nature medicine

Article

https://doi.org/10.1038/s41591-024-03305-y

Home-based transcranial direct current
stimulation treatment for major depressive
disorder: afully remote phase 2randomized

sham-controlled trial

Received: 14 February 2024

Accepted: 17 September 2024

A list of authors and their affiliations appears at the end of the paper

Published online: 21 October 2024

% Check for updates

Transcranial direct current stimulation (tDCS) has been proposed as a
new treatment in major depressive disorder (MDD). This is a fully remote,
multisite, double-blind, placebo-controlled, randomized superiority trial

of 10-week home-based tDCS in MDD. Participants were 18 years or older,
withMDD in current depressive episode of at least moderate severity as
measured using the Hamilton Depression Rating Scale (mean =19.07 + 2.73).
Atotal of 174 participants (120 women, 54 men) were randomized to

active (n =87, mean age = 37.09 + 11.14 years) or sham (n = 87, mean

age =38.32 £10.92 years) treatment. tDCS consisted of five sessions per
week for 3 weeks then three sessions per week for 7 weeks in a10-week

trial, followed by a10-week open-label phase. Each session lasted 30 min;
the anode was placed over the left dorsolateral prefrontal cortex and the

cathode over the right dorsolateral prefrontal cortex (active tDCS 2 mA and
sham tDCS O mA, with brief ramp up and down to mimic active stimulation).
Asthe primary outcome, depressive symptoms showed significant
improvement when measured using the Hamilton Depression Rating Scale:

active 9.41 + 6.25 pointimprovement (10-week mean =9.58 + 6.02) and
sham 7.14 + 6.10 pointimprovement (10-week mean = 11.66 + 5.96) (95%
confidenceinterval = 0.51-4.01, P= 0.012). There were no differencesin
discontinuationrates. In summary, a10-week home-based tDCS treatment
with remote supervisionin MDD showed high efficacy, acceptability and
safety. ClinicalTrials.gov registration: NCT05202119

Major depressive disorder (MDD) iscommon anditis aleading cause of
disability worldwide; it is the most notable precursor in suicide'. MDD is
characterized by a prolonged low mood or inability to experience usual
feelings of pleasure, which is accompanied by disturbances in sleep,
appetite, psychomotor functioning and energy levels, and in cognitive
functioning. First-line treatments are antidepressant medications and
psychological therapies. However, more than a third of individuals with
MDD do notachieve full clinical remission despite full treatment trials>’.

Transcranial direct current stimulation (tDCS) is a form of nonin-
vasive brain stimulation that applies aweak (0.5-2 mA) direct current
viascalp electrodes*. Anodal stimulation shifts membrane potentials
toward depolarization and increasing cortical excitability, whereas
cathodal stimulation tends to shift membrane potentials toward
hyperpolarization, decreasing potential cell firing and inhibiting cor-
tical excitability’. tDCS modulates the resting state potential, thereby
modulating cortical tissue excitability, rather than directly triggering
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anaction potential thatisin contrast torepetitive transcranial magnetic
stimulation®. Neurophysiological effects typically persist beyond the
immediate stimulation period’. Anodal tDCS can enhance cortical excit-
ability, whichis dependent on the N-methyl-D-aspartate receptor and
calcium channel activity, demonstrating a sustained increase in synap-
tictransmission that is long-term potentiation-like, whereas cathodal
tDCS decreases excitability and facilitates long-term depression-like
changes®. Neural recordings demonstrate measurables effects on corti-
cal electricfields’. Neurophysiological measures reveal network-level
modulatory effects, in which anodal tDCS applied to left dorsolateral
prefrontal cortex (DLPFC) is associated with significant changes in
connectivity in default mode, self-referential and frontoparietal net-
works compared withsham tDCS'; it can extend into the deeper limbic
brainregions, including the amygdala", which are key regions in MDD
neurocircuitry and reflect potential mechanisms of effect®.

tDCSisapplied through aflexible cap or band thatiswornover the
forehead. The anode electrode is typically placed over the left DLPFC
and the cathode is placed over the right DLPFC, in the suborbital or
frontotemporal region®. In an individual-patient data meta-analysis,
active tDCS relative to sham tDCS was associated with a significantly
greater rate of clinical response (30.9% versus 18.9%; number needed
to treat (NNT) =9) and remission (19.9% versus 11.7%; NNT =13) from
572 participants with MDD in nine studies™. tDCS is safe and well toler-
ated withnossignificant differencesinattrition rate and adverse events
between active and sham stimulation, offering a potential new first-line
treatment for MDD*. However, a course of tDCS treatment involves
daily sessions for several weeks; most studies have been conductedin
aresearch clinicand have required daily visits®".

Asitis portable and safe, tDCS can be provided for home use*. We
developed a protocol that provides home-based tDCS with real-time
remote supervision using videoconferencing®. In MDD, we found
significantimprovements in depressive symptoms, high acceptability
and feasibility”, as also observed in additional open-label trials'*".
However, in our protocol, all participants had both the active tDCS
device and real-time visits using videoconferencing, which were associ-
ated withmeaningful experiences of support and containment’. Three
randomized controlled trials (RCTs) of home-based tDCS in MDD have
taken place”"’; however, none were fully remote because all included
in-person study appointments, two trials were probably underpowered
because of smallsamplesizes (n =11 (ref.18) and n = 58 (ref.19)), and all
were limited to a 6-week duration; they found no significant effects of
activerelative to sham tDCS""", However, the recent meta-analysis by
Nikolin etal.” reported that the active tDCS effects continue toincrease
for up to 10 weeks compared to sham stimulation.

Inthe present study, we sought toinvestigate the clinical efficacy
and safety of a10-week course of home-based tDCS for MDD in alarge,
double-blind, randomized superiority trial conducted in both the UK
and USA. All participants had MDD as determined by a structured
diagnostic interview; all were in a current depressive episode of at
least moderate severity. Participants in our study might be taking
stable antidepressant medication for at least 6 weeks, might be in psy-
chotherapy for at least 6 weeks or might be treatment-free, reflecting
the range of forms of MDD from first-episode and recurrent MDD to
treatment-resistant depression. All study visits were remote and we
were able to monitor participants’ tDCS use in real time. The primary
objective was to investigate clinical efficacy at the 10-week end point
of treatment between active and sham tDCS treatment arms.

Results

Participant data

Recruitment was from12 May 2022 to 10 March 2023 (ClinicalTrials.gov
registration: NCT05202119). From 2,234 individuals who had an initial
telephonescreen, 368 individuals provided written informed consent
and had an assessment using Microsoft Teams videoconferencing. In
total, 174 participants with MDD (120 women, 69%) with a mean age

of37.63 years (s.d. =11.00) were enrolled. One hundred and forty-five
(83.3%) had white ethnicity. Allhad an MDD diagnosis based on the
criteria of the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition®, were assessed using a structured clinical interview?
andwereinacurrentdepressive episode of at least moderate severity
as measured by a minimum score of 16 in 17-item Hamilton Depres-
sionRating Scale (HDRS)*. The mean HDRS was 19.07 (s.d. =2.73); the
median number of depressive episodes was three (interquartile range
(IQR) =1-5) (Table1). The sex of participants was based on self-report.
There were no exclusions of participants based on either sex or gender.

Inclusion criteria included being treatment-free or taking stable
antidepressant medication or undergoing psychotherapy for at least
6 weeks before enrollment. Having persistent depressive symptoms of
at least moderate severity and meeting the MDD criteria while taking
antidepressant medication for atleast 6 weeks have been clinical crite-
ria for treatment-resistant depression in previous trials***. The com-
position of the participant cohort was as follows: treatment-free = 57
(32.8%); taking antidepressant medication =109 (62.6%); undergoing
psychotherapy = 26 (14.9%); taking medication and undergoing psy-
chotherapy =18 (10.3%) participants.

Participants were randomly allocated to active tDCS treatment
(87 with MDD, mean age = 37.09 years (s.d. =11.14)) or sham tDCS (87
withMDD, meanage = 38.32 years (s.d. =10.92)) (Fig. 1, Table 1and Sup-
plementary Tables 2-5). One participant did not continue and had not
started any treatment; therefore, the modified intention-to-treat (ITT)
sample was 173 participants. There were no significant differences in
discontinuation rates between groups (total = 25 participants, 14.3%:13
(14.9%) inthe active group and 12 (13.7%) in the sham group (P = 0.99))
(Supplementary Table 6). Based on a priori blinded interim analysis,
recruitment ended early (Supplementary Notes—Interim Analysis).

Primary outcome

A significant improvement was observed with regard to a change in
depressive symptomatology as measured by the HDRS score from
baseline to week 10 (the end of treatment) in the active tDCS treat-
ment arm: HDRS decrease of 9.41 points (s.d. = 6.25) (estimated week
10 mean =9.58 (s.d. = 6.02)), compared to the sham tDCS treatment
arm: HDRS decrease of 7.14 points (s.d. = 6.10) (estimated week 10
mean =11.66 (s.d. = 5.96)) (95% confidence interval (CI) = 0.51-4.01,
P=0.012) (Fig.2).

Secondary outcomes

Based onthe HDRS ratings, the active tDCS treatment arm was associ-
ated with a significantly greater clinical response of 58.3% compared
to the sham treatment arm (37.8%; P=0.017) (post hoc odds ratio
(OR) =2.31 (lower bound =1.17, upper bound = 4.55); the active treat-
mentarm was associated with asignificantly greater remission rate of
44.9%relative to the sham treatment arm (21.8%; P = 0.004) (post hoc
OR=2.93, lower bound =1.41, upper bound = 6.09).

Based on the Montgomery-Asberg Depression Rating Scale
(MADRS)* ratings, the active tDCS treatment arm showed a signifi-
cantimprovement from baseline to week 10, witha meanimprovement
of 11.31 (s.d. = 8.81) (estimated mean at week 10 =12.46 (s.d. = 9.40))
compared to sham treatment (mean improvement = 7.74; s.d. = 8.47;
P=0.006) (estimated mean at week 10 =15.30 (s.d. =9.28)). Regard-
ing clinical response, the active treatment arm was associated with a
significantly greater response rate of 64.2% compared to sham treat-
ment (32.3%; P < 0.001) (posthoc OR =3.76, lower bound = 1.83, upper
bound =7.74). Regarding clinical remission, the active treatment arm
was associated with asignificantly greater remission rate of 57.5% rela-
tive to sham treatment (29.4%; P=0.002) (post hoc OR =3.26, lower
bound =1.53, upper bound = 6.94).

Based on the MADRS self-report scale (MADRS-s)”, the active
tDCS treatment arm was associated with a significant improve-
ment from baseline to week 10, with a mean improvement of 9.90
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Table 1| Demographic and clinical characteristics of
participants at baseline

Characteristic Active Sham
Number of participants 87 87
Age 37.09+11.14 38.32+10.92
Sex
Women 54 (62) 66 (76)
Ethnicity
Asian 9(10) 2(2)
Black or African American 3(3) 101
Native Hawaiian or Other 0(0) 0(0)
White 72(83) 73(84)
Other 3(3) 1(13)
Missing 0(0) 0(0)
Educational level
Lower than high school or secondary school 1) 0(0)
Some college education 18 (21) 19 (22)
Diploma 9(10) 7(8)
Bachelor’s or Professional Degree 37 (43) 37 (43)
Master’s or Doctoral Degree 22(25) 23(26)
Preferred not to answer/missing 0(0) 1(1)
Age of onset of MDD, years 22.08+9.68 22.40+878
Previous number of episodes 411(0-30) 4.80 (0-30)
Previous number of suicide attempts 0.0 (0-2) 0.6 (0-2)
First episode of MDD 18 (21) 10 (1)
Clinical ratings
HDRS 1918+2.83 18.92+2.63
HDRS severity:
Moderate (HDRS score: 16-18) 45 (52) 45 (52)
Severe (HDRS score: 19-22) 29(33) 33(38)
Very severe (HDRS score: 23 or greater) 13 (15) 9(10)
MADRS 24.72+4.68 23.87+5.49
MADRS-s 26.77+6.90 25.67+6.34
HAM-A 15.45+4.61 14.25+4.57
YMRS 210+1.72 1.92+1.58
EQ-5D-3L 0.75+0.13 0.75+0.14
RAVLT 57.92+1115 58.51+13.40
SDMT 52.26+1013 50.40+10.14
Taking antidepressant medication 56 (64) 53 (61)
Selective serotonin reuptake inhibitor 40 (46) 35 (40)
Nonselective monoamine reuptake inhibitor 1(1) 3(3)
Other antidepressant medications 18 (21) 17 (20)
Taking combination of antidepressant medications 5(6) 3(4)
In psychotherapy during the trial 12 (14) 14 (16)
In psychotherapy and taking antidepressant medication 6(7) 12 (14)
No antidepressant medication or psychotherapy during the trial 25 (29) 32(37)

Categorical variables are presented as the number of participants with percentage in
parentheses. Mean values are presented as '+’ the s.d. The previous number of episodes

and suicide attempts are presented as the mean with the range (median (IQR): previous
number of episodes; active=3 (1-5), sham=3 (1.5-5); previous number of suicide attempts;
active=0 (0), sham=0 (0)). Diploma, a certificate that signifies a certain level of education

and practical experience. SDMT active, n=85, SDMT sham, n=85. Age at onset, active n=86,
sham n=86. HDRS scores range from O to 52, MADRS scores range from O to 60 and MADRS-s
scores range from O to 54, with higher scores indicating increased depressive symptom
severity. RAVLT scores range from O to 75. SDMT scores range from O to 110. A two-sided
significance test (Fisher’s exact test for categorical variables or t-test for continuous variables)
found a significant difference between groups for ethnicity (P=0.012). P>0.05 for all other
characteristics.

(s.d.=8.94) (estimated mean at week 10 =16.60 (s.d. = 9.33)) compared
toshamtreatment (meanimprovement = 6.23 (s.d. =9.13), P=0.009)
(estimated mean at week 10 =19.55 (s.d. = 9.62)). Regarding clinical
response, the active treatment arm was associated with a significantly
greater response rate of 51.8% compared to sham (25.1%; P=0.002)
(posthoc OR =3.22, lower bound =1.15, upper bound = 6.94). Regard-
ing clinical remission, the active treatment arm was associated with a
significantly greater remission rate of 53.8% compared to sham (23.4%;
P=0.002) (posthoc OR =3.83, lower bound =1.61, upper bound =9.13)
(Table 2 and Extended Data Figs. 1and 2). There were no significant
differences in quality of life between treatment arms as measured by
EQ-5D-3L%%% (P=0.326).

Exploratory outcomes

Regarding anxiety symptoms, there were no significant differences
between an active mean Hamilton Anxiety Rating Scale (HAM-A)** score
improvement of 6.62 (s.d. = 6.09) (mean = 8.24 (s.d. =5.65)), compared
toashamimprovement of4.88 (s.d. = 5.88) (mean =9.29 (s.d. = 4.90))
(P=0.08).Regarding hypomanic symptoms, the Young Mania Rating
Scale (YMRS)* mean score was 1.27 (s.d. =1.40) in the active treatment
armatweek10and1.84 (s.d. =1.69) in the sham treatment arm; this was
statistically significant (P=0.03) (Supplementary Tables 12 and 13).

Inthe neuropsychological assessments, there were no significant
differencesin Rey Auditory Verbal Learning Test (RAVLT)* total learn-
ing or Symbol Digit Modalities Test (SDMT)* between treatment arms
(Supplementary Table 14).

Per-protocol and sensitivity analyses in participants with per-
sistent depressive symptoms who had been taking antidepressant
medication at study enrollment showed significant improvements in
depressive symptoms, clinical response and remission (Supplementary
Tables15and 18).

Analysis of study blinding and unblinding

Before unblinding at week 10 (end of trial), participants were asked to
guesswhether they thought they were receiving the active or shamtDCS
device and their level of certainty, rating from ‘1’ for ‘very uncertain’
to ‘5’ for to ‘very certain’. A guess of active tDCS was made by 77.6% in
the active treatment arm and 59.3% in the sham treatment arm; the
difference was significant (P= 0.01). The certainty of having received
active tDCSwas rated highly by 57.6% (38 out of 66 guesses) in the active
armand 41.7% (20 out of 48 guesses) in the sham arm, as measured by
arating of 4 or 5, while certainty was rated low by 16.7% (11 out of 66
guesses) in the active treatment arm and 18.8% (9 out of 48 guesses)
in the sham treatment arm, as measured by a rating of 1 or 2 (Supple-
mentary Tables 36 and 39).

Adverse events and safety

At week 10, reports of skin redness ((active = 54 (63.5%); sham =15
(18.5%), P<0.001), skin irritation ((active = 6 (6.9%); sham = 0 (0%),
P=0.03) and trouble concentrating ((active =12 (14.1%); sham =3
(3.7%), P=0.03) were greater in the active treatment arm relative to
the sham treatment arm. There were no differencesin headache, neck
pain, scalp pain, itching, burning sensation, sleepiness or acute mood
changes between treatment arms. Two participantsin the active group
described developing ‘burns’at the left anode site. When reviewed, they
might have been caused by using sponges that had dried out. Neither
developed into residual skin lesions or scarring. Participants had not
contacted the 24-h contact number; both had informed the research
team at their following study visit, which was 1-2 weeks afterward.
There were no visible lesions at the study visits. One participant had
taken abreak from the sessions for 4 days and the burn had fully healed.
Thesecond participant was experiencing dry skin at the electrode site
and was advised that they could take a break from the sessions until
the skin had healed; however, they did not take a break until after the
next study visit, 3 weeks later, when they were advised to take a break
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|Assessed for eligibility via video conference (n = 368)|
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Excluded (n =194)
Withdrew due to loss of interest: 9

Recent MDD treatment less than 6 weeks: 12

Structural lesion, neurological or movement disorder: 13

Other medical conditions or circumstances: 4

ot in a current depressive episode: 11

ot having at least a moderate depressive severity: 44
istory of poor response to two or more treatments: 16
ospital admission for suicidal behavior: 7

igh risk of suicide: 13

omorbid psychiatric disorder or autism spectrum disorder: 28
urrent state of mania: 5

istory of mania or psychosis: 4

epression secondary to other medical disorder: 1

ctive substance abuse or chronic active tobacco use: 6
urrent medication that affects cortical excitability: 4

ormone or vitamin deficiency: 4

istory of cardiac issues: 2

istory of intractable migraine: 2

ot under care of a general practitioner or psychiatrist: 3
nwilling or unable to comply with procedures: 4

ot in England, Wales or Texas: 2

| Enrolled and randomly assigned

to groups (n =174) |

Active group i

| Sham group

l | Allocation

| !

Allocated to the intervention (n = 87)
« Received the allocated intervention: 87
- Did not receive the allocated intervention: O

Allocated to the intervention (n = 87)
+ Received the allocated intervention: 86
+ Did not receive the allocated intervention: 1

l | Follow-up

|

Discontinued the intervention (n =13)

« Withdrew consent: 2

« Change in treatment during the trial: 6

« Did not complete 60% or more sessions: 3
« Could not be reached: 2

Discontinued the intervention (n =12)

+ Withdrew consent: 4

- Change in treatment during the trial: 5
« Pregnancy: 1

+ Could not be reached: 2

l Analysis

|

Included in the modified ITT analysis: 87
Excluded from the analysis: O

Included in the modified ITT analysis: 86
Excluded from the analysis: 1
- Did not receive any treatment

Fig.1| CONSORT diagram. Enrollment, group allocation, follow-up and analysis.

from the sessions to allow the dry skin and tenderness to heal. The
participant then missed the next three stimulations; the skin was no
longer tender but it was still dry at the week 10 end-of-study visit. There
were no serious adverse events related to the device; no participants
developed mania or hypomania (Tables 3 and 4 and Supplementary
Tables 24-29).

Discussion

In this international, multisite, sham-controlled, RCT of home-based
tDCS treatment for MDD, a 10-week course of active stimulation was
associated with significantly greater improvements in depressive
symptoms, clinical response and remission rates compared to sham
stimulation. Improvements were evidentin both clinician-rated depres-
sive symptom ratings (HDRS and MADRS) and in self-reported ratings
(MADRS-s). The clinical significance of the outcomesis highlighted by
high rates of treatment response and remission that were 2-3 times

greater in the active treatment arm compared to the sham treatment
arm. Clinical efficacy was demonstrated in a wide range of forms of
MDD, from first-episode MDD to individuals having a history of recur-
rent episodes and participants with treatment-resistant depression.
Meta-analyses of clinic-based tDCS sessions reported that active
tDCSisassociated withgreaterimprovementsindepressive symptoms,
clinical response and clinical remission rates compared tosham tDCS,
particularly in first-episode and recurrent MDD®****, However, in a
recent large trial, Burkhardt et al.* did not observe any significant
effects of adjunct tDCS treatment to antidepressant medication in
a 6-week trial. In the present trial, we had a comparable inclusion cri-
teria for treatment-resistant depression but a longer 10-week treat-
ment duration. Burkhardt et al.* included participants with MDD with
persistent depressive symptoms of at least moderate severity while
taking a selective serotonin reuptake inhibitor for a minimum of 4
weeks. Similarly, our inclusion criteria were participants with MDD
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Fig. 2| Changein depressive severity ratings over time. Estimated mean
17-item HDRS rating scores from baseline to week 10 in the modified ITT

analysis sample (n =173) for the active and sham tDCS treatment arms. The
errorbarsrepresent + 1s.e. The HDRS scores range from 0 to 52, with higher
valuesindicating more severe depressive symptoms. A significantimprovement
was observed in the change in HDRS ratings from baseline to week 10 in the
active tDCS treatment arm, thatis, an HDRS decrease of 9.41 + 6.25 (s.d.) (mean
HDRS at week 10 =9.58 + 0.70 (s.e.)), compared to the sham tDCS treatment

arm (HDRS decrease = 7.14 + 6.10 (s.d.)) (mean HDRS at week 10 = 11.66 + 0.69
(s.e.)) (95% Cl=0.5-4.0, P=0.012). The difference in change scores was also
significant at week 4 (95% Cl = 0.2-3.4, P=0.03), with a greater score decrease
intheactive treatment arm. A fully conditional specification (FCS) approach
was used to produce 20 multiply imputed complete datasets. The FCS approach
accommodates nonmonotonicity in the pattern of missing data and requires
regression models to be specified for each variable, with missing values needing
imputation. Allmodelsincluded age, sex, undergoing psychotherapy at baseline,
use of any antidepressants at baseline and treatment group. The resulting
complete datasets were combined using Rubin’s rules. *P < 0.05.

with persistent depressive symptoms of at least moderate severity
while taking antidepressant medication for a minimum of 6 weeks at
the point of screening. Our inclusion criteria met the UK National Insti-
tute for Health and Care Excellence definition of treatment-resistant
depression®**; 63% of our sample fulfilled these criteria. However,
treatment-resistant depression is negatively correlated with clinical
efficacy to tDCS treatment®***, Thisis a clinical definition that can be
further delineated by the number and types of failed treatment trials.
Our exclusion criteria included having a history of poor treatment
response to two or more antidepressant medications, which reflects
increased severity of treatment-resistant depression. About 12-17%
of participants in the study by Burkhardt et al.** had such a history of
treatment failure, which could have affected their observed lack of
clinical effects. The level of depressive symptom severity and mean
ageswere comparableinBurkhardtetal.** and in the present trial, while
age atonset was younger in the present trial by about 10 years and we
did not have an upper age limit.

Furthermore, the clinical effects of tDCS continue toincrease for
up to 10 weeks?. In the present trial, we found strong clinical efficacy
and safety with our 10-week home-based protocol. This is in contrast
with recent home-based tDCS trials; all had 6-week treatment durations
and two trials had small sample sizes (n =11 (ref.18) and n = 58 (ref.19))"~
1 Asingle-blind RCT of tDCS augmentation to antidepressant medica-
tion, consisting of hybrid clinic-based and home-based tDCS sessions,
reported significant improvements in depressive symptoms in the
active group as measured by self-reported symptoms rating but notin
clinician-based ratings®. Inalarge RCT (n =210), nosignificant effects
were observed between three treatment arms: active tDCS, active tDCS
combined with a digital psychological intervention (double-active);
and sham tDCS combined withinternet browsing (double-sham). Inthe
present trial, clinical treatment effects were evident at 10 weeks. Longer
treatment durations may be necessary to observe clinical efficacy’; in

their meta-analysis, Nikolin et al.” reported that effect sizes continued
toincrease with longer treatment durations.

We found a high level of safety in the present trial. Safety was
monitored using real-time assessments by videoconferencing and a
dedicated contact number with 24-h access to researchers. A recent
trialended early because of adverse eventsinvolving skinlesions, which
were the result of an accumulation of electrical burns in five partici-
pantsintheactive tDCS group fromatotal enrollment of 11 participants
with MDD, Electrical burns can be an unanticipated side effect; they
areusually caused by the application of tap water to moisten sponges”,
insufficient moistening with conductive saline solution®® or preexist-
ing skin lesions. In the present trial, we had two incidents of reported
electrical burns; both participants reported these during the study
visit. Both were probably caused by insufficient sponge moistening;
neitherinstance of electrical burn developed into residual skin lesions
or scarring, and participants were keen to continue the tDCS sessions
after abriefbreak. There were no serious adverse eventsrelated to the
deviceand noincidents of serious suicide risk. However, active stimula-
tion was associated with higher rates of skinredness, irritationand dry
skin relative to sham treatment®*,

During the tDCS sessions, participants were asked to sit or lie
downandtoavoid engagingin activities that might compromise safety
or device functionality. Their activities had not been recorded by the
research team. State-dependent effects of tDCS stimulation are pos-
sible; aninteraction between external stimulation, location andinternal
state of the region or network has been observed***. The type of task
activity during stimulation can influence cognitive enhancement in
healthy participants* and treatment response in clinical samples**.
Concurrentadministration of active tDCS and cognitive control train-
ing (CCT) hasbeen associated with sustained improvementsin depres-
sive symptoms compared to active tDCS plus sham CCT or sham tDCS
plus CCT**. However, a 6-week trial of cognitive behavioral therapy
(CBT) with three treatment arms—CBT alone, CBT plus active tDCS
and CBT plus sham tDCS—in a sample of 126 participants with MDD,
reported no significant effects between groups®.

Blindingis key in RCTs to mitigate potential biases that canimpact
on the outcome. Procedures involve the establishment and mainte-
nance of blinding, measures to prevent unblinding and assessment
of successful blinding***’. To establish blinding in the present trial, all
participants and researchers were blinded to treatment armallocation;
the placebo-sham control intervention was identical in appearance
totheactiveintervention. Furthermore, when using the sham device,
there was brief stimulation at the startand at the end of each session to
mimic active tDCS sensations to aid inblinding and to balance potential
nocebo effects across groups*®. To maintain blinding, the treatment
protocol and study visits were identical in both treatment arms. All
participants maintained their ongoing treatments throughout the
trial, and all participants used the active tDCS device in the subsequent
open-label phase of the trial to incorporate real-life clinical care while
balancing expectations between groups and to limit attrition”’. The
tDCS treatment arms were described as “active’ or ‘inactive’ stimula-
tion by researchers during the trial to maintain comparable phrasing
andreduce potential negative connotations associated with the words
‘placebo’ or ‘sham’. Outcome assessors were blinded to group alloca-
tion as a second independent researcher was present for the clinical
ratings”. Ethicality was assessed a priori and worsening of symptoms
was included as a withdrawal criterion. An automatic email report
was sent to all research team members when unblinding occurred as
notification and to prevent potential concealment of any accidental
unblinding. Timing of the blinded assessment questionnaire at theend
oftheblinded treatment phase, rather than at time points throughout
the trial, reduced the influence of potential interjections.

In the blinding assessment, participants were asked to guess if
they had been receiving the ‘active’ or ‘sham’ treatment and the cer-
tainty of their guess, ranging from ‘very uncertain’ to ‘very certain’ona
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Table 2 | Primary and secondary outcomes: changes in depressive severity as measured using the HDRS, MADRS and

MADRS-s, and quality of life as measured using the EQ-5D-3L after a 10-week course of active or sham tDCS

Measure Active (n=87) Sham Difference or OR Cohen’'sdor NNT P
(n=86) (95% CI)
Primary outcome
Decrease in HDRS score 9.41+6.25 714+6.10 2.26 (0.51t0 4.01) 0.37 0.012
Secondary outcomes
HDRS
Clinical response 44 (58.3%) 29 (37.8%) 2.31(117 to 4.55) 5 0.017
Clinical remission 34 (44.9%) 17 (21.8%) 2.93 (1.41t0 6.09) 4 0.004
MADRS
Decrease in score 11.31+£8.81 774+8.47 3.57 (1.06 to 6.07) 0.4 0.006
Clinical response 47 (64.2%) 26 (32.3%) 3.76 (1.83 to 7.74) 4 0.0002
Clinical remission 42 (57.5%) 25 (29.4%) 3.26 (1.53 to 6.94) 4 0.002
MADRS-s
Decrease in score 9.90+8.94 6.23+9.13 3.66 (0.93 to 6.40) o.M 0.009
Clinical response 32(51.8%) 15 (25.1%) 3.22(1.50 t0 6.94) 4 0.002
Clinical remission 32 (53.8%) 18 (23.4%) 3.83(1.61t0 9.13) 3 0.002
EQ-5D-3L
Change in score 0.07+0.15 0.07+017 0.02 (-0.02 to 0.06) - 0.326

5859

EQ-5D-3L is a quality-of-life measure https://eurogol.org). Mean values are presented '+ the s.d. A change in rating for the HDRS, MADRS and MADRS-s represents a decrease in total
ratings from baseline to week 10. Between-group differences are shown for the changes in scores from baseline to week 10; ORs are shown for clinical response and remission outcomes.
The percentages for clinical response and remission outcomes are estimated based on ORs. HDRS scores range from O to 52; MADRS scores range from O to 60; MADRS-s scores range from
0 to 54, with higher scores indicating increased depressive symptom severity. Clinical response was defined as a decrease in score (indicating reduced depressive severity) of 50% or more
from baseline to week 10. Clinical remission was defined as follows: HDRS score of 7 or less; MADRS score of 10 or less; MADRS-s score of 12 or less. An FCS approach was used to produce
20 multiply imputed complete datasets. All models included age, sex, if undergoing psychotherapy at baseline, if using any antidepressant at baseline and treatment group. The resulting
complete datasets were combined using Rubin’s rules. The estimated standard effect size (Cohen’s d) is the group difference in the estimated means divided by the pooled within-group s.d.

Table 3 | Unanticipated adverse events at 10 weeks

Event category Active tDCS ShamtDCS Difference P
(n=87) (n=86) (95% ClI)

Ear and labyrinth disorders 2(2.3) 2(2.3) 0(-6.2t06.0) 0.99
Eye disorders 3(3.4) 1(1.2) 2.3(-3.3t08.9) 0.62
Gastrointestinal disorders 2(2.3) 1(1.2) 11(-4.5t07.0) 0.99
General disorders and administration site conditions 3(3.4) 2(2.3) 11(-5.2t0 8.0) 0.99
Infections and infestations 1(10) 1(1.2) 0(-5.5t05.3) 0.99
Injury, poisoning and procedural complications 2(2.3) 0(0) 2.3(-2.2t0 8.1) 0.49
Nervous system disorders 7(8.0) 8(9.3) -1.3(-10.4t0 8.0) 0.79
Psychiatric disorders 4(4.6) 4(4.7) -01(-7.5t07.3) 0.99
Skin and subcutaneous tissue disorders 17 (19.5) 7(8.1) 1.4 (1.0t0 22.3) 0.05
Vascular disorders 1(1.0) 0(0) 11(-3.3t0 6.4) 0.99

Number of participants with adverse events at week 10
>1 Mild adverse event 21(24.) 14 (16.3) 7.9 (-4.51020.3) 0.25
>1Moderate adverse event 13(14.9) 18 (9.3) 5.6 (-4.51016.1) 0.35
>1 Severe adverse event 3(3.4) 1(1.2) 2.3(-3.3t08.9) 0.62

Serious adverse events during the trial
Hospitalization for hypertension 1(1.0) 0(0) 11(-3.3t0 6.4) 0.99
Death 0 0 - -
New-onset mania or hypomania 0 0 - -

The adverse event categories are displayed as the number of participants with the percentage in parentheses. The difference between groups is displayed as a percentage. P values,
determined using a two-sided Fisher’s exact test, represent the between-group difference. An adverse event was deemed present if the participant rated that it was at least possibly associated
with the intervention. Participants rated the severity of the adverse events as mild, moderate or severe; the adverse events were assessed by the investigator. Analyses were completed for
participants who completed at least one tDCS session. The serious adverse event was not related to the intervention.
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Table 4 | Anticipated adverse events at 10 weeks as measured using the tDCS Adverse Events Questionnaire®®

Active (n=87) Sham (n=86)
Adverse event category Total Mild Moderate Severe Total Mild Moderate Severe P
Headache 36 (42.4) 24(28.2) 11(12.9) 1(1.2) 29 (35.8) 18(22.2) 9(1.1) 2(2.5) 0.43
Neck pain 2(2.4) 0(0) 2(2.4) 0(0) 4(4.9) 1(1.2) 3(37) 0(0) 0.44
Scalp pain 18(21.2) 14(16.5) 3(3.5) 1(1.2) 10 (12.3) 7(8.6) 3(37) 0(0) 0.15
Itching 43 (50.6) 37(43.5) 3(3.5) 3(3.5) 35(43.2) 28 (34.6) 7(8.6) 0(0) 0.08
Burning sensation 37(43.5) 32(37.6) 4(4.7) 1(1.2) 31(38.3) 25(30.9) 6(7.4) 0(0) 0.43
Skin redness 54 (63.5) 42 (49.4) 1(12.9) 1(1.2) 15 (18.5) 13(16.0) 2(2.5%) 0(0) <0.001*
Sleepiness 10 (11.8) 5(5.9) 4(47) 1(1.2) 12(14.8) 9(1.1) 2(2.5) 1(17) 0.65
Trouble concentrating 12 (14.1) 8(9.4) 3(3.5) 1(1.2) 3(3.7) 2(2.5) 1(1.2) 0(0) 0.03
Acute mood change 7(8.2) 3(3.5) 3(3.5) 1(1.2) 6(7.4) 5(6.2) 1(1.2) 0(0) 1.00

Data are n (%). An adverse event was present if the participant rated that it was at least remotely possible that it was associated with the intervention. Participants rated the severity of the
adverse events as mild, moderate or severe. P values, determined with a two-sided Fisher’s exact test, represent the group differences of the total number of events per event category. *Exact

P value for skin redness (0.000000003).

five-pointscale. Participants who felt ‘very uncertain’ of their guess are
comparable to participants guessing ‘don’t know’. More participants
in the active treatment arm guessed that they were receiving active
tDCS (77.6%) compared to participants in the sham treatment arm
(59.3%). However, amoderate proportion were ‘very uncertain’ about
their guess in the active (16.7%) and sham (18.8%) treatment arms;
endorsement of being ‘very certain’ in the active (57.6%) and sham
(41.7%) treatment arms was limited, with no significant differences
between treatmentarms. Itis possible that participants who believed
that they were in the active treatment arm were more likely to show a
placebo response. However, in their meta-analysis of antidepressant
medication RCTs, Lin et al.* found no association between blinding
effects and treatment effect sizes. The 2010 Consolidated Standards
of Reporting Trials (CONSORT) guidance recommends specifying
how blinding is established but no longer recommends reporting on
how the success of blinding is assessed because healthcare providers
and participants are likely to know if the primary outcome has been
achieved by participants, makinginterpretation more difficult because
responses mightreflectaccurate assumptions about the efficacy of the
intervention rather than a failure of blinding®. Moreover, significant
clinical efficacy was maintained for active relative to sham treatment
inparticipants who had made a guess of ‘active’ treatment; the placebo
responserateintheshamtreatmentarminthe presenttrial (26.9%) was
lower than placebo response rates observed in a sham group (36%)"
and double-sham group (38%)" that had included in-person study visits
attheclinical research center”” and weekly online visits for 6 weeks".

Limitations of the present trial include the lack of a ‘don’t know’
optionintheblinding assessment. Well-executed blinding to treatment
allocationshould lead participants to be uncertain of which treatment
theyarereceiving. By including a‘don’t know’ option, it should be pos-
sible to calculate a proposed index of blinding™. Differences in head
sizes, individual anatomical features and the positioning of devices
among users may lead to unique configurations of electric field density
within the brain®***, Interindividual variations in tDCS can be partially
explained due to differences in electric fields**. The tDCS device used
in the present study has undergone electric field modeling, indicat-
ing that the device targets areas within the prefrontal cortex linked to
MDD pathophysiology®. While participants were taught how to use
the device and positioning had been observed in real time, variations
in positioning could potentially affect electric field intensity and in
turn treatment outcomes®. All clinical rating scale assessments were
performed using videoconferencing, although no significant differ-
enceswere found between face-to-face and videoconferencing HDRS
ratings conducted within the same day*’; we sought to have a second
team member to perform clinical ratings to maintain blinding and

ensure validity. Video consultation for clinical assessment and mental
health treatment has become more common in recent years and is as
effective as face-to-face visits for improving clinical outcomes and
providing patients with more flexibility***”. Regarding quality of life,
there was no significant difference between groups in a self-report
measure. The scores on the quality-of-life measure were relatively high
at baseline and both treatment arms reported some improvement in
quality of life that was not statistically significant. MDD is more com-
moninwomenand the present study consisted of alarger proportion
of female participants as expected. All participants self-reported their
sex. An effect of sex or gender on clinical efficacy was not expected,
although this warrants further investigation. Ethnic diversity in the
present sample was limited and a history of hospital admissions was an
exclusion criterion that may limit the generalizability of the findings.

In summary, a 10-week course of home-based active tDCS was
associated with greaterimprovements in depressive symptoms, clini-
cal response and remission in participants with MDD with at least a
moderate severity of depressive symptoms compared to sham tDCS.
Efficacy was observed in participants who were taking antidepressant
medication indicative of treatment-resistant depression or undergo-
ing psychotherapy, as well as participants who were treatment-free.
All participants had real-time remote supervision visits. High accept-
ability and safety were observedin the present trial. Home-based tDCS
could be a potential first-line treatment for MDD as it demonstrates
efficacy, acceptability and safety; however, ongoing safety monitor-
ingisrequired.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41591-024-03305-y.

References

1. World Health Organization. Depression and Other Common
Mental Disorders: Global Health Estimates (2017); https://apps.
who.int/iris/bitstream/handle/10665/254610/WHO-MSD-MER-
2017.2-eng.pdf

2. Cuijpers, P. et al. The effects of psychotherapies for major
depression in adults on remission, recovery and improvement: a
meta-analysis. J. Affect. Disord. 159, 118-126 (2014).

3. Rush, A. J. et al. Acute and longer-term outcomes in depressed
outpatients requiring one or several treatment steps: a STAR*D
report. Am. J. Psychiatry 163, 1905-1917 (2006).

Nature Medicine


http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-024-03305-y
https://apps.who.int/iris/bitstream/handle/10665/254610/WHO-MSD-MER-2017.2-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/254610/WHO-MSD-MER-2017.2-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/254610/WHO-MSD-MER-2017.2-eng.pdf

Article

https://doi.org/10.1038/s41591-024-03305-y

10.

n.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Woodham, R., Rimmer, R. M., Mutz, J. & Fu, C. H.Y.IstDCS a
potential first line treatment for major depression? Int. Rev.
Psychiatry 33, 250-265 (2021).

Creutzfeldt, O. D., Fromm, G. H. & Kapp, H. Influence of
transcortical d-c currents on cortical neuronal activity. Exp.
Neurol. 5, 436-452 (1962).

Mutz, J. et al. Comparative efficacy and acceptability of
non-surgical brain stimulation for the acute treatment of major
depressive episodes in adults: systematic review and network
meta-analysis. BMJ 364, 1079 (2019).

Nitsche, M. A. et al. Pharmacological modulation of cortical
excitability shifts induced by transcranial direct current
stimulation in humans. J. Physiol. 553, 293-301 (2003).
Monte-Silva, K. et al. Induction of late LTP-like plasticity in the
human motor cortex by repeated non-invasive brain stimulation.
Brain Stimul. 6, 424-432 (2013).

Reato, D., Rahman, A., Bikson, M. & Parra, L. C. Low-intensity
electrical stimulation affects network dynamics by modulating
population rate and spike timing. J. Neurosci. 30, 15067-15079
(2010).

Keeser, D. et al. Prefrontal transcranial direct current stimulation
changes connectivity of resting-state networks during fMRI. J.
Neurosci. 31, 15284-15293 (2011).

Ironside, M. et al. Effect of prefrontal cortex stimulation on
regulation of amygdala response to threat in individuals with trait
anxiety: a randomized clinical trial. JAMA Psychiatry 76, 71-78
(2019).

Moffa, A. H. et al. Efficacy and acceptability of transcranial
direct current stimulation (tDCS) for major depressive

disorder: an individual patient data meta-analysis. Prog.
Neuropsychopharmacol. Biol. Psychiatry 99, 109836 (2020).
Woodham, R., Rimmer, R. M., Young, A. H. & Fu, C. H. Y. Adjunctive
home-based transcranial direct current stimulation treatment
for major depression with real-time remote supervision: an
open-label, single-arm feasibility study with long term outcomes.
J. Psychiatr. Res. 163, 197-205 (2022).

Alonzo, A. et al. Pilot trial of home-administered transcranial
direct current stimulation for the treatment of depression.

J. Affect. Disord. 252, 475-483 (2019).

Borrione, L., Klein, I., Razza, L. B., Suen, P. & Brunoni, A. R. Use

of app-based psychological interventions in combination with
home-use transcranial direct current stimulation for the treatment
of major depressive disorder: a case series. J. Affect. Disord. 288,
189-190 (2021).

Rimmer, R. M., Woodham, R. D., Cahill, S. & Fu, C. H. Y.
Acceptability of home-based transcranial direct current
stimulation (tDCS) in major depression: a qualitative analysis of
individual experiences. Ment. Health Rev. J. 29, 79-91(2024).
Borrione, L. et al. Home-use transcranial direct current stimulation
for the treatment of a major depressive episode: a randomized
clinical trial. JAMA Psychiatry 81, 329-337 (2024).

Kumpf, U. et al. TDCS at home for depressive disorders:

an updated systematic review and lessons learned from a
prematurely terminated randomized controlled pilot study.

Eur. Arch. Psychiatry Clin. Neurosci. 273, 1403-1420

(2023).

Oh, J., Jang, K.-1., Jeon, S. & Chae, J.-H. Effect of self-administered
transcranial direct stimulation in patients with major depressive
disorder: a randomized, single-blinded clinical trial. Clin.
Psychopharmacol. Neurosci. 20, 87-96 (2022).

Nikolin, S. et al. Time-course of the tDCS antidepressant

effect: an individual participant data meta-analysis. Prog.
Neuropsychopharmacol. Biol. Psychiatry 125, 110752 (2023).
Diagnostic and Statistical Manual of Mental Disorders (DSM-5)
(American Psychiatric Association, 2013).

22.

23.

24,

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

Sheehan, D. V. et al. The Mini-International Neuropsychiatric
Interview (M.I.N..): the development and validation of a
structured diagnostic psychiatric interview for DSM-IV and
ICD-10. J. Clin. Psychiatry 59, 22-33 (1998).

Hamilton, M. A rating scale for depression. J. Neurol. Neurosurg.
Psychiatry 23, 56-62 (1960).

Kessler, D. S. et al. Mirtazapine added to SSRIs or SNRIs for
treatment resistant depression in primary care: phase llI
randomised placebo controlled trial (MIR). BMJ 363, k4218 (2018).
Wiles, N. et al. Clinical and cost-effectiveness of cognitive
behavioural therapy as an adjunct to pharmacotherapy for
treatment resistant depression in primary care: the CoBalT
randomised controlled trial. Health Technol. Assess. 18, 1-167
(2014).

Montgomery, S. A. & Asberg, M. A new depression scale designed
to be sensitive to change. Br. J. Psychiatry 134, 382-389 (1979).
Svanborg, P. & Asberg, M. A comparison between the Beck
Depression Inventory (BDI) and the self-rating version of the
Montgomery Asberg Depression Rating Scale (MADRS). J. Affect.
Disord. 64, 203-216 (2001).

Hamilton, M. The assessment of anxiety states by rating. Br. J.
Med. Psychol. 32, 50-55 (1959).

Young, R. C., Biggs, J. T, Ziegler, V. E. & Meyer, D. A. A rating scale
for mania: reliability, validity and sensitivity. Br. J. Psychiatry 133,
429-435 (1978).

Rey, A. L'Examen Clinique En Psychologie (Presses Universitaires
de France, 1964).

Smith, A. Symbol Digit Modalities Test (Western Psychological
Services, 1991).

Brunoni, A. R. et al. Transcranial direct current stimulation for
acute major depressive episodes: meta-analysis of individual
patient data. Br. J. Psychiatry 208, 522-531(2016).

Meron, D., Hedger, N., Garner, M. & Baldwin, D. S. Transcranial
direct current stimulation (tDCS) in the treatment of depression:
systematic review and meta-analysis of efficacy and tolerability.
Neurosci. Biobehav. Rev. 57, 46-62 (2015).

Mutz, J., Edgcumbe, D. R., Brunoni, A. R. & Fu, C. H. Y. Efficacy and
acceptability of non-invasive brain stimulation for the treatment
of adult unipolar and bipolar depression: a systematic review and
meta-analysis of randomised sham-controlled trials. Neurosci.
Biobehav. Rev. 92, 291-303 (2018).

Burkhardt, G. et al. Transcranial direct current stimulation

as an additional treatment to selective serotonin reuptake
inhibitors in adults with major depressive disorder in Germany
(DepressionDC): a triple-blind, randomised, sham-controlled,
multicentre trial. Lancet 402, 545-554 (2023).

Brunoni, A. R. et al. Trial of electrical direct-current therapy versus
escitalopram for depression. N. Engl. J. Med. 376, 2523-2533 (2017).
Frank, E. et al. Anodal skin lesions after treatment with
transcranial direct current stimulation. Brain Stimul. 3, 58-59
(2010).

Kortteenniemi, A., Lehto, S. M. & Javadi, A.-H. Delayed, distant skin
lesions after transcranial direct current stimulation. Brain Stimul.
12, 204-206 (2019).

Brunoni, A. R. et al. A systematic review on reporting and assessment
of adverse effects associated with transcranial direct current
stimulation. Int. J. Neuropsychopharmacol. 14, 1133-1145 (2011).
Moffa, A. H. et al. Safety and acceptability of transcranial direct
current stimulation for the acute treatment of major depressive
episodes: analysis of individual patient data. J. Affect. Disord. 221,
1-5 (2017).

Sathappan, A. V., Luber, B. M. & Lisanby, S. H. The dynamic

duo: combining noninvasive brain stimulation with cognitive
interventions. Prog. Neuropsychopharmacol. Biol. Psychiatry 89,
347-360 (2019).

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-03305-y

42. Edgcumbe, D.R., Thoma, V., Rivolta, D., Nitsche, M. A. & Fu, C. H.
Y. Anodal transcranial direct current stimulation over the right
dorsolateral prefrontal cortex enhances reflective judgment and
decision-making. Brain Stimul. 12, 652-658 (2019).

43. Pisoni, A. et al. Cognitive enhancement induced by anodal
tDCS drives circuit-specific cortical plasticity. Cereb. Cortex 28,
1132-1140 (2018).

44. Segrave, R. A., Arnold, S., Hoy, K. & Fitzgerald, P. B. Concurrent
cognitive control training augments the antidepressant efficacy
of tDCS: a pilot study. Brain Stimul. 7, 325-331 (2014).

45, Aust, S. et al. Efficacy of augmentation of cognitive behavioral
therapy with transcranial direct current stimulation for
depression. JAMA Psychiatry 79, 528-537 (2022).

46. Kolahi, J., Bang, H. & Park, J. Towards a proposal for assessment of
blinding success in clinical trials: up-to-date review. Community
Dent. Oral Epidemiol. 37, 477-484 (2009).

47. Hohenschurz-Schmidt, D. et al. Recommendations for the
development, implementation, and reporting of control
interventions in efficacy and mechanistic trials of physical,
psychological, and self-management therapies: the CoPPS
Statement. BMJ 381, 072108 (2023).

48. Evers, A. W. M. et al. What should clinicians tell patients
about placebo and nocebo effects? Practical considerations
based on expert consensus. Psychother. Psychosom. 90, 49-56
(2021).

49. Lin, Y.-H. et al. Assessment of blinding in randomized controlled
trials of antidepressants for depressive disorders 2000-2020:

a systematic review and meta-analysis. eClinicalMedicine 50,
101505 (2022).
50. Moher, D. et al. CONSORT 2010 explanation and elaboration:

updated guidelines for reporting parallel group randomised trials.

BMJ 340, c869 (2010).

51. Bang, H., Ni, L. & Davis, C. E. Assessment of blinding in clinical
trials. Control. Clin. Trials 25, 143-156 (2004).

52. Borrione, L. et al. The Flow brain stimulation headset for
the treatment of depression: overview of its safety, efficacy
and portable design. Expert Rev. Med. Devices 17, 867-878
(2020).

53. Opitz, A., Paulus, W., Will, S., Antunes, A. & Thielscher, A.
Determinants of the electric field during transcranial direct
current stimulation. Neuroimage 109, 140-150 (2015).

54. Laakso, I., Mikkonen, M., Koyama, S., Hirata, A. & Tanaka, S. Can
electric fields explain inter-individual variability in transcranial direct
current stimulation of the motor cortex? Sci. Rep. 9, 626 (2019).

55. Kobak, K. A. A comparison of face-to-face and videoconference
administration of the Hamilton Depression Rating Scale. J.
Telemed. Telecare 10, 231-235 (2004).

56. Schiller, C. E. et al. Efficacy of virtual care for depressive
disorders: systematic review and meta-analysis. JMIR Ment. Health
10, e38955 (2023).

57. Scott, A. M. et al. Telehealth v. face-to-face provision of care to
patients with depression: a systematic review and meta-analysis.
Psychol. Med. 52, 2852-2860 (2022).

58. Brooks, R. EuroQol: the current state of play. Health Policy 37,
53-72 (1996).

59. Rabin, R. & de Charro, F. EQ-5D: a measure of health status from
the EuroQol Group. Ann. Med. 33, 337-343 (2001).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Rachel D. Woodham ®", Sudhakar Selvaraj*®, Nahed Lajmi’, Harriet Hobday', Gabrielle Sheehan', Ali-Reza Ghazi-Noori',
Peter J. Lagerberg’, Maheen Rizvi?, Sarah S. Kwon ®?2, Paulette Orhii**, David Maislin®, Lucia Hernandez®,
Rodrigo Machado-Vieira?, Jair C. Soares?, Allan H. Young®’® & Cynthia H. Y. Fu®*®

'School of Psychology, University of East London, London, UK. *Center of Excellence on Mood Disorders, Faillace Department of Psychiatry and
Behavioral Sciences, McGovern Medical School, University of Texas Health Science Center at Houston, Houston, TX, USA. ®Intra-Cellular Therapies Inc,
New York, NY, USA. *Paul L. Foster School of Medicine, Texas Tech University Health Sciences Center at El Paso, El Paso, TX, USA. *Biomedical Statistical
Consulting, Philadelphia, PA, USA. éCentre for Affective Disorders, Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London,
UK. "National Institute for Health Research, Biomedical Research Centre at South London and Maudsley NHS Foundation Trust, King’s College London,

London, UK. 8South London and Maudsley NHS Foundation Trust, Bethlem Royal Hospital, Beckenham, UK.

e-mail: cynthia.fu@kcl.ac.uk

Nature Medicine


http://www.nature.com/naturemedicine
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-5581-9449
http://orcid.org/0000-0002-3191-0563
http://orcid.org/0000-0003-4313-3500
mailto:cynthia.fu@kcl.ac.uk

Article

https://doi.org/10.1038/s41591-024-03305-y

Methods

Ethics and study design

The study was a multisite, double-blind, placebo-controlled, rand-
omized, superiority controlled trial of 10-week home-based tDCS
treatment for MDD followed by a 10-week open-label treatment. Par-
ticipants were recruited from throughout England and Wales (UK) and
Texas (USA). Recruitment sites were at the University of East London
inLondon, UK and at the University of Texas Health Science Center in
Houston, Texas, USA, respectively.

All participants provided written informed consent. Ethical
approval was provided by the South Central-Hampshire B Research
Ethics Committee (ref.22/SC/0023) and the WIRB-Copernicus Group
International Review Board (ref. 1324775). ClinicalTrials.gov registra-
tion: NCT05202119. Research execution included local research assis-
tantswho areincluded as coauthors. The study protocolis availablein
the Supplementary Information.

Participants

Participants were adults with MDD aged 18 years or older, in a current
depressive episode as determined by the DSM-5 (ref. 21) criteria and
assessed inastructed clinical interview (Mini-International Neuropsy-
chiatric Interview (MINI) v.7.0.2 (ref. 22)). Inclusion criteria included:
having atleast moderate severity of depressive symptoms, as measured
by score of 16 or greater on the 17-item HDRS?; being treatment-free
or taking stable antidepressant medication or undergoing psycho-
therapy for at least 6 weeks before enrollment and being agreeable
to maintaining the same treatment throughout the trial; being under
care of general practitioner or psychiatrist. Exclusion criteriaincluded:
having treatment-resistant depression, defined as inadequate clini-
cal response to two or more trials of antidepressant medication at an
adequate dose and duration; high suicide risk based on the Columbia
Suicide Severity Rating Scale (C-SSRS) Triage and Risk Identification
Screener®; havingacomorbid psychiatric disorder; taking medications
that affect cortical excitability (for example, benzodiazepines, epilepsy
medication); and contraindications to tDCS. Sex was determined by
participant self-report; there was no exclusion of males or females and
no upper limit on how many participants of each sex or gender could
enroll®’. The full inclusion and exclusion criteria are presented in the
Supplementary Notes—Inclusion and exclusion criteria.

Procedures

Participants were recruited through the Flow Neuroscience website,
email lists and social media posts. Individuals completed an online
pre-screening form, hosted by a contract research organization, fol-
lowed by atelephone call with a contract research organization mem-
ber. Individuals then provided written informed consent and had
an assessment with a research team member using Microsoft Teams
videoconferencing. All participants were registered with a primary
care physicianasaninclusion criterion (Supplementary Notes—Inclu-
sion and exclusion criteria; Supplementary Table 1). Research team
members completed training in clinical trial ethics and procedures,
namely good clinical practice, MINI interview schedule, C-SSRS and
clinical rating scales. The site principal investigators were consultant
psychiatrists and reviewed the eligibility of each participant and clinical
assessments. Participants were compensated £30 or US$60 for each
study visit during the blinded phase of the trial. Participants enrolled
inthe UK were able to keep the tDCS device after trial completion.

Randomization

Participants were randomly assigned to either sham or active tDCS
treatment at a 1:1 ratio, which was performed independently in UK
and USA. Block randomization, which is a form of stratified random
sampling, was used with permuted block sizes of four and six. This was
conducted by the sponsor, Flow Neuroscience, and stored in a dedi-
cated database, which was not accessible to research team members.

Intervention

Active and sham tDCS was administered using the Flow FL-100 device.
The device was a headset placed over the forehead with two preposi-
tioned conductive rubber electrodes, each 23 cm? Electrodes were
fixed with approximate placement of the anode over F3 (left DLPFC)
and the cathode over F4 (right DLPFC) based on international 10-20
electroencephalography system®.

Active stimulation consisted of 2 mA direct current stimulation
for 30 minwith gradual ramp up over120 s at the start and ramp down
over 15 satend of the session. Sham stimulation with the same device
and app was used toresemble the active interventionand toreceive the
treatment schedule. An initial ramp up from O to 1 mA over 30 s then
ramp down to O mA over 15 swas repeated at the end of the session to
cause a tingling sensation that mimics active stimulation.

The 10-week RCT consisted of five tDCS sessions per week for 3
weeks followed by three tDCS sessions per week for 7 weeks. The tDCS
parameters were based on meta-analyses, which demonstrated that
treatment effects are most evident for a30-min stimulus duration for
atleast 20 sessions (2-mA current) in MDD** ",

Atweek 10, participants and researchers were informed of treat-
mentarmallocation. The 10-week open-label phase consisted of active
tDCS sessions for all participants. Participants who received active
tDCS treatment were offered three sessions per week for 10 weeks;
participants in the sham treatment arm were offered the active tDCS
stimulation schedule, that is, five sessions per week for three weeks
then three sessions per week for 7 weeks.

tDCS stimulation was provided using a study-specificinstallation
of the app that connected to the headset via Bluetooth. Researchers
had access to remote monitoring, with real-time data use to monitor
compliance. Researchersreceived training to use the headset and were
present by videoconferencing for the initial session to support par-
ticipants who were athome, with app-guided trainingto demonstrate
electrode placement, consisting of video and augmented reality via
the device camera. Allremaining tDCS sessions were completed by the
participants athome, without the presence of aresearcher. Participants
were asked to have video and microphone on during the initial session.
Participants were advised to sit or lie down during use, not to use the
headset outdoors, close to water, while driving, during any activity that
could lead to arisk of injury, while intoxicated or incapacitated, or in
environments with strong magnetic fields.

Blinding

Participants and research team members were blinded to group allo-
cation. We sought to have the same research team member present
for the same participant at each study visit. A second research team
member joined the clinical reviews forindependent rating and would
not be present while adverse events or stimulation was discussed to
prevent any potential bias. Ratings were cross-checked and reviewed
by the site principal investigators.

At week 10, after completion of all assessments and before
unblinding, participants were asked whether they thought they had
been using the ‘active’ or ‘sham’ tDCS device and how certain they
were, as measured by a rating on a scale from 1 (‘'very uncertain’) to
5 (‘very certain’). Once this had been completed, the research team
member accessed the online remote monitoring system to unblind
allocation and informed the participant of group allocation. At the
point of unblinding, an automatic email notification was sent to the
principal investigator and research team members that unblinding
had occurred.

Outcomes

The primary outcome was the adjusted mean group difference in
depressive symptom severity between active and sham treatment
arms as measured using the 17-item HDRS* at week 10 (end of treat-
ment) compared to baseline.
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Depressive symptom severity was measured by clinician-rated
scales, the HDRS and MADRS?, and self-report scale, the MADRS-s?,
suicideideation and attempts using the C-SSRS®’, and manic symptoms
using the YMRS® at baseline and at weeks 1, 4, 7,10 and 20. Anxiety
symptoms were measured using the (HAM-A)*° and quality of life was
measured using the EQ-5D-3L°%*, consisting of five dimensions (mobil-
ity, self-care, usual activities, pain and discomfort) at baseline and at
weeks 10 and 20.

Secondary outcomes were the adjusted mean group difference
in depressive symptom severity between active and sham treatment
arms as measured using the MADRS and MADRS-s at week 10 compared
to baseline; clinical response defined as a minimum of 50% reduction
frombaselinein HDRS, MADRS and MADRS:-s at week 10; clinical remis-
sion defined as an HDRS score of 7 or less, MADRS score of 10 or less
and MADRS-s score of 12 or less; and quality of life as measured by the
EQ-5D-3L at week 10.

Exploratory outcomes included correlation between adherence
to stimulation and HDRS, MADRS decrease in active treatment arm at
week 10; changes in anxiety symptoms from baseline to week 10; and
presence of hypomanic and manic symptoms at week 10.

Exploratory outcomes in neuropsychological functioning were
assessed using the RAVLT*’ total learning score for memory and verbal
learning, and the SDMT"! for psychomotor speed and visuospatial
attention, assessed at baseline, and then at weeks 10 and 20. Order
and versions were counterbalanced. The written SDMT was chosen to
reduce the chance of task interference resulting from a poor internet
signal. SDMT was mailed to participants, completed using pen and
paper during the session, and recorded using a screenshot.

Treatment acceptability was assessed using our treatment accept-
ability questionnaire” at baseline, and then at weeks 10 and 20. The
full description of the exploratory outcomes is presented in Supple-
mentary Tables 16,19, 21, 23-35,37,38 and 46-53 and Supplementary
Figs.1-6 and10-12.

Safety

Adverse events were assessed at each visit; participants were able to
contact the research team using a dedicated contact number at any
time. The tDCS Adverse Events Questionnaire® was administered at
weeks 10 and 20.

Samplesize

Sample size calculation was based on Brunoni et al.’®, with a two-
sample t-test for the mean difference, with 80% power and one-sided
type lerror (0.025), resulting in a sample size of 176 participants
with MDD. To increase power to 87.6%, sample size was increased
to 216. Assuming a 20% attrition rate, the total sample size was 270
participants. A prespecified interim analysis was performed when 90
participants with MDD completed week 10, which included both futil-
ity assessment and sample size reestimation®. The interim analysis
was used to modify the trial in two ways for the primary end point,
to declare the trial futile and stop enrollment or to specify the num-
ber of participants between 100 and 270 to power the trial based on
promising zone methodology®*®*.

l‘36

Statistical analysis

The ITT analysis included all randomized participants classified
according to the intended treatment. Participants excluded before
randomization were considered screen failures. The modified ITT
analysis setincluded ITT participants who received at least one tDCS
session (active or sham) and excluded participants randomized in
error. The per-protocol analysis set consisted of participants in the
modified ITT analysis set, participants with a device failure within the
10-week randomized trial and participants with deviation from the
clinical investigation plan caused by the investigational device or by
problems regarding tolerability. It excluded participants who took a

new medication or treatment during the trial (listed as exclusion cri-
teria), participants who did not meet the inclusion criteria or fulfilled
the exclusion criteria, participants who had performed fewer thanten
sessions duringthe first 3 weeks and participants with major protocol
violations that would be expected to confound clinical assessment
(Supplementary Information—Statistical Analysis Plan, Section 2).

The primary effectiveness outcome was the estimated mean group
difference in HDRS scores in participants randomized to active and
shamtreatments using amixed model for repeated measures (MMRM).
Themodelincluded the HDRS baseline value, antidepressant medica-
tion status, psychotherapy treatment, age and sex. Missing data were
categorized according to the reason for missingness (missing at ran-
dom or not) and differentially imputed based on that classification. If
Pvalues wereless thanaone-sided P=0.025, thenthe end point would
be declared positive (Supplementary Information—Statistical Analysis
Plan, Sections 3.1-3.1.4,4 and 5).

MMRM allows for the inclusion of data from all time pointsin the
model and not only baseline and week 10 end-of-treatment values; it
allows for the inclusion of participants with missing week 10 values.
The MMRM approach is a direct likelihood approach. The MMRM
parameters were estimated using SAS PROC MIXED (SAS Institute)
v.9.4 or higher. In a matrix equation, the MMRM can be expressed as
Y;=XPB + Zu + e, where B is the vector of the fixed-effect regression
parameters (for the overall mean change, the treatment effect 6, a
vector of post-baseline time effects T, a vector of treatment-by-time
interaction effects n and a vector of covariate effects ¢p that includes
baseline HDRS, and, optionally, other covariates selected a priori).
Xisadesign matrix for the fixed effects and Zis adesign matrix used to
account for other random effects u, if any are included. Key assump-
tions areabout e, the randomerror vector. The expected value is zero,
thatis, E(e) = 0. An unstructured covariance is assumed, requiring
estimation of variances at each visit and all pairwise covariances, that
is, Var(e) = ge2Vunstructured (ref. 65).

If the primary end point is met, the secondary end points can be
tested based on a hierarchical approach. As specified in the protocol,
the Hochberg®®®” approach was used to control multiplicity (Supple-
mentary Table11). The Hochberg correction rank-orders the end points
based onthesize of the Pvalue, ranking them from largest to smallest,
and compares those values to a sequentially decreasing alphalevel to
determine whether the null hypothesis should be rejected. Second-
ary outcomes were HDRS clinical response and remission, EQ-5D-3L
change and change in ratings, response and remission in MADRS and
MADRS-s (Supplementary Information—Statistical Analysis Plan,
Sections 3.1.5-3.1.9).

Exploratory end points were analyzed through summary statistics
as the mean and s.d. or percentages and ORs. The two groups were
compared using a Student’s ¢-test or Fisher’s exact test as appropri-
ate.Spearman correlation was used to assess the association between
two continuous variables; 95% Cls were presented. The percentages
of participants who correctly guessed the arm that they were in were
compared using aFisher’s exact test. Subgroup analyses of primary and
secondary end points were conducted through stratification according
to antidepressant use at baseline and site (Supplementary Informa-
tion—Statistical Analysis Plan, Sections 3.1.10 and 8).

Standard deviations are provided based on Cochran’s®® conversion
of s.e. to s.d. weighted by sample size. Type 1 errors were controlled
by only testing the three named secondary end points after meeting
the primary end point; nominal P values are provided for all other
evaluations.

Full description of the statistical analyses and handling of missing
datacanbe foundin Supplementary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The deidentified individual participant data and the data diction-
ary that support the findings of this study are available from the aca-
demicresearchers or the sponsor beginning 6 months after publication
because of legal reasons. However, restrictions apply to the availability
ofthese data; thus, they are not publicly available. The Statistical Analy-
sis Planis available in the Supplementary Information. A datarequest
and brief analysis plan will be required in accordance with the ethics
committee requirements. These will be reviewed by the lead, study
steering committee and study sponsor. A data transfer agreement will
havetobe completed before any databeing shared. After completion of
the datatransfer agreement, data will be shared as password-protected
files. Data sharing will abide by the rules and policies defined by the
sponsor, relevant institutional review boards, as well as local, state
and federal laws and regulations. Rights and privacy of individuals
participating in the research will be protected at all times. Approval
will not be provided for commercial use of the data. Requests can be
made to C.H.Y.F. (cynthia.fu@kcl.ac.uk).

Code availability

The analysis code for the longitudinal model is provided in the Sup-
plementary Information. The full code used for the data analysis will
be available from the sponsor beginning 6 months after publication
of the trial results.
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Extended Data Fig. 1| Change in Montgomery-Asberg Depression Rating
Scale (MADRS) ratings over time. Estimated mean MADRS rating scores from
baseline to week 10 in the modified intention-to-treat analysis sample (n =173)
inactive tDCS and sham tDCS treatment arms. Error bars represent + 1standard
error (SE). MADRS scores range from O to 60 with higher values indicating more
severe depressive symptoms. A significantimprovement was observed in the
change in MADRS ratings from baseline to week 10 in the active tDCS treatment
arm, MADRS change 11.31 + 8.81(standard deviation (SD)) (mean week 10
MADRS 12.46 +1.09 (SE)) as compared to sham tDCS treatment arm, MADRS
change 7.74 + 8.47 (SD) (mean week 10 MADRS 15.30 + 1.07 (SE)) (95% Cl1.1to

6.1, p=0.006). The difference in change scores was also significant at week 4
(95%Cl1.2t05.5, p=0.003) and week 7 (95% Cl1.1t0 5.8, p = 0.005) with a greater
score decrease in the active treatment arm. Fully Conditional Specification (FCS)
approach was used to produce 20 multiply imputed completed data sets. The FCS
approach accommodates nonmonotonicity in the pattern of missing data and
requires regression models to be specified for each variable with missing values
needing imputation. Allmodels included age, sex, in psychotherapy at baseline,
use of any antidepressants at baseline and treatment group. The resulting
completed datasets were combined using Rubin’s Rules. **=p < 0.01.
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Extended DataFig. 2| Change in Montgomery-Asberg Depression Rating
Scale-Selfreport (MADRS-s) ratings over time. Estimated mean MADRS-s
rating scores from baseline to week 10 in the modified intention-to-treat analysis
sample (n =173) for the active tDCS and sham tDCS treatment arms. Error bars
represent +1standard error (SE). MADRS-s scores range from O to 60 with higher
values indicating more severe depression. A significant improvement was
observed in the change in MADRS-s ratings from baseline to week 10 in the active
tDCS treatment arm, MADRS-s change 9.90 + 8.94 (standard deviation (SD))
(mean week 10 MADRS-s16.60 + 1.18 (SE)) as compared to sham tDCS treatment
arm, MADRS-s change 6.23 + 9.13 (SD) (mean week 10 MADRS-s19.55 +1.16

(SE)) (95% C10.9t0 6.4, p=0.009). The difference in change scores was also
significant at week 4 (95% C10.3t0 4.9, p = 0.030) with a greater score decrease
inthe active treatment arm. Fully Conditional Specification (FCS) approach was
used to produce 20 multiply imputed completed data sets. The FCS approach
accommodates nonmonotonicity in the pattern of missing data and requires
regression models to be specified for each variable with missing values needing
imputation. Allmodels included age, sex, in psychotherapy at baseline, use of
any antidepressants at baseline and treatment group. The resulting completed
datasets were combined using Rubin’s Rules. *=p < 0.05, **=p < 0.01.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O OO0 000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Data was collected via the Clinical Research Organisation, Curebase. The Curebase platform was used for completing
informed consent, data collection and for the completion of self-report questionnaires by participants. The study
specific installation of the Flow Neuroscience app collected data about tDCS stimulations and MADRS-s responses.

Data analysis The clinical outcomes were analysed using SAS 9.4M8.The clinical outcomes were analysed using SAS 9.4M8. The analysis code for the
longitudinal model is provided in the Supplementary Information. The full code used for the data analysis will be available from the Sponsor
beginning 6 months after publication of the trial results.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The deidentified individual participant data and the data dictionary that support the findings of this study are available from the academic researchers or the
sponsor beginning 6months after publication because of legal reasons. However, restrictions apply to the availability of these data and so are not publicly available.
The Statistical Analysis Plan is available in the Supplementary Materials. A data request and brief analysis plan will be required in accordance with Ethics Committee
requirements. These will be reviewed by the lead, study steering committee and study sponsor. A data transfer agreement (DTA) will have to be completed prior to
any data being shared. Following completion of the DTA, data will be shared as password-protected files. Data sharing will abide by the rules and policies defined by
the sponsor, relevant institutional review boards, and local, state and federal laws and regulations. Rights and privacy of individuals participating in the research will
be protected at all times. Approval will not be provided for commercial use of the data. Requests can be made to Professor Cynthia H.Y. Fu (c.fu@uel.ac.uk,
cynthia.fu@kcl.ac.uk).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We use the term sex throughout the main text and the Supplementary Information. Sex was self-reported by participants.
Participants were asked their sex during the initial video screen and this was recorded by researchers. There was no upper
limit on the number of men of women who could enroll. Results disaggregated by sex have been reported in the
supplementary information. Sex and age of participants in the active and sham groups have been reported in Table 1 of the
main text.

Reporting on race, ethnicity, or  Participants were aged 18 and older with no upper age limit. There was no limit on sex or gender, race, ethnicity, marital

other socially relevant status or social class. Sex, race and ethnicity were determined by self-report.
groupings
Population characteristics Inclusion criteria: Participants were adults >=18 years, with MDD and in current depressive episode based on Diagnostic and

Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) criteria26 by structured assessment, Mini-International
Neuropsychiatric Interview (MINI; Version 7.0.2). Inclusion criteria included: having at least moderate severity of depressive
symptoms, as measured by score >=16 on 17-item Hamilton Depression Rating Scale (HDRS); being treatment-free or taking
stable antidepressant medication or in psychotherapy for at least 6 weeks prior to enrolment and agreeable to maintaining
same treatment throughout the trial; under care of GP or psychiatrist.

Exclusion criteria included: having treatment resistant depression, defined as inadequate clinical response to two or more
trials of antidepressant medication at an adequate dose and duration; significant suicide risk based on Columbia Suicide
Severity Rating Scale (C-SSRS) Triage and Risk Identification Screener; comorbid psychiatric disorder; taking medications that
affect cortical excitability (e.g., benzodiazepines, epilepsy medication); and contraindications to tDCS. Full inclusion and
exclusion criteria are presented in Supplementary Information document.

Recruitment Participants were recruited through Flow Neuroscience website, email lists and social media posts. Individuals completed an
online pre-screening form, hosted by a contract research organization (CRO), followed by a telephone call with a CRO
member. Individuals then provided written informed consent and had an assessment with a research team member by
Microsoft (MS) Teams videoconference. All participants in the trial self-referred to participate in the trial, which is potential
for a self-selection bias.

Ethics oversight The clinical trial received local approval at both study sites and ethical approval was provided by South Central-Hampshire B

Research Ethics Committee, UK (ref. 22/SC/0023), and WIRB-Copernicus Group International Review Board, USA (ref.
1324775).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size calculation was based on Brunoni et al, with two-sample t-test for mean difference with 80%
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Sample size power and one-sided Type 1 error 0.025, resulting in a sample size of 176 MDD participants. To increase
power to 87.6%, sample size was increased to 216. Assuming 20% attrition rate, total sample size was 270
participants. A pre-specified interim analysis was performed when 90 MDD participants completed week
10, which included both futility assessment and sample size re-estimation. The interim analysis was able
to modify the trial in two ways for the primary endpoint, to declare the trial futile and stop enrolment or to
specify the number of participants between 100 and 270 for powering the trial based on promising zone
methodology.

Data exclusions 368 participants were assessed for eligibility via video conference and 194 participants were excluded.
174 participants were randomized to active or sham treatment groups. One participant in the sham treatment group did not received any
stimulations and therefore was not included in the modified intention-to-treat analysis.
Inclusion criteria: Participants were adults >=18 years, with MDD in current depressive episode based on Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5) criteria by structured assessment, Mini-International Neuropsychiatric Interview (MINI; Version 7.0.2).
Inclusion criteria included: at least a moderate severity of depressive symptoms, as measured by score >=16 on 17-item Hamilton Depression
Rating Scale (HDRS); being treatment free, or taking stable antidepressant medication, or in psychotherapy, for at least 6 weeks prior to
enrolment, and agreeable to maintaining same treatment throughout the trial; under care of GP or psychiatrist.
Exclusion criteria: having treatment resistant depression, defined as inadequate clinical response to two or more trials of antidepressant
medication at an adequate dose and duration; significant suicide risk based on Columbia Suicide Severity Rating Scale (C-SSRS) Triage and Risk
|dentification Screener; comorbid psychiatric disorder; taking medications that affect cortical excitability (e.g., benzodiazepines, epileptics);
and contraindications to tDCS.

Replication We did not repeat the study to test the reproducibility because it is a large multicentre trial. We have described all procedures in detail to
allow for it to be reproduced.

Randomization  The trial consisted of a 10-week blinded treatment phase followed by 10-week open label phase. The blinded phase consisted of random
assignment to sham or active tDCS treatment in 1:1 ratio, performed independently at each site. Block randomization was used with
permuted block sizes of 4 and 6, conducted by the trial server and stored in dedicated database.

Blinding Participants and research team members were blind to group allocation. We sought to have same research team member present for same
participant at each study visit. A second research team member joined clinical reviews for independent ratings and would not be present
whilst adverse events or stimulation was discussed in order to prevent any potential bias. Ratings were crosschecked and reviewed by
principal site investigators. At week 10, following completion of all assessments and prior to unblinding, participants were asked whether they
thought they had been using the 'active' or 'inactive' tDCS device and how certain they were, as measured by a rating on a scale from 1 (very
uncertain) to 5 (very certain). Once this had been completed, then the research team member accessed the online remote-monitoring system
to unblind allocation and informed the participant of group allocation. At point of unblinding, an automatic email notification was sent to
principal investigator and research team members that unblinding had occurred.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines IZ D Flow cytometry
Palaeontology and archaeology IZ D MRI-based neuroimaging
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Clinicaltrail.gov reference: NCT05202119. CONSORT 2010 checklist included.
Study protocol The study protocol is available in the Supplementary Information.

Data collection Participants were recruited through Flow Neuroscience website, email lists and social media posts. Individuals completed an online
pre-screening form, hosted by a contract research organization (CRO), followed by a telephone call with a CRO member. Individuals
then provided written informed consent and had an assessment with a research team member by Microsoft (MS) Teams
videoconference. All subsequent appointments with the research team took place by MS Teams videoconference. tDCS stimulation
was provided using a study specific installation of the app which connected to headset via Bluetooth. Researchers had access to
remote monitoring with real-time data use to monitor compliance. Researchers received training to use the headset and were

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A




Outcomes

Plants

present by videoconference for initial session to support participants who were at home, with the app-guided training to
demonstrate electrode placement, consisting of video and augmented reality via device camera. All remaining tDCS sessions were
completed by participants at home, without the presence of a researcher. Participants were asked to have video and microphone on
during initial session. Participants were advised to sit or lie down during use, not to use the headset outdoors, close to water, whilst
driving, during any activity that could lead to a significant risk of injury, while intoxicated or incapacitated, or in environments with
strong magnetic fields. MADRS-s was completed by participants in their own time on the study app. All other clinical assessments and
data were collected during videoconference with researchers. Recruitment was from May 12, 2022 to March 10, 2023. Final open-
label follow up was conducted on August 23, 2023.

Primary effectiveness outcome was estimated mean group difference in HDRS scores in participants randomized to active and sham
treatments using a mixed model for repeated measures (MMRM). The model included the HDRS baseline value, antidepressant
medication status, psychotherapy treatment, age, and sex. Missing data were categorized by the reason for missingness (missing at
random or not) and differentially imputed based on that classification. If p-value were less than one-sided p = 0.025, then endpoint
would be declared positive (SAP sections 3.1 to 3.1.4. sections 4 and 5).

MMRM allows for inclusion of data from all time points in the model and not only baseline and week 10 end of treatment values, and
MMRM allows for inclusion of participants with missing week 10 values. The MMRM approach is a direct likelihood approach.
MMRM parameters were estimated using SAS PROC MIXED (SAS Institute, Cary NC Version 9.4 or higher). In a matrix equation, the
MMRM can be expressed as: Yi = Xif + Ziu + ei; where B is the vector of fixed-effect regression parameters (for the

overall mean change, the treatment effect 6, a vector of post-baseline time effects 1, a vector of treatment-by-time interaction
effects n, and a vector of covariate effects ¢ that includes baseline HDRS-17 and optionally, other a priori selected covariates). X is a
design matrix for the fixed effects, Z is a design matrix used to account for other random effects u, if any were included. Key
assumptions are about e, the random error vector. It is assumed that the expected values are zero, i.e., E(e) = 0. An unstructured
covariance is assumed requiring estimation of variances at each visit and all pairwise covariances, i.e., Var(e)=ce2Vunstructured.

If the primary endpoint is met, then secondary endpoints can be tested based on a hierarchical approach. As specified in the
protocol, Hochberg65,66 approach was used for controlling multiplicity (Supplementary Table 11). The Hochberg correction rank
orders the endpoints based on the p-value size, ranking them from largest to smallest, and compares those values to a sequentially
decreasing alpha-level to determine whether the null hypothesis should be rejected. Secondary outcomes were: HDRS clinical
response and remission, EQ-5D-3L change, and change in ratings, response and remission in MADRS and MADRS-s (SAP sections 3.1.5
to 3.1.9).
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