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Background:  Transcranial alternating current stimulation (tACS) may be effective for improving cognitive function in Alzheimer disease (AD), but its

impact on brain functional connectivity (FC) has not been well studied.

Purpose:  To evaluate tACS efficacy in improving cognitive performance and modulating FC between brain regions in individuals with AD using

functional MRI.

Materials and Methods:

In this prospective randomized controlled trial (September 2020 to April 2022), participants with mild AD were assigned to

active (40 Hz tACS with 15-mA intensity) or sham (no y frequency or current) tACS groups for 3 weeks (referred to as week 3), with a 3-month
follow-up (referred to as month 3). Functional MRI and cognitive testing were performed at baseline, week 3, and month 3. Primary outcomes
were changes in Mini-Mental State Examination and Montreal Cognitive Assessment scores from baseline to week 3. Secondary outcomes included
FC changes within multiple cortical networks and between cortex and hippocampus from baseline to week 3 and month 3, assessed using Fisher

z-transformed correlation coefficient (hereafter, z score).

Results:  Forty-six participants were randomized into the active group (7 = 23; median age, 66 years; IQR, 62—69 years; 16 female participants) or

the sham group (7 = 23; mean age, 64 years; IQR, 61-69 years; 14 female participants). The active group had higher Mini-Mental State Examination
(median score change, 2 [IQR, 1-5] vs 0 [IQR, —1 to 2]; = .001) and Montreal Cognitive Assessment (median score change, 2 [IQR, 0—4] vs 0
[IQR, 1 to 2]; P = .03) scores than the sham group at week 3, respectively. Compared with the sham group, the active group had increased FC
between left hippocampus and left middle cingulate gyrus (z score difference, 0.29; 95% CI: 0.17, 0.42; false discovery rate [FDR]-adjusted P < .001)
and between the left hippocampus and the left middle frontal gyrus (z score difference, 0.16; 95% CI: 0.03, 0.29; FDR-adjusted P = .04) within

the posterior default-mode network (z score difference, 0.40; 95% CI: 0.07, 0.73; FDR-adjusted P = .046) and within the visual network (z score
difference, 0.45; 95% CI: 0.17, 0.73; FDR-adjusted P = .007) from baseline to week 3.

Conclusion:
and specific cortical regions.
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Izheimer disease (AD), the most common neurodegenerative

disease, is increasingly recognized as a costly and debilitating
condition (1). Currently, over 50 million people worldwide have
AD, and this number is projected to nearly triple to 150 mil-
lion by 2050 if effective treatments are not developed (2). Tri-
als using anti-amyloid-p immunotherapy in patients with AD
demonstrated that removing amyloid-f from the brain can help
preserve cognitive function (3). Despite renewed optimism for
amyloid-B—modifying therapies such as lecanemab, concerns re-
main regarding their high cost and risks of infusion-related reac-
tions (incidence of approximately 26.4%) and amyloid-related
imaging abnormalities (prevalence of 17.3%) (4). These risks as-
sociated with amyloid-B—modifying therapies have led to uncer-
tainties regarding their clinical benefits and potential harms (5).

Noninvasive brain stimulation, such as transcranial electri-
cal stimulation and transcranial magnetic stimulation, effectively

Cognitive performance in mild AD improved following tACS, with increased FC within cortical networks and between the hippocampus

modulates neuronal activity and is emerging as a promising non-
pharmacologic strategy in AD (6). Transcranial alternating cur-
rent stimulation (tACS) is more effective at modulating local field
potentials of functional networks and the hippocampus (7-9). A
previous tACS study of 60 patients with AD reported beneficial ef-
fects on memory performance and restoration of cholinergic trans-
mission (10). However, clinical effectiveness evaluations of tACS
for AD are limited. In a pilot study of 15 patients with AD, tACS
was found to increase cerebral blood flow in the temporal lobe,
providing preliminary evidence of the impact of tACS on cortical
perfusion in the hippocampus and entorhinal cortex (11). How-
ever, to the knowledge of the authors, the potential impact of tACS
on MRI-based functional connectivity (FC) in AD has not been
investigated, limiting understanding of its clinical utility.
Functional MRI provides evidence of the involvement of
specific neuronal networks in cognitive processes (12,13). The
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Abbreviations

AD = Alzheimer disease, DMN = default-mode network, FC =
functional connectivity, FDR = false discovery rate, FPN =
frontoparietal network, MNI = Montreal Neurological Institute, tACS =
transcranial alternating current stimulation

Summary

Cognitive performance in individuals with mild Alzheimer disease
improved following transcranial alternating current stimulation, with
increased functional MRI connectivity within cortical networks and
between the hippocampus and specific cortical regions.

Key Results

m In this prospective, randomized, controlled trial including 46
participants with mild Alzheimer disease, participants who
underwent active transcranial alternating current stimulation
(tACS; 40-Hz tACS with 15-mA current intensity) had higher
Mini-Mental State Examination (median change, 2 vs 0; P =.001)
and Montreal Cognitive Assessment (median change, 2 vs 0;

P = .03) scores compared with the sham group.

m Compared with the sham group, the active tACS group
had increased functional MRI connectivity between the left
hippocampus and left middle cingulate gyrus (z score difference,
0.29; false discovery rate [FDR]-adjusted P < .001), between
the left hippocampus and left middle frontal gyrus (0.16, FDR-
adjusted P = .04), within the posterior default-mode network
(0.40, FDR-adjusted P = .046), and within the visual network
(0.45, FDR-adjusted P = .007) from baseline to week 3.

hippocampus and entorhinal cortex are recognized as the inital
vulnerable regions in AD (14,15). Network in AD predomi-
nantly involve the default-mode network (DMN) and frontopa-
rietal network (FPN) (16,17). Decreased FC in these regions
indicate synaptic dysfunction (18,19). Prior transcranial direct
current stimulation studies have demonstrated the capacity to in-
crease FC within the DMN and FPN in patients with mild AD,
suggesting a potential for functional network normalization (20—
22). Whereas transcranial electrical stimulation studies provided
valuable insights, the frequency-specific nature of tACS may offer
distinct mechanisms for modulating FC in AD. However, the
impact of tACS on FC in the hippocampus, entorhinal cortex,
and cortical functional networks remains unexplored. This study
aimed to evaluate the efficacy of tACS in improving cognitive
performance and modulating FC between brain regions in indi-
viduals with AD, as assessed by functional MRI.

Materials and Methods

Study Design and Participants

This prospective, randomized, double-blinded trial (Clinical Tri-
als.gov identifier: NCT03920826) was conducted at Xuanwu
Hospital, Capital Medical University (Beijing, China), from
September 2020 to April 2022. The protocol was approved by
the Medical Research Ethics Committee at Xuanwu Hospital,
Capital Medical University, and reported in accordance with
Consolidated Standards of Reporting Trials guidelines. All par-
ticipants provided written informed consent before undergoing
any procedure. The study protocol was previously published
(23). The study included a 3-week tACS intervention phase
(hereafter, referred to as week 3) and a 3-month follow-up phase
without tACS intervention (hereafter, referred to as month 3).
The evaluation of cognitive scores and MRI was performed at
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baseline, week 3, and month 3. The flowchart of the study is
shown in Figure 1. The participants recruited in the study were
randomly assigned at a 1:1 ratio to undergo the active or the
sham tACS according to a computer-generated list of random
numbers. All study staff and participants were blinded to the
intervention group allocation.

Patients aged 45-75 years with mild AD were recruited ac-
cording to the following inclusion criteria: right-handed, Chinese,
with a minimum of 6 years of education; met the diagnostic cri-
teria of AD according to the National Institute on Aging and the
Alzheimer’s Association guidelines (24); clinical dementia rating
scale score of 1.0 at baseline; amyloid-p—positive findings at PET
imaging or cerebrospinal fluid testing; and were administered a
fixed dose of a cholinesterase inhibitor, such as rivastigmine or
donepezil, consistently for a minimum duration of 6 weeks, with
the dose remained unchanged throughout the intervention and
follow-up period. The exclusion criteria were as follows: current or
history of other neurologic diseases that may affect cognition (eg,
epilepsy, stroke, hemorrhage, and mass), other neurodegenerative
diseases (eg, Parkinson disease and frontotemporal dementia), se-
vere psychiatric disorders, MRI and tACS contraindications, and
patients who were unable to complete cognitive tests.

Intervention

Participants underwent either active or sham stimulation from
the tACS stimulator (Nexalin ADI; Nexalin Technologies). Previ-
ous clinical studies have confirmed that 40-Hz gamma frequency
is crucial for neural communication and network integration
(25), and 15-mA procedures can administer electrical currents
to the hippocampus (9). Therefore, 40-Hz tACS with 15-mA in-
tensity was chosen in this study. Participants in the active group
underwent 30 1-hour tACS sessions across 3 weeks at a fixed
time twice daily from Monday to Friday. Participants in the sham
group underwent tACS using the same tACS stimulator without
any gamma frequency and current intensity, receiving the same
sessions and duration with the active group. Additional details of
the tACS procedure are available in Appendix S1.

Imaging Acquisition

Imaging data were acquired using a 3.0 T MRI scanner (SIGNA
Premier; GE Healthcare). Structural T1-weighted images were
obtained using a sagittal three-dimensional magnetization pre-
pared rapid gradient-echo sequence. The functional MRI data
were collected using a multiband echo-planar imaging sequence,
with an acquisition process lasting 8 minutes. Additional details
of imaging acquisition are available in Appendix S1.

Imaging Processing

Data preprocessing and FC analysis were performed by two ex-
perienced radiologists (T.W., with 5 years of experience; and S.Y.,
with 10 years of experience). Details are included in Appendix
S1. Functional MRI data were considered eligible if head mo-
tion was smaller than 2 mm in translation and 2 degrees in rota-
tion. Poor-quality data were excluded due to excessive artifacts
and incomplete acquisition. All coordinates (x-, y-, and z-axes)
were reported in Montreal Neurological Institute (MNI) space,
where x represented the left-right axis, y represented the anterior-
posterior axis, and z represented the superior-inferior axis (here-
after, MNI x-, y-, and z-axes). In short, seed-based FC analysis
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Figure 1:

was conducted with left hippocampus, right hippocampus, left
entorhinal cortex, and right entorhinal cortex as the regions of
interest (Fig S1). The mean time course from each seed was ex-
tracted for each participant and correlated with the time course
of every voxel in the brain using the Pearson correlation analysis.
The map of correlation coefficients was transformed to Fisher
z transformation score (z scores). The group-level independent
component analysis was performed to assess FC patterns within
the functional networks. The components were selected by visual
inspection, including the posterior and anterior DMN, left and
right FPN, visual network, auditory network and dorsal attention
network (Fig S2).

Cognitive Tests

The following cognitive tests were performed: Mini-Mental
State Examination; Montreal Cognitive Assessment; AD As-
sessment Scale-cognitive subscale; World Health Organization—
University of California Los Angeles Auditory Verbal Learning
Test, consisting of immediate recall, delay recall, and recogni-
tion recall; Trail Making Test, consisting of A and B parts; and
Boston Naming Test. Two neurologists (Y.X. and Y.T., each
with more than 10 years of experience) performed the cognitive
tests and were blinded to the intervention group allocation for
each participant.
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Study flowchart. AD = Alzheimer disease, fMRI = functional MRI, tACS = transcranial alternating current sfimulation.

Statistical Analysis

Details of the sample size calculation are described in Appendix
S1. Participant demographics and cognitive scores were analyzed
using statistical software (SPSS, version 24.0; IBM). The differ-
ence in Mini-Mental State Examination and Montreal Cogni-
tive Assessment scores from baseline to week 3 between the active
group and the sham group was used to assess the treatment ef-
fect. Differences between the active and sham groups at baseline
were assessed using Fisher exact test for categorical variables and
Mann-Whitney U test for continuous variables. The Wilcoxon
signed rank test was conducted to assess the change in cognitive
scores from baseline to week 3 and month 3.

SPM, version 12 (hups:/fwwuw.fil.ion.ucl.ac.uklspm) was ap-
plied to identify the voxel coordinates with the statistically sig-
nificant effect from baseline to week 3 or month 3 for functional
MRI data analysis based on a generalized linear model (cluster
size >10; P < .001). The z score was extracted for each region of
interest from a sphere with a radius of 5 mm. The linear mixed ef-
fects model (group x time) was used to assess the z score changes
of the identified voxel across intervention conditions, exploring
tACS treatment effects. The 95% CI was used to provide uncer-
tainty estimates for the mixed-effects model. The model incorpo-
rated random intercepts and slopes. The final model was obtained
based on the Akaike information criterion and the Bayesian
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Table 1: Participant Characteristics
Estimated Score
Characteristic Active Group (7 = 23) Sham Group (2 = 23) Difference* P Value
Age (y) 66 (62, 69) 64 (61, 69) =2 (=5, 1) 22
Sex .76

Male’ 7 (30) 9 (39)

Female' 16 (70) 14 (61)
Education (y) 10 (9-12) 9 (7-13) 0(-3,2) 58
MMSE 19 (18-21) 20 (18-23) 1(-1,3) 32
MoCA 14 (12-16) 15 (13-18) 1(-1,3) 27
ADAS-cog 18 (14-22) 17 (11-21) -1(-5,3) .57
AVLT-IR 15 (11-18) 15 (10-19) 0 (-3, 4) 95
AVLI-DR 0 (0-2) 0 (0-2) 0 (0, 0) .99
AVLI-R-R 6 (3-9) 6 (3-7) 0(-3,1) .60
TMT-A 101 (67-150) 74 (46-108) -19 (45, 3) 17
TMT-B 216 (153-300) 160 (102-300) 0 (-84, 11) .40
BNT 20 (18-22) 22 (18-25) 0(-2,3) 71
Note.—Except where indicated, data are reported as medians, with IQRs in parentheses. For cognitive scores, the unit is the median test score.
Categorical data were compared between groups using the Fisher exact test, and continuous data were compared between groups using Mann-
Whitney U test. ADAS-cog = Alzheimer Disease Assessment Scale—cognitive subscale, AVLT = Auditory Verbal Learning Test, BNT = Boston
Naming Test, DR = delay recall, IR = immediate recall, MMSE = Mini-Mental State Examination, MoCA = Montreal Cognitive Assessment,
R-R = recognition recall, TMT-A = Trail Making Test part A, TMT-B = Trail Making Test part B.

* Data in parentheses are 95% Cls.
"Data are numbers of patients and data in parentheses are percentages.

information criterion. If both criteria suggest the same model,
the one with the lower value would be selected. In cases where
the criteria are inconsistent, the model selected by the Bayesian
information criterion would be prioritized.

Spearman correlation analysis was used to examine the rela-
tionship between the changes in z scores and the corresponding
alterations in cognitive scores. False discovery rate (FDR) adjust-
ment was computed to account for multiple comparisons; details

are provided in Appendix S1.

Results

Participant Characteristics

A total of 46 participants with mild AD were included and ran-
domized into the active or sham groups, with an equal distribu-
tion of 23 participants in the active group (median age, 66 years
[IQR, 62-69 years]; seven male participants, 16 female partici-
pants) and 23 participants in the sham group (median age, 64
years [IQR, 61-69 years]; nine male, 14 female participants) (Fig
1). There was no evidence of differences in baseline characteristics
between the two test groups (P > .05) (Table 1).

Changes in Cognitive Scores

The participants included completed the cognitive assessments
at week 3. Seven participants (active group, four participants;
sham group, three participants) dropped out at month 3. Par-
ticipants in the active group had higher Mini-Mental State
Examination (week 3: median score change, 3 [95% CI: 1.5,
4; FDR-adjusted P < .001]; month 3: median score change, 2
[95% CI: 0, 3.5]; FDR-adjusted P = .06]) and Montreal Cogni-
tive Assessment (week 3: median score change, 2 [95% CI: 1,
3.5; FDR-adjusted P = .006]; month 3: median score change,
1.5 [95% CI: 0, 3.5; FDR-adjusted P = .06]) scores at week 3
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and month 3 compared with baseline. There was no evidence of
a difference in Mini-Mental State Examination (week 3: median
score change, 0 [95% CI: -1, 1; FDR-adjusted P = .76]; month
3: median score change, 0 [95% CI: —1.5, 1.5; FDR-adjusted P =
.87]) and Montreal Cognitive Assessment (week 3: median score
change, 0.5 [95% CI: -0.5, 1.5; FDR-adjusted P = .43]; month
3: median score change, 0.5 [95% CI: -0.5, 2; FDR-adjusted P
=.98]) in the sham group from baseline to week 3 and month
3. Participants in the active group had higher Mini-Mental State
Examination (median score change, 2 [IQR, 1-5] vs 0 [IQR, -1
to 2], respectively; P =.001) and Montreal Cognitive Assessment
(median score change, 2 [IQR, 0-4] vs 0 [IQR, -1 to 2], respec-
tively; P = .03) scores than those in the sham group at week 3
after tACS.

From baseline to week 3 and month 3, higher Auditory Verbal
Learning Test—Delay Recall (median score change, 1.5; 95% CI:
-0, 3.5; FDR-adjusted P = .09) and Boston Naming Test (me-
dian score change, 2; 95% CI: 1, 3.5; FDR-adjusted P = .0006)
scores at week 3 and a lower AD Assessment Scale—cognitive sub-
scale score (median score change, -1.5; 95% CI: -3.5, 0; FDR-
adjusted P = .09) score at month 3 were observed in the active
group. The sham group showed a change in Trail Making Test
B (median score change, —34; 95% CI: =70, —4; FDR-adjusted
P = .09) and Boston Naming Test (median score change, 1.5;
95% CI: 0.5, 2; FDR-adjusted 2 = .009) scores at week 3. A
statistically significant increase in the Boston Naming Test score
was observed in both the active and sham groups at week 3 (Fig

2; Tables 2, 3).

Changes of FC in the Hippocampus and Entorhinal Cortex

One participant (active group) at week 3 and 11 participants (ac-
tive group, four participants; sham group, seven participants) at
month 3 were excluded due to loss to follow-up or poor-quality
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Figure 2:  Spaghetii plots show changes in cognitive scores over time. Participants in the active group showed greater improvements in (A) Mini-Mental State Examination
[MMSE) (false-discovery rate [FDR]-adjusted P<.001) and (B) Montreal Cognitive Assessment (MoCA) (FDR-adjusted P=.006) scores at week 3 compared with baseline. Plots
show the (A) Mini-Mental State Examination, (B) Montreal Cognitive Assessment, (€) Alzheimer's Disease Assessment Scale-cognitive subscale [ADAS-cog), (D) Auditory Verbal
Learning Test immediate recall (AVLT-IR), (E) Auditory Verbal Learning Test delay recall (AVLT-DR), (F) Auditory Verbal Learning Test recognition recall (AVLT-RR), (@) Trail Making
Test part A (TMT-A|, (H) Trail Making Test part B (TMT-B), and (1) Boston Naming Test (BNT) scores for participants in the active franscranial alternating current stimulation group
(n=23; Active) and the sham group (n = 23; Sham) from baseline fo week 3 and month 3. Participants in the active group also achieved greater improvement in Mini-Mental State
Examinafion (P=.001) and Montreal Cognitive Assessment (P ="03) than those in the sham group at week 3. Both the active (FDR-adjusted P =.006) and sham (FDR-adjusted
P=.009) groups had higher Boston Naming Test scores at week 3 compared with baseline.

Table 2: Cognitive Scores Differences in the Active Group

Week 3 vs Baseline Month 3 vs Baseline Month 3 vs Week 3
Estimated Score FDR-adjusted Estimated Score FDR-adjusted Estimated Score FDR-adjusted
Active Group Difference P Value Difference P Value Difference P Value
MMSE 3 (1.5, 4) <.001 2 (0, 3.5) .06 -1(-2,0) .05
MoCA 2(1,3.5) .006 1.5 (0, 3.5) .06 -0.75 (-1.5,0.5) 21
ADAS-cog -2 (-4, 0) .12 -1.5 (-3.5, 0) .09 0.5(-1,2) .53
AVLI-IR 1.5 (-1, 4) .57 1(-1,3.5) .39 0.5 (-2, 3) 72
AVLT-DR 1.5 (0, 3.5) .09 0.5 (0, 2.5) .19 -0.5 (-1, 0) .15
AVLI-R-R 0.5 (-1, 2) .59 -0.5 (-2.5,1) .56 -1(-2.5,0.5) .66
TMT-A -8 (-20.5,2) 48 175 (-11,21.5) .69 9.5(-3.5,200 .33
TMT-B -15 (-54.5, 6.5) 36 —4.75 (-45,7.5) 48 6(-12.5,45) .72
BNT 2(1,3.5) 006 0(-1515 .79 “1(-35,05) .21

Note.—Data in parentheses are 95% Cls. Data were compared over time using Friedman and Wilcoxon signed rank tests, with the estimates
and 95% Cls. ADAS-cog = Alzheimer Disease Assessment Scale-cognitive subscale, AVLT = Auditory Verbal Learning Test, BNT = Boston
Naming Test, DR = delay recall, FDR = false discovery rate, IR = immediate recall, MMSE = Mini-Mental State Examination, MoCA =
Montreal Cognitive Assessment, R-R = recognition recall, TMT-A = Trail Making Test part A, TMT-B = Trail Making Test part B.
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Table 3: Cognitive Scores Differences in the Sham Group

Week 3 vs Baseline Month 3 vs Baseline Month 3 vs Week 3
Estimated Score FDR-adjusted Estimated Score FDR-adjusted Estimated Score FDR-adjusted

Sham Group Difference P Value Difference P Value Difference P Value
MMSE 0(-1,1) .76 0 (-1.5, 1.5) .87 0.5 (-1, 1.5) >.99
MoCA 0.5 (-0.5, 1.5) 43 0.5 (-0.5, 2) .98 0.5 (-0.5, 1.5) .60
ADAS-cog =1 (=3}, 0.5) .94 0 (-1.5, 1.5) >.99 -0.5 (-2.5, 1) >.99
AVLI-IR -1(-3,5) .60 -1 (-3.5, 1.5) 48 0.5 (-1.5, 2.5) 52
AVLI-DR 0 (-1, 0.5) >.99 0(-1,0.5) .66 0 (-0.5, 1) .85
AVLI-R-R -0.5 (=2, 1) .78 0(-1.5,1.5) .92 0.5 (-1, 2.5) >.99
TMT-A 2 (-5, 8.5) .62 5.75 (0, 21) 12 7 (0, 18) .06
TMT-B -34 (=70, —4) .09 -6 (-26, 27) 73 22.5 (-2, 86) 14
BNT 1.5 (0.5, 2) .009 0.5 (0, 1.5) .13 -1(-2,0) .18

Note.—Data in parentheses are 95% Cls. Data were compared over time using Friedman and Wilcoxon signed rank tests, with the estimates
and 95% Cls. ADAS-cog = Alzheimer Disease Assessment Scale-cognitive subscale, AVLT = Auditory Verbal Learning Test, BNT = Boston
Naming Test, DR = delay recall, FDR = false discovery rate, IR = immediate recall, MMSE = Mini-Mental State Examination,

MoCA = Montreal Cognitive Assessment, R-R = recognition recall, TMT-A = Trail Making Test part A, TMT-B = Trail Making Test part B.
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Figure 3: Modulation of functional connectivity (FC) with the seed placed on the left hippocampus (LHIP) and right hippocampus (RHIP). Compared with baseline, the active
transcranial alternating current stimulation group (Active) exhibited increased FC between left hippocampus and left middle cingulate gyrus (L(MCG), between left hippocampus and
left middle frontal gyrus (LMFG) (A), and between right hippocampus and right fusiform gyrus (RFusG) (D) at week 3. Spaghetti plots show the (B) left hippocampus and left middle
cingulate gyrus, (€) left hippocampus and left middle frontal gyrus, and (E) right hippocampus and right fusiform gyrus mean z FC (zFC) score for participants in the active group and
the sham group from baseline fo week 3 and month 3. (F) A significant correlation (r=0.65; false discovery rate [FDR]-adjusted P=.008) was observed between Boston Naming
Test (BNT) score change and left hippocampus and left middle cingulate gyrus FC changes from baseline to month 3; the dots represent the distribution of the data, the solid line

represents the fitted trend of the data, and the gray shaded area represents the 95% Cls.

functional MRI data. Based on voxel analysis, the following five
brain regions were identified as functionally connected with the
hippocampus or entorhinal cortex, with the significant enhance-
ment effects in z score: left middle cingulate gyrus (MNI x-, y-,
and z-axes: -9, 0, 36), left middle frontal gyrus (MNI x-, y-,
and z-axes: —30, 3, 60), right fusiform gyrus (MNI x-, y-, and
z-axes: 36, =3, —30), right middle temporal gyrus (MNI x-, y-,
and z-axes: 54, =36, —9), and left fusiform gyrus (MNI x-, y-,
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and z-axes: —36, 0, —39). A statistically significant group (active
group vs sham group) x time (baseline vs week 3) interaction
in increased z score was observed between the left hippocampus
and left middle cingulate gyrus (z score difference, 0.29; 95%
CI: 0.17, 0.42; FDR-adjusted P < .001), and between the left
hippocampus and left middle frontal gyrus (z score difference,
0.16; 95% CI: 0.03, 0.29; FDR-adjusted P = .04). Other asso-
ciations were not statistically significant, though the exhibited
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Figure 4: Modulation of functional connectivity (FC) with the seed placed on the left entorhinal cortex (LEC) and right entorhinal cortex (REC). Compared
with baseline, the active transcranial alternating current stimulation group (Active) exhibited increased FC between (A) left entorhinal cortex and right middle
temporal gyrus (RMTG), and (€) right entorhinal cortex and left fusiform gyrus (LFusG) at month 3. Spaghetti plots show the (B) left entorhinal cortex and right
middle temporal gyrus and (D) right entorhinal cortex and left fusiform gyrus mean z FC (zFC) score for participants in the active group and the sham group

from baseline to week 3 and month 3.

increased effect sizes (range of z score differences, 0.16 [95%
CI: 0.03, 0.29] to 0.17 [95% CI: —0.01, 0.34]; FDR-adjusted
P value range, .07—.11). No statistically significant interactions
were found for the entorhinal cortex (range of z score differences,
0.06 [95% CI: -0.08, 0.19] to 0.14 [95% CI: 0.00, 0.27]; FDR-
adjusted P value range, .10—.41) (Figs 3, 4; Table S1).

Correlation analyses between hippocampal FC changes and
cognitive score alterations demonstrated that the change in FC
between the left hippocampus and left middle cingulate gyrus
from baseline to month 3 was significantly correlated with change
in the Boston Naming Test score (r = 0.65; 95% CI: 0.27, 0.85;
FDR-adjusted P = .008). No statistically significant correlation
was observed between the changes in other FC pairs and cogni-
tive scores (P value range, .06—.99) (Table 4).

Changes in FC within Functional Networks
Participants in the active group exhibited increased FC in some
regions within the posterior DMN, anterior DMN, and visual

Radiology: Volume 315: Number 3—June 2025 = radiology.rsna.org

network from baseline to week 3, and within the left FPN, right
FPN, auditory network, and dorsal attention network from base-
line to month 3. Seven regions were identified: the left precuneus
(MNI x-, y-, and z-axes: —10, =50, 36), right superior frontal gy-
rus (MNI x-, y-, and z-axes: 24, 33, 48), left middle frontal gyrus
(MNI x-, y-, and z-axes: —48, 15, 48), right inferior parietal lobe
(MNI x-, y-, and z-axes: 51, —42, 54), left middle occipital gyrus
(MNI x-, y-, and z-axes: =31, =78, 13), right temporal pole middle
temporal gyrus (MNI x-, y-, and z-axes: 42, 15, —39) and right
cuneus (MNI x-, y-, and z-axes: 12, =84, 39). A significant group
(active vs sham) x time interaction of increased FC was observed
within functional networks. This included the posterior DMN
(z score difference, 0.40; 95% CI: 0.07, 0.73; FDR-adjusted P
= .0406), anterior DMN (z score difference, 0.31; 95% CI: 0.01,
0.60; FDR-adjusted P = .046), visual network (z score difference,
0.45; 95% CI: 0.17, 0.73; FDR-adjusted P = .007) at week 3, and
the left FPN (z score difference, 0.54; 95% CI: 0.11, 0.97; FDR-
adjusted P = .046), right FPN (z score difference, 1.65; 95% CI:

7
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Table 4: Correlation Between Changes of Hippocampus Functional Connectivity and Alterations in Cognitive Scores

LHIP-LMCG* LHIP-LMFG*

LHIP-LMCG'

RHIP-RFusG' LEC-RMTG' REC-LFusG*

Parameter 7 Coefficient P Value r Coefhicient P Value r Coeflicient P Value r Coefficient P Value r Coefficient P Value r Coefficient P Value

MMSE -0.24 .28 0.16 47 0.03
MoCA 0.28 21 0.001 .99 0.001
ADAS-cog  0.14 54 -0.17 .46 0.09
AVLI-IR  0.05 .83 -0.44 .05 -0.10
AVLIT-DR 0.01 39 -0.31 .16 —-0.44
AVII-R-R -0.18 43 0.20 .37 0.09
TMT-A 0.05 .81 -0.19 41 0.25
TMT-B 0.18 42 -0.10 .66 0.06
BNT 0.01 .98 0.03 .90 0.65

.89 -0.21 .40 0.01 97 0.25 31
99 0.04 .88 0.16 .50 -0.09 73
72 -0.07 77 0.20 41 -0.45 .06
.70 -0.11 .65 0.23 34 0.30 21
.06 -0.09 72 -0.20 41 0.39 .10
73 0.12 .62 0.27 27 0.17 49
.30 0.12 .62 0.11 .65 -0.40 .09
.81 -0.39 .10 -0.16 52 0.04 .88
.002* 0.29 8 -0.03 .89 -0.15 .54

Making Test part B.
* Change from baseline to week 3.
* Change from baseline to Month 3.

¥ False discovery rate—adjusted P < .05.

Note.—Data were calculated with Spearman correlation analysis. ADAS-cog = Alzheimer Disease Assessment Scale—cognitive subscale, AVLT =
Auditory Verbal Learning Test, BNT = Boston Naming Test, DR = delay recall, IR = immediate recall, LEC = left entorhinal cortex, LFusG
= left fusiform gyrus, LHIP = left hippocampus, LMCG = left middle cingulate gyrus, LMFG = left middle frontal gyrus, MMSE = Mini-
Mental State Examination, MoCA = Montreal Cognitive Assessment, REC = right entorhinal cortex, RFusG = right fusiform gyrus, RHIP
= right hippocampus, RMTG = right middle temporal gyrus, R-R = recognition recall, TMT-A = Trail Making Test part A, TMT-B = Trail

0.88,2.41; FDR-adjusted 2 < .001), and auditory network (z score
difference, 0.62; 95% CI: 0.08, 1.16; FDR-adjusted P = .046) at
month 3 (Figs 5, 6; Table S2). No statistically significant correla-
tion was observed between FC changes and cognitive score altera-

tions (P value range, .08-.99) (Table S3).

Discussion

Prior studies (20-22) used functional connectivity (FC) to
evaluate transcranial direct current stimulation effects in Al-
zheimer disease (AD). To our knowledge, our study is the first
to investigate the impact of 40-Hz transcranial alternating cur-
rent stimulation on FC in participants with AD. We found that
the active group showed improved global cognitive performance
(Mini-Mental State Examination median score change, 3 [95%
Cl: 1.5, 4; false-discovery rate {FDR}-adjusted P < .001]; Mon-
treal Cognitive Assessment median score change, 2 [95% CI:
1, 3.5; FDR-adjusted P = .0006]), as well as increased FC of the
left middle cingulate gyrus (z score difference, 0.29; 95% CI:
0.17, 0.42; FDR-adjusted P < .001) and left middle frontal gy-
rus (z score difference, 0.16; 95% CI: 0.03, 0.29; FDR-adjusted
P = .04) to the hippocampus and within the posterior default-
mode network (DMN) (z score difference, 0.40; 95% CI: 0.07,
0.73; FDR-adjusted P = .046) and anterior DMN (z score differ-
ence, 0.31; 95% CI: 0.01, 0.60; FDR-adjusted P = .046) at week
3 compared with the baseline and sham groups. Increased FC was
also found in the left frontoparietal network (FPN) (z score dif-
ference, 0.54; 95% CI: 0.11, 0.97; FDR-adjusted P = .046) and
right FPN (z score difference, 1.65; 95% CI: 0.88, 2.41; FDR-
adjusted P < .001) at month 3 compared with baseline.

Our study showed that tACS can enhance cognition in pa-
tients with AD, consistent with previous studies (26,27). The
changes observed in executive function (Trail Making Test B
score) and language function (Boston Naming Test score) in the
sham group may suggest the existence of a practice effect or pla-
cebo effect, supporting further exploration.
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Patients with AD often experience hippocampal functional
disconnections (28,29). Our findings highlight a central role of
altered hippocampal FC underlying the tACS effects. Specifically,
we demonstrated that tACS enhances FC between the hippocam-
pus and cortical regions, such as the left middle cingulate gyrus
and left middle frontal gyrus, suggesting that tACS rebalances
neuronal activity. This builds on prior studies (11,30,31) that re-
ported tACS-induced improvements in hippocampal perfusion
and neuronal activity but lacked evidence of FC modulation.
It also provides potential targets for MRI-guided, individualized
tACS treatment of AD.

The DMN typically exhibits disrupted FC in patients with
AD (32-34). Modulating the DMN is a promising strategy for
AD (35,36). A pilot study (20) of 18 patients with mild cognitive
impairment found that a single session of transcranial electrical
stimulation in the left inferior frontal gyrus partially normalized
cortical networks, without specific focus on DMN modulation.
Another study (21) of 20 patients with AD suggested that 10 ses-
sions of transcranial electrical stimulation in the right inferior pa-
rietal lobule enhanced DMN FC to improve memory but lacked
a sham group as a control and long-term follow-up. However, our
randomized, sham-controlled trial of 46 participants with mild
AD showed that tACS enhanced DMN FC, differentially modu-
lating anterior and posterior regions, which aligned with prior
studies but uniquely showed frequency-specific efficacy. Our re-
sults suggest that tACS-induced DMN modulation may underlie
cognitive improvements.

The FPN mediates cognitive control through network coor-
dination (37). Patients with AD exhibit a 14%—-64% reduction
in FPN FC (38). A previous study involved a 3-week, nine-
session transcranial electrical stimulation trial in 46 patients
with AD prodromal stage. While no memory improvement
was observed, enhanced FC in the right superior parietal lobule
suggested FPN modulation (22). Our study showed that 30-ses-
sion tACS increased bilateral FPN FC at month 3, suggesting
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Figure 5: Modulation of functional connectivity (FC) within the defauli-mode network (DMN) and frontoparietal network. Compared with baseline, the active tfranscranial
alternating current stimulation group (Active) exhibited increased FC within the (A) posterior DMN (pDMN) and (B) anterior DMN (aDMN) at week 3, and within the (€) left
frontoparietal network (LFPN) and (D) right frontopariefal network (RFPN) at month 3. Spaghetti plots show the mean z FC (zFC) score for participants in the active group and the
sham group from baseline to week 3 and month 3. The color scale bar shows t values, warm colors represent increases in z FC score. LMFG = left middle frontal gyrus, LPCUN =

left precuneus, RIPL = right inferior parietal lobe, RSFG = right superior frontal gyrus.

long-term neuroplastic changes across broader regions. Other
studies about transcranial electrical stimulation and transcranial
magnetic stimulation also reported FPN modulation (39-41).
To our knowledge, our study is the first to report tACS-induced
FPN connectivity enhancements in patients with AD. Further-
more, tACS modulated visual and auditory network, supporting
its cross-system integration potential.

Our findings provide evidence that tACS modulates FC in
cognition-related regions, such as the hippocampus, DMN, and

Radiology: Volume 315: Number 3—June 2025 = radiology.rsna.org

FPN. Enhanced FC indicates tACS promotes neuronal synchro-
nization and network rebalancing. Our work uniquely integrates
cognitive assessments with FC analyses to elucidate neuronal
mechanisms, advancing the understanding of tACS in AD.

Our study had limitations. First, tACS efficacy across differ-
ent AD stages remains unknown. Second, cognitive improve-
ments were immediate but not sustained at month 3, possibly
due to a small sample size, severe cognitive impairment, and a
brief duration. Third, the global effect size appeared modest,
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Figure 6: Modulation of functional connectivity (FC) within the visual network (VIN), auditory network [AN), and dorsal attention network [DAN). Compared with baseline, the
acfive franscranial alternating current stimulation group exhibited increased FC within the visual network (A) at week 3, and within the (B) auditory network and (€) dorsal attention
network at month 3. Spaghetti plots show the mean z FC (zFC) score for participants in the active group (Active) and the sham group (Sham) from baseline to week 3 and month
3. The color scale bar shows tvalues, where warm colors represent increases in z FC scores. LMOG = left middle occipital gyrus, RCUN = right cuneus, RTPOmid = right temporal

pole: middle temporal gyrus.

which may be attributed to the irreversible progression and re-
fractory nature of AD, limiting the potential for improvement.
The 2-hour daily tACS was slightly longer. Future work should
aim to reduce daily time while enhancing effect size. More tri-
als are needed to optimize effects, expediting tACS practicality
on a widespread scale. However, an optimal protocol remains
unknown. We considered these results to be exploratory and
preliminary, supporting further refinement.

In conclusion, our study demonstrates that 40-Hz transcra-
nial alternating current stimulation (tACS) with 15-mA current
intensity may improve cognitive function in individuals with
Alzheimer disease. The improvement in cognitive performance
after tACS was accompanied by the functional connectivity
(FC) regulation of the hippocampus and cortical networks.
However, there was insufficient evidence to conclude that tACS
also modulated FC in the entorhinal cortex. Future research
should concentrate on the development of individualized ther-
apeutic strategies with larger sample sizes, shorter daily time,
more sessions, and varied stimulation frequencies.
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