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Abstract

Background. Transcranial direct current stimulation (tDCS) is a promising treatment for major
depressive disorder (MDD). This study evaluated its antidepressant and cognitive effects as a
safe, effective, home-based therapy for MDD.

Methods. This double-blind, sham-controlled, randomized trial divided participants into low-
intensity (1 mA, n = 47), high-intensity (2 mA, n = 49), and sham (n = 45) groups, receiving
42 daily tDCS sessions, including weekends and holidays, targeting the dorsolateral prefrontal
cortex for 30 minutes. Assessments were conducted at baseline and weeks 2, 4, and 6. The
primary outcome was cognitive improvement assessed by changes in total accuracy on the
2-back test from baseline to week 6. Secondary outcomes included changes in depressive
symptoms (HAM-D), anxiety (HAM-A), and quality of life (QLES). Adverse events were
monitored. This trial was registered with ClinicalTrials.gov (NCT04709952).

Results. In the tDCS study, of 141 participants (102 [72.3%] women; mean age 35.7 years,
standard deviation 12.7), 95 completed the trial. Mean changes in the total accuracy scores from
baseline to week 6 were compared across the three groups using an F-test. Linear mixed-effects
models examined the interaction of group and time. Results showed no significant differences
among groups in cognitive or depressive outcomes at week 6. Active groups experienced more
mild adverse events compared to sham but had similar rates of severe adverse events and
dropout.

Conclusions. Home-based tDCS for MDD demonstrated no evidence of effectiveness but was
safe and well-tolerated. Further research is needed to address the technical limitations, evaluate
broader cognitive functions, and extend durations to evaluate its therapeutic potential.

Introduction

Major depressive disorder (MDD) remains a public health concern, affecting millions of
individuals worldwide [1, 2]. Beyond mood symptoms, MDD greatly impairs cognitive functions,
encompassing memory, attention, and executive functions, further worsening the quality of life
in individuals with this disorder [3, 4]. Its impact extends beyond the individual, causing
substantial societal and economic burdens [5, 6]. Conventional treatments, such as antidepres-
sant medications and psychotherapy, often have limited effectiveness, and many patients do not
respond adequately [7-9]. Notably, cognitive impairment in MDD can persist even after the
alleviation of other symptoms [10, 11]. Furthermore, these treatments can be burdened by
adverse effects and require considerable time commitments [12, 13].

In response to these challenges, transcranial direct current stimulation (tDCS), a non-invasive
neuromodulation technique, has emerged as a promising alternative or adjunctive treatment for
MDD [14]. Recent meta-analyses suggest its effectiveness in treating MDD, not only improving
depressive symptoms [15, 16] but also enhancing cognitive functions, particularly working
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memory and attention [17, 18]. Moreover, tDCS offers potential
advantages over other techniques, including excellent safety and
tolerability profiles, cost-effectiveness, and user-friendly applica-
tion [19, 20]. Given these advantages, with simple training and
guidance, a potential for home-based tDCS has been suggested [21,
22], including enhanced accessibility and convenience [23, 24].

Despite these advantages, the efficacy of home-based tDCS as an
adjunct to antidepressants in treating MDD, encompassing both
mood and cognitive symptoms, remains underexplored. Further-
more, since a non-linear relationship between tDCS intensity and
efficacy has been consistently reported [25, 26], the comparative
effects of different tDCS intensities and their safety profiles in a
home-based context need comprehensive evaluation.

We designed a double-blind, sham-controlled, randomized clin-
ical trial to evaluate the efficacy and safety of home-based high-
and low-intensity tDCS as adjunctive treatments for MDD.
We hypothesized that there would be differences in improvement
among the three groups (high-intensity, low-intensity, and sham)
after 6 weeks of treatment. Additionally, we hypothesized that both
active tDCS groups would demonstrate greater improvements in
the depressive symptoms (HAM-D), anxiety symptoms (HAM-A),
and quality of life (QLES) than those in the sham. Finally, we
expected that adverse effect rates would be similar across all three
groups.

Methods

The study was a multicenter, double-blind, randomized controlled
trial conducted at Seoul National University Bundang Hospital and
Samsung Medical Center from March 2021 to January 2023. The
study enrolled 141 patients diagnosed with MDD who were receiv-
ing antidepressants. Participants were randomly allocated to one of
three groups: sham (n = 45), low-intensity (1 mA, n = 47), or high-
intensity (2 mA, n = 49) tDCS. The intervention lasted for 6 weeks,
during which participants self-administered tDCS once daily for a
total of 42 sessions. Each session lasted 30 minutes and was per-
formed every day, including weekends and holidays. Outcomes
were assessed during in-person visits at baseline (week 0), week
2, week 4, and week 6. The primary outcome was cognitive
improvement assessed by changes in total accuracy on the 2-back
test from baseline to week 6. Secondary outcomes included changes
in depressive symptoms (HAM-D scores), anxiety levels (HAM-A
scores), and quality of life (QLES scores). The randomization
process used a computer-generated list with block sizes. The study
protocol was approved by the Institutional Review Boards of both
Seoul National University Bundang Hospital (approval number:
B-2011-651-006) and Samsung Medical Center (approval number:
2020-06-143) and registered at Clinical Trials.gov (NCT04709952).
All participants provided written informed consent.

Participants

Participants were recruited through physician referrals and advert-
isements. All participants were screened by trained, board-certified
psychiatrists using the modified Mini-International Neuropsychi-
atric Interview [27] and a case review of their medical records to
diagnose MDD. In-person interviews were conducted for pre-
screening, selecting participants aged 19-65. The study included
patients with residual symptoms after antidepressant treatment
who did not achieve remission. Information on the antidepressants
used by the participants is included in Table 1. All the patients
receiving treatment with antidepressants approved in South Korea
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were included, and no specific antidepressants were excluded from
the study. The specific inclusion and exclusion criteria are as
follows: (1) diagnosed with MDD according to the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5) [28]; (2) experiencing an ongoing depressive episode with
a Clinical Global Impression Severity score of 23; (3) ongoing use of
psychiatric medication for depressive symptoms at the time of the
participation; and (4) able to understand the research details and
consent documentation and capable of responding to question-
naires. Pharmacologic interventions adhered to the Canadian Net-
work for Mood and Anxiety Treatments 2016 depression guidelines
[12, 13]. Participants were excluded if they had a history of neuro-
logical disorders, head injuries, high suicide risk, psychotic symp-
toms, head-implanted metal devices, dermatological issues
affecting electrode placement, were pregnant, or refused to use
medically approved contraception (up to 24 weeks after tDCS
use). In accordance with the exclusion criteria, participants with a
history of dementia or neurodegenerative diseases were not
included in this study. To assess potential cognitive impairments
that might affect comprehension, participants received a thorough
explanation and demonstration of device usage during their first
session. This included step-by-step instructions on how to apply the
electrodes and operate the device. Participants were required to
demonstrate their ability to independently understand and operate
the device after the explanation. Those who were unable to do so
after repeated demonstrations were excluded from the study. How-
ever, no such cases were encountered during recruitment. Partici-
pants were considered lost to follow-up if they (1) did not visit the
hospital at weeks 2, 4, or 6; (2) reported severe worsening of their
psychiatric condition or serious adverse events during the trial; or
(3) voluntarily withdrew their participation.

Intervention

Following detailed instructions, participants used a home-based
tDCS device (MINDD STIM). Participants did not meet with the
researchers in person before each session but underwent compre-
hensive training prior to and during the intervention to ensure
proper use of the device. Initial training was conducted at baseline,
during which participants received step-by-step instructions on
self-applying the tDCS device. This included live demonstrations
by trained staff and opportunities for participants to practice under
supervision. The training emphasized correct electrode placement,
which followed a “one-size-fits-all” approach. Participants were
instructed to position the headset approximately 1 cm above the
highest point of their eyebrows to target the left and right dorso-
lateral prefrontal cortex. To reinforce this training and address any
challenges encountered during the intervention, additional training
sessions were conducted at 2 and 4 weeks. Participants who faced
difficulties applying the device at home were encouraged to contact
the research team for support. Guidance was provided through
photo reviews, ensuring adherence to the protocol and consistent
application of the device throughout the study. Researchers
recorded application duration and timing. Anode and cathode
electrodes were utilized to deliver stimulation following the proto-
col described in a previous study [29]. During the sessions, the
participants received no specific instructions; they were allowed to
read or use their smartphones but were not allowed to fall asleep.
Participants attached 28.26 cm” round electrodes in a “bifrontal”
setup (F3-Anode, F4-Cathode). The anode and cathode were posi-
tioned over the left and right dorsolateral prefrontal cortex, respect-
ively. Participants used single-use sponges soaked in saline solution
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Table 1. Clinical and demographic characteristics of the study sample at baseline

No. (%)
Sham Low active High active
Characteristic (n=45) (n=47) (n=49)
Demographics
Women 30 (66.7) 37 (78.7) 35 (71.4)
Age, mean (SD), years 35.3 (11.8) 36.6 (13.7) 35.3 (12.7)
Years at school, mean (SD) 14.7 (2.0) 14.1 (2.1) 14.0 (1.8)
Employed 24 (53.3) 14 (29.8) 16 (32.7)
Married 15 (33.3) 14 (29.8) 17 (34.7)
Clinical characteristics
Onset age, mean (SD), years 28.5 (10.5) 29.6 (12.9) 28.0 (12.8)
Previous episodes, mean (SD), no. 3.0 (2.2) 3.1(2.5) 3.0 (2.1)
Current episode duration >12 months 12 (26.7) 13 (27.7) 8 (16.3)
Currently smoke 9 (20.0) 3(6.4) 10 (20.4)
Currently drink alcohol 15 (33.3) 12 (25.5) 16 (32.7)
Suicidal attempt 8(17.8) 10 (21.3) 11 (22.4)
Hospitalization 17(37.8) 17(36.2) 18(36.7)
Generalized anxiety disorder 8(17.8) 8(17.0) 12 (24.5)
Panic disorder 21 (46.7) 17 (36.2) 19 (38.8)
Social anxiety disorder 2 (4.4) 3(6.4) 3(6.1)
Pharmacotherapies in the present episode
Antidepressant drugs
SSRIs® 29 (64.4) 28 (59.6) 27 (55.1)
Escitalopram 11 (24.4) 16 (34.0) 14 (28.6)
Fluoxetine 11 (24.4) 6 (12.7) 8 (16.3)
Paroxetine 2 (4.4) 1(2.1) 2 (4.0)
Sertraline 3(6.6) 3(6.3) 2 (4.0)
Vortioxetine 2 (4.4) 2(4.2) 1(2.0)
SNRIs” 11 (24.3) 18 (38.2) 15 (30.5)
Venlafaxine 3(6.6) 1(2.1) 3(6.1)
Desvenlafaxine 5(11.1) 9(19.1) 10 (20.4)
Duloxetine 3(6.6) 8(17.0) 2 (4.0
Bupropion 12 (26.7) 9(19.1) 6(12.2)
Mood stabilizers
Lithium® 7 (15.6) 8 (17.0) 13 (26.5)
Valproate 2 (4.4) 3(6.4) 1(2.0)
Lamotrigine 3(6.7) 1(2.1) 4(8.2)
Antipsychotics
Quetiapine 15 (33.3) 16 (34.0) 18 (36.7)
Olanzapine 2 (4.4) 0 2(4.1)
Other treatments
Benzodiazepines* 24 (53.3) 32 (68.1) 25 (51.0)
Other anticonvulsants® 0 3(6.4) 4(8.2)
2-Back-test score, mean (SD)
Total Accuracy at baseline’ 0.864 (0.23)* 0.895 (0.186) 0.925 (0.094)
Total Accuracy at week 6 0.970 (0.022)* 0.886 (0.265) 0.947 (0.078)
Continued
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No. (%)
Sham Low active High active
Characteristic (n=45) (n=47) (n=49)

Reaction Time at baseline® 1063.8 (281.0)*

1085.1 (337.4)

1103.0 (368.2)

Reaction Time at week 6 808.3 (284.2)* 770.3 (328.9) 856.0 (352.0)
Baseline score, mean (SD)

HAMD 18.0 (6.4) 18.9 (6.0) 18.0 (6.2)

K-BDI-II 31.9 (12.5) 30.1 (11.2) 32.5 (12.9)

HAMA 21.2 (9.0) 22.9 (8.1) 21.3 (10.0)

QLES 39.4 (11.0) 39.0 (7.8) 39.1 (9.4)

Abbreviations: SGAs, second-generation antipsychotics; SSRIs, selective serotonin reuptake inhibitors; HAMD, Hamilton Depression Rating Scale; K-BDI-Il, Korean Beck Depression Inventoryll;

HAMA, Hamilton Anxiety Rating Scale; QLES, Quality of Life Enjoyment and Satisfaction Questionnaire.

®Escitalopram, fluoxetine, paroxetine, sertraline, and vortioxetine.

bVenlafaxine, desvenlafaxine, and duloxetine.

“The p-value was 0.363.

dClonazepam, lorazepam, alprazolam, etiazolam, bromazepam, diazepam, and flunitrazepam
®Gabapentin and topiramate.

Total accuracy was calculated as the sum of hits and correct rejections, divided by the total number of trials.

EMillisecond.

*The raw data for the 2-back test from one participant is not included due to technical error related to equipment malfunction.

to ensure proper electrode conductivity. They were instructed to
use a mirror to confirm correct alignment of the headset on their
scalp, and a photo guide was provided to assist with accurate
placement. The tDCS device was programmed to monitor imped-
ance levels in real time, allowing stimulation only when impedance
was within an acceptable range of 500 Q to 10 kQ. If impedance
exceeded this range, or patches were detached or misaligned,
stimulation was blocked or stopped immediately. Participants were
encouraged to use the device at approximately the same time each
day for consistency in treatment schedules. To further support this,
the tDCS device was programmed to block additional stimulations
if insufficient time (less than 12 hours) had passed since the
previous session, minimizing deviations from the recommended
daily schedule. Participants were required to complete at least 9 out
of 14 sessions (to complete at least 60% of the total sessions) within
each 2-week period to avoid being classified as dropouts. The
treatment groups received a constant current of 2 mA (high inten-
sity) or 1 mA (low intensity) for 30 minutes, whereas the sham
stimulation group received 0.1 mA of current for 30 seconds upon
device activation. Participants reported adverse events using an
adverse effects questionnaire [30]. The questionnaire assessed
symptoms as mild, moderate, severe, or none (Supplementary
Table S5). A double-blind design was maintained throughout the
study, ensuring that the rater, operator, and participants did not
know which tDCS settings were administered. To ensure blinding, a
designated administrator assigned stimulation settings to the device
based on group allocation. The tDCS device automatically recorded
usage history to monitor compliance.

Outcomes

All assessments were conducted by trained researchers blinded to
the study conditions. Participants underwent outcome assessments
at baseline and weeks 2, 4, and 6 to document cognitive function,
depressive symptoms, anxiety symptoms, quality of life, and
adverse events. All the assessments were conducted in person at
the hospital to ensure consistency and standardization. Online or
remote assessments were not conducted during the study. The

https://doi.org/10.1192/j.eurpsy.2024.1811 Published online by Cambridge University Press

N-back test is widely used to assess the working memory compo-
nents of executive functions. In the 2-back test, participants
respond to sequences of stimuli and identify if each item matches
the one presented two positions back. The 2-back task was used to
assess working memory performance. A total of 400 stimuli (letters)
were presented on a computer monitor. Each stimulus was dis-
played for 0.5 seconds, followed by an interstimulus interval of
1.5 seconds during which a fixation cross was shown. Participants
were instructed to press a button only when the current letter
matched the letter presented two trials earlier (target stimuli).
Non-target stimuli required no response. The task was developed
using the Unity game engine and distributed as a Windows-based
executable file provided by Ybrain. All the assessments were con-
ducted in person. Task performance included three key outcomes:
reaction time, omission errors (failing to respond to a target stimu-
lus), and commission errors (responding to a distractor stimulus).
Total accuracy was determined using the formula: (hits + correct
rejections) / total stimuli, where hits represent targets — omission
errors and correct rejections are distractors — commission errors.
Increased accuracy indicates improved cognitive function. Second-
ary outcomes included changes in scores between groups over time
on HAM-D [31] and HAM-A [32]. We consistently used the
17-item HAM-D throughout the study, a clinician-rated assess-
ment with 17 items on a 3- or 5-point Likert scale, for its reliability
in assessing core depression symptoms and its widespread use in
clinical trials [33]. The HAM-A is a clinician-administered ques-
tionnaire used to assess anxiety severity. It comprises 14 items with
a composite score ranging from 0 to 56. Scores of <17 suggest mild
anxiety, 18-24 indicate mild-to-moderate anxiety, and 25-30 indi-
cate moderate-to-severe anxiety, with lower scores reflecting better
symptom control. Additionally, changes in scores on the Korean
Beck Depression Inventory II (K-BDI-II) [34] and QLES [35] were
assessed.

Statistical analysis

Statistical analyses were performed using R, version 4.3.2 (Ime4
package; R Foundation for Statistical Computing, Vienna, Austria).
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The sample size was estimated for a repeated-measures analysis of
variance to achieve a statistical power of 90% with a 2-tailed o level
of 5% and effect size of 0.20. The estimated sample size based on
these assumptions was # = 111. Assuming a 25% attrition rate,
47 participants per group were required, resulting in a total sample
size of 141 participants. The calculation was conducted using
G*power software [36], informed by previous research [37]. We
performed an intention-to-treat analysis. Missing data were imputed
using the last observation carried forward method. Differences in
baseline clinical and demographic variables between groups were
analyzed using the F-test or y” test for continuous and categorical
variables, respectively. The Wilcoxon rank-sum test was used for
non-parametric data. Mean changes in total accuracy scores from
baseline to week 6 were calculated and compared between the three
groups using an F-test. If a significant difference was found, then a
Tukey’s post-hoc analysis was conducted. Linear mixed-effects
models were used to analyze the interactive effects of group (three
levels: high-intensity, low-intensity, and sham) and time (four levels:
baseline; weeks 2, 4, and 6) on total accuracy, HAM-D score, and
secondary outcomes. Participants were included as a random-effects
variable. Additional analyses were performed after excluding outliers
from the n-back task. Outliers were identified and removed using
Tukey’s Fences, which define them as data points outside the range of
Q1-1.5 x IQR to Q3 + 1.5 x IQR.

We carried out a subgroup analysis based on onset age (<29 or
229 years), current episode duration (<13 months or =13 months),
age (<45 or 245 years), sex, HAM-A score (Smedian or >median),

and medication usage (current use of selective serotonin reuptake
inhibitors, serotonin norepinephrine reuptake inhibitors, and anti-
psychotics). Total accuracy and HAM-D scores were used as the
dependent variables in these models. Potential confounding vari-
ables, including sex, age, age at onset, current episode duration, and
employment status, were adjusted for in the models. Owing to the
regular 2-week assessment intervals, we applied an autoregressive
covariance structure as the working correlation matrix. The fre-
quency and severity of adverse events at weeks 2, 4, and 6 were
compared between groups using the % test or Fisher’s exact test (for
categorical variables) and the Kruskal-Wallis test (for continuous
variables). The % test was also used to assess the integrity of
blinding by comparing the frequency of correct guesses about
treatment allocation in each group.

Results
Participants

The proportion of participants with moderate to severe depression
based on baseline HAM-D score (>17) [38] was 62.4%. The clinical
and demographic characteristics of the study participants are pre-
sented in Table 1. Out of 141 participants, 102 (72.3%) were female.
The mean age (standard deviation) was 35.7 (12.7) years. The study
flowchart is shown in Figure 1 and Supplementary Table S1. Par-
ticipants were divided into three groups: low-intensity (1 mA,
n = 47), high-intensity (2 mA, n = 49), and sham (n = 45). These

[

eligibility

760 patients assessed for ]

(61 9 excluded

L

»| 525 not meeting inclusion criteria
94 declined to participate

[141 randomly assigned to groups]

y

49 randomized to 47 randomized to
high-active tDCS low-active tDCS

y

45 randomized to
sham tDCS

4 )

19 discontinued treatment
14 requested the
discontinuation

3 withdrew due to
dropout

2 withdrew due to
clinician's decision /

N -

14 discontinued treatment
12 requested the
discontinuation

2 withdrew due to
non-compliance
treatment procedure

N | )

13 discontinued treatment
12 requested the
discontinuation

1 withdrew due to
non-compliance
treatment procedure

) 4 A 4

J

'd
30 completed 6 weeks

| )

of treatment of treatment

p
33 completed 6 weeks

J (.

N

p
32 completed 6 weeks
of treatment

|

Y Y

49 included in the 47 included in the
intention-to-treat intention-to-treat
analysis analysis

Figure 1. Trial flowchart. ITT, intention-to-treat.
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Sham Low active High active
Score change® (week 6-baseline) (n=45) (n=4T7) (n = 49) Sum of squares Mean square F value p Value*
Primary outcomes
Total accuracy 0.105 (0.229)** —0.009 (0.324) 0.022 (0.096) 0.319 0.159 29 0.058
Secondary outcomes
HAM_D —6.96 (6.82) —7.40 (8.51) —8.59 (9.18) 68 33.96 0.497 0.609
BDI —11.2 (13.3) —10.7 (15.8) —14.9 (15.1) 502 250.8 1.147 0.321
HAM_A —8.67 (9.67) —9(10.7) —9.96 (13.5) 43 21.41 0.164 0.849
QLES —3.98 (18.5) —3.70 (17.7) —7.71 (20.1) 482 2412 0.68 0.508

Note: The raw data for the 2-back test from one participant are not included due to technical error related to equipment malfunction.

* p <0.05, **p <0.01, *** p < 0.001.
#Mean (SD).

numbers reflect the actual participants enrolled in each group, as
noted in Table 2. Additionally, one participant’s 2-back test data in
the sham group was excluded due to a technical error related to
equipment malfunction. Ninety-five (30 in the high-intensity group,
33 in the low-intensity group, and 32 in the sham group) completed
the final assessment. Dropout rates were comparable across groups
(38.8% in high-intensity tDCS, 29.8% in low-intensity tDCS, and
29.6% in sham; p = 0.549). Reasons for dropout included voluntary
withdrawal (14 in high-intensity, 12 in low-intensity, and 12 in
sham). Specific reasons included difficulty attending bi-weekly
in-person visits due to scheduling conflicts, and inconvenience asso-
ciated with daily device application at home. Non-compliance with
protocol was defined as failing to complete at least 60% of the
scheduled sessions or attending fewer than 8 sessions by the 2-week
midpoint. This led to a dropout in two participants from the low-
intensity group and one participant from the sham group. Clinical
decisions for discontinuation were made when participants experi-
enced significant discomfort or side effects, such as persistent head-
aches (n = 2) or skin irritation under the electrodes (n = 3), which

occurred in five participants from the high-intensity group.

Efficacy of tDCS on modulating cognitive function: Primary

outcome

The mean change in total accuracy score from baseline to week
6 was 0.022 (0.096) in the high-active group, —0.009 (0.324) in the
low-active group, and 0.105 (0.229) in the sham group (F = 2.9,
p =0.058). No significant differences were observed among groups
(as presented in Table 2). We conducted an additional exploratory
analysis using a linear mixed model (LMM), which revealed a
significant time-group interaction for total accuracy (F = 5.236,
p < 0.05, Supplementary Figure S1). However, interestingly, the
sham group showed a more significant increase in the test scores
than the low-intensity group at week 6. This result remained
unchanged even after adding the baseline HAM-D scores as a
covariate to control for depression severity (F = 5.236, p < 0.05),
and removing outliers using Tukey’s Fences (F = 5.544, p < 0.05).
For reaction time, the analysis showed no significant time-group

interaction (F = 0.178, p = 0.672).

Efficacy of tDCS on depressive symptoms: Secondary outcomes

No significant treatment effects were observed for depressive symp-
toms. Across the high-intensity group, low-intensity group, and the

https://doi.org/10.1192/j.eurpsy.2024.1811 Published online by Cambridge University Press

sham group, the mean change in HAM-D scores from baseline to
week 6 was —8.59 (9.18), —7.40 (8.51), and — 6.96 (6.82), respect-
ively, (F=0.497, p = 0.609, Table 2). The LMM analysis showed that
there was no significant time-group interaction for the HAMD
score (F = 1.409; p = 0.236, Figure 2). Similarly, we did not observe
significant treatment effects for the secondary outcomes (F = 1.147,
p = 0.321 for BDI; F = 0.164, p = 0.849 for HAM-A; F = 0.68,
p = 0.508 for QLES [quality of life], Table 2). The results of the
subgroup analysis for total accuracy and HAM-D scores are shown
in Supplementary Tables S2 and S3.

Frequency of adverse events

The mean number of reported adverse events per participant did
not differ significantly between the groups (p = 0.07, Table 3).
However, analysis by severity revealed a significantly higher mean
number of mild adverse events in the active group than in the sham
group (p < 0.01). The burning and skin redness frequencies were
significantly higher in the high-activity group during weeks 0-2
(p <0.05 and p < 0.01, respectively).

% Sham
# Low-active tDCS
4 High-active tDCS

HAMD score

Baseline 2 4 6
Week

Figure 2. Changes in HAM-D score over 6 weeks.
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Table 3. Frequency of adverse events®

Week 0-week 2 Week 2-week 4 Week 4-week 6
No. (%) No. (%) No. (%)
Low High Low High Low High

Sham active active p Sham active active p Sham active active p
Adverse event (n=45) (n=47) (n=49) Value® (n=45) (n=4T7) (n=49)  Value® (n=45) (n=4T1) (n=49)  Value”
Headache 3(6.7) 7 (14.9) 8 (16.3) 0.32 1(2.2) - 1(2.0) - - 1(2.1) 2 (4.1) -
Neck pain 1(2.2) - - - 1(2.2) 1(2.1) - - - 1(2.1) - -
Discomfort 5(11.1)  8(17.0) 13 (26.5) 0.15 1(2.2) 1(2.1) 2 (4.1) 0.81 = 2 (4.3) = =
Tingling 8(17.8) 14(29.8) 18(36.7)  0.12 1(2.2) 1(2.1) 2 (4.1) 0.81 1(2.2) 2(4.3) 1(2.0) 0.77
Itching 2 (4.4) 3 (6.4) 4(8.2) 0.76 - 3 (6.4) 2 (4.1) - 1(22) - 1(2.0) -
Burning 2 (4.4) 4 (8.5) 11 (22.4) <0.05 - 2 (4.3) - - - 1(2.1) - -
Skin redness 1(2.2) 4 (8.5) 12 (245) <001  1(2.2) 2 (4.3) 3(6.1) 0.65 - - - -
Sleepiness 1(2.2) 4 (8.5) 3(6.1) 0.42 1(2.2) - - - - 1(2.1) - -
Trizzlceentrating B ZIEE) : : Rl : : : : Ny : :
Fatigue 3(6.7) 3 (6.4) - - - 1(2.1) 1(2.0) - - 1(2.1) - -
Nausea 1(2.2) - - - 1(2.2) - - - - - - -
Dizziness 2 (4.4) 3(6.4) 1(2.0) 0.57 - - - - - 1(2.1) 1(2.0) -

No. (%)
Sham Low active High active

Severity of reported adverse events (n =45) (n=47) (n=49) p Value®
No adverse events reported 25 (55.6) 15 (31.9) 11 (22.4) <0.01
One or more mild adverse events reported 15 (33.3) 30 (63.8) 33 (67.3) <0.01
One or more moderate adverse events reported 7(15.6) 13 (27.7) 12 (24.5) 0.36
One or more severe adverse events reported 4(8.89) 3(6.4) 3(6.1) 0.85
Mean reported adverse events, per participant Mean (SD)
Any 1.31 (2.14) 2.40 (2.64) 2.18 (2.23) 0.07
Mild 0.71 (1.20) 1.64 (1.82) 1.55 (1.53) <0.01
Moderate 0.36 (0.91) 0.68 (1.56) 0.47 (1.00) 0.63
Severe 0.24 (0.91) 0.09 (0.41) 0.16 (0.77) 0.37

“Adverse events were assessed using an adverse effects questionnaire.
®p values were determined with X? or Fisher exact test.
P values were determined with X* or Fisher exact test and Kruskal-Wallis test.

Blinding integrity

Blinding integrity was assessed at weeks 2 and 6. A significant
difference was not observed between the active and sham groups
regarding the likelihood of participants correctly guessing their
assigned group at week 2 (x> = 5.33, p = 0.07). However, by week
6, significant differences in group allocation guesses were observed
(o = 9.65, p < 0.05, Supplementary Tables S4), suggesting partial
unblinding by the end of treatment.

Discussion

This study investigated home-based tDCS for its effects on working
memory in MDD patients, with cognitive improvement designated
as the primary outcome based on study registration and trial design.
While no significant differences were observed among groups for
cognitive or depressive outcomes, these findings contribute to
understanding tDCS’s safety profile and feasibility in home-based
settings. Previous studies have reported positive effects of home-
based tDCS in cognitive impairments in some neurodegenerative
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diseases, such as mild cognitive impairment (MCI), or Alzheimer’s
disease (AD). These studies have shown efficacy of home-based tDCS
in improving general cognition and memory domains, while dem-
onstrating no significant effects on executive function [24, 39]. The
discordance in the efficacy of home-based tDCS across diseases
might be associated with differences in the mechanisms underlying
cognitive impairment. While neurodegenerative changes and the loss
of functional connectivity between brain areas are associated with
cognitive impairment in neurodegenerative diseases [40, 41] a com-
bination of neurochemical imbalances, neuroplasticity deficits, and
brain structure alterations, exacerbated by stress and inflammation,
is thought to be the main cause of cognitive impairment in depression
[42—44]. The difference in the tests used to measure cognition could
also be a contributing factor. While the 2-back test employed in our
study primarily assesses working memory, it also engages executive
functions, such as attention, as part of task performance. Moreover,
individuals with depression often have greater difficulty maintaining
attention or executive function, whereas those with neurodegenera-
tive diseases such as MCI or AD are more affected by memory
impairments [45-47]. It is possible that poor performance on the
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2-back test is associated with impaired attention and executive
function in MDD patients, which home-based tDCS did not signifi-
cantly improve. Although some participants reported mild adverse
events, such as burning sensations and erythema, the incidence of
moderate-to-severe adverse events did not differ significantly
between groups. This indicates that the home-based tDCS interven-
tion demonstrated an acceptable safety profile for MDD treatment.
Additionally, we observed no significant differences in the depression
and anxiety symptoms, as measured by the HAM-D, K-BDI-IJ,
HAM-A, and QLES (quality of life) scores, between the groups.
Our findings align with recent randomized controlled trials investi-
gating the efficacy and safety of tDCS for MDD [48, 49]. These
studies similarly reported no significant differences between active
and sham groups in terms of symptom improvement. The consistent
results from these trials suggest that home-based tDCS may not be
superior to sham stimulation for MDD treatment.

Several factors may have contributed to the lack of significant
efficacy in this study. First, the severity of the patients” condition
may have influenced the outcomes. Studies suggest that tDCS may
be less effective in treating more chronic, recurrent, and severe
forms of MDD. Our participants had an average of three major
depressive episodes, with approximately 20% reporting previous
suicide attempts and 35% having a history of hospitalization,
suggesting a more severe form of MDD. This could explain the
limited responsiveness to tDCS, and investigating milder cases
might yield different results. However, evaluating tDCS as an
adjunct treatment when medications alone are insufficient aligns
with its potential clinical utility. Second, the concomitant medica-
tions taken by participants may have affected the efficacy of tDCS.
Certain medications have been reported to modulate the effects of
tDCS. For example, changes in the GABA/glutamate system,
induced by benzodiazepines are thought to decrease tDCS effects.
Additionally, reduced neuronal excitability resulting from the blockade
of voltage-gated sodium channels by mood stabilizers, such as lithium,
valproic acid, and lamotrigine, has been proposed to diminish the
antidepressant effects of tDCS. Considering that more than 50% of
participants were taking benzodiazepines and over 20% were taking
mood stabilizers, the efficacy of tDCS could have been significantly
influenced. Although randomization was employed, the higher rate of
lithium use in the high-intensity group may have affected the observed
effects. Future studies restricting concomitant medication use are
necessary to elucidate the specific effects of tDCS. Third, our study
did not comprehensively assess the various cognitive domains affected
by depression. Therefore, future research exploring cognitive domains
beyond working memory is warranted.

Home-based tDCS interventions present unique challenges.
While previous tDCS studies have reported mixed results, a recent
meta-analysis of tDCS combined with antidepressants showed a
larger effect size for tDCS on depression scores and response rates
compared to sham stimulation [50]. However, a recent home-based
tDCS trial reported negative results [49, 51]. Limitations of tDCS
include low spatial resolution and challenges in defining precise
electrode localization [52]. Similar to a prior study with negative
results, our unsupervised, home-based approach raises concerns
about inadequate stimulation delivery due to a one-size-fits-all
electrode montage.

We conducted subgroup analyses to explore the potential effi-
cacy of tDCS within subgroups defined by clinical variables, such as
the age of onset (<29 or 229 years), duration of the current episode
(<13 months or 213 months), age (<45 or 245 years), sex, HAM-A
score (Smedian or >median), and concomitant medication usage.
Although some significant group-by-time interactions on total
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accuracy scores were observed, these findings were not robust.
Contrary to our expectations, the sham group, but not the active
tDCS groups, demonstrated sustained improvement in total accur-
acy over time. This observation aligns with those of previous reports
suggesting that sham stimulation in tDCS studies can be inconsist-
ent and act as a hidden confounding variable [48]. Our sham
stimulation method (0.1 mA for 30 seconds upon device activation)
was designed to mitigate the placebo effects and maintain blinding
integrity. While blinding was preserved at week 2, partial unblind-
ing occurred by week 6, as participants in the active groups were
more likely to correctly guess their allocation. This partial unblind-
ing may have influenced participant behavior or expectations,
potentially affecting cognitive performance outcomes. Future stud-
ies should consider alternative sham protocols or additional meas-
ures to enhance blinding integrity over longer treatment durations.

Our study had some limitations. First, the 6-week intervention
period might have been insufficient to induce substantial changes
or observe the effects of tDCS, particularly on cognitive function.
Previous studies have reported significant efficacy of tDCS with an
extended 10-week treatment duration [53]. Additionally, meta-
analyses suggest that longer treatment periods could elicit more
pronounced tDCS effects, potentially needed for the persistent
cognitive impairments observed in MDD compared with mood
symptoms [54]. Second, concomitant medication use by the partici-
pants may have influenced the effects of tDCS, as certain medications
have been reported to modulate tDCS responses. Moreover, the
HAM-D scores were not measured prior to the participants’ initi-
ation of antidepressant treatment. As a result, we could not deter-
mine whether participants were responders or non-responders to
their current medication regimens. This lack of data limits our ability
to assess whether tDCS effects vary based on prior treatment
response status. Future studies should include serial HAM-D assess-
ments before and during antidepressant treatment to better stratify
participants into responder and non-responder groups. Third, the
sham stimulation setup used in our study may have compromised
blinding integrity, potentially affecting the results. Fourth, our assess-
ment was limited to working memory, neglecting evaluating other
cognitive domains affected by depression. Finally, a key limitation of
this study is the fixed electrode positioning, which does not account
for individual anatomical variability and raises concerns about
whether the targeted cortical areas were accurately stimulated. This
lack of precision may contribute to the observed null results. To
address this, future research should consider incorporating supervi-
sion methods, such as real-time remote monitoring systems [55], or
utilizing advanced tDCS devices tailored to individual neuroanatomy
to ensure more accurate targeting [54, 56]. These strategies could
help overcome the limitations of the one-size-fits-all approach and
better elucidate the therapeutic potential of home-based tDCS.
Additionally, although participants were encouraged to apply tDCS
at approximately the same time each day, adherence to this instruc-
tion was not strictly monitored. Variability in the session timing
may have introduced inconsistencies in the stimulation effects, as
prior studies suggest that circadian rhythms and time-of-day effects
could influence the neuromodulation outcomes [57]. The explora-
tory analysis using an LMM revealed a significant time-group
interaction for total accuracy, but unexpectedly, the sham group
showed greater improvement than the low-intensity tDCS group.
The results in Supplementary Figure S1 reveal inconsistent trends in
total accuracy across the four time points (baseline, weeks 2, 4, and
6) among the three groups. These inconsistencies suggest potential
variability in response to active tDCS, which may be influenced by
individual differences or external factors such as adherence to the
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protocol. The variability observed across time points might also
reflect limitations in the study design, such as insufficient treatment
duration or variability in home-based device application. These
findings highlight the need for further research with more robust
protocols and monitoring to better understand the mechanisms
underlying these outcomes.

Conclusions

This randomized controlled clinical trial investigated the effects of
adjunctive home-based tDCS with medication in patients with
MDD. We found no significant differences between tDCS and
sham stimulation for cognitive function or mood symptoms. Fur-
ther research is needed to address the technical limitations, evaluate
broader cognitive functions, and extend study durations to thor-
oughly assess the efficacy of tDCS as a potential therapeutic option
for MDD.
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