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REVIEW Open Access

Biomarkers and neuromodulation
techniques in substance use disorders
Bettina Habelt1*, Mahnaz Arvaneh2, Nadine Bernhardt1 and Ivan Minev2*

Abstract

Addictive disorders are a severe health concern. Conventional therapies have just moderate success and the
probability of relapse after treatment remains high. Brain stimulation techniques, such as transcranial Direct Current
Stimulation (tDCS) and Deep Brain Stimulation (DBS), have been shown to be effective in reducing subjectively
rated substance craving. However, there are few objective and measurable parameters that reflect neural
mechanisms of addictive disorders and relapse. Key electrophysiological features that characterize substance related
changes in neural processing are Event-Related Potentials (ERP). These high temporal resolution measurements of
brain activity are able to identify neurocognitive correlates of addictive behaviours. Moreover, ERP have shown
utility as biomarkers to predict treatment outcome and relapse probability. A future direction for the treatment of
addiction might include neural interfaces able to detect addiction-related neurophysiological parameters and
deploy neuromodulation adapted to the identified pathological features in a closed-loop fashion. Such systems
may go beyond electrical recording and stimulation to employ sensing and neuromodulation in the
pharmacological domain as well as advanced signal analysis and machine learning algorithms. In this review, we
describe the state-of-the-art in the treatment of addictive disorders with electrical brain stimulation and its effect on
addiction-related neurophysiological markers. We discuss advanced signal processing approaches and multi-modal
neural interfaces as building blocks in future bioelectronics systems for treatment of addictive disorders.

Keywords: Transcranial direct current stimulation, tDCS, Deep brain stimulation, DBS, Flexible electronics,
Multimodal neural interfaces, Closed-loop systems, Addiction, Substance use disorders, Neurotransmitters, Neural
activity, Event-related potentials, ERP

Background
Addictive disorders represent a severe health issue and a

high economic burden on society. About 31 Million

people suffer from substance use disorders (SUD) world-

wide (Institute for Health Metrics and Evaluation 2018).

The duration of hospitalisation for addiction is on the

order of several months exceeding costs of about $740

billion alone in the USA for health treatment, lost work

productivity and drug-related crime (National Institute

on Drug Abuse 2017). For the two most frequently con-

sumed substances, nicotine and alcohol, the probability

of relapse within the first year after treatment reaches

80–95% (Hendershot et al. 2011) revealing a lack of

efficacy of conventional behavioural and pharmaceutical

therapies.

So called “craving”, described as a strong desire or

compulsion to consume a substance in a state of with-

drawal (World Health Organisation (WHO) 2019), is the

core feature underlying SUD (Sayette 2016; Tiffany and

Wray 2012). Assessment of craving in humans is usually

performed using questionnaires which consist of self-

ratings on statements reflecting urges, desires and intent

of substance consumption, anticipation of positive/nega-

tive outcome and relief from withdrawal as well as lack

of control of substance consumption (e.g. Alcohol Crav-

ing Questionnaire (ACQ) (Singleton et al. 1994), Mari-

huana Craving Questionnaire (MCQ) (Heishman et al.

2001), Questionnaire on Smoking Urges (QSU) (Tiffany

and Drobes 1991)). However, these assessments have

been exposed to criticism as there is neither a consistent

definition of craving nor a conclusive opinion about its
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validity to understand addictive behaviour and relapse

(Perkins 2009; Wray et al. 2013). Nevertheless, its inclu-

sion in the International Classification of Diseases (ICD-

10, WHO 2004) and the Diagnostic and Statistical Man-

ual of Mental Disorders (DSM-5, Hasin et al. 2013), em-

phasises the value of craving to predict relapse and the

need to define objective parameters for its evaluation

(Sayette 2016).

Craving is particularly triggered by cues related to the

substance (e.g. the sound of opening a beer bottle or the

smell of a cigarette). In addicted individuals two pro-

cesses are thought to consequently provoke relapse: 1.)

attentional biases toward the drug-related stimulus that

induces the urge to consume the drug and 2.) impaired

inhibition to withstand the temptation by the drug-cue

(Campanella 2016) (Fig. 1, top).

In the following review we describe neurobiological

and electrophysiological parameters associated with

craving behaviour in SUD. We present studies that

applied brain stimulation techniques to modify these

parameters within clinical treatment of addiction (Table 1).

Finally, we outline the potential of intelligent bioelectronic

devices in individually adapted therapeutic approaches

based on neurophysiological correlates of SUD.

Correlates (biomarkers) of addiction
Neurobiology

In brain imaging studies an increased activation follow-

ing drug-related cues has been observed in neuronal

structures involved in attention, reward perception, ac-

tion selection, decision making and behaviour control

(George and Koob 2010), such as the dorsolateral pre-

frontal cortex (DLPFC), ventral striatum (VS), amygdala,

orbitofrontal cortex (OFC) and anterior cingulate cortex

(ACC) (Chase et al. 2011; Hayashi et al. 2013; Kühn and

Gallinat 2011). Furthermore, craving is associated with

changes in neurotransmitter contents within these areas

as revealed by measurements using implanted biosensors

in rodent models that received drug injections, self-

administered drugs via lever pressing or showed drug-

induced conditioned place preference (D’Souza 2015;

Lenoir and Kiyatkin 2013; Malvaez et al. 2015; Rahman

Fig. 1 Application of neuroprosthetic devices in SUD. Drug-related stimuli can induce craving and subsequent relapse in drug addicted

individuals such as a glass of beer in alcoholics. The loss of inhibitory control leading to alcohol consumption is accompanied by abnormally
decreased ERP amplitudes like for N2 and P3. Neuroprosthetic systems could identify and normalise these pathological features through different

brain stimulation methods leading to improved behaviour control and decreased relapse risk
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Table 1 Summary of studies investigating the effects of brain stimulation on electrophysiological correlates of addiction

Reference Substance Subject Stimulation Study design Outcomes

Deep Brain Stimulation

Kuhn et al.
(2011)

Alcohol human Nacc Flanker task ERN↑ during 1 year of DBS

Ross et al.
(2016)

Food rat 500 msec trains, 20/130 Hz, 250–400 μA, monopolar, biphasic
into CeA

Self-administration of
sucrose pellets

DBS vs. sham: decreased proportion of responsive neurons to
reward-related food at both frequencies

Transcranial Direct Current Stimulation

Conti and
Nakamura-
Palacios (2014)

Crack-
cocaine

human 20 min, 2 mA, 35 cm2, 1x
left cathodal/right anodal vs. sham stim over DLPFC/ACC

Go/NoGo task with visual
drug-related vs. neutral
cues

tDCS vs. sham: N2↓ after drug-related images

Conti et al.
(2014)

Crack-
cocaine

human 20 min, 2 mA, 35 cm2, 1x per day over 5 days, left cathodal/right
anodal vs. sham stim over DLPFC

Go/NoGo task with visual
drug-related vs. neutral
cues

1st day
tDCS vs. sham: P3↑ after neutral, P3↓ after drug-related cues in
DLPFC
5th day
tDCS vs. sham: P3↑ after neutral and drug-related cues in
DLPFC, P3↑ after drug-related cues vs. P3↓ after neutral cues in
FPC, OFC, ACC

da Silva et al.
(2013)

Alcohol human 20 min, 2 mA, 35 cm2, 1x per week over 5 weeks
anodal vs. sham stim over left DLPFC

Go/NoGo task with visual
drug-related vs. neutral
cues

N2↑ sham & tDCS, neutral and drug-related cues
P3↑ sham, neutral cues
P3↓ sham & tDCS, drug-related cues
Density of activation ↓ after tDCS vs. sham in FPC, OFC, ACC,
DLPFC

den Uyl et al.
(2016)

Alcohol human 15 min, 1 mA, 35 cm2, 1x per day over 3 days
anodal over left DLPFC/cathodal over right supraorbital area vs.
sham stim

Alcohol oddball task with
visual drug-related vs. neu-
tral cues

tDCS vs. sham: P3↓ after drug-related cues

Nakamura-
Palacios et al.
(2012)

Alcohol human 10 min, 1 mA, 35 cm2, 1x
anodal over left DLPFC/cathodal over right supradeltoid area
vs. sham stim

passive listening to auditory
drug-related vs. neutral
cues

tDCS vs. sham: P3↑ after drug-related cues

Nakamura-
Palacios et al.
(2016)

Alcohol
Crack-
Cocaine

human 20 min (Crack-users) or 2 × 13 min (Alcoholics), 2 mA, 35 cm2, 1x
per day over 5 days, left cathodal/right anodal vs. sham stim
over DLPFC

Go/NoGo task with visual
drug-related vs. neutral
cues

Density of P3 activation ↑ after tDCS vs. sham after drug-
related cues predominantly in vmPFC

Lapenta et al.
(2014)

Food human 20 min, 2 mA, 35 cm2, 1x
left cathodal/right anodal vs. sham stim over DLPFC

Go/NoGo task with visual
food-related vs. neutral cues

tDCS vs. sham: N2↓, P3↑ in NoGo condition
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et al. 2005; Scofield et al. 2015; Wakabayashi and Kiyat-

kin 2012).

Dopamine, which is involved in various cognitive pro-

cesses like decision making and action planning, plays a

key role in the reinforcement of actions associated with

reward and positive feelings. Repetitive drug consump-

tion increases the activity of dopaminergic neurons ele-

vating dopamine concentration in the ACC, amygdala

and nucleus accumbens (NAcc) (Vollstädt-Klein et al.

2012; Ward et al. 2009). Particularly, in the NAcc, ven-

tral tegmental area (VTA) and prefrontal cortex (PFC),

dopamine is also co-released with glutamate, an excita-

tory neurotransmitter influencing impulsive behaviour

and attentional, motivational and emotional processes in

the context of drug-related stimuli. Drugs affect the glu-

tamate metabolism in different ways: while cocaine in-

take activates dopamine D1 receptors that subsequently

increase excitatory glutamate transmission, heroin and

alcohol do so by reducing GABAergic interneuron inhib-

ition on presynaptic glutamate transmission (D’Souza

2015; Lüscher and Malenka 2011).

Also increased levels of serotonin, a regulator of emo-

tions, stress and appetite, are induced by various drugs

such as alcohol, cocaine and methamphetamine. A sub-

sequent dysregulation of the serotonin metabolism is as-

sociated with anhedonia, dysphoria, depression and

anxiety during abstinence and consequently triggers

drug seeking (Belmer et al. 2016; Müller et al. 2010;

Ward et al. 2009).

Electrophysiology

Electroencephalography (EEG) is a non-invasive, pain-

less, low cost and easy-to use-method to record elec-

trical brain activity with a high temporal resolution.

While resting state-EEG records mainly spontaneous

neural activity, indicating a rather fundamental brain

state (Bai et al. 2017), Event-Related Potentials (ERP) are

induced by a stimulus representing associated sensory,

cognitive, affective and motor processes (Kappenman

and Luck 2011).

ERP are commonly defined as time-locked local posi-

tive or negative maxima within voltage waveforms re-

corded during EEG that arise from postsynaptic

potentials (PSP) of a large amount of spatially aligned

cortical pyramidal neurons. PSP are based on neuro-

transmitter bindings to the postsynaptic cell membrane

causing opening/closing of ion channels and subsequent

alterations in electrical potentials. ERP-related voltage

changes are on the order of a few microvolts (μV) lasting

tens to hundreds of milliseconds (msec). They are com-

monly named according to their polarity (positive = P,

negative = N) and latency (either in milliseconds or as

their order of appearance within the recorded waveform)

(Kappenman and Luck 2011).

Studies to investigate ERP in the context of SUD in-

volve visual or auditory substance-related stimuli pre-

sented commonly in inhibitory control paradigms such

as oddball, Go/NoGo, Stroop or Flanker tasks (Moeller

and Paulus 2018). ERP discussed in the context of SUD

include the components N170, N2/mismatch negativity

(MMN), N400, P50, N1/P2, P3, the late positive poten-

tial (LPP) and the error-related negativity (ERN) and are

now described in more detail.

N170

The N170 component occurs between 130 and 200 msec

after stimulus onset with largest amplitudes at occipito-

temporal electrode sites. It has been shown to be most

pronounced when images of faces or eyes were used as

stimuli (Earp and Everett 2013). With regard to SUD,

prolonged latencies and decreased amplitudes of the

N170 component were detected in alcoholic individuals

vs. controls in response to face images with varying

emotional expressions (Maurage et al. 2007, 2008) and

in multiple substance-addicted mothers when con-

fronted with pictures of infant faces (Landi et al. 2011).

These results might indicate altered visual or emotional

processing in SUD and a diminished neural reaction to

reward (Rutherford et al. 2013). In response to

substance-related cues, alcohol-addicted individuals dis-

played larger NoGo N170 amplitudes and a higher rate

of relapse in a 3-month follow-up assessment compared

to abstinent patients suggesting that the N170 might be

useful in evaluating substance-related visual cue sensiti-

vity and treatment success (Matheus-Roth et al. 2016).

N2

The N2 component occurs mainly at frontal electrode

sites approximately 100–350 msec after stimulus onset

and reflects an automatic response to changes in stimu-

lus properties (Sur and Sinha 2009). Its subcomponent

N2a or MMN peaks approximately 150 msec post-

stimulus and is usually induced by a deviant auditory

cue in a series of frequent, similar sounds (Campanella

et al. 2014).

In alcohol addicts vs. controls, reduced N2 amplitudes

for Go as well as NoGo task conditions (Pandey et al.

2012) and even absence of the N2 component were ob-

served in heavy drinkers, while higher N2 amplitudes for

NoGo trials compared to Go trials for alcohol-related cues

were detected in study participants with a high level of al-

cohol avoidance (Kreusch et al. 2014). A reduced N2 in

NoGo task conditions has also been observed in tobacco

smokers (Buzzell et al. 2014), cannabis users (Nicholls

et al. 2015), and, besides a prolonged latency, also in her-

oin addicts (Motlagh et al. 2016, 2017), while consumers

of methylenedioxymethamphetamine (Ecstasy, MDMA)
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displayed increased N2 amplitudes in a semantic retrieval

task (Roberts et al. 2013).

Longer latencies and increased N2 amplitudes in a vis-

ual distractor task have also been observed in multiple

substance-addicts, that discontinued treatment early

when compared to those participants that continued

treatment (Fink et al. 2016). Such data clearly illustrate

the value of the MMN as a sensitive marker of impaired

cognitive control and treatment success (Buzzell et al.

2014).

N400

The N400 is observed between 200 and 600 msec after

stimulus onset predominantly at centro-parietal sites. As

the N400 mostly occurs following visual or auditory

meaningful words, it has been associated with language

comprehension, semantic information processing and

semantic memory (Kutas and Federmeier 2011). The

N400 has been primarily studied in schizophrenia and

correlates with deficits in interpreting associations be-

tween objects or events that underlie unusual thoughts

and delusions (Jacob et al. 2019; Kiang and Gerritsen

2019). But also in the context of SUD, reduced amplitudes

and increased latencies of the N400 component have been

observed in alcohol addicts (Ceballos et al. 2005) and their

offspring (Roopesh et al. 2009) as well as frequent

cannabis consumers (Kiang et al. 2013), who additionally

displayed a disturbed semantic comprehension.

P50

The P50 component peaks between 40 and 75 msec after

an auditory stimulus mainly at central electrode sites.

After the second of two identical sounds (“paired click”

paradigm) it appears with a reduced amplitude reflecting

an inhibited response to repetitive stimuli (Campanella

et al. 2014; Sur and Sinha 2009). The P50 sensory gating

works as a preattentional inhibitory filter mechanism en-

abling attention to salient stimuli while ignoring redun-

dant or trivial information (Lijffijt et al. 2009; Sur and

Sinha 2009). A pronounced P50 sensory gating effect

has been associated with better task performance and

faster reaction times and is supposed to reflect an

individual’s ability to control attention and inhibition of

conflicting information input (Lijffijt et al. 2009).

Deficits in P50 suppression have been observed in a

variety of psychiatric diseases including SUD. Reduced

P50 difference scores relative to controls in the paired-

click paradigm have been detected in alcoholic individ-

uals (Marco et al. 2005; Sklar and Nixon 2014), tobacco

smokers (Brinkmeyer et al. 2011; Knott et al. 2010a,

2010b), cannabis consumers (Broyd et al. 2013, 2016),

cocaine addicts (Boutros et al. 1993; Boutros et al. 2002;

Fein et al. 1996) and in those under the influence of

acute amphetamine application (Light et al. 1999),

suggesting it is a marker of substance-related impaired

early sensory processing.

N1/P2

The P2 occurs between 150 and 250 msec after a visual

or auditory stimulus at fronto-central areas. Together

with the N1 component, that peaks 80–150 ms post-

stimulus at centro-temporal (auditory) or occipital (vis-

ual) areas, the P2 is also involved in sensory gating but

supposedly underlies different cognitive mechanisms

than the P50 related to triggering and allocation of at-

tention (Lijffijt et al. 2009). Here, increased amplitudes

of N1 and decreased amplitudes of P2 reflect the case of

consciously attending to a stimulus (Crowley and Col-

rain 2004). Deficits of N1/P2 sensory gating revealed by

decreased amplitudes of both components have been ob-

served in cocaine addicts vs. controls with additionally

prolonged latencies with comorbid paranoia (Boutros

et al. 2006), suggesting that the N1/P2 complex corre-

lates with perceptual aberrations (Gooding et al. 2013).

Using a visual two-alternative forced choice task,

decreased P2 amplitudes have also been detected in

frequent MDMA consumers (Casco et al. 2005). Dimin-

ished auditory N1/P2 amplitudes were further detected

in former and current tobacco smokers vs. never-

smokers correlating with years and amount of daily

consumed cigarettes (Jawinski et al. 2016).

In patients undergoing methadone maintenance treat-

ment for opiate addiction, Wang et al. (2015) detected

increased P2 amplitudes compared to healthy controls in

reaction to target stimuli in an auditory oddball task

suggestive of chronically altered sensory information

processing following prolonged opiate consumption.

P3

The P3 is a large, long-lasting component observed

between 300 and 700msec at central-parietal sites after

onset of visual or auditory stimuli. Its amplitude varies in

dependence of frequency and significance of the stimulus

and motivation and vigilance of the subject. The P3 has

been associated with a wide range of attentional, memory

and premotor decisional processes including activation of

inhibitory mechanisms (Campanella et al. 2014). A reduc-

tion in the P3 amplitude in common oddball tasks has

been shown to be a potential indicator of impaired inhibi-

tory processes and has been suggested an endophenotype

for externalizing psychopathology that should conse-

quently be used for its diagnosis and treatment (Brennan

and Baskin-Sommers 2018; Campanella 2013).

In numerous studies with alcohol use disorder (AUD)

patients, ERP following alcohol-related visual or auditory

stimuli displayed reduced amplitudes and increased la-

tencies of the P3 component compared to control sub-

jects (Cohen et al. 2002; Kathmann et al. 1996; Kreusch
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et al. 2014; Maurage et al. 2008). This has been associ-

ated with an impaired behaviour control and a higher re-

lapse probability (Iacono et al. 2002; Polich 2007).

Similar findings were reported for animal models of al-

cohol addiction (Criado and Ehlers 2009; Ehlers et al.

2014; Slawecki et al. 2003). The P3 component is there-

fore considered the best predictor and biomarker for the

relapse risk after alcohol withdrawal (Petit et al. 2015).

In addition, the P3 has been suggested as a potential

marker for vulnerability to develop AUD. In alcohol

naïve, young adult offspring of families with a history of

AUD, altered P3 patterns with higher amplitudes com-

pared to controls were identified. Furthermore, P3 am-

plitudes were equally high in Go and NoGo conditions.

This leads to the assumption that similar effort might be

necessary to distinguish between Go and NoGo and to

inhibit behaviour in the NoGo condition (Domínguez-

Centeno et al. 2018).

Similarly, a number of studies in tobacco smokers vs.

non-smokers reported increased P3 amplitudes to

smoking-related visual cues and decreased NoGo P3 am-

plitudes in Go/NoGo tasks as an indicator for condi-

tioned learning, craving, impaired behaviour control and

increased relapse risk (Littel and Franken 2012; Luijten

et al. 2016; Mashhoon et al. 2018; Piasecki et al. 2017;

Yin et al. 2016).

In cannabis users vs. controls, P3 amplitudes were re-

duced in a dose-dependent manner in a visual selective

attention task (Böcker et al. 2010) and an auditory odd-

ball task (D’Souza et al. 2012). Remarkably, the reduc-

tion in amplitudes persisted hours after consumption.

The P3 component has also been shown to display de-

terioration of clinical symptoms by cannabis consumption:

cannabis-induced alterations in emotion processing, re-

vealed by decreased P3 amplitudes during an emotional ex-

pression recognition task, were present in depressive

patients and healthy controls but more pronounced in diag-

nosed depression (Troup et al. 2017). In psychotic patients

cannabis-induced decreases in auditory P3 correlated with

severity of psychopathology (van Tricht et al. 2013).

Disturbed cognitive processing related to psychosis

as indicated by the P3 has further been investigated

in the context of psychedelic drugs. Application of

psilocybin to healthy subjects induced psychotic-like

symptoms and a disrupted auditory P3 that decreased

with increasing intensity of the psychedelic status

(Bravermanová et al. 2018). In previous moderate and

heavy MDMA consumers, reduced P3 amplitudes in a

visual discrimination task even 6 months after last

drug intake indicate long lasting impairments in cog-

nitive performance (Casco et al. 2005). Decreased

midline NoGo P3 amplitudes in a Go/NoGo task fur-

ther point to disturbed inhibitory brain mechanisms

in MDMA consumers (Gamma et al. 2005).

Effects of heroin on P3 are inconsistent. A reduced P3

amplitude in heroin users compared to controls was ob-

served during an auditory oddball task (Marques-Teix-

eira and Barbosa 2005; Motlagh et al. 2017) and short

memory task (Papageorgiou et al. 2004), while others did

not detect differences (Wang et al. 2015; Yang et al.

2009) or report increased P3 amplitudes during a visual

oddball task with heroin-related stimuli (Lubman et al.

2007; 2008).

Cocaine addicted individuals displayed reduced P3 am-

plitudes to visual (Conti et al. 2015) and auditory (Moeller

et al. 2004) drug cues. Furthermore, the P3 component

has been shown to be a suitable marker to predict relapse

also in former cocaine consumers (Bauer 1997).

In methamphetamine consumers, increased P3 ampli-

tudes to drug-related pictures (Shahmohammadi et al.

2016) and words (Haifeng et al. 2015) have been

detected at the beginning of a therapy. With increasing

duration of abstinence, P3 amplitudes normalised

suggesting treatment success.

LPP

The Late Positive Potential (LPP) is a slow wave occur-

ring 400–800 msec after presentation of visual stimuli at

fronto-central sites. It is elicited by both, pleasant and

unpleasant, emotionally salient stimuli and is therefore

associated with emotional arousal (Gibney et al. 2019).

Increased LPP amplitudes and high craving scores to

drug-related stimuli have been observed in cocaine-

addicts suggesting that the LPP reflects stimulus ap-

proaching behaviour (Franken et al. 2008). These effects

can be effectively reversed by prolonged duration of ab-

stinence as shown in a 6-month follow up assessment.

Therefore, the LPP might serve as a cocaine-related

attention bias in addicted individuals and an indicator

for treatment success (Parvaz et al. 2017).

In a study with tobacco smokers vs. non-smokers,

smoking-related pictures induced increased LPP ampli-

tudes in both groups (Deweese et al. 2018) pointing to the

fact that positive and negative feelings towards the stimu-

lus influence the LPP. Nevertheless, health warning stim-

uli on cigarette packages resulted in reduced and delayed

LPP in smokers vs. non-smokers (Stothart et al. 2016).

ERN

The error-related negativity (ERN) is a negative,

stimulus-independent component originating from the

ACC and observed at fronto-central areas approx. 60–

110 msec after a subject realizes they relayed a wrong (or

missing) response. The ERN is considered to be a moni-

toring system for error detection to prevent uncontrolled,

undesirable actions (Wauthia and Rossignol 2016).

Normally, adolescents show increasing ERN with age.

In a longitudinal study using a Flanker task, adolescents,
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who consumed tobacco later in early adulthood, dis-

played reduced amplitudes at ages 14 and 16 and slower

developmental ERN changes suggesting that an impaired

error monitoring could predict development of addictive

behaviour (Anokhin and Golosheykin 2015). These find-

ings are further supported by studies with individuals

having a family history of SUD and are therefore at risk

also to develop an addiction: offspring of cannabis con-

sumers (Euser et al. 2013) and alcoholics have been

shown to display reduced ERN similar to already

addicted individuals, supporting the ERN as an indicator

of disease status (Gorka et al. 2019). Also in cocaine-

dependent patients vs. controls reduced ERN amplitudes

in a Flanker task have been shown to reliably predict re-

lapse within 3-month (Marhe et al. 2013).

Neuromodulation strategies for addictive
disorders
Deep brain stimulation

Deep Brain Stimulation (DBS) is delivered via invasive

electrodes implanted in specific brain areas. Such sys-

tems are fully implanted and additionally include a sub-

cutaneously placed pulse generator (Alonso et al. 2016).

DBS for SUD has been applied to a small number of se-

vere and otherwise treatment resistant cases. In AUD,

DBS of the NAcc has been shown to successfully de-

crease craving and enable long-term abstinence (Heinze

2009; Kuhn et al. 2011; Müller et al. 2016; Voges et al.

2013). NAcc-DBS has also been successfully applied in a

methamphetamine-addicted patient that remained ab-

stinent for the 2-year follow up period (Ge et al. 2019).

Application of simultaneous DBS of the NAcc and an-

terior limb of the internal capsule (ALIC) in heroin ad-

dicts resulted in decreased craving and abstinence in 5

out of 8 patients (Chen et al. 2019).

Further support for NAcc-DBS comes from rodent

studies, where it has been shown to effectively reduce

seeking for cocaine (Guercio et al. 2015; Hamilton et al.

2015), methamphetamine (Batra et al. 2017) and sucrose

(Guercio et al. 2015) suggesting that NAcc-DBS dimin-

ishes general reward seeking behaviour.

So far, investigations on effects of DBS on ERP have

been restricted to patients receiving DBS as treatment

for Parkinson’s disease (PD), obsessive compulsive disor-

ders (OCD) or treatment resistant depression. Thereby,

DBS has widely been applied to the subthalamic nucleus

(STN) that is involved in motor performance and also

non-motor functions such as behaviour inhibition and

error monitoring. Recordings of visual ERP in PD pa-

tients with vs. without bilateral DBS of the STN induced

a stimulation intensity-dependent decrease of amplitudes

of N70 and P1 (Jech et al. 2006). In a visual working

memory task, STN-DBS furthermore reduced N2 ampli-

tudes while increasing its latencies (Selzler et al. 2013).

Using standard auditory oddball paradigms, no signifi-

cant changes have been detected in amplitudes of N1,

N2, P2 and P3 in PD patients when STN-DBS was

switched on vs. off (Kovacs et al. 2008; Naskar et al.

2010). However, Kovacs et al. (2008) found a positive

correlation between fronto-central P3 amplitudes and

optimal stimulation voltage and between P3 latencies

and duration of the disease. Furthermore, increased N1

latency towards the target tone was observed when DBS

was turned on (Naskar et al. 2010). Gulberti et al. (2015)

could restore deficits of auditory sensory gating in PD

patients by normalizing abnormally increased N1/P1

amplitudes and N1 latencies by chronic STN-DBS.

OCD patients receiving bilateral STN-DBS displayed a

reduced amplitude and increased latency of the P3 com-

ponent in conjunction with faster reaction times during

a stop-signal task when stimulation was switched on

(Kibleur et al. 2016).

Kibleur et al. (2017) applied DBS to the subgenual cin-

gulate gyrus (CG25) in patients suffering from treatment

resistant depression and analysed its effect on emotional

processing in a Stroop task showing pictures of faces.

DBS significantly reduced overall N170 amplitudes and

influenced emotional valence as revealed by larger N170

amplitudes in emotional vs. neutral control conditions.

In addition, increased P3 amplitudes were observed in

neutral vs. emotional trials. In a long-term study with

depressive patients treated with DBS of the subcallosal

cingulate (SCC), Hilimire et al. (2015) detected signifi-

cantly decreased P1 and P3 amplitudes for negative

words in an emotional self-referential task. This suggests

that SCC-DBS changes automatic attentional focusing

and controlled processing of negative information.

Beneficial effects of DBS on impaired auditory informa-

tion processing and sensory gating have also been shown

in a rat model of schizophrenia. By applying bilateral DBS

to the ventral hippocampus, deficits of auditory P50 and

N1 in the thalamic mediodorsal nucleus (MD) and infra-

limbic cortex were reversed (Ewing and Grace 2013).

Electrocorticography & direct electrical stimulation

Electrocorticographic (ECoG) recordings and direct elec-

trical stimulation (DES) of the cortex are performed with

epi- or subdural electrode arrays placed on the surface

of the brain. As they are not penetrating brain tissue like

DBS electrodes, ECoG arrays are associated with a lower

risk for side effects and a greater long-term stability

(Leuthardt et al. 2006).

ECoG applications are mainly used in patients suffer-

ing from medically intractable epilepsy to localize seizure

foci prior to surgical intervention (Fernández and Lod-

denkemper 2013) and for real-time functional brain

mapping to assess language, motor performance and

sensory function through application of DES via EcoG
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electrodes (Boyer et al. 2018; Caldwell et al. 2019;

Mouthaan et al. 2016).

When used for electrophysiological measurements,

ECoG–recorded ERP have been shown to correspond to

ERP measured with EEG (Krusienski and Shih 2010) and

might even been detected with potentially better accur-

acy as ECoG offers a higher spatial resolution, broader

bandwidth, higher signal sensitivity and less vulnerability

to artifacts compared to EEG (Leuthardt et al. 2006).

This is further indicated by the application of the so

called “P300 matrix speller”, an originally EEG-based

BCI system that uses ERP to enable severely disabled pa-

tients to communicate. Using ECoG signals instead of

EEG significantly improved and sped up spelling per-

formance (Brunner et al. 2011; Speier et al. 2013). Miller

et al. (2016) demonstrated that visual ERP and broad-

band changes recorded with subdural ECoG provide suf-

ficient information to enable near-instantaneous, highly

accurate identification of occurrence, timing, and cat-

egory of perceived objects.

To our knowledge, ECoG and/or DES have neither

been used for therapeutic applications nor for research

purposes related to addictive disorders so far but have

long been discussed in the context of brain computer in-

terfaces (Caldwell et al. 2019; Kapeller et al. 2014;

Leuthardt et al. 2006; Rembado et al. 2017; Schalk and

Leuthardt 2011) and therefore provide a basis for

medical closed-loop neuroprosthetics with a great poten-

tial also in treatment of addictive disorders.

Transcranial direct current stimulation

Transcranial Direct Current Stimulation (tDCS) is a

non-invasive, painless, inexpensive and easy-to-use brain

stimulation technique with minimal side effects (Bastani

and Jaberzadeh 2012). TDCS using weak electrical cur-

rents is based on a subthreshold mechanism not directly

inducing pre- or postsynaptic cell firing and rather mod-

ulates spontaneous neuronal activity (Stagg and Nitsche

2011). Cathodal stimulation induces a hyperpolarisation

of the resting membrane potential decreasing cortical

excitability, while anodal stimulation enhances it

through depolarisation of neuronal membranes (Antal

et al. 2009).

In the context of addictive disorders, tDCS has been

shown to successfully decrease craving scores in AUD

patients (den Uyl et al. 2015; Wietschorke et al. 2016),

cigarette smokers (Boggio et al. 2009), cannabis users

(Boggio et al. 2010), cocaine (Batista et al. 2015) and

heroin addicts (Wang et al. 2016) and methampheta-

mine users (Shahbabaie et al. 2014).

Several studies have been investigating the effects of

tDCS on neurophysiological parameters in healthy sub-

jects. Izzidien et al. (2016) found a significant increase in

P3 power after application of anodal stimulation over

the left motor cortex during a spelling task of an oddball

paradigm. Keeser et al. (2011) identified increased P2

and P3 amplitudes in a working memory n-back task

after anodal tDCS. Cathodal tDCS applied to the cere-

bellum, that supposedly interacts with cortical brain

areas in attentional processing, induced an amplitude re-

duction of N1, N2 and P3 components for target and

novel stimuli in a P3 novelty task (Mannarelli et al.

2016). Also, effects of tDCS on MMN were investigated

revealing increased MMN amplitudes after anodal tDCS

over the left auditory cortex and decreased sensory

discrimination following cathodal stimulation in an

auditory oddball paradigm (Impey et al. 2016).

Application of brain stimulation to modulate
electrophysiological correlates of addiction
There are numerous studies that investigated either ef-

fects of brain stimulation on subjectively rated craving,

drug seeking and consumption in humans (reviewed e.g.

in Coles et al. 2018; Luigjes et al. 2019; Salling and

Martinez 2016) and animals (reviewed e.g. in Wang

et al. 2018) or addressed electrophysiological correlates

of addiction (reviewed e.g. in Campanella et al. 2014;

Houston and Schlienz 2018; Luijten et al. 2014). Never-

theless, research on how brain stimulation modulates

neurophysiological biomarkers associated with addictive

behaviour remains sparse (Table 1). This is expected to

be important in a closed-loop neuromodulation system

where stimulation parameters will be adjusted in re-

sponse to a dynamically changing biomarker.

Due to its invasiveness DBS has not yet been widely ap-

plied for the treatment of SUD. Kuhn et al. (2011) report,

that after 1 year of NAcc-DBS treatment in an alcohol

addicted patient, an increased, normalised ERN in parallel

with decreased craving and alcohol consumption was ob-

served. They further speculate, that such positive effect of

DBS on addictive behaviour originates from an enhanced

cognitive control through improved ACC functioning.

In rats, Ross et al. (2016) examined effects of DBS of

the central nucleus of the amygdala (CeA) on the reward

circuitry that is dysregulated in addiction. During DBS,

animals stopped lever pressing for sucrose pellets and

rejected freely available food rewards. Taste reactivity

tests revealed aversive reactions to usually liked food

tastes under influence of DBS. Neural spike recordings

furthermore indicated a decreased response of CeA neu-

rons to reward-related stimuli showing that modulation

of CeA activity through DBS is able to diminish craving

for rewards. To our knowledge, there are no further

studies that examined the influence of DBS on

substance-related ERP abnormalities.

A few more studies applied tDCS to modify addiction-

related ERP changes. Conti, Nakamura-Palacios and col-

leagues (2014, 2016) used single and repeated bilateral
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tDCS in crack-cocaine addicts targeting the DLPFC and

ACC. ERP measurements before and after stimulation

revealed a significant reduction of the N2 over the ACC

and the P3 over the DLPFC for crack-related images

after a single tDCS session. Additionally, repeated tDCS

up to 5 days increased the P3 component for drug-

related cues over wider cortical areas, which correlated

with lesser relapses and therapy dropouts and might in-

dicate an improved behaviour control after repetitive

tDCS treatment (Conti and Nakamura-Palacios 2014;

Conti et al. 2014; Nakamura-Palacios et al. 2016).

In alcohol addicted individuals, repeated (two sessions)

tDCS induced an increased P3 for alcohol related pic-

tures with a dominant activation within the vmPFC

(Nakamura-Palacios et al. 2016) while den Uyl et al.

(2016) observed a slight reduction of the P3 component

for alcohol related images after 3 stimulation sessions

over the DLPFC, possibly indicating a reduced sensitivity

for alcohol related stimuli. Nakamura-Palacios et al.

(2012) detected an increased P3 amplitude for alcohol-

related sounds after a single bilateral tDCS session. This

was further accompanied with improved performance in

the Frontal Assessment Battery that involves evaluation

of executive functions, memory and calculation skills. As

frontal dysfunction is associated with deficiencies in in-

hibition, tDCS-induced frontal enhancement might

therefore contribute to improved behaviour control in

alcoholic individuals.

Craving also plays a role in addictive eating disorders.

Lapenta et al. (2014) observed a decreased N2 and en-

hanced P3 amplitude for visual NoGo stimuli after a sin-

gle bilateral tDCS session in obese patients. Additionally,

tDCS could reduce food consumption. This, further-

more, underlines the modulatory effects of tDCS on the

inhibitory control circuitry.

Taken together, the presented studies demonstrate a

measurable effect of tDCS on electrophysiological

markers of SUD. Markers of SUD have also been shown

to quantitatively correlate with the applied stimulation

parameters (number of sessions, duration, dosage) and

targeted brain area. The reported effects are so far re-

stricted to the N2 and P3 components in a small num-

ber of crack-cocaine and alcohol addicted individuals.

Therefore, research needs to be extended to further clar-

ify the influence of brain stimulation on ERP in the con-

text of substance-related disorders and to define optimal

stimulation settings. For DBS the limited availability of

data does not yet allow a conclusion about its influence

on neurophysiological markers in SUD.

Future directions: intelligent closed loop systems
The existing non-invasive brain stimulation studies for

addictive disorders have been mainly delivered in an

“open-loop”, “one-size-fits-all” fashion. In other words,

the stimulation parameters (e.g. intensity, frequency,

timing and target site of the stimulation) are the same

for all the participants and do not vary over the time

with changes in the current brain states. However, many

factors including differences in brain anatomical features

across participants, heterogeneity of addictive disorders

and considerable changes in brain-states over time

would suggest that using brain stimulation in an “open-

loop”, “one-size-fits-all” fashion could not be optimum

and might be the main reason for the observed large in-

ter- and intra-individual variability in the response to

brain stimulations (Li et al. 2015).

The effectiveness of brain stimulation in addictive dis-

orders can be further enhanced by providing individua-

lised closed-loop brain stimulation, where the

parameters of stimulation (e.g. precise target site and in-

tensity of stimulation) are defined for each individual

separately and adjusted over the time based on consecu-

tive and concurrent recordings of brain activity (Zrenner

et al. 2016). For example, a pre-defined parameter (e.g.

neural activity in the form of ERP) can be constantly

monitored and adjusted to a desired target value. This

would mean that a stimulation is applied only when an

abnormal neural activity specific for a given disease (e.g.

modified ERP-amplitudes and latencies in addicted indi-

viduals when confronted with drug-associated cues) is

measured (Fig. 1).

Electrophysiological signals recorded immediately be-

fore starting the brain stimulation can be used to iden-

tify relatively stable spatial information that have large

inter-subject but small intra-subject variability. For ex-

ample, through spatial localization of certain ERP com-

ponents and relevant oscillations, the precise target site

and optimal position of the stimulation can be calculated

for each individual using advanced high-density EEG

source localization and connectivity techniques

(Bergmann et al. 2016).

Recent advances in the development of machine

learning algorithms in the context of EEG-based brain

machine interfaces used e.g. logistic regression, Bayes

estimation, support vector machines (Abibullaev and

Zollanvari 2019), convolutional or recurrent neural

networks (Lawhern et al. 2018; Roy et al. 2019) to

identify specific electrophysiological neural features

in real-time using continuously recorded neural ac-

tivity. Brain potentials thereby classified as “patho-

logical” could be used to adjust stimulation to

normalise neural activity and improve behaviour

control enabling an individually and situationally

adapted intervention (Campanella 2013). Further-

more, this would reduce side effects observed in

continuous stimulation like impaired speech, gait

disorders and cognitive deficits induced by DBS

(Buhmann et al. 2017).
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To have a successful intelligent closed-loop brain

stimulation for addictive disorders, the following meth-

odological challenges need to be carefully addressed.

The identified neural features need to be sufficiently ro-

bust against noise and artifacts in order to be reliably

monitored in real-time (Arvaneh and Tanaka 2018;

Kaplan et al. 2005). Moreover, the analysis pipeline

needs to be sufficiently fast. Generally, the high temporal

resolution provided by EEG should allow a real-time

closed loop brain stimulation approach. However, the

EEG is known to have a low spatial resolution (Hu et al.

2011). Thus, averaging across multiple trials might be

necessary to make a reliable decision about changes of a

specific EEG component. However, this might yield a

delay in a closed loop system and reduces its effective-

ness. Advanced machine learning algorithms and spatial

filters are necessary to increase the spatial resolution of

EEG signals, leading to reliable closed loop brain stimu-

lations. Depending on the site of the stimulation, an-

other challenge in the design of a successful closed-loop

brain stimulation could be the brain stimulation-related

artifacts in EEG (Helfrich et al. 2014). Removing these

artifacts require advanced spatial filtering and template

subtraction techniques (Marshall et al. 2016; Helfrich

et al. 2014).

Future directions: multimodal neural systems for
addiction therapy
The realisation of neuroprosthetic systems for treating

addictive disorders will depend on reliable monitoring of

biomarkers and delivery of neuromodulation. This may

be achieved using invasively implanted probes which

offer advantages in terms of spatial and temporal select-

ivity. Electrode arrays have for some time formed the

basis of clinical systems for delivering tonic stimulation

to basal ganglia or for recording neural activity from the

cortical surface (Coffey 2009; Cook et al. 2013). As the

nervous system is also a chemical and thermal machine,

recording and neuromodulation do not need to be re-

stricted to the electrical domain only. A multi-modal ap-

proach may enable exploration of synergistic effects

(decrease of stimulation/inhibition thresholds), decoup-

ling of stimulation and recording (reducing artifacts in

feedback sensor signals), side effect management or con-

trol of function in specific neural circuits (Frank et al.

2019; Kleinbart et al. 2018; Minev et al. 2015). These

potential benefits are still not exploited in clinical

devices but reports of hybrid interfaces are growing in

the pre-clinical literature.

Neurotransmitter sensing can be facilitated by elec-

trode arrays. These are similar to recording electrodes

but sensing is enabled by electrochemical methods such

as fast scan cyclic voltammetry (FSCV) or amperometry

(Demuru et al. 2018). These are often made from carbon

which is inert in the potential window used for sensing.

In the case of dopamine sensing, FSCV is used to cata-

lyse and detect a red-ox reaction that is specific to dopa-

mine and occurs at low electrode potentials. Ashouri

Vajari et al. (2018) have reported on the fabrication of a

DBS probe for simultaneous sensing of dopamine com-

bined with simulating electrodes. For species that are

not electroactive (e.g. glutamate), the sensing electrode

can be coated with a selective membrane and an enzyme

(e.g. glutamate oxidase) that converts the neurotransmit-

ter to an electroactive species (e.g. H2O2) that can be

detected electrochemically (Ganesana et al. 2019). An

example of an integrated sensing system for detection of

dopamine, glutamate and adenosine is the wireless in-

stantaneous neurotransmitter concentration sensing sys-

tem (WINCS) which may be used as the sensing arm in

closed loop or adaptive DBS (Van Gompel et al. 2010).

Electrochemical methods of neurotransmitter detection

have some advantages over more traditional microdialy-

sis probes (Rogers et al. 2017) because of their smaller

footprint, response speed on the order of seconds and

because their fabrication shares many steps with that of

traditional electrode arrays (Ou et al. 2019). Application

of advanced fabrication strategies such as multi-fiber

braiding and 3D printing open further possibilities for

parallel detection from multiple sites and for engineering

the mechanical properties of probes closer to that of soft

brain tissues (Wang et al. 2019;Yang et al. 2018).

Probes that sense biopotentials in the electrical do-

main and deliver modulation via drugs have also

attracted interest. Microfluidic chips integrated with

electrodes have been used to mix and deliver up to three

drugs to mouse brains and have demonstrated parallel

electrical recording (Shin et al. 2015). Microfluidic con-

duits integrated within penetrating fiber probes have

been used to deliver viral vectors for in situ optogenetic

transfection. These probes also had electrodes and

optrodes running parallel to the long axis of the fiber

which were used to stimulate and record cells in the

vicinity of the probe tip (Park et al. 2017). Minev et al.

(2015) demonstrated the synergistic effect of electrical

and pharmacological stimulation of the spinal cord from

a surface probe, which in rats sustaining spinal cord in-

jury was used to restore locomotion. One consideration

for the deployment of microfluidics (volume flow) sys-

tems is maintaining patency of the channel in a chronic-

ally implanted setting. Disruption of the blood brain

barrier, adsorption of proteins on polymer surfaces, and

micromotions can lead to activation of a foreign body

reaction that may interfere with the patency of the deli-

very system (Del Bigio 1998). Another solution may be

to deliver the active molecule through a selective mem-

brane using electrophoresis. This approach has the bene-

fit of not requiring the transfer of large volumes of
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solvent to the brain and the maintenance of a patent chan-

nel. An example of this approach is a miniaturised ion

pump. This has been demonstrated for the delivery of

GABA, K+ and glutamate in rodent animal models for

localised chemical neuromodulation in the brain spinal

cord and cochlea (Jonsson et al. 2015; Simon et al. 2009;

Uguz et al. 2017). Ionic pumps integrated with recoding

electrode arrays have also been demonstrated for both

in vitro and in vivo biointerfacing (Jonsson et al. 2016;

Proctor et al. 2018). A drawback for this approach is the

size limit of molecules that can be delivered through the

membrane and such probes still require microfluidics to

bring the drug close to the membrane.

A conceptual design of a multi-modal and closed-loop

neuroprosthetic system for treating addictive disorders

may comprise of a sensing arm to detect ERP and an ef-

fector arm to deploy neurotransmitter release, both tar-

geting the mPFC as this area plays a superior role in

craving and addictive behaviour (George and Koob 2010,

2013). In terms of probe technology we aim to fabricate

soft ECoG arrays that conform to the curvature of the

brain and incorporate a microfluidic channel for drug

delivery. This can initially be implemented in a rat

model of cue-induced reinstatement of alcohol seeking.

Our ECoG arrays will thereby monitor neurophysio-

logical parameter changes underlying the development

of craving and addiction during conditioning for alcohol

and modulate them afterwards with the aim of prevent-

ing relapse. Following our recent efforts to adapt 3D

printing technologies for the production of fibers with

electrical, optical and microfluidic functionality, we will

print soft and customised implants adapted to deliver

multi-modal brain interface in the rat cortex (Athanasia-

dis et al. 2019).

It should be noted that chemical and electrical sens-

ing/stimulation are just two examples from a rapidly

expanding toolbox of interfacing techniques. Implanted

probes delivering focal cooling or heating have been

demonstrated to decrease or respectively increase the

excitability of surrounding cortical structures (Chen

et al. 2015; Fujioka et al. 2010). Focused ultrasound can

be delivered non-invasively via wearable probes and has

been shown to modulate neural activity in basal ganglia

in mice (Zhou et al. 2019). Optogenetic stimulation

without penetrating optical probes has also been recently

made possible using nanoparticle mediated upconver-

sion of infrared light (Chen et al. 2018). Thus, it is likely

that future technologies for brain-machine interfaces will

either be non-invasive or will blend seamlessly with host

tissues of the nervous system.

Conclusions
The neurobiological and electrophysiological parameters

described here link addiction-related behavioural deficits

to particular brain regions and cognitive origins. These pa-

rameters may, in the future, provide a basis for a compre-

hensive diagnosis of addictive pathologies using neural

interfaces. Brain stimulation methods, like tDCS, have

already revealed some beneficial effects on ERP, though

further research needs to be done to find the optimal

treatment strategies. Multimodal neural interfaces may

allow for refinement of the therapy beyond what electrical

stimulation or systemic drug application can achieve in

isolation. They could further enable sensing and identifi-

cation of pathogenic features characteristic of individual

patients and situations and could therefore open doors to

the development of personalized, targeted therapies.

Abbreviations

ACC: Anterior cingulate cortex; ACQ: Alcohol Craving Questionnaire;
ALIC: Anterior limb of the internal capsule; AUD: Alcohol use disorder;
CeA: Central nucleus of the amygdala; CG: Cingulate gyrus; DBS: Deep Brain
Stimulation; DES: Direct electrical stimulation; DLPFC: Dorsolateral prefrontal
cortex; ECoG: Electrocorticography; EEG: Electroencephalography; ERN: Error-
related negativity; ERP: Event-related potentials; FSCV: Fast scan cyclic
voltammetry; GABA: Gamma aminobutyric acid; LFP: Local field potentials;
LPP: Late positive potential; MCQ: Marihuana Craving Questionnaire;
MDMA: 3,4-Methylendioxy-N-methylamphetamine; MMN: Mismatch
negativity; NAcc: Nucleus accumbens; OCD: Obsessive compulsive disorder;
OFC: Orbitofrontal cortex; PD: Parkinson’s disease; PFC: Prefrontal cortex;
PSP: Postsynaptic potentials; QSU: Questionnaire on Smoking Urges;
SCC: Subcallosal cingulate; STN: Subthalamic nucleus; SUD: Substance use
disorders; tDCS: Transcranial Direct Current Stimulation; vmPFC: Ventromedial
prefrontal cortex; VS: Ventral striatum; VTA: Ventral tegmental area;
WINCS: Wireless instantaneous neurotransmitter concentration sensing

Acknowledgements

Not applicable.

Authors’ contributions

BH, MA and IM wrote, edited and reviewed the final version of this
manuscript. NB edited and reviewed the final version of this manuscript. All
authors read and approved the final manuscript.

Funding

Not applicable.

Availability of data and materials

Not applicable.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Received: 7 January 2020 Accepted: 29 January 2020

References

Abibullaev B, Zollanvari A. Learning discriminative spatiospectral features of ERPs
for accurate brain–computer interfaces. IEEE J Biomed Health Inform. 2019;
23(5):2009–20. https://doi.org/10.1109/JBHI.2018.2883458.

Alonso F, Latorre M, Göransson N, Zsigmond P, Wårdell K. Investigation into deep
brain stimulation Lead designs: a patient-specific simulation study. Brain Sci.
2016;6(3):39. https://doi.org/10.3390/brainsci6030039.

Habelt et al. Bioelectronic Medicine             (2020) 6:4 Page 11 of 17

https://doi.org/10.1109/JBHI.2018.2883458
https://doi.org/10.3390/brainsci6030039


Anokhin AP, Golosheykin S. Neural correlates of error monitoring in adolescents
prospectively predict initiation of tobacco use. Dev Cogn Neurosci. 2015;16:
166–73. https://doi.org/10.1016/j.dcn.2015.08.001.

Antal A, Paulus W, Nitsche MA. Principle and mechanisms of transcranial Direct
Current Stimulation (tDCS). J Pain Manag. 2009;2(3):249–58.

Arvaneh M, Tanaka T. Brain–computer interfaces and electroencephalogram:
basics and practical issues. In: Tanaka T, Arvaneh M, editors. Signal processing
and machine learning for brain-machine interfaces: Institution of Engineering
and Technology; 2018. p. S. 1–21. https://doi.org/10.1049/PBCE114E_ch1.

Ashouri Vajari D, Vomero M, Erhardt J, Sadr A, Ordonez J, Coenen V, Stieglitz T.
Integrity assessment of a hybrid DBS probe that enables neurotransmitter
detection simultaneously to electrical stimulation and recording.
Micromachines. 2018;9(10):510. https://doi.org/10.3390/mi9100510.

Athanasiadis M, Pak A, Afanasenkau D, Minev IR. Direct writing of elastic fibers
with optical, electrical, and microfluidic functionality. Adv Mater Technol.
2019;4(7):1800659. https://doi.org/10.1002/admt.201800659.

Bai Y, Xia X, Li X. A review of resting-state electroencephalography analysis in
disorders of consciousness. Front Neurol. 2017;8:471. https://doi.org/10.3389/
fneur.2017.00471.

Bastani A, Jaberzadeh S. Does anodal transcranial direct current stimulation
enhance excitability of the motor cortex and motor function in healthy
individuals and subjects with stroke: A systematic review and meta-analysis.
Clin Neurophysiol. 2012;123(4):644–57. https://doi.org/10.1016/j.clinph.2011.
08.029.

Batista EK, Klauss J, Fregni F, Nitsche MA, Nakamura-Palacios EM. A randomized
placebo-controlled trial of targeted prefrontal cortex modulation with
bilateral tDCS in patients with crack-cocaine dependence. Int J
Neuropsychopharmacol. 2015;18(12):pyv066. https://doi.org/10.1093/ijnp/
pyv066.

Batra V, Tran TLN, Caputo J, Guerin GF, Goeders NE, Wilden J. Intermittent
bilateral deep brain stimulation of the nucleus accumbens shell reduces
intravenous methamphetamine intake and seeking in Wistar rats. J
Neurosurg. 2017;126(4):1339–50. https://doi.org/10.3171/2016.4.JNS152524.

Bauer L. Frontal P300 decrements, childhood conduct disorder, family history,
and the prediction of relapse among abstinent cocaine abusers. Drug
Alcohol Depend. 1997;44(1):1–10. https://doi.org/10.1016/S0376-
8716(96)01311-7.

Belmer A, Patkar OL, Pitman KM, Bartlett SE. Serotonergic neuroplasticity in
alcohol addiction. Brain Plast. 2016;1(2):177–206. https://doi.org/10.3233/BPL-
150022.

Bergmann TO, Karabanov A, Hartwigsen G, Thielscher A, Siebner HR. Combining
non-invasive transcranial brain stimulation with neuroimaging and
electrophysiology: current approaches and future perspectives. NeuroImage.
2016;140:4–19. https://doi.org/10.1016/j.neuroimage.2016.02.012.

Böcker KBE, Gerritsen J, Hunault CC, Kruidenier M, Mensinga TT, Kenemans JL.
Cannabis with high Δ9-THC contents affects perception and visual selective
attention acutely: an event-related potential study. Pharmacol Biochem
Behav. 2010;1(96):67–74. https://doi.org/10.1016/j.pbb.2010.04.008.

Boggio PS, Zaghi S, Villani AB, Fecteau S, Pascual-Leone A, Fregni F. Modulation
of risk-taking in marijuana users by transcranial direct current stimulation
(tDCS) of the dorsolateral prefrontal cortex (DLPFC). Drug Alcohol Depend.
2010;112(3):220–5. https://doi.org/10.1016/j.drugalcdep.2010.06.019.

Boggio PS, Liguori P, Sultani N, Rezende L, Fecteau S, Fregni F. Cumulative
priming effects of cortical stimulation on smoking cue-induced craving.
Neurosci Lett. 2009;463(1):82–6. https://doi.org/10.1016/j.neulet.2009.07.041.

Boutros N, Zouridakis G, Rustin T, Peabody C, Warner D. The P50 component of
the auditory evoked potential and subtypes of schizophrenia. Psychiatry Res.
1993;47(3):243–54. https://doi.org/10.1016/0165-1781(93)90082-R.

Boutros NN, Gooding D, Sundaresan K, Burroughs S, Johanson C-E. Cocaine-
dependence and cocaine-induced paranoia and mid-latency auditory evoked
responses and sensory gating. Psychiatry Res. 2006;145(2–3):147–54. https://
doi.org/10.1016/j.psychres.2006.02.005.

Boutros NN, Gelernter J, Gooding DC, Cubells J, Young A, Krystal JH, Kosten T.
Sensory gating and psychosis vulnerability in cocaine-dependent individuals:
preliminary data. Biol Psychiatry. 2002;51(8):683–6. https://doi.org/10.1016/
S0006-3223(01)01237-9.

Boyer A, Duffau H, Vincent M, Ramdani S, Mandonnet E, Guiraud D, Bonnetblanc
F. Electrophysiological activity evoked by direct electrical stimulation of the
human brain: interest of the P0 component*. In: 2018 40th annual
international conference of the IEEE engineering in medicine and biology
society (EMBC); 2018. p. 2210–3. https://doi.org/10.1109/EMBC.2018.8512733.

Bravermanová A, Viktorinová M, Tylš F, Novák T, Androvičová R, Korčák J, Horáček
J, Balíková M, Griškova-Bulanova I, Danielová D, Vlček P, Mohr P, Brunovský M,
Koudelka V, Páleníček T. Psilocybin disrupts sensory and higher order
cognitive processing but not pre-attentive cognitive processing—study on
P300 and mismatch negativity in healthy volunteers. Psychopharmacology.
2018;235(2):491–503. https://doi.org/10.1007/s00213-017-4807-2.

Brennan GM, Baskin-Sommers AR. Brain-behavior relationships in externalizing: P3
amplitude reduction reflects deficient inhibitory control. Behav Brain Res.
2018;337:70–9. https://doi.org/10.1016/j.bbr.2017.09.045.

Brinkmeyer J, Mobascher A, Musso F, Schmitz M, Wagner M, Frommann I,
Gründer G, Spreckelmeyer KN, Wienker T, Díaz-Lacava A, Holler D, Dahmen N,
Thuerauf N, Clepce M, Kiefer F, de Millas W, Gallinat J, Winterer G. P50
sensory gating and smoking in the general population: P50 sensory gating &
smoking. Addict Biol. 2011;16(3):485–98. https://doi.org/10.1111/j.1369-1600.
2010.00302.x.

Broyd SJ, Greenwood L, Croft RJ, Dalecki A, Todd J, Michie PT, Johnstone SJ,
Solowij N. Chronic effects of cannabis on sensory gating. Int J Psychophysiol.
2013;89(3):381–9. https://doi.org/10.1016/j.ijpsycho.2013.04.015.

Broyd SJ, Greenwood L, van Hell HH, Croft RJ, Coyle H, Lee-Bates B, Todd J,
Johnstone SJ, Michie PT, Solowij N. Mismatch negativity and P50 sensory
gating in abstinent former Cannabis users. Neural Plast. 2016;2016:1–11.
https://doi.org/10.1155/2016/6526437.

Brunner P, Ritaccio AL, Emrich JF, Bischof H, Schalk G. Rapid communication with
a “P300” matrix speller using Electrocorticographic signals (ECoG). Front
Neurosci. 2011;5. https://doi.org/10.3389/fnins.2011.00005.

Buhmann C, Huckhagel T, Engel K, Gulberti A, Hidding U, Poetter-Nerger M,
Goerendt I, Ludewig P, Braass H, Choe C, Krajewski K, Oehlwein C, Mittmann
K, Engel AK, Gerloff C, Westphal M, Köppen JA, Moll CKE, Hamel W. Adverse
events in deep brain stimulation: a retrospective long-term analysis of
neurological, psychiatric and other occurrences. PLoS One. 2017;12(7):
e0178984. https://doi.org/10.1371/journal.pone.0178984.

Buzzell GA, Fedota JR, Roberts DM, McDonald CG. The N2 ERP component as an
index of impaired cognitive control in smokers. Neurosci Lett. 2014;563:61–5.
https://doi.org/10.1016/j.neulet.2014.01.030.

Caldwell DJ, Ojemann JG, Rao RPN. Direct electrical stimulation in
electrocorticographic brain–computer interfaces: enabling technologies for
Input to cortex. Front Neurosci. 2019;13:804. https://doi.org/10.3389/fnins.
2019.00804.

Campanella S. Why it is time to develop the use of cognitive event-related
potentials in the treatment of psychiatric diseases. Neuropsychiatr Dis Treat.
2013:1835. https://doi.org/10.2147/NDT.S53687.

Campanella S. Neurocognitive rehabilitation for addiction medicine: from
neurophysiological markers to cognitive rehabilitation and relapse
prevention. In: Neuroscience for addiction medicine: from prevention to
rehabilitation—methods and interventions (1. Aufl., S. 488): Elsevier; 2016.
https://www.sciencedirect.com/science/article/pii/S007961231500120X?via%3
Dihub.

Campanella S, Pogarell O, Boutros N. Event-related potentials in substance use
disorders: a narrative review based on articles from 1984 to 2012. Clin EEG
Neurosci. 2014;45(2):67–76. https://doi.org/10.1177/1550059413495533.

Casco C, Forcella M, Beretta G, Grieco A, Campana G. Long-term effects of MDMA
(ecstasy) on the human central nervous system revealed by visual evoked
potentials. Addict Biol. 2005;10(2):187–95. https://doi.org/10.1080/
13556210500123340.

Ceballos NA, Houston RJ, Smith ND, Bauer LO, Taylor RE. N400 as an index of
semantic expectancies: differential effects of alcohol and cocaine
dependence. Prog Neuro-Psychopharmacol Biol Psychiatry. 2005;29(6):936–
43. https://doi.org/10.1016/j.pnpbp.2005.04.036.

Chase HW, Eickhoff SB, Laird AR, Hogarth L. The neural basis of drug stimulus
processing and craving: an activation likelihood estimation meta-analysis. Biol
Psychiatry. 2011;70(8):785–93. https://doi.org/10.1016/j.biopsych.2011.05.025.

Chen L, Li N, Ge S, Lozano AM, Lee DJ, Yang C, Li L, Bai Q, Lu H, Wang J, Wang X,
Li J, Jing J, Su M, Wei L, Wang X, Gao G. Long-term results after deep brain
stimulation of nucleus accumbens and the anterior limb of the internal
capsule for preventing heroin relapse: an open-label pilot study. Brain Stimul.
2019;12(1):175–83. https://doi.org/10.1016/j.brs.2018.09.006.

Chen R, Romero G, Christiansen MG, Mohr A, Anikeeva P. Wireless
magnetothermal deep brain stimulation. Science. 2015;347(6229):1477–80.
https://doi.org/10.1126/science.1261821.

Chen S, Weitemier AZ, Zeng X, He L, Wang X, Tao Y, Huang AJY, Hashimotodani
Y, Kano M, Iwasaki H, Parajuli LK, Okabe S, Teh DBL, All AH, Tsutsui-Kimura I,

Habelt et al. Bioelectronic Medicine             (2020) 6:4 Page 12 of 17

https://doi.org/10.1016/j.dcn.2015.08.001
https://doi.org/10.1049/PBCE114E_ch1
https://doi.org/10.3390/mi9100510
https://doi.org/10.1002/admt.201800659
https://doi.org/10.3389/fneur.2017.00471
https://doi.org/10.3389/fneur.2017.00471
https://doi.org/10.1016/j.clinph.2011.08.029
https://doi.org/10.1016/j.clinph.2011.08.029
https://doi.org/10.1093/ijnp/pyv066
https://doi.org/10.1093/ijnp/pyv066
https://doi.org/10.3171/2016.4.JNS152524
https://doi.org/10.1016/S0376-8716(96)01311-7
https://doi.org/10.1016/S0376-8716(96)01311-7
https://doi.org/10.3233/BPL-150022
https://doi.org/10.3233/BPL-150022
https://doi.org/10.1016/j.neuroimage.2016.02.012
https://doi.org/10.1016/j.pbb.2010.04.008
https://doi.org/10.1016/j.drugalcdep.2010.06.019
https://doi.org/10.1016/j.neulet.2009.07.041
https://doi.org/10.1016/0165-1781(93)90082-R
https://doi.org/10.1016/j.psychres.2006.02.005
https://doi.org/10.1016/j.psychres.2006.02.005
https://doi.org/10.1016/S0006-3223(01)01237-9
https://doi.org/10.1016/S0006-3223(01)01237-9
https://doi.org/10.1109/EMBC.2018.8512733
https://doi.org/10.1007/s00213-017-4807-2
https://doi.org/10.1016/j.bbr.2017.09.045
https://doi.org/10.1111/j.1369-1600.2010.00302.x
https://doi.org/10.1111/j.1369-1600.2010.00302.x
https://doi.org/10.1016/j.ijpsycho.2013.04.015
https://doi.org/10.1155/2016/6526437
https://doi.org/10.3389/fnins.2011.00005
https://doi.org/10.1371/journal.pone.0178984
https://doi.org/10.1016/j.neulet.2014.01.030
https://doi.org/10.3389/fnins.2019.00804
https://doi.org/10.3389/fnins.2019.00804
https://doi.org/10.2147/NDT.S53687
https://www.sciencedirect.com/science/article/pii/S007961231500120X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S007961231500120X?via%3Dihub
https://doi.org/10.1177/1550059413495533
https://doi.org/10.1080/13556210500123340
https://doi.org/10.1080/13556210500123340
https://doi.org/10.1016/j.pnpbp.2005.04.036
https://doi.org/10.1016/j.biopsych.2011.05.025
https://doi.org/10.1016/j.brs.2018.09.006
https://doi.org/10.1126/science.1261821


Tanaka KF, Liu X, McHugh TJ. Near-infrared deep brain stimulation via
upconversion nanoparticle–mediated optogenetics. Science. 2018;359(6376):
679–84. https://doi.org/10.1126/science.aaq1144.

Coffey RJ. Deep brain stimulation devices: a brief technical history and review.
Artif Organs. 2009;33(3):208–20. https://doi.org/10.1111/j.1525-1594.2008.
00620.x.

Cohen HL, Ji J, Chorlian DB, Begleiter H, Porjesz B. Alcohol-related ERP changes
recorded from different modalities: a topographic analysis. Alcohol Clin Exp
Res. 2002;26(3):303–17. https://doi.org/10.1111/j.1530-0277.2002.tb02539.x.

Coles AS, Kozak K, George TP. A review of brain stimulation methods to treat
substance use disorders: brain stimulation to treat SUDs. Am J Addict. 2018;
27(2):71–91. https://doi.org/10.1111/ajad.12674.

Conti C, Moscon JA, Nakamura-Palacios. Decreased visual P3 event-related
potential for drug cues in the right dorsolateral prefrontal cortex of crack-
cocaine users. J Addict Depend. 2015;1(1):1–5. https://doi.org/10.15436/2471-
061X.15.005.

Conti CL, Moscon JA, Fregni F, Nitsche MA, Nakamura-Palacios EM. Cognitive
related electrophysiological changes induced by non-invasive cortical
electrical stimulation in crack-cocaine addiction. Int J
Neuropsychopharmacol. 2014;17(09):1465–75. https://doi.org/10.1017/
S1461145714000522.

Conti CL, Nakamura-Palacios EM. Bilateral transcranial direct current stimulation
over dorsolateral prefrontal cortex changes the drug-cued reactivity in the
anterior cingulate cortex of crack-cocaine addicts. Brain Stimul. 2014;7(1):130–
2. https://doi.org/10.1016/j.brs.2013.09.007.

Cook MJ, O’Brien TJ, Berkovic SF, Murphy M, Morokoff A, Fabinyi G, D’Souza W,
Yerra R, Archer J, Litewka L, Hosking S, Lightfoot P, Ruedebusch V, Sheffield
WD, Snyder D, Leyde K, Himes D. Prediction of seizure likelihood with a
long-term, implanted seizure advisory system in patients with drug-resistant
epilepsy: a first-in-man study. Lancet Neurol. 2013;12(6):563–71. https://doi.
org/10.1016/S1474-4422(13)70075-9.

Criado JR, Ehlers CL. Event-related oscillations as risk markers in genetic mouse
models of high alcohol preference. Neuroscience. 2009;163(2):506–23.
https://doi.org/10.1016/j.neuroscience.2009.06.039.

Crowley KE, Colrain IM. A review of the evidence for P2 being an independent
component process: age, sleep and modality. Clin Neurophysiol. 2004;115(4):
732–44. https://doi.org/10.1016/j.clinph.2003.11.021.

D’Souza DC, Fridberg DJ, Skosnik PD, Williams A, Roach B, Singh N, Carbuto M,
Elander J, Schnakenberg A, Pittman B, Sewell RA, Ranganathan M, Mathalon
D. Dose-related modulation of event-related potentials to novel and target
stimuli by intravenous Δ9-THC in humans. Neuropsychopharmacology. 2012;
37(7):1632–46. https://doi.org/10.1038/npp.2012.8.

D’Souza MS. Glutamatergic transmission in drug reward: implications for drug
addiction. Front Neurosci. 2015;9. https://doi.org/10.3389/fnins.2015.00404.

da Silva MC, Conti CL, Klauss J, Alves LG, do Nascimento Cavalcante HM, Fregni F,
Nitsche MA, Nakamura-Palacios EM. Behavioral effects of transcranial Direct
Current Stimulation (tDCS) induced dorsolateral prefrontal cortex plasticity in
alcohol dependence. J Physiol-Paris. 2013;107(6):493–502. https://doi.org/10.
1016/j.jphysparis.2013.07.003.

Del Bigio MR. Biological reactions to cerebrospinal fluid shunt devices: a review
of the cellular pathology. Neurosurgery. 1998;42(2):319–26. https://doi.org/10.
1097/00006123-199802000-00064.

Demuru S, Nela L, Marchack N, Holmes SJ, Farmer DB, Tulevski GS, Lin Q,
Deligianni H. Scalable nanostructured carbon electrode arrays for enhanced
dopamine detection. ACS Sensors. 2018;3(4):799–805. https://doi.org/10.1021/
acssensors.8b00043.

den Uyl TE, Gladwin TE, Wiers RW. Electrophysiological and behavioral effects of
combined transcranial direct current stimulation and alcohol approach Bias
retraining in hazardous drinkers. Alcohol Clin Exp Res. 2016;40(10):2124–33.
https://doi.org/10.1111/acer.13171.

den Uyl TE, Gladwin TE, Wiers RW. Transcranial direct current stimulation, implicit
alcohol associations and craving. Biol Psychol. 2015;105:37–42. https://doi.
org/10.1016/j.biopsycho.2014.12.004.

Deweese MM, Codispoti M, Robinson JD, Cinciripini PM, Versace F. Cigarette cues
capture attention of smokers and never-smokers, but for different reasons.
Drug Alcohol Depend. 2018;185:50–7. https://doi.org/10.1016/j.drugalcdep.
2017.12.010.

Domínguez-Centeno I, Jurado-Barba R, Sion A, Martinez-Maldonado A, Castillo-
Parra G, López-Muñoz F, Rubio G, Martinez-Gras I. P3 component as a
potential endophenotype for control inhibition in offspring of alcoholics.
Alcohol Alcohol. 2018;53(6):699–706. https://doi.org/10.1093/alcalc/agy051.

Earp BD, Everett JAC. Is the N170 face specific? Controversy, context, and theory.
Neuropsychol Trends. 2013;13. https://doi.org/10.7358/neur-2013-013-earp.

Ehlers CL, Desikan A, Wills DN. Event-related potential responses to the acute and
chronic effects of alcohol in adolescent and adult Wistar rats. Alcohol Clin
Exp Res. 2014;38(3):749–59. https://doi.org/10.1111/acer.12299.

Euser AS, Evans BE, Greaves-Lord K, Huizink AC, Franken IHA. Diminished error-
related brain activity as a promising endophenotype for substance-use
disorders: evidence from high-risk offspring: ERN as endophenotype for SUD.
Addict Biol. 2013;18(6):970–84. https://doi.org/10.1111/adb.12002.

Ewing SG, Grace AA. Deep brain stimulation of the ventral hippocampus restores
deficits in processing of auditory evoked potentials in a rodent
developmental disruption model of schizophrenia. Schizophr Res. 2013;
143(2–3):377–83. https://doi.org/10.1016/j.schres.2012.11.023.

Fein G, Biggins C, MacKay S. Cocaine abusers have reduced auditory P50
amplitude and suppression compared to both normal controls and
alcoholics. Biol Psychiatry. 1996;39(11):955–65. https://doi.org/10.1016/0006-
3223(95)00299-5.

Fernández IS, Loddenkemper T. Electrocorticography for seizure foci mapping in
epilepsy surgery. J Clin Neurophysiol. 2013;30(6):554–70. https://doi.org/10.
1097/01.wnp.0000436898.10125.70.

Fink BC, Steele VR, Maurer MJ, Fede SJ, Calhoun VD, Kiehl KA. Brain potentials
predict substance abuse treatment completion in a prison sample. Brain
Behav. 2016;6(8):e00501. https://doi.org/10.1002/brb3.501.

Frank JA, Antonini M-J, Anikeeva P. Next-generation interfaces for studying neural
function. Nat Biotechnol. 2019;37(9):1013–23. https://doi.org/10.1038/s41587-
019-0198-8.

Franken IHA, Dietvorst RC, Hesselmans M, Franzek EJ, van de Wetering BJM, Van
Strien JW. Cocaine craving is associated with electrophysiological brain
responses to cocaine-related stimuli. Addict Biol. 2008;13(3–4):386–92.
https://doi.org/10.1111/j.1369-1600.2008.00100.x.

Fujioka H, Fujii M, Koizumi H, Imoto H, Nomura S, Saito T, Yamakawa T, Suzuki M.
An implantable, focal brain cooling device suppresses nociceptive pain
in rats. Neurosci Res. 2010;66(4):402–5. https://doi.org/10.1016/j.neures.2009.
12.014.

Gamma A, Brandeis D, Brandeis R, Vollenweider FX. The P3 in ‘ecstasy’ polydrug
users during response inhibition and execution. J Psychopharmacol. 2005;
19(5):504–12. https://doi.org/10.1177/0269881105056535.

Ganesana M, Trikantzopoulos E, Maniar Y, Lee ST, Venton BJ. Development of a
novel micro biosensor for in vivo monitoring of glutamate release in the
brain. Biosens Bioelectron. 2019;130:103–9. https://doi.org/10.1016/j.bios.2019.
01.049.

Ge S, Chen Y, Li N, Qu L, Li Y, Jing J, Wang X, Wang J, Wang X. Deep brain
stimulation of nucleus accumbens for methamphetamine addiction: two
case reports. World Neurosurg. 2019;122:512–7. https://doi.org/10.1016/j.
wneu.2018.11.056.

George O, Koob GF. Individual differences in prefrontal cortex function and the
transition from drug use to drug dependence. Neurosci Biobehav Rev. 2010;
35(2):232–47. https://doi.org/10.1016/j.neubiorev.2010.05.002.

George O, Koob GF. Control of craving by the prefrontal cortex. Proc Natl Acad
Sci. 2013;110(11):4165–6. https://doi.org/10.1073/pnas.1301245110.

Gibney KD, Kypriotakis G, Cinciripini PM, Robinson JD, Minnix JA, Versace F.
Estimating statistical power for event-related potential studies using the late
positive potential. Psychophysiology. 2019. https://doi.org/10.1111/psyp.13482.

Gooding DC, Gjini K, Burroughs SA, Boutros NN. The association between
psychosis proneness and sensory gating in cocaine-dependent patients and
healthy controls. Psychiatry Res. 2013;210(3):1092–100. https://doi.org/10.
1016/j.psychres.2013.08.049.

Gorka SM, Lieberman L, Kreutzer KA, Carillo V, Weinberg A, Shankman SA. Error-
related neural activity and alcohol use disorder: differences from risk to
remission. Prog Neuro-Psychopharmacol Biol Psychiatry. 2019;92:271–8.
https://doi.org/10.1016/j.pnpbp.2019.01.011.

Guercio LA, Schmidt HD, Pierce RC. Deep brain stimulation of the nucleus
accumbens shell attenuates cue-induced reinstatement of both cocaine and
sucrose seeking in rats. Behav Brain Res. 2015;281:125–30. https://doi.org/10.
1016/j.bbr.2014.12.025.

Gulberti A, Hamel W, Buhmann C, Boelmans K, Zittel S, Gerloff C, Westphal M,
Engel AK, Schneider TR, Moll CKE. Subthalamic deep brain stimulation
improves auditory sensory gating deficit in Parkinson’s disease. Clin
Neurophysiol. 2015;126(3):565–74. https://doi.org/10.1016/j.clinph.2014.06.046.

Haifeng J, Wenxu Z, Hong C, Chuanwei L, Jiang D, Haiming S, Zhikang C, Din X,
Jijun W, Min Z. P300 event-related potential in abstinent methamphetamine-

Habelt et al. Bioelectronic Medicine             (2020) 6:4 Page 13 of 17

https://doi.org/10.1126/science.aaq1144
https://doi.org/10.1111/j.1525-1594.2008.00620.x
https://doi.org/10.1111/j.1525-1594.2008.00620.x
https://doi.org/10.1111/j.1530-0277.2002.tb02539.x
https://doi.org/10.1111/ajad.12674
https://doi.org/10.15436/2471-061X.15.005
https://doi.org/10.15436/2471-061X.15.005
https://doi.org/10.1017/S1461145714000522
https://doi.org/10.1017/S1461145714000522
https://doi.org/10.1016/j.brs.2013.09.007
https://doi.org/10.1016/S1474-4422(13)70075-9
https://doi.org/10.1016/S1474-4422(13)70075-9
https://doi.org/10.1016/j.neuroscience.2009.06.039
https://doi.org/10.1016/j.clinph.2003.11.021
https://doi.org/10.1038/npp.2012.8
https://doi.org/10.3389/fnins.2015.00404
https://doi.org/10.1016/j.jphysparis.2013.07.003
https://doi.org/10.1016/j.jphysparis.2013.07.003
https://doi.org/10.1097/00006123-199802000-00064
https://doi.org/10.1097/00006123-199802000-00064
https://doi.org/10.1021/acssensors.8b00043
https://doi.org/10.1021/acssensors.8b00043
https://doi.org/10.1111/acer.13171
https://doi.org/10.1016/j.biopsycho.2014.12.004
https://doi.org/10.1016/j.biopsycho.2014.12.004
https://doi.org/10.1016/j.drugalcdep.2017.12.010
https://doi.org/10.1016/j.drugalcdep.2017.12.010
https://doi.org/10.1093/alcalc/agy051
https://doi.org/10.7358/neur-2013-013-earp
https://doi.org/10.1111/acer.12299
https://doi.org/10.1111/adb.12002
https://doi.org/10.1016/j.schres.2012.11.023
https://doi.org/10.1016/0006-3223(95)00299-5
https://doi.org/10.1016/0006-3223(95)00299-5
https://doi.org/10.1097/01.wnp.0000436898.10125.70
https://doi.org/10.1097/01.wnp.0000436898.10125.70
https://doi.org/10.1002/brb3.501
https://doi.org/10.1038/s41587-019-0198-8
https://doi.org/10.1038/s41587-019-0198-8
https://doi.org/10.1111/j.1369-1600.2008.00100.x
https://doi.org/10.1016/j.neures.2009.12.014
https://doi.org/10.1016/j.neures.2009.12.014
https://doi.org/10.1177/0269881105056535
https://doi.org/10.1016/j.bios.2019.01.049
https://doi.org/10.1016/j.bios.2019.01.049
https://doi.org/10.1016/j.wneu.2018.11.056
https://doi.org/10.1016/j.wneu.2018.11.056
https://doi.org/10.1016/j.neubiorev.2010.05.002
https://doi.org/10.1073/pnas.1301245110
https://doi.org/10.1111/psyp.13482
https://doi.org/10.1016/j.psychres.2013.08.049
https://doi.org/10.1016/j.psychres.2013.08.049
https://doi.org/10.1016/j.pnpbp.2019.01.011
https://doi.org/10.1016/j.bbr.2014.12.025
https://doi.org/10.1016/j.bbr.2014.12.025
https://doi.org/10.1016/j.clinph.2014.06.046


dependent patients. Physiol Behav. 2015;149:142–8. https://doi.org/10.1016/j.
physbeh.2015.06.003.

Hamilton J, Lee J, Canales JJ. Chronic unilateral stimulation of the nucleus
accumbens at high or low frequencies attenuates relapse to cocaine seeking
in an animal model. Brain Stimul. 2015;8(1):57–63. https://doi.org/10.1016/j.
brs.2014.09.018.

Hasin DS, O’Brien CP, Auriacombe M, Borges G, Bucholz K, Budney A, Compton
WM, Crowley T, Ling W, Petry NM, Schuckit M, Grant BF. DSM-5 criteria for
substance use disorders: recommendations and rationale. Am J Psychiatr.
2013;170(8):834–51. https://doi.org/10.1176/appi.ajp.2013.12060782.

Hayashi T, Ko JH, Strafella AP, Dagher A. Dorsolateral prefrontal and orbitofrontal
cortex interactions during self-control of cigarette craving. Proc Natl Acad
Sci. 2013;110(11):4422–7. https://doi.org/10.1073/pnas.1212185110.

Heinze H-J. Counteracting incentive sensitization in severe alcohol dependence
using deep brain stimulation of the nucleus accumbens: clinical and basic
science aspects. Front Hum Neurosci. 2009;3. https://doi.org/10.3389/neuro.
09.022.2009.

Heishman SJ, Singleton EG, Liguori A. Marijuana craving questionnaire:
development and initial validation of a self-report instrument. Addiction.
2001;96(7):1023–34. https://doi.org/10.1046/j.1360-0443.2001.967102312.x.

Helfrich RF, Schneider TR, Rach S, Trautmann-Lengsfeld SA, Engel AK, Herrmann CS.
Entrainment of brain oscillations by transcranial alternating current stimulation.
Curr Biol. 2014;24(3):333–9. https://doi.org/10.1016/j.cub.2013.12.041.

Hendershot CS, Witkiewitz K, George WH, Marlatt GA. Relapse prevention for
addictive behaviors. Subst Abuse Treat Prev Policy. 2011;6(1):17. https://doi.
org/10.1186/1747-597X-6-17.

Hilimire MR, Mayberg HS, Holtzheimer PE, Broadway JM, Parks NA, DeVylder JE,
Corballis PM. Effects of subcallosal cingulate deep brain stimulation on
negative self-bias in patients with treatment-resistant depression. Brain
Stimul. 2015;8(2):185–91. https://doi.org/10.1016/j.brs.2014.11.010.

Houston RJ, Schlienz NJ. Event-related potentials as biomarkers of behavior
change mechanisms in substance use disorder treatment. Biol Psychiatry
Cogn Neurosci Neuroimaging. 2018;3(1):30–40. https://doi.org/10.1016/j.bpsc.
2017.09.006.

Hu B, Majoe D, Ratcliffe M, Qi Y, Zhao Q, Peng H, Fan D, Zheng F, Jackson M,
Moore P. EEG-based cognitive interfaces for ubiquitous applications:
developments and challenges. IEEE Intell Syst. 2011;26(5):46–53. https://doi.
org/10.1109/MIS.2011.58.

Iacono WG, Carlson SR, Malone SM, McGue M. P3 event-related potential
amplitude and the risk for disinhibitory disorders in adolescent boys. Arch
Gen Psychiatry. 2002;59(8):750. https://doi.org/10.1001/archpsyc.59.8.750.

Impey D, de la Salle S, Knott V. Assessment of anodal and cathodal transcranial
direct current stimulation (tDCS) on MMN-indexed auditory sensory
processing. Brain Cogn. 2016;105:46–54. https://doi.org/10.1016/j.bandc.2016.
03.006.

Institute for Health Metrics and Evaluation. Findings from the Global Burden of Disease
Study 2017 (S. 27): Institute for Health Metrics and Evaluation; 2018. http://www.
healthdata.org/policy-report/findings-global-burden-disease-study-2017

Izzidien A, Ramaraju S, Roula MA, McCarthy PW. Effect of anodal-tDCS on event-
related potentials: a controlled study. Biomed Res Int. 2016;2016:1–8. https://
doi.org/10.1155/2016/1584947.

Jacob MS, Ford JM, Roach BJ, Calhoun VD, Mathalon DH. Aberrant activity in
conceptual networks underlies N400 deficits and unusual thoughts in
schizophrenia. NeuroImage. 2019;24:101960. https://doi.org/10.1016/j.nicl.
2019.101960.

Jawinski P, Mauche N, Ulke C, Huang J, Spada J, Enzenbach C, Sander C, Hegerl
U, Hensch T. Tobacco use is associated with reduced amplitude and intensity
dependence of the cortical auditory evoked N1-P2 component.
Psychopharmacology. 2016;233(11):2173–83. https://doi.org/10.1007/s00213-
016-4268-z.

Jech R, Ruzicka E, Urgosik D, Serranova T, Volfova M, Novakova O, Roth J, Dusek
P, Mecir P. Deep brain stimulation of the subthalamic nucleus affects resting
EEG and visual evoked potentials in Parkinson’s disease. Clin Neurophysiol.
2006;117(5):1017–28. https://doi.org/10.1016/j.clinph.2006.01.009.

Jonsson A, Inal S, Uguz l, Williamson AJ, Kergoat L, Rivnay J, Khodagholy D,
Berggren M, Bernard C, Malliaras GG, Simon DT. Bioelectronic neural pixel:
chemical stimulation and electrical sensing at the same site. Proc Natl Acad
Sci. 2016;113(34):9440–5. https://doi.org/10.1073/pnas.1604231113.

Jonsson A, Song Z, Nilsson D, Meyerson BA, Simon DT, Linderoth B, Berggren M.
Therapy using implanted organic bioelectronics (Bd. 1); 2015. https://doi.org/
10.1126/sciadv.1500039.

Kapeller C, Kamada K, Ogawa H, Prueckl R, Scharinger J, Guger C. An
electrocorticographic BCI using code-based VEP for control in video
applications: a single-subject study. Front Syst Neurosci. 2014;8. https://doi.
org/10.3389/fnsys.2014.00139.

Kaplan AY, Fingelkurts AA, Fingelkurts AA, Borisov SV, Darkhovsky BS.
Nonstationary nature of the brain activity as revealed by EEG/MEG:
methodological, practical and conceptual challenges. Signal Process. 2005;
85(11):2190–212. https://doi.org/10.1016/j.sigpro.2005.07.010.

Kappenman ES, Luck SJ. ERP components: the ups and downs of brainwave
recordings: Oxford University Press; 2011. https://doi.org/10.1093/oxfordhb/
9780195374148.013.0014.

Kathmann N, Soyka M, Bickel R, Engel RR. ERP changes in alcoholics with and
without alcohol psychosis. Biol Psychiatry. 1996;39(10):873–81. https://doi.org/
10.1016/0006-3223(95)00289-8.

Keeser D, Padberg F, Reisinger E, Pogarell O, Kirsch V, Palm U, Karch S, Möller H-J,
Nitsche MA, Mulert C. Prefrontal direct current stimulation modulates resting
EEG and event-related potentials in healthy subjects: a standardized low
resolution tomography (sLORETA) study. NeuroImage. 2011;55(2):644–57.
https://doi.org/10.1016/j.neuroimage.2010.12.004.

Kiang M, Christensen BK, Streiner DL, Roy C, Patriciu I, Zipursky RB. Association of
abnormal semantic processing with delusion-like ideation in frequent
cannabis users: an electrophysiological study. Psychopharmacology. 2013;
225(1):95–104. https://doi.org/10.1007/s00213-012-2800-3.

Kiang M, Gerritsen CJ. The N400 event-related brain potential response: a
window on deficits in predicting meaning in schizophrenia. Int J
Psychophysiol. 2019;145:65–9. https://doi.org/10.1016/j.ijpsycho.2019.04.005.

Kibleur A, Gras-Combe G, Benis D, Bastin J, Bougerol T, Chabardès S, Polosan M,
David O. Modulation of motor inhibition by subthalamic stimulation in
obsessive-compulsive disorder. Transl Psychiatry. 2016;6(10):e922. https://doi.
org/10.1038/tp.2016.192.

Kibleur A, Polosan M, Favre P, Rudrauf D, Bougerol T, Chabardès S, David O.
Stimulation of subgenual cingulate area decreases limbic top-down effect on
ventral visual stream: a DBS-EEG pilot study. NeuroImage. 2017;146:544–53.
https://doi.org/10.1016/j.neuroimage.2016.10.018.

Kleinbart JE, Orsborn AL, Choi JS, Wang C, Qiao S, Viventi J, Pesaran B. A modular
implant system for multimodal recording and manipulation of the primate
brain. In: 2018 40th annual international conference of the IEEE engineering
in medicine and biology society (EMBC); 2018. p. 3362–5. https://doi.org/10.
1109/EMBC.2018.8512993.

Knott V, Millar A, Fisher D, Albert P. Effects of nicotine on the amplitude and
gating of the auditory P50 and its influence by dopamine D2 receptor gene
polymorphism. Neuroscience. 2010b;166(1):145–56. https://doi.org/10.1016/j.
neuroscience.2009.11.053.

Knott VJ, Fisher DJ, Millar AM. Differential effects of nicotine on P50 amplitude, its
gating, and their neural sources in low and high suppressors. Neuroscience.
2010a;170(3):816–26. https://doi.org/10.1016/j.neuroscience.2010.07.012.

Kovacs N, Balas I, Kellenyi L, Janszky J, Feldmann A, Llumiguano C, Doczi TP, Ajtay
Z, Nagy F. The impact of bilateral subthalamic deep brain stimulation on
long-latency event-related potentials. Parkinsonism Relat Disord. 2008;14(6):
476–80. https://doi.org/10.1016/j.parkreldis.2008.01.002.

Kreusch F, Quertemont E, Vilenne A, Hansenne M. Alcohol abuse and ERP
components in go/no-go tasks using alcohol-related stimuli: impact of
alcohol avoidance. Int J Psychophysiol. 2014;94(1):92–9. https://doi.org/10.
1016/j.ijpsycho.2014.08.001.

Krusienski DJ, Shih JJ. A case study on the relation between
electroencephalographic and electrocorticographic event-related potentials. In:
2010 annual international conference of the IEEE engineering in medicine and
biology; 2010. p. 6019–22. https://doi.org/10.1109/IEMBS.2010.5627603.

Kuhn J, Gründler TOJ, Bauer R, Huff W, Fischer AG, Lenartz D, Maarouf M, Bührle
C, Klosterkötter J, Ullsperger M, Sturm V. Successful deep brain stimulation of
the nucleus accumbens in severe alcohol dependence is associated with
changed performance monitoring: deep brain stimulation in severe alcohol
dependence. Addict Biol. 2011;16(4):620–3. https://doi.org/10.1111/j.1369-
1600.2011.00337.x.

Kühn S, Gallinat J. Common biology of craving across legal and illegal drugs - a
quantitative meta-analysis of cue-reactivity brain response: common biology
of craving across legal and illegal drugs. Eur J Neurosci. 2011;33(7):1318–26.
https://doi.org/10.1111/j.1460-9568.2010.07590.x.

Kutas M, Federmeier KD. Thirty years and counting: finding meaning in the N400
component of the event-related brain potential (ERP). Annu Rev Psychol.
2011;62(1):621–47. https://doi.org/10.1146/annurev.psych.093008.131123.

Habelt et al. Bioelectronic Medicine             (2020) 6:4 Page 14 of 17

https://doi.org/10.1016/j.physbeh.2015.06.003
https://doi.org/10.1016/j.physbeh.2015.06.003
https://doi.org/10.1016/j.brs.2014.09.018
https://doi.org/10.1016/j.brs.2014.09.018
https://doi.org/10.1176/appi.ajp.2013.12060782
https://doi.org/10.1073/pnas.1212185110
https://doi.org/10.3389/neuro.09.022.2009
https://doi.org/10.3389/neuro.09.022.2009
https://doi.org/10.1046/j.1360-0443.2001.967102312.x
https://doi.org/10.1016/j.cub.2013.12.041
https://doi.org/10.1186/1747-597X-6-17
https://doi.org/10.1186/1747-597X-6-17
https://doi.org/10.1016/j.brs.2014.11.010
https://doi.org/10.1016/j.bpsc.2017.09.006
https://doi.org/10.1016/j.bpsc.2017.09.006
https://doi.org/10.1109/MIS.2011.58
https://doi.org/10.1109/MIS.2011.58
https://doi.org/10.1001/archpsyc.59.8.750
https://doi.org/10.1016/j.bandc.2016.03.006
https://doi.org/10.1016/j.bandc.2016.03.006
http://www.healthdata.org/policy-report/findings-global-burden-disease-study-2017
http://www.healthdata.org/policy-report/findings-global-burden-disease-study-2017
https://doi.org/10.1155/2016/1584947
https://doi.org/10.1155/2016/1584947
https://doi.org/10.1016/j.nicl.2019.101960
https://doi.org/10.1016/j.nicl.2019.101960
https://doi.org/10.1007/s00213-016-4268-z
https://doi.org/10.1007/s00213-016-4268-z
https://doi.org/10.1016/j.clinph.2006.01.009
https://doi.org/10.1073/pnas.1604231113
https://doi.org/10.1126/sciadv.1500039
https://doi.org/10.1126/sciadv.1500039
https://doi.org/10.3389/fnsys.2014.00139
https://doi.org/10.3389/fnsys.2014.00139
https://doi.org/10.1016/j.sigpro.2005.07.010
https://doi.org/10.1093/oxfordhb/9780195374148.013.0014
https://doi.org/10.1093/oxfordhb/9780195374148.013.0014
https://doi.org/10.1016/0006-3223(95)00289-8
https://doi.org/10.1016/0006-3223(95)00289-8
https://doi.org/10.1016/j.neuroimage.2010.12.004
https://doi.org/10.1007/s00213-012-2800-3
https://doi.org/10.1016/j.ijpsycho.2019.04.005
https://doi.org/10.1038/tp.2016.192
https://doi.org/10.1038/tp.2016.192
https://doi.org/10.1016/j.neuroimage.2016.10.018
https://doi.org/10.1109/EMBC.2018.8512993
https://doi.org/10.1109/EMBC.2018.8512993
https://doi.org/10.1016/j.neuroscience.2009.11.053
https://doi.org/10.1016/j.neuroscience.2009.11.053
https://doi.org/10.1016/j.neuroscience.2010.07.012
https://doi.org/10.1016/j.parkreldis.2008.01.002
https://doi.org/10.1016/j.ijpsycho.2014.08.001
https://doi.org/10.1016/j.ijpsycho.2014.08.001
https://doi.org/10.1109/IEMBS.2010.5627603
https://doi.org/10.1111/j.1369-1600.2011.00337.x
https://doi.org/10.1111/j.1369-1600.2011.00337.x
https://doi.org/10.1111/j.1460-9568.2010.07590.x
https://doi.org/10.1146/annurev.psych.093008.131123


Landi N, Montoya J, Kober H, Rutherford HJV, Mencl WE, Worhunsky PD, Potenza
MN, Mayes LC. Maternal neural responses to infant cries and faces:
relationships with substance use. Front Psychiatry. 2011;2. https://doi.org/10.
3389/fpsyt.2011.00032.

Lapenta OM, Sierve KD, de Macedo EC, Fregni F, Boggio PS. Transcranial direct current
stimulation modulates ERP-indexed inhibitory control and reduces food
consumption. Appetite. 2014;83:42–8. https://doi.org/10.1016/j.appet.2014.08.005.

Lawhern VJ, Solon AJ, Waytowich NR, Gordon SM, Hung CP, Lance BJ. EEGNet: a
compact convolutional neural network for EEG-based brain–computer
interfaces. J Neural Eng. 2018;15(5):056013. https://doi.org/10.1088/1741-
2552/aace8c.

Lenoir M, Kiyatkin EA. Intravenous nicotine injection induces rapid, experience-
dependent sensitization of glutamate release in the ventral tegmental area
and nucleus accumbens. J Neurochem. 2013;127(4):541–51. https://doi.org/
10.1111/jnc.12450.

Leuthardt EC, Miller KJ, Schalk G, Rao RPN, Ojemann JG. Electrocorticography-based
brain computer Interface—the Seattle experience. IEEE Trans Neural Syst
Rehabil Eng. 2006;14(2):194–8. https://doi.org/10.1109/TNSRE.2006.875536.

Li LM, Uehara K, Hanakawa T. The contribution of interindividual factors to
variability of response in transcranial direct current stimulation studies. Front
Cell Neurosci. 2015;9. https://doi.org/10.3389/fncel.2015.00181.

Light GA, Malaspina D, Geyer MA, Luber BM, Coleman EA, Sackeim HA, Braff DL.
Amphetamine disrupts P50 suppression in normal subjects. Biol Psychiatry.
1999;46(7):990–6. https://doi.org/10.1016/S0006-3223(99)00034-7.

Lijffijt M, Lane SD, Meier SL, Boutros NN, Burroughs S, Steinberg JL, Gerard
Moeller F, Swann AC. P50, N100, and P200 sensory gating: relationships with
behavioral inhibition, attention, and working memory. Psychophysiology.
2009;46(5):1059–68. https://doi.org/10.1111/j.1469-8986.2009.00845.x.

Littel M, Franken IH. Electrophysiological correlates of associative learning in
smokers: A higher-order conditioning experiment. BMC Neurosci. 2012;13(1):
8. https://doi.org/10.1186/1471-2202-13-8.

Lubman D, Allen N, Peters L, Deakin J. Electrophysiological evidence that drug
cues have greater salience than other affective stimuli in opiate addiction. J
Psychopharmacol. 2008;22(8):836–42. https://doi.org/10.1177/
0269881107083846.

Lubman DI, Allen NB, Peters LA, Deakin JFW. Electrophysiological evidence of the
motivational salience of drug cues in opiate addiction. Psychol Med. 2007;
37(8):1203–9. https://doi.org/10.1017/S0033291707009932.

Luigjes J, Segrave R, de Joode N, Figee M, Denys D. Efficacy of invasive and non-
invasive brain modulation interventions for addiction. Neuropsychol Rev.
2019;29(1):116–38. https://doi.org/10.1007/s11065-018-9393-5.

Luijten M, Kleinjan M, Franken IHA. Event-related potentials reflecting smoking
cue reactivity and cognitive control as predictors of smoking relapse and
resumption. Psychopharmacology. 2016;233(15–16):2857–68. https://doi.org/
10.1007/s00213-016-4332-8.

Luijten M, Machielsen M, Veltman D, Hester R, de Haan L, Franken I. Systematic
review of ERP and fMRI studies investigating inhibitory control and error
processing in people. J Psychiatry Neurosci. 2014;39(3):149–69. https://doi.
org/10.1503/jpn.130052.

Lüscher C, Malenka RC. Drug-evoked synaptic plasticity in addiction: from
molecular changes to circuit remodeling. Neuron. 2011;69(4):650–63. https://
doi.org/10.1016/j.neuron.2011.01.017.

Malvaez M, Greenfield VY, Wang AS, Yorita AM, Feng L, Linker KE, Monbouquette
HG, Wassum KM. Basolateral amygdala rapid glutamate release encodes an
outcome-specific representation vital for reward-predictive cues to selectively
invigorate reward-seeking actions. Sci Rep. 2015;5(1):12511. https://doi.org/10.
1038/srep12511.

Mannarelli D, Pauletti C, De Lucia MC, Delle Chiaie R, Bersani FS, Spagnoli F,
Minichino A, Currà A, Trompetto C, Fattapposta F. Effects of cerebellar
transcranial direct current stimulation on attentional processing of the
stimulus: evidence from an event-related potentials study. Neuropsychologia.
2016;84:127–35. https://doi.org/10.1016/j.neuropsychologia.2016.02.002.

Marco J, Fuentemilla L, Grau C. Auditory sensory gating deficit in abstinent
chronic alcoholics. Neurosci Lett. 2005;375(3):174–7. https://doi.org/10.1016/j.
neulet.2004.11.017.

Marhe R, van de Wetering BJM, Franken IHA. Error-related brain activity predicts
cocaine use after treatment at 3-month follow-up. Biol Psychiatry. 2013;73(8):
782–8. https://doi.org/10.1016/j.biopsych.2012.12.016.

Marques-Teixeira JE, Barbosa MFS. Emotional states and informational brain
processing in drug addicts free of drugs: an ERPs study. Int J Psychiatry Clin
Pract. 2005;9(3):213–20. https://doi.org/10.1080/13651500510029101.

Marshall TR, Esterer S, Herring JD, Bergmann TO, Jensen O. On the relationship
between cortical excitability and visual oscillatory responses—a concurrent
tDCS–MEG study. NeuroImage. 2016;140:41–9. https://doi.org/10.1016/j.
neuroimage.2015.09.069.

Mashhoon Y, Betts J, Farmer SL, Lukas SE. Early onset cigarette smokers exhibit
greater P300 reactivity to smoking-related stimuli and report greater craving.
Brain Res. 2018;1687:173–84. https://doi.org/10.1016/j.brainres.2018.02.037.

Matheus-Roth C, Schenk I, Wiltfang J, Scherbaum N, Müller BW. Occipital event-
related potentials to addiction-related stimuli in detoxified patients with
alcohol dependence, and their association with three-month relapse. BMC
Psychiatry. 2016;16(1):74. https://doi.org/10.1186/s12888-016-0782-0.

Maurage P, Campanella S, Philippot P, de Timary P, Constant E, Gauthier S,
Miccichè M-L, Kornreich C, Hanak C, Noel X, Verbanck P. Alcoholism leads to
early perceptive alterations, independently of comorbid depressed state: an
ERP study. Neurophysiol Clin. 2008;38(2):83–97. https://doi.org/10.1016/j.
neucli.2008.02.001.

Maurage P, Philippot P, Verbanck P, Noel X, Kornreich C, Hanak C, Campanella S.
Is the P300 deficit in alcoholism associated with early visual impairments
(P100, N170)? An oddball paradigm. Clin Neurophysiol. 2007;118(3):633–44.
https://doi.org/10.1016/j.clinph.2006.11.007.

Miller KJ, Schalk G, Hermes D, Ojemann JG, Rao RPN. Spontaneous decoding of
the timing and content of human object perception from cortical surface
recordings reveals complementary information in the event-related potential
and broadband spectral change. PLoS Comput Biol. 2016;12(1):e1004660.
https://doi.org/10.1371/journal.pcbi.1004660.

Minev IR, Musienko P, Hirsch A, Barraud Q, Wenger N, Moraud EM, Gandar J,
Capogrosso M, Milekovic T, Asboth L, Torres RF, Vachicouras N, Liu Q,
Pavlova N, Duis S, Larmagnac A, Voros J, Micera S, Suo Z, et al. Electronic
dura mater for long-term multimodal neural interfaces. Science. 2015;
347(6218):159–63. https://doi.org/10.1126/science.1260318.

Moeller FG, Barratt ES, Fischer CJ, Dougherty DM, Reilly EL, Mathias CW, Swann
AC. P300 event-related potential amplitude and impulsivity in cocaine-
dependent subjects. Neuropsychobiology. 2004;50(2):167–73. https://doi.org/
10.1159/000079110.

Moeller SJ, Paulus MP. Toward biomarkers of the addicted human brain: using
neuroimaging to predict relapse and sustained abstinence in substance use
disorder. Prog Neuro-Psychopharmacol Biol Psychiatry. 2018;80:143–54.
https://doi.org/10.1016/j.pnpbp.2017.03.003.

Motlagh F, Ibrahim F, Menke JM, Rashid R, Seghatoleslam T, Habil H.
Neuroelectrophysiological approaches in heroin addiction research: a review
of literatures: brain electrophysiology of heroin addiction. J Neurosci Res.
2016;94(4):297–309. https://doi.org/10.1002/jnr.23703.

Motlagh F, Ibrahim F, Rashid R, Seghatoleslam T, Habil H. Investigation of brain
electrophysiological properties among heroin addicts: quantitative EEG and
event-related potentials: assessment of qEEG and ERP properties in addiction.
J Neurosci Res. 2017;95(8):1633–46. https://doi.org/10.1002/jnr.23988.

Mouthaan BE, van’t Klooster MA, Keizer D, Hebbink GJ, Leijten FSS, Ferrier CH, van
Putten MJAM, Zijlmans M, Huiskamp GJM. Single pulse electrical stimulation
to identify epileptogenic cortex: clinical information obtained from early
evoked responses. Clin Neurophysiol. 2016;127(2):1088–98. https://doi.org/10.
1016/j.clinph.2015.07.031.

Müller CP, Pum ME, Schumann G, Huston JP. The role of serotonin in drug
addiction. In: Handbook of Behavioral Neuroscience (Bd. 21, S. 507–545):
Elsevier; 2010. https://doi.org/10.1016/S1569-7339(10)70099-0.

Müller U, Sturm V, Voges J, Heinze H-J, Galazky I, Büntjen L, Heldmann M, Frodl T,
Steiner J, Bogerts B. Nucleus Accumbens deep brain stimulation for alcohol
addiction – safety and clinical long-term results of a pilot trial.
Pharmacopsychiatry. 2016;49(04):170–3. https://doi.org/10.1055/s-0042-104507.

Nakamura-Palacios EM, de Almeida Benevides MC, da Penha Zago-Gomes M, de
Oliveira RWD, de Vasconcellos VF, de Castro LNP, da Silva MC, Ramos PA,
Fregni F. Auditory event-related potentials (P3) and cognitive changes
induced by frontal direct current stimulation in alcoholics according to Lesch
alcoholism typology. Int J Neuropsychopharmacol. 2012;15(05):601–16.
https://doi.org/10.1017/S1461145711001040.

Nakamura-Palacios EM, Lopes IBC, Souza RA, Klauss J, Batista EK, Conti CL,
Moscon JA, de Souza RSM. Ventral medial prefrontal cortex (vmPFC) as a
target of the dorsolateral prefrontal modulation by transcranial direct current
stimulation (tDCS) in drug addiction. J Neural Transm. 2016;123(10):1179–94.
https://doi.org/10.1007/s00702-016-1559-9.

Naskar S, Sood SK, Goyal V. Effect of acute deep brain stimulation of the
subthalamic nucleus on auditory event-related potentials in Parkinson’s

Habelt et al. Bioelectronic Medicine             (2020) 6:4 Page 15 of 17

https://doi.org/10.3389/fpsyt.2011.00032
https://doi.org/10.3389/fpsyt.2011.00032
https://doi.org/10.1016/j.appet.2014.08.005
https://doi.org/10.1088/1741-2552/aace8c
https://doi.org/10.1088/1741-2552/aace8c
https://doi.org/10.1111/jnc.12450
https://doi.org/10.1111/jnc.12450
https://doi.org/10.1109/TNSRE.2006.875536
https://doi.org/10.3389/fncel.2015.00181
https://doi.org/10.1016/S0006-3223(99)00034-7
https://doi.org/10.1111/j.1469-8986.2009.00845.x
https://doi.org/10.1186/1471-2202-13-8
https://doi.org/10.1177/0269881107083846
https://doi.org/10.1177/0269881107083846
https://doi.org/10.1017/S0033291707009932
https://doi.org/10.1007/s11065-018-9393-5
https://doi.org/10.1007/s00213-016-4332-8
https://doi.org/10.1007/s00213-016-4332-8
https://doi.org/10.1503/jpn.130052
https://doi.org/10.1503/jpn.130052
https://doi.org/10.1016/j.neuron.2011.01.017
https://doi.org/10.1016/j.neuron.2011.01.017
https://doi.org/10.1038/srep12511
https://doi.org/10.1038/srep12511
https://doi.org/10.1016/j.neuropsychologia.2016.02.002
https://doi.org/10.1016/j.neulet.2004.11.017
https://doi.org/10.1016/j.neulet.2004.11.017
https://doi.org/10.1016/j.biopsych.2012.12.016
https://doi.org/10.1080/13651500510029101
https://doi.org/10.1016/j.neuroimage.2015.09.069
https://doi.org/10.1016/j.neuroimage.2015.09.069
https://doi.org/10.1016/j.brainres.2018.02.037
https://doi.org/10.1186/s12888-016-0782-0
https://doi.org/10.1016/j.neucli.2008.02.001
https://doi.org/10.1016/j.neucli.2008.02.001
https://doi.org/10.1016/j.clinph.2006.11.007
https://doi.org/10.1371/journal.pcbi.1004660
https://doi.org/10.1126/science.1260318
https://doi.org/10.1159/000079110
https://doi.org/10.1159/000079110
https://doi.org/10.1016/j.pnpbp.2017.03.003
https://doi.org/10.1002/jnr.23703
https://doi.org/10.1002/jnr.23988
https://doi.org/10.1016/j.clinph.2015.07.031
https://doi.org/10.1016/j.clinph.2015.07.031
https://doi.org/10.1016/S1569-7339(10)70099-0
https://doi.org/10.1055/s-0042-104507
https://doi.org/10.1017/S1461145711001040
https://doi.org/10.1007/s00702-016-1559-9


disease. Parkinsonism Relat Disord. 2010;16(4):256–60. https://doi.org/10.
1016/j.parkreldis.2009.12.006.

National Institute on Drug Abuse (2017). Trends & statistics. https://www.
drugabuse.gov/related-topics/trends-statistics

Nicholls C, Bruno R, Matthews A. Chronic cannabis use and ERP correlates of
visual selective attention during the performance of a flanker go/nogo task.
Biol Psychol. 2015;110:115–25. https://doi.org/10.1016/j.biopsycho.2015.07.
013.

Ou Y, Buchanan AM, Witt CE, Hashemi P. Frontiers in electrochemical sensors for
neurotransmitter detection: towards measuring neurotransmitters as
chemical diagnostics for brain disorders. Anal Methods. 2019;11(21):2738–55.
https://doi.org/10.1039/C9AY00055K.

Pandey AK, Kamarajan C, Tang Y, Chorlian DB, Roopesh BN, Manz N, Stimus A,
Rangaswamy M, Porjesz B. Neurocognitive deficits in male alcoholics: An
ERP/sLORETA analysis of the N2 component in an equal probability Go/
NoGo task. Biol Psychol. 2012;89(1):170–82. https://doi.org/10.1016/j.
biopsycho.2011.10.009.

Papageorgiou CC, Liappas IA, Ventouras EM, Nikolaou CC, Kitsonas EN, Uzunoglu
NK, Rabavilas AD. Long-term abstinence syndrome in heroin addicts: indices
of P300 alterations associated with a short memory task. Prog Neuro-
Psychopharmacol Biol Psychiatry. 2004;28(7):1109–15. https://doi.org/10.1016/
j.pnpbp.2004.05.049.

Park S, Guo Y, Jia X, Choe HK, Grena B, Kang J, Park J, Lu C, Canales A, Chen R,
Yim YS, Choi GB, Fink Y, Anikeeva P. One-step optogenetics with
multifunctional flexible polymer fibers. Nat Neurosci. 2017. https://doi.org/10.
1038/nn.4510 Advance online publication. http://www.nature.com/neuro/
journal/vaop/ncurrent/abs/nn.4510.html#supplementary-information.

Parvaz MA, Moeller SJ, Malaker P, Sinha R, Alia-Klein N, Goldstein RZ. Abstinence
reverses EEG-indexed attention bias between drug-related and pleasant
stimuli in cocaine-addicted individuals. J Psychiatry Neurosci. 2017;42(2):78–
86. https://doi.org/10.1503/jpn.150358.

Perkins KA. Does smoking cue-induced craving tell us anything important about
nicotine dependence? Addiction. 2009;104(10):1610–6. https://doi.org/10.
1111/j.1360-0443.2009.02550.x.

Petit G, Cimochowska A, Cevallos C, Cheron G, Kornreich C, Hanak C, Schroder E,
Verbanck P, Campanella S. Reduced processing of alcohol cues predicts
abstinence in recently detoxified alcoholic patients in a three-month follow
up period: An ERP study. Behav Brain Res. 2015;282:84–94. https://doi.org/10.
1016/j.bbr.2014.12.057.

Piasecki TM, Fleming KA, Trela CJ, Bartholow BD. P3 event-related potential
reactivity to smoking cues: relations with craving, tobacco dependence, and
alcohol sensitivity in young adult smokers. Psychol Addict Behav. 2017;31(1):
61–72. https://doi.org/10.1037/adb0000233.

Polich J. Updating P300: an integrative theory of P3a and P3b. Clin Neurophysiol.
2007;118(10):2128–48. https://doi.org/10.1016/j.clinph.2007.04.019.

Proctor CM, Slézia A, Kaszas A, Ghestem A, del Agua I, Pappa A-M, Bernard C,
Williamson A, Malliaras GG. Electrophoretic drug delivery for seizure control.
Sci Adv. 2018;4(8):eaau1291. https://doi.org/10.1126/sciadv.aau1291.

Rahman MA, Kwon N-H, Won M-S, Choe ES, Shim Y-B. Functionalized conducting
polymer as an enzyme-immobilizing substrate: an amperometric glutamate
microbiosensor for in vivo measurements. Anal Chem. 2005;77(15):4854–60.
https://doi.org/10.1021/ac050558v.

Rembado I, Castagnola E, Turella L, Ius T, Budai R, Ansaldo A, Angotzi GN,
Debertoldi F, Ricci D, Skrap M, Fadiga L. Independent component
decomposition of human somatosensory evoked potentials recorded by
micro-electrocorticography. Int J Neural Syst. 2017;27(04):1650052. https://doi.
org/10.1142/S0129065716500520.

Roberts CA, Fairclough SH, Fisk JE, Tames F, Montgomery C. ERP evidence suggests
executive dysfunction in ecstasy polydrug users. Psychopharmacology. 2013;
228(3):375–88. https://doi.org/10.1007/s00213-013-3044-6.

Rogers ML, Leong CL, Gowers SA, Samper IC, Jewell SL, Khan A, McCarthy L, Pahl
C, Tolias CM, Walsh DC, Strong AJ, Boutelle MG. Simultaneous monitoring of
potassium, glucose and lactate during spreading depolarization in the
injured human brain – Proof of principle of a novel real-time neurochemical
analysis system, continuous online microdialysis. J Cereb Blood Flow Metab.
2017;37(5):1883–95. https://doi.org/10.1177/0271678x16674486.

Roopesh BN, Rangaswamy M, Kamarajan C, Chorlian DB, Stimus A, Bauer LO,
Rohrbaugh J, O’Connor SJ, Kuperman S, Schuckit M, Porjesz B. Priming
deficiency in male subjects at risk for alcoholism: the N4 during a lexical
decision task. Alcohol Clin Exp Res. 2009;33(12):2027–36. https://doi.org/10.
1111/j.1530-0277.2009.01042.x.

Ross SE, Lehmann Levin E, Itoga CA, Schoen CB, Selmane R, Aldridge JW. Deep
brain stimulation in the central nucleus of the amygdala decreases ‘wanting’
and ‘liking’ of food rewards. Eur J Neurosci. 2016;44(7):2431–45. https://doi.
org/10.1111/ejn.13342.

Roy Y, Banville H, Albuquerque I, Gramfort A, Falk TH, Faubert J. Deep learning-
based electroencephalography analysis: a systematic review. J Neural Eng.
2019;16(5):051001. https://doi.org/10.1088/1741-2552/ab260c.

Rutherford HJV, Potenza MN, Mayes LC. The neurobiology of addiction and
attachment. In: Parenting and substance abuse: developmental approaches
to intervention (S. 3–23). New York: Oxford University Press; 2013.

Salling MC, Martinez D. Brain stimulation in addiction.
Neuropsychopharmacology. 2016;41(12):2798–809. https://doi.org/10.1038/
npp.2016.80.

Sayette MA. The role of craving in substance use disorders: theoretical and
methodological issues. Annu Rev Clin Psychol. 2016;12(1):407–33. https://doi.
org/10.1146/annurev-clinpsy-021815-093351.

Schalk G, Leuthardt EC. Brain-computer interfaces using electrocorticographic
signals. IEEE Rev Biomed Eng. 2011;4:140–54. https://doi.org/10.1109/RBME.
2011.2172408.

Scofield MD, Boger HA, Smith RJ, Li H, Haydon PG, Kalivas PW. Gq-DREADD
selectively initiates glial glutamate release and inhibits Cue-induced cocaine
seeking. Biol Psychiatry. 2015;78(7):441–51. https://doi.org/10.1016/j.biopsych.
2015.02.016.

Selzler K, Burack M, Bender R, Mapstone M. Neurophysiological correlates of motor
and working memory performance following subthalamic nucleus stimulation. J
Cogn Neurosci. 2013;25(1):37–48. https://doi.org/10.1162/jocn_a_00306.

Shahbabaie A, Golesorkhi M, Zamanian B, Ebrahimpoor M, Keshvari F, Nejati V,
Fregni F, Ekhtiari H. State dependent effect of transcranial direct current
stimulation (tDCS) on methamphetamine craving. Int J
Neuropsychopharmacol. 2014;17(10):1591–8. https://doi.org/10.1017/
S1461145714000686.

Shahmohammadi F, Golesorkhi M, Riahi Kashani MM, Sangi M, Yoonessi A,
Yoonessi A. Neural correlates of craving in methamphetamine abuse. Basic
Clin Neurosci J. 2016;7(3). https://doi.org/10.15412/J.BCN.03070307.

Shin H, Lee HJ, Chae U, Kim H, Kim J, Choi N, Woo J, Cho Y, Lee CJ, Yoon E-S,
Cho I-J. Neural probes with multi-drug delivery capability. Lab Chip. 2015;
15(18):3730–7. https://doi.org/10.1039/C5LC00582E.

Simon DT, Kurup S, Larsson KC, Hori R, Tybrandt K, Goiny M, Jager EWH, Berggren
M, Canlon B, Richter-Dahlfors A. Organic electronics for precise delivery of
neurotransmitters to modulate mammalian sensory function. Nat Mater.
2009;8(9):742–6. https://doi.org/10.1038/nmat2494.

Singleton, E. G., Tiffany, S. T., & Henningfield, J. E. (1994). Alcohol Craving
Questionnaire (ACQ-NOW): background, scoring, and administration
[technical report]. https://www.researchgate.net/publication/309310573_
MANUAL_Alcohol_Craving_Questionnaires_ACQ-NOW_and_ACQ-SF-R_
Background_Scoring_and_Administration?channel=doi&linkId=5808da81
08ae1c98c2523a40&showFulltext=true

Sklar AL, Nixon SJ. Disruption of sensory gating by moderate alcohol doses.
Psychopharmacology. 2014;231(22):4393–402. https://doi.org/10.1007/s00213-
014-3591-5.

Slawecki CJ, Grahame NJ, Roth J, Katner SN, Ehlers CL. EEG and ERP profiles in
the high alcohol preferring (HAP) and low alcohol preferring (LAP) mice:
relationship to ethanol preference. Brain Res. 2003;961(2):243–54. https://doi.
org/10.1016/S0006-8993(02)03959-8.

Speier W, Fried I, Pouratian N. Improved P300 speller performance using
electrocorticography, spectral features, and natural language processing. Clin
Neurophysiol. 2013;124(7):1321–8. https://doi.org/10.1016/j.clinph.2013.02.002.

Stagg CJ, Nitsche MA. Physiological basis of transcranial direct current
stimulation. Neuroscientist. 2011;17(1):37–53. https://doi.org/10.1177/
1073858410386614.

Stothart G, Maynard O, Lavis R, Munafò M. Neural correlates of cigarette health
warning avoidance among smokers. Drug Alcohol Depend. 2016;161:155–62.
https://doi.org/10.1016/j.drugalcdep.2016.01.025.

Sur S, Sinha V. Event-related potential: an overview. Ind Psychiatry J. 2009;18(1):
70. https://doi.org/10.4103/0972-6748.57865.

Tiffany ST, Drobes DJ. The development and initial validation of a questionnaire
on smoking urges. Addiction. 1991;86(11):1467–76. https://doi.org/10.1111/j.
1360-0443.1991.tb01732.x.

Tiffany ST, Wray JM. The clinical significance of drug craving: Tiffany & Wray. Ann
N Y Acad Sci. 2012;1248(1):1–17. https://doi.org/10.1111/j.1749-6632.2011.
06298.x.

Habelt et al. Bioelectronic Medicine             (2020) 6:4 Page 16 of 17

https://doi.org/10.1016/j.parkreldis.2009.12.006
https://doi.org/10.1016/j.parkreldis.2009.12.006
https://www.drugabuse.gov/related-topics/trends-statistics
https://www.drugabuse.gov/related-topics/trends-statistics
https://doi.org/10.1016/j.biopsycho.2015.07.013
https://doi.org/10.1016/j.biopsycho.2015.07.013
https://doi.org/10.1039/C9AY00055K
https://doi.org/10.1016/j.biopsycho.2011.10.009
https://doi.org/10.1016/j.biopsycho.2011.10.009
https://doi.org/10.1016/j.pnpbp.2004.05.049
https://doi.org/10.1016/j.pnpbp.2004.05.049
https://doi.org/10.1038/nn.4510
https://doi.org/10.1038/nn.4510
http://www.nature.com/neuro/journal/vaop/ncurrent/abs/nn.4510.html#supplementary-information
http://www.nature.com/neuro/journal/vaop/ncurrent/abs/nn.4510.html#supplementary-information
https://doi.org/10.1503/jpn.150358
https://doi.org/10.1111/j.1360-0443.2009.02550.x
https://doi.org/10.1111/j.1360-0443.2009.02550.x
https://doi.org/10.1016/j.bbr.2014.12.057
https://doi.org/10.1016/j.bbr.2014.12.057
https://doi.org/10.1037/adb0000233
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1126/sciadv.aau1291
https://doi.org/10.1021/ac050558v
https://doi.org/10.1142/S0129065716500520
https://doi.org/10.1142/S0129065716500520
https://doi.org/10.1007/s00213-013-3044-6
https://doi.org/10.1177/0271678x16674486
https://doi.org/10.1111/j.1530-0277.2009.01042.x
https://doi.org/10.1111/j.1530-0277.2009.01042.x
https://doi.org/10.1111/ejn.13342
https://doi.org/10.1111/ejn.13342
https://doi.org/10.1088/1741-2552/ab260c
https://doi.org/10.1038/npp.2016.80
https://doi.org/10.1038/npp.2016.80
https://doi.org/10.1146/annurev-clinpsy-021815-093351
https://doi.org/10.1146/annurev-clinpsy-021815-093351
https://doi.org/10.1109/RBME.2011.2172408
https://doi.org/10.1109/RBME.2011.2172408
https://doi.org/10.1016/j.biopsych.2015.02.016
https://doi.org/10.1016/j.biopsych.2015.02.016
https://doi.org/10.1162/jocn_a_00306
https://doi.org/10.1017/S1461145714000686
https://doi.org/10.1017/S1461145714000686
https://doi.org/10.15412/J.BCN.03070307
https://doi.org/10.1039/C5LC00582E
https://doi.org/10.1038/nmat2494
https://www.researchgate.net/publication/309310573_MANUAL_Alcohol_Craving_Questionnaires_ACQ-NOW_and_ACQ-SF-R_Background_Scoring_and_Administration?channel=doi&linkId=5808da8108ae1c98c2523a40&showFulltext=true
https://www.researchgate.net/publication/309310573_MANUAL_Alcohol_Craving_Questionnaires_ACQ-NOW_and_ACQ-SF-R_Background_Scoring_and_Administration?channel=doi&linkId=5808da8108ae1c98c2523a40&showFulltext=true
https://www.researchgate.net/publication/309310573_MANUAL_Alcohol_Craving_Questionnaires_ACQ-NOW_and_ACQ-SF-R_Background_Scoring_and_Administration?channel=doi&linkId=5808da8108ae1c98c2523a40&showFulltext=true
https://www.researchgate.net/publication/309310573_MANUAL_Alcohol_Craving_Questionnaires_ACQ-NOW_and_ACQ-SF-R_Background_Scoring_and_Administration?channel=doi&linkId=5808da8108ae1c98c2523a40&showFulltext=true
https://doi.org/10.1007/s00213-014-3591-5
https://doi.org/10.1007/s00213-014-3591-5
https://doi.org/10.1016/S0006-8993(02)03959-8
https://doi.org/10.1016/S0006-8993(02)03959-8
https://doi.org/10.1016/j.clinph.2013.02.002
https://doi.org/10.1177/1073858410386614
https://doi.org/10.1177/1073858410386614
https://doi.org/10.1016/j.drugalcdep.2016.01.025
https://doi.org/10.4103/0972-6748.57865
https://doi.org/10.1111/j.1360-0443.1991.tb01732.x
https://doi.org/10.1111/j.1360-0443.1991.tb01732.x
https://doi.org/10.1111/j.1749-6632.2011.06298.x
https://doi.org/10.1111/j.1749-6632.2011.06298.x


Troup LJ, Torrence RD, Andrzejewski JA, Braunwalder JT. Effects of cannabis use
and subclinical depression on the P3 event-related potential in an emotion
processing task. Medicine. 2017;96(12):e6385. https://doi.org/10.1097/MD.
0000000000006385.

Uguz I, Proctor CM, Curto VF, Pappa A-M, Donahue MJ, Ferro M, Owens RM,
Khodagholy D, Inal S, Malliaras GG. A microfluidic ion pump for in vivo drug
delivery. 2017;29(27):1701217. https://doi.org/10.1002/adma.201701217.

Van Gompel JJ, Chang S-Y, Goerss SJ, Kim IY, Kimble C, Bennet KE, Lee KH.
Development of intraoperative electrochemical detection: wireless
instantaneous neurochemical concentration sensor for deep brain
stimulation feedback. Neurosurg Focus. 2010;29(2):E6. https://doi.org/10.3171/
2010.5.FOCUS10110.

van Tricht MJ, Harmsen EC, Koelman JHTM, Bour LJ, van Amelsvoort TA, Linszen
DH, de Haan L, Nieman DH. Effects of cannabis use on event related
potentials in subjects at ultra high risk for psychosis and healthy controls. Int
J Psychophysiol. 2013;88(2):149–56. https://doi.org/10.1016/j.ijpsycho.2013.03.
012.

Voges J, Müller U, Bogerts B, Münte T, Heinze H-J. Deep brain stimulation surgery
for alcohol addiction. World Neurosurgery. 2013;80(3–4):S28.e21–31. https://
doi.org/10.1016/j.wneu.2012.07.011.

Vollstädt-Klein S, Loeber S, Richter A, Kirsch M, Bach P, von der Goltz C, Hermann
D, Mann K, Kiefer F. Validating incentive salience with functional magnetic
resonance imaging: association between mesolimbic cue reactivity and
attentional bias in alcohol-dependent patients: neural cue reactivity triggers
attention. Addict Biol. 2012;17(4):807–16. https://doi.org/10.1111/j.1369-1600.
2011.00352.x.

Wakabayashi KT, Kiyatkin EA. Rapid changes in extracellular glutamate induced by
natural arousing stimuli and intravenous cocaine in the nucleus accumbens
shell and core. J Neurophysiol. 2012;108(1):285–99. https://doi.org/10.1152/jn.
01167.2011.

Wang GY, Kydd R, Russell BR. Auditory event-related potentials in methadone
substituted opiate users. J Psychopharmacol. 2015;29(9):983–95. https://doi.
org/10.1177/0269881115587929.

Wang L, Xie S, Wang Z, Liu F, Yang Y, Tang C, Wu X, Liu P, Li Y, Saiyin H, Zheng
S, Sun X, Xu F, Yu H, Peng H. Functionalized helical fibre bundles of carbon
nanotubes as electrochemical sensors for long-term in vivo monitoring of
multiple disease biomarkers. Nat Biomed Eng. 2019. https://doi.org/10.1038/
s41551-019-0462-8.

Wang TR, Moosa S, Dallapiazza RF, Elias WJ, Lynch WJ. Deep brain stimulation for
the treatment of drug addiction. Neurosurg Focus. 2018;45(2):E11. https://doi.
org/10.3171/2018.5.FOCUS18163.

Wang Y, Shen Y, Cao X, Shan C, Pan J, He H, Ma Y, Yuan T-F. Transcranial direct
current stimulation of the frontal-parietal-temporal area attenuates cue-
induced craving for heroin. J Psychiatr Res. 2016;79:1–3. https://doi.org/10.
1016/j.jpsychires.2016.04.001.

Ward RJ, Lallemand F, de Witte P. Biochemical and neurotransmitter changes
implicated in alcohol-induced brain damage in chronic or “binge drinking”
alcohol abuse. Alcohol Alcohol. 2009;44(2):128–35. https://doi.org/10.1093/
alcalc/agn100.

Wauthia E, Rossignol M. Emotional processing and attention control impairments
in children with anxiety: an integrative review of event-related potentials
findings. Front Psychol. 2016;7. https://doi.org/10.3389/fpsyg.2016.00562.

WHO. (2004). The ICD-10 classification of mental and behavioural disorders:
clinical descriptions and diagnostic guidelines. https://www.who.int/
substance_abuse/terminology/ICD10ClinicalDiagnosis.pdf?ua=1

WHO. WHO | lexicon of alcohol and drug terms published by the World Health
Organization: WHO; 2019. https://www.who.int/substance_abuse/
terminology/who_lexicon/en/

Wietschorke K, Lippold J, Jacob C, Polak T, Herrmann MJ. Transcranial direct
current stimulation of the prefrontal cortex reduces cue-reactivity in alcohol-
dependent patients. J Neural Transm. 2016;123(10):1173–8. https://doi.org/10.
1007/s00702-016-1541-6.

Wray JM, Gass JC, Tiffany ST. A systematic review of the relationships between
craving and smoking cessation. Nicotine Tob Res. 2013;15(7):1167–82. https://
doi.org/10.1093/ntr/nts268.

Yang B, Yang S, Zhao L, Yin L, Liu X, An S. Event-related potentials in a Go/Nogo
task of abnormal response inhibition in heroin addicts. Sci China Ser C Life
Sci. 2009;52(8):780–8. https://doi.org/10.1007/s11427-009-0106-4.

Yang C, Cao Q, Puthongkham P, Lee ST, Ganesana M, Lavrik NV, Venton BJ. 3D-
printed carbon electrodes for neurotransmitter detection. 2018;57(43):14255–
9. https://doi.org/10.1002/anie.201809992.

Yin J, Yuan K, Feng D, Cheng J, Li Y, Cai C, Bi Y, Sha S, Shen X, Zhang B, Xue T,
Qin W, Yu D, Lu X, Tian J. Inhibition control impairments in adolescent
smokers: electrophysiological evidence from a Go/NoGo study. Brain Imaging
Behav. 2016;10(2):497–505. https://doi.org/10.1007/s11682-015-9418-0.

Zhou H, Niu L, Meng L, Lin Z, Zou J, Xia X, Huang X, Zhou W, Bian T, Zheng H.
Noninvasive ultrasound deep brain stimulation for the treatment of
Parkinsons disease model mouse. Research. 2019;2019:1–13. https://doi.org/
10.34133/2019/1748489.

Zrenner C, Belardinelli P, Müller-Dahlhaus F, Ziemann U. Closed-loop
neuroscience and non-invasive brain stimulation: a tale of two loops. Front
Cell Neurosci. 2016;10. https://doi.org/10.3389/fncel.2016.00092.

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

Habelt et al. Bioelectronic Medicine             (2020) 6:4 Page 17 of 17

https://doi.org/10.1097/MD.0000000000006385
https://doi.org/10.1097/MD.0000000000006385
https://doi.org/10.1002/adma.201701217
https://doi.org/10.3171/2010.5.FOCUS10110
https://doi.org/10.3171/2010.5.FOCUS10110
https://doi.org/10.1016/j.ijpsycho.2013.03.012
https://doi.org/10.1016/j.ijpsycho.2013.03.012
https://doi.org/10.1016/j.wneu.2012.07.011
https://doi.org/10.1016/j.wneu.2012.07.011
https://doi.org/10.1111/j.1369-1600.2011.00352.x
https://doi.org/10.1111/j.1369-1600.2011.00352.x
https://doi.org/10.1152/jn.01167.2011
https://doi.org/10.1152/jn.01167.2011
https://doi.org/10.1177/0269881115587929
https://doi.org/10.1177/0269881115587929
https://doi.org/10.1038/s41551-019-0462-8
https://doi.org/10.1038/s41551-019-0462-8
https://doi.org/10.3171/2018.5.FOCUS18163
https://doi.org/10.3171/2018.5.FOCUS18163
https://doi.org/10.1016/j.jpsychires.2016.04.001
https://doi.org/10.1016/j.jpsychires.2016.04.001
https://doi.org/10.1093/alcalc/agn100
https://doi.org/10.1093/alcalc/agn100
https://doi.org/10.3389/fpsyg.2016.00562
https://www.who.int/substance_abuse/terminology/ICD10ClinicalDiagnosis.pdf?ua=1
https://www.who.int/substance_abuse/terminology/ICD10ClinicalDiagnosis.pdf?ua=1
https://www.who.int/substance_abuse/terminology/who_lexicon/en/
https://www.who.int/substance_abuse/terminology/who_lexicon/en/
https://doi.org/10.1007/s00702-016-1541-6
https://doi.org/10.1007/s00702-016-1541-6
https://doi.org/10.1093/ntr/nts268
https://doi.org/10.1093/ntr/nts268
https://doi.org/10.1007/s11427-009-0106-4
https://doi.org/10.1002/anie.201809992
https://doi.org/10.1007/s11682-015-9418-0
https://doi.org/10.34133/2019/1748489
https://doi.org/10.34133/2019/1748489
https://doi.org/10.3389/fncel.2016.00092

	Abstract
	Background
	Correlates (biomarkers) of addiction
	Neurobiology
	Electrophysiology
	N170
	N2
	N400
	P50
	N1/P2
	P3
	LPP
	ERN


	Neuromodulation strategies for addictive disorders
	Deep brain stimulation
	Electrocorticography & direct electrical stimulation
	Transcranial direct current stimulation

	Application of brain stimulation to modulate electrophysiological correlates of addiction
	Future directions: intelligent closed loop systems
	Future directions: multimodal neural systems for addiction therapy
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

