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Abstract

Background: Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique, which has
yielded promising results in treating major depressive disorder. However, its effect on treatment-resistant depression
remains to be determined. Meanwhile, as an emerging treatment option, patients’ acceptability of tDCS is worthy of
attention.

Methods: This pilot study enrolled 18 patients (women = 13) with treatment-resistant unipolar (n= 13) or bipolar (n= 5)
depression. Twelve sessions of tDCS were administered with anode over F3 and cathode over F4. Each session delivered
a current of 2mA for 30min per ten working days, and at the 4th and 6th week. Severity of depression was determined
by Montgomery–Åsberg Depression Rating Scale (MADRS); cognitive performance was assessed by a computerized
battery.

Results: Scores of MADRS at baseline (29.6, SD = 9.7) decreased significantly to 22.9 (11.7) (p = 0.03) at 6 weeks and 21.5
(10.3) (p = 0.01) at 8 weeks. Six (33.3%) participants were therapeutically responsive to tDCS. MADRS scores of responders
were significantly lower than those of non-responders at the 6th and 8th week. Regarding change of cognitive
performance, improved accuracy of paired association (p = 0.017) and social cognition (p = 0.047) was observed at the 8th
week. Overall, tDCS was perceived as safe and tolerable. For the majority of patients, it is preferred than pharmacotherapy
and psychotherapy.

Conclusions: TDCS can be a desirable option for treatment-resistant depression, however, its efficacy may be delayed;
identifying predictors of therapeutic response may achieve a more targeted application. Larger controlled studies with
optimized montages and sufficient periods of observation are warranted.

Trial registration: This trial has been registered at the Chinese Clinical Trial Registry (ChiCTR-INR-16008179).
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Background
Major depressive disorder (MDD) is a highly prevalent
mental illness associated with substantial personal im-
pairments and societal costs [1]. Although progress has
been made in the pharmacological and psychothera-
peutic intervention of MDD, there are still up to 50% of
patients with poor response to multiple trials of antide-
pressants, defined as treatment-resistant depression
(TRD) [2–5]. Patients with TRD have lower quality of
life. They account for more frequent medical visits and
higher health care costs [6].
Empirical pharmacotherapy of TRD includes augmen-

tation with lithium or second generation antipsychotics,
often with suboptimal efficacy and poor tolerance [7].
Electroconvulsive therapy (ECT) remains as an efficient
treatment for TRD, however, its application is limited
due to risk of anesthesia and cognitive side effects [7–9].
Indeed, current treatment for TRD is still far from satis-
factory; there is an urgent need for novel therapeutics.
Recently, non-invasive brain stimulation has emerged as
a promising candidate. Repetitive transcranial magnetic
stimulation (rTMS) has been approved by the US Food
and Drug Administration for treating TRD [10]; interests
in transcranial direct current stimulation (tDCS) is
growing following its demonstrated efficacy on MDD.
TDCS, a non-convulsive brain stimulation technique in-

volves injecting a low-amplitude (generally 1-2mA), direct
electric current flows from the anode to the cathode in cere-
bral cortex by using two surface scalp electrodes [11, 12],
which alters the membrane potentials of neurons and
changes the rate of spontaneous depolarization [13–15].
The anode area becomes hypo-polarized and the cathode
area becomes hyper-polarized. One well-known hypothesis
of depression is hypoactivity in left dorsolateral prefrontal
cortex (DLPFC) leading to psychomotor retardation and ex-
ecutive dysfunction [16, 17]. Researchers suppose that tDCS
anodal stimulation over left DLPFC increases its cortical ac-
tivity, which would lead to improvement of depression. In
recent years, multiple randomized studies have confirmed
the antidepressant effect of tDCS among patients with
MDD [18–23]. Rigonatti et al. published that tDCS had
equal but faster antidepressant effects in comparison with
fluoxetine [24]. Brunoni and colleagues demonstrated that
effects of tDCS plus antidepressants can be synergistic [25].
Given the encouraging findings of tDCS in MDD, sev-

eral pilot studies have explored its effect in TRD patients,
with mixed results. In a randomized controlled study ap-
plying 10 sessions of tDCS, there were no significant dif-
ferences of depressive symptoms between active and sham
groups after 4 weeks [26]. Blumberger and his team ex-
tended that a 15-session tDCS was not efficacious in TRD
[27]. In another controlled study, tDCS efficacy on psy-
chomotor and neuropsychological functioning in TRD is
limited [28]. On the contrary, the promising result

from Dell’Osso el al. revealed that tDCS administered
twice a day for 5 consecutive days help reduce de-
pressive symptoms, particularly melancholic features
[29]. Another encouraging study conducted by Fer-
rucci applied the identical tDCS protocol among hos-
pitalized patients with severe MDD; improvement was
observed on day 5 after ten tDCS sessions and per-
sisted to the end of 5 weeks [30].
It has been observed that the effect of brain stimula-

tion can be delayed [31], with its effect manifesting be-
yond treatment periods. However, existing research
often completed follow-up at the end of treatment. The
majority of studies examined the effect of tDCS on de-
pressive symptomatology, few have comprehensively
assessed cognitive performance, a crucial determinant of
functional recovery. Moreover, as a novel treatment mo-
dality, the acceptability of tDCS needs to be further
established. Thus, in the present study, we examined, at
the 8th week, the antidepressant and cognitive effects of
a 6-week tDCS treatment for TRD, identified potential
predictors for treatment responsiveness, and elaborated
the subjective experiences receiving tDCS.

Methods
Study participants
This pilot study recruited 18 patients (women = 13)
meeting Diagnostic and Statistical Manual of Mental
Disorders-5 (DSM-5) criteria for unipolar (n = 13) or bi-
polar (n = 5) depression at Taipei City Psychiatric Center,
Taipei City Hospital. In unipolar depression patients,
current depressive episode needed to be treatment-
resistant, which was defined as failure to respond to 2
adequate trials of pharmacotherapy. The definition of
treatment-resistant bipolar depression has not been
established yet [32]. We followed Sachs’s definition of
treatment-resistant bipolar depression: non-remission
despite two adequate trials of standard antidepressant
agents, with or without augmentation strategies [33].
Regimen of psychotropic needed to be fixed at least 4
weeks prior to enrollment, and maintain unchanged
throughout the study. Participants must score over 20
on the Montgomery–Åsberg Depression Rating Scale
(MADRS). Those with metal implants, intracranial le-
sions, cerebrovascular or cardiovascular diseases and
pregnancy were excluded. Additionally, participants re-
ceiving DSM-5 diagnosis of schizophrenia and substance
use disorder were excluded, as well as those failing to
respond to previous ECT. This study conformed with
the Declaration of Helsinki and received proper Insti-
tutional Review Board approval (TCHIRB-10409114).
Written informed consent was obtained from each
participant prior to study initiation. This trial has
been registered at the Chinese Clinical Trial Registry
(ChiCTR-INR-16008179).
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Transcranial direct-current stimulation
Direct current was generated by a constant-current
stimulator (Starstim tCS, manufactured by Neuroelec-
trics, Barcelona). tDCS were administered with anode
over F3 (International 10/20 System for EEG Electrodes)
and cathode over F4. The size of conductive electrodes
was about 35cm2. Each session delivered a direct current
of 2 mA for 30min. A total of 12 sessions were adminis-
trated, patients received daily tDCS administration for
10 days of the first 2 weeks and followed by a single
tDCS administration on the 4th and 6th week [25]. The
single booster stimulation on the 4th and 6th week was
implemented due to our previous experiences that effects
of tDCS may diminish after a 2-week stimulation protocol.
After 12 sessions of tDCS administration, the patients re-
ceived an intervention-free follow-up observation at the
8th week.

Psychiatric assessment
Severity of depression was measured by the Montgom-
ery–Åsberg Depression Rating Scale (MADRS), a
10-item instrument tapping into the symptomatology of
depression. MADRS was measured at baseline, the 2nd,
4th, 6th, and 8th week. To ensure the reliability, all the
assessments were carried out by one senior psychiatrist
(G.C.H). Response to tDCS was defined by a > 50% de-
crease of MADRS scores. For each assessment, Beck De-
pression Inventory (BDI) was self-administered as a
complimentary outcome.

Cognitive assessment
Cognitive performance was assessed by a computerized
battery, COGSTATE, which included 11 tasks examining
domains of attention, working memory, verbal and visual
memory, social cognition and executive function. Per-
formance was evaluated either by accuracy rate, number
of errors or reaction time.

Subjective experiences of tDCS
Structured interview was conducted to elicit: 1) partici-
pants’ understanding of tDCS; 2) adverse effects of
tDCS; 3) perceived benefits of tDCS on mood and cogni-
tion, and 4) preference of tDCS in comparison with
pharmacotherapy and psychotherapy. A research assist-
ant (L.Y.Y.) uninvolved in the study procedure con-
ducted the interview independently.

Statistical analysis
Paired t-test was used to examine changes of MADRS and
BDI over 8 weeks, as compared to scores at baseline. As
for cognitive outcomes, paired t-test was used to compare
the reaction time and accuracy of a given task at baseline
and at 8 weeks. With an intention to identify predictors
for tDCS response, we used Fisher’s exact test (for

categorical variables) and unpaired t-test (for continuous
variables) to compare the demographic and clinical char-
acteristics of tDCS responders and non-responders. Com-
pared to baseline, differences between responders and
non-responders on change of MADRS, BDI and cognitive
scores at 2, 4, 6, and 8 weeks were examined by paired
t-tests. Effect size (Cohen’s d) was then calculated.

Results
Participants
We enrolled 18 patients (women = 13) with treatment-
resistant unipolar (n = 13) or bipolar (n = 5) depression.
Average age was 44.6 (SD = 14.2) years, with onset of de-
pression at 29.8 (15.6) years. Twelve (66.7%) participants
had visited psychiatric ER, and 10 (55.6%) had attempted
suicide, indicating a more severe course of depression.
Eight (44.4%) participants reported family history of psy-
chiatric disorders. The majority of participants received
antidepressants and benzodiazepines. Notably, half of
them were prescribed with antipsychotics (Table 1).

Depressive symptoms
In the current sample, scores of MADRS at baseline
(29.6, SD = 9.7) showed a significant decrease at week 6
(t = − 2.361; p = .03) and week 8 (t = 2.874; p = 0.011). As
for BDI, a significant change from baseline was observed
only at week 2 (t = 2.968; p = .009) (Fig. 1). Six (33.3%) par-
ticipants were therapeutically responsive to tDCS. Paired
t-tests revealed a more pronounced decrease in MADRS
scores of responders than non-responders at weeks 6 (t =
− 3.771, p = .002, Cohen’s d = 1.71) and 8 (t = − 4.97,
p < .001, Cohen’s d = 2.44). Similarly, paired t-tests re-
vealed a more pronounced decrease in BDI scores of re-
sponders than non-responders at weeks 6 (t = − 3.526,
p = .003, Cohen’s d = 1.92) and 8 (t = − 3.531, p = .003,
Cohen’s d = 1.92) (Fig. 2). Treatment responsiveness was
not predicted by any demographic or clinical characteris-
tics and cognitive performance at baseline (Table 1).

Cognitive performance
Among 11 cognitive tasks administered, improved accur-
acy of one task regarding visual learning (p = 0.017) and
another regarding social cognition (p = 0.047) was ob-
served at the 8th week (Table 2). Change of cognitive per-
formances was similar in responders and non-responders
(data not shown).

Subjective experiences with tDCS
In general, tDCS was regarded as ‘an electrical treatment
to stimulate the brain’, with the purpose to ‘reset your
emotion center’ and ‘achieve a balance of the left and
right brain’. Regarding adverse effects, participants re-
ported headache (n = 3), fatigue (2), dizziness (2), in-
creased emotional reactivity (2), nausea (1), insomnia
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(1), and pain over scalp contacting electrodes (1). Most
adverse effects were tolerable, with reduced intensity
after the first 3 sessions.
For depressive symptoms, tDCS responders de-

scribed universally that depressed mood was ‘much
better’, ‘with reduced duration and intensity’. Positive
affect was experienced that participants were ‘feeling
relaxed’, and ‘able to smile again’. Their motivation in-
creased, energy restored, and the ability to complete

tasks resumed. Interestingly, in non-responders, 6 out
of 12 participants still reported some improvement in
depressed mood; 2 with less anxiety; 2 with attenu-
ated suicide idea, 2 with restored executive function,
and 1 with improved appetite. No participants suf-
fered from a deterioration of depressive symptoms.
Moreover, we used YMRS to measure manic symp-
toms in bipolar patients; none of them exceeded a
score of 7.

Table 1 Comparison of clinical characteristics and severity of depression in all participants, responders and non-responders

All participants Responders
N = 6

Non-responders
N = 12

P-value

Age (years) 44.6 14.2 47.7 12.5 43 15.3 .527

Sex 1.00

Male 5 27.8% 2 33.3% 3 25%

Female 13 72.2% 4 66.7% 9 75%

Diagnosis 1.00

MDD 13 72% 4 66.7% 9 75%

Bipolar 5 28% 2 33.3% 3 25%

Onset age (years) 29.8 15.6 29 14.6 30.2 16.8 .887

Ever received ECT 1.00

No 16 88.9% 5 83.3% 11 91.7%

Yes 2 11.1% 1 16.7% 1 8.3%

Every visited ER for psychiatric emergency .344

No 6 33.3% 3 50% 3 33.3%

Yes 12 66.7% 3 50% 9 66.7%

History of suicide attempt .321

No 8 44.4% 4 66.7% 4 33.3%

Yes 10 55.6% 2 33.3% 8 66.7%

Family history of psychiatric disorders .638

No 10 55.6% 4 66.7% 6 50%

Yes 8 44.4% 2 33.3% 6 50%

With antidepressants 1.00

No 2 11.1% 1 16.7% 1 8.3%

Yes 16 88.9% 5 83.3% 11 91.7%

With antipsychotics 1.00

No 9 50% 3 50% 6 50%

Yes 9 50% 3 50% 6 50%

With mood stabilizers 1.00

No 14 77.8% 5 83.3% 9 75%

Yes 4 22.2% 1 16.7% 3 25%

With benzodiazepines 1.00

No 1 5.6% 0 0% 1 83.3%

Yes 17 94.4% 6 100% 11 91.7%

MADRS at baseline 29.61 9.71 30.83 15.09 29 6.41 .718

BDI at baseline 34.56 13.05 31.83 15.74 35.92 12.02 .548

MADRS Montgomery–Åsberg Depression Rating Scale, BDI Beck Depression Inventory; numbers in the table are either means with standard deviation or counts
with percentage
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Regarding perceived cognitive effects, 5 participants had
increased attention. Memory improved in 4 patients but
worsened in 2. Processing speed improved in 1 but deteri-
orated in 2. The majority of responses were that domains
of cognitive ability were unchanged after tDCS treatment.
As for treatment preference, 11 participants listed

tDCS as their first choice, reasoning that ‘effects of tDCS
were faster and more natural than drugs, with fewer ad-
verse events’. Two participants identified medications as
their first choice because of its convenience and immedi-
ate effect. Three participants preferred psychotherapy

because it helped ‘develop coping skills’ and ‘deal with
underlying causes’. Notably, 5 participants had never re-
ceived psychotherapy.
Overall, tDCS was perceived as safe and tolerable, with

substantial effects on depression and equivocal benefits
on cognitive ability. It is preferred than pharmacother-
apy and psychotherapy in the majority of patients.

Discussion
The present study demonstrated that tDCS could be ad-
vantageous to patients with treatment-resistant depression

Fig. 1 Change of depressive symptoms over 8 weeks
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(TRD) in improving depressive symptoms and cognitive
performance. Its effect may be delayed, with marked dis-
crepancy between responders and non-responders. TDCS
is well accepted and preferred than other treatment
modalities.
The findings here need to be interpreted with a num-

ber of limitations considered, including a relatively small
sample size, an open-label design, lacking of a controlled
group, and less stringent definition of TRD. It is likely
that response rates may increase in open-label studies
due to positive expectations from both un-blinded pa-
tients and un-blinded raters. With the multiple tests for

cognitive performance, the 2 significant outcomes may
be prone to type-I errors. Also, the inclusion of bipolar
patients is likely to increase heterogeneity. Prior studies
examining the efficacy of tDCS on TRD were universally
small (i.e. sample size < 25), yielding conflictual results.
Our positive findings are in agreement with those of
Dell’Osso et al. and Ferrucci et al., both applying aug-
mented, F3-F4 tDCS with a five-days, twice-daily
protocol [29, 30]. In contrast, in three controlled
studies, reduction of depressive symptoms was similar
in active and sham groups [26–28]. Results from an-
other open-label study also showed no benefit of

Fig. 2 Comparison of change of depressive symptoms in responders and non-responders
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tDCS in patients with TRD [34]. The montages of
tDCS in these negative studies are mostly different
from the established F3-F4 positioning, and their
period of observation is, at most, 4 weeks. Compara-
tively, our tDCS application spans for 6 weeks, with
the lengthiest follow-up of 8 weeks, which is more
likely to capture its full effect.
Due to the differential antidepressant effect of tDCS, it

raises the need to investigate predictors of treatment re-
sponse. It has been shown that pre-treatment verbal flu-
ency predicts the response of tDCS on depression [35].
In a recent report pooled from 3 tDCS trials with 171
depressed patients, pre-treatment cognitive disturbance,
retardation, anxiety and somatization played a role in
prediction of response to tDCS [36]. Nonetheless, in our
study, no demographic, clinical or cognitive characteris-
tics at baseline could predict response to tDCS,

potentially owing to limited sample size, higher severity
of depression and unmeasured covariates.
We observed an improvement of visual learning and

social cognition at the end of 8 weeks. The result is in
accordance with a report by Boggio et al., that, in de-
pressed patients, tDCS stimulation of left DLPFC had a
significant effect on improving the accuracy of identify-
ing figures with positive emotional content [37].
Wolkenstein et al. [38] and Brunoni et al. [39] reasoned
that tDCS may improve cognition via modifying the
emotional inhibitory control and negative attentional
bias. Effects of tDCS may extent to cortico-subcortical
regions, which can modify the cognitive dysfunction and
emotion processing. In contrast, several studies found
no effect of tDCS on cognition in patients with TRD
[26, 28, 30]. One recent systematic review could not
conclude the cognitive benefits of tDCS in depressed
patients [40]. Future research is needed to clarify the
equivocal findings.
We observed a delayed effect of tDCS over depressive

symptoms. In an animal study, cathodal stimulation
combined with task assignment showed effects 3 weeks
later [41]. In another controlled study examining effects
of tDCS in MDD, antidepressant effect in the 3-week
masked face was only modest, but the number of re-
sponders in the following 3-week, open-label phase was
much more encouraging [22]. The after-effects of tDCS
have been linked to non-synaptic mechanisms involving
neurogenesis [42–44]. TDCS may also induce long-term
cortical plastic change via metabolic pathways, for ex-
ample, increasing BDNF release [41, 45, 46].

Conclusions
Given that available treatments of TRD had unsatisfactory
efficacy or tolerability [9], the high acceptance, perceived
benefits, and preference of tDCS demonstrated here have
important clinical implications. TDCS is inexpensive and
easily administered, which has a potential to serve as a
scalable treatment. Our preliminary findings suggest that
tDCS can be a desirable option for TRD, however, its effi-
cacy may be delayed; identifying predictors of therapeutic
response may achieve more targeted application. Larger
controlled studies with optimized montages and sufficient
periods of observation are warranted.
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