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Abstract 

 

This review focuses on the evidence for neurotherapeutics for Attention Deficit 

Hyperactivity Disorder (ADHD). EEG-Neurofeedback has been tested for about 45 years with 

latest meta-analyses of randomised controlled trials (RCT) showing small/medium effects 

compared to non-active controls only. Three small studies piloted fMRI-Neurofeedback or 

near-infrared spectroscopy (NIRS)-neurofeedback of frontal activations in ADHD and found 

no superior effects over control conditions. Brain stimulation has been applied to ADHD using 

mostly repetitive transcranial magnetic and direct current stimulation (rTMS/tDCS). rTMS has 

shown mostly negative findings on improving cognition or symptoms. Meta-analyses of tDCS 

studies targeting mostly dorsolateral prefrontal cortex show small effects on cognitive 

improvements with only two out of three studies showing clinical improvements. Trigeminal 

nerve stimulation has shown to improve ADHD symptoms with medium effect in one RCT. 

Modern neurotherapeutics are attractive because they are relatively safe and -unlike ADHD 

medications- have neuroplastic effects. However, systematic testing of their clinical and 

cognitive effects across settings and beyond core symptoms and of their use for individualised 

therapy is paramount. 

 

Keywords: Attention Deficit/Hyperactivity Disorder; ADHD; functional magnetic resonance 

imaging; fMRI; Neurofeedback; EEG-Neurofeedback; fMRI-Neurofeedback; brain 

stimulation; transcranial magnetic stimulation (TMS); transcranial direct current stimulation 

(tDCS); trigeminal nerve stimulation (TNS). 
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Introduction 

 

Attention-Deficit/Hyperactivity Disorder (ADHD) is defined by the DSM-5 as a disorder with 

persisting and impairing symptoms of age-inappropriate inattention and/or 

hyperactivity/impulsivity (DSM-5) (American Psychiatric Association, 2000). ADHD has a 

high prevalence of around 7% and is therefore one of the most common childhood disorders 

(Thomas et al., 2015). Most patients with ADHD have still attention problems when they are 

adults and many have comorbidities and academic and social problems (Thomas et al., 2015).  

People with a diagnosis of ADHD have been shown to have problems with higher-order 

cognitive skills that are developing late into adulthood, called “executive functions” (EF). EF  

are supported networks that include frontal, parietal and striatal and cerebellar regions that 

develop late in adolescence (Rubia, 2013). People with ADHD are particularly impaired in 

“cool” EF, which include working memory, inhibitory control, selective and sustained 

attention, cognitive flexibility and intraindividual response variability (Pievsky & McGrath, 

2018b; Rubia, 2011; Willcutt et al., 2008), as well as in temporal processing (Noreika et al., 

2013; Rubia et al., 2009). Deficits in “hot” EF including reward-based decision making or 

control of their motivation are less consistently observed,  with some evidence for problems 

with temporal discounting (Noreika et al., 2013; Plichta & Scheres, 2014; Willcutt et al., 2008). 

This is in line with the diagnostic criteria which focus more on attention and inhibitory 

problems. Cognitive problems are more commonly found in children than adults with ADHD 

(Groen et al., 2013; Pievsky & McGrath, 2018b). Studies have also shown large heterogeneity 

whereby up to 30% of people with ADHD have no problems in EF (Nigg et al., 2005; Roberts 

et al., 2017). 
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The most successful treatment is with psychostimulant medication which enhance 

catecholamines in the brain, reaching an effect size of ~ 0.8, with about 70% of patients with 

ADHD responding to it (Cortese et al., 2018). Functional magnetic resonance imaging (fMRI) 

studies have shown that stimulant medication increases the activation of inferior frontal and 

striatal regions and their interconnectivity and decreases activation in areas of the default mode 

network (Rubia et al., 2014). It is likely that the increase of activation in task-relevant areas 

together with the decrease of activation in the DMN is causing improvements in cognitive 

functioning (Coghill et al., 2014; Pievsky & McGrath, 2018a). Second-line treatment is with 

noradrenaline transporter/receptor blockers Atomoxetine and Guanfacine that also enhance 

brain catecholamines with effect sizes of 0.56 and 0.67, respectively (Cortese et al., 2018). 

Stimulant prescription has increased dramatically over the last decades worldwide which is 

controversial due to abuse and diversion potential. Furthermore, stimulants commonly have 

adverse effects, on sleep, appetite, irritability, nausea/vomiting, abdominal pain, headaches, 

labile mood and growth suppression, although they are typically non-serious and can be 

transient (Cortese et al., 2018). Also, only 50% of patients tolerate it sufficiently, caution is 

indicated for certain comorbid conditions (such as cardiovascular malfunctions, sleep 

problems) and adherence can be poor, in particular in adolescence. Importantly, longer-term 

efficacy has not been demonstrated in meta-analyses, observational or epidemiological studies 

(Cortese et al., 2018; Swanson, 2019), although there is controversy (Coghill, 2019). 

While the efficacy of stimulant medication for treating ADHD was a chance finding, as it 

was originally used for other medical conditions such as bronchodilatation, headache, and 

blood pressure (Connolly et al., 2015) and the first neurofeedback treatment in ADHD also 

used EEG conditioning developed for seizure control (Lubar & Shouse, 1976), modern 

neurotherapeutics have the advantage that they can target directly the key brain function 
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deficits that have been found in ADHD over the past decades. There has been substantial 

research on differences in brain activation in ADHD compared to age-matched controls with 

electroencephalography (EEG) since the 1970 (e.g. (Satterfield, 1973a; Satterfield et al., 

1973b) and with fMRI over the past 2.5 decades that have provided us with neurofunctional 

biomarkers that could be targeted with neurotherapeutics such as neurofeedback or non-

invasive brain stimulation techniques. 

 

Functional neuroimaging markers of ADHD that could provide 

targets for neurotherapeutics 

 

Electrophysiological biomarkers 

Electrophysiology findings in ADHD showed that increased slower oscillations such as delta, 

theta or alpha during resting conditions, but also faster beta frequencies bands are most relevant 

to ADHD (Loo & Makeig, 2012). The oscillatory or spectral profile reflects maturation and 

arousal problems, since particularly slower frequencies decrease with age. An increasingly 

controversial finding in ADHD is a higher frontocentral theta/beta ratio (TBR) (Snyder et al., 

2015) which has been related to reduced attention, hypoarousal or maturational lag suggesting 

a strong association between ADHD and markers of EEG during rest. During the last decades, 

scientific efforts to replicate this hypothesis did not show consistent TBR increase in ADHD 

despite maturational effects (Buyck & Wiersema, 2014a, 2014b, 2015; Liechti et al., 2013) and 

questioned a relation between TBR and arousal (Clarke et al., 2019). A meta-analysis about 

TBR in ADHD showed that the TBR effect size is negatively related to the year of publication, 
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and might be related to methodological factors, and to a trend for  increasing TBR over the 

years in healthy controls, which may be related to decreased sleep duration, diminishing 

differences to ADHD (Arns et al., 2012). Importantly, advances in the field showed that the 

heterogeneity within ADHD might explain the inconsistent findings. Indeed, it was shown that 

subgroups of patients with ADHD have increased TBR (Clarke et al., 2011), in 3 EEG waves,  

with 60% of ADHD children had higher activity in the theta range compared to healthy 

controls. A more recent study showed that high TBR is present in 35% of the ADHD population 

(Bussalb et al., 2019). However, the concept of TBR as a biomarker for ADHD could 

potentially be confounded by differences in concentration, cognitive effort, activation, and 

drowsiness (Drechsler et al., 2020), consistent with findings that theta activity increases in 

ADHD appear only after longer EEG recordings (Zhang et al., 2019). Further, a recent review 

on resting EEG power research in ADHD concluded that given the current evidence in the field 

it would be premature to make definitive statements about the utility of the TBR ratio as a 

diagnostic test for ADHD (Clarke et al., 2020). Importantly, recent EEG-NF studies which 

assume deviating TBR, have taken this into account, proposing a cut-off for TBR-NF (i.e. 

>4,1), and thus applying TBR-NF only to the subgroup with high TBR ratio (Arnold et al., 

2020; Bioulac et al., 2019).  

Compared to this controversial research regarding inconsistently altered electrophysiological 

oscillations, there are somewhat more consistent findings concerning event-related potentials 

(ERPs). ERPs are defined as a task-locked activity, reflecting cognitive, sensory or motor brain 

responses. Different ERP components showed deviations in ADHD for stimulus 

discrimination, resource allocation, inhibition, preparation, error detection, and conflict 

processing  (Barry et al., 2003, Johnstone et al., 2013). However, these alterations seem to be 

non-specific to ADHD and provide only limited relevance as diagnostic biomarkers (Loo & 
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Makeig, 2012). A current meta-analysis (Kaiser et al., 2020) found significant and moderate to 

large effects for specific ERPs associated with late cognitive processing related to attentional 

preparation and resource allocation, such as P300 and contingent negative variation (CNV); 

however, the results were characterized by substantial heterogeneity and modest effect sizes 

which limit the use for clinical applications. Importantly, there is a need to systematically 

investigate those components, since most of the studies used different tests and measures, 

which makes it difficult to provide a reliable interpretation with respect to the accuracy of the 

classification and the effect size (Gamma & Kara, 2020). 

 

fMRI biomarkers 

The past two decades of MRI research have consistently shown evidence for underlying brain 

structure and function deficits in ADHD. As a consequence, ADHD is now considered a 

neurodevelopmental disorder. Meta-analyses and mega-analyses of brain structure have 

demonstrated consistently reduced grey matter in the basal ganglia and insula in people with 

ADHD (Hoogman et al., 2017; Lukito et al., 2020; Nakao et al., 2011; Norman et al., 2016), 

but also limbic areas including the hippocampus and the amygdala (Hoogman et al., 2017). 

Meta-analyses have also found a reduction in the grey matter, the cortical thickness and the 

surface area in frontal, parietal and temporal brain areas (Hoogman et al., 2019; Lukito et al., 

2020; Norman et al., 2016). Longitudinal studies have furthermore shown that the peak of 

cortical thickness and surface area are delayed in their development in frontal, temporal and 

parietal brain areas (Shaw et al., 2007; Shaw et al., 2012). People with ADHD also have 

abnormal white matter tracts in particular in tracts that connect fronto-striatal, interhemispheric 
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and fronto-cerebellar connections and long-distance tracts such as fronto-occipital tracts (Aoki 

et al., 2018; Chen et al., 2016, Rubia 2018). 

Studies that used fMRI have provided consistent neurofunctional biomarkers in ADHD, 

several of which have been targeted with neurotherapeutics. ADHD has been associated with 

relatively widespread dysfunctions, mostly underactivations compared to age-matched 

controls.Meta-analyses of fMRI studies have found abnormalities in several frontal regions 

such as dorsolateral, inferior, orbital and medial prefrontal cortices, the cingulate, the basal 

ganglia and the networks they form including fronto-limbic, fronto-parietal, and fronto-

cerebellar networks (Rubia, 2018). A well replicated finding across our 3 meta-analyses of 

whole-brain fMRI studies of cognitive and motor inhibition, the latest and largest including 

1001 ADHD patients, is that people with ADHD compared to healthy age-matched controls 

have lower recruitment of brain areas that mediate cognitive control, in right inferior prefrontal 

cortex (IFC), anterior insula, the supplementary motor area (SMA), anterior cingulate cortex 

(ACC), and striatal regions (Hart et al., 2013; Lukito et al., 2020; Norman et al., 2016). Similar 

findings were observed in smaller meta-analyses focusing on inhibition tasks, some including 

left IFC (Cortese et al., 2012; Lei et al., 2015; McCarthy et al., 2014), and others also finding 

DLPFC underactivation (Cortese et al., 2012; Lei et al., 2015; McCarthy et al., 2014). Our 

meta-analysis of fMRI studies of attention tasks observed lower brain  activation in 171 patients 

with ADHD compared to 178 age-matched controls in the right dorsolateral prefrontal cortex , 

inferior parietal lobe and caudal basal ganglia and thalamus. On the other hand, people with 

ADHD patients had higher brain function compared to controls in the left cuneus and the right 

cerebellum which plausibly compensated for the reduced function of frontal parts of the dorsal 

attention network that is mediated by the DLPFC, parietal lobe and the cerebellum (Hart et al., 

2013). Another meta-analysis reported significantly reduced activation in right anterior 
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cingulate during attention tasks from a sub-analysis of 11 fMRI datasets (Cortese et al., 2012). 

A meta-analysis of fMRI studies of  timing functions, including 11 fMRI studies of time 

discrimination, time estimation, motor timing and temporal discounting (temporal foresight), 

showed consistently reduced activation in 150 ADHD patients relative to 145 healthy controls 

in left IFC, left inferior parietal lobe and right lateral cerebellum (Hart et al., 2012), all key 

regions mediating timing functions (Wiener et al., 2010). During fMRI tasks of working 

memory, a meta-analysis showed that people with ADHD (N  111) compared to healthy 

controls (N = 113) underactivated middle and superior PFC  in both hemispheres and the left 

MFC/ACC (McCarthy et al., 2014), although some large fMri studies and other meta-analyses 

also found right and left IFC underactivation (Cortese et al., 2012; van Ewijk et al., 2015). The 

right IFC dysfunction during cognitive control tasks, in particular, has been shown to be 

disorder-specific to ADHD relative to OCD and to ASD in two large comparative meta-

analyses (Lukito et al., 2020; Norman et al., 2016). These findings show that ADHD patients 

have different abnormalities depending on the domain in different inferior fronto-striato-

thalamic networks for inhibition, in right dorsolateral fronto-striato-thalamo-parietal networks 

for attention, and in bilateral dorsolateral and inferior PFC, middle frontal regions including 

ACC for working memory, and in left inferior fronto-parieto-cerebellar regions for timing 

functions. The findings therefore show that people with ADHD have multisystemic problems 

which affect distinct fronto-striato-parieto-cerebellar networks that mediate a range of 

cognitive skills (Rubia, 2018).  

In addition to deficits in several of these lateral fronto-striato-parietal and fronto-

cerebellar regions that mediate so-called “cool” EF, ADHD children have also shown reduced 

activation in ventromedial prefrontal cortex (vmPFC), orbitofrontal cortex (OFC) and striato-

limbic regions during tasks of “hot” EF such as reward-related decision making or temporal 
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discounting tasks. However, deficit findings have been less consistent (Plichta & Scheres, 

2014; Rubia, 2018).  

There is furthermore evidence for reduced inter-regional functional connectivity 

between these task-relevant regions during cognitive tasks and during the resting state, in 

particular in the dorsal and ventral attention and cognitive control networks (Rubia, 2018; 

Sripada et al., 2014a; Sripada et al., 2014b). 

However, people with ADHD do not only have abnormalities in task-positive brain areas, 

but also areas of the default mode network (DMN), which comprise ventromedial frontal 

cortex, posterior cingulate, precuneus and inferior parietal and temporal regions, and which is 

thought to reflect task-irrelevant thoughts and mind wandering (Raichle, 2015). Thus, meta-

analyses and individual fMRI studies also show abnormally enhanced brain activation in areas 

of the DMN including the posterior cingulate and precuneus during motor inhibition, attention 

and other cognitive control functions (Fassbender et al., 2009; Hart et al., 2013, Christakou et 

al., 2013; Salavert et al., 2018), as well as timing tasks (Hart et al., 2012) and the rostromedial 

prefrontal cortex during interference inhibition (Hart et al., 2013). It thus appears that people 

with ADHD patients have less ability to switch off their wandering (Bozhilova et al., 2018) 

which is likely to cause inattention and impulsiveness. This pattern of underactivation of brain 

regions that are important for mediating EF and of overactivation of the DMN may be 

responsible for underperformance underlying in higher-level EF (Rubia, 2018).  

The most consistently found dysfunctional regions, in particular right IFC, followed by 

right DLPFC, ACC, right inferior parietal lobe or the basal ganglia could potentially be used 

as targets for neurotherapeutics. Some of these regions such as IFC, DLPFC and ACC have 

already been used as targets of neuromodulation in fMRI/NIRS-Neurofeedback or for brain 
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stimulation therapies. Furthermore, with fMRI-NF, entire networks that are affected in ADHD 

could also potentially be targeted such as the dorsal and ventral attention, or the cognitive 

control systems (Sripada et al., 2014). Downregulating the DMN could potentially also be a 

suitable, yet unexplored neurotherapeutic target for fMRI-NF. Given evidence for the anti-

correlation between the IFC/DLPFC and the DMN (Sripada et al., 2014), the upregulation of 

IFC/DLPFC with brain stimulation or neurofeedback may indirectly downregulate areas of the 

DMN, which we have indeed shown to be the case in ADHD patients after fMRI-NF of right 

IFC (Rubia et al., 2019) 

 

Neurotherapeutics in ADHD 

One of the most revolutionary findings of the last decade of neuroimaging has been the 

discovery of high brain plasticity. Neuroplasticity is even higher in childhood  and adolescence, 

because the brain is developing still and more susceptible to change (Jancke, 2009; Rapoport 

& Gogtay, 2008). However, neuroplasticity has also been demonstrated in mid and older 

adulthood (Draganski et al., 2004; Draganski & May, 2008). Even a few weeks or months of 

training of a particular skill in mid and older adults, for example, juggling (Draganski et al., 

2004; Draganski & May, 2008), learning for an exam (Draganski et al., 2006) or learning to 

meditate (Dodich et al., 2019) can change the structure of the brain. These insights into the 

brain’s neuroplastic potential make novel neuromodulation treatments, such as non-invasive 

brain stimulation or neurofeedback, attractive clinical interventions (Ashkan et al., 2013; 

Rubia, 2018). Three is evidence that they are more effective in young people (Anderson et al., 

2011). Brain stimulation studies have shown that children and adolescents compared to adults 

have enlarged neuroplasticity after non-invasive brain stimulation (Brunoni et al., 2012).  
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The establishment of neurofunctional biomarkers for ADHD with EEG and fMRI 

studies over the past decades has made it possible to target these biomarkers using 

neurotherapeutics. Given evidence for electrophysiological and neuroimaging functional 

deficits in ADHD, it seems plausible that treatments that try to reverse these underlying brain 

function deficits could potentially be promising, given that they are targeting the key 

neurobiological abnormalities associated with the disorder. There has been over 45 years of 

studies testing EEG-NF in ADHD. However, the findings have been inconsistent. fMRI or 

NIRS-Neurofeedback is still very much in its infancy with too few and underpowered 

applications to provide a clear insight on potential efficacy. There has been an exponentially 

increasing number of non-invasive brain stimulation studies over the past 10 years. Studies 

have, however, been relatively small numbered with very heterogenous study designs. 

Consequently, findings have been inconsistent with respect to improving cognition with very 

little evidence, so far, on improving clinical behaviour.  

 

Neurofeedback 

Neurofeedback (NF) is based on operant conditioning. The participant learns by trial and error, 

to upregulate the activation of specific areas of his/her brain in the form of  auditive or visual 

feedback of these brain activity which is processed and fed-back in real time on a PC. For 

children this is often done in a playful way by using a videogame that is connected to the brain 

activity. Because children with ADHD have low self-control (Schachar et al., 1993), it has been 

thought that teaching these children to increase control over their brain activity may be a useful 

treatment. Therefore, electrophysiology (EEG)-NF has been applied more to ADHD than any 

other psychiatric disorder (EEG-NF). 
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EEG-NF  

EEG-NF trains self-regulation of oscillatory or task-related EEG-markers associated with 

ADHD, like increased theta and TBR linked to compromised activation, decreased 

sensorimotor rhythm (SMR) related to impaired state regulation and sleep, and attenuated task-

related slow cortical potentials (SCP) like the CNV correlated with impaired preparation and 

activation (standard protocols) (Arns et al., 2014) 

EEG-NF has been tested in people with ADHD for over 45 years. However, the majority of the 

studies had important methodological shortcomings like the lack of an appropriate control 

condition, randomization, unblinded outcome measures, non-standardized feedback-methods, 

limited or no reporting of self-regulation and appropriate learning. During the last two decades, 

large improvements have been made to address these major drawbacks resulting for example 

in a very recent consensus publication on the reporting and experimental design of 

neurofeedback studies (Ros et al., 2020). 

During the last decade, a large number of meta-analyses were published which scrutinize the 

clinical efficacy of EEG-NF in ADHD. The first meta-analysis based on ten controlled studies  

reported large effect sizes in favour of EEG-NF when parents rated the clinical outcome of 

inattention or for impulsivity measured in tests, and non-inferiority compared to the gold 

standard of stimulant medication treatment, and recommending therefore EEG-NF as 

“efficacious and specific” (i.e., the therapy performs better than a sham treatment in at least 

two independent studies (Arns et al., 2009) (for updated, more stringent criteria see (Arns et 

al., 2020). More than ten years and more than ten meta-analyses later (Arns et al., 2009, 2014, 

Cortese et al., 2016, Van Doren et al., 2019, Micoulaud-Franchi et al., 2014,  Riesco-Matías et 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.20944/preprints202106.0489.v1


14 
 

al., 2021, Sonuga-Barke et al.,, 2013, Yan, et al., 2019, Lambez et al., 2020, Bussalb et al., 

2019, Hodgson,  et al., 2014), the latest comprehensive meta-analysis to date, reported 

significant, albeit small to medium effect sizes and inferiority compared to stimulants (Riesco-

Matías et al., 2021). This drop of more than half of the effect size (for a historical/chronological 

viewpoint see Figure 1) is interesting and probably related to the growing research using stricter 

control conditions and improved scientific standards for EEG-NF studies which will be 

discussed in the following. The first meta-analysis (Arns et al., 2009) included non-randomized 

studies which are considered a weak experimental design to determine clinical efficacy (Norris 

& Atkins, 2005), whereas randomized controlled trials (RCT) are considered gold-standard in 

clinical research. The following meta-analysis (Sonuga-Barke et al., 2013) addressed this issue 

by including only RCTs, together with the inclusion of blinding criteria of the clinical outcome, 

such as ADHD core symptoms. These authors introduced the term of “probably blinded” raters 

which refers to the assessment, most often by teachers, who do–probably- not know to which 

treatment the patient was allocated. These two new requisites blunted the clinical effect which 

still remained significant for unblinded raters (such as parents) with medium effect sizes but 

was reduced to a trend-level for the probably blinded raters. Following these new insights, the 

recommendation to consider EEG-NF in ADHD as efficacious and specific was ameliorated. 

One year later, Micoulaud-Franchi et al., (Micoulaud-Franchi et al., 2014) conducted another 

meta-analysis, including the subdomains of the core ADHD symptoms, i.e., inattention, 

hyperactivity, and impulsivity. When evaluating the core symptom domains separately, a 

significant effect emerged also for the probably blinded raters, but only for the inattention 

subdomain. Subsequently, two years later, an update of Sonuga-Barke’s meta-analysis was 

published by the same group (Cortese et al., 2016) on behalf of the European ADHD guidelines 

group, incrementing the analysis from 8 to 13 RCTs with parent-ratings and from 4 to 8 RCTs 

with probably blinded ratings. This updated meta-analysis resulted in insignificant findings for 
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all probably blinded ratings including inattention, but still showed a significant medium effect 

size for parents’ ratings. The discrepancy regarding the blinded findings in the subdomain of 

inattention in Micoulaud-Franchi (Micoulaud-Franchi et al., 2014) appears due to selecting 

different blinded outcomes in the same studies. The meta-analysis of Cortese (Cortese et al., 

2016) also reported an exploratory sensitivity analysis including only three EEG-NF studies 

that used standard protocols (Arns et al., 2014), where the effects on ADHD symptoms became 

also significant for probably blinded raters, but subsequent large standard NF trials (i.e. (Arnold 

et al., 2020; Strehl et al., 2017) could not substantiate this. Importantly, Bussalb et al., (Bussalb 

et al., 2019) in their meta-analysis systematically evaluated further factors which influenced 

the efficacy of NF. They concluded that the intensity of NF but not the treatment duration was 

associated with higher efficacy, teachers were less sensitive to patients’ symptoms and 

suggested that NF needs to be evaluated with placebo-controlled interventions.  As can be 

observed from this, progress has been made to enhance the quality and certainty of the 

consideration and evaluation of the efficacy of EEG-NF in ADHD. Neurofeedback should be 

considered an umbrella term since there exist a large number of different training modalities 

that are only limited by the available technology (such as Coherence training, asymmetry 

feedback, etc). This issue is of paramount importance and a standardization should be aimed 

for.  To date, the already mentioned standard protocols fulfil these criteria and so far, very 

recently a few larger studies were published. The latest comprehensive meta-analysis (Riesco-

Matías et al., 2021) addressed an additional important point, which is the selection of an 

adequate control group, and compared EEG-NF vs non-active control groups (waiting-list 

controls, treatment as usual) and active control groups. The main findings showed superiority 

of EEG-NF compared to non-active control groups for parent ratings and for the inattention 

subdomain rated by probably blinded raters, resembling the findings of Micoulaud-Franchi et 

al., (Micoulaud-Franchi et al., 2014). However, when EEG-NF was compared with an active 
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control condition, such as pharmacotherapy, EEG-NF was no longer superior. These findings 

underline the importance of considering active elements in control conditions, and the need to 

grade these active elements consistently across Neurofeedback and other neurotherapies 

studies. The recent consensus statement on evidence-based ADHD treatments excluded studies 

and meta-analyses with non-active or heterogeneous controls such as waiting control or 

treatment as usual (Faraone et al., 2021). However, this approach may underestimate some 

genuine NF-effects in real life settings that are also detectable by blinded raters or are slower 

to develop. Still, it is also important to take into consideration the cost-benefit aspects and 

preferences for the individual patient. As discussed above, pharmacotherapy has limitations 

due to side effects and no consistent longer-term effects. One recent meta-analysis addressed 

the question of longer-lasting effects of EEG-NF six months after treatment and showed small 

to medium effects in favour of neurofeedback when compared to non-active conditions and 

comparable effects relative to active conditions, mainly pharmacotherapy, contrasting with the 

superiority of the active control conditions shortly after treatment (Van Doren et al., 2019). 

EEG-NF thus seems to have delayed beneficial effect, as for example in a study where the 

superiority of stimulants over NF observed at treatment end (Geladé et al., 2016) was no longer 

significant at the six-month follow-up, and ADHD core symptoms compared to a semi-active 

(physical exercise) control condition were similar at treatment end but became reduced with 

NF relative to the exercise control condition at follow-up (Geladé et al., 2016). However, 

contradictory findings from the largest study to date which assessed longer-term effects of 

EEG-NF, showed that although the improvement of ADHD core symptoms relative to the 

baseline remained large and stable after treatment at six month follow-up, it was no longer 

superior to a semi-active condition (Aggensteiner et al., 2019), suggesting considerable 

unspecific long-term effect. In general, the specificity of the efficacy of EEG-NF is 

controversial and still under debate. During the last decade, disentangling the true effect related 
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to neuromodulation from non-specific effects, has been under investigation. In Strehl et al., 

(Strehl et al., 2017) this was addressed by comparing EEG-NF with a semi-active control 

EMG-BF group controlling for unspecific effects, such as the high-tech training setting, 

interaction, learning, time, motivation, expectation, and effort, which showed clinical 

superiority in favour of EEG-NF one month after treatment end. Controlling for these factors 

is highly important since the clinical effects of this kind of time-consuming training might 

otherwise be attributed to unspecific psychosocial (Wood & Kober, 2018) or placebo effects 

which seem particularly strong with treatments that involve high-tech settings (Schönenberg et 

al., 2021; Thibault et al., 2016, 2017; Thibault et al., 2018; Thibault & Raz, 2016). To control 

for these aspects, a sham-feedback condition is often considered a gold standard in intervention 

research. The recent large double-blind placebo-controlled study of the Collaborative 

Neurofeedback Group (2020) which compared TBR-NF with a double-blind sham-NF placebo 

group not only followed this approach, but also introduced individualization by selecting only 

participants with an elevated TBR. The results showed large uncontrolled clinical effects until 

13 month follow-up in both groups relative to baseline, and a reduced need for medication in 

the Neurofeedback group at follow-up, but failed to demonstrate clinical superiority for EEG-

NF despite more TBR learning in the NF than in the sham group (67% vs 59%) (Arnold et al., 

2020). The mechanism which explains the large nonspecific clinical effects in both groups 

remains unclear. Given that the main aim of neuromodulation is to self-regulate the trained 

parameters, improvement of brain modulation should be related to clinical improvement and 

explain clinical outcome. This relation remains understudied (Zuberer et al., 2015) and is 

complicated due to delayed effects as discussed above, or indirect effects of effort and skill 

acquisition (Gevensleben, Albrecht, et al., 2014). However, the outcomes seem to be mixed, as 

fewer than 70% of those treated with NF improve self-regulation (Aggensteiner et al., 2019) 

and only about 50% show the expected “dose-response” relation between learned regulation 
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and clinical improvement (Drechsler et al., 2007). Specifically, three studies found some 

significant association between brain self-regulation and ADHD core symptoms after SCP-NF 

(Aggensteiner et al., 2019; Drechsler et al., 2007; Strehl et al., 2006). However, some recent 

frequency band NF studies could not find any association between self-regulation and symptom 

reduction (Arnold et al., 2020, Janssen et al., 2016),  or were contrary to the expectations, with 

associations found in the semi-active control group (Aggensteiner et al., 2019). These brain-

behaviour association analyses are necessary to be able to disentangle specific from unspecific 

effects.  However, so far, no firm general conclusion can be drawn regarding the specific effects 

related to self-regulation. Predicting who responds to EEG-NF is particularly relevant. One 

SCP neurofeedback study found that increased theta activity predicts clinical responses to 

theta-modulating neurofeedback, and that stronger oscillatory parietal alpha activity along with 

stronger task-related preparatory SCPs together explained nearly 30% of the clinical outcome 

variance after SCP-NF (Gevensleben, Kleemeyer, et al., 2014; Gevensleben, Moll, et al., 2014; 

Wangler et al., 2011). However, these intriguing results await independent replication. It is 

paramount that studies systematically test for the specificity of self-regulation and the 

mechanisms which underlie the individual clinical effects, considering also reduced medication 

use, and long-term improvement in ecological settings. Also, whether individualization of NF 

(e.g., limiting TBR training to those with elevated TBR) improves outcomes remains to be 

tested with appropriate control conditions.  
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Figure 1. 

 

Effect sizes (ES) in meta-analyses of EEG Neurofeedback studies for effects on global ADHD 

symptoms by year of publication. MPROX: Ratings by parents/ proximal raters; PBLIND: 

Ratings by probably blinded raters. *Studies that used a standard protocol. 

 

fMRI-Neurofeedback  

Real-time fMRI neurofeedback (fMRI-NF), despite its lower temporal resolution 

relative to EEG-NF (seconds compared to milliseconds), has superior spatial resolution 

(millimetre rather than centimetre) and has the advantage that it can target the key cortical and 

subcortical brain function deficits that have been established in ADHD over the past 25 years 
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of fMRI research (Rubia, 2018). fMRI-NF enables participants to self-regulate the blood-

oxygen level-dependent (BOLD) response of a targeted brain region, or network, through real-

time feedback of their brain activity and has shown some promise in improving clinical 

symptoms and cognition in psychiatric disorders (Thibault, MacPherson, et al., 2018). To date, 

however, there are only two published fMRI-NF studies in ADHD. 

The first fMRI-NF study was a small underpowered randomised controlled trial in seven adults 

with ADHD who underwent four weekly 1-hour fMRI-NF of dorsal anterior cingulate cortex 

(dACC), combined with a mental calculation task while six ADHD patients completed the 

same task in the scanner but were presented with visual cues indicating level of task difficulty 

instead of fMRI-NF (Zilverstand et al., 2017). Both groups significantly increased dACC 

activation over the NF runs, including the transfer runs, and improved in an interference 

inhibition task. Both groups showed trend-level improvements in ADHD symptoms but did not 

differ from each other. However, only the neurofeedback group showed significantly stronger 

performance improvement in a sustained attention and working memory tasks after treatment 

but not the ADHD group that received no fMRI-NF, indicative of some positive effects of 

fMRI-NF of dACC on cognition in adults with ADHD  (Zilverstand et al., 2017). 

A randomised controlled trial from our lab tested fMRI-NF of the rIFC compared to fMRI-NF 

of the left parahippocampal gyrus (lPHG) in adolescents with ADHD (Alegria et al., 2014). 

Thirty-one boys with a clinical ADHD diagnosis underwent 11 runs of 8.5 min of fMRI-NF 

during 4 hour-longs scans over a 2-week period, with a rocket movie as feedback. Eighteen 

participants learned to self-upregulate the target region, the rIFC (rIFC-NF group); while 13 

participants self-upregulated a control region, the lPHG (lPHG-NF group). In both groups, 

activation of their target regions increased linearly across the 11 fMRI-NF runs. However, only 

the rIFC-NF group showed a transfer effect (self-regulation without feedback, as a proxy of 
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transfer to real life) that significantly correlated with reduced ADHD symptoms. Although 

ADHD symptoms significantly improved in both groups, only the rIFC-NF group showed a 

large reduction of symptoms at 11 months follow-up, with an effect size of almost 1, compared 

to a trend-level reduction in the lPHG-NF group. Only the rIFC-NF group also showed trend-

level improvement in their sustained attention performance. In addition to the linear increase 

of activation of the rIFC in the rIFC-NF group, there was an increase in functional connectivity 

between the rIFC and the ACC and caudate, and a decrease in functional connectivity between 

the rIFC and regions of the posterior default mode network (DMN). This suggested that the NF 

of an isolated region led to positive network changes in cognitive control and DMN networks 

(Rubia et al., 2019). In order to measure the effects of fMRI-NF on brain function in ADHD, 

the participants of this study also performed a motor response inhibition fMRI task, the tracking 

stop signal task, before and after fMRI-NF. There was a significant group by time effect for 

the fMRI data, where post minus pre fMRI-NF, the rIFC-NF group had higher brain function 

relative to the lPHG-NF group during successful inhibition in the rIFC and parietal regions 

(Alegria et al., 2014). Furthermore, during failed inhibition they had higher activation in error 

monitoring brain areas, in left IFC, premotor cortex, insula and putamen, which correlated with 

ADHD symptom improvements and were concomitant with increased post-error reaction time 

adjustment at the behavioural level (Criaud et al., 2020). Interestingly, we observed similar 

upregulation effects in ADHD children in the same regions when comparing the effects of 

stimulant medication relative to placebo, using the same stop task (Cubillo et al., 2014; Rubia 

et al., 2014; Rubia et al., 2011), suggesting that fMRI-NF of the rIFC has similar brain 

activation effects on the disorder as stimulant medication, but without the side effects. In fact 

we found no group differences in side or adverse effects. However, not everyone is capable of 

learning fMRI-NF. Similar to the EEG-NF literature (Zuberer et al., 2015; Zuberer et al., 2018), 

we found that only 48% of patients learned successfully to upregulate their target region with 
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fMRI-NF (Lam et al., 2020). Furthermore, fMRI-NF learning was better predicted by fMRI 

than clinical or cognitive data. Thus, increased activation in left inferior fronto-striatal 

cognitive control regions and reduced activation in posterior temporo-occipital and cerebellar 

regions during successful inhibitory control in the fMRI stop task predicted fMRI-NF self-

regulation capacity. Clinical measures were not associated with general fMRI-NF learning and 

within a task battery of executive function tasks, only faster processing speed during inhibition 

and attention tasks predicted fMRI-NF learning (Lam et al., 2020).  

 

NIRS Neurofeedback  

Only one pilot study so far tested the related neural haemodynamic modulation method of 

NIRS Neurofeedback (NIRS-NF) of the left dorsolateral prefrontal cortex in 9 ADHD children, 

compared to EEG-NF (N = 9) and electromyography-NF (N = 9). Only NIRS-NF resulted in 

significant improvements in clinical ADHD symptoms and in cognitive inhibition and attention 

functions after 11 hourly sessions over 4 weeks, which was, however, not superior to EEG-NF 

or electromyography-NF (Marx et al., 2015). 

 

Conclusions from Neurofeedback studies 

In conclusion, there has been over 45 years of research in ADHD of EEG-NF. This has 

produced a large number of meta-analyses of randomized controlled trials showing consistent 

small to medium effect sizes. Controversy however exists with respect to “probably” blinded 

raters (Bussalb et al., 2019; Cortese et al., 2016). Furthermore, the specific effects of EEG-NF 

and the association between NF self-regulation and clinical improvement are still unclear and 
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need more systematic research. Additionally, future studies should optimize the designs to 

promote EEG-NF self-regulation and improvement over time, considering increased artefacts 

and altered reward learning in ADHD (e.g., Aase & Sagvolden, 2005), and further 

systematically investigate why some participants show low regulation performance.  

fMRI-NF and NIRS-NF research is still in its infancy with only small proof of concept 

studies conducted so far.  These have elicited promising findings. It will be necessary, however, 

to test these novel neurotherapies for their therapeutic benefits for ADHD in much larger 

double-blind, placebo-controlled randomised controlled trials. We do not know the optimal 

protocol, such as optimal regional target of neurofeedback, or the number and duration of 

sessions of NF. Also, we do not know whether the brain reaches a point of optimal brain 

activation or a plateau after which effects may decline. It is also unknown whether there are 

interindividual differences that influence the learning effect of brain auto-regulation and what 

these are. Furthermore, we do not know whether NF effects transfer to daily life. It would also 

be helpful to investigate the best reinforcement strategies related to NF in children. In NF 

studies, potential side effects of brain upregulation on other regions that were not self-regulated 

such as potential downregulation effects in areas in the homologue hemisphere on the other 

side via hemispheric inhibition or on neighbouring regions needs to be explored. It is entirely 

possible that the self-regulation training of a particular brain region has a downregulation effect 

on neighbouring, interconnected or contralateral regions and the potential costs of such 

downregulations need to be assessed.  

NF studies have shown very interesting delayed longer-term consolidation effects 

which seem to be pronounced some time after the therapy than immediately after treatment 

(Alegria et al., 2014; Arns et al., 2014; Arns & Strehl, 2013; Marx et al., 2015); however, one 

recent study showed no superiority over an semi-active control group at six month follow-up 
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(Aggensteiner et al., 2019). If effects are delayed then this supports the hypothesis that NF 

improves neuroplasticity. This would be a clear advantage over pharmacological medication 

such as stimulants which do not modify brain plasticity with some evidence that effects may 

wane with time (Cortese et al., 2018; Molina et al., 2009; Swanson, 2019). We have shown in 

a meta-analysis of positron emission tomography study that this could be related to brain 

tolerance (Fusar-Poli et al., 2012). Studies have indeed found that NF leads to changes in 

cortical excitability and to changes in the brain structure including white matter tract, 

suggesting brain plasticity effects (Sitaram et al., 2017). We do not currently know, however, 

how long these effects last. The fact that side effects are minor and that NF has the potential to 

induce neuroplastic changes makes NF therapies very attractive for children with ADHD.  

 

Brain stimulation 

The past 10 years has seen an exponential increase in the number of non-invasive brain 

stimulation therapies applied to ADHD. Most studies have used rTMS and tDCS. It has been 

shown that rTMS and tDCS can change the plasticity of synapses. There is also evidence for 

potentially longer-term effects which could be mediated by GABA and glutamate (Demirtas-

Tatlidede et al., 2013). In fact, several studies in healthy populations and patient groups have 

shown longer-term cognitive effects of up to 1 year after stimulation (Katz et al., 2017; Ruf et 

al., 2017). Positron emission tomography (PET) studies have shown that anodal frontal tDCS 

can release neurotransmitters such as dopamine (Borwick et al., 2020; Fonteneau et al., 2018; 

Meyer et al., 2019), which furthermore correlated with better attention (Fukai et al., 2019), 

with some indirect evidence for effects on noradrenaline (Adelhöfer et al., 2019; Mishima et 

al., 2019). This is relevant for ADHD where these neurotransmitters are typically abnormally 
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low (Cortese et al., 2019). Similarly, rTMS over prefrontal regions in animals and humans has 

been shown to induce changes to neurotransmitter systems including alterations to serotonin, 

striatal dopamine release and metabolite levels, as well as to the release and concentrations of 

striatal glutamate (Moretti et al., 2020; Poh et al., 2019). It has furthermore been shown that 

the combination with cognitive training which can prime the areas to be stimulated with a 

cognitive task is more effective than stimulation alone, due to the synergistic effects of 

functional targeting (Cramer et al., 2011; Kuo & Nitsche, 2012; Ziemann & Siebner, 2008). 

 

Repetitive transcranial magnetic stimulation (rTMS) 

rTMS applies an electromagnetic current to a coil placed on the subject’s head. It is 

non-invasive and has been shown to be relatively safe. The electrical current triggers action 

potentials in the underlying brain areas brain and can modulate the underlying activity of 

neurons. Different stimulation intensity and duration, the number of pulses and their frequency  

have different effects. In general, high-frequent rTMS of more than 5 Hz increases the 

excitability of neurons,  while low frequency below 1 Hz reduces it (Lefaucheur et al., 2014). 

Longer-term clinical improvements with rTMS have been demonstrated in several psychiatric 

disorders (Janicak & Dokucu, 2015; Mehta et al., 2019), supporting its neuroplastic potential. 

Relative to tDCS, rTMS has greater specificity in targeting neural regions (Parkin et al., 2015) 

but is more expensive. The most common side effects are transient scalp discomfort underneath 

the coil due to stimulation of the pericranial muscles and peripheral nerves (Rossi et al., 2009). 

The majority (4 out of 6) of rTMS studies were conducted in adults with ADHD. Two double-

blind, sham-controlled crossover studies targeted the right DLPFC. In 13 ADHD adults, one 

session of 20Hz-rTMS relative to sham significantly improved overall self-rated ADHD 
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symptoms and inattention but had no effect on hyperactivity, mood or anxiety scores (Bloch, 

2012). In 9 ADHD adults, 10 daily sessions of 10Hz-rTMS relative to sham showed no effect 

on self-rated clinical symptoms, nor on EEG or EF measures (Weaver et al., 2012). In a single-

blind sham-controlled randomised study in 22 ADHD adolescents, 20 daily sessions over 4 

weeks of 18Hz deep rTMS over bilateral DLPFC (n = 13) compared to sham (n = 9) showed 

no effect on self-rated clinical or cognitive measures of sustained attention (Paz et al., 2018).  

A parallel, semi-blind, randomised, active and sham-controlled study in 43 young adults with 

ADHD tested 15 sessions of 18 Hz-rTMS over 3 weeks and a 1-month follow-up maintenance 

session over right prefrontal cortex, targeting both DLPFC and IFC. Stimulation was combined 

with a short cognitive training session targeting the right prefrontal cortex, which was 

conducted before and after stimulation. While patients were blind, researchers were only blind 

for the sham and real but not the active stimulation control condition, which was off-target 

focal stimulation 5-6 cm away from the DLPFC or IFC and which did not target DLPFC or 

IFC (Alyagon et al., 2020). The DLPFC/IFC stimulation compared to the other conditions 

showed significant improvements in the primary clinical outcome measure, which were self-

rated ADHD symptoms, with an effect size of 0.96 versus sham and 0.68 versus the active 

control stimulation, and there was only a significant improvement in the 

hyperactivity/impulsiveness in the self-rated subscales. Superiority of real versus control 

conditions was no longer significant at follow-up a month later. There were no significant 

effects on depression ratings, behavioural executive functions (as measured on the BRIEF), or 

cognitive inhibition measures except for a trend of improving Stroop task performance relative 

to sham but not active control which was correlated with the clinical changes in the DLPFC/IFC 

stimulation group. EEG measures showed a negative correlation between alpha activity and a 

positive correlation between low gamma activity under the stimulation area with clinical 

symptom improvements in the DLPFC/IFC stimulation group.  
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Two studies were conducted in children with ADHD. An open label tolerability and 

safety trial in 10 children with ADHD without a sham condition showed fewer teacher-rated 

inattention and parent-rated hyperactivity/impulsivity symptoms one week after five daily 

sessions of 1Hz-rTMS over left DLPFC compared to baseline (Gómez et al., 2014). A larger 

study randomised 60 children with ADHD into either 30 daily 25min sessions of 10Hz rTMS 

over right DLPFC, Atomoxetine (1.2mg/kg) or combined treatment over 6 weeks. The 

combined group compared to the individual treatment groups improved significantly post 

relative to pre-treatment in inattention and hyperactivity/impulsiveness but not in oppositional 

defiant behaviours nor in cognitive measures of sustained attention, working memory and 

gambling tasks. All groups improved in these clinical and cognitive measures (Cao et al., 

2018). However, without a sham condition, placebo or practice effects cannot be ruled out in 

both studies (Table 1). 

With respect to safety, one study reported a seizure in one patient after 3 sessions who 

was excluded from the study (Alyagon et al., 2020) while most other studies reported no or few 

side or adverse events other than transient headaches and scalp discomfort localized to the 

stimulation area. 

In conclusion, rTMS is relatively safe. The majority of studies were conducted in 

relatively small samples, using few session numbers of rTMS, and 2 out of 6 studies did not 

include a sham condition, making it impossible to rule out placebo or practice effects. Based 

on the conducted studies so far, there is relatively little evidence that several sessions of rTMS 

improve ADHD symptoms or cognition with exception of one study in adults that used 

multisession rTMS and stimulated right DLPFC and IFC combined with cognitive training and 

which needs replication. More multisession sham-controlled RCTs in large patient numbers 

are needed in particular in pediatric ADHD to more thoroughly test TMS effects using different 
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protocols. 
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Table 1. Clinical and cognitive effects of sham-controlled rTMS studies  

 
Stimulation Protocol  

Outcome measures (bold/underlined = 

improvement) 

Study Design N Age  Target Sessions Frequency Duration Clinical Cognitive 

Children 

Cao et al., 2020  Single-blind, 

randomised, 

parallel (2 active 

controls: ATX, 

ATX-rTMS; no 

sham)  

64 (~20 

each)  

 

 

6-13 
R 

DLPFCa 
20 

18Hz 

(100% 

MT) 

2000 

pulses 

(4s on, 

26s off) 

SNAP-IV 
CPT; WISC; 

IGT 

 

Gomez et al, 2014  

Open label 10 7 - 12 
L 

DLPFC 
5 

1Hz (90% 

MT) 

1500 

pulses 

(on, off 

n/r) 

DSM-IV ADHD 

symptom checklist 

(hyperactivity/imp., 

inattention) 

n/t 

Adults 

Bloch et al, 2010  
Single-blind, 

sham-controlled, 

randomised, 

crossover 

13 NR (adults) 
R 

DLPFCa  

 

1 

20Hz 

(100% 

MT) 

1680 

pulses 

(2s on, 

30s off)  

PANAS (inattention, 

total score; mood, 

anxiety, hyperactivity); 

VAS (inattention, 

mood)b 

n/t 

Paz et al, 2018 Double-blind, 

sham-controlled, 

randomised, 

parallel 

A: 13  

S: 9 

A: 32  

S: 30 

L 

DLPFCc  
20 

18Hz 

(120% 

MT) 

1980 

pulses 

(2s on, 

20s off) 

CAARS TOVA 
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Weaver et al, 2012  

Single-blind, 

sham-controlled, 

randomised, 

crossover 

9 18 
R 

DLPFCa 
10 

10hz 

(100% 

MT) 

2000 

pulses 

(4s on, 

26s off) 

CGI-I scale; ADHD-

IV scale 

WAIS/WISC-

IV; Connors 

CPT; DKEFS; 

Buschke 

Selective 

Reminding 

Test; Symbol 

Digit Coding 

test; Finger 

Oscillation 

tasks 

Alyagon et al, 2020 

Double-semi-blind, 

randomised, active 

and sham-

controlled 

52 (15, 

14,14) 

 

 

21-46 

 

R IFC & 

DLPFC  
15 

18Hz 

(120% 

MT) 

1440 

pulses 

(2s on, 

20s off) 

CAARS (global 

ADHD symptoms; 

hyperactivity/impul-

siveness) (BAARS-IV 

(hyperactivity/impul-

siveness), BRIEF-A, 

BDI) 

STROOP; 

STOP 

Abbreviations: A, active; BAARS; Barkley Adult ADHD Rating Scale; BRIEF-A; Behavioral Rating Inventory for Executive Functioning ; BDI; Beck Depression 
Inventory; CAARS, Conners' Adult ADHD Rating Scale; CGI-I, Clinical Global Impression-Improvement Scale; DKEFS, Delis-Kaplan Executive Function System; 

DLPFC, dorsolateral prefrontal cortex; Hz, number of magnetic pulses per second; IGT: Iowa Gambling task; L, left; MT, motor threshold; n/t, not tested; PANAS, 

Positive and Negative Affect Schedule; R, right S, sham; SNAP-IV: Clinical rating scale of the severity of ADHD; TOVA, Test of Variables of Attention; VAS, Visual 

analogue scales; WAIS, Wechsler Abbreviated Scale of Intelligence, selected subtests from the Wechsler Adult Intelligence Scale; WISC-IV, Wechsler Intelligence Scale 

for Children-IV; a5 cm forward to MT point; bsmall change from baseline of .25 and 1.16 out of 5-point Likert scales; c6 cm rostral to motor cortex 
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Transcranial direct current stimulation (tDCS)  

tDCS applies a weak continuous direct electric current to underlying brain areas 

through via scalp electrodes. The electrical current of 2mA typically passes between a 

positively charged anode and a negatively charged cathode. These currents can cause plasticity 

by triggering subthreshold increases with anodal stimulation or decreases with cathodal 

stimulation in membrane potentials. These membrane potentials then change neuronal 

discharge and excitability, which can increase or decrease cortical function and synaptic 

plasticity (Ashkan et al., 2013). tDCS compared to rTMS is cheaper, easier to apply and less 

painful than TMS and therefore more tolerable for children. Studies have shown very minor 

side effects in children and adults. The most common side effects are itching and reddening of 

the stimulation site which typically disappears after a few hours (Krishnan et al., 2015; Zewdie 

et al., 2020). Combining cognitive training with tDCS (Kuo & Nitsche, 2012) is more effective 

than each treatment alone (Cramer et al., 2011), presumably via a synergistic effect of plasticity 

induced by training as well as by stimulation (Ziemann & Siebner, 2008). In other disorders 

and in healthy controls it has been shown that the effects of tDCS combined with cognitive 

training can last up to 6 months (Boggio et al., 2012; Kuo et al., 2014) and 1 year (Katz et al., 

2017). fMRI studies furthermore show that not only the site of stimulation is modified with 

tDCS but also areas that are connected to the region that has been stimulated (Polania et al., 

2011). This could make it useful for stimulating entire networks in ADHD for example, fronto-

striatal networks. Neurotransmitters that are abnormal in ADHD have been implicated in the 

mechanism of action such as dopamine (Pogarell et al., 2007) and noradrenaline (Kuo, et al., 

2017, Mishima et al., 2019). Unlike with rTMS, the majority of tDCS studies (12 out of 18) 

have been conducted in children with ADHD, presumably due to the high tolerability and 

relatively low side effect profile of tDCS, which would make it a good treatment option if 

efficacious. The majority of studies used very small session numbers and tested cognitive 
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effects only. Two double-blind, sham-controlled, crossover studies applied single session 

stimulation over the DLPFC. In 15 adolescents with ADHD, anode-left/cathode-right tDCS 

over bilateral DLPFC improved WCST completion time, n-back reaction times, and Stroop 

reaction times and commission errors to incongruent trials but had no effect on n-back accuracy 

or go/no-go task performance (Nejati, Salehinejad, et al., 2020). In 10 ADHD adolescents, 

anodal tDCS over the left dlPFC improved n-back accuracy and reaction times compared to 

both sham and cathodal tDCS; anodal and cathodal tDCS also improved WCST performance, 

but anodal tDCS led to greater improvement; cathodal tDCS also improved No-Go accuracy, 

potentially via interhemispheric inhibition increasing right prefrontal activation (Nejati, 

Salehinejad, et al., 2020), a region associated with motor response inhibition in children and 

adults (Rubia et al., 2013; Rubia et al., 2003; Rubia et al., 2007). This last finding is in line 

with a single-blind, crossover study in 21 adolescents with ADHD, which found in a subsample 

of 7 participants that compared to sham one session of anodal, but not cathodal, tDCS over the 

right IFC reduced commission errors (trend-level) and reaction time variability in an 

interference inhibition task (Breitling et al., 2016). Two single-blind, sham-controlled 

crossover studies conducted in 20 high school students with high ADHD symptoms stimulated 

left DLPFC or right IFC symptoms. Single session anodal relative to cathodal tDCS over the 

left DLPFC improved go accuracy while cathodal tDCS relative to anodal tDCS and sham 

improved no-go accuracy in the go/no-go task, but there was not change in Stroop task 

performance (Soltaninejad et al., 2019). Anodal tDCS over the rIFC relative to sham improved 

go accuracy but there were no changes in other go/no-go or Stroop task measures (Soltaninejad 

et al., 2015). A double-blind sham-controlled RCT in 50 children with ADHD tested the effects 

of 15 sessions of 20 min of right IFC stimulation combined with cognitive training in executive 

function tasks. The study found that both groups improved in clinical symptoms and cognitive 

functions but the improvement in the real versus sham tDCS in primary and secondary clinical 
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outcome measures was significantly less pronounced. Groups did not differ in a large battery 

of executive function cognitive outcome measures nor in EEG measures within a smaller 

subsample of data collected from 26 participants only. Furthermore, the real tDCS group had 

worse adverse effects related to mood, sleep and appetite immediately after stimulation (S. J. 

Westwood et al., 2021). 

A double-blind, crossover study applied five daily sessions of anodal or sham tDCS 

over left DLPFC in 15 adolescents with ADHD, but because of a carry-over and learning effects 

only the first sessions were analysed thus reducing the sample to 7 to 8 participants per 

condition (Soff et al., 2017). Compared to sham, anodal tDCS improved parent-rated 

inattention and cognitive measures of attention (Qb test; which combines cognitive measures 

of hyperactivity, impulsiveness and inattention in a hybrid n-back/GNG task) one week but not 

immediately after the last stimulation session, while cognitive measures of hyperactivity on the 

Qb test were improved immediately after anodal tDCS and seven days later (Soff et al., 2017). 

Analysis of 13 out of the 15 ADHD adolescents after a single session of anodal tDCS relative 

to sham showed reduced reaction time variability but increased errors on the QbTest, but this 

analysis included the carryover effect (Sotnikova et al., 2017). A double-blind, sham-controlled 

crossover study found that overnight slow-wave oscillatory anodal tDCS over left and right 

DLPFC, relative to sham, improved declarative memory in 12 ADHD children (Prehn-

Kristensen et al., 2014), reaction time and its intra-subject variability on go trials in a go-no-go 

task in 14 ADHD children (Munz et al., 2015), but had no effects on no-go accuracy, alertness, 

digit-span, or motor memory. An open label trial in 9 ADHD children found that five daily 

sessions of anodal tDCS to left DLPFC combined with a picture association cognitive training 

task reduced errors on attention (omission) and switch tasks but did not improve working 

memory, while parents, with one exception, reported improvements in some of their children’s 
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behaviour (Bandeira et al., 2016). In a double-blind, crossover study in 14 children and 

adolescents with ADHD, the right IFC was stimulated with either conventional tDCS, high 

definition tDCS (HD-tDCS) or sham while performing a working memory task with inhibitory 

elements which was repeated after stimulation as outcome measure. HD-tDCS is a 4:1 small 

electrode array with one electrode encircled by four electrodes of the opposite polarity, which 

delivers a more spatially restricted and therefore focal stimulation that can reduce side effects 

from stimulating non-target brain regions. The study found that neither a single session of 

conventional anodal tDCS nor HD-tDCS over right IFC combined with working memory 

performance compared to sham had any effect on performance in the n-back task; however, 

ERP data from 10 participants in ADHD showed elevated N200 and P300 after the two tDCS 

conditions versus sham and a shift towards the values seen in a healthy control group (Breitling 

et al., 2020). One study applied one session of anodal tDCS over the right inferior (and some 

superior) parietal lobe in 17 ADHD children in a single-blind, crossover study. In line with the 

role of inferior parietal lobe in orienting attention, anodal relative to sham tDCS improved 

performance in bottom-up orienting attention but deteriorated selective attention as measured 

in the Stroop interference reaction time and error effects and had no effect on alerting or top-

down executive attention as measured in the shifting attention and go/no-go tasks (Salehinejad 

et al., 2020). 

One recent study tested effects of tDCS on reward-related decision making in ADHD 

(Nejati, Sarraj Khorrami, et al., 2020). Twenty children with ADHD received tDCS in three 

separate sessions with either anodal tDCS over the left DLPFC and cathodal tDCS over right 

vmPFC, the reversed montage, and sham stimulation. Anodal tDCS over the right vmPFC, 

coupled with cathodal tDCS over the left DLPFC, reduced risky decision-making in the 

Balloon Analogue R Task but had no effect on the key impulsiveness outcome measure in the 
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delay discounting task (k mean) but had an effect on some conditions but these were not 

corrected for multiple testing (Nejati, Sarraj Khorrami, et al., 2020).  

Another recent study compared the clinical and cognitive effects of tDCS with tRNS in ADHD. 

Although similar to tDCS in terms of equipment and setup, tRNS applies an alternating current 

at random frequencies and/or intensities. The mechanisms by which tRNS influences brain 

activity are less known but are thought to be different than for tDCS (Fertonani & Miniussi, 

2017). The most prevalent explanation for tRNS is stochastic resonance whereby the 

introduction of an appropriate level of random noise enhances the output of subthreshold 

signals; thus, the application of weak electric currents amounts to an introduction of neural 

noise (Fertonani & Miniussi, 2017). Information processing at the neuronal level is sensitive 

to stochastic resonance (McDonnell & Ward, 2011). The double-blind cross-over study 

compared 5 sessions of transcranial random noise stimulation (tRNS) over left DLPFC and 

right IFC with tDCS of left DLPFC combined with executive function training in 19 children 

with ADHD. Relative to tDCS, tRNS showed a clinical improvement in ADHD rating scale 

scores from baseline after treatment and one week later. Cognitively, tRNS compared to tDCS 

improved working memory, but only processing speed during sustained attention. An 

exploratory moderation analysis predicted a trend-level larger tRNS effect on the ADHD rating 

scale for those patients who showed the greatest improvement in working memory.  tRNS 

yielded fewer reports of side effects, in line with the literature on adults showing that tRNS is 

a more comfortable neurostimulation method than tDCS (Berger et al., 2021). 

Only four studies have been conducted in adults with ADHD. In a double-blind, parallel 

study in 60 adults, anodal tDCS over the left DLPFC compared to sham had no effect in two 

go/no-go tasks or functional cortical network activity based on EEG recordings in a subsample 

of 50 patients (Cosmo et al., 2015). One single-blind, crossover study applied a single session 
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of anodal tDCS over the left and right DLPFC in 20 undergraduate students with ADHD, 

which, compared to sham, improved in hyperactivity measures (i.e., multiple/random 

responses) in a sustained attention task but had no effect on omission errors or reaction times 

(Jacoby et al., 2018). A double-blind, crossover study in 37 adults with ADHD administered 

three sessions of visual working memory training combined with anodal tDCS of the left 

DLPFC, and reported that compared to sham, anodal tDCS reduced commission errors in a 

sustained attention task immediately but not three days after the last stimulation, while there 

was no effect on omission errors, reaction times, stop task, or visual working memory training  

performance (Allenby et al., 2018). One double-blind, parallel study in 17 adults with ADHD 

found that tDCS of anodal right/cathode-left DLPFC (n = 9) versus sham (n = 8) improved 

inattention but not hyperactivity/impulsive symptoms immediately after 5 daily sessions of 

stimulation and at a 2-week follow-up, with total ADHD scores also improving at the 2-week 

follow-up, although group difference disappeared at the 4-week follow-up (Cachoeira et al., 

2017). Finally, in a double-blind, crossover study in 37 adults with ADHD, participants were 

asked to perform a Flanker (n=18) or a Stop task (n=19) before and after receiving a single 

session of anodal tDCS over the left or right DLPFC relative to sham. In the Flanker task, left 

but not right DLPFC stimulation reduced reaction times on incongruent but not congruent trials 

compared to sham and right DLPFC stimulation. This was furthermore correlated with 

increased left and right P300 increase in EEG measures on incongruent trials after left and right 

DLPFC stimulation compared to sham, respectively and with reduced N200 amplitude after 

left compared to right DLPFC stimulation. In the Stop task, there was no effect in inhibitory 

measures but left DLPFC stimulation relative to sham increased Go reaction time, which was 

correlated with increased P200 amplitude during go trials (Dubreuil-Vall et al., 2020).  
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In conclusion, only 3 out of 17 tDCS studies tested clinical effects. Two studies found 

that tDCS of left DLPFC improved clinical inattention symptoms while one study found that 

tRNS compared to tDCS improved ADHD symptoms. With respect to cognition, most studies 

found effects in the performance of some but not other tasks, with little consistency in findings 

between studies, and most studies did not correct for multiple testing. Two meta-analyses tested 

for consistent findings of tDCS on cognition in ADHD. A meta-analysis of 10 studies in 201 

children and adults with ADHD found that 1 to 5 sessions of anodal tDCS over mainly left 

DLPFC significantly improved cognitive performance in inhibitory control measures (Hedges’ 

g = 0.12) and in n-back reaction times (g = 0.66) (Salehinejad et al., 2019). However, effect 

sizes were small and the meta-analysis likely overestimated statistical significance by not 

controlling for interdependency between measures, and conflated inhibitory with non-

inhibitory cognitive measures (S. Westwood et al., 2021). Addressing these and other 

limitations, a larger meta-analysis of 12 tDCS studies (232 children/adults with ADHD) found 

that 1 to five sessions of anodal tDCS over mainly left DLPFC led to small, trend-level 

significant improvements in cognitive measures of inhibition (g = 0.21) and of processing 

speed (g = 0.14), but not of attention (g = 0.18) (S. Westwood et al., 2021). To summarise, 

there have been inconsistent findings of the benefit of tDCS therapy to improve symptoms and 

cognitive functions in ADHD. Some studies found positive results on improving cognition, 

with, however, very small effects sizes observed in meta-analyses (see also Table 1).  However, 

comparability of results was hampered by the large heterogeneity in study designs, stimulation 

parameters and site of anodal and cathodal stimulation. We will need larger sampled tDCS 

studies that apply more sessions and more comparable study protocols in order to be able to 

assess whether tDCS with or without cognitive training is a beneficial therapy for ADHD. 
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Importantly, for both TMS and tDCS, but also tRNS or tACS, systematic testing is 

needed to identify the optimal stimulation parameters that can elicit reliable clinical or 

cognitive effects. Parameters that should be tested include optimal stimulation sites, frequency, 

duration, and superiority of stimulation effects combined with cognitive training. For tDCS, 

tRNS and tACS, studies should consider if effects depend on age, electrode size and inter-

electrode distance, the focality of stimulation, and antagonistic effects of cathodal stimulation 

on the desired effect of the anodal stimulation. Because children have thinner skulls and less 

corticospinal fluid the effects of brain stimulation could be higher than those for adults. For 

this reason one cannot simply transfer the best dosage form adult to pediatric studies. For 

example, cathodal tDCS at 1mA, which has excitability-diminishing effects in adults, has 

shown to have excitatory effects in children and adolescents when applied over the motor 

cortex (Moliadze et al., 2015). Stronger intensity might be needed for deeper regions, such as 

IFC, than more superficial regions, such as like DLPFC, which might explain the null findings 

in studies of stimulation of rIFC in ADHD (Salehinejad et al., 2020). Clear and evidenced 

dosage guidance is therefore paramount for pediatric studies, especially since stimulation 

intensity and duration are non-linear (Lefaucheur et al., 2017) and the neuroplasticity changes 

are strongest during childhood development (Knudsen, 2004). Furthermore, we know very 

little on the longer-term effects of non-invasive brain stimulation techniques in ADHD. tDCS 

when combined with cognitive training (Katz et al., 2017) has been shown to have effects up 

to 1 month in other psychiatric disorders (Kekic et al., 2016; Moffa et al., 2018) while TMS 

has shown longer-term effects in other psychiatric disorders (Janicak & Dokucu, 2015; Mehta 

et al., 2019), 

Given that tDCS is thought to affect neuroplasticity (Kim et al., 2014; Nitsche et al., 

2008), potential longer-term efficacy could be the real advantage of tDCS over stimulant 
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medication. There is furthermore potential to combine tDCS with pharmacological or non-

pharmacological treatments, in particular with cognitive training as mentioned above. 

Direct side effects of non-invasive brain stimulation techniques are relatively small and 

do not last long (Krishnan et al., 2015; Salehinejad et al., 2020). However it is unknown 

whether they could cause negative effects in children where the brain is still developing. The 

baseline brain activation is likely to impact upon the effect of stimulation with the ones with 

lower baseline activation likely to benefit more (Silvanto et al., 2008, Krause et al., 2013a). 

This suggests that brain stimulation may potentially be ethical in patients who have suboptimal 

stimulation and where the benefits outweigh the risks, but not for healthy children and adults 

who have already optimal brain activation (Cohen-Kadosh et al., 2012). It has been shown that 

differences in traits which are associated with differences in the underlying baseline neural 

activation, can influence the effects of brain stimulation. For example, people with 

mathematical anxiety became faster in their reaction time to mathematical tasks after tDCS 

over DLPFC, while people with low mathematical anxiety became slowed int their reaction 

times. Also, both groups became impaired in an interference inhibition task (Sarkar et al., 

2014), which could suggest that tDCS of DLPFC had a downregulating effect on IFC which 

mediates interference inhibition. Another study showed that stimulation of DLPFC had a 

positive effect on learning automaticity but a negative one on numerical learning which is 

mediated by parietal regions. On the other hand, stimulation of the parietal lobe impaired 

learning automaticity which is mediated by prefrontal regions but  improved numerical learning 

(Iuculano & Kadosh, 2013). These findings suggest that one will need to take into consideration 

the differences in baseline brain activation and ideally individualise stimulation treatment 

based on these baseline activation patterns and the cognitive problems. This is important for 

ADHD where we know that there is a heterogeneity in cognitive abnormalities with some 
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children being normal in cognition (Nigg et al., 2005; Roberts et al., 2017). There is thus 

worrying evidence that there might be a cognitive cost of tDCS on cognitive functions that are 

mediated by other brain regions and these need to be systematically studied. Understanding the 

cost-benefits of brain stimulation in particular in children is therefore crucial. These worries of 

effects on non-targeted brain regions also applies to the neurofeedback studies. These benefits 

and costs, however, will still have to be established in ADHD as well as in other childhood 

disorders.
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Table 2. Clinical and cognitive effects of sham-controlled tDCS studies  

 Stimulation protocol 

Outcome measures 

(bold/underlined = improvement; cursive = 

impairment) 

Study Design N 

Mean 

age 

Anode/ 

Cathode 

mA Sessions Timinga 

Duration 

(mins) 

Clinical Cognitive 

Children 

†Bandeira et 

al, 2016  

Open label 9 11 

L DLPFC/ 

R SOA 

2 5 Online 28 

Patient Global 

Impression of 

Improvement 

Visual Attention Test (OM); 

NEPSY-II-inhibition (Switch 

errors); Digit Span; Corsi Cubes 

Breitling et al, 

2016 

Single-blind, 

sham-

controlled, 

randomised, 

crossover 

21 14 

R IFC/ 

L Cheek 

1 1 Online 20 n/t 

Flanker (Incongruent trials: 

COMc,d & RTVc)e, 

    

L Cheek / R 

IFC 

1 1 Online 20 n/t Flanker 

Munz et al, 

2015 

Double-blind, 

sham-

14 12 

L DLPFC/ 

R Cheek;  

.25 1 Offline 

25 (5 on, 1 

off) 

n/t 

Go/No-Go (Go RT & RTV); 

Motor memory; Alertness 
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controlled, 

randomised, 

crossover 

R DLPFC/ 

L Cheek 

Nejati et al, 

2020, Exp 1 

Double-blind, 

sham-

controlled, 

randomised, 

crossover 

15 10 

L DLPFC/ 

R DLPFC 

1 1 Offline 15 n/t 

Go/NoGo; N-back (Acc, RT); 

Stroop (Incongruent trials: COM 

& RT); WCST (Completion 

time) 

Nejati et al, 

2020, Exp 2 

Double-blind, 

sham-

controlled, 

randomised, 

crossover 

10 9 

L DLPFC/ 

R SOA 

1 1 Offline 15 n/t 

Go/NoGo; N-back (Accc, RT)d; 

WCST (Total categories 

completed, total & pers errors)d 

    

R SOA/  

L DLPFC 

1 1 Offline 15 n/t 

Go/NoGo (NoGo acc)d; N-back; 

WCST (Total categories 

completed, total & pers 

errorsc)d 
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Prehn-

Kristensen et 

al, 2014 

Double-blind, 

sham-

controlled, 

randomised, 

parallel 

12 12 

L DLPFC/ 

R Cheek; R 

DLPFC/ 

L Cheek 

.25 1 Offline 

25 (5 on, 1 

off) 

n/t 

Declarative Memory (Acc); 

Alertness; Digit Span 

Soff et al, 

2017  

Double-blind, 

sham-

controlled, 

randomised, 

crossover 

15 14 

L DLPFC/ 

Vertex 

1 5 Online 20 

FBB-ADHD 

(Inattentionf)g,h 

QbTest (Inattentionf; 

hyperactivityi)g,h 

Soltaninejad 

et al, 2019 

Single-blind, 

sham-

controlled, 

randomised, 

crossover 

20 16 

L DLPFC/ 

R SOA 

1.5 1 Online 15 n/t Go/NoGo (Go Acc)c,d,; Stroop 

    

R SOA/  

L DLPFC 

1.5 1 Online 15 n/t Go/NoGo (NoGo Acc)c,j; Stroop 

‡Soltaninejad 

et al, 2015b 

Single-blind, 

sham-

20 16 

rIFC/ L 

SOA 

1 1 Online 15 n/t Go/NoGo (Go Acc); Stroop 
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controlled, 

randomised, 

crossover 

Sotnikova et 

al, 2017  

Double-blind, 

sham-

controlled, 

randomised, 

crossover 

13 14 

L DLPFC/ 

Vertex 

1 1 Online 20 n/t QbTest (RT, RTVk, OMs, Acc)l 

Breitling et al, 

2020  

 

 

 

 

Salehinejad et 

al., 2020 

Double-blind, 

sham- and 

HD-tDCS 

controlled, 

randomised, 

crossover 

 

Single-blind, 

sham-

controlled, 

ADHD: 15 

HC: 15 

 

 

 

 

 19 

13 

(10-16) 

 

 

 

 

9  

(8-12) 

R IFC/L 

SOA 

1 

 

 

 

 

 

1 

3 with CT  

 

 

 

 

 

2 

Online 

 

 

 

 

 

Online 

20 

 

 

 

 

 

23 

n/t 

 

 

 

 

 

n/t 

WM task; ERPs N200; P300 

 

 

 

 

 

ANT (orienting); GNG; SAT; 

Stroop 
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randomised, 

cross-over 

† Westwood 

et al., 2021 *  

Double-blind, 

sham-

controlled, 

randomised, 

parallel 

50 14 

R IFC/ L 

SOA 

1 15 Online 20 

ADHD-RS; 

CPRS 

GNG; Stop; Simon; WCST; CPT; 

MCT; Verbal Fluency 

Nejati et al., 

2020 

Double-blind, 

sham-

controlled, 

randomised, 

cross-over 

20 9 

L DLPFC/ 

R vmPFC 

R DLPFC/ 

L vmPFC 

Sham 

1 1 Online 20 n/t 

BART; CDDT (k20,k10) 

 

 

 

†Berger et al., 

2021 

Double-blind, 

active 

controlled, 

randomised, 

cross-over 

19 7-12 

L DLPFC 

(tDCS)/  

R SOA 

L DLPFC/ 

R IFC 

(tRNS)  

0.75 5 Online 5 n/t 

ADHD-RS;  

Working & short-term memory, 

Moxo-CPT 

(all improved with tRNS vs 

tDCS) 
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Adults 

†Allenby et 

al, 2018 

Double-blind, 

sham-

controlled, 

randomised, 

crossover 

37 32 

L DLPFC/ 

R SOA 

 

2 3 Online 20 n/t 

Conners CPT (COMm); Stop 

Task 

Cachoeira et 

al, 2017 

Double-blind, 

sham-

controlled, 

randomised, 

parallel 

A: 9 

S: 8 

A: 31 

S: 34 

R DLPFC/ 

L DLPFC 

2 5 Offline 20 

ADHD 

Checklist 

(Inattention, 

Total)n; SDS 

(after tDCS); 

ADHD total 

score 2 weeks 

None 

Cosmo et al, 

2015 

Double-blind, 

sham-

controlled, 

randomised, 

parallel 

A: 30  

S:  30 

A: 32 

S: 33 

LDLPFC/ 

R DLPFC 

1 1 Offline 20 n/t Go/No-Go 
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Jacoby et al, 

2018  

Single-blind, 

sham-

controlled, 

randomised, 

crossover 

20 23 

L&R 

DLPFC/  

Cerebellum 

1.8 1 Offline 20 n/t CPT (multi-button presses) 

Dubreuil-Vall 

et al 2020 

Double-blind, 

sham-

controlled, 

randomised, 

crossover 

37 18-67 

L DLPFC/ 

R SOA 

 

 

R DLPFC/ 

R SOA 

2 1 Offline 30 n/t 

Flanker (incongruent RT) N = 

18; L P300; L N200. Stop (go 

RTs); L P200. N = 19 

 

Flanker; Stop 

Abbreviations: A, active; Acc, accuracy; COMs, commission errors; CPT, continuous performance task; DLPFC, dorsolateral prefrontal cortex; FBB-ADHD, parents’ version of 

a German adaptive Diagnostic Check- list for ADHD; L, left; mA, milliamps; mins, minutes; n/t, not tested; OMs, omission errors; cM, contralateral mastoid relative the other 

electrode; SOA, contralateral supraorbital area relative the other electrode; IFC, inferior frontal cortex; MCT: Mackworth Clock Task; R, right; RT, reaction time; RTV, reaction 

time variability or standard deviation of reaction times; S, sham; SAT: Switching attention task; SDS, Sheehan Disability Scale; SSRT, stop-signal reaction time; WCST: 

Wisconsin task sorting task. 

 aTiming refers to whether cognitive performance was during (online) or after (offline) stimulation; bTrend level; cWould likely not survive multiple comparison correction; 

dComparisons between stimulation conditions based on post-hoc LSD tests, which do not correct for multiple comparisons; eBased on underpowered analysis focusing on the first 

session, with seven participants per condition; fImprovement only seen seven days after the fifth anodal tDCS session; gDid not survive correction for multiple comparisons; 
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hBased on underpowered analysis focusing on the first five sessions, with seven/eight participants per condition; iImprovement seen immediately after the fifth anodal tDCS 

session and seven days later; jSignificant in comparison to cathodal tDCS only; kBased on a crossover interaction. tDCS reduced RT and RTV in one out of four conditions (2-

back tasks), but this did not survive correction for multiple comparisons; lIncluded carryover effect raised by Soff et al (2017); mSignificant only immediately after anodal tDCS, 

not significant three days later; nInattention improved immediately after anodal tDCS and after two weeks, while total score improved only after two weeks. †combined 

stimulation with cognitive training ‡ originally published written in Persian language, but was translated for us by the lead author Dr Zahra Soltaninejad.  
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Other stimulation methods 

Only one study has compared random noise stimulation (tRNS) to tDCS in ADHD children 

compared (see above). No studies have been conducted in ADHD with other stimulation 

methods such as transcranial alternative current stimulation (tACS). 

External trigeminal nerve stimulation (eTNS), also known as transcutaneous supraorbital nerve 

stimulation (tSNS) is another non-invasive intervention with minimal side effects. Small 

electrical currents are transmitted transcutaneously via a self-adhesive, supraorbital electrode 

to excite (trigger action potentials) on the supratrochlear and supraorbital branches of the 

ophthalmic nerve (V1) located under the skin of the forehead. The supraorbital nerve is a 

branch of the first trigeminal division. The trigeminal nerve has widespread connections to the 

brain, in particular the reticular activation system, locus coeruleus (LC), brain stem, thalamic, 

frontal and cortical areas (Shiozawa et al., 2014), as well as effects on dopamine and 

noradrenaline, all of which have effects on arousal and attention and been implicated in ADHD 

(Rubia, 2018). Two studies have tested the efficacy of eTNS in ADHD. An 8 week, open trial, 

pilot feasibility study in 21 children with ADHD between 7-14 years showed significant 

reduction in the investigator-completed ADHD-IV-Rating scale (ADHD-RS), both for the 

inattentive and hyperactive/impulsive subscales and the parent completed Conners Global 

Index and the Clinical Global Impression-Improvement as well as a reduction in the parent 

completed Behaviour Rating Inventory of Executive Function (BRIEF) that measures 

executive functions in daily life. Patients with ADHD also improved after treatment in scores 

of depression, but not of anxiety. Furthermore, they tested performance on a working memory 

and an attention network tasks, and found improvements in reaction times to interference 

stimuli, indicating positive effects on selective attention and inhibitory control and a trend-

level improvement in response variability that is considered a measure of arousal and attention. 
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eTNS was well tolerated with few side effects such as eye twitch and headache that were 

transient (McGough et al., 2015). The second study from the same group was a blinded, sham-

controlled pilot study of eTNS in 62 children with ADHD 8-12 years old. The investigator 

rated ADHD-RS total score was significantly reduced in the active relative to the sham group, 

as well as the inattentive and hyperactive/impulsive sub-scores and the Clinical Global 

Impression-Improvement scores. There was furthermore a trend-level differential 

improvement in the active group for anxiety but not for depression (McGough et al., 2019). 

There were no serious adverse events and relatively minor and transient side effects such as 

headache or fatigue. Quantitative electroencephalography (qEEG) data showed increased 

power in the active relative to sham group in right frontal midline and inferior frontal regions 

after compared to before treatment, which furthermore correlated with improvements in the 

ADHD-RS total score and the hyperactive-impulsive subscores, suggesting mediation of 

clinical effects (McGough et al., 2019). These findings with qEEG are partly consistent with 

animal and human imaging studies that show that eTNS stimulates the activation of cortical 

and subcortical structures such as thalamus, amygdala, LC, reticular activation system, 

prefrontal regions, anterior cingulate and insula (Aston-Jones & Cohen, 2005; Cook et al., 

2014). An activation increase in cortical and subcortical regions in ADHD could be the 

underlying mechanism of action given consistent evidence from us and others of dysfunction 

in ADHD in fronto-striato-thalamic neural networks (Rubia, 2018). It is hence plausible that 

eTNS improves ADHD symptoms and cognition by stimulating the activation of dysfunctional 

fronto-striato-thalamo-cortical systems. Based on evidence from this small, underpowered 

pilot study, eTNS is now the only brain stimulation technique that is FDA approved for ADHD. 

More evidence is clearly needed to demonstrate the efficacy and effectiveness of eTNS for 

reducing ADHD symptoms, to define optimal protocols such as repetition frequency, duration 

of stimulation, etc, similar to the other neurotherapies, and to understand its currently unknown 
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underlying mechanisms of action. 

 

Overall conclusions 

With the exception of EEG-NF, the other neurotherapeutic treatments are still relatively novel 

and unexplored in their application to ADHD.  

A large number of meta-analyses of randomized controlled trials that applied EEG-NF 

have shown consistent small to medium effect sizes for the improvement of ADHD 

symptomatic improvements, but there is controversy regarding to blinded raters (Bussalb et al., 

2019; Cortese et al., 2016). Further systematic research needs to focus on the specificity of the 

effects of EEG-NF as well as on longer-term efficacy. Investigating criteria predicting 

individual response will be crucial for precision medicine. 

Very few recent small studies have used NF with NIRS and fMRI that have better spatial 

resolution. Most of these studies were only powered to demonstrate study feasibility. However, 

some findings have emerged that are promising despite the relatively small subject numbers 

demand further testing. The field will need larger-sampled, sham-controlled RCTs that can also 

establish predictors of learning in order to establish whether NIRS or fMRI neurofeedback can 

be used as a treatment for some people with ADHD. Optimal neurofeedback protocols are not 

known for either NIRS or fMRI and need systematic testing. Potential negative effects on non-

regulated brain regions have not been tested in any of the neurofeedback modalities but need 

to be understood for ethical reasons. 

Most non-invasive brain stimulation studies have been conducted in small number of 

patients, and had heterogeneous study protocols which makes comparability difficult. Most of 
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the studies tested rTMS or tDCS in either one to maximum 5 sessions and targeted in their 

majority the DLPFC or IFC, which are dysfunctional brain regions in ADHD. Studies using 

TMS have not been promising so far. Meta-analyses of tDCS effects mostly over DLPFC show 

small effect sizes for improving cognition (Salehinejad et al., 2019; Westwood et al., 2021). 

Only 3 studies, including a study using tRNS tested for clinical improvements, with 

inconsistent findings with respect to improvement of inattention. The field will need larger-

numbered and sham-controlled studies in order to properly test the potential benefits of tDCS 

on clinical symptoms of ADHD and on cognitive functions. Studies will also need to assess the 

potential costs on non-stimulated cognitive or clinical functions. Furthermore, like for fMRI 

and NIRS-NF, we will need to acquire thorough knowledge on the best stimulation protocols 

for different patient subgroups of age subgroups such as information on the optimal stimulation 

site, intensity, frequency, duration, electrode size, or inter-electrode distance. So far, brain 

stimulation combined with cognitive training seems to have a greater a larger potential to 

improve ADHD cognition than brain stimulation alone. If used in combination with cognitive 

training, then we will also need to develop good cognitive training tasks. tDCS or tRNS are 

promising therapies for childhood onset psychiatric disorders because of the relatively minor 

side effects and because they could possibly influence abnormal brain development early and 

with potential plasticity (Krause & Kadosh, 2013). This promise, however, needs to be tested 

systematically in large RCTs of different protocols. Furthermore, potential costs of brain 

stimulation on other, non-targeted brain regions and their mediated functions will need to be 

thoroughly tested before we can apply them in clinical settings. tRNS and TNS have shown 

promising effects on improving ADHD symptoms in proof-of-concept studies but will need 

replication. 
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In conclusion, the substantial knowledge acquired in cognitive neuroscience of ADHD, 

has led to translational neuroscience studies which try to use the neurofunctional biomarkers 

of ADHD as treatment targets for neurotherapeutics. Because of their safety and minimal side 

effects and their potential neuroplastic effects, neurotherapeutics seem attractive for ADHD 

relative to medication treatments. However, we will need more studies that thoroughly test for 

their efficacy in the short- and longer-term and for their optimal “dose” effects. Furthermore, 

we will need to understand whether there are potential costs that may accompany the benefits, 

and whether they can be used for individualised treatment depending on clinical or cognitive 

ADHD subtypes. We can expect that different clinical or cognitive subgroups of ADHD 

patients may benefit from different neurotherapies and it will be crucial to establish this 

knowledge benefit individual patients. 

 

Funding:  

KR has been supported by the Medical Research Council (MRC) (MR/P012647/1); Action 

Medical Research (AMR; GN2426) and the Garfield Weston Foundation for Medical Research 

which also supported S.W.; and the UK Department of Health via the National Institute for 

Health Research (NIHR) Biomedical Research Centre (BRC) for Mental Health at South 

London and the Maudsley NHS Foundation Trust and Institute of Psychiatry, Psychology and 

Neuroscience, King’s College London. The views expressed are those of the author(s) and not 

necessarily those of the NHS, the NIHR or the Department of Health. PA is supported by a 

grant from BMBF (German Federal Ministry of Education & Science) 01GL1741A-F and 

Deutsche Forschungsgesellschaft (DFG) HO 5674/2-1. DB is supported by the research 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.20944/preprints202106.0489.v1


54 
 

consortium on ADHD, ESCA-Life, funded by the German Federal Ministry of Education and 

Research (FKZ 01EE1408E). 

 

Author contributions: 

Conceptualization, KR, SW, PA, DB; Methodology: KR, SW, PA, DB; Writing – Original 

Draft Preparation, KR, SW, PA;  Writing – Review & Editing, KR, SW, PA, DB; Visualization, 

KR; Supervision, K.R. Project Administration, K.R..; Funding Acquisition, KR, PA, DB. 

 

Institutional Review Board Statement 

Not applicable. 

 

Conflict of interest/Competing interests 

KR has received a grant from Takeda for another project and consultancy fees from Lundbeck 

pharmaceuticals. DB serves as an unpaid scientific consultant for an EU-funded neurofeedback 

trial. The other authors report no financial interests or potential conflicts of interest. 

 

 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.20944/preprints202106.0489.v1


55 
 

References 

Aase, H., & Sagvolden, T. (2005). Moment-to-moment dynamics of ADHD behaviour. 

Behav Brain Funct, 1, 12. https://doi.org/10.1186/1744-9081-1-12  

Adelhöfer, N., Mückschel, M., Teufert, B., Ziemssen, T., & Beste, C. (2019). Anodal tDCS 

affects neuromodulatory effects of the norepinephrine system on superior frontal theta 

activity during response inhibition. Brain Struct Funct, 224(3), 1291-1300. 

https://doi.org/10.1007/s00429-019-01839-3  

Aggensteiner, P. M., Brandeis, D., Millenet, S., Hohmann, S., Ruckes, C., Beuth, S., Albrecht, 

B., Schmitt, G., Schermuly, S., Wörz, S., Gevensleben, H., Freitag, C. M., 

Banaschewski, T., Rothenberger, A., Strehl, U., & Holtmann, M. (2019). Slow cortical 

potentials neurofeedback in children with ADHD: comorbidity, self-regulation and 

clinical outcomes 6 months after treatment in a multicenter randomized controlled trial. 

Eur Child Adolesc Psychiatry, 28(8), 1087-1095. https://doi.org/10.1007/s00787-018-

01271-8  

Alegria, A. A., Brinson, H., Giampietro, V., G.J., Barker., Stahl, D., Brandeis, D., David, A., 

& Rubia, K. (2014). A randomized controlled clinical trial of real-time functional 

magnetic resonance imaging neurofeedback for adolescents with attention deficit 

hyperactivity disorder (ADHD). European Child & Adolescent Psychiatry, 24, S109.  

Alegria, A. A., Wulff, M., Brinson, H., Barker, G. J., Norman, L. J., Brandeis, D., Stahl, D., 

David, A. S., Taylor, E., Giampietro, V., & Rubia, K. (2017). Real-Time fMRI 

Neurofeedback in Adolescents with Attention Deficit Hyperactivity Disorder. Human 

Brain Mapping, 38(6), 3190-3209. https://doi.org/10.1002/hbm.23584  

Allenby, C., Falcone, M., Bernardo, L., Wileyto, E. P., Rostain, A., Ramsay, J. R., Lerman, C., 

& Loughead, J. (2018). Transcranial direct current brain stimulation decreases 

impulsivity in ADHD. Brain Stimul, 11(5), 974-981. 

https://doi.org/10.1016/j.brs.2018.04.016  

Alyagon, U., Shahar, H., Hadar, A., Barnea-Ygael, N., Lazarovits, A., Shalev, H., & Zangen, 

A. (2020). Alleviation of ADHD symptoms by non-invasive right prefrontal stimulation 

is correlated with EEG activity. Neuroimage Clin, 26, 102206. 

https://doi.org/10.1016/j.nicl.2020.102206  

American Psychiatric Association. (2000). Diagnostic and Statistical Manual of Mental 

Disorders.American Psychiatric Association (4th ed.).  

Anderson, V., Spencer-Smith, M., & Wood, A. (2011). Do children really recover better? 

Neurobehavioural plasticity after early brain insult. Brain, 134, 2197-2221. 

https://doi.org/10.1093/brain/awr103  

Aoki, Y., Cortese, S., & Castellanos, F. X. (2018). Research Review: Diffusion tensor imaging 

studies of attention-deficit/hyperactivity disorder: meta-analyses and reflections on 

head motion. J Child Psychol Psychiatry, 59(3), 193-202. 

https://doi.org/10.1111/jcpp.12778  

Arnold, L. E., Arns, M., Barterian, J., Bergman, R., Black, S., Conners, C. K., Connor, S., 

Dasgupta, S., deBeus, R., Higgins, T., Hirshberg, L., Hollway, J. A., Kerson, C., 

Lightstone, H., Lofthouse, N., Lubar, J., McBurnett, K., Monastra, V., Buchan-Page, 

K., Pan, X. J., Rice, R., Roley-Roberts, M. E., Rhodes, R., Schrader, C., Tan, Y. J., & 

Williams, C. E. (2020). Double-Blind Placebo-Controlled Randomized Clinical Trial 

of Neurofeedback for Attention-Deficit/Hyperactivity Disorder With 13-Month 

Follow-up. J Am Acad Child Adolesc Psychiatry. 

https://doi.org/10.1016/j.jaac.2020.07.906  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1007/s00429-019-01839-3
https://doi.org/10.1007/s00787-018-01271-8
https://doi.org/10.1007/s00787-018-01271-8
https://doi.org/10.1002/hbm.23584
https://doi.org/10.1016/j.brs.2018.04.016
https://doi.org/10.1016/j.nicl.2020.102206
https://doi.org/10.1093/brain/awr103
https://doi.org/10.1111/jcpp.12778
https://doi.org/10.1016/j.jaac.2020.07.906
https://doi.org/10.20944/preprints202106.0489.v1


56 
 

Arns, M., Clark, C. R., Trullinger, M., deBeus, R., Mack, M., & Aniftos, M. (2020). 

Neurofeedback and Attention-Deficit/Hyperactivity-Disorder (ADHD) in Children: 

Rating the Evidence and Proposed Guidelines. Appl Psychophysiol Biofeedback, 45(2), 

39-48. https://doi.org/10.1007/s10484-020-09455-2  

Arns, M., Conners, C. K., & Kraemer, H. C. (2012). A decade of EEG Theta/Beta Ratio 

Research in ADHD: a meta-analysis. J Atten Disord, 17(5), 374-383. 

https://doi.org/10.1177/1087054712460087  

Arns, M., de Ridder, S., Strehl, U., Breteler, M., & Coenen, A. (2009). Efficacy of 

Neurofeedback Treatment in ADHD: the Effects on Inattention, Impulsivity and 

Hyperactivity: a Meta-Analysis. Clinical Eeg and Neuroscience, 40(3), 180-189. <Go 

to ISI>://WOS:000268526700007  

Arns, M., Heinrich, H., & Strehl, U. (2014). Evaluation of neurofeedback in ADHD: the long 

and winding road. Biol Psychol, 95, 108-115. 

https://doi.org/10.1016/j.biopsycho.2013.11.013  

Arns, M., & Strehl, U. (2013). Evidence for Efficacy of Neurofeedback in ADHD? American 

Journal of Psychiatry, 170(7), 799-800. 

https://doi.org/10.1176/appi.ajp.2013.13020208  

Ashkan, K., Shotbolt, P., David, A. S., & Samuel, M. (2013). Deep brain stimulation: a return 

journey from psychiatry to neurology. Postgrad Med J, 89(1052), 323-328. 

https://doi.org/10.1136/postgradmedj-2012-131520   

Aston-Jones, G., & Cohen, J. D. (2005). Adaptive gain and the role of the locus coeruleus-

norepinephrine system in optimal performance. J Comp Neurol, 493(1), 99-110. 

https://doi.org/10.1002/cne.20723  

Bandeira, I. D., Guimaraes, R. S. Q., Jagersbacher, J. G., Barretto, T. L., de Jesus-Silva, J. R., 

Santos, S. N., Argollo, N., & Lucena, R. (2016). Transcranial Direct Current 

Stimulation in Children and Adolescents With Attention-Deficit/Hyperactivity 

Disorder (ADHD): A Pilot Study. Journal of Child Neurology, 31(7), 918-924. 

https://doi.org/10.1177/0883073816630083  

Barry, R. J., Clarke, A. R., & Johnstone, S. J. (2003). A review of electrophysiology in 

attention-deficit/hyperactivity disorder: I. Qualitative and quantitative 

electroencephalography. Clin Neurophysiol, 114(2), 171-183. 

https://doi.org/10.1016/s1388-2457(02)00362-0  

Berger, I., Dakwar-Kawar, O., Grossman, E. S., Nahum, M., & Cohen Kadosh, R. (2021). 

Scaffolding the attention-deficit/hyperactivity disorder brain using transcranial direct 

current and random noise stimulation: A randomized controlled trial. Clin 

Neurophysiol, 132(3), 699-707. https://doi.org/10.1016/j.clinph.2021.01.005  

Bioulac, S., Purper-Ouakil, D., Ros, T., Blasco-Fontecilla, H., Prats, M., Mayaud, L., & 

Brandeis, D. (2019). Personalized at-home neurofeedback compared with long-acting 

methylphenidate in an european non-inferiority randomized trial in children with 

ADHD. Bmc Psychiatry, 19(1), 237. https://doi.org/10.1186/s12888-019-2218-0  

Bloch, Y. (2012). Transcrnial magnetic stimulation (TMS) as a treatment in ADHD.. Israel 

Journal of Psychiatry and Related Sciences, 49(1), 18-18. <Go to 

ISI>://WOS:000308992700040  

Boggio, P. S., Ferrucci, R., Mameli, F., Martins, D., Martins, O., Vergari, M., Tadini, L., 

Scarpini, E., Fregni, F., & Priori, A. (2012). Prolonged visual memory enhancement 

after direct current stimulation in Alzheimer's disease [Article]. Brain Stimulation, 5(3), 

223-230. https://doi.org/10.1016/j.brs.2011.06.006  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1007/s10484-020-09455-2
https://doi.org/10.1177/1087054712460087
https://doi.org/10.1016/j.biopsycho.2013.11.013
https://doi.org/10.1176/appi.ajp.2013.13020208
https://doi.org/10.1002/cne.20723
https://doi.org/10.1177/0883073816630083
https://doi.org/10.1016/j.clinph.2021.01.005
https://doi.org/10.1016/j.brs.2011.06.006
https://doi.org/10.20944/preprints202106.0489.v1


57 
 

Borwick, C., Lal, R., Lim, L. W., Stagg, C. J., & Aquili, L. (2020). Dopamine depletion effects 

on cognitive flexibility as modulated by tDCS of the dlPFC. Brain Stimul, 13(1), 105-

108. https://doi.org/10.1016/j.brs.2019.08.016  

Bozhilova, N. S., Michelini, G., Kuntsi, J., & Asherson, P. (2018). Mind wandering perspective 

on attention-deficit/hyperactivity disorder. Neurosci Biobehav Rev, 92, 464-476. 

https://doi.org/10.1016/j.neubiorev.2018.07.010  

Breitling, C., Zaehle, T., Dannhauer, M., Bonath, B., Tegelbeckers, J., Flechtner, H. H., & 

Krauel, K. (2016). Improving Interference Control in ADHD Patients with Transcranial 

Direct Current Stimulation (tDCS). Frontiers in Cellular Neuroscience, 10, Article 72. 

https://doi.org/10.3389/fncel.2016.00072  

Breitling, C., Zaehle, T., Dannhauer, M., Tegelbeckers, J., Flechtner, H. H., & Krauel, K. 

(2020). Comparison between conventional and HD-tDCS of the right inferior frontal 

gyrus in children and adolescents with ADHD. Clin Neurophysiol, 131(5), 1146-1154. 

https://doi.org/10.1016/j.clinph.2019.12.412  

Brunoni, A. R., Nitsche, M. A., Bolognini, N., Bikson, M., Wagner, T., Merabet, L., Edwards, 

D. J., Valero-Cabre, A., Rotenberg, A., Pascual-Leone, A., Ferrucci, R., Priori, A., 

Boggio, P. S., & Fregni, F. (2012). Clinical research with transcranial direct current 

stimulation (tDCS): Challenges and future directions. Brain Stimulation, 5(3), 175-195. 

https://doi.org/10.1016/j.brs.2011.03.002  

Bussalb, A., Collin, S., Barthélemy, Q., Ojeda, D., Bioulac, S., Blasco-Fontecilla, H., Brandeis, 

D., Purper Ouakil, D., Ros, T., & Mayaud, L. (2019). Is there a cluster of high theta-

beta ratio patients in attention deficit hyperactivity disorder? Clin Neurophysiol, 130(8), 

1387-1396. https://doi.org/10.1016/j.clinph.2019.02.021  

Buyck, I., & Wiersema, J. R. (2014a). Resting electroencephalogram in attention deficit 

hyperactivity disorder: developmental course and diagnostic value. Psychiatry Res, 

216(3), 391-397. https://doi.org/10.1016/j.psychres.2013.12.055  

Buyck, I., & Wiersema, J. R. (2014b). State-related electroencephalographic deviances in 

attention deficit hyperactivity disorder. Res Dev Disabil, 35(12), 3217-3225. 

https://doi.org/10.1016/j.ridd.2014.08.003  

Buyck, I., & Wiersema, J. R. (2015). Electroencephalographic activity before and after 

cognitive effort in children with attention deficit/hyperactivity disorder. Clin EEG 

Neurosci, 46(2), 88-93. https://doi.org/10.1177/1550059414553244  

Cachoeira, C. T., Leffa, D. T., Mittelstadt, S. D., Mendes, L. S. T., Brunoni, A. R., Pinto, J. V., 

Blazius, V., Machado, V., Bau, C. H. D., Rohde, L. A., Grevet, E. H., & Schestatsky, 

P. (2017). Positive effects of transcranial direct current stimulation in adult patients 

with attention-deficit/hyperactivity disorder - A pilot randomized controlled study. 

Psychiatry Research, 247, 28-32. https://doi.org/10.1016/j.psychres.2016.11.009  

Cao, P., Xing, J., Cao, Y., Cheng, Q., Sun, X., Kang, Q., Dai, L., Zhou, X., & Song, Z. (2018). 

Clinical effects of repetitive transcranial magnetic stimulation combined with 

atomoxetine in the treatment of attention-deficit hyperactivity disorder. Neuropsychiatr 

Dis Treat, 14, 3231-3240. https://doi.org/10.2147/ndt.s182527  

Chen, L. Z., Hu, X. Y., Ouyang, L., He, N., Liao, Y., Liu, Q., Zhou, M., Wu, M., Huang, X. 

Q., & Gong, Q. Y. (2016). A systematic review and meta-analysis of tract-based spatial 

statistics studies regarding attention-deficit/hyperactivity disorder. Neuroscience and 

Biobehavioral Reviews, 68, 838-847. https://doi.org/10.1016/j.neubiorev.2016.07.022  

Christakou, A., Murphy, C., Chantiluke, C., Cubillo, A., Smith, A., Giampietro, V., Daly, E., 

Ecker, C., Robertson, D., Murphy, C., & Rubia, K. (2013). Disorder-specific 

functional abnormalities during sustained attention in youth with Attention Deficit 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1016/j.brs.2019.08.016
https://doi.org/10.1016/j.neubiorev.2018.07.010
https://doi.org/10.3389/fncel.2016.00072
https://doi.org/10.1016/j.clinph.2019.12.412
https://doi.org/10.1016/j.brs.2011.03.002
https://doi.org/10.1016/j.clinph.2019.02.021
https://doi.org/10.1016/j.psychres.2013.12.055
https://doi.org/10.1016/j.ridd.2014.08.003
https://doi.org/10.1177/1550059414553244
https://doi.org/10.1016/j.psychres.2016.11.009
https://doi.org/10.2147/ndt.s182527
https://doi.org/10.1016/j.neubiorev.2016.07.022
https://doi.org/10.20944/preprints202106.0489.v1


58 
 

Hyperactivity Disorder (ADHD) and with Autism. Molecular Psychiatry, 18(2), 236-

244.  

Clarke, A. R., Barry, R. J., Dupuy, F. E., Heckel, L. D., McCarthy, R., Selikowitz, M., & 

Johnstone, S. J. (2011). Behavioural differences between EEG-defined subgroups of 

children with Attention-Deficit/Hyperactivity Disorder. Clin Neurophysiol, 122(7), 

1333-1341. https://doi.org/10.1016/j.clinph.2010.12.038  

Clarke, A. R., Barry, R. J., & Johnstone, S. (2020). Resting state EEG power research in 

Attention-Deficit/Hyperactivity Disorder: A review update. Clin Neurophysiol, 131(7), 

1463-1479. https://doi.org/10.1016/j.clinph.2020.03.029  

Clarke, A. R., Barry, R. J., Karamacoska, D., & Johnstone, S. J. (2019). The EEG Theta/Beta 

Ratio: A marker of Arousal or Cognitive Processing Capacity? Appl Psychophysiol 

Biofeedback, 44(2), 123-129. https://doi.org/10.1007/s10484-018-09428-6  

Coghill, D. (2019). Debate: Are Stimulant Medications for Attention-Deficit/Hyperactivity 

Disorder Effective in the Long Term? (For). J Am Acad Child Adolesc Psychiatry, 

58(10), 938-939. https://doi.org/10.1016/j.jaac.2019.07.002  

Coghill, D. R., Seth, S., Pedroso, S., Usala, T., Currie, J., & Gagliano, A. (2014). Effects of 

Methylphenidate on Cognitive Functions in Children and Adolescents with Attention-

Deficit/Hyperactivity Disorder: Evidence from a Systematic Review and a Meta-

Analysis. Biological Psychiatry, 76(8), 603-615. 

https://doi.org/10.1016/j.biopsych.2013.10.005  

Cohen Kadosh, R., Levy, N., O'Shea, J., Shea, N., & Savulescu, J. (2012). The neuroethics of 

non-invasive brain stimulation. Current Biology: CB, 22(4), R108-111. 

https://doi.org/10.1016/j.cub.2012.01.013  

Connolly, J. J., Glessner, J. T., Elia, J., & Hakonarson, H. (2015). ADHD & Pharmacotherapy: 

Past, Present and Future: A Review of the Changing Landscape of Drug Therapy for 

Attention Deficit Hyperactivity Disorder. Ther Innov Regul Sci, 49(5), 632-642. 

https://doi.org/10.1177/2168479015599811  

Cook, I. A., Espinoza, R., & Leuchter, A. F. (2014). Neuromodulation for depression: invasive 

and noninvasive (deep brain stimulation, transcranial magnetic stimulation, trigeminal 

nerve stimulation). Neurosurg Clin N Am, 25(1), 103-116. 

https://doi.org/10.1016/j.nec.2013.10.002  

Cortese, S., Adamo, N., Del Giovane, C., Mohr-Jensen, C., Hayes, A. J., Carucci, S., 

Atkinson, L. Z., Tessari, L., Banaschewski, T., Coghill, D., Hollis, C., Simonoff, E., 

Zuddas, A., Barbui, C., Purgato, M., Steinhausen, H. C., Shokraneh, F., Xia, J., & 

Cipriani, A. (2018). Comparative efficacy and tolerability of medications for 

attention-deficit hyperactivity disorder in children, adolescents, and adults: a 

systematic review and network meta-analysis. Lancet Psychiatry, 5(9), 727-738.  

https://doi.org/10.1016/S2215-0366(18)30269-4   

Cortese, S., Ferrin, M., Brandeis, D., Holtmann, M., Aggensteiner, P., Daley, D., Santosh, P., 

Simonoff, E., Stevenson, J., Stringaris, A., & Sonuga-Barke, E. J. (2016). 

Neurofeedback for Attention-Deficit/Hyperactivity Disorder: Meta-Analysis of 

Clinical and Neuropsychological Outcomes From Randomized Controlled Trials. J Am 

Acad Child Adolesc Psychiatry, 55(6), 444-455. 

https://doi.org/10.1016/j.jaac.2016.03.007  

Cortese, S., Kelly, C., Chabernaud, C., Proal, E., Di Martino, A., Milham, M. P., & Castellanos, 

F. X. (2012). Toward Systems Neuroscience of ADHD: A Meta-Analysis of 55 fMRI 

Studies [Review]. American Journal of Psychiatry, 169(10), 1038-1055. 

https://doi.org/10.1176/appi.ajp.2012.11101521  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1016/j.clinph.2010.12.038
https://doi.org/10.1016/j.clinph.2020.03.029
https://doi.org/10.1007/s10484-018-09428-6
https://doi.org/10.1016/j.jaac.2019.07.002
https://doi.org/10.1016/j.biopsych.2013.10.005
https://doi.org/10.1016/j.cub.2012.01.013
https://doi.org/10.1177/2168479015599811
https://doi.org/10.1016/j.nec.2013.10.002
https://doi.org/10.1016/j.jaac.2016.03.007
https://doi.org/10.1176/appi.ajp.2012.11101521
https://doi.org/10.20944/preprints202106.0489.v1


59 
 

Cosmo, C., Baptista, A. F., de Araujo, A. N., do Rosario, R. S., Miranda, J. G. V., Montoya, 

P., & de Sena, E. P. (2015). A Randomized, Double-Blind, Sham-Controlled Trial of 

Transcranial Direct Current Stimulation in Attention-Deficit/Hyperactivity Disorder. 

Plos One, 10(8), Article e0135371. https://doi.org/10.1371/journal.pone.0135371  

Cramer, S. C., Sur, M., Dobkin, B. H., O'Brien, C., Sanger, T. D., Trojanowski, J. Q., Rumsey, 

J. M., Hicks, R., Cameron, J., Chen, D., Chen, W. G., Cohen, L. G., deCharms, C., 

Duffy, C. J., Eden, G. F., Fetz, E. E., Filart, R., Freund, M., Grant, S. J., Haber, S., 

Kalivas, P. W., Kolb, B., Kramer, A. F., Lynch, M., Mayberg, H. S., McQuillen, P. S., 

Nitkin, R., Pascual-Leone, A., Reuter-Lorenz, P., Schiff, N., Sharma, A., Shekim, L., 

Stryker, M., Sullivan, E. V., & Vinogradov, S. (2011). Harnessing neuroplasticity for 

clinical applications. Brain, 134, 1591-1609. https://doi.org/10.1093/brain/awr039  

Criaud, M., Wulff, M., Alegria, A. A., Barker, G. J., Giampietro, V., & Rubia, K. (2020). 

Increased left inferior fronto-striatal activation during error monitoring after fMRI 

neurofeedback of right inferior frontal cortex in adolescents with attention deficit 

hyperactivity disorder. Neuroimage Clin, 27, 102311. 

https://doi.org/10.1016/j.nicl.2020.102311  

Cubillo, A., Smith, A., Barrett, N., Simmons, A., Brammer, M., V., G., & Rubia, K. (2014). 

Shared and drug-specific effects of Atomoxetine and Methylphenidate on inhibitory 

brain dysfunction in medication-naive ADHD boys. Cerebral Cortex, 24(1), 174-185.  

Demirtas-Tatlidede, A., Vahabzadeh-Hagh, A. M., & Pascual-Leone, A. (2013). Can 

noninvasive brain stimulation enhance cognition in neuropsychiatric disorders? 

Neuropharmacology, 64, 566-578. https://doi.org/10.1016/j.neuropharm.2012.06.020  

Dodich, A., Zollo, M., Crespi, C., Cappa, S. F., Laureiro Martinez, D., Falini, A., & Canessa, 

N. (2019). Short-term Sahaja Yoga meditation training modulates brain structure and 

spontaneous activity in the executive control network. Brain Behav, 9(1), e01159. 

https://doi.org/10.1002/brb3.1159  

Draganski, B., Gaser, C., Busch, V., Schuierer, G., Bogdahn, U., & May, A. (2004). 

Neuroplasticity: Changes in grey matter induced by training - Newly honed juggling 

skills show up as a transient feature on a brain-imaging scan. Nature, 427(6972), 311-

312. <Go to ISI>://000188266200029  

Draganski, B., Gaser, C., Kempermann, G., Kuhn, H. G., Winkler, J., Buchel, C., & May, A. 

(2006). Temporal and spatial dynamics of brain structure changes during extensive 

learning. J Neurosci, 26(23), 6314-6317. https://doi.org/10.1523/JNEUROSCI.4628-

05.2006. 

Draganski, B., & May, A. (2008). Training-induced structural changes in the adult human 

brain. Behavioural Brain Research, 192(1), 137-142. 

https://doi.org/10.1016/j.bbr.2008.02.015  

Drechsler, R., Brem, S., Brandeis, D., Grünblatt, E., Berger, G., & Walitza, S. (2020). ADHD: 

Current Concepts and Treatments in Children and Adolescents. Neuropediatrics, 51(5), 

315-335. https://doi.org/10.1055/s-0040-1701658  

Drechsler, R., Straub, M., Doehnert, M., Heinrich, H., Steinhausen, H. C., & Brandeis, D. 

(2007). 1Controlled evaluation of a neurofeedback training of slow cortical potentials 

in children with Attention Deficit/Hyperactivity Disorder (ADHD). Behav Brain Funct, 

3, 35. https://doi.org/10.1186/1744-9081-3-35  

Dubreuil-Vall, L., Gomez-Bernal, F., Villegas, A. C., Cirillo, P., Surman, C., Ruffini, G., 

Widge, A. S., & Camprodon, J. A. (2020). Transcranial Direct Current Stimulation to 

the Left Dorsolateral Prefrontal Cortex Improves Cognitive Control in Patients With 

Attention-Deficit/Hyperactivity Disorder: A Randomized Behavioral and 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1371/journal.pone.0135371
https://doi.org/10.1093/brain/awr039
https://doi.org/10.1016/j.nicl.2020.102311
https://doi.org/10.1016/j.neuropharm.2012.06.020
https://doi.org/10.1002/brb3.1159
https://doi.org/10.1016/j.bbr.2008.02.015
https://doi.org/10.1055/s-0040-1701658
https://doi.org/10.1186/1744-9081-3-35
https://doi.org/10.20944/preprints202106.0489.v1


60 
 

Neurophysiological Study. Biol Psychiatry Cogn Neurosci Neuroimaging. 

https://doi.org/10.1016/j.bpsc.2020.11.006  

Faraone, S. V., Banaschewski, T., Coghill, D., Zheng, Y., Biederman, J., Bellgrove, M. A., 

Newcorn, J. H., Gignac, M., Al Saud, N. M., Manor, I., Rohde, L. A., Yang, L., Cortese, 

S., Almagor, D., Stein, M. A., Albatti, T. H., Aljoudi, H. F., Alqahtani, M. M. J., 

Asherson, P., Atwoli, L., Bölte, S., Buitelaar, J. K., Crunelle, C. L., Daley, D., 

Dalsgaard, S., Döepfner, M., Espinet, S., Fitzgerald, M., Franke, B., Haavik, J., 

Hartman, C. A., Hartung, C. M., Hinshaw, S. P., Hoekstra, P. J., Hollis, C., Kollins, S. 

H., Sandra Kooij, J. J., Kuntsi, J., Larsson, H., Li, T., Liu, J., Merzon, E., Mattingly, 

G., Mattos, P., McCarthy, S., Mikami, A. Y., Molina, B. S. G., Nigg, J. T., Purper-

Ouakil, D., Omigbodun, O. O., Polanczyk, G. V., Pollak, Y., Poulton, A. S., Rajkumar, 

R. P., Reding, A., Reif, A., Rubia, K., Rucklidge, J., Romanos, M., Ramos-Quiroga, J. 

A., Schellekens, A., Scheres, A., Schoeman, R., Schweitzer, J. B., Shah, H., Solanto, 

M. V., Sonuga-Barke, E., Soutullo, C., Steinhausen, H. C., Swanson, J. M., Thapar, A., 

Tripp, G., van de Glind, G., Brink, W. V. D., Van der Oord, S., Venter, A., Vitiello, B., 

Walitza, S., & Wang, Y. (2021). The World Federation of ADHD International 

Consensus Statement: 208 Evidence-based Conclusions about the Disorder. Neurosci 

Biobehav Rev. https://doi.org/10.1016/j.neubiorev.2021.01.022  

Fassbender, C., Zhang, H., Buzy, W. M., Cortes, C. R., Mizuiri, D., Beckett, L., & Schweitzer, 

J. B. (2009). A lack of default network suppression is linked to increased distractibility 

in ADHD [Research Support, N.I.H., Extramural Research Support, Non-U.S. Gov't]. 

Brain Res, 1273, 114-128. https://doi.org/10.1016/j.brainres.2009.02.070  

Fertonani, A., & Miniussi, C. (2017). Transcranial Electrical Stimulation: What We Know and 

Do Not Know About Mechanisms. Neuroscientist, 23(2), 109-123. 

https://doi.org/10.1177/1073858416631966  

Fonteneau, C., Redoute, J., Haesebaert, F., Le Bars, D., Costes, N., Suaud-Chagny, M. F., & 

Brunelin, J. (2018). Frontal Transcranial Direct Current Stimulation Induces Dopamine 

Release in the Ventral Striatum in Human. Cereb Cortex, 28(7), 2636-2646. 

https://doi.org/10.1093/cercor/bhy093  

Fukai, M., Bunai, T., Hirosawa, T., Kikuchi, M., Ito, S., Minabe, Y., & Ouchi, Y. (2019). 

Endogenous dopamine release under transcranial direct-current stimulation governs 

enhanced attention: a study with positron emission tomography. Transl Psychiatry, 

9(1), 115. https://doi.org/10.1038/s41398-019-0443-4  

Fusar-Poli, P., Rubia, K., Rossi, G., Sartori, G., & Balottin, U. (2012). Striatal dopamine 

transporter alterations in ADHD: pathophysiology or adaptation to psychostimulants? 

A meta-analysis. Am J Psychiatry, 169(3), 264-272. 

https://doi.org/10.1176/appi.ajp.2011.11060940   

Gamma, A., & Kara, O. (2020). Event-Related Potentials for Diagnosing Children and Adults 

With ADHD. J Atten Disord, 24(11), 1581-1587. 

https://doi.org/10.1177/1087054716631821  

Geladé, K., Janssen, T. W., Bink, M., van Mourik, R., Maras, A., & Oosterlaan, J. (2016). 

Behavioral Effects of Neurofeedback Compared to Stimulants and Physical Activity in 

Attention-Deficit/Hyperactivity Disorder: A Randomized Controlled Trial. J Clin 

Psychiatry, 77(10), e1270-e1277. https://doi.org/10.4088/JCP.15m10149  

Gevensleben, H., Albrecht, B., Luetcke, H., Auer, T., Dewiputri, W. I., Schweizer, R., Moll, 

G., Heinrich, H., & Rothenberger, A. (2014). Neurofeedback of slow cortical potentials: 

neural mechanisms and feasibility of a placebo-controlled design in healthy adults. 

Frontiers in Human Neuroscience, 8, Article 990. 

https://doi.org/10.3389/fnhum.2014.00990  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1016/j.bpsc.2020.11.006
https://doi.org/10.1016/j.neubiorev.2021.01.022
https://doi.org/10.1016/j.brainres.2009.02.070
https://doi.org/10.1177/1073858416631966
https://doi.org/10.1093/cercor/bhy093
https://doi.org/10.1038/s41398-019-0443-4
https://doi.org/10.1177/1087054716631821
https://doi.org/10.4088/JCP.15m10149
https://doi.org/10.3389/fnhum.2014.00990
https://doi.org/10.20944/preprints202106.0489.v1


61 
 

Gevensleben, H., Kleemeyer, M., Rothenberger, L. G., Studer, P., Flaig-Roehr, A., Moll, G. 

H., Rothenberger, A., & Heinrich, H. (2014). Neurofeedback in ADHD: Further Pieces 

of the Puzzle. Brain Topography, 27(1), 20-32. https://doi.org/10.1007/s10548-013-

0285-y  

Gevensleben, H., Moll, G. H., Rothenberger, A., & Heinrich, H. (2014). Neurofeedback in 

attention-deficit/hyperactivity disorder - different models, different ways of 

application. Frontiers in Human Neuroscience, 8, Article 846. 

https://doi.org/10.3389/fnhum.2014.00846  

Gómez, L., Vidal, B., Morales, L., Báez, M., Maragoto, C., Galvizu, R., Vera, H., Cabrera, I., 

Zaldívar, M., & Sánchez, A. (2014). Low frequency repetitive transcranial magnetic 

stimulation in children with attention deficit/hyperactivity disorder. Preliminary results. 

Brain Stimul, 7(5), 760-762. https://doi.org/10.1016/j.brs.2014.06.001  

Groen, Y., Gaastra, G. F., Lewis-Evans, B., & Tucha, O. (2013). Risky Behavior in Gambling 

Tasks in Individuals with ADHD - A Systematic Literature Review. Plos One, 8(9), 

Article UNSP e74909. https://doi.org/10.1371/journal.pone.0074909  

Hart, H., Radua, J., Mataix-Cols, D., & Rubia, K. (2012). Meta-analysis of fMRI studies of 

timing in attention-deficit hyperactivity disorder (ADHD). Neurosci Biobehav Rev, 

36(10), 2248-2256. https://doi.org/10.1016/j.neubiorev.2012.08.003  

Hart, H., Radua, J., Nakao, T., Mataix-Cols, D., & Rubia, K. (2013). Meta-analysis of 

functional magnetic resonance imaging studies of inhibition and attention in attention-

deficit/hyperactivity disorder: exploring task-specific, stimulant medication, and age 

effects. JAMA Psychiatry, 70(2), 185-198. 

https://doi.org/10.1001/jamapsychiatry.2013.277  

Hodgson, K., Hutchinson, A. D., & Denson, L. (2014). Nonpharmacological treatments for 

ADHD: a meta-analytic review. J Atten Disord, 18(4), 275-282. 

https://doi.org/10.1177/1087054712444732  

Hoogman, M., Bralten, J., Hibar, D. P., Mennes, M., Zwiers, M. P., Schweren, L. S. J., van 

Hulzen, K. J. E., Medland, S. E., Shumskaya, E., Jahanshad, N., de Zeeuw, P., Szekely, 

E., Sudre, G., Wolfers, T., Onnink, A. M. H., Dammers, J. T., Mostert, J. C., Vives-

Gilabert, Y., Kohls, G., Oberwelland, E., Seitz, J., Schulte-Ruther, M., Ambrosino, S., 

Doyle, A. E., Hovik, M. F., Dramsdahl, M., Tamm, L., van Erp, T. G. M., Dale, A., 

Schork, A., Conzelmann, A., Zierhut, K., Baur, R., McCarthy, H., Yoncheva, Y. N., 

Cubillo, A., Chantiluke, K., Mehta, M. A., Paloyelis, Y., Hohmann, S., Baumeister, S., 

Bramati, I., Mattos, P., Tovar-Moll, F., Douglas, P., Banaschewski, T., Brandeis, D., 

Kuntsi, J., Asherson, P., Rubia, K., Kelly, C., Di Martino, A., Milham, M. P., 

Castellanos, F. X., Frodl, T., Zentis, M., Lesch, K. P., Reif, A., Pauli, P., Jernigan, T. 

L., Haavik, J., Plessen, K. J., Lundervold, A. J., Hugdahl, K., Seidman, L. J., 

Biederman, J., Rommelse, N., Heslenfeld, D. J., Hartman, C. A., Hoekstra, P. J., 

Oosterlaan, J., von Polier, G., Konrad, K., Vilarroya, O., Ramos-Quiroga, J. A., Soliva, 

J. C., Durston, S., Buitelaar, J. K., Faraone, S. V., Shaw, P., Thompson, P. M., & 

Franke, B. (2017). Subcortical brain volume differences in participants with attention 

deficit hyperactivity disorder in children and adults: a cross-sectional mega-analysis 

[Article]. Lancet Psychiatry, 4(4), 310-319. https://doi.org/10.1016/s2215-

0366(17)30049-4  

Hoogman, M., Muetzel, R., Guimaraes, J. P., Shumskaya, E., Mennes, M., Zwiers, M. P., 

Jahanshad, N., Sudre, G., Wolfers, T., Earl, E. A., Soliva Vila, J. C., Vives-Gilabert, 

Y., Khadka, S., Novotny, S. E., Hartman, C. A., Heslenfeld, D. J., Schweren, L. J. S., 

Ambrosino, S., Oranje, B., de Zeeuw, P., Chaim-Avancini, T. M., Rosa, P. G. P., 

Zanetti, M. V., Malpas, C. B., Kohls, G., von Polier, G. G., Seitz, J., Biederman, J., 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1007/s10548-013-0285-y
https://doi.org/10.1007/s10548-013-0285-y
https://doi.org/10.3389/fnhum.2014.00846
https://doi.org/10.1016/j.brs.2014.06.001
https://doi.org/10.1371/journal.pone.0074909
https://doi.org/10.1016/s2215-0366(17)30049-4
https://doi.org/10.1016/s2215-0366(17)30049-4
https://doi.org/10.20944/preprints202106.0489.v1


62 
 

Doyle, A. E., Dale, A. M., van Erp, T. G. M., Epstein, J. N., Jernigan, T. L., Baur-

Streubel, R., Ziegler, G. C., Zierhut, K. C., Schrantee, A., Høvik, M. F., Lundervold, 

A. J., Kelly, C., McCarthy, H., Skokauskas, N., O'Gorman Tuura, R. L., Calvo, A., 

Lera-Miguel, S., Nicolau, R., Chantiluke, K. C., Christakou, A., Vance, A., Cercignani, 

M., Gabel, M. C., Asherson, P., Baumeister, S., Brandeis, D., Hohmann, S., Bramati, I. 

E., Tovar-Moll, F., Fallgatter, A. J., Kardatzki, B., Schwarz, L., Anikin, A., Baranov, 

A., Gogberashvili, T., Kapilushniy, D., Solovieva, A., El Marroun, H., White, T., 

Karkashadze, G., Namazova-Baranova, L., Ethofer, T., Mattos, P., Banaschewski, T., 

Coghill, D., Plessen, K. J., Kuntsi, J., Mehta, M. A., Paloyelis, Y., Harrison, N. A., 

Bellgrove, M. A., Silk, T. J., Cubillo, A. I., Rubia, K., Lazaro, L., Brem, S., Walitza, 

S., Frodl, T., Zentis, M., Castellanos, F. X., Yoncheva, Y. N., Haavik, J., Reneman, L., 

Conzelmann, A., Lesch, K. P., Pauli, P., Reif, A., Tamm, L., Konrad, K., Oberwelland 

Weiss, E., Busatto, G. F., Louza, M. R., Durston, S., Hoekstra, P. J., Oosterlaan, J., 

Stevens, M. C., Ramos-Quiroga, J. A., Vilarroya, O., Fair, D. A., Nigg, J. T., 

Thompson, P. M., Buitelaar, J. K., Faraone, S. V., Shaw, P., Tiemeier, H., Bralten, J., 

& Franke, B. (2019). Brain Imaging of the Cortex in ADHD: A Coordinated Analysis 

of Large-Scale Clinical and Population-Based Samples. Am J Psychiatry, 176(7), 531-

542. https://doi.org/10.1176/appi.ajp.2019.18091033  

Iuculano, T., & Kadosh, R. C. (2013). The Mental Cost of Cognitive Enhancement. Journal of 

Neuroscience, 33(10), 4482-4486. https://doi.org/10.1523/jneurosci.4927-12.2013  

Jacoby, N., & Lavidor, M. (2018). Null tDCS Effects in a Sustained Attention Task: The 

Modulating Role of Learning. Front Psychol, 9, 476. 

https://doi.org/10.3389/fpsyg.2018.00476  

Jancke, L. (2009). The plastic human brain. Restorative Neurology and Neuroscience, 27(5), 

521-538. https://doi.org/10.3233/rnn-2009-0519  

Janssen, T. W. P., Bink, M., Weeda, W. D., Gelade, K., van Mourik, R., Maras, A., & 

Oosterlaan, J. (2017). Learning curves of theta/beta neurofeedback in children with 

ADHD. Eur Child Adolesc Psychiatry, 26(5), 573-582. 

https://doi.org/10.1007/s00787-016-0920-8  

Janicak, P. G., & Dokucu, M. E. (2015). Transcranial magnetic stimulation for the treatment 

of major depression. Neuropsychiatr Dis Treat, 11, 1549-1560. 

https://doi.org/10.2147/ndt.s67477  

Johnstone, S. J., Barry, R. J., & Clarke, A. R. (2013). Ten years on: a follow-up review of 

ERP research in attention-deficit/hyperactivity disorder. Clin Neurophysiol, 124(4), 

644-657. https://doi.org/10.1016/j.clinph.2012.09.006  

Kaiser, A., Aggensteiner, P. M., Baumeister, S., Holz, N. E., Banaschewski, T., & Brandeis, 

D. (2020). Earlier versus later cognitive event-related potentials (ERPs) in attention-

deficit/hyperactivity disorder (ADHD): A meta-analysis. Neurosci Biobehav Rev, 112, 

117-134. https://doi.org/10.1016/j.neubiorev.2020.01.019  

Katz, B., Au, J., Buschkuehl, M., Abagis, T., Zabel, C., Jaeggi, S. M., & Jonides, J. (2017). 

Individual Differences and Long-term Consequences of tDCS-augmented Cognitive 

Training [Article]. Journal of Cognitive Neuroscience, 29(9), 1498-1508. 

https://doi.org/10.1162/jocn_a_01115  

Kekic, M., Boysen, E., Campbell, I. C., & Schmidt, U. (2016). A systematic review of the 

clinical efficacy of transcranial direct current stimulation (tDCS) in psychiatric 

disorders. J Psychiatr Res, 74, 70-86. https://doi.org/10.1016/j.jpsychires.2015.12.018  

Kim, S., Stephenson, M. C., Morris, P. G., & Jackson, S. R. (2014). tDCS-induced alterations 

in GABA concentration within primary motor cortex predict motor learning and motor 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1176/appi.ajp.2019.18091033
https://doi.org/10.1523/jneurosci.4927-12.2013
https://doi.org/10.3233/rnn-2009-0519
https://doi.org/10.2147/ndt.s67477
https://doi.org/10.1016/j.neubiorev.2020.01.019
https://doi.org/10.1162/jocn_a_01115
https://doi.org/10.1016/j.jpsychires.2015.12.018
https://doi.org/10.20944/preprints202106.0489.v1


63 
 

memory: A 7 T magnetic resonance spectroscopy study. Neuroimage, 99, 237-243. 

https://doi.org/10.1016/j.neuroimage.2014.05.070  

Knudsen, E. I. (2004). Sensitive periods in the development of the brain and behavior. J Cogn 

Neurosci, 16(8), 1412-1425. https://doi.org/10.1162/0898929042304796  

Krause, B., & Kadosh, R. C. (2013). Can transcranial electrical stimulation improve learning 

difficulties in atypical brain development? A future possibility for cognitive training. 

Developmental Cognitive Neuroscience, 6, 176-194. 

https://doi.org/10.1016/j.dcn.2013.04.001  

Krause, B., Marquez-Ruiz, J., & Kadosh, R. C. (2013). The effect of transcranial direct current 

stimulation: a role for cortical excitation/inhibition balance? Frontiers in Human 

Neuroscience, 7, Article 602. https://doi.org/10.3389/fnhum.2013.00602  

Krishnan, C., Santos, L., Peterson, M. D., & Ehinger, M. (2015). Safety of Noninvasive Brain 

Stimulation in Children and Adolescents. Brain Stimulation, 8(1), 76-87. 

https://doi.org/10.1016/j.brs.2014.10.012  

Kuo, M.-F., & Nitsche, M. A. (2012). Effects of Transcranial Electrical Stimulation on 

Cognition. Clinical Eeg and Neuroscience, 43(3), 192-199. 

https://doi.org/10.1177/1550059412444975  

Kuo, M. F., Paulus, W., & Nitsche, M. A. (2014). Therapeutic effects of non-invasive brain 

stimulation with direct currents (tDCS) in neuropsychiatric diseases [Review]. 

Neuroimage, 85, 948-960. https://doi.org/10.1016/j.neuroimage.2013.05.117  

Lam, S. L., Criaud, M., Alegria, A., Barker, G. J., Giampietro, V., & Rubia, K. (2020). 

Neurofunctional and behavioural measures associated with fMRI-neurofeedback 

learning in adolescents with Attention-Deficit/Hyperactivity Disorder. Neuroimage 

Clin, 27, 102291. https://doi.org/10.1016/j.nicl.2020.102291 

Lambez, B., Harwood-Gross, A., Golumbic, E. Z., & Rassovsky, Y. (2020). Non-

pharmacological interventions for cognitive difficulties in ADHD: A systematic 

review and meta-analysis. J Psychiatr Res, 120, 40-55. 

https://doi.org/10.1016/j.jpsychires.2019.10.007   

Lefaucheur, J. P., Andre-Obadia, N., Antal, A., Ayache, S. S., Baeken, C., Benninger, D. H., 

Cantello, R. M., Cincotta, M., de Carvalho, M., De Ridder, D., Devanne, H., Di 

Lazzaro, V., Filipovic, S. R., Hummel, F. C., Jaaskelainen, S. K., Kimiskidis, V. K., 

Koch, G., Langguth, B., Nyffeler, T., Oliviero, A., Padberg, F., Poulet, E., Rossi, S., 

Rossini, P. M., Rothwell, J. C., Schonfeldt-Lecuona, C., Siebner, H. R., Slotema, C. 

W., Stagg, C. J., Valls-Sole, J., Ziemann, U., Paulus, W., & Garcia-Larrea, L. (2014). 

Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic 

stimulation (rTMS). Clinical Neurophysiology, 125(11), 2150-2206. 

https://doi.org/10.1016/j.clinph.2014.05.021  

Lefaucheur, J. P., Antal, A., Ayache, S. S., Benninger, D. H., Brunelin, J., Cogiamanian, F., 

Cotelli, M., De Ridder, D., Ferrucci, R., Langguth, B., Marangolo, P., Mylius, V., 

Nitsche, M. A., Padberg, F., Palm, U., Poulet, E., Priori, A., Rossi, S., Schecklmann, 

M., Vanneste, S., Ziemann, U., Garcia-Larrea, L., & Paulus, W. (2017). Evidence-based 

guidelines on the therapeutic use of transcranial direct current stimulation (tDCS). Clin 

Neurophysiol, 128(1), 56-92. https://doi.org/10.1016/j.clinph.2016.10.087  

Lei, D., Du, M., Wu, M., Chen, T., Huang, X., Du, X., Bi, F., Kemp, G. J., & Gong, Q. (2015). 

Functional MRI Reveals Different Response Inhibition Between Adults and Children 

With ADHD. Neuropsychology, 29(6), 874-881. https://doi.org/10.1037/neu0000200  

Liechti, M. D., Valko, L., Müller, U. C., Döhnert, M., Drechsler, R., Steinhausen, H. C., & 

Brandeis, D. (2013). Diagnostic value of resting electroencephalogram in attention-

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1016/j.neuroimage.2014.05.070
https://doi.org/10.1016/j.dcn.2013.04.001
https://doi.org/10.3389/fnhum.2013.00602
https://doi.org/10.1016/j.brs.2014.10.012
https://doi.org/10.1177/1550059412444975
https://doi.org/10.1016/j.neuroimage.2013.05.117
https://doi.org/10.1016/j.nicl.2020.102291
https://doi.org/10.1016/j.clinph.2014.05.021
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1037/neu0000200
https://doi.org/10.20944/preprints202106.0489.v1


64 
 

deficit/hyperactivity disorder across the lifespan. Brain Topogr, 26(1), 135-151. 

https://doi.org/10.1007/s10548-012-0258-6  

Loo, S. K., & Makeig, S. (2012). Clinical utility of EEG in attention-deficit/hyperactivity 

disorder: a research update. Neurotherapeutics, 9(3), 569-587. 

https://doi.org/10.1007/s13311-012-0131-z  

Lubar, J. F., & Shouse, M. N. (1976). EEG and behavioral changes in a hyperkinetic child 

concurrent with training of the sensorimotor rhythm (SMR): a preliminary report. 

Biofeedback Self Regul, 1(3), 293-306. https://doi.org/10.1007/bf01001170  

Lukito, S., Norman, L., Carlisi, C., Radua, J., Hart, H., Simonoff, E., & Rubia, K. (2020). 

Comparative meta-analyses of brain structural and functional abnormalities during 

cognitive control in attention-deficit/hyperactivity disorder and autism spectrum 

disorder. Psychol Med, 50(6), 894-919. https://doi.org/10.1017/s0033291720000574  

Marx, A.-M., Ehlis, A.-C., Furdea, A., Holtmann, M., Banaschewski, T., Brandeis, D., 

Rothenberger, A., Gevensleben, H., Freitag, C. M., Fuchsenberger, Y., Fallgatter, A. J., 

& Strehl, U. (2015). Near-infrared spectroscopy (NIRS) neurofeedback as a treatment 

for children with attention deficit hyperactivity disorder (ADHD)-a pilot study. 

Frontiers in Human Neuroscience, 8, Article 1038. 

https://doi.org/10.3389/fnhum.2014.01038  

McCarthy, H., Skokauskas, N., & Frodl, T. (2014). Identifying a consistent pattern of neural 

function in attention deficit hyperactivity disorder: a meta-analysis. Psychological 

Medicine, 44(4), 869-880. https://doi.org/10.1017/s0033291713001037  

McDonnell, M. D., & Ward, L. M. (2011). The benefits of noise in neural systems: bridging 

theory and experiment. Nat Rev Neurosci, 12(7), 415-426. 

https://doi.org/10.1038/nrn3061  

McGough, J. J., Loo, S. K., Sturm, A., Cowen, J., Leuchter, A. F., & Cook, I. A. (2015). An 

eight-week, open-trial, pilot feasibility study of trigeminal nerve stimulation in youth 

with attention-deficit/hyperactivity disorder. Brain Stimul, 8(2), 299-304. 

https://doi.org/10.1016/j.brs.2014.11.013  

McGough, J. J., Sturm, A., Cowen, J., Tung, K., Salgari, G. C., Leuchter, A. F., Cook, I. A., 

Sugar, C. A., & Loo, S. K. (2019). Double-Blind, Sham-Controlled, Pilot Study of 

Trigeminal Nerve Stimulation for Attention-Deficit/Hyperactivity Disorder. J Am Acad 

Child Adolesc Psychiatry, 58(4), 403-411.e403. 

https://doi.org/10.1016/j.jaac.2018.11.013  

Mehta, U. M., Naik, S. S., Thanki, M. V., & Thirthalli, J. (2019). Investigational and 

Therapeutic Applications of Transcranial Magnetic Stimulation in Schizophrenia. Curr 

Psychiatry Rep, 21(9), 89. https://doi.org/10.1007/s11920-019-1076-2  

Meyer, B., Mann, C., Götz, M., Gerlicher, A., Saase, V., Yuen, K. S. L., Aedo-Jury, F., 

Gonzalez-Escamilla, G., Stroh, A., & Kalisch, R. (2019). Increased Neural Activity in 

Mesostriatal Regions after Prefrontal Transcranial Direct Current Stimulation and l-

DOPA Administration. J Neurosci, 39(27), 5326-5335. 

https://doi.org/10.1523/jneurosci.3128-18.2019  

Micoulaud-Franchi, J. A., Geoffroy, P. A., Fond, G., Lopez, R., Bioulac, S., & Philip, P. (2014). 

EEG neurofeedback treatments in children with ADHD: an updated meta-analysis of 

randomized controlled trials. Front Hum Neurosci, 8, 906. 

https://doi.org/10.3389/fnhum.2014.00906  

Mishima, T., Nagai, T., Yahagi, K., Akther, S., Oe, Y., Monai, H., Kohsaka, S., & Hirase, H. 

(2019). Transcranial Direct Current Stimulation (tDCS) Induces Adrenergic Receptor-

Dependent Microglial Morphological Changes in Mice. eNeuro, 6(5). 

https://doi.org/10.1523/eneuro.0204-19.2019  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1007/s10548-012-0258-6
https://doi.org/10.1007/s13311-012-0131-z
https://doi.org/10.1007/bf01001170
https://doi.org/10.1017/s0033291720000574
https://doi.org/10.3389/fnhum.2014.01038
https://doi.org/10.1017/s0033291713001037
https://doi.org/10.1038/nrn3061
https://doi.org/10.1016/j.brs.2014.11.013
https://doi.org/10.1016/j.jaac.2018.11.013
https://doi.org/10.1007/s11920-019-1076-2
https://doi.org/10.1523/jneurosci.3128-18.2019
https://doi.org/10.3389/fnhum.2014.00906
https://doi.org/10.1523/eneuro.0204-19.2019
https://doi.org/10.20944/preprints202106.0489.v1


65 
 

Moffa, A. H., Brunoni, A. R., Nikolin, S., & Loo, C. K. (2018). Transcranial Direct Current 

Stimulation in Psychiatric Disorders: A Comprehensive Review. Psychiatr Clin North 

Am, 41(3), 447-463. https://doi.org/10.1016/j.psc.2018.05.002  

Moliadze, V., Schmanke, T., Andreas, S., Lyzhko, E., Freitag, C. M., & Siniatchkin, M. 

(2015). Stimulation intensities of transcranial direct current stimulation have to be 

adjusted in children and adolescents. Clin Neurophysiol, 126(7), 1392-1399. 

https://doi.org/10.1016/j.clinph.2014.10.142  

Molina, B. S. G., Hinshaw, S. P., Swanson, J. M., Arnold, L. E., Vitiello, B., Jensen, P. S., 

Epstein, J. N., Hoza, B., Hechtman, L., Abikoff, H. B., Elliott, G. R., Greenhill, L. L., 

Newcorn, J. H., Wells, K. C., Wigal, T., Gibbons, R. D., Hur, K., Houck, P. R., & Grp, 

M. T. A. C. (2009). The MTA at 8 Years: Prospective Follow-up of Children Treated 

for Combined-Type ADHD in a Multisite Study. Journal of the American Academy of 

Child and Adolescent Psychiatry, 48(5), 484-500. 

https://doi.org/10.1097/CHI.0b013e31819c23d0  

Moretti, J., Poh, E. Z., & Rodger, J. (2020). rTMS-Induced Changes in Glutamatergic and 

Dopaminergic Systems: Relevance to Cocaine and Methamphetamine Use Disorders. 

Front Neurosci, 14, 137. https://doi.org/10.3389/fnins.2020.00137  

Munz, M. T., Prehn-Kristensen, A., Thielking, F., Molle, M., Goder, R., & Baving, L. (2015). 

Slow oscillating transcranial direct current stimulation during non-rapid eye movement 

sleep improves behavioral inhibition in attention-deficit/hyperactivity disorder. 

Frontiers in Cellular Neuroscience, 9. https://doi.org/10.3389/fncel.2015.00307  

Nakao, T., Radua, C., Rubia, K., & Mataix-Cols, D. (2011). Gray matter volume abnormalities 

in ADHD and the effects of stimulant medication: Voxel-based meta-analysis. 

American Journal of Psychiatry, 168(11), 1154-1163.  

Nejati, V., Salehinejad, M. A., Nitsche, M. A., Najian, A., & Javadi, A. H. (2020). Transcranial 

Direct Current Stimulation Improves Executive Dysfunctions in ADHD: Implications 

for Inhibitory Control, Interference Control, Working Memory, and Cognitive 

Flexibility. J Atten Disord, 24(13), 1928-1943. 

https://doi.org/10.1177/1087054717730611  

Nejati, V., Sarraj Khorrami, A., & Nitsche, M. A. (2020). Transcranial Direct Current 

Stimulation Improves Reward Processing in Children With ADHD. J Atten Disord, 

1087054720923094. https://doi.org/10.1177/1087054720923094  

Nigg, J. T., Stavro, G., Ettenhofer, M., Hambrick, D. Z., Miller, T., & Henderson, J. M. (2005). 

Executive functions and ADHD in adults: Evidence for selective effects on ADHD 

symptom domains. Journal of Abnormal Psychology, 114(4), 706-717. 

https://doi.org/10.1037/0021-843x.114.3.706  

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A., Paulus, W., 

Hummel, F., Boggio, P. S., Fregni, F., & Pascual-Leone, A. (2008). Transcranial direct 

current stimulation: State of the art 2008. Brain Stimulation, 1(3), 206-223. 

https://doi.org/10.1016/j.brs.2008.06.004  

Noreika, V., Falter, C., & Rubia, K. (2013). Timing deficits in patients with ADHD. 

Neuropsychologia, 51(2), 235-266.  

Norman, L. J., Carlisi, C., Lukito, S., Hart, H., Mataix-Cols, D., Radua, J., & Rubia, K. 

(2016). Structural and Functional Brain Abnormalities in Attention-

Deficit/Hyperactivity Disorder and Obsessive-Compulsive Disorder: A Comparative 

Meta-analysis. JAMA Psychiatry, 73(8), 815-825. 

https://doi.org/10.1001/jamapsychiatry.2016.0700  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1016/j.psc.2018.05.002
https://doi.org/10.1097/CHI.0b013e31819c23d0
https://doi.org/10.3389/fnins.2020.00137
https://doi.org/10.3389/fncel.2015.00307
https://doi.org/10.1177/1087054717730611
https://doi.org/10.1177/1087054720923094
https://doi.org/10.1037/0021-843x.114.3.706
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.20944/preprints202106.0489.v1


66 
 

Norris, S. L., & Atkins, D. (2005). Challenges in using nonrandomized studies in systematic 

reviews of treatment interventions. Ann Intern Med, 142(12 Pt 2), 1112-1119. 

https://doi.org/10.7326/0003-4819-142-12_part_2-200506211-00011  

Palm, U., Segmiller, F. M., Epple, A. N., Freisleder, F. J., Koutsouleris, N., Schulte-Korne, G., 

& Padberg, F. (2016). Transcranial direct current stimulation in children and 

adolescents: a comprehensive review [Review]. Journal of Neural Transmission, 

123(10), 1219-1234. https://doi.org/10.1007/s00702-016-1572-z  

Parkin, B. L., Ekhtiari, H., & Walsh, V. F. (2015). Non-invasive Human Brain Stimulation in 

Cognitive Neuroscience: A Primer. Neuron, 87(5), 932-945. 

https://doi.org/10.1016/j.neuron.2015.07.032  

Paz, Y., Friedwald, K., Levkovitz, Y., Zangen, A., Alyagon, U., Nitzan, U., Segev, A., Maoz, 

H., Koubi, M., & Bloch, Y. (2018). Randomised sham-controlled study of high-

frequency bilateral deep transcranial magnetic stimulation (dTMS) to treat adult 

attention hyperactive disorder (ADHD): Negative results. World J Biol Psychiatry, 

19(7), 561-566. https://doi.org/10.1080/15622975.2017.1282170  

Pievsky, M. A., & McGrath, R. E. (2018a). Neurocognitive effects of methylphenidate in adults 

with attention-deficit/hyperactivity disorder: A meta-analysis. Neurosci Biobehav Rev, 

90, 447-455. https://doi.org/10.1016/j.neubiorev.2018.05.012  

Pievsky, M. A., & McGrath, R. E. (2018b). The Neurocognitive Profile of Attention-

Deficit/Hyperactivity Disorder: A Review of Meta-Analyses. Arch Clin Neuropsychol, 

33(2), 143-157. https://doi.org/10.1093/arclin/acx055  

Plichta, M. M., & Scheres, A. (2014). Ventral-striatal responsiveness during reward 

anticipation in ADHD and its relation to trait impulsivity in the healthy population: a 

meta-analytic review of the fMRI literature. Neurosci Biobehav Rev, 38, 125-134. 

https://doi.org/10.1016/j.neubiorev.2013.07.012  

Pogarell, O., Koch, W., Popperl, G., Tatsch, K., Jakob, F., Mulert, C., Grossheinrich, N., 

Rupprecht, R., Moller, H. E., Hegerl, U., & Padberg, F. (2007). Acute prefrontal rTMS 

increases striatal dopamine to a similar degree as D-amphetamine. Psychiatry 

Research-Neuroimaging, 156(3), 251-255. 

https://doi.org/10.1016/j.pscychresns.2007.05.002  

Poh, E. Z., Hahne, D., Moretti, J., Harvey, A. R., Clarke, M. W., & Rodger, J. (2019). 

Simultaneous quantification of dopamine, serotonin, their metabolites and amino acids 

by LC-MS/MS in mouse brain following repetitive transcranial magnetic stimulation. 

Neurochem Int, 131, 104546. https://doi.org/10.1016/j.neuint.2019.104546  

Polania, R., Nitsche, M. A., & Paulus, W. (2011). Modulating Functional Connectivity Patterns 

and Topological Functional Organization of the Human Brain with Transcranial Direct 

Current Stimulation. Human Brain Mapping, 32(8), 1236-1249. 

https://doi.org/10.1002/hbm.21104  

Prehn-Kristensen, A., Munz, M., Goder, R., Wilhelm, I., Korr, K., Vahl, W., Wiesner, C. D., 

& Baying, L. (2014). Transcranial Oscillatory Direct Current Stimulation During Sleep 

Improves Declarative Memory Consolidation in Children With Attention-

deficit/hyperactivity Disorder to a Level Comparable to Healthy Controls. Brain 

Stimulation, 7(6), 793-799. https://doi.org/10.1016/j.brs.2014.07.036  

Raichle, M. E. (2015). The brain's default mode network. Annu Rev Neurosci, 38, 433-447. 

https://doi.org/10.1146/annurev-neuro-071013-014030  

Rapoport, J. L., & Gogtay, N. (2008). Brain neuroplasticity in healthy, hyperactive and 

psychotic children: Insights from neuroimaging. Neuropsychopharmacology, 33, 181-

197. https://doi.org/10.1038/sj.npp.1301553  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.7326/0003-4819-142-12_part_2-200506211-00011
https://doi.org/10.1007/s00702-016-1572-z
https://doi.org/10.1016/j.neuron.2015.07.032
https://doi.org/10.1016/j.neubiorev.2018.05.012
https://doi.org/10.1093/arclin/acx055
https://doi.org/10.1016/j.pscychresns.2007.05.002
https://doi.org/10.1016/j.neuint.2019.104546
https://doi.org/10.1002/hbm.21104
https://doi.org/10.1016/j.brs.2014.07.036
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1038/sj.npp.1301553
https://doi.org/10.20944/preprints202106.0489.v1


67 
 

Riesco-Matías, P., Yela-Bernabé, J. R., Crego, A., & Sánchez-Zaballos, E. (2021). What Do 

Meta-Analyses Have to Say About the Efficacy of Neurofeedback Applied to Children 

With ADHD? Review of Previous Meta-Analyses and a New Meta-Analysis. J Atten 

Disord, 25(4), 473-485. https://doi.org/10.1177/1087054718821731  

Roberts, B. A., Martel, M. M., & Nigg, J. T. (2017). Are There Executive Dysfunction 

Subtypes Within ADHD? J Atten Disord, 21(4), 284-293. 

https://doi.org/10.1177/1087054713510349  

Ros, T., Enriquez-Geppert, S., Zotev, V., Young, K. D., Wood, G., Whitfield-Gabrieli, S., Wan, 

F., Vuilleumier, P., Vialatte, F., Van De Ville, D., Todder, D., Surmeli, T., Sulzer, J. 

S., Strehl, U., Sterman, M. B., Steiner, N. J., Sorger, B., Soekadar, S. R., Sitaram, R., 

Sherlin, L. H., Schönenberg, M., Scharnowski, F., Schabus, M., Rubia, K., Rosa, A., 

Reiner, M., Pineda, J. A., Paret, C., Ossadtchi, A., Nicholson, A. A., Nan, W., Minguez, 

J., Micoulaud-Franchi, J. A., Mehler, D. M. A., Lührs, M., Lubar, J., Lotte, F., Linden, 

D. E. J., Lewis-Peacock, J. A., Lebedev, M. A., Lanius, R. A., Kübler, A., Kranczioch, 

C., Koush, Y., Konicar, L., Kohl, S. H., Kober, S. E., Klados, M. A., Jeunet, C., Janssen, 

T. W. P., Huster, R. J., Hoedlmoser, K., Hirshberg, L. M., Heunis, S., Hendler, T., 

Hampson, M., Guggisberg, A. G., Guggenberger, R., Gruzelier, J. H., Göbel, R. W., 

Gninenko, N., Gharabaghi, A., Frewen, P., Fovet, T., Fernández, T., Escolano, C., 

Ehlis, A. C., Drechsler, R., Christopher deCharms, R., Debener, S., De Ridder, D., 

Davelaar, E. J., Congedo, M., Cavazza, M., Breteler, M. H. M., Brandeis, D., Bodurka, 

J., Birbaumer, N., Bazanova, O. M., Barth, B., Bamidis, P. D., Auer, T., Arns, M., & 

Thibault, R. T. (2020). Consensus on the reporting and experimental design of clinical 

and cognitive-behavioural neurofeedback studies (CRED-nf checklist). Brain, 143(6), 

1674-1685. https://doi.org/10.1093/brain/awaa009  

Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2009). Safety, ethical 

considerations, and application guidelines for the use of transcranial magnetic 

stimulation in clinical practice and research. Clin Neurophysiol, 120(12), 2008-2039. 

https://doi.org/10.1016/j.clinph.2009.08.016  

Rubia, K. (2011). “Cool” inferior fronto-striatal dysfunction in Attention Deficit Hyperactivity 

Disorder (ADHD) versus “hot” ventromedial orbitofronto-limbic dysfunction in 

conduct disorder: a review. Biological Psychiatry, 69 ( ), e69-e87.  

Rubia, K. (2013). Functional brain imaging across development. Eur Child Adolesc 

Psychiatry, 22(12), 719-731. https://doi.org/10.1007/s00787-012-0291-8  

Rubia, K. (2018). Cognitive Neuroscience of Attention Deficit Hyperactivity Disorder 

(ADHD) and Its Clinical Translation. Front Hum Neurosci, 12, 100. 

https://doi.org/10.3389/fnhum.2018.00100  

Rubia, K., Alegria, A. A., Cubillo, A. I., Smith, A. B., Brammer, M. J., & Radua, J. (2014). 

Effects of stimulants on brain function in attention-deficit/hyperactivity disorder: a 

systematic review and meta-analysis. Biol Psychiatry, 76(8), 616-628. 

https://doi.org/10.1016/j.biopsych.2013.10.016  

Rubia, K., Criaud, M., Wulff, M., Alegria, A., Brinson, H., Barker, G., Stahl, D., & Giampietro, 

V. (2019). Functional connectivity changes associated with fMRI neurofeedback of 

right inferior frontal cortex in adolescents with ADHD. Neuroimage, 188, 43-58. 

https://doi.org/10.1016/j.neuroimage.2018.11.055  

Rubia, K., Halari, R., Christakou, A., & Taylor, E. (2009). Impulsiveness as a timing 

disturbance: neurocognitive abnormalities in attention-deficit hyperactivity disorder 

during temporal processes and normalization with methylphenidate. Philos Trans R Soc 

Lond B Biol Sci, 364(1525), 1919-1931. https://doi.org/364/1525/1919 

[pii]10.1098/rstb.2009.0014  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1177/1087054718821731
https://doi.org/10.1177/1087054713510349
https://doi.org/10.1093/brain/awaa009
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/j.neuroimage.2018.11.055
https://doi.org/364/1525/1919
https://doi.org/10.20944/preprints202106.0489.v1


68 
 

Rubia, K., Halari, R., Mohammad, A. M., Taylor, E., & Brammer, M. (2011). 

Methylphenidate normalizes frontocingulate underactivation during error processing 

in attention-deficit/hyperactivity disorder. Biol Psychiatry, 70(3), 255-262. 

https://doi.org/10.1016/j.biopsych.2011.04.018   

Rubia, K., Lim, L., Ecker, C., Halari, R., Giampietro, V., Simmons, A., Brammer, M., & 

Smith, A. (2013). Effects of age and gender on neural networks of motor response 

inhibition: from adolescence to mid-adulthood. Neuroimage, 83, 690-703. 

https://doi.org/10.1016/j.neuroimage.2013.06.078  

Rubia, K., Smith, A. B., Brammer, M. J., & Taylor, E. (2003). Right inferior prefrontal cortex 

mediates response inhibition while mesial prefrontal cortex is responsible for error 

detection. Neuroimage, 20(1), 351-358. https://doi.org/10.1016/s1053-

8119(03)00275-1  

Rubia, K., Smith, A. B., Taylor, E., & Brammer, M. (2007). Linear age-correlated functional 

development of right inferior fronto-striato-cerebellar networks during response 

inhibition and anterior Cingulate during error-related processes. Human Brain 

Mapping, 28(11), 1163-1177. https://doi.org/10.1002/hbm.20347  

Ruf, S. P., Fallgatter, A. J., & Plewnia, C. (2017). Augmentation of working memory training 

by transcranial direct current stimulation (tDCS). Sci Rep, 7(1), 876. 

https://doi.org/10.1038/s41598-017-01055-1  

Salavert, J., Ramos-Quiroga, J. A., Moreno-Alcazar, A., Caseras, X., Palomar, G., Radua, J., 

Bosch, R., Salvador, R., McKenna, P. J., Casas, M., & Pomarol-Clotet, E. (2018). 

Functional Imaging Changes in the Medial Prefrontal Cortex in Adult ADHD. J Atten 

Disord, 22(7), 679-693. https://doi.org/10.1177/1087054715611492  

Salehinejad, M. A., Ghayerin, E., Nejati, V., Yavari, F., & Nitsche, M. A. (2020). Domain-

specific Involvement of the Right Posterior Parietal Cortex in Attention Network and 

Attentional Control of ADHD: A Randomized, Cross-over, Sham-controlled tDCS 

Study. Neuroscience, 444, 149-159. 

https://doi.org/10.1016/j.neuroscience.2020.07.037  

Salehinejad, M. A., Wischnewski, M., Nejati, V., Vicario, C. M., & Nitsche, M. A. (2019). 

Transcranial direct current stimulation in attention-deficit hyperactivity disorder: A 

meta-analysis of neuropsychological deficits. Plos One, 14(4), e0215095. 

https://doi.org/10.1371/journal.pone.0215095  

Sarkar, A., Dowker, A., & Kadosh, R. C. (2014). Cognitive Enhancement or Cognitive Cost: 

Trait-Specific Outcomes of Brain Stimulation in the Case of Mathematics Anxiety. 

Journal of Neuroscience, 34(50), 16605-16610. 

https://doi.org/10.1523/jneurosci.3129-14.2014  

Satterfield, J. H. (1973a). EEG issues in children with minimal brain dysfunction. Semin 

Psychiatry, 5(1), 35-46.  

Satterfield, J. H., Lesser, L. I., Saul, R. E., & Cantwell, D. P. (1973b). EEG aspects in the 

diagnosis and treatment of minimal brain dysfunction. Ann N Y Acad Sci, 205, 274-282. 

https://doi.org/10.1111/j.1749-6632.1973.tb43185.x  

Schachar, R. J., Tannock, R., & Logan, G. (1993). Inhibitory Control, Impulsiveness, and 

Attention-Deficit Hyperactivity Disorder. Clinical Psychology Review, 13(8), 721-739. 

<Go to ISI>://A1993ML91900003  

Schönenberg, M., Weingärtner, A. L., Weimer, K., & Scheeff, J. (2021). Believing is achieving 

- On the role of treatment expectation in neurofeedback applications. Prog 

Neuropsychopharmacol Biol Psychiatry, 105, 110129. 

https://doi.org/10.1016/j.pnpbp.2020.110129  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1002/hbm.20347
https://doi.org/10.1038/s41598-017-01055-1
https://doi.org/10.1016/j.neuroscience.2020.07.037
https://doi.org/10.1371/journal.pone.0215095
https://doi.org/10.1523/jneurosci.3129-14.2014
https://doi.org/10.1111/j.1749-6632.1973.tb43185.x
https://doi.org/10.1016/j.pnpbp.2020.110129
https://doi.org/10.20944/preprints202106.0489.v1


69 
 

Shaw, P., Eckstrand, K., Sharp, W., Blumenthal, J., Lerch, J. P., Greenstein, D., Clasen, L., 

Evans, A., Giedd, J., & Rapoport, J. L. (2007). Attention-deficit/hyperactivity disorder 

is characterized by a delay in cortical maturation [Longitudinal imaging study showing 

maturational delay in relevant regions in ADHD]. Proceedings of the National 

Academy of Sciences of the United States of America, 104(49), 19649-19654. 

https://doi.org/0707741104 [pii]10.1073/pnas.0707741104  

Shaw, P., Malek, M., Watson, B., Sharp, W., Evans, A., & Greenstein, D. (2012). 

Development of cortical surface area and gyrification in attention-deficit/hyperactivity 

disorder. Biol Psychiatry, 72(3), 191-197. 

https://doi.org/10.1016/j.biopsych.2012.01.031  

Shiozawa, P., Silva, M. E., Carvalho, T. C., Cordeiro, Q., Brunoni, A. R., & Fregni, F. 

(2014). Transcutaneous vagus and trigeminal nerve stimulation for neuropsychiatric 

disorders: a systematic review. Arq Neuropsiquiatr, 72(7), 542-547. 

https://doi.org/10.1590/0004-282x20140061  

Silvanto, J., Muggleton, N., & Walsh, V. (2008). State-dependency in brain stimulation studies 

of perception and cognition. Trends in Cognitive Sciences, 12(12), 447-454. 

https://doi.org/10.1016/j.tics.2008.09.004  

Sitaram, R., Ros, T., Stoeckel, L., Haller, S., Scharnowski, F., Lewis-Peacock, J., Weiskopf, 

N., Blefari, M. L., Rana, M., Oblak, E., Birbaumer, N., & Sulzer, J. (2017). Closed-

loop brain training: the science of neurofeedback. Nat Rev Neurosci, 18(2), 86-100. 

https://doi.org/10.1038/nrn.2016.164  

Snyder, S. M., Rugino, T. A., Hornig, M., & Stein, M. A. (2015). Integration of an EEG 

biomarker with a clinician's ADHD evaluation. Brain Behav, 5(4), e00330. 

https://doi.org/10.1002/brb3.330  

Soff, C., Sotnikova, A., Christiansen, H., Becker, K., & Siniatchkin, M. (2017). Transcranial 

direct current stimulation improves clinical symptoms in adolescents with attention 

deficit hyperactivity disorder. Journal of Neural Transmission, 124(1), 133-144. 

https://doi.org/10.1007/s00702-016-1646-y  

Soltaninejad, Z., Nejati, V., & Ekhtiari, H. (2015). Effect of transcranial Direct Current 

Stimulation on Remediation of Inhibitory Control on right Inferior Frontal Gyrus in 

Attention Deficit and Hyperactivity Symptoms. Rehabil Med 2015;3. 

https://doi.org/https://doi.org/10.22037/r.m.v3i4.7837  

Soltaninejad, Z., Nejati, V., & Ekhtiari, H. (2019). Effect of Anodal and Cathodal Transcranial 

Direct Current Stimulation on DLPFC on Modulation of Inhibitory Control in ADHD. 

J Atten Disord, 23(4), 325-332. https://doi.org/10.1177/1087054715618792  

Sonuga-Barke, E. J. S., Brandeis, D., Cortese, S., Daley, D., Ferrin, M., Holtmann, M., 

Stevenson, J., Danckaerts, M., van der Oord, S., Doepfner, M., Dittmann, R. W., 

Simonoff, E., Zuddas, A., Banaschewski, T., Buitelaar, J., Coghill, D., Hollis, C., 

Konofal, E., Letendreux, M., Wong, I. C. K., Sergeant, J., & European, A. G. G. (2013). 

Nonpharmacological Interventions for ADHD: Systematic Review and Meta-Analyses 

of Randomized Controlled Trials of Dietary and Psychological Treatments. American 

Journal of Psychiatry, 170(3), 275-289. 

https://doi.org/10.1176/appi.ajp.2012.12070991  

Sotnikova, A., Soff, C., Tagliazucchi, E., Becker, K., & Siniatchkin, M. (2017). Transcranial 

Direct Current Stimulation Modulates Neuronal Networks in Attention Deficit 

Hyperactivity Disorder. Brain Topography, 30(5), 656-672. 

https://doi.org/10.1007/s10548-017-0552-4  

Sripada, C., Kessler, D., Fang, Y., Welsh, R. C., Kumar, K. P., & Angstadt, M. (2014a). 

Disrupted Network Architecture of the Resting Brain in Attention-

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/0707741104
https://doi.org/10.1016/j.tics.2008.09.004
https://doi.org/10.1038/nrn.2016.164
https://doi.org/10.1002/brb3.330
https://doi.org/10.1007/s00702-016-1646-y
https://doi.org/https:/doi.org/10.22037/r.m.v3i4.7837
https://doi.org/10.1177/1087054715618792
https://doi.org/10.1176/appi.ajp.2012.12070991
https://doi.org/10.1007/s10548-017-0552-4
https://doi.org/10.20944/preprints202106.0489.v1


70 
 

Deficit/Hyperactivity Disorder. Human Brain Mapping, 35(9), 4693-4705. 

https://doi.org/10.1002/hbm.22504  

Sripada, C. S., Kessler, D., & Angstadt, M. (2014b). Lag in maturation of the brain's intrinsic 

functional architecture in attention-deficit/hyperactivity disorder [Article]. Proceedings 

of the National Academy of Sciences of the United States of America, 111(39), 14259-

14264. https://doi.org/10.1073/pnas.1407787111  

Strehl, U., Aggensteiner, P., Wachtlin, D., Brandeis, D., Albrecht, B., Arana, M., Bach, C., 

Banaschewski, T., Bogen, T., Flaig-Röhr, A., Freitag, C. M., Fuchsenberger, Y., Gest, 

S., Gevensleben, H., Herde, L., Hohmann, S., Legenbauer, T., Marx, A. M., Millenet, 

S., Pniewski, B., Rothenberger, A., Ruckes, C., Wörz, S., & Holtmann, M. (2017). 

Neurofeedback of Slow Cortical Potentials in Children with Attention-

Deficit/Hyperactivity Disorder: A Multicenter Randomized Trial Controlling for 

Unspecific Effects. Front Hum Neurosci, 11, 135. 

https://doi.org/10.3389/fnhum.2017.00135  

Strehl, U., Leins, U., Goth, G., Klinger, C., Hinterberger, T., & Birbaumer, N. (2006). Self-

regulation of Slow Cortical Potentials: A New Treatment for Children With Attention-

Deficit/Hyperactivity Disorder. Pediatrics, 118(5), e1530-e1540. 

https://doi.org/10.1542/peds.2005-2478  

Swanson, J. M. (2019). Debate: Are Stimulant Medications for Attention-Deficit/Hyperactivity 

Disorder Effective in the Long Term? (Against). J Am Acad Child Adolesc Psychiatry, 

58(10), 936-938. https://doi.org/10.1016/j.jaac.2019.07.001  

Thibault, R. T., Lifshitz, M., & Raz, A. (2016). The self-regulating brain and neurofeedback: 

Experimental science and clinical promise. Cortex, 74, 247-261. 

https://doi.org/10.1016/j.cortex.2015.10.024  

Thibault, R. T., Lifshitz, M., & Raz, A. (2017). Neurofeedback or neuroplacebo? Brain, 140(4), 

862-864. https://doi.org/10.1093/brain/awx033  

Thibault, R. T., Lifshitz, M., & Raz, A. (2018). The climate of neurofeedback: scientific rigour 

and the perils of ideology. Brain, 141(2), e11. https://doi.org/10.1093/brain/awx330  

Thibault, R. T., MacPherson, A., Lifshitz, M., Roth, R. R., & Raz, A. (2018). Neurofeedback 

with fMRI: A critical systematic review. Neuroimage, 172, 786-807. 

https://doi.org/10.1016/j.neuroimage.2017.12.071  

Thibault, R. T., & Raz, A. (2016). Neurofeedback: the power of psychosocial therapeutics. 

Lancet Psychiatry, 3(11), e18. https://doi.org/10.1016/s2215-0366(16)30326-1  

Thomas, R., Sanders, S., Doust, J., Beller, E., & Glasziou, P. (2015). Prevalence of Attention-

Deficit/Hyperactivity Disorder: A Systematic Review and Meta-analysis. Pediatrics, 

135(4), E994-E1001. https://doi.org/10.1542/peds.2014-3482  

Van Doren, J., Arns, M., Heinrich, H., Vollebregt, M. A., Strehl, U., & S, K. L. (2019). 

Sustained effects of neurofeedback in ADHD: a systematic review and meta-analysis. 

Eur Child Adolesc Psychiatry, 28(3), 293-305. https://doi.org/10.1007/s00787-018-

1121-4  

van Ewijk, H., Weeda, W. D., Heslenfeld, D. J., Luman, M., Hartman, C. A., Hoekstra, P. J., 

Faraone, S. V., Franke, B., Buitelaar, J. K., & Oosterlaan, J. (2015). Neural correlates 

of visuospatial working memory in attention-deficit/hyperactivity disorder and healthy 

controls. Psychiatry Research-Neuroimaging, 233(2), 233-242. 

https://doi.org/10.1016/j.pscychresns.2015.07.003  

Wangler, S., Gevensleben, H., Albrecht, B., Studer, P., Rothenberger, A., Moll, G. H., & 

Heinrich, H. (2011). Neurofeedback in children with ADHD: specific event-related 

potential findings of a randomized controlled trial. Clin Neurophysiol, 122(5), 942-950. 

https://doi.org/10.1016/j.clinph.2010.06.036  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1002/hbm.22504
https://doi.org/10.1073/pnas.1407787111
https://doi.org/10.3389/fnhum.2017.00135
https://doi.org/10.1542/peds.2005-2478
https://doi.org/10.1016/j.jaac.2019.07.001
https://doi.org/10.1016/j.cortex.2015.10.024
https://doi.org/10.1093/brain/awx033
https://doi.org/10.1093/brain/awx330
https://doi.org/10.1016/j.neuroimage.2017.12.071
https://doi.org/10.1016/s2215-0366(16)30326-1
https://doi.org/10.1542/peds.2014-3482
https://doi.org/10.1007/s00787-018-1121-4
https://doi.org/10.1007/s00787-018-1121-4
https://doi.org/10.1016/j.pscychresns.2015.07.003
https://doi.org/10.1016/j.clinph.2010.06.036
https://doi.org/10.20944/preprints202106.0489.v1


71 
 

Weaver, L., Rostain, A. L., Mace, W., Akhtar, U., Moss, E., & O'Reardon, J. P. (2012). 

Transcranial Magnetic Stimulation (TMS) in the Treatment of Attention-

Deficit/Hyperactivity Disorder in Adolescents and Young Adults A Pilot Study. 

Journal of Ect, 28(2), 98-103. https://doi.org/10.1097/YCT.0b013e31824532c8  

Westwood, S. J., Radua, J., & Rubia, K. (2021). Noninvasive brain stimulation in children 

and adults with attention-deficit/hyperactivity disorder: a systematic review and meta-

analysis. J Psychiatry Neurosci, 46(1), E14-E33. https://doi.org/10.1503/jpn.190179  

Westwood, S. J., Criaud, M., Lam, S.-L., Lukito, S., Wallace-Hanlon, S., Kowalczyk, O. S., 

Kostara, A., Mathew, J., Agbedjro, D., Wexler, B. E., Cohen Kadosh, R., Asherson, P., 

& Rubia, K. (2021). Transcranial direct current stimulation (tDCS) combined with 

cognitive training in adolescent boys with ADHD: a double-blind, randomised, sham-

controlled trial. Psychological Medicine, in press.  

Wiener, M., Turkeltaub, P., & Coslett, H. B. (2010). The image of time: A voxel-wise meta-

analysis. Neuroimage, 49(2), 1728-1740. 

https://doi.org/10.1016/j.neuroimage.2009.09.064  

Willcutt, E. G., Sonuga-Barke, E. J. S., Nigg, J. T., & Sergeant, G. A. (2008). Recent 

Developments in Neuropsychological Models of Childhood Psychiatric Disorders. . In 

T. Banaschewski, Rohde, L.A. (Ed.), Biological Child Psychiatry. Recent Trends and 

Developments. Adv Biol Psychiatry (Vol. 24, pp. 195–226). Karger.  

Wood, G., & Kober, S. E. (2018). EEG Neurofeedback Is Under Strong Control of 

Psychosocial Factors. Appl Psychophysiol Biofeedback, 43(4), 293-300. 

https://doi.org/10.1007/s10484-018-9407-3  

Yan, L., Wang, S., Yuan, Y., & Zhang, J. (2019). Effects of neurofeedback versus 

methylphenidate for the treatment of ADHD: systematic review and meta-analysis of 

head-to-head trials. Evid Based Ment Health, 22(3), 111-117. 

https://doi.org/10.1136/ebmental-2019-300088  

Zewdie, E., Ciechanski, P., Kuo, H. C., Giuffre, A., Kahl, C., King, R., Cole, L., Godfrey, H., 

Seeger, T., Swansburg, R., Damji, O., Rajapakse, T., Hodge, J., Nelson, S., Selby, B., 

Gan, L., Jadavji, Z., Larson, J. R., MacMaster, F., Yang, J. F., Barlow, K., Gorassini, 

M., Brunton, K., & Kirton, A. (2020). Safety and tolerability of transcranial magnetic 

and direct current stimulation in children: Prospective single center evidence from 3.5 

million stimulations. Brain Stimul, 13(3), 565-575. 

https://doi.org/10.1016/j.brs.2019.12.025  

Zhang, D. W., Johnstone, S. J., Li, H., Barry, R. J., Clarke, A. R., Zhao, Q., Song, Y., Liu, L., 

Qian, Q., Wang, Y., & Sun, L. (2019). Time Effects on Resting EEG in Children 

With/Without AD/HD. Brain Topogr, 32(2), 286-294. https://doi.org/10.1007/s10548-

018-0690-3  

Ziemann, U., & Siebner, H. R. (2008). Modifying motor learning through gating and 

homeostatic metaplasticity [Review]. Brain Stimulation, 1(1), 60-66. 

https://doi.org/10.1016/j.brs.2007.08.003  

Zilverstand, A., Sorger, B., Slaats-Willemse, D., Kan, C. C., Goebel, R., & Buitelaar, J. K. 

(2017). fMRI Neurofeedback Training for Increasing Anterior Cingulate Cortex 

Activation in Adult Attention Deficit Hyperactivity Disorder. An Exploratory 

Randomized, Single-Blinded Study. Plos One, 12(1), e0170795. 

https://doi.org/10.1371/journal.pone.0170795  

Zuberer, A., Brandeis, D., & Drechsler, R. (2015). Are treatment effects of neurofeedback 

training in children with ADHD related to the successful regulation of brain activity? 

A review on the learning of regulation of brain activity and a contribution to the 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.1097/YCT.0b013e31824532c8
https://doi.org/10.1016/j.neuroimage.2009.09.064
https://doi.org/10.1007/s10484-018-9407-3
https://doi.org/10.1016/j.brs.2019.12.025
https://doi.org/10.1007/s10548-018-0690-3
https://doi.org/10.1007/s10548-018-0690-3
https://doi.org/10.1016/j.brs.2007.08.003
https://doi.org/10.1371/journal.pone.0170795
https://doi.org/10.20944/preprints202106.0489.v1


72 
 

discussion on specificity. Front Hum Neurosci, 9, 135. 

https://doi.org/10.3389/fnhum.2015.00135  

Zuberer, A., Minder, F., Brandeis, D., & Drechsler, R. (2018). Mixed-Effects Modeling of 

Neurofeedback Self-Regulation Performance: Moderators for Learning in Children 

with ADHD. Neural Plast, 2018, 2464310. https://doi.org/10.1155/2018/2464310  

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2021                   doi:10.20944/preprints202106.0489.v1

https://doi.org/10.3389/fnhum.2015.00135
https://doi.org/10.1155/2018/2464310
https://doi.org/10.20944/preprints202106.0489.v1

