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Abstract Depression is the most prevalent debilitating

mental illness; it is characterized as a disorder of mood,

cognitive function, and neurovegetative function. About one

in ten individuals experience depression at some stage of

their lives. Antidepressant drugs are used to reduce the

symptoms but relapse occurs in*20%of patients. However,

alternate therapies like brain stimulation techniques have

shown promising results in this regard. This review covers

the brain stimulation techniques electroconvulsive therapy,

transcranial direct current stimulation, repetitive transcranial

magnetic stimulation, vagus nerve stimulation, and deep

brain stimulation, which are used as alternatives to antide-

pressant drugs, and elucidates their research and clinical

outcomes.
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Introduction

Depression is a clinical condition known to result from the

disruption of brain neurochemistry [1, 2]. It is a complex

neuronal abnormality characterized by disorders of mood,

cognitive function, and neurovegetative functions [3] and

has a wide range of causes including genetic, develop-

mental, and environmental [4, 5]. Previous neurophysio-

logical imaging studies have revealed structural and

functional abnormalities in widely distributed brain

regions, including the anterior cingulate cortex [6, 7],

orbitofrontal cortex [8], dorsolateral prefrontal cortex [9],

amygdala, and hippocampus [10]. Overall, these findings

suggest that depression is associated with the activation of

regions that putatively mediate emotional and stress

responses, while areas that inhibit emotional expression

have functional abnormalities that might interfere with

modulation of the stress response. This functional imbal-

ance between cortical and limbic structures may be cor-

rected by antidepressant drugs.

Need for a Neurostimulatory Approach

Depression has no proven established therapy. One third of

depressed patients are treatment-resistant, a condition in

which they fail to respond to standard treatment therapies

i.e. antidepressants, psychotherapy, and cognitive therapies

[11]. About 40% of patients responding to antidepressant

drug therapy suffer from residual symptoms later in life,

whereas 30% do not respond to treatment at all [12].

Therefore, psychiatric researchers are searching for alter-

nate ways that may involve electrical or magnetic stimu-

lation [13] such as non-pharmacological modalities

[electroconvulsive therapy (ECT), transcranial direct cur-

rent stimulation (tDCS), repetitive transcranial magnetic

stimulation (rTMS), vagus nerve stimulation (VNS), and

deep brain stimulation (DBS)] [14–16] as a remedy for

depression [17]. This review covers the non-pharmaco-

logical treatment modalities for depression, their modes of

action (Table 1), target regions (Table 1), and clinical
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perspectives, as well comparing their safety and efficacy

based on reported research (Table 2). The physiological

impact of neurostimulatory techniques is also discussed.

Neurostimulation Techniques

Electroconvulsive Therapy

Mode of Action

ECT is the oldest therapy for treating the symptoms of

depression. This procedure is used as the second therapeutic

option for severe depression when medication and psy-

chotherapy have already been tried [18]. The patients are

given general anesthesia and a muscle relaxant before ECT

to prevent movement during the procedure. The patient’s

blood pressure, breathing, and heart rate are monitored

throughout the procedure [19]. A small electric current is

used to stimulate a cerebral brain region and induce a sei-

zure. The current is delivered through electrodes placed over

different brain areas. The electrode placement is critical and

must not interfere with cognitive behavior [19].

Electrode Placement and Target Regions

There are four methods of electrode placement, the tradi-

tional bilateral and right unilateral electrode placements,

and the bifrontal and left anterior right temporal (LART)

placements [20]. While performing ECT, brain areas

involved in self-care and orientation are not stimulated;

neither is the distance between electrodes increased, as this

would affect a large region of the brain, and likewise for

higher stimulation currents [21, 22].

The symmetric bitemporal electrode placement with one

electrode on each temple, which covers a large brain vol-

ume and induces a high level of seizure generalization, has

high efficacy but more side-effects than the other three

placements. Unilateral ECT, in which the electrodes are

placed on the right temple and to the right of the vertex, has

lower seizure generalization, efficacy and side-effects [23].

The bifrontal placement is also symmetrical and the elec-

trodes are placed 2.5 cm anterior to the bitemporal sites.

The region covered is 50% the same as that covered by the

bitemporal placement. In the LART placement, the lateral

electrode positions are the same as for bitemporal place-

ment except that the left electrode is 5 cm anterior to the

left temporal site. LART is asymmetric and interferes less

with cognitive behavior. The electrodes are placed in an

anterior position and hence are separated from the temporal

lobe and the dorsolateral prefrontal cortex (DLPFC) [20].

With respect to safety and efficacy, the UK-ECT Review

Group concluded that bilateral ECT is more effective than

unipolar ECT [24]. In addition, meta-analysis of six trials

including 256 patients concluded that real ECT is signifi-

cantly more effective than simulated (sham) ECT (stan-

dardized effect size 0.91, 95% CI -1.27 to -0.54) [24].

Clinical Perspective

Lately, ECT has been used in large-scale clinical studies of

depression and has been found to be more effective than

antidepressant drugs. A few studies have concluded that

ECT is a valid therapy for the treatment of depression,

including its severe and resistant forms [25, 26]. A 6-month

randomized trial was performed to evaluate the compara-

tive efficacy of continuation ECT (C-ECT) to prevent the

relapse of depression. The results demonstrated the relapse

Table 1 Target regions and modes of action

Modality Pre-treatment Target region Mode of action References

ECT Anesthesia or muscle

relaxant

Cerebral cortex Small electrical current to induce seizure [19]

tDCS – Cerebral cortex Low-intensity direct current (1–2 mA)

modulates neuronal excitability

[27–29]

rTMS – Cerebral cortex Magnetic pulse induces electrical current

which depolarizes target neurons

[40, 41]

VNS Implantation of pulse

generator in left chest wall

and electrodes by minor

surgery

Electrode wrapped around left vagus

nerve

Modulates levels of neurotransmitters or

their metabolites along with functional

activity of CNS regions

[56–58]

DBS Frame-based stereotaxis;

approaching deep brain

targets through a small skull

opening

Nucleus accumbens, ventral striatum,

inferior thalamic nucleus, peduncle,

lateral habenula, subgenual

cingulate

High-frequency stimulation (130–185

Hz); reduces neuronal transmission in

targeted brain region by inactivating

voltage-dependent ion channels, which

modulates and restores neuronal circuits

involved in depression

[15, 77, 78]
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Table 2 Major outcomes of clinical studies

Modality Trial title No. of

participants

Year Location Trial outcome Limitation/side effects Reference

ECT and

rTMS

A randomized, controlled

trial with 6-month follow-

up of repetitive

transcranial magnetic

stimulation and

electroconvulsive therapy

for severe depression

46 2007 USA ECT is more effective than

rTMS for short-term

treatment of depression

33% of patients reported

substantial memory

loss after ECT

[96]

tDCS A randomized, double-blind

clinical trial on the

efficacy of cortical direct

current stimulation for the

treatment of major

depression

40 2007 Israel Significant reduction in

depression scores after

DLPFC tDCS

– [33]

tDCS A double-blind, sham-

controlled trial of

transcranial direct current

stimulation for the

treatment of depression

40 2009 Australia Significant improvement in

depression scores after 10

tDCS sessions

Minor side-effects [39]

tDCS Fronto-extracephalic

transcranial direct current

stimulation as a treatment

for major depression: an

open-label pilot study

11 2011 Spain,

Australia

F-EX tDCS is safe and

effective for depression

treatment and may lead to

more rapid improvement

than bifrontal montage

tDCS

Open label pilot study [37]

rTMS A controlled trial of daily

left prefrontal cortex TMS

for treating depression

30 2000 South

Carolina,

China

Significant reduction in

depression symptoms at

the end of two weeks

Occasional mild

headache and

discomfort at site of

stimulation

[46]

rTMS Efficacy and safety of

transcranial magnetic

stimulation in the acute

treatment of major

depression: A multisite

randomized controlled

trial

301 2007 USA,

Australia

rTMS is effective in treating

major depression with

minimal side-effects

Eye disorder,

gastrointestinal

disorder, application

site pain, muscle

twitching, skin and

subcutaneous tissue

disorders

[49]

rTMS Prefrontal rTMS for treating

depression: Location and

intensity results from the

OPT-TMS multi-site

clinical trial

185 2013 USA Stimulation at 120% of

motor threshold,

unadjusted for scalp-

cortex distances are safe

for a broad range of

patients.

– [43]

VNS Vagus nerve stimulation

(VNS) for major

depressive episodes: One

year outcomes

30 2001 USA Longer-term vagus nerve

stimulation is effective in

follow-up treatment of

depression

Mild voice alteration

(21%), dyspnea (7%),

and neck pain (7%)

[60]

VNS Vagus nerve stimulation for

treatment-resistant

depression: A

randomized, controlled

acute phase trial

235 2005 USA No definitive evidence of

short-term efficacy for

adjunctive VNS in

treatment-resistant

depression

Voice alteration,

increased cough,

dysphagia, neck pain,

palpitations, wound

infection

[54]

VNS P300 is enhanced in

responders to vagus nerve

stimulation for treatment

of major depressive

disorder

13 2006 Germany Auditory ERP is a useful

tool for investigating

VNS-induced changes of

information processing in

major depressive disorder

Significant gender

difference between

groups; small sample

size

[107]
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Table 2 continued

Modality Trial title No. of

participants

Year Location Trial outcome Limitation/side effects Reference

VNS Vagus nerve stimulation for

treatment-resistant

depression: behavioral and

neural effects on encoding

negative material

1 2007 England VNS interferes with

memory for negative

information, an effect that

may contribute to its

antidepressant role

Throat tickling,

decreased heart rate

during VNS

[64]

DBS A patient with a resistant

major depression disorder

treated with deep brain

stimulation in the inferior

thalamic peduncle

1 2005 – DBS of inferior thalamic

relieves depressive

symptoms in patient with

TRD

Requires invasive

electrode implantation.

Long term safety and

efficacy needs to be

evaluated

[79]

DBS Deep brain stimulation for

treatment-resistant

depression

6 2005 Canada Positive behavioral changes

time-locked to stimulation

No sustained

antidepressant

response in two of six

patients after six

months of treatment

[15]

DBS Mood improvement after

deep brain stimulation of

the internal globus

pallidus for tardive

dyskinesia in a patient

suffering from major

depression

1 2007 Germany Dyskinesia and symptoms

of depression improve

after 18 months of

treatment. Depression

declines significantly over

the period of treatment

and shows a sustained

improvement in the last 3

months of treatment

Invasive, requires

electrode implantation

in brain

[71]

DBS Deep brain stimulation to

reward circuitry alleviates

anhedonia in refractory

major depression

3 2008 USA,

Germany

Immediate improvement in

mood when DBS is on

No side-effects in any

patients, but is

invasive, requiring

electrode implantation

in brain

[73]

DBS Deep brain stimulation of

the ventral capsule/ventral

striatum for treatment-

resistant depression

15 2009 USA Significant improvement in

depression symptoms;

DBS of VC/VS is a

promising strategy for

treating refractory

depression or TRD

DBS for long periods is

more effective.

Remission of

symptoms and

response rate to

treatment increase with

treatment duration

[82]

DBS Nucleus accumbens deep

brain stimulation

decreases ratings of

depression and anxiety in

treatment-resistant

depression

10 2010 Germany,

USA

Nucleus accumbens region

is a potential target for

treating TRD with DBS

Invasive; requires

electrode implantation

in brain

[81]

DBS Deep brain stimulation for

treatment-resistant

depression: follow-up

after 3 to 6 years

20 2011 – Progressive improvement of

functional impairment

related to social

functioning and physical

health. Supports long-term

safety and efficacy of DBS

Requires electrode

implantation in brain;

however no significant

adverse effects

[70]

DBS A multicenter pilot study of

subcallosal cingulate area

deep brain stimulation for

treatment-resistant

depression

21 2012 Canada Reduction in depression

along with significant

enhancement in mood and

improvement in severity

of depression; suggests Cg

25 as an attractive target

for implantation of DBS

electrodes to treat

depression and TRD

Invasive, requiring

electrode implantation

in brain; however no

significant adverse

effects

[80]
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of depression in 37.1% of the patients. Further studies are

needed to investigate individual patients’ tolerance and the

efficacy of treatment [18].

In summary, in terms of the efficacy of ECT, clinical

findings suggest that depression relapse is \40%. The

target area is the cerebral cortex but the exact neuronal

mechanisms that are altered in response to seizure gener-

ation are unknown. In addition, ECT is limited by the use

of anesthesia and seizure induction.

Transcranial Direct Current Stimulation

Mode of Action

tDCS has been explored in humans since the 1960s for its

effects on mood and on the treatment of depression. tDCS

delivers a low-intensity direct current to cortical areas [27].

The stimulations last for several minutes and modulate the

neuronal excitability in target cerebral regions [28].

Electrode Placement and Target Regions

The current strength reported in recent clinical trials is 1–2

mA, administered for 10–20 min per session via sponge-

based rectangular pads (nominally 25–35 cm2) [29, 30].

The procedure is classified as anodal or cathodal based on

the electrode placement over the targeted cortical region to

induce effects of interest. For example, anodal prefrontal

tDCS involves placement of the anode over the DLPFC

and cathode over the contralateral orbit (montage com-

monly used in depression trials) [31].

The stimulation is focused on the left DLPFC by pre-

cisely identifying the pF3 site using the 10/20 system. This

minimizes the hypo-activity of the left DLPFC, which is

prevalent in depression [31, 32].

Clinical Perspective

The tDCS procedure has been used to explore the functions

of cortical regions as well as being applied to the treatment of

depression [31]. In a double-blind parallel clinical trial, 40

patients suffering from major depression were divided into

three treatment groups, anodal tDCS of the left DLPFC (the

active group), anodal tDCS of the occipital cortex (the active

control group) and sham tDCS (the placebo control group).

The therapy was done in 10 sessions during 2 weeks. Later,

the mood of the patients was evaluated using Hamilton

Depression Rating Scale (HDRS) and Beck Depression

Inventory. The results showed that the treatment had almost

no side-effects and was well tolerated among all treatment

groups. At the end of the treatment a significant reduction in

depression was observed [33]. In another study, 1 or 2 mA of

tDCS was administered for 20 min/day for 2 weeks and

similar results were obtained [34]. Themechanismsmight be

related to modulation of activity in the DLPFC by changing

the membrane resting potential during stimulation and

modifying synaptic transmission [35, 36].

An additional tDCS trial was carried out on 11 depres-

sed patients. The study involved 2 mA tDCS for 20 min

every weekday for four weeks, and depression was evalu-

ated before and after the therapy. The treatment was well

tolerated and a huge decrease in depression was recorded

using the Montgomery Åsberg depression rating scale

(pb0.001) [37]. Further, augmented tDCS was used for

depressed patients resistant to pharmacological treatments.

The study included 23 patients who were treated for 5 days,

with two sessions per day. The follow-up suggested good

tolerability and efficacy [38].

In another double-blind randomized trial on 40 depres-

sed patients, anodal stimulation was given over the left

DLPFC and the cathode was placed on the lateral aspect of

the contralateral orbit. tDCS was given for 10 successive

sessions per patient and mood outcomes were evaluated

using the Montgomery–Åsberg scale. The results revealed

no adverse effects on neuropsychological function [39]. In

summary, clinical studies have demonstrated the safety,

efficacy, and good tolerability of tDCS. The stimulation of

cortical regions by a low-intensity direct current may result

in changes in membrane resting potentials and modify

synaptic transmission in the DLPFC, ultimately resulting in

significant reduction of depression.

Repetitive Transcranial Magnetic Stimulation

Mode of Action

TMS was introduced in 1985. It is a non-invasive neuro-

physiological stimulation technique for the cerebral cortex

[40]. The procedure involves the delivery of magnetic

pulses to the cortex. The magnetic pulses induce an elec-

trical current in the brain tissue which depolarizes the

target neurons [41]. rTMS can be of high frequency ([1

Hz) or low frequency (\1 Hz). Low-frequency rTMS

inhibits certain cortical regions whereas high-frequency

rTMS activates the stimulated regions [42].

Target Regions

To perform effective rTMS, the electrode placement and

stimulation intensity are critical and need attention as they

determine whether the patient will respond to therapy or not.

Johnson et al. used MRI for precise electrode positioning

and performed a multi-site rTMS trial for depression treat-

ment. The study validated that the prefrontal cortex and the

motor cortex locations are potential target sites for depres-

sion treatment, motor localization and motor thresholding
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respectively [43]. Excitatory rTMS over the left prefrontal

cortex has been well studied and is effective for depression

therapy. Inhibitory rTMS, however, is under investigation

and a functional correlation has been found for inhibition of

the right prefrontal cortex with depression [44].

Clinical Perspective

The excitation/inhibition of cortical areas by high-frequency

rTMS has been found effective for the treatment of depres-

sion [45]. In an early rTMS trial, 30 medication-free

depressed patients were randomly given either active or

sham stimulation. The patients who received active stimu-

lation were further divided into two groups: one receiving 5

Hz and the other 20 Hz. The rTMS was applied over the left

prefrontal cortex for 2 weeks and at the end of therapy a

marked decrease in depression was recorded with active

stimulation, which is promising for further antidepressant

trials using rTMS [46, 47]. rTMS has been used to reduce

depression even in patients with medication-resistant major

depression. In one study, the patients were given 15 sessions

of either active or sham rTMS delivered to the left DLPFC.

Each session was composed of 32 pulses of 10-Hz rTMS in

5 s. The results demonstrated significant reduction in

depression after active rTMS, and that more intense treat-

ment may result in greater response rates [48]. Similarly, an

rTMS trial on 301 medication-free depressed patients was

well tolerated with very few side-effects [49]. The durability

of rTMS was found promising when rTMS-based antide-

pressant therapy was assessed over 6 weeks in a randomized

trial [50]. Recently, a trial with 27 patients was performed, in

which the patients were given high-frequency rTMS (10 Hz)

over the left DLPFC for 2 weeks. The results showed

excellent acceptability (55.6% responders), however further

research is required to optimize the protocol and determine

the efficacy of stimulation [51].

In summary, rTMS is a non-invasive, painless stimulation

technique for the cerebral cortex using magnetic fields. It

induces changes in the central nervous system at the cellular

level, which ultimately are responsible for the reduction of

depression. The exact changes at the molecular level are still

unknown but current research and clinical implications

support the use of high-frequency (excitatory) rTMS for

depression therapy. However, little research is available to

support the use of inhibitory rTMS [52, 53].

Vagus Nerve Stimulation

Mode of Action

VNS modulates the concentrations of neurotransmitters or

their metabolites along with the functional activity of CNS

regions in depression and other mood-related disorders as

demonstrated by open trials [54]. This therapy has been

used in Europe and Canada to reduce the symptoms of

treatment-resistant depression (TRD) since 2001 and July

2005. The therapy has been approved by the FDA for

chronic depression or TRD patients aged 18 or above who

do not respond to other antidepressant treatments [55].

VNS therapy basically modifies the concentrations of

monoamines within the CNS. Particularly, it alters the

levels of the transmitters serotonin, norepinephrine,

GABA, and glutamate which are associated with depres-

sion [54, 56, 57]. VNS therapy involves implantation of a

pulse generator by minor surgery under local anesthesia.

The device, about the size of a pocket watch, is implanted

in the left chest wall. The implanted device is connected to

electrodes which are capable of delivering low-frequency

pulses to the left vagus nerve (VN). The electrode is

wrapped around the VN and connected to the pulse gen-

erator controlled by a physician. The patient is provided

with a magnet to switch off the pulse generator [58].

Target Regions

Neuroimaging studies have shown evidence that activity in

the thalamus and cortex in epileptic and depressed patients

is altered by VNS therapy. Changed activity in the ven-

tromedial prefrontal and orbital cortices was also recorded

[47]. These brain compartments are involved in mood

regulation and are malfunctional in patients with severe

depression [59].

Clinical Perspective

In a study in which 30 adult treatment-resistant, nonpsy-

chotic patients with major depression received 9 months of

VNS therapy, the therapy was associated with sustained

relief of depression and enhanced functional status [60]. In

a patient-level meta-analysis, adjunct VNS therapy with

treatment as usual had greater response and remission rates

than treatment as usual alone in chronic TRD patients [61].

Moreover, in an open trial with 235 patients suffering from

non-psychotic major depressive disorder or bipolar disor-

der, VNS was well tolerated and most adverse events were

reduced over time [62].

Further, in 11 patients with chronic TRD, VNS therapy

resulted in a significant decrease in depression at the end of the

study based on the HDRS, but some severe side-effects also

occurred. For instance, one patient developed pulmonary

emboli and two patients suffered from vocal cord palsies [63].

Another trial evaluated the antidepressantmechanism ofVNS

therapy and concluded that it interferes with the memory for

negative information, and this may contribute to the antide-

pressant effect. This effect was determined using functional

magnetic resonance imaging [64].
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The long-term effects of VNS therapy on TRD were

promising and associated with greater antidepressant

activity in a 12-month trial [65, 66]. Likewise, in a mul-

ticenter, double-blind trial with 331 TRD patients, adjunct

VNS at low (0.25 mA, 130 ls pulse width), medium

(0.5–1.0 mA, 250 ls), and high (1.25–1.5 mA, 250 ls)
currents were effective over 1 year [67].

In summary, VNS is the only FDA-approved therapy for

chronic depression or for TRD patients who are resistant to

pharmacological treatment. It interferes with the memory

for negative information by modifying the concentrations

of monoamines within the CNS. The therapy requires

minor surgery which affects the patients’ quality of life and

makes the procedure a bit complicated and less favorable

than the non-invasive therapies (tDCS, rTMS).

Deep Brain Stimulation

Mode of Action

DBS has been used to treat behavioral and psychiatric

disorders [68]. It is a targeted approach involving stereo-

taxic placement of unilateral or bilateral electrodes in tar-

geted brain regions. The electrodes are connected to a

permanently implanted neurostimulator that electrically

stimulates the targeted region. Although the mode of action

is unclear, hypothetically, chronic high-frequency stimu-

lation of 130–185 Hz reduces neuronal transmission in

targeted regions by inactivating voltage-dependent ion

channels [69, 70]. DBS can precisely target the brain

regions involved in depression. It can modulate and restore

the activity and function of those specific neuronal circuits

[71–73].

Electrode Placement and Target Regions

Several studies targeting different areas for treating TRD

have been reported: these include the nucleus accumbens

(NAcc), ventral striatum (VS) [74, 75], inferior thalamic

peduncle (ITP) [76], lateral habenula [77], and subgenual

cingulate cortex (Cg25) [15, 78]. A single case study by

Jimenez and colleagues reported the ITP as a competent

target area. In this study, DBS of the ITP relieved the

depressive symptoms in a patient suffering from TRD.

Electrodes were implanted for stimulation of the ITP and

its surrounding area, and continuous bipolar stimulation at

130 Hz, 0.45 ms, 2.5 V was delivered. This study reported

significant potential of ITP DBS in treating recurrent

unipolar depression [79].

In another study, Mayberg and colleagues targeted the

Cg25 area as they previously found that it is metabolically

overactive in patients with TRD. The results showed that

chronic DBS in the subgenual cingulate white matter

reversed the depression in four of six patients suffering

from refractory depression. This study showed preliminary

but promising results for the treatment of depression in

patients otherwise resistant to pharmacotherapy and psy-

chotherapy [15]. Lozano et al. in 2012 also reported a study

targeting the Cg25 region. They showed that implantation

of bilateral electrodes in the subcallosal cingulate gyrus in

TRD patients led to a significant reduction in depression.

DBS was delivered for 12 months to 21 patients implanted

with bilateral Cg25 electrodes. Using HDRS-17, an aver-

age 50% reduction in depression score was recorded during

the year. This reduction was coupled to significant

enhancement in mood and improvement in the severity of

depression. This study suggests Cg25 as an attractive target

for implantation of DBS electrodes to treat depression [80].

Similarly, DBS of the NAcc region has antidepressant,

antianhedonic, and antianxiety effects in TRD patients.

Twelve months of treatment with bilateral DBS in the

NAcc resulted in a 50% reduction of HDRS in five of 10

patients. Further, NAcc DBS reduced metabolism in the

subgenual cingulate cortex, amygdala, and prefrontal

regions, which might be the reason behind its antidepres-

sant, antianhedonic, and antianxiety effects. This study

highlights the NAcc as a potential target for the treatment

of TRD through DBS [81].

Clinical Perspective

Kosel and colleagues have demonstrated the potential of

DBS as a treatment option for TRD and movement disor-

ders [71]. In a female suffering from recurrent depres-

sion and dyskinesia for 15 years, the DBS system was

implanted bilaterally into the globus pallidus internus and

stimulated for 18 months. The results showed that both the

dyskinesia and the symptoms of depression improved.

More specifically, the dyskinesia improved significantly in

her limbs, but only slightly in the oromandibular area.

Depression declined significantly over the period of treat-

ment and showed a sustained improvement in the last 3

months of treatment.

Schalfer and colleagues in 2008 studied the effects of

DBS on anhedonia, that is the inability to experience

pleasure, a prominent symptom among depressed patients.

In this study, DBS electrodes were implanted bilaterally in

the NAcc in three patients suffering from extremely

resistant depression. The NAcc was selected because it is a

key structure in the reward system, and depression is

responsible for impaired reward processing as seen in

anhedonia. Immediate improvement in mood occurred

when DBS was on, and no side-effects were observed in

any of the patients [73]. Malone et al. investigated the

effects of DBS of the ventral capsule/ventral striatum (VC/

VS) on TRD. In 15 TRD patients, electrodes were
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implanted bilaterally in the VC/VS region for continuous

stimulation. Significant improvements in depressive

symptoms occurred during stimulation. Response rates

with the HDRS were 40% at 6 months of DBS and 53.3%

at last follow-up. Also, remission rates were 20% at 6

months and 40% at last follow-up. This study suggests that

DBS of the VC/VS is a promising strategy for treating

refractory depression or TRD [82].

Kennedy and colleagues evaluated the long-term safety

and efficacy of DBS for TRD by the extended follow-up of

20 TRD patients receiving DBS of Cg25. After an initial 12

months of DBS, the patients were tested annually for 3–6

years. An average response rate of 62.5%, 46.2%, and 75%

using HDRS-17 was seen 1, 2, and 3 years after DBS

implantation. Functional impairment related to social

functioning and physical health improved progressively

while no significant adverse effects of the DBS were

recorded [70]. In a study by Moreines et al. the safety and

efficacy of DBS of the subcallosal cingulate white matter

were evaluated. Neuropsychological functions in TRD

patients either remained stable or improved with acute and

chronic DBS [16].

In summary, DBS involves surgical placement of elec-

trodes unilaterally or bilaterally in targeted brain regions.

Its exact mode of action is unclear but clinical studies have

reported reduction in depression. However, few clinical

data are available because the procedure is critical and

requires brain surgery.

Physiological Impact of Neurostimulatory
Techniques

Stress-related disorders result in a reduction of brain-

derived neurotrophic factor (BDNF) in the hippocampus

and cortex [83]. Under normal circumstances, BDNF is

involved in the metabolism of noradrenaline and serotonin,

neurotransmitters that play significant roles in synaptic

connectivity [84]. Prolonged stress leads to depression and

it has been reported that the prefrontal cortex is abnormal

in depressed patients [85, 86]. These regions are involved

in emotional development and cognitive abilities. Any

incongruity may lead to mood disorders [87]. It has been

shown that increasing the excitability of the left DLPFC or

decreasing the excitability of the right DLFPC causes a

significant reduction in depression [88].

Neurostimulation has physiological impact on these

regions. Although little is known about the mechanism of

action of these treatment modalities, it has been suggested

that such stimulation is associated with changes in cortical

regions. This is supported by the increased neurogenesis

after ECT. The response is dose-dependent and can be

recorded up to 40 days after ECT application [89, 90].

ECT, VNS, rTMS, and tDCS increase cortical inhibition in

a similar manner. VNS, DBS, and ECT require surgery or

anesthesia which makes them undesirable. tDCS has side-

effects such as nausea, headache, and fatigue [91] but is

non-invasive, and a number of studies have reported its

safety and stability in depressed patients. A study on rTMS

involving PET has shown the desired significant effects on

prefrontal cortex with minimal or no adverse effects, and

the stimulation protocol is entirely non-invasive. These

make rTMS convincingly the future research topic for

depression treatment [92, 93, 94, 95, 88].

Comparative Analysis of Safety–Efficacy
of Neurostimulatory Techniques and Future
Challenges

Initial studies have shown that ECT is even more effective

than rTMS [96]. However, despite the greater efficacy of

ECT, its use is limited due to the adverse cognitive effects as

well as the use of anesthesia. To minimize these limitations,

a few changes were made to achieve greater control over

seizure induction. Magnetic seizure therapy (MST) has been

developed as an alternative [97]. Both ECT andMST induce

seizures but MST is more focused, and has greater antide-

pressant efficacy and better tolerability [4, 97]. Seizure

therapy is very effective in TRD but side-effects such as

frequent memory loss and cognitive effects have limited the

use of ECT/MST as long-term treatment for most patients

[98]. For long-term treatment, FDA-approved VNS can be

used [99]. It is promising and superior to other antidepressant

and has no adverse cognitive effects [100]. The therapy is

advanced and popular, but its invasiveness is a limitation for

most patients and clinicians [58].

More recently, neuroscientists have focused on non-

invasive stimulation techniques. tDCS is effective in

reducing the symptoms with minimal side-effects such as

redness, itchiness, and headache [33, 34, 39]. However, a

lot more research is required to make it a standard treat-

ment. rTMS, another non-invasive procedure has recently

attracted attention from clinicians and patients [101].

Unlike other procedures, it does not involve anesthesia,

seizures, or invasive electrode placement to stimulate focal

areas of cortex. When comparing rTMS with already

existing depression treatments, some studies have demon-

strated significant antidepressant effects of rTMS [46, 50,

102–104]. Unlike ECT, which is associated with irre-

versible cognitive effects [4, 100], the side-effects of rTMS

are mild and last for a short period of time. Hence, rTMS is

a potential therapy and can be used for effective depression

treatment in the same way as psychotherapy or pharma-

cotherapy. However, the neuronal mechanisms involved

need to be investigated [105, 106]. Moreover, despite the
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promising results, larger scale trials must be carried out

before commercialization of this treatment.

In conclusion, in this review we address the main

aspects of clinical research on neuromodulatory techniques

for treating depression. To date, no such therapy has been

used for long-term treatment because of the lack of infor-

mation regarding the neuronal processes that are altered as

well as the adverse effects that might be a risk in response

to brain stimulation therapies. Bringing such procedures to

clinics would increase the risk of mortality and raise ethical

and legal issues. However, the techniques requiring mini-

mal invasive procedures and having mild side-effects such

as rTMS must be subjected to long-term trials with detailed

follow-ups to explore the response to therapy.
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79. Jiménez F, Velasco F, Salin-Pascual R, Hernández JA, Velasco

M, Criales JL, et al. A patient with a resistant major depression

disorder treated with deep brain stimulation in the inferior tha-

lamic peduncle. Neurosurgery 2005, 57: 585–593.

80. Lozano AM, Giacobbe P, Hamani C, Rizvi SJ, Kennedy SH,

Kolivakis TT, et al. A multicenter pilot study of subcallosal

cingulate area deep brain stimulation for treatment-resistant

depression: clinical article. J Neurosurg 2012, 116: 315–322.

81. Bewernick BH, Hurlemann R, Matusch A, Kayser S, Grubert C,

Hadrysiewicz B, et al. Nucleus accumbens deep brain stimula-

tion decreases ratings of depression and anxiety in treatment-

resistant depression. Biol Psychiatry 2010, 67: 110–116.

82. Malone DA, Dougherty DD, Rezai AR, Carpenter LL, Friehs

GM, Eskandar EN, et al. Deep brain stimulation of the ventral

capsule/ventral striatum for treatment-resistant depression. Biol

Psychiatry 2009, 65: 267–275.

83. Autry AE, Monteggia LM. Brain-derived neurotrophic factor

and neuropsychiatric disorders. Pharmacol Rev 2012, 64:

238-258.

84. Reid IC, Stewart CA. How antidepressants work New perspec-

tives on the pathophysiology of depressive disorder. Br J Psy-

chiatry 2001, 178: 299–303.

85. Grimm S, Beck J, Schuepbach D, Hell D, Boesiger P, Bermpohl

F, 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: 369–376.

86. Altshuler L, Bookheimer S, Townsend J, Proenza MA, Sabb F,

Mintz J, et al. Regional brain changes in bipolar I depression: a

functional magnetic resonance imaging study. Bipolar Disord

2008, 10: 708–717.

87. Wahlund B, von Rosen D. ECT of major depressed patients in

relation to biological and clinical variables: a brief overview.

Neuropsychopharmacology 2003, 28: S21–26.

88. Speer AM, Kimbrell TA, Wassermann EM, Repella JD, Willis

MW, Herscovitch P, et al. Opposite effects of high and low

frequency rTMS on regional brain activity in depressed patients.

Biol Psychiatry 2000, 48: 1133–1141.

89. Madsen TM, Treschow A, Bengzon J, Bolwig TG, Lindvall O,

Tingström A. Increased neurogenesis in a model of electro-

convulsive therapy. Biol Psychiatry 2000, 47: 1043–1049.

90. Scott BW, Wojtowicz JM, Burnham WM. Neurogenesis in the

dentate gyrus of the rat following electroconvulsive shock sei-
zures. Experimental neurology 2000, 165: 231–236.

91. Poreisz C, Boros K, Antal A, Paulus W. Safety aspects of

transcranial direct current stimulation concerning healthy sub-

jects and patients. Brain Res Bull 2007, 72: 208–214.

92. Di Lazzaro V, Oliviero A, Pilato F, Saturno E, Dileone M, Meglio

M, et al. Effects of vagus nerve stimulation on cortical

excitability in epileptic patients. Neurology 2004, 62: 2310–2312.

93. Zuo Y, Smith DC, Jensen RA. Vagus nerve stimulation poten-

tiates hippocampal LTP in freely-moving rats. Physiol Behav

2007, 90: 583–589.

94. Bajbouj M, Lang UE, Niehaus L, Hellen FE, Heuser I, Neu P.

Effects of right unilateral electroconvulsive therapy on motor

cortical excitability in depressive patients. J Psychiatric Res

2006, 40: 322–327.

95. Wagner T, Valero-Cabre A, Pascual-Leone A. Noninvasive

human brain stimulation. Annu Rev Biomed Eng 2007, 9:

527–565.

96. Eranti S, Psych M, Mogg A, Pluck G, Landau S, Purvis R, et al. A

randomized, controlled trial with 6-month follow-up of repetitive

transcranial magnetic stimulation and electroconvulsive therapy

for severe depression. Am J Psychiatry 2007, 164: 73–81.

97. White PF, Amos Q, Zhang Y, Stool L, Husain MM, Thornton L,

et al. Anesthetic considerations for magnetic seizure therapy: a

novel therapy for severe depression. Anaesth Analg 2006, 103:

76–80.

98. Dunner DL, Rush AJ, Russell JM, Burke M, Woodard S,

Wingard P, et al. Prospective, long-term, multicenter study of

the naturalistic outcomes of patients with treatment-resistant

depression. J Clin Psychiatry 2006, 67:688–695.

99. Groves DA, Brown VJ. Vagal nerve stimulation: a review of its

applications and potential mechanisms that mediate its clinical

effects. Neurosci Biobehav Rev 2005, 29: 493–500.

100. Sackeim HA, Prudic J, Devanand D, Nobler MS, Lisanby SH,

Peyser S, et al. A prospective, randomized, double-blind com-

parison of bilateral and right unilateral electroconvulsive ther-

apy at different stimulus intensities. Arch Gen Psychiatry 2000,

57: 425–434.

101. Walter G, Martin J, Kirkby K, Pridmore S. Transcranial mag-

netic stimulation: experience, knowledge and attitudes of

recipients. Aust N Z J Psychiatry 2001, 35: 58–61.

102. Grunhaus L, Dannon PN, Schreiber S, Dolberg OH, Amiaz R,

Ziv R, et al. Repetitive transcranial magnetic stimulation is as

effective as electroconvulsive therapy in the treatment of non-

delusional major depressive disorder: an open study. Biol Psy-

chiatry 2000, 47: 314–324.

103. Pridmore S, Bruno R, Turnier-Shea Y, Reid P, Rybak M. Com-

parison of unlimited numbers of rapid transcranial magnetic

stimulation (rTMS) and ECT treatment sessions in major depres-

sive episode. Int J Neuropsychopharmacol 2000, 3: 129–134.

H. Akhtar et al.: Therapeutic Efficacy of Neurostimulation for Depression 125

123



104. Garcia-Toro M, Mayol A, Arnillas H, Capllonch I, Ibarra O,

Crespı́ M, et al. Modest adjunctive benefit with transcranial

magnetic stimulation in medication-resistant depression. J Af-

fect Disord 2001, 64: 271–275.

105. Aleman A, Slotema C, Sommer I. rTMS deserves a fair chance

as a novel treatment for depression. Acta Psychiatr Scand 2014,

130: 324–325.

106. Downar J, Geraci J, Salomons TV, Dunlop K, Wheeler S,

McAndrews MP, et al. Anhedonia and reward-circuit connectivity

distinguish nonresponders from responders to dorsomedial pre-

frontal repetitive transcranial magnetic stimulation in major

depression. Biol Psychiatry 2014, 76: 176–185.

107. Neuhaus A, Luborzewski A, Rentzsch J, Brakemeier E, Opgen-

Rhein C, Gallinat J, et al. P300 is enhanced in responders to

vagus nerve stimulation for treatment of major depressive dis-

order. J Affect Disord 2007, 100: 123–128.

126 Neurosci. Bull. February, 2016, 32(1):115–126

123


	Therapeutic Efficacy of Neurostimulation for Depression: Techniques, Current Modalities, and Future Challenges
	Abstract
	Introduction
	Need for a Neurostimulatory Approach

	Neurostimulation Techniques
	Electroconvulsive Therapy
	Mode of Action
	Electrode Placement and Target Regions
	Clinical Perspective

	Transcranial Direct Current Stimulation
	Mode of Action
	Electrode Placement and Target Regions
	Clinical Perspective

	Repetitive Transcranial Magnetic Stimulation
	Mode of Action
	Target Regions
	Clinical Perspective

	Vagus Nerve Stimulation
	Mode of Action
	Target Regions
	Clinical Perspective

	Deep Brain Stimulation
	Mode of Action
	Electrode Placement and Target Regions
	Clinical Perspective


	Physiological Impact of Neurostimulatory Techniques
	Comparative Analysis of Safety--Efficacy of Neurostimulatory Techniques and Future Challenges
	References




