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21.1

Introduction

The interest in using transcranial direct current stimulation (tDCS) as a complementary or alternative tool for the treatment of neurological and psychiatric disorders
has been significantly growing since the last decade, as shown by the exponential
increase of scientific publications in the field (see [1], for an overview). One key
factor for the interest in this noninvasive brain stimulation technique refers to its
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potential to modulate neural activity by acting on synaptic plasticity (e.g., [2]),
which is supposed to be abnormal in several brain disorders [2–4]. tDCS has indeed
been shown to induce long-term potentiation (LTP) and long-term depression
(LTD)–like plasticity in humans (e.g., [5–8]). In line with these premises, therapeutic effects of tDCS have been shown in numerous clinical disorders of the central
nervous system in both adult and pediatric populations. For recent reviews in the
field, see [9–14].
In the current chapter, we provide an updated overview on the therapeutic effects
of tDCS for the treatment of anxiety disorders in adult populations according to the
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) classification of
anxiety disorders [15]. In particular, we aim to examine the currently available literature on the effects of tDCS for the treatment of specific phobias (SP), social anxiety disorder (SAD), panic disorder (PD), agoraphobia, and generalized anxiety
disorder (GAD).
According to recent suggestions (e.g., [16]), one important pathological mechanism in anxiety disorders is maladaptive neuroplasticity. Evidence for altered neuroplasticity is shown by studies documenting hypoactivation of the left dorsolateral
prefrontal cortex (DLPFC) (e.g., [17, 18]) and hyperactivation of the right DLPFC
in anxiety [19]. In line with these premises, tDCS might represent a useful tool to
counteract respective patterns of maladaptive neuroplasticity by modulating pathological hypo/hyperactivation of the DLPFC in respective clinical populations.
Moreover, the link between prefrontal regions and subcortical regions involved in
threat and fear processing (e.g., amygdala) is another rationale for targeting anxiety
through modulation of the DLPFC with tDCS [20]. In fact, functional abnormalities
of the amygdala, the key neural region of the “fear circuit,” have been documented
in several anxiety disorders (see [21] for a review).
Since an extended overview of the neurophysiological foundation and mechanisms of action of tDCS is presented in this book, we are here only providing a brief
introduction dedicated to this topic. For a more exhaustive/detailed overview, please
see also the following recent reviews in the field (e.g., [8, 22–24]).

21.2

Mechanisms of Action of tDCS

tDCS is a well-established noninvasive brain stimulation tool that allows to stimulate the cerebral cortex via two or more electrodes with opposite polarities (i.e.,
anodal and cathodal) placed on the scalp and connected with a battery-driven constant current stimulator with a maximum output in the milliampere (mA) range [14].
A relatively weak electrical direct current (usually 1–2 mA) is applied via the electrodes, and a proportion of it enters the brain [6, 7, 25–28]. As a general principle,
increases of cortical excitability have been documented during and after stimulation
with the anode over the target area. On the other hand, a decreased cortical excitability was found to follow stimulation with the cathode over the respective region
[8]. A single stimulation session of up to 15-minutes duration affects cortical excitability for up to 90 minutes [7, 26, 29], and this effect can be further extended by
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repeated stimulation (i.e., cumulative effects) [5]. The prolonged effects of tDCS on
cortical excitability are linked to mechanisms of synaptic modulation, as suggested
by pharmacological studies in humans [30] and animal models [2, 3]. Evidence suggests that tDCS induces plasticity of glutamatergic synapses, which is calcium
dependent. tDCS after-effects (both anodal and cathodal) are prevented by NMDA
receptor block but enhanced by respective receptor agonists [6, 7, 31, 32]. Moreover,
GABAergic activity is reduced by both anodal and cathodal tDCS [33], and this
reduction might serve as a gating mechanism for tDCS-induced plasticity. Because
of calcium dynamics involved in glutamatergic plasticity, nonlinear effects are
observed if stimulation intensity and duration extend beyond specific limits. Low
calcium enhancement of the postsynaptic neuron induces long-term depression
(LTD), whereas high concentration is involved in long-term potentiation (LTP)
[34]. Extending calcium concentration further activates counter-regulatory mechanisms antagonizing calcium influx, and reduces or converts plasticity induction
[35]. This explains why enhancing the stimulation intensity of cathodal tDCS from
1 to 2 mA converts LTD- into LTP-like plasticity [36, 37, 38], and why extending
stimulation duration of anodal tDCS from 13 to 26 minutes results in LTD-like
plasticity [5].

21.3

 verview of the Available tDCS Studies
O
in Anxiety Disorders

Before reporting the effects of tDCS on anxiety disorders based on the DSM-5 classification, we start with a focus on the efficacy of this technique to modulate trait
anxiety, which is a common aspect of all anxiety disorders [39, 40]. Ironside and
coworkers [20] examined the effects of tDCS over the prefrontal cortex (PFC) on
the behavioral response to a threatening stimulus (i.e., participants were required to
perform an attentional task requiring them to ignore threatening face distractors) in
individuals with trait anxiety. Additionally, threat-related activation of the amygdala, which is crucially involved in fear generation, was obtained by functional
magnetic resonance imaging (fMRI). In this double-blind, within-subject, randomized clinical trial, eighteen women with high trait anxiety (age mean = 23.1; age
range, 18–42 years) were included. High trait anxiety was defined as scoring higher
than 45 on the Spielberger State-Trait Anxiety Inventory (STAI), which measures
the severity of current symptoms of anxiety and a generalized propensity to be anxious [41]. Trait anxiety was further confirmed using the Structured Clinical Interview
for DSM-IV disorders. Following a counterbalanced order, active vs. sham tDCS
was applied over the left and right DLPFC (i.e., anodal left / cathodal right DLPFC;
more details in Table 21.1), in two single sessions, separate by one month.
Immediately after (roughly 7 minutes) the end of tDCS, participants began an fMRI
emotional task with fearful or neutral facial expressions, in order to study amygdala
activation during performance of attentional control over fearful stimuli. The results
showed a reduced influence of threat distractors on task accuracy following
tDCS. Active tDCS compared to sham improved performance accuracy under low
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attentional load by reducing vigilance to threat. Importantly, this behavioral
improvement was accompanied by reduced amygdala activation and increased cortical activation (of the frontal and parietal regions) in response to fearful face distractors under tDCS. This study is an excellent example for the exploration of
neurocognitive mechanisms of tDCS on fear processing. It delivers not only information about the alteration of psychological processes via this intervention, but it
also suggests moreover respective physiological mechanisms, including activity
reduction of the amygdala, which is relevant for fear induction, by altered dorsolateral prefrontal activity generated by tDCS.

21.3.1 tDCS for the Treatment of Panic Disorder (PD)
PD is classified as an anxiety disorder characterized by recurrent panic attacks with
several symptoms such as palpitation, sweating, shaking, nausea, dizziness, derealization, and depersonalization [15]. This disorder is characterized by an alteration
of the activity of key frontal and limbic areas, such as the medial prefrontal cortex
and the amygdala [48]. Recent imaging studies have documented alterations of an
even more extended brain network (e.g., [49]), including sensory regions of the
occipital, parietal, and temporal cortices and the insula [48].
For the treatment of PD with tDCS, to date, only a case study performed by
Shiozawa et al. [43] is available. In this study, a middle-aged woman was treated
with ten stimulation sessions (once daily, five sessions per week, for 2 weeks) of
cathodal (2 mA) stimulation over the right DLPFC (for more details, refer to
Table 21.1). The Hamilton Anxiety Scale (HAS) showed a significant reduction of
anxiety symptoms, as compared to baseline scores. Moreover, this pattern remained
stable at the 30 days’ follow-up. Although promising, the results shown in this single case report are too preliminary to make any firm conclusion about the therapeutic effectiveness of tDCS for the treatment of PD. Further investigations adopting a
double-blind/sham-controlled design are recommended.

21.3.2 tDCS for the Treatment of Social Anxiety Disorder (SAD)
SAD is characterized by marked fear, anxiety, or avoidance of social interactions,
including situations in which one is scrutinized, or situations in which one is the
focus of the attention [15]. Functional and structural alterations of several neural
regions, including the fusiform gyrus, thalamus, amygdala, insula, anterior cingulate cortex (ACC), as well as the striatum and DLPFC [50] have been identified to
be involved in this disorder. This indicates that SAD, beyond the involvement of
core regions relevant for fear and anxiety, is characterized by pathological alterations in a number of additional regions involved in sensory processing and attentional control [50].
Heeren et al. [42] performed a double-blind within-subject protocol in young
female individuals with a DSM-5 diagnosis of SAD. Participants received a single
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session of anodal (2 mA) or sham tDCS over the left DLPFC (more details are
reported in Table 21.1) during conduction of a probe discrimination task assessing
Attentional Bias (AB). This task was chosen due to evidence that SAD is associated
with and maintained by AB for social threat [42]. The results document a significant
decrease in AB for threat during anodal tDCS over the left DLPFC as compared to
the respective sham stimulation condition. As for PD, the extremely limited literature in the field does not allow to derive clear conclusions about the therapeutic
effectiveness of tDCS for the treatment of SAD. Moreover, the only currently available study [42] provides only indirect evidence for some potential of tDCS for the
treatment of SAD, as the authors did not include standard clinical measures aiming
to compare SAD symptom severity before and after treatment, but used a surrogate
marker. Also here, further investigations adopting a double-blind/sham-controlled
design are recommended.

21.3.3 t DCS for the Treatment of Generalized Anxiety
Disorder (GAD)
Patients affected by GAD are characterized by persistent and excessive worries
about a number of different things such as work, family, or money [15]. In terms of
pathologically altered neural activation patterns/‑rostral anterior cingulate cortex
(sg/rACC) and medial prefrontal cortex (mPFC) has been described consistently,
while activity alterations of the amygdala and the hippocampus seem to be more
variable in GAD [50].
Shiozawa et al. [44] performed the first tDCS single case study in a middle-aged
woman affected by GAD. The authors performed 15 consecutive once-daily cathodal tDCS sessions (except for the weekends) over the right DLPFC (more details
are reported in Table 21.1); the anode was placed extracephalically over the contralateral deltoid muscle. Stimulation intensity was 2.0 mA. Anxiety symptoms measured via the HAS and Beck Anxiety Inventory (BAI) significantly improved after
15 days of treatment. This improvement remained stable at follow-ups after 30 and
45 days.
More recently [45], a total of 18 patients affected by GAD (46% females and
64% males) were randomly assigned either to (2 mA) cathodal tDCS (n = 6) over
the right DLPFC (more details are reported in Table 21.1), pharmacotherapy (n = 6),
or sham stimulation (n = 6) in a sham-controlled, double-blind parallel-group study.
Symptoms were measured via the HAS. The intervention resulted in significant
improvements of the anxiety index in the tDCS and pharmacotherapy groups, as
compared to the sham group. The difference between the active intervention methods was not significant.
Finally, Lin et al. [46] conducted a randomized, placebo-controlled, single-blind
study in which the effect of cathodal tDCS over the right DLPFC (with the reference
electrode over the contralateral mastoid) was investigated in 20 patients diagnosed
with GAD. The patients of the real stimulation group (n = 10) received 10 days of
stimulation with a current intensity of 2 mA, for 20 min per day. The Hamilton Rating
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Scales for Anxiety (HAMA) and depression (HAMD) were evaluated at baseline, 2
weeks, 4 weeks, and 8 weeks after the beginning of treatment. They found a significant improvement of the HAMA scores in the real stimulation group 2, 4, and 8 weeks
after the start of the treatment, while no symptom improvement was reported in the
group that received sham tDCS. In summary, the available study results suggest the
right DLPFC as a potential target for the treatment of GAD via cathodal tDCS. The
currently available literature in the field is however limited and does not allow to make
exhaustive conclusions about the therapeutic efficacy of this stimulation protocol for
the treatment of GAD. Nevertheless, compared to tDCS treatment of PD and SAD,
the results provided by Movahed et al. [45] and Lin et al. [46] deliver more definite
support for the therapeutic effectiveness of right DLPFC tDCS for the treatment of
anxiety disorders, as the authors tested two relatively medium-sized samples (N = 18,
N = 20 respectively), and the respective study designs were blinded. Further investigation adopting double-blind/sham-controlled designs is recommended in this regard.
Reasonable next steps to enhance the efficacy of the intervention will also include the
implementation of mechanistic studies that focus on optimizing approaches (additional stimulation areas, network stimulation, optimization of duration/intensity), and
to embrace a larger multicenter perspective.

21.3.4 tDCS for the Treatment of Agoraphobia
Agoraphobia is an anxiety disorder characterized by marked fear or anxiety of situations such as public transportation, open or enclosed spaces [15]. Neuroimaging
research [51] has pointed out an increased activation of the insula and the ventral
striatum in patients affected by agoraphobia, compared with healthy controls, during anticipation of agoraphobia-specific stimuli. No studies testing the effects of
tDCS for the treatment of agoraphobic patients have been performed so far.

21.3.5 tDCS for the Treatment of Specific Phobias (SP)
SP refers to a clinical condition characterized by marked fear, anxiety or avoidance
of specific circumstances/situations, such as animals, environments, and others
[15]. Results from neuroimaging studies suggest that SP is characterized by an
enhanced activation in the insula, DLPFC ACC, amygdala, and prefrontal/orbitofrontal cortices during the processing of phobia-related situations compared to controls [52].
Palm et al. [53] have recently performed the first open-label pilot tDCS study on
8 adult patients affected by phobic postural vertigo (PPV) to modulate disease-
related symptoms (vertigo/dizziness). A 2 mA anodal tDCS was applied over the
left DLPFC (more details are reported in Table 21.1), once per day for 5 consecutive
days. For the assessment of symptoms, the authors used the Vertigo Symptom Scale
(VSS) [54], Dizziness Handicap Inventory (DHI) [55], and the Hospital Anxiety
and Depression Scale (HADS) [56]. Overall, the results showed a significant
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reduction of DHI scores. Moreover, anxiety and depression ratings were reported to
be moderately improved, however, not significantly. In summary, as the previous
anxiety disorders examined in this chapter, the limited literature in the field does not
allow to derive firm conclusions about the therapeutic effectiveness of tDCS for the
treatment of SP. Further investigations adopting a double-blind/sham-controlled
design, as well as extended stimulation protocols, as conducted for other anxiety
disorders (see earlier), are recommended.

21.4

Discussion and Future Directions

In this chapter, we provided an overview of all published studies (N = 6) investigating
the therapeutic effectiveness of tDCS for the treatment of anxiety disorders. Moreover,
we have included a recent study testing the effects of tDCS on trait anxiety [20],
which is relevant for all anxiety disorders. Overall, the research examined in this chapter provides preliminary evidence in support of the hypothesis that tDCS is a promising therapeutic approach for the treatment of anxiety disorders. However, the
extremely limited number of investigations (a total of seven studies, with no research
in agoraphobia performed so far), the absence of double-blind/sham-controlled protocols in 4 out of 6 studies performed in anxiety disorders, and the low number of
patients in several studies (3 of 7 studies are single case studies) show serious limitations of the current state of research in the field. DLPFC is the major cortical target in
the treatment of anxiety disorders via noninvasive brain stimulation, although other
cortical targets might represent valid alternatives according to the available physiological literature in the field (see [14] for a review). For instance, in the 57% of the examined studies (4 on 7), the authors chose the right DLPFC as a target with cathodal
tDCS to treat anxiety disorders, while 28% of the studies (2 on 7) conducted anodal
tDCS over the left DLPFC (n = 2); bilateral stimulation over the DLPFC (i.e., anodal
left / cathodal right DLPFC) was conducted in one study. Since benefits were reported
in response to all types of protocols, it might be concluded that all of these approaches
are effective. This pattern of results is in line with a model proposed in a recent systematic review of our group [14], where we suggested that the stimulation of both the
left and right DLPFC with anodal and cathodal tDCS, respectively, might counteract
maladaptive plasticity of the cortico-meso-limbic network [57] in anxiety disorders,
by acting on the up/downregulation mechanisms subserved by these regions for emotional outcomes [14]. In particular, according to this model, benefits from excitatory
stimulation of the left DLPFC would be due to the relevance of this region for downregulation of negative emotion (e.g., [58]), and upregulation of positive emotion (e.g.,
[4, 59]). On the other hand, benefits from inhibitory stimulation over the right DLPFC
would be determined from the relevance of this region for downregulation of reactions
to negative emotional stimuli/outcomes, in line with evidence that this region is
involved in the upregulation of reactions to negative emotional outcomes [60].
The relevance of prefrontal regions, especially the DLPFC, in anxiety disorders
can be discussed at least from two perspectives. The first perspective includes the
involvement of the DLPFC in cognitive control of behavior and emotion [61].
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“Attentional control” and “cognitive change” are two major types of cognitive regulation of emotions that depend on PFC activity [61]. These regulatory strategies modulate both bottom-up and top-down responses to emotional stimuli, which construct
expectations for, select alternative interpretations of, and/or make different judgments
about emotional stimuli, including fearful objects and threats. This has been the rationale behind recent tDCS studies that aimed to improve emotion regulation through
enhancing cognitive control functions in emotional disorders (e.g., [62, 63]).
The second perspective regards, more specifically, the functional connectivity
between prefrontal cortical regions and subcortical areas, which allows modulation
of threat-related structures (e.g., the amygdala) [20]. While direct modulation of the
activity of subcortical regions is not as feasible as modulation of cortical regions by
noninvasive brain stimulation techniques, due to effects of regional stimulation on
cerebral networks, including subcortical structures [64], it is possible to target subcortical areas indirectly by cortical stimulation. Indeed, evidence from stimulation
of the DLPFC and motor areas suggests that tDCS can alter activation and connectivity in regions distant from the electrodes [64, 65].
In the context of research exploring the relevance of the prefrontal cortex as a
neural target for the treatment of anxiety disorders via tDCS, it might be relevant to
extend respective investigation to the ventro-medial PFC (vmPFC), whose relevance
for the treatment of anxiety disorders has been explored only with transcranial magnetic stimulation (rTMS) so far [66]. The vmPFC is reciprocally connected with the
amygdala, which is known to be dysfunctional in anxiety disorders [50, 67]. It has
moreover been shown to be directly involved in downregulation of negative affective responses [68], and upregulation of positive (rewarding) outcomes [69], which
makes it an interesting target for anxiety modulation. In the same line, stimulation
of additional areas, which have been shown to be involved in specific syndromes,
might be of interest in future studies. This might also include network stimulation
approaches.
Lastly, while in this chapter we only included the application of tDCS in anxiety
disorders according to the DSM 5 diagnostic criteria, some tDCS studies are available for effects in post-traumatic stress disorder (PTSD) and obsessive–compulsive
disorder (OCD). The results from these parallel research fields further enrich the
picture on the effects of tDCS in the treatment of anxiety and anxiety-related disorders (e.g., [70–72]). For example, van’t Wout-Frank et al. [72] observed a significant reduction of arousal (i.e., reduced skin conductance response) and a clinically
meaningful reduction of symptom severity in PTSD in response to tDCS over
the vmPFC.

21.4.1 Maximizing Clinical Efficacy
The research discussed here so far refers to pilot studies that were primarily designed
to examine the principal efficacy of tDCS in anxiety disorders, aimed to determine
whether conducting further research in the field would be promising. Most of the
studies were not designed to optimize tDCS efficacy and draw definite conclusions
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about the implementation of tDCS for clinical treatment of anxiety disorders. Based
on the principally promising results of these pilot studies, the next step would be to
design studies for optimizing the stimulation protocols in order to maximize clinical
efficacy. In this prospective, future studies are recommended to consider optimization approaches, which we will briefly discuss here. These approaches include: [15]
optimizing stimulation parameters (i.e., stimulation area, polarity, intensity, duration, repetition, etc.) and [47] combining tDCS with other techniques.
Parameters of respective stimulation protocols play an important role in the efficacy of tDCS and these should be considered and systematically investigated in
future studies. The first important parameter is the stimulation target area, which
was already briefly discussed in the previous section. Right DLPFC (4 of 7 studies)
and left DLPFC (3 of 7 studies) were the only targeted regions in the discussed studies, which are in line with the suggested up/downregulation model of anxiety disorders [14]. Yet, further studies are required to systematically investigate the effects of
unilateral / bilateral stimulation of both right and DLPFC regions, which might
enhance efficacy of interventions. Furthermore, other target areas might be attractive candidates. The medial PFC, including the VMPFC, is a potentially important
region in regulating emotions and anxiety, but also other areas, as discussed earlier,
might be relevant. Another important stimulation parameter is stimulation polarity,
which is closely associated with the intended LTP- or LTD-like effects of the target
area [6, 7, 26]. In the studies conducted so far, the right DLPFC received cathodal
stimulation to reduce excitability, and the left DLPFC anodal stimulation to enhance
excitability. The underlying rationale is to counteract respective pathological activity reductions of the left, and enhancements of the right DLPFC, which have been
identified in anxiety disorders, and share similarities with respective alterations in
depression [73].
In addition to tDCS montage (e.g., stimulation area and polarity, and also electrode size), stimulation intensity, duration, and repetition rate contribute to the efficacy of stimulation protocols. Findings from stimulation studies in other clinical
fields (e.g., tinnitus [74], cognitive functions in Parkinson’s disease [75], schizophrenia [76]) show that higher intensities of stimulation can result in more effective
symptom improvement. However, the relationship between increased intensity and
magnitude of the respective effects is not necessarily linear. It was recently shown
that different intensities of anodal stimulation have similar effects on motor cortex
plasticity at the group level [29], whereas the intensity-dependent effect of cathodal
tDCS includes nonlinearities [36, 37, 77]. However, all of the above-mentionend
studies were conducted with healthy adults. That said, the transferability of such
nonlinear effects on clinical symptoms and cognitive/behavioral performance is not
yet clear and needs further investigation. Due to pathologically altered cerebral
activity in clinical syndromes, a one-to-one transferability might not be given, and
thus titration studies in clinical populations are required to identify the optimal
stimulation intensity in anxiety disorders .
Extension of the duration of stimulation sessions and repetitive stimulation are
other factors to consider in order to improve the clinical efficacy of tDCS. tDCS
studies on motor cortex excitability show that a longer duration of tDCS within a
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specific time frame is able to prolong induced plasticity in the human motor cortex
[6, 7, 26, 78], and that repetition within specific intervals enhances efficacy [5].
However, similarly to what has been observed in terms of stimulation intensity, a
nonlinear relation between stimulation duration, repetitive stimulation, and observed
effects on cortical excitability should be taken into consideration [5, 36, 37]. Finally,
repetition rate is another important parameter to consider in order to enhance clinical efficacy of tDCS. Previous tDCS studies in clinical populations have shown that
the efficacy of tDCS over motor and prefrontal regions is boosted by repeated sessions of stimulation [79, 80]. Optimizing stimulation protocols in anxiety disorders
by adapting these parameters might improve tDCS efficacy and provide a more
realistic picture of its clinical potential. Considering that daily stimulation over 4–6
weeks is required in order to achieve a clinically significant effects of rTMS in
depression [81, 82], it might well be that most of the clinical tDCS studies conducted so far are relevantly underpowered.
In addition to the stimulation parameters discussed here, it is important to discuss the combination of tDCS with other standard interventions in anxiety disorders
as an additional optimizing strategy. Behavioral, cognitive, and psychological interventions are major treatment approaches in anxiety disorders, which can be combined with tDCS to increase clinical efficacy. Previous studies showed sustained
and longer symptom improvement following tDCS combined with cognitive training or psychological interventions in some neuropsychiatric disorders, including
depression [47, 83, 84]. The respective sustained improvement of symptoms
achieved by such combined therapies can be explained by fostering the formation of
new memories induced by therapeutic approaches, which include relearning,
enhancement of cognitive control [47], and other processes via tDCS-induced plasticity enhancement. Moreover, the combination of tDCS with pharmacological
interventions further boosts the neuroplastic effects of tDCS (for an overview, see
[4, 30]), which might have clinical relevance [85, 86].

21.5

Conclusion

In summary, the current state of research suggests that tDCS might be an efficient
tool for the treatment of anxiety disorders. However, the low number of high-quality
investigations in this field does not allow to make definite conclusions. Future investigations should not only enhance the number of available studies but also take into
account approaches that might qualitatively improve the field. These includes (1)
double-blind, sham-controlled protocols with a relatively high number of participants; (2) systematic titration of stimulation parameters such as intensity, duration,
repetition rate/intervals, and cortical targets for optimization; (3) combination of
tDCS with standard therapies such as cognitive-behavioral therapy and/or pharmacotherapy; (4) combination of tDCS with physiological measures, such as functional imaging, including fMRI, EEG, and vegetative parameters (e.g., heart rate
and skin conductance), which provide important neurophysiological indices, in
addition to the behavioral changes induced via tDCS [22]. Moreover, as suggested
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in our recent work [14], to specifically test the up/downregulation model mentioned
earlier, the exposure to positive/negative emotional stimuli should be systematically
included in future investigations in the field.
Declaration of Interests This work was supported by grants from the (1) Alexander von
Humboldt Foundation, Germany; (2) The SFB 1280—Extinction learning; (3) BMBF GCBS project (grant 01EE1403C). M.A.S receives support from the Ministry of Science, Research &
Technology, Deputy of Scholarship and Students Affairs, Iran, grant number: 95000171. All
authors declare no competing interests.

References
1. Krishnan C, Santos L, Peterson MD, Ehinger M. Safety of noninvasive brain stimulation in
children and adolescents. Brain Stimul. 2015;8(1):76–87.
2. Kronberg G, Bridi M, Abel T, Bikson M, Parra LC. Direct current stimulation modulates LTP
and LTD: activity dependence and dendritic effects. Brain Stimul. 2017;10(1):51–8.
3. Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG, Lu B. Direct current stimulation promotes BDNF-dependent synaptic plasticity: potential implications for motor learning. Neuron. 2010;66(2):198–204.
4. Nitsche MA, Müller-Dahlhaus F, Paulus W, Ziemann U. The pharmacology of neuroplasticity
induced by non-invasive brain stimulation: building models for the clinical use of CNS active
drugs. J Physiol. 2012;590(19):4641–62.
5. Monte-Silva K, Kuo MF, Hessenthaler S, Fresnoza S, Liebetanz D, Paulus W, Nitsche
MA. Induction of late LTP-like plasticity in the human motor cortex by repeated non-invasive
brain stimulation. Brain Stimul. 2013;6(3):424–32.
6. Nitsche MA, Fricke K, Henschke U, Schlitterlau A, Liebetanz D, Lang N, Henning S, Tergau
F, Paulus W. Pharmacological modulation of cortical excitability shifts induced by transcranial
direct current stimulation in humans. J Physiol. 2003;553(Pt 1):293–301.
7. Nitsche MA, Liebetanz D, Antal A, Lang N, Tergau F, Paulus W. Modulation of cortical excitability by weak direct current stimulation – technical, safety and functional aspects. Suppl Clin
Neurophysiol. 2003;56:255–76.
8. Stagg CJ, Nitsche MA. Physiological basis of transcranial direct current stimulation.
Neuroscientist. 2011;17(1):37–53.
9. Kuo MF, Paulus W, Nitsche MA. Therapeutic effects of non-invasive brain stimulation with
direct currents (tDCS) in neuropsychiatric diseases. Neuroimage. 2014;85(Pt 3):948–60.
10. Rivera-Urbina GN, Nitsche MA, Vicario CM, Molero-Chamizo A. Applications of transcranial direct current stimulation in children and pediatrics. Rev Neurosci. 2017;28(2):173–84.
11. Salehinejad MA, Wischnewski M, Nejati V, Vicario CM, Nitsche MA. Transcranial direct current stimulation in attention-deficit hyperactivity disorder: a meta-analysis of neuropsychological deficits. PLoS One. 2019;14(4):e0215095.
12. Vicario CM, Nitsche MA. Non-invasive brain stimulation for the treatment of brain diseases
in childhood and adolescence: state of the art, current limits and future challenges. Front Syst
Neurosci. 2013;7:94.
13. Vicario CM, Nitsche MA. Transcranial direct current stimulation: a remediation tool for the
treatment of childhood congenital dyslexia? Front Hum Neurosci. 2013;7:139.
14. Vicario CM, Salehinejad MA, Felmingham K, Martino G, Nitsche MA. A systematic review
on the therapeutic effectiveness of non-invasive brain stimulation for the treatment of anxiety
disorders. Neurosci Biobehav Rev. 2019;96:219–31.
15. American Psychiatric Association: Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition. Washington, DC: American Psychiatric Association Publishing; 2013.

314

C. M. Vicario et al.

16. Månsson KN, Salami A, Frick A, Carlbring P, Andersson G, Furmark T, Boraxbekk
CJ. Neuroplasticity in response to cognitive behavior therapy for social anxiety disorder.
Transl Psychiatry. 2016;6:e727.
17. Etkin A, Wager TD. Functional neuroimaging of anxiety: a meta-analysis of emotional
processing in PTSD, social anxiety disorder, and specific phobia. Am J Psychiatry.
2007;164(10):1476–88.
18. Nishimura Y, Tanii H, Fukuda M, Kajiki N, Inoue K, Kaiya H, Nishida A, Okada M, Okazaki
Y. Frontal dysfunction during a cognitive task in drug-naive patients with panic disorder as investigated by multi-channel near-infrared spectroscopy imaging. Neurosci Res.
2007;59(1):107–12.
19. Prasko J, Horácek J, Záleský R, Kopecek M, Novák T, Pasková B, Skrdlantová L, Belohlávek
O, Höschl C. The change of regional brain metabolism (18FDG PET) in panic disorder during
the treatment with cognitive behavioral therapy or antidepressants. Neuro Endocrinol Lett.
2004;25(5):340–8.
20. Ironside M, Browning M, Ansari TL, et al. Effect of prefrontal cortex stimulation on regulation
of amygdala response to threat in individuals with trait anxiety: a randomized clinical trial.
JAMA Psychiat. 2019;76(1):71–8.
21. Adolphs R. Fear, faces, and the human amygdala. Curr Opin Neurobiol. 2008;18(2):166–72.
22. Polanía R, Nitsche MA, Ruff CC. Studying and modifying brain function with non-invasive
brain stimulation. Nat Neurosci. 2018;21(2):174–87.
23. Woods AJ, Antal A, Bikson M, Boggio PS, Brunoni AR, Celnik P, Cohen LG, Fregni F,
Herrmann CS, Kappenman ES, Knotkova H, Liebetanz D, Miniussi C, Miranda PC, Paulus W,
Priori A, Reato D, Stagg C, Wenderoth N, Nitsche MA. A technical guide to tDCS, and related
non-invasive brain stimulation tools. Clin Neurophysiol. 2016;127(2):1031–48.
24. Stagg CJ, Antal A, Nitsche MA. Physiology of transcranial direct current stimulation. J
ECT. 2018;34(3):144–52.
25. Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, Paulus W, Hummel F,
Boggio PS, Fregni F, Pascual-Leone A. Transcranial direct current stimulation: state of the art
2008. Brain Stimul. 2008;1(3):206–23.
26. Nitsche MA, Paulus W. Excitability changes induced in the human motor cortex by weak
transcranial direct current stimulation. J Physiol. 2000;527(Pt 3):633–9.
27. Opitz A, Paulus W, Will S, Antunes A, Thielscher A. Determinants of the electric field during
transcranial direct current stimulation. Neuroimage. 2015;109:140.
28. Opitz A, Falchier A, Yan CG, Yeagle EM, Linn GS, Megevand P, Thielscher A, Deborah AR,
Milham MP, Mehta AD, Schroeder CE. Spatiotemporal structure of intracranial electric fields
induced by transcranial electric stimulation in humans and nonhuman primates. Sci Rep.
2016;6:31236.
29. Jamil A, Batsikadze G, Kuo H-I, et al. Systematic evaluation of the impact of stimulation
intensity on neuroplastic after-effects induced by transcranial direct current stimulation. J
Physiol. 2017;595(4):1273–88.
30. Nitsche MA, Koschack J, Pohlers H, Hullemann S, Paulus W, Happe S. Effects of frontal transcranial direct current stimulation on emotional state and processing in healthy humans. Front
Psych. 2012;3:58.
31. Nitsche MA, Liebetanz D, Schlitterlau A, Henschke U, Fricke K, Frommann K, Lang N,
Henning S, Paulus W, Tergau F. GABAergic modulation of DC stimulation-induced motor
cortex excitability shifts in humans. Eur J Neurosci. 2004;19(10):2720–6.
32. Nitsche MA, Seeber A, Frommann K, Klein CC, Rochford C, Nitsche MS, Fricke K, Liebetanz
D, Lang N, Antal A, Paulus W, Tergau F. Modulating parameters of excitability during and after
transcranial direct current stimulationof the human motor cortex. J Physiol. 2005;568(Pt 1):
291–303.
33. Stagg CJ, Best JG, Stephenson MC, O’Shea J, Wylezinska M, Kincses ZT, Morris PG,
Matthews PM, Johansen-Berg H. Polarity-sensitive modulation of cortical neurotransmitters
by transcranial stimulation. J Neurosci. 2009;29;5202–6.
34. Lisman JE. Three Ca2+ levels affect plasticity differently: the LTP zone, the LTD zone and no
man’s land. J Physiol. 2001;532(Pt 2):28.

21

Transcranial Direct Current Stimulation (tDCS) in Anxiety Disorders

315

35. Misonou H, Mohapatra DP, Park EW, Leung V, Zhen D, Misonou K, Anderson AE, Trimmer
JS. Regulation of ion channel localization and phosphorylation by neuronal activity. Nat
Neurosci. 2004;7(7):711–8.
36. Batsikadze G, Moliadze V, Paulus W, Kuo MF, Nitsche MA. Partially non-linear stimulation intensity-dependent effects of direct current stimulation on motor cortex excitability in
humans. J Physiol. 2013;591(7):1987–2000.
37. Batsikadze G, Paulus W, Kuo MF, Nitsche MA. Effect of serotonin on paired associative stimulation-induced plasticity in the human motorcortex. Neuropsychopharmacology.
2013;38(11):2260–7.
38. Mosayebi Samani M, Agboada D, Kuo MF, Nitsche MA. Probing the relevance of repeated
cathodal transcranial direct current stimulation over the primary motor cortex for prolongation
of after-effects. J Physiol. 2020;598(4):805-16.
39. Sandi C, Richter-Levin G. From high anxiety trait to depression: a neurocognitive hypothesis.
Trends Neurosci. 2009;32(6):312–20.
40. Weger M, Sandi C. High anxiety trait: a vulnerable phenotype for stress-induced depression.
Neurosci Biobehav Rev. 2018;87:27–37.
41. Julian LJ. Measures of anxiety: State-Trait Anxiety Inventory (STAI), Beck Anxiety Inventory
(BAI), and Hospital Anxiety and Depression Scale-Anxiety (HADS-A). Arthritis Care Res
(Hoboken). 2011;63(Suppl 11):S467–S72.
42. Heeren A, Billieux J, Philippot P, De Raedt R, Baeken C, de Timary P, Maurage P, Vanderhasselt
MA. Impact of transcranial direct current stimulation on attentional bias for threat: a proof-
of-concept study among individuals with social anxiety disorder. Soc Cogn Affect Neurosci.
2017;12(2):251–60.
43. Shiozawa P, da Silva M, Cordeiro Q. Transcranial direct current stimulation (tDCS) for panic
disorder: a case study. J Depress Anxiety. 2014;3:3.
44. Shiozawa P, Leiva AP, Castro CD, da Silva ME, Cordeiro Q, Fregni F, Brunoni AR. Transcranial
direct current stimulation for generalized anxiety disorder: a case study. Biol Psychiatry.
2014;75(11):e17–8.
45. Movahed FS, Goradel JA, Pouresmali A, Mowlaie M. Effectiveness of transcranial direct current stimulation on worry, anxiety, and depression in generalized anxiety disorder: a randomized, single-blind pharmacotherapy and sham-controlled clinical trial. Iran J Psychiatry Behav
Sci. 2018;12:e11071.
46. Lin Y, Zhang C, Wang Y. A randomized controlled study of transcranial direct current stimulation in treatment of generalized anxiety disorder. Brain Stimul. 2019;12(2):403.
47. Bajbouj M, Aust S, Spies J, et al. PsychotherapyPlus: augmentation of cognitive behavioral therapy (CBT) with prefrontal transcranial direct current stimulation (tDCS) in
major depressive disorder—study design and methodology of a multicenter double-blind
randomized placebo-
controlled trial. Eur Arch Psychiatry Clin Neurosci. 2018;268(8):
797–808.
48. Lai CH. Fear network model in panic disorder: the past and the future. Psychiatry Investig.
2019;16(1):16–26.
49. Sobanski T, Wagner G. Functional neuroanatomy in panic disorder: Status quo of the research.
World J Psychiatry. 2017;7(1):12–33.
50. Duval ER, Javanbakht A, Liberzon I. Neural circuits in anxiety and stress disorders: a focused
review. Ther Clin Risk Manag. 2015;11:115–26.
51. Wittmann A, Schlagenhauf F, Guhn A, Lueken U, Gaehlsdorf C, Stoy M, Bermpohl F, Fydrich
T, Pfleiderer B, Bruhn H, Gerlach AL, Kircher T, Straube B, Wittchen HU, Arolt V, Heinz A,
Ströhle A. Anticipating agoraphobic situations: the neural correlates of panic disorder with
agoraphobia. Psychol Med. 2014;44(11):2385–96.
52. Linares IM, Trzesniak C, Chagas MH, Hallak JE, Nardi AE, Crippa JA. Neuroimaging
in specific phobia disorder: a systematic review of the literature. Braz J Psychiatry.
2012;34(1):101–11. Review.
53. Palm U, Kirsch V, Kübler H, Sarubin N, Keeser D, Padberg F, Dieterich M. Transcranial direct
current stimulation (tDCS)for treatment of phobic postural vertigo: an open label pilot study.
Eur Arch Psychiatry Clin Neurosci. 2019;269(2):269–72.

316

C. M. Vicario et al.

54. Yardley L, Masson E, Verschuur C, Haacke N, Luxon L. Symptoms, anxiety and handicap in dizzy patients: development of the vertigo symptom scale. J Psychosom Res.
1992;36(8):731–41.
55. Jacobson GP, Newman CW. The development of the dizziness handicap inventory. Arch
Otolaryngol Head Neck Surg. 1990;116:424–7.
56. Zigmond AS, Snaith RP. The Hospital anxiety and depression scale. Acta Psychiatr Scand.
1983;67:361–70.
57. Banks SJ, Eddy KT, Angstadt M, Nathan PJ, Phan KL. Amygdala-frontal connectivity during
emotion regulation. Soc Cogn Affect Neurosci. 2007;2(4):303–12.
58. Peña-Gómez C, Vidal-Piñeiro D, Clemente IC, Pascual-Leone Á, Bartrés-Faz
D. Downregulation of negative emotional processing by transcranial direct current stimulation: effects of personality characteristics. PLoS One. 2011;6(7):e22812.
59. Vanderhasselt MA, De Raedt R, Brunoni AR, Campanhã C, Baeken C, Remue J, Boggio
PS. tDCS over the left prefrontal cortex enhances cognitive control for positive affective stimuli. PLoS One. 2013;8(5):e62219.
60. De Raedt R, Leyman L, Baeken C, Van Schuerbeek P, Luypaert R, Vanderhasselt MA,
Dannlowski U. Neurocognitive effects of HF-rTMS over the dorsolateral prefrontal cortex on
the attentionalprocessing of emotional information in healthy women: an event-related fMRI
study. Biol Psychol. 2010;85(3):487–95.
61. Ochsner KN, Gross JJ. The cognitive control of emotion. Trends Cogn Sci. 2005;9(5):242–9.
62. Brunoni AR, Tortella G, Benseñor IM, Lotufo PA, Carvalho AF, Fregni F. Cognitive effects of
transcranial direct current stimulation in depression: results from the SELECT-TDCS trial and
insights for further clinical trials. J Affect Disord. 2016;202:46–52.
63. Salehinejad MA, Ghanavai E, Rostami R, Nejati V. Cognitive control dysfunction in emotion dysregulation and psychopathology of major depression (MD): evidence from transcranial brain stimulation of the dorsolateral prefrontal cortex (DLPFC). J Affect Disord.
2017;210:241–8.
64. Polanía R, Paulus W, Nitsche MA. Modulating cortico-striatal and thalamo-cortical
functional connectivity with transcranial direct current stimulation. Hum Brain Mapp.
2012;33(10):2499–508.
65. Weber MJ, Messing SB, Rao H, Detre JA, Thompson-Schill SL. Prefrontal transcranial direct
current stimulation alters activation and connectivity in cortical and subcortical reward systems: a tDCS-fMRI study. Hum Brain Mapp. 2014;35(8):3673–86.
66. Paes F, Baczynski T, Novaes F, Marinho T, Arias-Carrión O, Budde H, Sack AT, Huston JP,
Almada LF, Carta M, Silva AC, Nardi AE, Machado S. Repetitive Transcranial Magnetic
Stimulation (rTMS) to treat social anxiety disorder: casereports and a review of the literature.
Clin Pract Epidemiol Ment Health. 2013;9:180–8.
67. Herry C, Ciocchi S, Senn V, Demmou L, Müller C, Lüthi A. Switching on and off fear by
distinct neuronal circuits. Nature. 2008;454(7204):600–6.
68. Diekhof EK, Geier K, Falkai P, Gruber O. Fear is only as deep as the mind allows: a coordinate-
based meta-analysis of neuroimagingstudies on the regulation of negative affect. Neuroimage.
2011;58(1):275–85.
69. Hutcherson CA, Plassmann H, Gross JJ, Rangel A. Cognitive regulation during decision making shifts behavioral control between ventromedialand dorsolateral prefrontal value systems. J
Neurosci. 2012;32(39):13543–54.
70. Brunelin J, Mondino M, Bation R, Palm U, Saoud M, Poulet E. Transcranial direct current
stimulation for obsessive-compulsive disorder: a systematic review. Brain Sci. 2018;8(2):37.
71. Gowda SM, Narayanaswamy JC, Hazari N, et al. Efficacy of pre-supplementary motor area
transcranial direct current stimulation for treatment resistant obsessive compulsive disorder: a
randomized, double blinded, sham controlled trial. Brain Stimul. 2019;12:922–9.
72. van’t Wout-Frank M, Shea MT, Larson VC, Greenberg BD, Philip NS. Combined transcranial
direct current stimulation with virtual reality exposure for posttraumatic stress disorder: feasibility and pilot results. Brain Stimul. 2019;12(1):41–3.

21

Transcranial Direct Current Stimulation (tDCS) in Anxiety Disorders

317

73. Grimm S, Beck J, Schuepbach D, et al. Imbalance between left and right dorsolateral prefrontal cortex in major depression is linked to negative emotional judgment: an fMRI study in
severe major depressive disorder. Biol Psychiatry. 2008;63(4):369–76.
74. Shekhawat GS, Sundram F, Bikson M, et al. Intensity, duration, and location of high-definition
transcranial direct current stimulation for tinnitus relief. Neurorehabil Neural Repair.
2016;30(4):349–59.
75. Boggio PS, Ferrucci R, Rigonatti SP, et al. Effects of transcranial direct current stimulation on
working memory in patients with Parkinson’s disease. J Neurol Sci. 2006;249(1):31–8.
76. Hoy KE, Arnold SL, Emonson MRL, Daskalakis ZJ, Fitzgerald PB. An investigation into
the effects of tDCS dose on cognitive performance over time in patients with schizophrenia.
Schizophr Res. 2014;155(1):96–100.
77. Mosayebi Samani M, Agboada D, Jamil A, Kuo M-F, Nitsche MA. Titrating the neuroplastic
effects of cathodal transcranial direct current stimulation (tDCS) over the primary motor cortex. Cortex. 2019;119:350–61.
78. Nitsche MA, Paulus W. Sustained excitability elevations induced by transcranial DC motor
cortex stimulation in humans. Neurology. 2001;57(10):1899–901.
79. Fregni F, Boggio PS, Nitsche MA, Rigonatti SP, Pascual-Leone A. Cognitive effects of
repeated sessions of transcranial direct current stimulation in patients with depression. Depress
Anxiety. 2006;23(8):482–4.
80. Ho K-A, Taylor JL, Chew T, et al. The effect of Transcranial Direct Current Stimulation
(tDCS) electrode size and current intensity on motor cortical excitability: evidence from single
and repeated sessions. Brain Stimul. 2016;9(1):1–7.
81. McClintock SM, Reti IM, Carpenter LL, et al. Consensus recommendations for the clinical application of Repetitive Transcranial Magnetic Stimulation (rTMS) in the treatment of
depression. J Clin Psychiatry. 2018;79(1). pii: 16cs10905.
82. O’Reardon JP, Solvason HB, Janicak PG, Sampson S, Isenberg KE, Nahas Z, McDonald WM,
Avery D, Fitzgerald PB, Loo C, Demitrack MA, George MS, Sackeim HA. Efficacy and safety
of transcranial magnetic stimulation in the acute treatment of major depression: a multisite
randomized controlled trial. Biol Psychiatry. 2007;62(11):1208–16.
83. Nejati V, Salehinejad MA, Shahidi N, Abedin A. Psychological intervention combined with
direct electrical brain stimulation (PIN-CODES) for treating major depression: a pre-test, post-
test, follow-up pilot study. Neurol Psychiatry Brain Res. 2017;25:15–23.
84. Segrave RA, Arnold S, Hoy K, Fitzgerald PB. Concurrent cognitive control training augments
the antidepressant efficacy of tDCS: a pilot study. Brain Stimul. 2014;7(2):325–31.
85. Brunoni AR, Valiengo L, Baccaro A, et al. The sertraline vs electrical current therapy for treating depression clinical study: results from a factorial, randomized, controlled trial. JAMA
Psychiat. 2013;70(4):383–91.
86. Valiengo L, Benseñor IM, Goulart AC, et al. The sertraline versus electrical current therapy
for treating depression clinical study (select-TDCS): results of the crossover and follow-up
phases. Depress Anxiety. 2013;30(7):646–53.

