (EEG-fMRI) to determine the effects 
of tACS on hippocampal gamma activity.

Materials and methods
Study design
This single-center, double blind, randomized sham-con-
trolled trial (ClinicalTrials.gov, NCT 03920826, Registra-
tion Date: 2019-04-19) [16] was conducted to examine 
the safety and effects of 30 one-hour sessions of 40  Hz 
tACS on cognitive function and hippocampal neural syn-
chrony in mild AD. Ethical approval was received from 
Xuanwu Hospital, Capital Medical University (2018-077) 
in accordance with the Declaration of Helsinki. We con-
ducted this study following both the CONsolidated Stan-
dards of Reporting Trials (CONSORT) statement and the 
CONSORT statement for non-pharmacological interven-
tions. The informed consent from all participants was 
obtained.

Participants
All participants met NIA-AA core clinical criteria for 
probable AD dementia [17] and the following additional 
inclusion criteria: (1) Literate in Han Chinese; (2) aged 45 
to 75 years; (3) completed at least 6 years of education; 
(4) Global score of Clinical Dementia Rating Scale (CDR) 
1.0 [18]; (5) positive result for amyloid PET examination 
or low CSF Abeta42 [19]; (6) stable dose of cholinesterase 
inhibitors and memantine for > 6 weeks. Exclusion cri-
teria included: (1) current or past history of any neuro-
logical disorder other than AD, such as epilepsy, stroke, 
progressive neurological disease (e.g., multiple sclerosis), 
poorly controlled migraines or intracranial brain lesions, 
and history of previous neurosurgery or head trauma that 

theta-gamma coupling in the hippocampus, which was positively correlated with improvements of MMSE score and 
delayed recall. Additionally, fMRI revealed increase of the local neural activity in the hippocampus.

Conclusion Effects on the enhancement of theta-gamma coupling and neural activity within the hippocampus 
suggest mechanistic models for potential therapeutic mechanisms of tACS.

Trial registration ClinicalTrials.gov, NCT 03920826; Registration Date: 2019-04-19.

Keywords Alzheimer’s disease, Gamma oscillation, Transcranial alternating current stimulation, Theta-gamma 
coupling, Hippocampus
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resulted in residual neurological impairment; (2) pre-
scribed medication that might affect cognitive function 
such as anticonvulsants, antipsychotics, benzodiazepines, 
muscle relaxants, opiates, stimulants, and tricyclic anti-
depressants; (3) contraindications for undergoing MRI 
or receiving tACS, for example metal implants, pace-
maker, claustrophobia and incomplete skulls; (4) eczema 
or sensitive skin; (5) abnormal brain structural MRI scan 
including hydrocephalus, stroke, structural lesions, sig-
nificant white matter lesions (Fazekas score = 3–6), could 
potentially confound the outcome; (6) depression or 
other psychiatric disorders; (7) clinically significant gas-
trointestinal, renal, hepatic, respiratory, infectious, endo-
crine, or cardiovascular diseases, cancer, alcoholism or 
drug addiction.

Amyloid testing
PiB-PET imaging
PiB was synthesized and radiolabeled with 11 C follow-
ing the method previously described [20]. Detailed scan-
ning procedures are outlined in our protocol article [16]. 
A global cortical PiB-PET retention ratio was calculated 
by taking the median uptake across voxels in key regions 
of interest (prefrontal, orbitofrontal, parietal, temporal, 
anterior cingulate, and posterior cingulate/precuneus) 
and normalizing it to the cerebellar gray matter median. 
A retention ratio greater than 1.25 was considered 
positive.

CSF Aβ42 levels
CSF Aβ42 levels were measured using commercially 
available ELISA kits (Fujirebio, Ghent, Belgium), adher-
ing strictly to the manufacturer’s instructions [21]. 
Results were reported as precise concentrations, cal-
culated using standard curves established daily with six 
ready-to-use calibrators. Each measurement was vali-
dated with two quality control samples and two internal 
controls. The normal reference intervals for these CSF 
biomarkers varied by age group: 610–974 pg/mL (21–50 
years), 562–1018 pg/mL (51–70 years), and 567–1027 
pg/mL (> 70 years). An Aβ42 level below the lower limit 
for the respective age group was considered positive.

Randomization and masking
Participants were randomly assigned 1:1 to tACS or sham 
stimulation. An independent statistician generated the 
randomization sequence and coded the tACS device. 
The random allocation was performed using the random 
number table method in SAS software (SAS Institute, 
Inc., Cary, NC). Trained nurses administered the tACS, 
opening an opaque, sealed envelope containing each par-
ticipant’s group allocation code before the first interven-
tion. A single experienced psychological assessor, blinded 
to the group allocation, conducted all patient cognitive 

assessments. Participants, caregivers, outcomes asses-
sors, and nurses were all blinded to randomization sta-
tus. The details are shown in the published protocol and 
supplemental files (page 1–12, statistical analysis plan).

Procedures
To better observe and manage potential adverse reac-
tions, all participants were admitted to the ward and 
received interventions during their hospitalization. A 
NEXALIN ADI transcranial alternating current stimu-
lator was used to give 40  Hz stimulation; peak-to-peak 
amplitude 15  mA tACS [22]. A 4.45 × 9.53  cm rectan-
gular pad was positioned on the forehead, aligning with 
Fpz, Fp1, and Fp2 of the international placement system. 
Meanwhile, two 3.18 × 3.81  cm rectangular pads were 
affixed behind each ear over the mastoid region. The 
location of the electrodes and the computational mod-
elling of the electric fields from tACS are shown in the 
appendix (Figure S1).

Participants received 30 one-hour sessions of tACS 
or sham tACS across consecutive 15 days (twice a day, 
intervals of at least 4 h). At baseline, the end of the inter-
vention, and three months after randomization, all par-
ticipants underwent a cognitive testing battery, structural 
MRI, and simultaneous EEG-fMRI. We collected EEG 
and EEG-fMRI data while participants were in a resting 
state. The study schedule of the trial is shown in Table 1.

Outcomes
The primary outcome was the change in the scores of the 
11-item cognitive subscale of the Alzheimer’s Disease 
Assessment Scale (ADAS-Cog) [23] from the baseline to 
the end of intervention. To reduce the potential practice 
effect, an alternate list of words was used for the Word 
Recall Task (Item 1) at the end of the intervention, and 
the original list was used at baseline and at the 3-month 
follow-up. Secondary outcomes included: the Mini-
Mental State Examination (MMSE) [24]; the Montreal 
Cognitive Assessment (MoCA) [25]; the World Health 
Organization-University of California-Los Angeles audi-
tory verbal learning test (WHO-UCLA AVLT) [26]; digit 
span; the trail-making test (TMT) B minus A score; the 
Boston Naming Test (BNT); the activities of daily liv-
ing (ADL) scale; the Neuropsychiatric Inventory (NPI) 
[27]; the Geriatric Depression Scale (GDS) [28]; changes 
in EEG indices, including gamma frequency power and 
intensity of theta-gamma coupling in the hippocampus; 
and changes in the neural activity of the hippocampus.

T1-weighted images of the whole brain were acquired 
using a sagittal three-dimensional (3D) magnetization 
prepared rapid gradient echo (MPRAGE) sequence. EEG 
data were collected simultaneously with fMRI using an 
MRI-compatible 64-channel (Ag/AgCl) electrode cap. 
Detailed description of EEG/fMRI data acquisition and 
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data preprocessing was included in the supplementary 
materials.

In this study, adverse events were assessed after every 
five sessions. Every participant was asked about the pres-
ence and severity of the following symptoms: headache, 
neck pain, scalp pain, tingling, itching, ringing/buzzing 
noise, burning sensations, skin redness, sleepiness, trou-
ble concentrating, acute mood change, dizziness, flicker-
ing lights, and any other symptoms.

EEG analysis
Details of EEG preprocessing could be found in the 
supplemental methods. For each EEG channel, spectral 
power was calculated for gamma band (30–50 Hz). Chan-
nels were grouped into four zones (Fig. 1a left; Figure S2a 
left). The left frontal zone included F1, F3, F5, F7, FC1, 
FC5, and FT7. The right frontal zone included F2, F4, 
F6, F8, FC2, FC4, FC6, and FT8. The left posterior zone 
included P1, P3, P5, P7, PO3, PO5, and PO7. The right 
posterior zone included P2, P4, P6, P8, PO4, PO6, and 
PO8. Statistical comparison of spectral power between 
different sessions was implemented for each zone.

Volume source localization for signals from the hip-
pocampus was implemented using Brainstorm [29]. The 
head model for each participant was computed by Open-
MEEG boundary element method (BEM) [30, 31] based 
on their T1 image and the corresponding Freesurfer 
output. Then EEG signals were inversed using dSPM 

method [32]. Sources in each side of the hippocampus 
were extracted and averaged using Desikan-Killiany Atlas 
[33]. Phase amplitude coupling within left and right hip-
pocampus was calculated as mean vector length (MVL) 
modulation index [34], implemented by PACTools, an 
EEGLAB plug-in. MVL modulation indices were normal-
ized by non-parametric permutation (n = 1000).

fMRI data analysis
Details of fMRI preprocessing could be found in the 
supplemental methods. fMRI-based functional con-
nectivity analysis was carried out using CONN toolbox 
(version 21b) [35]. Preprocessed dataset from fMRIPrep 
was imported and then denoised. Specifically, noise 
components from white matter (WM) and cerebro-
spinal areas (CSF), motion, outlier scans, and session 
effects were regressed out. Temporal band-pass filtering 
(0.008–0.09  Hz) was applied. Since it has been shown 
that the hippocampus actually includes a series of dis-
tinct and interacting subregions by previous studies [36, 
37], which could be influenced differently by AD [38]. To 
see whether tACS intervention also impact hippocampus 
subregions differently, the hippocampus was partitioned 
into head, body, and tail by FreeSurfer [39]. To measure 
whether the intervention improved the regional activity 
in different subregions of the hippocampus, average frac-
tional amplitude of low-frequency fluctuation (fALFF) 
was calculated in the subregions of the hippocampus. 

Table 1 Schedule of the trial
Study period

Time point Screening Baseline tACS End of the intervention 3-month after randomization
Eligibility screen X ↔
Informed consent X
Randomization X
Demographic data X
Physical examination X X X
Assessments
 CDR X X X
 ADAS-cog X X X
 MMSE X X X
 MoCA X X X
 AVLT X X X
 Digit Span X X X
 TMT X X X
 BNT X X X
 ADL X X X
 NPI X X X
 GDS. X X X
MRI X X X
EEG X X X
PiB-PET or CSF Abeta42 X
Abbreviations: CDR, Clinical Dementia Rating Scale; ADAS-cog, Cognitive subscale of the Alzheimer’s Disease Assessment Scale; MMSE, Mini-Mental State 
Examination; MoCA, Montreal Cognitive Assessment; AVLT, Auditory Verbal Learning Test; TMT, Trail Making Test; BNT, Boston Naming Test; ADL, Activities of Daily 
Living; NPI, Neuropsychiatric Inventory; GDS, Geriatric Depression Scale
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fALFF, as the ratio of low-frequency power to the full-
range power, is thought to improve the sensitivity and 
specificity on detecting changes of regional brain activity 
[40].

EEG-fMRI data analysis
To study the association between gamma power fluctua-
tion and hippocampus neural activation, the fluctuation 

of gamma power (30–50 Hz) in scalp EEG channels was 
calculated using EEGLAB with a window size of two sec-
onds, which corresponds to the sampling rate of fMRI 
BOLD signal. A regression analysis was carried out with 
the fluctuation of gamma power as the regressor and the 
average BOLD signals in the subregions of the hippocam-
pus as the response. The changes of beta values (regres-
sion coefficients) between sessions were calculated.

Fig. 1  Increase of gamma power in EEG channels from baseline to the end of the intervention. (a) The distribution of the gamma power change in the 
sham group and the tACS group is shown. Channels are grouped into four regions: left frontal, right frontal, left posterior, and right posterior regions, 
shown by the dotted lines. (b) The change of gamma power in both tACS group and sham group are presented. Error bars represent the 95% confidence 
interval
* uncorrected p < 0.05. Those results were not significant after false discovery rate correction
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Statistical analyses
The sample size was calculated based on the results of 
our preliminary experiments, in which ADAS-Cog scores 
improved after 30 sessions of tACS intervention (the 
changes of the scores in tACS group vs. control group: 
mean ± SD: -3.12 ± 2.35 vs. -0.67 ± 2.13). To allow for a 
maximum dropout rate of 20%, we aimed to recruit and 
randomize 40 participants to provide 83.9% power to 
obtain a statistically significant group difference with a 
two-sided α level of 0.05.

Data were analyzed according to intention-to-treat 
principles. SAS 9.4 statistical software (SAS Institute, 
license number: 11202165) was utilized for the analy-
sis. Independent sample t-tests for continuous data and 
chi-square tests for dichotomous variables (Fisher’s exact 
tests, if needed) were used to explore the baseline char-
acteristics of our participants. For the neuropsychologi-
cal assessment data, we first performed a Shapiro-Wilk 
test to check for normality. For data that followed a 
normal distribution, we used a mixed-effects model for 
analysis. Group, time, and group*time interactions were 
fixed effects, with intercept as the random term. We uti-
lized two distinct linear mixed-effects models. The first 
model evaluated changes from baseline to the end of the 
intervention, while the second examined the differences 
between baseline and the 3-month follow-up. For data 
that did not follow a normal distribution, we used the 
Mann-Whitney U non-parametric test on the pre-post 
intervention difference.

In EEG analysis, the changes of gamma power after 
intervention in each group were tested by one-sample 
t-tests. The group comparison between sham and tACS 
groups in the changes of theta-gamma coupling were 
tested by two-sample independent t-tests. The correla-
tion between the changes of theta-gamma coupling and 
the changes of MMSE and delayed recall scores was 
evaluated using Pearson’s r. In fMRI analysis, the changes 
of fALFF and the association between BOLD signal and 
gamma power fluctuation after intervention were tested 
by one-sample t-tests.

Results
Participants and the changes of cognitive functions
Between September 12, 2019, and December 27, 2021, 
112 individuals were screened for inclusion; 66 were 
excluded (Fig. 2). Table 2 displays the baseline character-
istics of participants.

Table  3 presents the changes in outcome measure 
scores. Analysis of the primary outcome showed that 
there was no statistically significant improvement in the 
ADAS-Cog score with tACS at the completion of treat-
ment (group*time, p = 0.449, mixed-effect models) or at 
3-month follow-up (group*time, p = 0.739, mixed-effect 
models). Among the secondary outcomes, compared to 

the control group, the intervention group showed signifi-
cant improvement in MMSE (group*time, p = 0.041) and 
MoCA scores (non-parametric test, p = 0.025) (Table  3). 
However, this effect was not sustained at the 3-month 
follow-up. No statistically significant positive results 
were observed for other neuropsychological tests.

EEG analysis
For EEG analysis, channels were clustered into left 
frontal, right frontal, left posterior, and right posterior 
channels (Fig.  1a left). There was significant increase 
of gamma power (30–50  Hz) in left frontal (t = 2.37, 
p = 0.032, t-tests), left posterior (t = 2.68, p = 0.017, t-tests), 
and right posterior (t = 2.13, p = 0.049, t-tests) regions in 
the tACS group (Fig. 1b). However, those effects did not 
reach significance after false discovery rate (FDR) cor-
rection. No change of gamma power was observed in the 
sham group (ps > 0.05, t-tests). There were also no signifi-
cant changes in gamma power from baseline to 3-month 
follow-up in either group (all ps > 0.05; t-tests, Figure S2).

In the left hippocampus, coupling between 5 and 6 Hz 
phase and 30–42  Hz amplitude increased statistically 
significantly from baseline to the end of intervention by 
comparing the tACS group and the sham group (two-
sample t test, ps < 0.05; Fig.  3a). Within this range, we 
found a statistically significant correlation between the 
change of theta-gamma coupling in the left hippocampus 
and the change of MMSE (5.5 –40.5 Hz: r = 0.34, p = 0.049; 
5.5 –41.5 Hz: r = 0.37, p = 0.029; Pearson’s r, Fig. 3b left). 
There was no statistically significant change in theta-
gamma coupling in the right hippocampus. However, 
we found a statistically significant correlation between 
post-intervention theta-gamma coupling in the right hip-
pocampus and post-intervention delayed recall score in 
the tACS group (6.5–30 Hz: r = 0.51, p = 0.044; Pearson’s r, 
Fig. 3b right), but not the in the sham group (6.5–30 Hz: 
r = -0.16, p = 0.519, Pearson’s r). This correlation was not 
observed in the baseline session of the tACS group (6.5–
30 Hz: r = 0.20, p = 0.462, Pearson’s r). No statistically sig-
nificant difference in theta-gamma coupling changes was 
observed between the intervention group and the control 
group in the hippocampus from baseline to the 3-months 
follow-up session (all ps > 0.05; Figure S3, t-tests).

fMRI analysis
We calculated fALFF, based on BOLD signal in the left 
and right hippocampus of the tACS group. Each side of 
the hippocampus was split into head, body and tail. We 
found a statistically significant increase of fALFF after 
intervention in the right hippocampus head (t = 2.20, 
p = 0.039; t-tests, Fig.  4a). We also regressed BOLD sig-
nals in the hippocampus by gamma power fluctuation in 
the channels with most statistically significant increase 
of gamma power (F3, F7, PO3, PO7, PO8). We found 
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increased association between BOLD signals in the left 
and right hippocampus tails and gamma power fluctua-
tion in PO8 from baseline to the end of intervention in 
the tACS group (left hippocampus tail: t = 2.14, p = 0.049; 
right hippocampus tail: t = 2.56, p = 0.022; Fig. 4b). No sta-
tistically significant differences in fMRI results were seen 
in the hippocampus from the baseline to 3-month follow-
up (Figure S4).

Adverse events
All participants underwent intervention while hospital-
ized, allowing for continuous monitoring by doctors for 
adverse reactions. This arrangement also allowed par-
ticipants to promptly report any concerns to doctors. 
To ensure that no potential side effects went unnoticed, 
we administered a questionnaire following every five 
sessions. This helped in tracking side effects and acted 
as a reminder for patients to be alert to any symptoms. 
During the course of the study, one patient in the tACS 
group reported a tingling sensation during the first two 

sessions, while another in the control group reported 
transient itching at the first session. No serious adverse 
events were observed in either group.

Discussion
Earlier studies have shown cognitive improvement fol-
lowing single or multi-session 40  Hz tACS in patients 
with AD [9]. Our study failed to show effects of 40  Hz 
tACS on the primary outcome of global cognition as 
measured by ADAS-Cog. However, effects on the sec-
ondary outcome measure of delayed recall supports the 
hypothesis that tACS may improve more specific cogni-
tive functions, including episodic memory, that can be 
confirmed in subsequent studies. We found that tACS 
enhanced theta-gamma coupling in the hippocampus 
of patients with AD. This increase in gamma oscillation 
synchrony in the hippocampus was correlated with the 
improvement of MMSE and delayed recall. Our study 
also showed that tACS increased local neural activ-
ity in the hippocampus as measured by low frequency 

Fig. 2  The flowchart of our study
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fluctuations in fMRI, providing additional evidence for 
effects of tACS on the hippocampus.

tACS has been shown to induce whole-brain effects, 
with studies suggesting the entrainment of neurons 
across widespread cortical regions [41]. This implies that 
even weak stimulation could induce large-scale modu-
lation of neural activity via network resonance [10, 41]. 
Within our study, using computational modelling, we 
demonstrated that electric stimulation fields reached 
widespread brain regions. We also found gamma power 
was increased in multiple regions, including frontal and 
parietal-occipital lobes, not limited to the stimulation 
areas. Thus, tACS is capable of producing changes in 
whole-brain activity in people with AD. In this study, we 
did not detect statistically significant improvements in 
the ADAS-Cog, however we did find statistically signifi-
cant improvement in MMSE and MoCA score. Although 
we had a priori power calculation and reached the calcu-
lated sample size, it is still possible that the small sample 
size used in the trial may have obscured benefits that 
would have been demonstrable with the several hundreds 
of participants currently used to detect modest benefits 
in AD treatment trials. Our data indicating good safety 
and acceptability, together with positive results for some 
outcomes and consistent change in neurophysiological 
measures, would support the utility of launching a phase 

3 trial, provided it is adequately powered to detect small 
treatment benefits on overall cognitive functioning and 
activities of daily living. We believe that there were sev-
eral factors influencing the response to tACS interven-
tion. For instance, in a previous study, ApoE genotype 
and baseline cognitive impairment were identified as 
predictors of response to tACS [42]. We plan to conduct 
a subgroup analysis in our subsequent study to further 
identify such predictors of response.

Among secondary outcomes, we found that memory 
function improved statistically significantly after the 
intervention. Two previous randomized controlled stud-
ies have shown that tACS can improve memory function 
by stimulating the Pz and precunus, both of which are 
key nodes in the default model network (DMN) [42, 43]. 
In addition to using the Rey Auditory Verbal Learning 
(RAVL) to assess episodic memory, these two studies also 
used the Face-Naming Association memory task (FNAT) 
to assess associative memory, where performance has 
been suggested to depend primarily on the hippocam-
pus. Although these studies did not directly measure 
neural activity in the hippocampus, they speculated 
that the improvement in the FNAT after tACS is due to 
the functional connection between the DMN network 
and the hippocampus. Thus, although we had aimed to 
use an ADAS-Cog as an outcome that was comparable 

Table 2 Baseline characteristics of the two groups
Variable tACS group (n = 23) Sham group (n = 23) P value
Age, y 65.87 ± 5.21 (56–74) 63.70 ± 6.05 (51–73) 0.198
Sex, Female 16 (69.5%) 14 (60.9%) 0.536
Education, y 10.43 ± 2.91 (6–16) 10.09 ± 3.84 (6–18) 0.731
ADAS-Cog 18.22 ± 5.92 (10–32) 17.30 ± 5.98 (9–30) 0.606
MMSE 19.43 ± 3.33 (13–26) 20.78 ± 3.04 (17–26) 0.159
MoCA 14.52 ± 3.82 (7–24) 15.74 ± 3.99 (10–24) 0.297
WHO-UCLA AVLT
 Immediate recall 14.78 ± 5.95 (5–29) 14.83 ± 4.54 (7–21) 0.978
 Delayed recall 1.04 ± 1.29 (0–3) 1.00 ± 1.20 (0–3) 0.907
 Recognition 6.09 ± 3.48 (0–13) 5.65 ± 2.98 (1–12) 0.651
Digit span forward 7.00 ± 1.41 (5–10) 7.39 ± 1.08 (5–9) 0.297
Digit span backward 3.66 ± 0.98(2–6) 4.04 ± 1.29 (2–8) 0.255
BNT 20.83 ± 3.52 (15–29) 20.74 ± 4.87 (7–28) 0.945
TMT B-A 111.70 ± 82.42 (0-249) 107.13 ± 84.06 (6-263) 0.853
ADL 24.55 ± 3.23 (20–33) 26.09 ± 4.43 (21–38) 0.191
NPI 4.17 ± 5.82 (0–26) 8.87 ± 12.21 (0–24) 0.280
GDS 7.39 ± 4.92 (1–16) 5.64 ± 4.63 (0–16) 0.178
Amyloid test, n (%)*
 positive amyloid-PET 14 (60.8%) 13 (56.5%) 0.765
 decreased CSF Abeta42 15 (65.2%) 17 (73.9%) 0.522
CSF Abeta42 levels (pg/ml) 411.53 ± 45.50 (336.89-489.57) 428.91 ± 40.53 (346.36-502.11) 0.262
Data are n (%) or mean ± SD (range)

Abbreviations: ADAS-Cog, 11-item cognitive subscale of the Alzheimer’s Disease Assessment Scale; MMSE, the Mini-Mental State Examination; MoCA, Montreal 
Cognitive Assessment; WHO-UCLA AVLT, WHO-UCLA Auditory Verbal Learning Test; BNT, Boston Naming Test; TMT B-A, Trail Making Test B-A; ADL, activities of daily 
living; NPI, Neuropsychiatric Inventory; GSD, Geriatric Depression Scale

*Six participants in the tACS group and seven participants in the control group underwent both PET and CSF examinations
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Fig. 4  The changes of fMRI outcomes. (a) The changes of fALFF in the left and right hippocampus in the tACS group. (b) The changes of coefficients 
derived from regression of hippocampus BOLD signals by gamma power fluctuation in PO8 channel in the tACS group. fALFF, fractional amplitude of 
low-frequency fluctuation
* p < 0.05

 

Fig. 3  EEG source signals in the hippocampus. Due to data quality issue, only a part of the participants was included in the EEG analysis (n = 34). (a) The 
changes of theta-gamma coupling from baseline to the end of the intervention were contrasted between the tACS group (n = 16) and the sham group 
(n = 18). The results are displayed for the left and right hippocampus within the range of theta phase (4–8 Hz) and gamma power (30–50 Hz). (b) A statisti-
cally significant correlation was observed between the change of theta-gamma coupling at 5.5–41.5 Hz and the change of MMSE (left, n = 34). There was 
also a statistically significant correlation between the theta-gamma coupling at 6.5–30 Hz and the delayed recall score in the tACS group (n = 16) at the 
end of intervention (right)
TGC, theta-gamma coupling
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with other clinical trials, in future studies we would 
recommend using a cognitive outcome that is closer 
to the assumed mechanism of action of the interven-
tion, i.e. memory consolidation. Here, indeed we found 
a statistically significant effect of tACS on delayed recall, 
underscoring a potential mechanistic effect of tACS on 
memory.

Unlike superficial brain areas such as the Pz and pre-
cuneus, the hippocampus is challenging to stimulate. 
Current studies on the effects of tACS on hippocampal 
neuron activity in AD are still insufficient, although it 
should be mentioned that one study suggested that tACS 
stimulation of the temporal lobe region increased blood 
flow in the hippocampus in AD [10], and a recently pub-
lished study showed that 40 Hz tACS increased the func-
tional connectivity between hippocampus and inferior 
parietal lobe [44]. Our prior study using the same tACS 
device suggested greater than 7 mA tACS were required 
to produce significant LEP in the hippocampus and a 
15 mA electrical stimulation for one hour with this device 
is safe and did not induce seizure activity [15]. Our study 
initially used computational modelling to show that elec-
trical current can reach the hippocampus. Then, through 
EEG-fMRI regression, we demonstrated an increased 
association between neural activity in the hippocampus 
and gamma power fluctuation in the intervention group. 
This suggested that the increased gamma power recorded 
from scalp channels was at least partly due to enhanced 
activity of the hippocampus. We analyzed neural activ-
ity in the hippocampus using EEG source localization for 
signals in the hippocampus and found that theta-gamma 
coupling was enhanced in the hippocampus, which cor-
related with MMSE improvement and scores for delayed 
recall. fMRI analyses further showed an increase in local 
hippocampal BOLD signals. These results indicate that 
tACS can reach and influence the hippocampus, modu-
lating neuronal activity in this region. In the entorhinal-
hippocampal system, theta-gamma coupling is observed 
specifically in the slow-gamma frequency [45]. As the dif-
ficulty of cognitive task is increased, theta-slow gamma 
coupling is augmented, suggesting that theta-gamma 
coupling reflects a compensatory mechanism to main-
tain memory function [46]. Our study suggests that the 
improvements in cognitive function of patients with AD 
after tACS are associated with effects on theta-gamma 
coupling in the hippocampus.

The hippocampus is a critical brain region for cogni-
tive function, particularly episodic memory. However, 
current researches on the lateralization of hippocampal 
function remain inconclusive. Regarding verbal memory 
function, some studies suggest that the left hippocam-
pus is more relevant [47, 48], while others indicate that 
the volume of the right hippocampus is associated with 
delayed verbal recall [49]. Our study found that delayed 

verbal recall improved after intervention and was asso-
ciated with an increase in theta-gamma coupling in the 
right hippocampus after intervention, along with an 
increase in fALFF values in the right hippocampus. The 
different findings in the left and right hippocampi in our 
study may be related to the lateralization of hippocam-
pal functions, but it could also be due to the small sample 
size, leading to less comprehensive results. Therefore, our 
exploratory study suggests that tACS can alter neuronal 
activity in the hippocampus, but whether the interven-
tion effects are lateralized requires further research for 
verification. Additionally, regarding the subregion analy-
sis of the hippocampus, we found significant increase 
of fALFF in right hippocampus head after intervention. 
According to previous studies, the anterior hippocampus 
is involved in the encoding of episodic memory, while 
the posterior hippocampus participates in the decod-
ing of episodic memory [50, 51]. We suspected that the 
tACS intervention might enhance memory encoding by 
activating the hippocampus head. On the other hand, the 
association between BOLD signals and gamma power 
fluctuation increased after intervention in the tail of both 
left and right hippocampus. In other words, gamma-band 
activity account for more brain activation in the hippo-
campus tail, which might increase the efficiency of mem-
ory retrieval.

Any improvements in cognitive function and changes 
in hippocampal neuronal activity that we observed post-
intervention were not evident at the 3-month follow-up. 
A recent systematic review of tACS for MCI and demen-
tia [9] indicated that most tACS interventions are single-
session, suggesting that tACS can exhibit rapid effects. 
Published studies suggest that repeated stimulation 
increases gamma power, but this diminishes upon ces-
sation of stimulation [12]. One study examined the long-
term effects of tACS and found that 30 sessions improved 
MMSE and ADAS-Cog scores, but the ADAS-COG 
scores returned to baseline at the 12-week follow-up [11].

Limitations
We acknowledge a number of study limitations. The 
sample size was relatively small. And although we found 
that the effects of stimulation could reach and affect the 
hippocampus, we are still not sure if the stimulation loca-
tions are optimal for treating AD. Another point to note is 
that, for safety consideration, the participants we enrolled 
are relatively younger compared to those in other studies 
[10, 42, 43]. Currently, there is a lack of research on the 
effectiveness of tACS intervention in AD across differ-
ent age groups. However, some studies have explored the 
impact of age on responsiveness to non-invasive stimula-
tion paradigms delivered to the motor cortex, including 
tACS [52–54]. These studies suggested that increasing 
age may reduce responsiveness to stimulation. However, 
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the considerable heterogeneity in the findings makes it 
difficult to draw definitive conclusions. Therefore, fur-
ther research is needed to analyze the impact of age on 
the responsiveness of AD patients to tACS interventions. 
In the present study, some of the EEG-fMRI results did 
not pass correction for multiple comparisons. Further-
more, we did not identify a substantial group difference 
between the treatment group and the sham group for 
the change in gamma power. These null results may be 
due to the relatively small sample size, which prevented 
sufficient statistical power. Therefore, we consider our 
results to be exploratory and preliminary. We hope that 
our study can provide a foundation for future larger stud-
ies to validate our results. Lastly, at the 3-month follow-
up, there were 2 vs. 5 participants missing, which may 
impact the results of the 3-month evaluation. The lasting 
effects of tACS on AD need further clarification in subse-
quent studies.

Conclusion
In conclusion, multi-session 40  Hz tACS over the fore-
head and two mastoid regions is safe and well tolerated 
and has potential to improve general cognitive function 
and delayed memory in mild AD. Our results suggest that 
enhancement of theta-gamma coupling and neural activ-
ity of the hippocampus is a potential therapeutic mecha-
nism of tACS.
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