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Abstract

Background: Growing attention is paid to transcranial direct current stimulation
(tDCS) as a novel neuromodulation method in the treatment of psychiatric illnesses.
In spite of its simple procedure, electrophysiological influence of tDCS is complex
and not fully understood. Therefore, its procedure and clinical application is yet to be
established. To address this issue, we reviewed and summarized reports currently
available, and proposed future directions.

Methods: We searched PubMed for the literature of tDCS, targeting depression,
cognitive enhancement or schizophrenia, sham-controlled, and repeated stimulation
sessions.

Results: Among psychiatric conditions, depression is most associated with positive
effects of tDCS, based on the recent systematic review, due to homogeneity in
methodology adopted in randomized sham-controlled trials. For cognitive enhancement
and/or treatment of schizophrenia, results are less consistent, and the methods are more
heterogeneous.

Conclusion: Large-scale well-designed trials are needed to more accurately evaluate the
efficacy of tDCS. In this article, considerations of optimal stimulation conditions are also
provided.

Keywords: Transcranial direct current stimulation, Neuromodulation, Depression,
Dementia, Cognitive function, Schizophrenia

Introduction

Growing attention is paid to transcranial direct current stimulation (tDCS) as a novel
neuromodulation method in the treatment of psychiatric illnesses. Its basic concept is
simple; applying a weak current (no more than 2 mA) over a period of time (usually
no more than 30 min) to the brain via two or more electrodes, of which at least one is
put over the scalp. The history of tDCS can be traced back to the 19th century. In
1930s, tDCS was once disregarded as a treatment tool with the advent of electrocon-
vulsive therapy. The reasons for its abandonment may also have included inconsistent
results, unknown mode of action, and the lack of reliable and reproducible methods
and verification processes (Steinberg 2013). However, the recent progress in method-
ology, reproducibility, and positive results under some conditions has facilitated the re-
naissance of tDCS. Among the neuromodulation devices currently available, e.g.
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electroconvulsive therapy (ECT), vagus nerve stimulation, and transcranial magnetic
stimulation (TMS) (Table 1), we will provide a brief overview of tDCS. Considerations
will be given to the difference from other modalities of stimulation methods, as well as
challenges to promote its clinical applications.

The most common type of tDCS is the 1x1 paradigm, which uses two (one anode and
one cathode) rubber electrodes covered by saline-soaked sponges (usually 20 to 35 cm?).

Figure 1 shows an example of how applying tDCS to a subject looks like. In terms of
safety, recent tDCS studies largely adapt the protocol including the use of sponges of 25 —
35 cm? in size and currents of 1 — 2 mA applied for up to 30 min. Similar to the case with
ECT, the mechanism of action of tDCS is not fully understood yet. There has been a con-
cept that the electrical current through the brain is believed to evoke depolarization of
neurons and increasing excitability of the cortical region below the anodal electrode, with
opposite effects on the cathodal electrode (Stagg et al. 2013). However, controversy exists
on this view (Lopez-Alonso et al. 2014; Wiethoff et al. 2014). Its excitatory effect remains
up to 90 min (Nitsche and Paulus 2001), and daily repetitive stimulations elicit prolonged
influences (Alonzo et al. 2012). Besides the effect on resting membrane potentials, tDCS
has been suggested to modify synaptic transmissions linked to glutamatergic and
GABAergic activities (Mondino et al. 2014; Stagg and Nitsche 2011). Specifically, the
after-effects of tDCS have been demonstrated to depend on modifications of NMDA-
receptor efficacy (Stagg and Nitsche 2011). The tDCS-induced excitability change is mod-
ulated by agonists or antagonists at catecholamine, acetylcholine or serotonin receptors
(Stagg and Nitsche 2011; Medeiros et al. 2012).

Contrary to its simple procedure, current flows during tDCS seem complex. Com-
pared to TMS, electric fields caused by tDCS tend to be more diffused and non-focal
(Russell et al. 2013), and interpersonal anatomical difference may affect its clinical out-
come along with change in its electrical field (Kim et al. 2014). In a computer model
experiment, the electric field is influenced by geometry of sulci and gyri between elec-
trodes (Miranda et al. 2013). Another report suggests thicknesses of the cerebrospinal

Table 1 Psychiatric neuromodulation methods compared with tDCS (adapted from (George et al. 2011))

ECT VNS T™MS DBS tDCS
Clinical Approval Depression Epilepsy TRD PD None approved
By FOA Schizophrenia  TRD Migraine TRD
etc.
OoCD
Anesthesia General General No General No
Possible Risks Amnesia Hoarseness Headache Stroke Skin redness
Delirium Cough Dizziness Infection Scalp discomfort
Scalp Seizure
discomfort
Number of sessions 8 to 12 NA 20 to 30 NA 5 to 15 sessions
for depression sessions sessions
2 to 3 sessions 3-5 sessions 3-5 sessions a
a week a week week
General cost in $800 to $1000  $5,000 $300 per session  $130,000 No more than
the US. per session to $30,000 (Stroupe et al. 2014)  TMS per session

ECT: electroconvulsive therapy, VNS: vagus nerve stimulation, TMS: transcranial magnetic stimulation, tDCS: transcranial
direct current stimulation, TRD: treatment-resistant depression, PD: Parkinson’s disease, OCD: Obsessive-compulsive
disorder, NA: not applicable
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Fig. 1 tDCS administration at National Center of Neurology and Psychiatry Hospital. A subject (front) sits on

a sofa relaxed, and a researcher (behind) controls the tDCS device (a). In this picture, anodal (b) and

cathodal (c) electrodes with 35-cm? size are put on F3 and right supraorbital region, respectively. We use a

head strap (d) for convenience and reproducibility, and also use a rubber band (e) for reducing resistance
A

fluid and the skull, the gyral depth, and the distance to the anode and cathode affect
electric field, accounting for up to 50 % of the spatial variation (Opitz et al. 2015).
Moreover, even a slight (about 5 %) drift of electrodes during stimulation can cause sig-
nificant change in electric field.(Woods et al. 2014) Therefore, current flows may vary
substantially, which may cause inconsistent effects between individuals (Horvath et al.
2014). The variations of current flow may also be associated with paradoxical stimula-
tion effects, as represented by “cathodal stimulation” and suppressing performance by
either anodal or cathodal stimulation (Filmer et al. 2013). Moreover, a couple of recent
reports suggest around half of healthy subjects do not show an expected excitatory ef-
fect on anodal tDCS (Lopez-Alonso et al. 2014; Wiethoff et al. 2014). Further, no per-
sistent excitability changes during anodal, cathodal or sham stimulation have been
reported, while polarity-independent after-effect was present (Santarnecchi et al. 2014).

Recently, high-definition tDCS (HD-tDCS), using an array of small electrodes (as
small as those for electroencephalogram), has been investigated in the context of in-
creasing the focality (Edwards et al. 2013) to reduce interpersonal variations (Miranda
et al. 2013; Datta et al. 2012). To the best of our knowledge, clinical benefits of HD-
tDCS in psychiatric conditions has not yet been reported. Also, novel approaches with
regard to types of electric currents have been studied, suggesting unique effects on neu-
rons. Transcranial alternating current stimulation (tACS) uses fluctuating and alternat-
ing polarity of current with a certain frequency, instead of direct current, and is
suggested to produce brain oscillations (Helfrich et al. 2014). Transcranial random
noise stimulation (tRNS) is a special form of tACS, with a frequency spectrum charac-
teristic of white noise (Terney et al. 2008). Head-to-head comparison of tDCS, tACS
and tRNS for tinnitus suggests tRNS elicits the largest suppressive effect on its loud-
ness (Vanneste et al. 2013).

In this review, we will focus on the current status of applications of the 1x1 tDCS
method to psychiatric conditions.
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Review

Methods

Although this is not a systematic review, we adopted following criteria for reprodu-
cibility. We searched MEDLINE using the words “transcranial direct current stimu-
lation” OR “tDCS” to find 1859 articles on 24th, March, 2015. Among them, we set
our inclusion criteria for clinical trials which 1) are written in English, 2) target de-
pression, cognitive enhancement, or schizophrenia, 3) are sham-controlled, and 4)
consist of more than one session. Our exclusion criteria were 1) animal studies and/
or 2) focusing only on online effects (change during tDCS). We also checked the
references of these articles, as well as recent reviews and meta-analyses on these
topics.

Depression

Among psychiatric conditions, depression has been most extensively studied, and
seems most promising target, although evidence is not entirely convincing. In a large
double-blind randomized controlled trial (RCT) implemented in Brazil, 120 depressed
patients were randomized with a 2x2 factorial design to sertraline, a serotonin reuptake
inhibitor used as antidepressant, or placebo, and active or sham tDCS (Brunoni et al.
2013). Compared to sham-tDCS groups, tDCS groups showed significantly greater im-
provements of depressive symptoms after 10 stimulations in 2 weeks. The benefit of
tDCS was further indicated at the end of a 4 week extension period in which two stim-
ulations (every other week) were administered (Brunoni et al. 2013).

A hypothesized rationale of treating depression with tDCS is that altered balance in
cortical activities between left and right dorsolateral prefrontal cortex (DLPFC) is re-
lated to depressive symptoms (Grimm et al. 2008). Therefore, the left DLPFC or F3
area in the international 10-20 system for electroencephalography is the main target of
anodal stimulation. On the other hand, where the cathodal electrode is placed depends
on trials. For example, right supraorbital area is commonly used (Palm et al. 2012; Loo
et al. 2010; Boggio et al. 2008; Fregni et al. 2006), while some studies adopt F4 (Brunoni
et al. 2013; Blumberger et al. 2012) or F8 area (Loo et al. 2012) in the right hemisphere.
Further, the number of stimulation sessions differs from 5 to 15, and the size of elec-
trodes also varies. A recent meta-analysis reports these methodological heterogeneities
among RCTs, while showing significant effect size (Hedges’ g of 0.37, 95 % confidence
interval of 0.04-0.7) and significant odds ratios for response (1.63, 1.26-2.12) and remis-
sion (2.50, 1.26-2.49) as a whole (Shiozawa et al. 2014). Only 259 individuals in seven
RCTs were evaluated in the meta-analysis; therefore it may be underpowered for statistical
comparison in terms of methodological optimality, such as number of sessions, duration
of one session, electrode placement, patient characteristics predicting good response, and
so forth. In terms of electrode placement, a computational modeling study of tDCS for de-
pression (Bai et al. 2014) suggests montages with the anodal electrode on frontal areas
and the cathodal on occipital or extracellular areas may result in greater stimulation of
deep structures, including anterior cingulate cortex. These authors suggest tDCS may be
effective for melancholic depression, which deserves evaluations with RCTs.

Regarding safety, 8 out of aforementioned 10 RCTs reported adverse events (AEs)
during tDCS. Most of them were mild-to-moderate, local and transient, e.g. headache,
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skin redness, tingling or itchiness. AEs related to psychiatric outcomes include suicide
commitment in the sham group (Loo et al. 2010), transient hypomania, and euphoria
in the active group (Loo et al. 2012) (one case for each event). tDCS has been reported
considerably safe, and all studies met suggested safety criteria (Bikson et al. 2009). Al-
though a large retrospective trial (Poreisz et al. 2007) and other trials suggest AEs related
to tDCS seem minor and transient, we should be aware of unreported AEs, as not all
RCTs admit systematic AE surveillance, for example by using questionnaires (Brunoni
et al. 2011).

Given its safety and effectiveness for depressive symptoms, tDCS may have advan-
tages as a treatment option in specific clinical settings. For example, its non-systemic
and non-pharmacological approach may be suitable for patients susceptible to antide-
pressants, such as pregnant women (Vigod et al. 2014), frail elderly people, and individ-
uals comorbid for neurological diseases. Even if its effect size may not be as large as
those of the first-line therapies, the additive effect of tDCS may facilitate its usage as an
augmentation treatment for depression before considering other brain stimulation
methods, in view of its cost, portability and feasibility. For instance, three RCTs with
concurrent cognitive control training have been reported, which were not included in
the abovementioned meta-analysis. One of them found significant an antidepressive ef-
fect of tDCS (Segrave et al. 2014; Brunoni et al. 2014) , while others (Vanderhasselt
et al. 2015; Brunoni et al. 2014) did not (Table 2).

Cognitive enhancement
Studies on the efficacy for treating depressive symptoms simultaneously revealed tDCS
may be benign or somehow beneficial for cognitive functions, e.g. several types of
memory, executive function, attention, and fluency (Mondino et al. 2014; Demirtas-
Tatlidede et al. 2013) (Table 3). This has promoted recent tDCS research targeting cog-
nitive enhancement in other psychiatric conditions, although a recent systematic review
is reluctant to conclude that tDCS improves cognition in depressive patients due to
methodological issues and risk of biases (Tortella et al. 2014).

Two RCTs have been conducted for healthy subjects (Meinzer et al. 2014; Martin
et al. 2013). A double-blind RCT recruiting 44 volunteers shows anodal stimulation

Table 2 RCTs of tDCS and CCT for depressed patients

Author, Year N Arms tDCS protocol Results
Segrave, 2014 27 CCT+tDCS 5 sessions in one week, Significantly more change in
(Segrave et al. 2014) ) 5 MADRS and BDI-Il over time in
Sham CCT+ 2 mA, 24 min, 35 cm CCT +1DCS than others
tDCS
CCT+sham  A/C: F3/F8
tDCS
Brunoni, 2014 37 CCT+tDCS 10 sessions in two weeks,  Both groups show recovery after
(Brunoni et al. 2014) CCT+sham 2 mA, 30 min, 25 cm? four weeks and non-significantly
tDCS Anode: F3Cathode: F4 larger improvement of HDRS and
BDI in CCT + sham tDCS
Vanderhasselt, 2015 33 CCT+tDCS 10 sessions in two weeks, 2 No significant difference in terms
(Vanderhasselt et al. 2015) CCT+sham  mA, 30 min, 25 cm?Anode:  of HDRS and BDI
tDCS F3 Cathode: F4

CCT: cognitive control training, tDCS: transcranial direct current stimulation, A/C: placement of anode/cathode electrodes,
MADRS: Montgomery-Asberg Depression Rating Scale, BDI: Beck depression inventory, HDRS: Hamilton Depression
Rating Score
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Table 3 RCTs for healthy volunteers

Author, Year N Arms tDCS protocol results

Meinzer, 2014 40 tDCS during learning 5 consecutive days, 1 tDCS was significantly better

(Meinzer et al. 2014) sessions sham tDCS mA, 20 min, 35 cm? in learning and recognition in

during learning sessions  Anode: Cp5 Cathode: new vocabularies and its benefit
right supraorbital region was maintained at one-week
follow-up.

Martin, 2013 60 tDCS sham tDCS + CT 10 sessions in 2 weeks,  No significant difference on

(Martin et al. 2013) tDCS + CT 2 mA, 30 min, 35 cm? performance on the dual
Anode: F3 Cathode: n-back task between tDCS +

right deltoid muscle CT and sham tDCS + CT in post
completion and follow-up.

CT: cognitive training (adaptive dual n-back working memory training task)

over the left posterior temporo-parietal junction for 5 consecutive days enhanced verbal
learning ability to a greater extent compared to sham-stimulation, which lasted during
the 1 week follow-up period (Meinzer et al. 2014). The other with 60 participants sug-
gests significantly better performance of an adaptive dual n-back task in active/sham
tDCS + cognitive training (CT) groups than the tDCS-only group after 10 daily ses-
sions. The active tDCS + CT group also showed significantly greater gains on a non-
trained test of attention and working memory than the tDCS-only group. On the other
hand, there were no significant differences throughout the study between active and
sham tDCS groups (Meinzer et al. 2014). Although itching and tickling were observed,
serious AEs have not been reported in either study.

As for Alzheimer’s disease (AD), four double-blind RCTs (Ferrucci et al. 2008; Boggio
et al. 2009; Boggio et al. 2012; Cotelli et al. 2014) were selected in a recent systematic
review (Nardone et al. 2015). However, we excluded two of them (Boggio et al. 2009;
Ferrucci et al. 2008), which investigated single-session effects. On the other hand, we
noticed two other RCTs; one (Khedr et al. 2014) reports a significant improvement in
the Mini-Mental Scale Examination score after 10 sessions of anodal or cathodal stimu-
lations over left DLPFC in 34 AD patients . The other (Suemoto et al. 2014), employing
40 apathetic AD patients, investigated the effect of six sessions of tDCS over 2 weeks
on apathy, and found the lack of a significant benefit on apathy and cognitive out-
comes. As shown in Table 4, studies so far conducted are largely heterogeneous in
methodology and outcomes, and the numbers of participants are small. Only one out
of 4 RCTs we selected reported AEs systematically to find tingling and scalp burning
were significantly more frequent in active tDCS (Suemoto et al. 2014).

One of the largest issues regarding tDCS for cognitive enhancement is that the ma-
jority of evidence currently available is based on data from single stimulation or online
effects. A recent qualitative analysis suggests a single-session tDCS for healthy subjects
did not show any cognitive effect (Horvath et al. 2015). A meta-regressions of 19 exper-
iments from 8 studies, targeting the left DLPFC as anode site, showed faster response
in the N-back task, a measure of working memory, in subjects administered tDCS (Bru-
noni and Vanderhasselt 2014). Among these studies including online tDCS, 18 out of
19 used the crossover design with single stimulation (Brunoni and Vanderhasselt 2014).

Another issue concerning cognitive effects of tDCS is the relation between electrode
placement and targeted cognitive domains. A single-blind RCT with various tDCS
montages showed that positioning and size of electrodes on both anode and cathode
sides affected performance on a semantic fluency task (Penolazzi et al. 2013).
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Table 4 RCTs for AD patients
Author, Year N Arms
Boggio, 2012 15%  tDCS Sham tDCS

tDCS protocol Results

5 sessions in a week, 2 Significant improvement of

(Boggio et al. 2012)

mA, 30 min, 35 cm?
Anode: T3 and T4 Cathode:
right deltoid muscle

visual recognition memory
but no significant effect on
MMSE, ADAS-Cog, VAT

Cotelli, 2014 36 tDCS+ICMT sham 10 sessions in 2 weeks, 2 No significant improvement
(Cotelli et al. 2014) tDCS + ICMT tDCS+  mA, 25 min, 25cm? Anode:  in memory except face-name
motor training F3 Cathode: right deltoid association task
muscle

Khedr, 2014 34 tDCS (Anodal F3 10 sessions in 2 weeks, 2 Both anodal and cathodal

(Khedr et al. 2014) stimulation) tDCS mA, 25 min, 24 / 100 cm? stimulation showed more
(Cathodal F3 Anode: F3 Cathode: right significant improvement in
stimulation) sham supraorbital region MMSE than sham. Reduction

tDCS of P300 is also observed in
tDCS.
Suemoto, 2014 40  tDCS sham tDCS 6 sessions in 2 weeks, 2 No significant difference in

mA, 30 min, 35 cm? Anode: Apathy, as well as ADAS-Cog
F3Cathode: right orbit and other cognitive tests

(Suemoto et al. 2014)

ICMT: individual computerized memory training, MMSE: Mini-Mental State Examination, ADAS-Cog: Alzheimer Disease
Assessment Scale Cognitive Subscale, VAT: visual attention task
*: crossover

Additionally, a recent double-blind RCT with 40 healthy subjects reports 10 sessions of
anodal stimulation on bilateral DLPFC combined with computer-assisted cognitive
training significantly enhanced verbal working memory and digit span (Park et al.
2014). In that study, the enhancement of verbal working memory lasted for 4 weeks,
suggesting the after-effects of tDCS (Park et al. 2014). Montages with multiple elec-
trodes (HD-tDCS), aiming at more focal and multi-focal stimulation, may provide a
more sophisticated strategy to determine the optimal disposition of electrodes. Avail-
able data are still insufficient, and further efforts, e.g. robust biological modeling and
computerized simulation (Truong et al. 2014), may help solve these issues. Especially,
we should be aware that precise modeling of the induced electrical fields at the level of
the individual brain is desirable in order to better estimate biological effects.

Schizophrenia

In schizophrenia, limited information is available about the effect of tDCS, and so far,
two sham-controlled RCTs have been reported (Mattai et al. 2011; Brunelin et al. 2012;
Andrade 2013). The first study (Mattai et al. 2011) was implemented to assess the toler-
ability of tDCS when applied to 12 pediatric schizophrenia patients; 10 sessions of
tDCS (20-min duration) with 2 mA current was well tolerated.

Results from another study (Brunelin et al. 2012) suggest tDCS may alleviate positive
symptoms, especially hallucinations, as well as negative symptoms. In this study, 30 schizo-
phrenia patients with medication-refractory auditory hallucinations were randomized to re-
ceive 20 min of tDCS or sham stimulation twice a day on 5 consecutive days. Left DLPFC
was stimulated with the anodal electrode and cathode was placed over the left temporo-
parietal cortex to inhibit neural activities around Broca’s area. The active group showed a
mean improvement of 31 %, which is significant, as measured by the 7-point Auditory Hal-
lucination Rating Scale (Hoffman et al. 2003). This effect lasted for 3 months, although hal-
lucinations remained in all patients. Additionally, negative symptoms, as evaluated by the
Positive and Negative Symptom Scale (PANSS) (Kay et al. 1987), were significantly
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improved with tDCS. Severe AEs were not reported, but all patients experienced a transi-
ent mild tingling or a slight itching sensation associated with the onset of stimulation.

While not sham-controlled, one RCT compared unilateral (anode on F3 and cathode
on TP3) and bilateral (anode on F3/F4 and cathode on TP3/TP4) tDCS (Fitzgerald
et al. 2014). In that study, 24 patients with schizophrenia or schizoaffective disorder
were randomized, and 11 received bilateral and 13 received unilateral tDCS once a day
for 15 sessions in 3 weeks. Neither group showed any significant improvement in
psychotic symptoms, as measured by PANSS or the Scale for the Negative Symptoms
(Andreasen 1982). The cognitive effect of unilateral or bilateral tDCS was not reported,
although some cognitive assessments were conducted (Fitzgerald et al. 2014). No major
adverse events were reported, but some patients experienced itchiness, headaches and
non-specific site discomfort.

Conclusions and recommendations

We provided an overview on the results of relative long-term effects of tDCS on clin-
ical symptoms. Needless to say, large RCTs with methodological sophistication, target-
ing several psychiatric conditions, are awaited. RCTs must follow the safety criteria
(Bikson et al. 2009) and the common protocols are electrode sizes of 25-35 cm” (gen-
erating densities ranging from 0.28-0.80 A/m?) for up to 20—40 min (Brunoni et al.
2012).

For depression, DLPFC is a rational target and results seem promising. A computed
modeling study suggests fronto-extracephalic or fronto-occipital montages may be
more efficient to stimulate DLPFC than montages used in the majority of the current
studies (Bai et al. 2014), which needs further verifications. Besides, daily stimulation is
probably preferable because one investigation suggested it can induce significantly
greater cortical excitability than tDCS every other day (Alonzo et al. 2012). The afore-
mentioned meta-analysis suggests a larger number of sessions may be more effective
(Shiozawa et al. 2014). Trials of tDCS as augmenting therapy should also be imple-
mented for other diseases we have mentioned, and future trials may want to incorpor-
ate into technologies to reduce interpersonal variability including individual anatomical
modeling, while we should also acknowledge its current technical issues. Further, con-
sidering negative results in some trials, identification of treatment-responsive character-
istics of patients is critical.

Areas of cognitive enhancement and treatment of schizophrenia, which are less estab-
lished in terms of effective methodology, merits further explorations, based on
pathophysiology-driven hypotheses. Some studies are likely to adopt the methods used
in depression trials without rationales, and findings were often not replicated. Since the
duration of each session and the total amount of current flow cannot be changed much
for safety reasons, we should primarily focus on establishing appropriate parameters. In
fact, electrode placement (including HD-tDCS) and type (mode) of current flow (in-
cluding tACS and tRNS) could be good candidates, as supported by electrophysio-
logical modeling (Truong et al. 2014; Eichelbaum et al. 2014).
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