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Background: Prefrontal transcranial direct current stimulation (tDCS) is a low-risk
candidate intervention for cognitive enhancement in Alzheimer's disease (AD),
but trial results are heterogeneous and often short-term. We evaluated the
26-week efficacy, safety, and family-level impact of home-based prefrontal tDCS
in mild AD.

Methods: In this randomized, double-blind, sham-controlled trial, 120 patients
with mild AD were allocated to active (n = 59) or sham (n = 61) tDCS.
The intention-to-treat (ITT) population included 106 participants (53 vs.
53) with post-baseline data; 66 (32 vs. 34) comprised the per-protocol
(PP) set. The primary outcome was change in global cognition on the
Korean Mini-Mental State Examination (K-MMSE). Secondary and exploratory
outcomes included domain-specific cognition [e.g., Korean Boston Naming
Test (K-BNT)I, neuropsychiatric symptoms [Korean Neuropsychiatric Inventory
(K-NPI)], patient quality of life (QoL-AD), and caregiver-reported family quality
of life [Family Quality of Life—Dementia (FQoL-D)]. Adverse events (AEs) were
systematically monitored.

Results: K-MMSE declined slightly in both groups over 26 weeks (active A
—0.53, sham A —0.15), with no significant between-group difference (p = 0.402).
Most cognitive domains showed small, non-significant changes. In contrast,
confrontation naming on the K-BNT favored active tDCS: in ITT analyses, naming
performance was stable with active stimulation (A +0.51) but worsened with
sham (A —2.32; p = 0.022), with a similar pattern in the PP set. K-NPI findings
were inconsistent across analytic sets. Notably, FQoL-D declined in the active
arm but improved in the sham arm in both ITT (A —2.19 vs. 4+1.94; p = 0.043)
and PP analyses. Overall AE rates were similar; stimulation-site reactions were
common but mild, and serious AEs were rare and deemed unrelated to tDCS.
Conclusion: In mild AD, 26 weeks of home-based prefrontal tDCS did
not improve global cognition vs. sham, although a modest benefit in
confrontation naming was observed. The deterioration in caregiver-reported
family quality of life highlights the need to weigh potential cognitive
gains against family burden in long-term home-based neuromodulation.
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1 Introduction

Alzheimer’s disease (AD) is the most common cause of
dementia worldwide and remains a major public health challenge
in aging societies. Despite decades of research, currently available
disease-modifying therapies provide only modest benefits and
are not universally accessible, while symptomatic pharmacological
options have limited effect sizes and may be constrained by
tolerability issues (1-3). These limitations have driven growing
interest in complementary and scalable non-pharmacological
strategies that can be safely integrated with standard care, such as
home-based neuromodulation.

Transcranial direct current stimulation (tDCS) is a non-
invasive neuromodulation technique that delivers weak direct
current through scalp electrodes to modulate cortical excitability
and plasticity (4-6). When applied within guideline-recommended
parameters, tDCS is generally well-tolerated and associated mainly
with mild, transient adverse effects (7). Experimental and clinical
studies suggest that anodal tDCS over the dorsolateral prefrontal
cortex (DLPFC) can influence synaptic plasticity and large-scale
networks implicated in cognition and emotion regulation (4, 8). In
AD and mild cognitive impairment (MCI), small randomized and
open-label trials have reported improvements in global cognition,
memory, language, and executive function after repeated tDCS
sessions, although effect sizes and durability have varied and most
studies have involved relatively short treatment periods and modest
sample sizes (9-12).

More recent work has begun to relate clinical outcomes of
tDCS to disease-relevant biomarkers and network-level measures.
In amyloid PET-positive mild AD, home-based bifrontal tDCS has
been associated with improvements in language, verbal memory,
attention, and frontal-executive functions, together with reduced
plasma AP oligomerization tendency (13). In mild cognitive
impairment (MCI), sequential anodal DLPFC tDCS has been
associated with changes in resting-state functional segregation
and integration even when group-level cognitive effects were
subtle, suggesting that neuromodulation can induce measurable
network plasticity in prodromal AD stages (14). In early AD,
Im et al. conducted a 6-month randomized, double-blind, sham-
controlled trial of home-based anodal tDCS targeting the prefrontal
cortex (F3-F4 montage, 2 mA, 30 min per day). Active tDCS was
associated with improvements in Mini-Mental State Examination
and Boston Naming Test scores and attenuation of decline in left
temporal FDG-PET metabolism compared with sham, providing
proof-of-concept that long-term prefrontal tDCS may help stabilize
cognitive trajectories and metabolic integrity in early disease (13).
However, that study enrolled only 18 participants (11 active,
seven sham), limiting precision and generalizability. While recent
systematic reviews/meta-analyses suggest that tDCS may produce
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small, domain-specific cognitive effects in AD, they also point to
heterogeneity and the need for well-controlled trials focused on
clinically meaningful outcomes (15-17); similarly, network meta-
analyses of non-invasive brain stimulation in AD and MCI call
for larger, methodologically rigorous studies with longer follow-
up and broader outcome assessment, including behavioral and
caregiver-reported endpoints (11, 18). Converging evidence also
indicates that the impact of tDCS in the AD spectrum is strongly
modified by individual biological risk factors. Changes in white-
matter microstructure and functional connectivity after tDCS have
been shown to depend on amyloid status, APOE e4 carriage, sex,
and BDNF Val66Met polymorphism, with certain subgroups (e.g.
APOE ¢4 carriers, female Val/Val homozygotes) showing larger
network-level responses (19, 20). These data support a precision-
medicine framework in which stimulation effects are phenotype-
and biomarker-dependent rather than uniform across patients.

these
data in dementia-stage AD remain sparse, and few trials have

Despite developments, longer-term randomized

simultaneously evaluated global cognition, domain-specific
cognitive outcomes, neuropsychiatric symptoms, and caregiver
quality of life over extended periods. Detailed reporting of
participant flow, adherence, and adverse events in home-based
tDCS implementations has also been limited, making it challenging
to assess real-world feasibility and safety (11, 21, 22). The present
randomized, double-blind, sham-controlled trial was designed to
address some of these gaps in a larger sample of patients with mild
AD dementia. Building on the prior 6-month home-based tDCS
trial in early AD (13), we implemented a 26-week stimulation
protocol and a comprehensive battery spanning global and
domain-specific cognition, daily functioning, neuropsychiatric
symptoms, and both patient and caregiver quality of life. The
primary outcome was 26-week change in the Korean Mini-Mental
State Examination (K-MMSE), with secondary outcomes including
other cognitive scales, functional measures, mood and behavioral
indices, and caregiver-reported family quality of life.

We hypothesized that active prefrontal tDCS would attenuate
global cognitive decline compared with sham over 26 weeks and
might exert small, domain-specific effects in language and executive
function, as well as measurable impact on caregiver-centered
outcomes, while maintaining an acceptable long-term safety and
tolerability profile.

2 Methods
2.1 Study design and participants

This was a parallel-group, multicenter, randomized, double-
blind, sham-controlled clinical trial of prefrontal tDCS in patients
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with mild AD, conducted at seven university-affiliated hospitals
in Korea. The protocol was approved by local institutional
review boards and national regulatory authorities, and written
informed consent was obtained from all participants or their legal
representatives in accordance with the Declaration of Helsinki.
Key inclusion criteria were aligned with contemporary diagnostic
standards for AD dementia (1) and included age 55-90 years; a
diagnosis of major neurocognitive disorder due to AD according to
DSM-5/ICD-10 or equivalent clinical criteria; K-MMSE scores of
18-26; CDR global 0.5-1.0 and CDR-SB 0.5-4.0; stable treatment
with acetylcholinesterase inhibitors and/or NMDA receptor
antagonists for at least 3 months; and sufficient sensory abilities,
with aids as needed, to complete neuropsychological testing. Major
exclusion criteria comprised significant neurological or psychiatric
comorbidities that could impair cognition, recent alcohol or
substance misuse, uncontrolled systemic illness, contraindications
to tDCS (e.g. cranial metal implants, skin disease at electrode sites),
pregnancy, and participation in other interventional trials. A total
of 120 participants were randomized (active tDCS, n = 59; sham,
n = 61). The intention-to-treat (ITT) population comprised 106
participants (active n = 53, sham n = 53) with usable baseline
and week-26 K-MMSE data for the primary outcome (Figure 1,
Table 1).

2.2 Sample size and power

The target sample size was determined a priori on the basis of
the expected between-group difference in change on the K-MMSE,
the prespecified primary endpoint at 26 weeks. Previous tDCS
trials in patients with mild Alzheimer’s disease or related dementias
have reported mean between-group differences in MMSE change
of approximately 2.5-3.0 points over 6-12 months, with common
standard deviations of around four points (9, 10, 15). Assuming a
superiority margin of 0.21 points, a common standard deviation
of 4.1, a one-sided o of 0.025 (equivalent to a two-sided « of
0.05), and 80% power to detect a between-group difference in 26-
week K-MMSE change, we estimated that 88 evaluable patients
(44 per group) would be required. Allowing for an anticipated
dropout rate of 25%—30% over 6 months, we planned to randomize
approximately 118-120 participants (about 59-60 per group). In
the present trial, 120 participants were randomized and 106 (53 per
group) were included in the ITT population.

2.3 Randomization and blinding

Participants were randomly assigned (1:1) to active or
sham tDCS using a computer-generated schedule with concealed
allocation. Randomization was implemented by an independent
statistician or unblinded staff not involved in assessments. The
tDCS device was pre-programmed so that the appearance and
procedures were identical between active and sham modes,
with sham stimulation mimicking the initial ramp-up sensation.
Participants, caregivers, clinicians, raters, and primary data analysts
remained blind to allocation throughout the trial. A formal
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assessment of blinding success (e.g., participant/caregiver/rater
allocation guess) was not administered.

2.4 tDCS intervention

tDCS was administered with the YMS-201B device (Ybrain Inc.,
Seongnam, Korea). Following the international 10-20 EEG system,
the anode was placed over the left dorsolateral prefrontal cortex
(F3) and the cathode over the right dorsolateral prefrontal cortex
(F4). Saline-soaked sponge electrodes were used to ensure stable
conductivity and participant comfort. Stimulation intensity was set
at 2 mA for 30 min per session. Sessions were delivered over the 26-
week double-blind period according to a prespecified schedule of
five sessions per week, self-administered at home at a convenient
(non-fixed) time of day with encouragement to maintain a
consistent routine. No standardized concurrent cognitive/language
training task was prescribed during stimulation; in-session
activities were not systematically recorded, and instructions were
identical in the active and sham conditions. Participants were
randomly assigned to Active-tDCS or Sham-tDCS. For sham, the
device followed the same preparation and placement procedures,
but current was discontinued after an initial ~30-s ramp, producing
the brief tingling sensation used for blinding while avoiding
sustained stimulation (23). To support feasibility and adherence,
participants or caregivers received hands-on training in electrode
positioning and device operation before treatment initiation. They
were instructed to clean the skin and electrodes before/after
sessions, record any discomfort or adverse events, and contact the
study team with concerns. Regular follow-ups (on-site or remote)
were conducted to monitor compliance and reinforce correct
placement and procedures, in line with recommendations for
remotely supervised/home-based tDCS implementations (21, 22).
However, prespecified quantitative protocol-fidelity metrics (e.g.,
electrode-placement verification counts and remote-supervision
frequency) were not systematically recorded for reporting. All
device issues and adverse events were documented per protocol.

2.5 Outcomes and assessments

Neuropsychological and clinical assessments were conducted at
baseline and week 26, with several scales additionally administered
at week 13; the present report focuses on baseline and week-26 data.
The primary outcome was the 26-week change in global cognition
measured by K-MMSE. Pre-specified secondary outcomes included
clinical severity and function [Clinical Dementia Rating (CDR)
and Korean Instrumental Activities of Daily Living (K-IADL)];
memory and visuospatial function [Seoul Verbal Learning Test—
Elderly (SVLT-E); Rey Complex Figure Test (RCFT)]; executive
function and attention [Korean Stroop Word-Color Test (K-
CWST); Digit Span Test (DST); Controlled Oral Word Association
Test (COWAT)]; language [Korean Boston Naming Test (K-BNT)];
additional global cognition [Montreal Cognitive Assessment—
Korean (MoCA-K)], with totals computed as the sum of item-
level scores; and quality of life and behavioral symptoms [Quality
of Life in Alzheimer’s Disease (QoL-AD), using the dataset’s
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N=131
Screening
Screening failures (N=11)
Did not meet inclusion/exclusion criteria
Caregiver withdrew consent
Participant withdrew consent
N=120
ITT population
Active Sham
tDCS tDCS
59 61
Excluded from Safety set (N=2)
Reason for exclusion Active tDCS | Sham tDCS
Investigational device not applied 1 1
N=118
Safety set
Active Sham
tDCS tDCS
58 60
Excluded from Primary endpoint observe population (N=12)
Reason for exclusion Active tDCS | Sham tDCS
Participant or legal representative requested withdrawal 4 6
Lost to follow-up (could not be continuously observed due
- 0 1
to participant non-attendance)
Death unrelated to the trial 1 0
N=106
Primary endpoint observe
Active Sham
tDCS tDCS
53 53
Excluded from completers (N=4)
Reason for exclusion Active tDCS | Sham tDCS
Participant or legal representative requested withdrawal 1 1
Violated inclusion/exclusion criteria 1 1
N=102
Complete
Active Sham
tDCS tDCS
50 52
Excluded from PP population (N=34)
Reason for exclusion Active tDCS | Sham tDCS
Device adherence <80% of planned stimulation sessions 10 10
Violated inclusion/exclusion criteria 1 1
Other major protocol violations 4 8
N=68
PP population
Active Sham
tDCS tDCS
35 33
FIGURE 1

Participant disposition and analysis populations. Of 131 participants screened, 120 were randomized to active tDCS (n = 59) or sham tDCS (n = 61).
The Safety set included all randomized participants who received at least one stimulation session. The ITT set included all randomized participants
analyzed as randomized. The complete-case set for the primary endpoint comprised participants with observed baseline and week-26 K-MMSE data
(n = 106). The PP set included participants who completed the 26-week double-blind phase without major protocol violations and with device
adherence of at least 80% of planned sessions. Reasons for discontinuation and missing primary endpoint data are shown. tDCS, transcranial direct
current stimulation; ITT, intention-to-treat; PP, per-protocol.

designated total score field; Korean Neuropsychiatric Inventory
(K-NPI), total computed as the sum of frequency x severity
across domains; and Family Quality of Life-Dementia (FQoL-D),
caregiver-reported total score]. For interpretation, lower scores
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indicated improvement for some measures (e.g., K-NPI, depression
scales), whereas higher scores indicated improvement for others
(e.g., K-MMSE, K-BNT, QoL-AD, FQoL-D). Safety outcomes
included the incidence of any adverse event (AE), serious AEs,
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TABLE 1 Baseline demographic and clinical characteristics of the ITT population.

Characteristics tDCS Sham p-Value
(n=53) (n = 53)
Age, year 73.64 £7.95 73.57 £6.31 0.957
Female gender (%) 37 (69.8%) 36 (67.9%) 1.000
Education year 9.7+£52 102 £5.7 0.641
K-MMSE 22.17 £2.40 2221 £2.56 0.938
CDR 0.53 +£0.12 0.55+0.15 0.467
CDR-SB 2.66 +1.22 2.754+0.97 0.662
SGDS 3.81+£3.49 3.68 £3.32 0.842
K-NPI 5.26 = 7.96 6.09 & 8.86 0.613

Data are presented as mean = standard deviation unless otherwise indicated. Female gender
is presented as percentage. K-MMSE, Korean version of the Mini-Mental State Examination;
CDR, Clinical Dementia Rating; CDR-SB, CDR sum of boxes; SGDS, Short Geriatric
Depression Scale; K-NPI, Korean version of the Neuropsychiatric Inventory.

p-Values were calculated using t-tests for continuous variables and x> or Fisher’s exact tests
for categorical variables, as appropriate.

treatment-related AEs (defined as events with adverse event
relationship (AEREL) codes indicating a definite, probable, or
possible relationship to the investigational device), stimulation-
site reactions (local symptoms such as pain, discomfort, burning
sensation, itching, or skin discoloration at the forehead), and
other non-stimulation-site AEs (e.g. headache, diarrhea, anorexia,
COVID-19 infection, musculoskeletal pain). Safety events were
coded and summarized for the Safety set (n = 118).

2.6 Analysis of populations and statistical
methods

The primary estimand was the treatment-policy estimand
at week 26, defined as the effect of assignment to active vs.
sham tDCS on the primary outcome regardless of adherence,
treatment discontinuation, or other intercurrent events. The per-
protocol (PP) analysis was prespecified as supportive and targets
a while-on-treatment/hypothetical estimand among participants
meeting adherence and protocol-compliance criteria. Compliance
(adherence) was calculated as the number of completed sessions
divided by the prespecified planned sessions, based on device-
recorded session completion; the >80% threshold was used only
to define the PP population. Efficacy analyses were conducted
in the ITT and PP populations as defined above; sample size
varied slightly by endpoint. K-MMSE was the prespecified primary
endpoint and the only outcome for which the trial was powered.
All other cognitive domain measures, neuropsychiatric outcomes,
and caregiver-reported quality-of-life measures were prespecified
as secondary or exploratory outcomes and are interpreted as
hypothesis-generating; therefore, p-values for these outcomes are
reported nominally without formal multiplicity adjustment. Safety
analyses were conducted in the ITT set. For each endpoint
and analysis set (ITT, PP), we calculated baseline and week-26
means and standard deviations (SD) by group, the mean change
(A = week 26—baseline), and SD of change. Between-group
differences in change (active — sham) were tested using Welch
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two-sample t-tests. Two-sided p-values <0.05 were considered
statistically significant at the nominal level. Cohen’s d effect
sizes were computed as the difference in mean change divided
by the pooled SD of change. To support an estimation-focused
interpretation for key endpoints, we additionally report covariate-
adjusted between-group differences (Active-Sham) with 95%
confidence intervals and standardized effects (Hedges g) for
K-MMSE, K-BNT, and FQoL-D in Supplementary Table 4. The
primary between-group comparisons at week 26 were based on
observed outcomes (complete-case analysis).The primary efficacy
analysis was conducted using a complete-case approach, restricted
to participants with observed baseline and week-26 outcomes.
As sensitivity analyses for missing data, we performed (i) a
mixed-effects model for repeated measures (MMRM), which
uses all available repeated measures under a missing-at-random
assumption, and (ii) multiple imputation for missing week-26
outcomes. In the MMRM, treatment group, visit, and their
interaction were included as fixed effects, with study site included
as a fixed effect, and an unstructured within-participant covariance
was assumed. For safety endpoints and categorical variables
(e.g. AEs, sex), between-group comparisons used x> tests or
Fisher’s exact tests, as appropriate. In addition, for the primary
endpoint we fitted an analysis of covariance (ANCOVA) model
with 26-week change in K-MMSE as the dependent variable
and treatment group (active vs. sham), baseline K-MMSE, and
study site (seven-level factor) as independent variables, and we
report the adjusted between-group mean difference with 95%
confidence intervals from this model. These covariate-adjusted and
longitudinal modeling strategies are widely used in large-sample
database studies to improve precision and mitigate bias from
baseline imbalance and incomplete follow-up (24, 25).

3 Results
3.1 Participants

A total of 120 participants were randomized to active tDCS
(n = 59) or sham tDCS (n = 61). According to the disposition
dataset, 102 participants (active n = 50, sham n = 52) completed
the 26-week double-blind phase, whereas 18 discontinued early.
Completion rates were similar between groups (84.7% in the active
group and 85.2% in the sham group). The most common reason
for dropout was withdrawal of consent by the participant or legal
representative [active 7/59 (11.9%), sham 8/61 (13.1%)]; as shown
in Figure 1, withdrawals were recorded categorically and more
granular reasons for consent withdrawal were not systematically
captured for reporting. Additional reasons included loss to follow-
up in one sham participant and one death and one investigator-
determined discontinuation in the active group. We report (a) trial
completion of the double-blind phase (Figure 1) and (b) analysis
sets defined by availability of outcome data. The complete-case
analysis set was defined by observed baseline and week-26 K-
MMSE data, which may include participants who discontinued
treatment early but completed outcome assessments. For efficacy
analyses, the ITT population included all randomized participants,
analyzed according to randomized assignment. A complete-case set
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TABLE 2 Outcomes at baseline (0 week) and 26 weeks by group.

Endpoint Active tDCS (n = 53) Sham tDCS (n = 53)
26 week 26 week

K-MMSE 22.17 + 2.40 2164+ 371 —0.528 2221+ 256 22.06 + 4.02 —0.151 0.402
CDR 053 40.12 0.62 £ 0.22 0.094 0.55+0.15 0.70 4 0.54 0.151 0.481
K-IADL 523+ 3.38 6.02 4 4.32 0.792 513 +3.45 6.38 & 4.40 1.245 0.338
SVLT-E 3344143 3.26 + 1.50 —0.075 372+ 1.62 334+ 154 —0.377 0277
RCFT 337 +4.33 5.07 + 6.89 1.698 321+3.86 3.03+3.98 —0.176 0.073
K-CWST 48.86 + 28.25 50.59 & 31.17 1.725 44.94 + 27.48 42,58 + 30.30 —2.360 0.253
DST 5.06 + 1.23 519+ 1.13 0.132 498+ 1.22 5.00 £ 1.11 0.019 0511
COWAT 9.77 +3.61 9.28 +3.59 —0.491 9.28 + 4.61 8.74+4.18 —0.547 0.923
K-BNT 37.45+11.31 37.96 +10.78 +0.51 35234 13.15 32.91 + 14.00 —2.32 0.022
SGDS 3.81 + 3.49 3.89 +3.71 0.075 3.68 + 3.32 409 +3.72 0.415 0.548
GDS 3.45 + 0.50 3.49 4 0.54 0.038 347 £0.58 3.58 + 0.66 0.113 0310
MoCA-K 16.96 + 4.04 16.28 + 5.41 —0.679 16.06 + 4.87 1555 4 5.55 —0.509 0.752
QoL-AD 32.23+591 32,04+ 6.72 —0.189 3217 £ 5.99 32.40 +5.92 0226 0.670
NPI Total 5.26 +7.96 5624725 0.358 6.09 + 8.86 9.81 + 14.58 3717 0.065
FQoL-D 91.83 +7.93 89.64 + 13.74 —2.189 94.94 + 9.54 96.89 + 9.82 1.943 0.043

Values are mean & SD. A is computed as group mean at 26 weeks minus group mean at baseline. p is Welch t-test for A difference between groups. p-Values for secondary/exploratory outcomes
are nominal and are not adjusted for multiplicity; corresponding 95% confidence intervals and standardized effect sizes are provided to support estimation-focused interpretation.

K-MMSE, Korean Mini-Mental State Examination; CDR, Clinical Dementia Rating; K-IADL, Korean Instrumental Activities of Daily Living; SVLT-E, Seoul Verbal Learning Test-Elderly;
RCFT, Rey Complex Figure Test; K-CWST, Korean Color-Word Stroop Test; DST, Digit Span Test; COWAT, Controlled Oral Word Association Test; K-BNT, Korean Boston Naming Test;
SGDS, Short Geriatric Depression Scale; GDS, Global Deterioration Scale; MoCA-K, Montreal Cognitive Assessment-Korean; QoL-AD, Quality of Life in Alzheimer’s Disease; K-NPI, Korean

Neuropsychiatric Inventory; FQoL-D, Family Quality of Life-Dementia; tDCS, transcranial direct current stimulation.

was defined as participants with observed baseline and week-26 K-
MMSE data (n = 106; active n = 53, sham n = 53) and was used for
sensitivity analyses. The per-protocol (PP) population comprised
66 participants (active n = 32, sham n = 34) who completed the
26-week double-blind phase without major protocol violations and
with device adherence >80% of planned sessions (Figure 1, Tables 1
and 2).

3.2 Baseline demographics characteristics

Baseline demographic and clinical characteristics of the ITT
population are summarized in Table 1. Mean age was 73.6 +
7.9 years in the active tDCS group and 73.6 £ 6.3 years in the
sham group, and approximately two-thirds of participants were
female (69.8% active vs. 67.9% sham). Years of education were
comparable between groups (9.7 &+ 5.2 vs. 10.2 & 5.7). Baseline
cognitive and clinical severity were typical for mild AD dementia
and well-balanced across arms: mean K-MMSE scores were 22.17
+ 2.40 (active) and 22.21 + 2.56 (sham); mean CDR global
scores were 0.53 =+ 0.12 and 0.55 £ 0.15, respectively; and mean
CDR-SB scores were 2.66 £ 1.22 and 2.75 £ 0.97. Depressive
symptoms (SGDS) and neuropsychiatric burden (K-NPI) were
modest overall (SGDS 3.81 £ 3.49 vs. 3.68 + 3.32; K-NPI 5.26 +
7.96 vs. 6.09 £ 8.86) with no statistically significant between-group
differences (all p > 0.47; Table 1). Baseline neuropsychological
performance (Table 2) indicated broadly mild impairment across
multiple domains (memory, executive/attention, and language),
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with overall modest neuropsychiatric burden at study entry (K-
NPI totals).

3.3 Global cognition

Global cognition, as measured by the K-MMSE, declined
modestly in both groups over 26 weeks (Table2). In the ITT
population, mean K-MMSE change was —0.53 points in the active
tDCS group (22.17 & 2.40 to 21.64 & 3.71) and —0.15 points in
the sham group (22.21 £ 2.56 to 22.06 £ 4.02); the between-group
difference in change was not statistically significant (p = 0.402).
MoCA-K scores showed a similar pattern, with small declines in
both groups (active A —0.68, sham A —0.51) and no evidence of a
differential treatment effect (p = 0.752). Secondary and exploratory
outcomes are presented to characterize domain-specific signals;
results are interpreted cautiously in light of multiple comparisons,
with emphasis on effect sizes and 95% confidence intervals rather
than statistical significance alone.

3.4 Domain-specific cognitive outcomes

Domain-specific cognitive outcomes are summarized in Table 2
and Supplementary Table 1. Episodic verbal memory (SVLT-E total
recall) declined slightly in both groups (active A —0.08, sham
A —0.38; p = 0.277), and measures of executive function and
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attention (K-CWST, DST, COWAT) showed only small, non-
significant changes with substantial overlap between groups (all
p > 0.17). Visuospatial performance on the RCFT showed a
numerical divergence between groups. In the ITT set, RCFT
scores increased in the active group (mean A +1.70) but were
essentially stable or slightly lower in the sham group (mean A
—0.18; p = 0.073). A similar, non-significant trend was observed
in the PP population (active A +1.77 vs. sham A —0.24; p =
0.132; Supplementary Table 2). In contrast, confrontation naming
on the K-BNT showed a small but statistically significant between-
group difference favoring active tDCS. In the ITT population, the
active group was relatively stable or showed a slight improvement
(37.45 &+ 11.31 to 37.96 £ 10.78; mean A +0.51), whereas the
sham group exhibited a decline (35.23 £ 13.15 to 32.91 + 14.00;
mean A —2.32), yielding a nominally significant between-group
difference in change (p = 0.022; Table 2). In the PP set, this pattern
was maintained, with active participants again remaining stable
or slightly improved (A +0.65) and sham participants showing
decline (A —2.03; p = 0.043; Supplementary Table 2). SGDS and
patient-reported quality of life (QoL-AD) demonstrated minimal
mean changes in both groups and no meaningful between-group
differences (all p > 0.31; Table 2, Supplementary Table 2).

3.5 Neuropsychiatric symptoms

Neuropsychiatric symptoms, indexed by the K-NPI total score,
showed numerically smaller worsening in the active tDCS group
than in the sham group in the ITT analysis (Table 2). In the ITT
population, mean K-NPI change was +0.36 points in the active
group and +3.72 points in the sham group (p = 0.065), suggesting
a trend toward relatively more stable behavioral symptoms under
active tDCS, although the result did not reach conventional
significance. In the PP population, however, the direction of effect
was reversed: active participants showed a mean increase of +5.03
points, whereas sham participants showed a slight decrease (A
—0.47; p = 0.028; Supplementary Table 2). Given these discrepant
patterns between ITT and PP analyses, the modest sample sizes,
and the lack of multiplicity correction, K-NPI findings should
be interpreted cautiously as exploratory and analytically unstable
rather than as definitive evidence of benefit or harm.

3.6 Caregiver quality of life

Caregiver-reported family quality of life, assessed by the FQoL-
D, showed a consistent pattern favoring the sham group rather
than active tDCS (Table 2, Supplementary Tables 1, 2). In the ITT
population, mean FQoL-D scores declined in the active group
(91.83 £ 7.93 to 89.64 £ 13.74; mean A —2.19) but improved in
the sham group (94.94 £ 9.54 to 96.89 + 9.82; mean A +1.94),
resulting in a nominally significant between-group difference in
change (p = 0.043; Table 2). In the PP set, this pattern was even
more pronounced: active participants showed a mean decline
of —2.97 points, whereas sham participants improved by +3.18
points (p = 0.042; Supplementary Table 2). Item-level analyses
(Supplementary Table 3) indicated that this divergence was not
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TABLE 3 Adverse events during the 26-week double-blind period (ITT population, n = 106).

Adverse Sham

event n/N (%)

Any AE 33/53 (62.3%) 33/53 (62.3%) 1.000
Any serious AE? 3/53 (5.7%) 0/53 (0.0%) 0.243
Treatment-related 24/53 (45.3%) 31/53 (58.5%) 0.243
AE?

Stimulation-site 24/53 (45.3%) | 31/53 (58.5%) 0.243
reactions®

Other AEs (non- 13/53 (24.5%) 6/53 (11.3%) 0.127
stimulation-site)d

2Serious adverse events included ulcerative keratosis, severe diarrhea, and COVID-19
infection and all judged unrelated to the investigational device.

bTreatment-related AEs were defined as events with AEREL codes indicating a definite,
probable, or possible relationship to the investigational device (AEREL = 1-3); in this dataset,
all such events were stimulation-site reactions at the forehead.

“Stimulation-site reactions included local symptoms at the stimulation site such as pain,
discomfort, burning sensation, itching, and skin discoloration of the forehead.

dOther AEs (non-stimulation-site) included systemic or non-local events such as headache,
diarrhea, anorexia, COVID-19 infection, and musculoskeletal pain, each occurring in <2
participants (<3.8%) in either group.

driven by a single question but by small, consistent differences
across multiple items related to emotional support, access to
medical care, time for caregivers’ own activities, and availability of
help in special situations. For example, sham caregivers reported
improvements in “having time for their own hobbies” (item 8; A
+0.09 vs. —0.28, p = 0.016) and “receiving satisfactory emotional
support” (item 10; A 40.15 vs. —0.23, p = 0.013), whereas active
caregivers tended to report stable or slightly worse scores on
these items.

3.7 Sensitivity analysis

Sensitivity analyses using an MMRM and multiple imputation
for missing week-26 K-MMSE yielded results consistent with the
primary complete-case analysis; no conclusions regarding statistical
significance were changed (Supplementary Table 1).

3.8 Safety

Adverse events during the 26-week double-blind period are
summarized in Table 3. Any AE occurred in 33/53 participants
(62.3%) in both sham and active groups. Treatment-related AEs,
all of which were stimulation-site reactions at the forehead,
were reported in 24/53 (45.3%) sham participants and 31/53
(58.5%) active participants (p = 0.243). Stimulation-site reactions
included pain, discomfort, burning sensation, itching, and skin
discoloration; these events were generally mild and transient. Other
(non-stimulation-site) AEs such as headache, diarrhea, anorexia,
COVID-19 infection, and musculoskeletal pain—occurred in <2
participants (<3.8%) per event type and were numerically more
frequent in the sham group [13/53 (24.5%)] than in the active
group [6/53 (11.3%), p = 0.127]. Serious AEs were infrequent:
they occurred in 3/53 (5.7%) sham participants and in none of the
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TABLE 4 Reasons for dropout during the 26-week double-blind phase.

Adverse event tDCS N Sham N

(%) (%)
Participant/legal 7 (11.9%) 8(13.1%) 1.000
representative
requested withdrawal
Lost to 0 (0.0%) 1(1.6%) 1.000
follow-up/cannot be
observed
Death unrelated to trial 1(1.7%) 0(0.0%) 0.492
Investigator decision 1(1.7%) 0(0.0%) 0.492
(continuation
inappropriate)
Total dropout, 1 (%) 9 (15.3%) 9 (14.8%) 1.000

Values are number of participants (%). Two-sided p-values are from Fisher’s exact test
comparing proportions between groups.

active participants (p = 0.243). No serious AE was judged to be
related to the investigational device. Detailed reasons for dropout
are summarized in Table 4.

4 Discussion

This 26-week randomized, double-blind, sham-controlled trial
in mild Alzheimer’s dementia did not demonstrate a clear
advantage of prefrontal tDCS over sham on the primary outcome,
the K-MMSE, with modest and comparable declines in both
groups. Across secondary and exploratory outcomes, we observed
a heterogeneous pattern of small, domain-specific effects rather
than a uniform cognitive or behavioral benefit. This emphasis on
heterogeneity is consistent with large-cohort, reproducible studies
that model multi-domain neural/cognitive/psychopathological
dimensions and identify subtype structure. Such work highlights
why interventions may yield small, domain-specific signals in
unselected samples rather than uniform benefits across outcomes
(26-28). In particular, confrontation naming on the K-BNT
improved slightly in the active tDCS group but declined in the sham
group, yielding a statistically significant between-group difference,
whereas most other cognitive and functional measures showed
minimal, non-significant changes. We therefore interpret these
domain-specific findings primarily based on effect sizes and 95%
confidence intervals (Supplementary Table 4), rather than nominal
p-values alone. Neuropsychiatric symptom trajectories differed
between ITT and PP analyses, and caregiver-reported family quality
of life (FQoL-D) consistently worsened in the active arm relative to
sham, despite the identical nominal treatment schedule. Together,
these results indicate that long-term, home-based prefrontal tDCS
is feasible and well-tolerated in mild AD, but its clinical impact
appears modest, domain-dependent, and potentially sensitive to
adherence and analytic choices.

Our findings partly converge with and partly diverge from
prior tDCS studies in the AD spectrum. The 6-month home-based
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trial by Im et al. reported improvements in global cognition and
naming, as well as attenuation of temporal hypometabolism, in
a small sample of early AD patients receiving prefrontal tDCS
compared with sham (15). In our larger mild dementia cohort,
we did not detect a benefit of tDCS on K-MMSE-defined global
cognition, but we did observe a small, statistically significant
advantage in confrontation naming (K-BNT) favoring active tDCS
and a numerical trend toward greater change on the RCFT in
the active arm. These results are compatible with the notion that
prefrontal stimulation may preferentially modulate language and
visuoconstructive networks in some patients, even when global
screening measures remain largely unchanged. Mechanistically,
the DLPFC is embedded in fronto-temporal control networks
relevant to lexical retrieval and selection, which may help
explain why a small signal emerged in confrontation naming
despite minimal effects on global cognition (29). However, the
effect sizes were small, confidence intervals overlapped, and no
other cognitive domains—including episodic memory, executive
function, attention, and MoCA-K—showed robust between-group
differences, underscoring that any tDCS-related cognitive gains in
dementia-stage AD are likely to be subtle.

The neuropsychiatric and caregiver-focused outcomes provide
additional, and somewhat sobering, context. In the ITT set, K-NPI
total scores tended to worsen less in the active tDCS group than
in the sham group, with a trend-level p-value, whereas in the PP
set K-NPI increased more in the active arm and remained stable
or slightly improved in the sham arm. This analytic instability
suggests that neuropsychiatric effects were modest and highly
sensitive to missing data, adherence, and population definition.
By contrast, FQoL-D showed a more consistent pattern: caregiver-
reported family quality of life declined in the active tDCS arm and
improved in the sham arm in both ITT and PP analyses, with
nominally significant between-group differences. Because higher
FQoL-D scores reflect better family and caregiver quality of life,
these findings indicate that, under the conditions of this trial, home-
based prefrontal tDCS was associated with a small but unfavorable
impact on caregivers’ perceived family wellbeing relative to sham.
This may reflect caregiver burden related to the home-based
stimulation routine (e.g., time burden, perceived responsibility,
increased monitoring demands, or caregiver stress). Because
caregiver contact intensity and protocol-related time burden were
not formally quantified, this interpretation remains exploratory.
Item-level analyses of FQoL-D (Supplementary Table 3) suggest
that this divergence was not confined to a single domain but
driven by multiple facets of family functioning and support. Sham
caregivers tended to report relative stability or improvement in
items related to accepting differences of opinion, time for personal
hobbies, having someone to turn to in special situations, receiving
emotional support, and accessing medical care, whereas active-arm
caregivers more often reported declines in these areas. Importantly,
sham participants and caregivers followed the same nominal 26-
week home-based schedule and completed the same number of
30-min sessions, so simple time burden or organizational demands
are unlikely to fully explain the active-sham discrepancy in FQoL-
D. Instead, the higher frequency of stimulation-site reactions in the
active arm, subtle “micro-unblinding” due to stronger sensations
during active sessions, or more frequent contacts with healthcare
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services may have altered family dynamics and perceived burden
(30), even in the absence of large between-group differences in
global cognition. These hypotheses remain speculative, but they
underscore that neuromodulation protocols should be evaluated
not only for patient-level efficacy but also for their net impact
on caregivers.

The broader neuromodulation literature supports a view of
tDCS effects in AD as small, task-specific, and strongly modified
by individual disease biology rather than uniformly beneficial.
Network-level and biomarker studies have shown that changes
in functional connectivity, white-matter microstructure, and even
amyloid-related measures after tDCS depend on factors such as
amyloid status, APOE &4 carriage, BDNF polymorphism, and sex
(13, 14, 19, 20, 31). Within this precision-medicine framework,
our unselected mild AD sample likely included patients with
heterogeneous pathology and residual plasticity, diluting any
subgroup-specific benefits that might have been detectable in a
more targeted population. The small but significant K-BNT effect
and the trend in RCFT may reflect such phenotype-dependent
responsiveness of language and fronto-parietal networks, while
the absence of clear advantages on global measures suggests that
prefrontal tDCS alone is insufficient to counteract medial temporal
and parietal degeneration that drives overall cognitive decline (1,
32).

From a clinical perspective, the discrepancy between modest
or inconsistent patient-level benefits and the unfavorable caregiver
quality-of-life signal is particularly important. Behavioral and
psychological symptoms of dementia are major determinants of
caregiver burden, institutionalization, and healthcare costs (33),
and family-centered outcomes are increasingly recognized as
critical endpoints in dementia trials. In our study, the combination
of small, unstable effects on K-NPI and consistent worsening
of FQoL-D in the active arm suggests that, at least in this
implementation, long-term home-based tDCS may not reliably
translate into net gains for families. This does not preclude the
possibility that optimized stimulation parameters, better targeting,
or biomarker-guided patient selection could yield more favorable
benefit-burden profiles, but it does argue against assuming
caregiver advantages in the absence of direct evidence.

This trial has several strengths. It extends prior tDCS work
by using a 26-week double-blind, sham-controlled design in
a comparatively large mild AD sample and by implementing
a monitored home-based protocol that approximates real-
world practice. The comprehensive outcome battery—including
global and domain-specific cognition, functional measures,
neuropsychiatric symptoms, and both patient- and caregiver-
reported quality of life—allows a more nuanced evaluation
of tDCS effects than reliance on global scales alone. Detailed
reporting of participant disposition, adherence, and AEs supports a
transparent assessment of feasibility and safety, and similar overall
AE rates between active and sham arms reinforce the tolerability of
long-term prefrontal tDCS within recommended parameters (4-7).

At the same time, several limitations must be acknowledged.
Multiple secondary and exploratory endpoints were assessed
without formal multiplicity correction; therefore, nominal p-values
may overstate evidence for domain-specific effects, and these
findings should be interpreted cautiously as hypothesis-generating.
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Because multiple secondary outcomes were examined, domain-
specific findings should be considered exploratory and hypothesis-
generating; the observed signals warrant replication in adequately
powered trials with prespecified multiplicity strategies. Sample
sizes for some scales, particularly K-NPI and FQoL-D, were
modest, increasing uncertainty around effect estimates and
contributing to discrepancies between ITT and PP analyses.
We did not obtain detailed biomarker data (e.g. amyloid PET,
APOE genotype, BDNF polymorphism), precluding moderator
analyses that might identify subgroups with clearer benefit or
harm. Completion and overall adverse-event rates were comparable
between groups, which does not suggest marked differential
tolerability. However, formal assessment of blinding success
(allocation-guess questionnaires) and prespecified quantitative
protocol-fidelity metrics (e.g., electrode-placement verification
frequency and remote-supervision intensity) were not collected;
therefore, subtle unblinding and implementation variability cannot
be fully excluded. Finally, we did not include quantitative
neuroimaging or other mechanistic measures (e.g., MRI-based
atrophy metrics, network imaging, or electrophysiology), so
inferences about circuit-level effects of tDCS in this cohort
remain speculative.

Overall, home-based prefrontal tDCS without a standardized
concurrent behavioral intervention showed limited effects on
global cognition, with exploratory domain-specific signals (notably
naming); larger, well-controlled trials—particularly those pairing
stimulation with prespecified cognitive/language training—are
needed to clarify clinical benefit and potential augmentation
of behavioral treatment effects, including clinically meaningful
slowing of decline.

5 Conclusion

In this 26-week randomized, double-blind, sham-controlled
trial in mild Alzheimers dementia, prefrontal tDCS did not
improve global cognition compared with sham. Domain-level
effects were small and inconsistent, and caregiver-reported family
quality of life worsened in the active arm. tDCS in dementia-
stage AD should therefore be pursued, if at all, within biomarker-
informed, carefully monitored trials that include caregiver
outcomes as core endpoints.
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