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h i g h l i g h t s
 This is the ﬁrst systematic study to investigate tomographic neurofeedback (tNF) using multichannel
EEG data in children suffering from a psychiatric disorder.
 Tomographic neurofeedback training of electroencephalographic anterior cingulate cortex (ACC) activity in children with attention-deﬁcit/hyperactivity disorder here primarily resulted in clinical improvement plus improved artefact control and to a lesser extent in ACC region-speciﬁc effects.
 Clinical improvements were largely related to unspeciﬁc or secondary tNF effects, independent of the
partial learning to control ACC activity, while learning to reduce movement artefacts seems to be an
important factor in neurofeedback training.

a b s t r a c t
Objective: Tomographic neurofeedback (tNF) training was evaluated as a treatment for attention-deﬁcit/
hyperactivity disorder (ADHD). To investigate the speciﬁcity of the treatment, outcomes were related to
learning during tNF.
Methods: Thirteen children with ADHD trained over 36 lessons to regulate their brain activity in the anterior cingulate cortex (ACC) using both theta-beta frequency and slow cortical potential (SCP) protocols.
Thirty-channel electroencephalogram (EEG) was used to calculate low-resolution electromagnetic tNF
and to assess the course of the training. Pre- and post-assessments included questionnaires, tests of
attention, EEG recordings, and cognitive event-related potentials.
Results: Despite behavioural improvement and EEG artefact reduction, only partial learning was found
for ACC parameters. Successful regulation was observed only for a simple feedback variant of SCP training, but with ACC-speciﬁc effects. Over training, resting EEG analysis indicated individual frequency normalisation rather than unidirectional changes across subjects.
Conclusions: These results indicate that clinical improvement after ACC-tNF training can parallel artefact
reduction without substantial learning of improved cortical control. However, individual normalisation of
resting EEG activity and partial SCP control proved possible in this speciﬁc brain region affected in ADHD
using tNF. Further studies are needed to clarify which critical aspects mediate region-speciﬁc learning in
neurofeedback.
Signiﬁcance: This study is the ﬁrst to systematically investigate tNF in children suffering from a psychiatric disorder.
Ó 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.
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1. Introduction
Neurofeedback (NF) provides online information about covert
brain activity that is not directly accessible. Using operant conditioning, voluntary control over aspects of brain activity is practiced
during NF training. Traditionally, NF has been based on electroencephalography (EEG; Gruzelier et al., 2006), but functional magnetic resonance imaging (fMRI; Weiskopf et al., 2007) and
functional near-infrared spectroscopy (fNIRS; Sitaram et al.,
2007) are being increasingly used to provide spatially speciﬁc feedback. However, EEG still offers more direct measures of neuronal
activity, with superior temporal resolution, lower costs, and higher
clinical availability, despite some spatial ambiguity.
Depending on the NF protocol, EEG frequency bands (FREQs) or
event-related potential (ERP) components serve as common
targets for this type of self-regulation (Heinrich et al., 2007). FREQ
training protocols typically consist of longer blocks requiring
(tonic) state regulation by increasing or decreasing activity in different FREQs, such as common theta-beta training rewarding theta
decrease and beta increase (theta;-beta") for several minutes.
While electrodes over the sensorimotor areas are commonly used
in sensorimotor rhythm (SMR) training, an electrode at the vertex
(Cz) is often used for theta-beta and slow cortical potential (SCP)
NF. The latter aims at phasic regulation of event-related changes
of SCPs, which develop in a latency range of several seconds as
task-dependent modulations of presumably cortical excitability
and resources (for review see: Birbaumer et al., 1990), and presumably involves cortico-basal ganglia-thalamic circuits (Hinterberger
et al., 2005). Surface negative SCP shifts typically occur during
behavioural or cognitive activation and preparation. They are
considered to reﬂect increased excitation (activation), and surface
positive SCPs are thought to indicate decreased excitation of the
underlying neural networks, for example during behavioural
inhibition (deactivation). SCPs are commonly trained in NF blocks
consisting of short, cued activation and deactivation trials. While
standard (EEG) NF offers only limited information about the origin
of the recorded activity, a more efﬁcient approach might be
possible using an inverse solution providing online tomographic
neurofeedback (tNF) computed from multichannel scalp EEG. This
advanced technique aims at a more direct control of distinct intracerebral activity, which is a promising concept, including clinical
applications, where targeting speciﬁc brain regions affected in
patients would be advantageous.
Congedo et al. (2004) ﬁrst demonstrated the feasibility of tNF
using low-resolution electromagnetic tomography (LORETA,
Pascual-Marqui et al., 1994, 1999). During between 6 and 20 sessions, only one in six healthy adults learned to increase their beta
activity relative to lower alpha activity in the anterior cingulate
cortex (ACC), but none of the participants were able to control or
to systematically change the percent time in the rewarded state.
Nevertheless, half of the subjects were able to temporarily shift
the intracerebral activity in the desired direction. Using an analogous tNF protocol, Cannon et al. (2007, 2009) reported signiﬁcant
increases during tNF training for several FREQs. Similarly, fMRI
neurofeedback results suggest that individuals can, in principle,
learn voluntary control over a speciﬁc brain region, for example
the rostral ACC (deCharms et al., 2005).
Attention-deﬁcit/hyperactivity disorder (ADHD) is one of the
most common child psychiatric disorders. Its severe combined
form with inattention and hyperactivity/impulsivity, affects about
5% of school-aged children, and impairment often persists
throughout the lifespan (Polanczyk et al., 2007). Frequently, ADHD
is associated with speciﬁc neuropsychological and neurophysiological dysfunctions of state control and attention (Cubillo et al.,
2010; Doehnert et al., 2010; Willcutt et al., 2010). Brain imaging
has uncovered that dysfunctions of speciﬁc brain regions including

the ACC are often associated with ADHD (for review see: Bush
et al., 2005; Cubillo et al., 2012). Thus, self-regulation of affected
brain regions may be a particularly promising treatment to achieve
sustained improvements on the behavioural level. In addition,
EEG-based markers of regional dysfunction and learning can support the rationale for NF treatment in ADHD and measure speciﬁc
training effects. Studies using resting EEG and task ERPs have identiﬁed several speciﬁc neurophysiological dysfunctions in ADHD
(for review see: Banaschewski and Brandeis, 2007) that are suitable for self-regulation through NF. The reduced contingent negative variation (CNV), an attention and preparation-related SCP, is
a particularly robust ERP marker of ADHD (van Leeuwen et al.,
1998; Banaschewski et al., 2003, 2004; Valko et al., 2009) and is
targeted by SCP regulation protocols. Frontal sources near the
ACC, known to be involved in attention, contribute to both the
CNV and to inhibitory NoGo P3 components and thus provide reasonable target regions to efﬁciently train the deﬁcient ERP markers
(Strik et al., 1998; Fallgatter et al., 2004; Gomez et al., 2007;
Doehnert et al., 2010). The other deviance typically targeted by
NF is the frequency composition of the EEG. Patients with ADHD
have been repeatedly found to show excessive cortical slowing expressed as increased theta activity (4–7 Hz) and decreased beta
activity (12–20 Hz), resulting in an increased theta/beta ratio
(h/b), often over fronto-central regions. Resembling states of hypoarousal or developmental lag, such cortical slowing has long been
considered a robust marker, particularly for children with ADHD
combined type (for review see: Monastra et al., 2001; Snyder
et al., 2008; Barry and Clarke, 2009), which is commonly targeted
by unidirectional theta;-beta" training (Lubar et al., 1995; Thompson and Thompson, 1998; Monastra et al., 2002; Rossiter, 2004;
Gevensleben et al., 2009b; Bakhshayesh et al., 2011). However,
considerable EEG heterogeneity is increasingly reported in ADHD,
questioning the rationale of general unidirectional theta;-beta"
treatment (Chabot and Serfontein, 1996; Clarke et al., 1998,
2001a,b; Magee et al., 2005; Clarke et al., 2011). Thus, training
state regulation through learning bidirectional voluntary control
over speciﬁc brain electrical activity patterns may be the better approach. Taken together, this indicates that in an ADHD sample not
selected for systematic EEG deviations, the NF rationale may proﬁt
from a spatially speciﬁc tomographic approach, and from using
bidirectional regulation to control also individual deviations (without individual training schedules) during FREQ (theta;-beta";
theta"-beta;) and SCP training.
Among the NF protocols typically used for treatment of ADHD,
the majority target FREQ training and a minority concern SCP regulation (for review see: Heinrich et al., 2007). Children with attention problems have long been considered to be capable of learning
SCP regulation to improve their SCP deﬁcits (Rockstroh et al.,
1990). A ﬁrst controlled study in children with ADHD revealed speciﬁc behavioural and neurophysiological effects after SCP training
(Heinrich et al., 2004). After 25 sessions, a CNV increase reﬂecting
better preparatory control, and less impulsivity errors, but no
change in target P3, hits or commission errors were found in a continuous performance test (CPT). Targeting FREQ abnormalities,
children with ADHD are typically trained to increase beta or SMR
activity and/or decrease theta or alpha activity. The few studies
in ADHD to report on systematic changes during resting conditions
over the training revealed no signiﬁcant changes (Kropotov et al.,
2005; Holtmann et al., 2009). Several studies found stronger ERP
P3 activity after FREQ training, which in healthy individuals was
positively correlated with learnt beta regulation (Egner and Gruzelier, 2001, 2004; Kropotov et al., 2005). In a study in which children
with ADHD trained SMR and beta increase, and theta decrease,
fMRI assessment revealed normalised ACC activations after NF
but not in a waiting-list control group (Levesque et al., 2006). Using
a new protocol, Leins et al. (2007) reported signiﬁcant improve-
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ments in behaviour and attention variables after 30 FREQ sessions.
In contrast to common theta;-beta"-regulation, they used a bidirectional phasic modulation protocol, in which theta-beta control
was trained also in opposite directions (theta"-beta;). The direct
comparison of their FREQ with SCP training revealed comparable
ADHD symptom reductions, similar to ﬁndings for standard theta;-beta" training (Leins et al., 2007; Gevensleben et al., 2009b).
Although a meta-analysis by Arns et al. (2009) concluded that
NF is efﬁcacious in improving ADHD, others consider it only as
‘‘probably efﬁcacious’’ (Lofthouse et al., 2011). This is partly due
to the unclear role of unspeciﬁc effects, such as parental support
(Drechsler et al., 2007) which can contribute to clinical improvement after NF independent from self-regulation. This issue is
underlined by a recent double-blind sham-controlled NF study,
which reported similar improvements of ADHD symptoms for both
the NF and the placebo group (Lansbergen et al., 2011). Similarly,
symptom reductions were comparable (but not compared statistically) to those in a computer-based attention training (Steiner
et al., 2011). A recent comparison of theta;-beta" with muscle
relaxation training also reported mainly unspeciﬁc symptom
reductions (Bakhshayesh et al., 2011). All this indicates considerable unspeciﬁc but training-related effects (e.g. expectations,
massed feedback, rewards, high-tech setup), as discussed on various occasions (Monastra et al., 2002; Loo and Barkley, 2005;
Drechsler et al., 2007; Doehnert et al., 2008; Bakhshayesh et al.,
2011). As learning to sit still and reduce EEG artefacts may have
underestimated and largely unexplored unspeciﬁc effects, its role
during NF and for treatment outcome was examined here.
The few studies reporting on the mediating neurophysiological
mechanisms provide some evidence for speciﬁc effects. Compared
to computer-based attention training, theta activity was decreased
and CNV increased after a combined theta;-beta" and SCP training
(Gevensleben et al., 2009a; Wangler et al., 2010). Furthermore,
some protocol-speciﬁc effects were reported. While SCP training
was accompanied by an increase of the CNV, improvements in
parental ratings correlated with central-midline alpha increase
after SCP training and with posterior-midline theta decrease after
theta;-beta"-regulation (Gevensleben et al., 2009a). In another
study (Doehnert et al., 2008), clinical improvement correlated with
h/b decrease after 28 SCP sessions, and in the subgroup of good
performers, changes in CNV correlated with SCP control, despite
the overall CNV reduction. These ﬁndings illustrate that the challenge lies in disentangling speciﬁc from unspeciﬁc effects. One approach to investigate speciﬁcity is to compare NF effects to the
outcome of a control group or training. Another approach pursued
in the present investigation is to examine training outcome in
terms of its relation to individual learning of neurophysiological
regulation.
While most ADHD studies focus on outcome measures that are
different from the training parameters and make no mention of
EEG regulation skills, few studies have reported on learning in
the course of the training. Successful NF training should be evident
in the learning curves for the trained parameters and accompanied
by corresponding improvements in outcome measures. So far, reports on signiﬁcant learning are limited to SCP activation and FREQ
deactivation conditions. (Drechsler et al., 2007; Leins et al., 2007).
Nevertheless, not all subjects learn cortical regulation (Kropotov
et al., 2005; Drechsler et al., 2007), which makes the investigation
of EEG control during training/transfer, and the prediction of training outcome important issues. EEG control (Strehl et al., 2006),
baseline CNV, and resting EEG activity (Gevensleben et al.,
2009a; Wangler et al., 2010) all appear to have predictive value.
So far, tNF has only been investigated in healthy adults. Targeting the origin of dysfunctional activity, tNF is designed to enhance
the effectiveness of standard spatially unspeciﬁc NF. In the present
investigation, the ACC, known to be affected in ADHD, was chosen
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as the target region for a combined bidirectional theta-beta and
SCP tNF training. The objective of this ﬁrst clinical study was to
examine the speciﬁcity and underlying mechanisms of tNF in children with ADHD by relating training course and outcome. We
hypothesized that region-speciﬁc tNF substantially reduces ADHD
symptoms with reductions closely related to individual training
success in the trained parameters. Similarly, we expected that children who had learned to self-regulate certain aspects of their EEG
in the ACC would show corresponding effects on neurophysiological ADHD markers and improved performance in post-assessments. Regarding training performance, we expected to ﬁnd
differential and ACC-speciﬁc regulation and learning for the activation compared to deactivation condition, as well as a general
reduction in EEG artefacts. Due to our bidirectional regulation approach, continuous EEG ‘‘normalisation’’ was expected during the
resting periods preceding each tNF session, particularly in the
ACC. In addition, we expected increases in the CNV, the cue P3b,
and NoGo P3a in a CPT following training completion.

2. Material and methods
A randomised controlled clinical trial (ISRCTN 82524080) with a
blind pre-post design was designed to examine advanced tNF and
its beneﬁt in children suffering from ADHD. The study was approved by the local ethics committee and conformed to standards
set by the Declaration of Helsinki. Further methodological details
are given in the Supplementary material.

2.1. Subjects
All participants had to meet diagnostic criteria for ADHD combined subtype according to DSM-IV with current impairment.1
Diagnosis was based on a semistructured clinical diagnostic interview PACS (Parental Account of Children’s Symptoms; Taylor et al.,
1986) plus Conners’ Teacher Rating Scale—Revised (CTRS; Conners
et al., 1998b), according to a validated algorithm (see Valko et al.,
2010). Further inclusion criteria were age between 8.5 and 13 years,
IQ P 80, and no known neurological disorder. Severe comorbid conduct disorder, depression, and anxiety disorders were excluded.
Stimulant medication was allowed, provided that dosage was kept
constant (as other treatment conditions) throughout the training
period, but had to be suspended at least 48 hours before pre- and
post-tNF assessments.
Children were randomly assigned to one of three training
groups using tNF, standard NF, or electromyography (EMG) biofeedback training, targeting the regulation of ACC-, Cz-, and muscle
activity, respectively. All three trainings were introduced to the
children and their parents as experimental treatments for ADHD.
Informed written consent was obtained from the children and their
parents, who also agreed to be informed on group assignment only
after post-assessments were completed. Here, only results from
the tNF group are presented to focus on electrophysiology and
the relation between learning and outcome. Critical aspects of
speciﬁcity are elucidated by reference to acquired cortical
regulation.
All fourteen children participating in tNF training ﬁnished the
study. One had to be excluded from analysis due to a change in
medication leaving thirteen children (aged 10.6 ± 1.3 years, 2 girls,
1
One subject did not meet the age-of-onset (symptoms present before age 7)
criterion for inattentive symptoms. However, this criterion might not be appropriate
for the Swiss school system, where children typically enter school only at the age of
seven. In another subject symptoms were not fully met at school. These subjects did
not differ in most baseline measures except for particularly good CPT performance
with large CNV in one subject, but exclusion did not change signiﬁcances.
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and after training completion, pre- and post-training assessments
took place including resting EEG, ERPs in cognitive tasks, and neuropsychological tests. In addition, several questionnaires including
clinical ratings about children’s behaviour were completed by the
participants, their parents, and teachers.
For tNF, a theta-beta FREQ and a SCP protocol was applied in
separate lessons arranged in a counterbalanced mixed order
(Fig. 1). After the ﬁrst double lesson with FREQ only, each session
included both protocols arranged in alternating order from one
session to the next. All sessions started with a 2 min-baseline resting EEG with eyes-open (eo-ICA) followed by epochs of systematic
eye movements, which were analysed immediately for subsequent
on-line correction (see below). One lesson consisted of four training blocks of 3–8 min each, followed by ratings of mental state
and control. An entire training session lasted for about three hours,
including preparation, about 60 min tNF training, and a 10 minbreak. The exact training plan is given in Fig. 1.
2.3. Neurofeedback procedures
Children were trained and investigated in two active shielded
video-controlled rooms using a chin rest. They were asked to minimise motion and eye movements during recordings. To avoid EEG
distortion from a nearby railway track, active shielding compensated artefacts at 16.66 Hz.
Feedback was provided by a version of the NF software SAM
(‘‘Self-regulation and Attention Management’’), adapted for multichannel recordings and tNF with advanced artefact handling, such
as eye artefact reduction (e.g. smaller displays) and correction.
Tomographic NF was computed from a voxel of the ACC Montreal
Neurological Institute (MNI) coordinates (X, Y, Z) = (5, 10, 30). Correct regulation in the required direction was fed back by various
computer animations, including videos and two-player games,
and rewarded by points (Gevensleben et al., 2009a, 2009b). Children were advised (after four exploratory sessions) to activate their
brain and to achieve an attentive state during so called ‘‘activation’’
trials, whereas they should deactivate and relax during ‘‘deactivation’’ trials.

Fig. 1. Tomographic neurofeedback training schedule. Activation and deactivation
was trained during slow cortical potential (SCP) and theta-beta frequency (FREQ)
lessons. For FREQ, individual thresholds were determined according to daily
baseline (bl) values. Resting EEG was recorded during eyes-open (eo, bl) and eyesclosed (ec) conditions. CPT: continuous performance test, ﬂanker version.

one child on stimulants). General group characteristics are detailed
in the Supplementary Table S1.
2.2. Study design
The training included 36 training units administered as double
lessons over nine to twelve weeks (Fig. 1). About one week prior

2.3.1. EEG recordings and preprocessing during training sessions
Topographic EEG was continuously recorded during tNF using
active electrodes (AE1, Easy Cap, FMS, Munich, Germany). Thirty
electrodes were arranged in an extended 10–20 montage with Fz
as recording reference (see Fig. 2A). Two electrodes placed 1 cm
behind and below the outer canthus were used for EOG (electrooculogram), and one for ECG (electrocardiogram) recording. The signals were ampliﬁed using a BrainAmp ampliﬁer (Brain Products,
Gilching, Germany), analogue ﬁltered between 0.016 and 250 Hz,
and digitized at a sampling frequency of 500 Hz. Independent component analysis (ICA) was run on the eo-ICA to determine typical
eye-artefact components for blink, vertical, and horizontal eye
movements, suitable for online EEG-artefact correction. At least
one plausible blink component deﬁned by topography and time
course was always removed. If necessary the eo-ICA was repeated.
Standardised low resolution electromagnetic tomography (sLORETA, Pascual-Marqui, 2002) was used to estimate intracerebral
activity. For single-trial analysis, a signal-to-noise ratio of 10 was
assumed.
During tNF, a forward bandpass ﬁlter set at 0.1–30 Hz (Butterworth 2nd order) and ICA-eye-artefact correction was used prior
to protocol-speciﬁc signal processing. Targeting remaining artefacts, the feedback was interrupted by a sad face presented on
the feedback screen if EEG or EOG signals exceeded ±100–
250 lV, or ±15–25 lV for the 25–35 Hz band (to minimise EMG
contamination).
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Fig. 2. Electrode setup, sLORETA coordinate system, and brain activity. (A) Electrodes placed according to an extended international 10–20 system were grouped into a
frontal, central, and posterior region. For pre- and post-assessments all 65 electrodes were included. A subset of 33 electrodes indicated in blue was used for training sessions.
Right eye (RE), left eye (LE), and electrocardiogram (ECG) signals were excluded from EEG source localisation. Fp10 /Fp20 and O10 /O20 were placed at 15% (5% more laterally) for
more even coverage. Fz = recording reference, Gd = ground. Vector orientations (x, y, z) used in sLORETA are indicated in a separate coordinate system. Using sLORETA,
tomographic neurofeedback was computed from the anterior cingulate cortex (ACC, indicated in yellow). (B) This illustration shows how activation in the z-direction of the
ACC (ACC-z), which was used for slow cortical potential (SCP) training, induces a central negativity at the scalp. (C and D) Brain activity over the time course of SCP trials is
shown in graphs with group mean trajectories of mean standardised current density (CD, sLORETA) in the anterior cingulate cortex voxel (ACC, Montreal Neurological
Institute (MNI) coordinates (X, Y, Z) = (5, 10, 30); z-component of vector: ACC-z) averaged across lessons for activation (black solid line) and deactivation (grey dotted line)
trials with contingent feedback. (C) Validation trajectories solely based on correct trials indicated by ‘‘+’’ and rewarded by one point at the end of a correct trial. The appearance
of a white ball on the feedback monitor indicated the start of a trial. A red or blue bar, appearing after the baseline phase indicated the task (activation/deactivation), whereas
a ‘‘+’’/‘‘’’ indicated correct/incorrect trials, respectively. (D) Group means averaged across all (correct and incorrect) trials for the basic animation ‘‘wizard’’ with contingent
feedback (for all animations, see Supplementary Fig. S1). Corresponding topographic maps are depicted for averaged mean potentials of four consecutive 1 s-intervals of the
feedback phase per condition. The difference between activation and deactivation condition are depicted by t-lines (grey solid) and t-maps, given in t-values with red/blue
colours indicating positive/negative values, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

2.3.2. Slow cortical potential training
The present tNF-SCP protocol was designed to train the phasic
regulation of slow (cortical) potential shifts in the vertical z-direction of the ACC activity (ACC-z). During activation trials, the partic-

ipants had to generate increasing ACC-z activity inducing negative
potential shift in the central region on the scalp (Fig. 2B), designed
to match standard (Cz-)SCP protocols. The opposite polarities had
to be achieved during deactivation trials.
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One trial consisted of a 2 s-baseline followed by a 4 s-feedback
phase. Inter-stimulus interval was set to 4 ± 1 s. Using a moving
time window of 500 ms length, feedback was typically provided
every 100 ms indicated by the position and colour of a ﬂying ball,
which moved upwards with successful changes in ACC-z activity.
The feedback phase started with a red or blue coloured bar which
indicated the condition (50% activation/50% deactivation trials,
randomly presented) the participant should attempt to reach (see
also Fig. 2C). SCP lessons always started with one block using the
animation ‘‘wizard holding a glass ball’’ while providing contingent
feedback by the ﬂying ball (=basic SCP animation). Progressively,
also transfer blocks were conducted. The last third of the training
course consisted of two blocks (ﬁrst and last) with contingent feedback, another block with feedback limited to the end of every trial
(delayed feedback), and another block without feedback except for
artefacts (transfer).

2.3.3. Theta-beta training
The tNF-FREQ protocol was designed to train the tonic regulation of the activity in the theta (4–7.5 Hz) and beta (14–20 Hz) frequency band in the ACC voxel (length of vector: ACC-l). In the
activation condition the children had to enhance beta and simultaneously reduce theta activity (theta;-beta") from individual
thresholds, which was indicated by separate bars and arrows on
the left and right side of the screen. The opposite had to be true
for the deactivation condition (theta"-beta;).
Feedback was provided every 100 ms using a moving time window of 2 s length. Theta and beta activity was calculated as the
root-mean square value using butterworth bandpass ﬁlters
(48 dB/octave). Each FREQ lesson comprised a 3 min-resting EEG
with eyes-open, according to which individual tNF thresholds were
set, followed by two FREQ blocks per condition (Fig. 1). The second
block always consisted of the same animation (boy balancing on a
rope) with contingent feedback presentation (=basic FREQ animation). In the last block, children attempted to control the quality
of the picture on the screen by their brain activity while watching
an action ﬁlm of their choice. Otherwise, relaxation ﬁlms were used
for deactivation, whereas various feedback animations were used
for activation. Over the lessons, trial duration was increased and
also transfer trials were practiced.

2.4. Neurophysiological pre- and post-assessments
Before starting and after completing the tNF sessions the participants were tested neurophysiologically in a 2.5 h session. Resting
EEGs were recorded during separate 3 min eyes-open (eo1, ﬁxating
on a monitor) and eyes-closed (ec1, index ﬁngers on eyelids to reduce eye rolling) conditions followed by a short period of vertical
and horizontal eye movements. Then, cognitive ERP tests assessing
attentional and inhibitory processes and a second set of resting
EEGs (eo2, ec2) were run.
In a cued CPT ﬂanker task (Doehnert et al., 2008; Valko et al.,
2009) 400 letters ﬂanked by irrelevant letters (OHO; XGX; XOX;
OXO) were presented on a TFT monitor for 150 ms every
1666 ms. Children were told to ignore the ﬂankers and press a button with the index ﬁnger of their dominant hand as quickly as possible whenever the cue letter ‘‘O’’ was directly followed by the
target letter ‘‘X’’. Cue-target and cue-NoGo sequences occurred
with 10% probability each.
Using 65 sintered Ag/AgCl electrodes including the tNF montage
plus additional electrodes (see Fig. 2A), electrophysiological signals
were continuously recorded at 500 Hz and bandpass ﬁltered between 0.016 and 250 Hz. Abralyt 2000 electrode cream was used
and impedances were kept below 20 kOhm.

2.5. Data analysis
For each tNF block and condition common measures adjusted
for varying trial durations and some also for amount of artefacts
were calculated. Relative scores (percentages) were calculated for
the time spent in the desired state of regulation when all reward
and inhibitory criteria were fulﬁlled, divided by the trial duration
less the time comprising artefacts. Correspondingly, the percentage of time with artefact feedback (sad face, artefacts) was calculated. For FREQ, additional performance measures included mean
h/b, and mean change in current density amplitude for theta (Dh)
and beta (Db) activity from daily baseline. For SCP, additional performance measures included mean amplitudes (ACC-z-MA), calculated as mean deﬂection over the entire 4 s-feedback phase from
the baseline (calculated as mean over 1.5 s before the feedback
phase), and corresponding within-subject-variability (ACC-z-MASD). Exploratory ofﬂine EEG analyses were conducted regarding
the trajectory within an SCP trial using the same ﬁlters and (artefact-) procedures speciﬁed in the SAM program. In addition to continuous SCP trajectories in the ACC-z, mean amplitudes were
calculated and mapped for four consecutive 1 s-intervals of the
feedback phase (FB1, FB2, FB3, FB4).
All off-line EEG analyses were performed with the program
Brain Vision Analyzer (Version 1.05.0005, Brain Products, Gilching,
Germany). Unless stated otherwise, EEG was ﬁltered off-line using
a 0.1–70 Hz band-pass (Butterworth, 24 dB/Oct) plus 50 Hz notch
ﬁlter, followed by automatic rejection of large technical and movement artefacts. ICA was used for ocular artefact correction and EEG
was transformed to the average reference. Remaining artefacts
were rejected semiautomatically and veriﬁed by visual inspection.
Additional software channels were calculated for the brain activity
in the ACC using the sLORETA-based linear combination from SAM.
Resting EEG data were segmented into 2.048 s-epochs for fast
Fourier transformation (FFT) using power density computation
(full spectrum, 10% Hanning windowing, 0.488 Hz resolution).
The absolute power and ratio was calculated for the FREQs theta
and beta. At least 10 artefact-free segments were averaged per condition. In addition, averaged power measures within three sagittal
regions (frontal, central, posterior, see Fig. 2A), and a pool across all
channels except for EOG and ECG were calculated.
For CPT analysis, EEG was digitally lowpass-ﬁltered at 30 Hz before artefact rejection and averaging. All averages contained a minimum of 18 artefact-free sweeps. Three microstates after the cue
(P3b: 438–558 ms, CNV: 1390–1666 ms) and NoGo (P3a: 286–
366 ms) stimuli were determined by adaptive segmentation of
the pre-assessment grand means. For mean ERP topographies, sagittal regions (see above) and the global ﬁeld power (GFP), as a global measure of the map strength (root mean square of all voltages
in a map), were calculated. For CPT performance measures, see the
Supplementary material.
2.6. Questionnaires and behavioural assessments
To screen for clinical conditions and comorbidities, Conners’
Parent Rating Scale—Revised (CPRS; Conners et al., 1998a) and
the Child Behaviour Checklist (CBCL; Achenbach et al., 1991)
assessing problems indicating psychopathology was completed
by parents. A short form of the German version of the Wechsler
Intelligence Scale for Children IV (HAWIK-IV) was used to estimate
IQ with subtests ‘‘Vocabulary’’, ‘‘Block Design’’, ‘‘Letter-Number
Sequencing’’, and ‘‘Symbol Search’’ (Waldmann, 2008).
Before and after the training period, parents rated the behaviour
of their children on a German standardised DSM IV questionnaire
for ADHD (FBB-HKS; Döpfner and Lehmkuhl, 2000), on the CPRS
and on the Behaviour Rating Inventory of Executive Function
(BRIEF; Gioia et al., 2000). Teachers rated children on the CTRS
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and on the teachers’ version of the BRIEF. For training outcome all
ratings referred to the medication status during training. For FBBHKS, total score was calculated as the mean value for severity of all
items. Related subscores for inattention and hyperactivity/impulsivity constituted the primary outcome measures of the study. Further outcome measures were DSM IV and composite scores of the
CPRS, CTRS (DSM IV-inattention, -hyperactivity/impulsivity, -total
score, and global index), and BRIEF (behavioural regulation index,
metacognition index) from parents and teachers. Pre-post comparisons relied on changes in raw-scores, whereas T-scores were used
for demographics, when available.
A comprehensive battery of neuropsychological tests was run
before and after the training. Only one measure of focussed and
selective attention used also in previous studies (Fuchs et al.,
2003; Drechsler et al., 2007; Bakhshayesh et al., 2011) is reported
for brevity, namely concentration performance from the paperpencil task ‘‘d2’’ (Brickenkamp, 2002).
At the beginning of each session, children rated how much they
were in the mood for the training on a visual analogue scale from
100 to +100 with the words ‘‘not in mood’’ and ‘‘in the mood’’ and
symbolic pictures as visual anchors at the ends of the scale. In order to analyse the well-being during the training, children were
asked to rate how well they had felt during the training tasks
(‘‘bad’’ () ‘‘good’’) at the end of each lesson. Similarly, they were
asked about their strategies they had used for the different tasks (‘‘I
have tried to’’: ‘‘relax’’ () ‘‘concentrate’’).
2.7. Statistical analysis
Statistical analyses were run in the Statistical Package for the
Social Sciences version 18.0 (SPSS). To analyse changes from preto post-tNF-assessments, multivariate analyses of variance

(MANOVA) with repeated measures (time: pre, post) and twotailed paired student’s t-tests were run. To evaluate learning
(changes over lessons (L); FREQ: L3-35 (transfer: L18-35); SCP:
L4-36 (delayed feedback: L12-36, transfer: L21-36)) linear regressions were conducted for each training parameter and subject.
Regarding regulation capabilities, additional mean values were calculated across sessions. For group analysis, arithmetic mean was
calculated from individual slopes, intercepts, and means over lessons. Neurophysiological changes in relation to clinical improvement were examined as a consequence of tNF. Towards this
objective, training outcome was related to learning using Pearson
correlations and linear regressions. In case of signiﬁcant main correlations, nonparametric (Spearman) correlations were also
computed.
Regarding training performance, main analyses focused on
relative time scores and artefacts, while the activity in the ACC
was the focus of all EEG analyses. For changes related to
FREQ training, the focus was on ACC-l and the trained FREQs
(theta, beta), whereas ACC-z and CNV outcome were screened
in conjunction with SCP training. For CPT data, whole-brain
tomographic localisations and differences were calculated in
the sLORETA software (Pascual-Marqui, 2002) based on
averaged trials assuming a signal-to-noise ratio of 100 and using
statistical
nonparametric
mapping
(SnPM)
with
5000
randomisations.
Correlations of behavioural improvement (post-pre difference
scores) with learning (changes over training) and neurophysiological changes (for the ACC activity and frontal, central, and posterior
regions) were analysed ﬁrst. Next, SCP-speciﬁc outcome measures
were related to learning during SCP training by correlating changes
in CNV (central region and ACC-z) with individual slopes of SCP
training parameters (relative time score and ACC-z-MA). Then,

Table 1
Behavioural data pre and post training. Parent rated DSM IV checklist FBB-HKS (severity scores), Conners’ Parent (CPRS) and Teacher (CTRS) Rating Scales with global index and
DSM-IV items; Parents’ Strength and Difﬁculties Questionnaire (SDQ); Behavior Rating Inventory of Executive Function (BRIEF). MANOVA including 9 parent-rated composite
scores (indicated in italics): F[9,4] = 9.056, p = 0.024; MANOVA including 5 teacher-rated composite scores (indicated in italics): F[5,8] = 4.009, p = 0.041. ES: effect size.
Pre training
Parents ratings
FBB-HKS [severity]
Inattention
Hyperactivity/impulsivity
Total score
CPRS [raw-scores]
Global index
Inattention (DSM-IV)
Hyperactivity/impulsivity (DSM-IV)
Total score (DSM-IV)
SDQ parents [raw-scores]
Hyperactivity
Total problem score
BRIEF parents [raw-scores]
Behavioural regulation
Metacognition
Teacher ratings
CTRS [raw-scores]
Global index
Inattention (DSM-IV)
Hyperactivity/impulsivity (DSM-IV)
Total score (DSM-IV)
BRIEF teacher [raw-scores]
Behavioural regulation
Metacognition
°
*
**

Post training

ES

t-test

2.28 ± 0.44
1.55 ± 0.67
1.88 ± 0.47

1.62 ± 0.59
1.10 ± 0.71
1.34 ± 0.56

1.26
0.65
1.05

3.73**
2.86*
3.74**

16.23 ± 4.73
20.54 ± 4.75
14.97 ± 3.68
35.50 ± 7.27

12.46 ± 4.67
15.10 ± 5.65
10.46 ± 4.82
25.54 ± 9.44

0.80
1.04
1.05
1.18

2.04°
3.35**
3.29**
3.60**

7.62 ± 1.76
17.38 ± 5.35

6.54 ± 1.71
14.77 ± 5.42

0.62
0.49

3.48**
2.43*

57.69 ± 10.36
99.85 ± 14.64

51.15 ± 7.78
92.08 ± 14.38

0.71
0.54

2.09°
1.66

11.92 ± 5.17
14.23 ± 4.59
10.85 ± 6.35
25.08 ± 10.22

9.69 ± 4.03
14.31 ± 5.38
9.15 ± 4.74
23.47 ± 8.16

0.48
0.02
0.30
0.17

2.63*
0.05
1.61
0.79

50.92 ± 12.37
92.15 ± 17.02

44.23 ± 8.71
82.77 ± 16.29

0.63
0.56

2.96*
2.64*

p < 0.1.
p < 0.05.
p < 0.01.
Remained signiﬁcant (p < .05) after Bonferroni correction.
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frequency-speciﬁc outcome measures (theta, beta activity and h/b
at rest) were correlated to individual slopes of FREQ training
parameters including the amount of artefacts. Correlation analyses
focused on main outcome measures of FBB-HKS as well as on
relative scores and artefacts during the training for contingent
feedback including all animations. In cases of signiﬁcant learning,
post hoc analyses were run for selected feedback demonstrations
and training parameters. Finally, we also correlated the pretraining CNV amplitude with the clinical outcome in order to replicate its predictive value for tNF training (Wangler et al., 2010).
Results are typically given as means (M) ± standard deviations
(SD) with corresponding Pearson’s correlation coefﬁcients (r) when
applicable. Effect-size (ES) d (Cohen, 1988) was calculated as the
difference between the means (M2  M1) divided by the pooled
SD. For statistical main analyses, only signiﬁcant results (p < 0.05)
or trends of speciﬁc interest are reported. All additional analyses,
for example for training parameters (except for relative time score)
of separate feedback demonstrations, represent exploratory
analyses.

3. Results
According to the primary outcome measures of the FBB-HKS,
children’s behaviour improved after tNF training as also reﬂected
in other questionnaires (Table 1). The MANOVA including nine parent ratings revealed signiﬁcant improvement (F[9,4] = 9.056,
p = 0.024) with medium to large effects for separate scores, which
after bonferroni correction remained signiﬁcant for the inattention
score of the FBB-HKS and the hyperactivity score of the SDQ. The
MANOVA including ﬁve teacher-rated composite scores also
yielded signiﬁcant improvement over time (F[5,8] = 4.009,
p = 0.041) with medium effects for scores of cognitive performance
except for DSM-IV scores.
3.1. Training performance
The results for training performance are provided for blocks
with contingent feedback across all animations, unless otherwise
stated. For both tNF protocols (SCP, FREQ) and conditions

Fig. 3. Training performance for all trials with contingent feedback. Group means for training success (relative score) and artefacts are given per lesson for activation (ﬁlled
circles) and deactivation trials (open circles) during slow cortical potential (SCP) (left column) and theta-beta frequency (FREQ) training (right column). Corresponding
changes (learning) in the course of the training are represented by linear regression lines over the lessons. Relative scores (percentages) represent the time spent in the
desired state of regulation relative to the duration of the trial (without time of artefacts). The thin solid line indicates the level of chance expected at 50% for SCP training and
at 25% for the logical theta-beta conjunction, respectively. Artefacts calculated as time relative to the trial duration (percentages, lower graphs). Standard deviations per
lessons indicating the distribution among subjects are connected by solid/dashed lines separately for activation/deactivation conditions.
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(activation, deactivation) relative scores were chance level and did
not signiﬁcantly change (all slopes: p > 0.1) in the course of the
training (Fig. 3, upper graphs; see also Table 2B). At the individual
level, linear increases (individual r with p < 0.05 over the lessons)
were found in 1 of 13 subjects for SCP-deactivation and in one
subject for FREQ-activation.
For artefact control, however, improvements were signiﬁcant
across subjects (Fig. 3, lower graphs; see also Table 2B) with negative
mean slopes for activation and deactivation in SCP and in FREQ training. At the individual level, 4 of 13 subjects showed signiﬁcant linear
reductions (individual r with p < 0.05) for the SCP-activation and
also for -deactivation. Regarding FREQ training, 4 subjects showed
signiﬁcant reductions for activation and 2 for deactivation,
respectively.
3.1.1. Slow cortical potential training
Regarding SCP performance, mean values for regulation and
learning related to the trained parameter (ACC-z activity) are summarised in Table 2. About 50% of the trials per training block were
completed successfully, which was true for all feedback demonstrations and conditions. Averaged across all lessons with contingent feedback, no differential effects were found in any EEG
parameter (Table 2A). However, restricted to blocks providing
feedback by basic animation, a more negative ACC-z-MA was found
for the deactivation compared to the activation condition
(p = 0.004), which was further investigated using exploratory trial
trajectories and topographic analyses (see Fig. 2C,D). Generally,
approximately 5–10% of the time accounted for artefacts, and only
for contingent feedback, activation comprised more artefacts than
deactivation trials (p = 0.006).
Typical ACC signal trajectories and scalp maps along the time
course of an SCP trial are illustrated in Fig. 2C,D. Conﬁrming the expected relation between source and scalp activity, activation/deactivation in the z-direction of the ACC voxel was associated with
fronto-central negativation/positivation at scalp level. Considering
only correct trials (Fig. 2C), during which children most of the time
were in the desired state of regulation, large deﬂections were
found in the expected directions during activation and deactivation
trials, respectively. Successful SCP trials were typically preceded by
distinct signal trajectories with main deﬂections in the same direction as during the feedback phase interrupted by a swing in the
opposite direction with the inﬂection point during baseline
calculation.
Averaging across correct and incorrect trials revealed strikingly
similar trajectories in ACC-z and topographies for activation and
deactivation (Fig. 2D). Both tracings crossed the baseline about midway of the feedback phase and ended in negative values. Comparison
of activation and deactivation tracings for contingent feedback revealed only trends for all animations (Supplementary Fig. S1) but entire sections reached signiﬁcance (|t| > 2.179) when limited to basic
animation (Fig. 2D), which was conﬁrmed by mean one-second-analyses: mean ACC-z amplitude was more positive for the activation
than
the
deactivation
condition
in
FB3
(activation:
0.162 ± 0.435CD > deactivation: 0.516 ± 0.499CD, p = 0.001)
and
FB4
(activation:
0.422 ± 0.515CD > deactivation:
0.724 ± 0.624CD, p = 0.024) with corresponding negative differences at scalp level (Fig. 2D, t-maps). Topographic extreme values
occurred at electrode FCz (FB3: p < 0.001, FB4: p = 0.018). For the
whole feedback phase, fronto-central scalp amplitudes seemed to
be more positive for deactivation than activation trials, particularly
in FB3.
In the course of the entire SCP training (Table 2B), no signiﬁcant
or differential change was found for ACC-z-MA. The artefact proportion, however, and the intra-subject variability of the trained
parameter (ACC-z-MA-SD) became reduced during activation and
deactivation for blocks with contingent feedback and those provid-
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ing basic animation. Artefacts became also reduced for delayed feedback, but not for transfer.
3.1.2. Theta-beta training
Table 2 also contains mean values for regulation capabilities
and mean slopes of learning curves for the FREQ training targeting
theta and beta activity in the ACC (ACC-l). On average across all lessons and blocks with contingent feedback, training success for deactivation and activation trials was slightly (p < 0.05) below chance
level (25% expected for the logical theta-beta conjunction;
Table 2A). Compared to the baseline, beta activity (Db) was lower
during deactivation compared to activation trials (p = 0.007). Except for the basic animation, artefacts were more frequent for activation compared to deactivation trials, particularly during transfer
(p < 0.001). For basic animation, training success for activation was
below deactivation (p = 0.027) and chance level (p = 0.008). For action ﬁlm, however, children tended to be more successful during
activation (p = 0.065) but also producing more artefacts
(p = 0.004) than during deactivation, for which they scored clearly
below chance level (p < 0.001).
Considering the course over the lessons, mean slope for Dh was
more positive for deactivation compared to activation condition
(p = 0.014, Table 2B), while there was no signiﬁcant change of
any baseline value. Artefact proportion decreased for both conditions with similar results for basic animation. For action ﬁlm, partial
learning was found with decreases in Dh (p = 0.020) and h/b
(p = 0.031) over activation trials, which partly also differed from
slopes of deactivation trials (Dh: p = 0.009; h/b: p = 0.062). The
large amounts of artefacts could not signiﬁcantly be reduced. On
transfer trials, h/b decreased over deactivation trials (p = 0.012). A
condition effect in the change of artefact proportions (p = 0.012)
indicated less reduction for activation than deactivation trials.
3.2. Subjective ratings of the training
We received mainly positive feedback about the training from
both children and parents. Children generally stated that they were
in the mood for training (mean over all sessions: 30.0 ± 52.8 > 0:
p = 0.063) and that they were well (all four well-being scores were
on the positive range of the scale with values 51–56 > 0, p < 0.001)
independent of training protocol and task. Consistent with typical
strategies, children usually stated that they tried to concentrate
during activation (SCP: 56.9 ± 31.2, FREQ: 54.9 ± 28.6) but to relax
during deactivation trials (SCP: 55.9 ± 24.1, FREQ: 60.6 ± 19.1),
with all averages deviating from the middle of the scale
(p < 0.001). The children’s feeling of control was in the positive
range (SCP: 26.4 ± 24.6, p < 0.01; FREQ: 30.1 ± 25.4, p < 0.01) with
no signiﬁcant change, and only a trend over the SCP training
(SCP: slope = 0.89 ± 1.49, p = 0.052; FREQ: slope = 0.09 ± 1.55,
p = 0.838).
3.3. Test performance in pre- and post-assessments
Regarding test performance measures, concentration performance in the selective attention task (d2) improved from pre- to
post-assessment. For the CPT, however, responses only tended to
become faster (p < 0.097).
3.4. Event-related potentials
Mapping the ERPs of the CPT revealed typical topographies for
P3 and CNV components pre and post training (Fig. 4). After the
training, the cue P3b and NoGo P3a maps revealed signiﬁcant increases at posterior sites (Pz; cue P3b: p = 0.003, NoGo P3a:
p = 0.008; see also Table 3). Correspondingly, also the map strength
(GFP) tended to increase from pre- to post-assessment (cue:
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A Mean across lessons

B Change over lessons

Activation

Deactivation

Act – deact

Activation

Deactivation

Act - deact

Mean value

Mean value

ES

t-test

Slope

Slope

ES

t-test

51.41 ± 2.72°
0.155 ± 0.246⁄
3.03 ± 0.38—
6.30 ± 2.08—

0.97
0.11
0.03
0.38

1.82°
0.84
0.20
3.29⁄⁄

0.050 ± 0.149
0.006 ± 0.015
0.018 ± 0.013⁄⁄⁄
0.200 ± 0.160⁄⁄⁄

0.069 ± 0.208
0.005 ± 0.025
0.016 ± 0.018⁄⁄
0.191 ± 0.149⁄⁄⁄

0.66
0.03
0.19
0.06

1.46
0.09
0.60
0.46

51.57 ± 3.28
0.214 ± 0.291⁄
2.97 ± 0.42—
6.30 ± 2.33—

0.50
0.72
0.03
0.23

0.98
3.55⁄⁄
0.18
1.39

0.018 ± 0.192
0.001 ± 0.020
0.020 ± 0.019⁄⁄
0.189 ± 0.193⁄⁄

0.071 ± 0.213
0.010 ± 0.025
0.020 ± 0.024⁄
0.182 ± 0.184⁄⁄

0.26
0.50
0.01
0.03

0.60
1.54
0.02
0.20

51.26 ± 2.28°
0.135 ± 0.254°
2.92 ± 0.35—
5.64 ± 2.13—

0.83
0.21
0.01
0.07

1.61
1.14
0.09
0.43

0.018 ± 0.319
0.010 ± 0.033
0.016 ± 0.026°
0.184 ± 0.210⁄⁄

0.094 ± 0.290
0.012 ± 0.031
0.005 ± 0.029
0.128 ± 0.189⁄

0.37
0.08
0.40
0.28

0.79
0.24
1.56
1.46

50.73 ± 4.54
0.091 ± 0.509
2.82 ± 0.30—
4.57 ± 2.34—

0.36
0.09
0.02
0.31

0.77
0.31
0.06
1.38

0.019 ± 0.845
0.001 ± 0.094
0.057 ± 0.105°
0.105 ± 0.463

0.079 ± 0.459
0.007 ± 0.047
0.046 ± 0.083°
0.140 ± 0.354

0.14
0.12
0.12
0.08

0.33
0.42
0.61
0.39

23.32 ± 2.12⁄
0.002 ± 0.035
0.009 ± 0.031
1.831 ± 0.280—
13.69 ± 4.62—

0.54
0.22
0.22
0.03
0.54

1.27
1.80°
3.23⁄⁄
1.06
3.35⁄⁄

0.027 ± 0.179
0.000 ± 0.001
0.000 ± 0.001
0.002 ± 0.004
0.295 ± 0.219⁄⁄⁄

0.084 ± 0.161°
0.000 ± 0.001
0.000 ± 0.001°
0.001 ± 0.003
0.182 ± 0.274⁄

0.65
0.53
0.38
0.12
0.46

1.37
2.89⁄
1.66
0.64
1.58

25.58 ± 3.66
0.014 ± 0.029
0.011 ± 0.032
1.859 ± 0.281—
14.75 ± 5.64—

1.17
0.11
0.19
0.03
0.13

2.52⁄
0.48
1.58
0.51
0.41

0.026 ± 0.268
0.001 ± 0.002°
0.000 ± 0.001
0.000 ± 0.005
0.285 ± 0.332⁄⁄

0.071 ± 0.308
0.000 ± 0.002
0.000 ± 0.001
0.000 ± 0.005
0.222 ± 0.418°

0.16
0.49
0.03
0.15
0.17

0.46
1.81°
0.10
0.51
0.41

19.72 ± 4.28⁄⁄⁄
0.023 ± 0.045°
0.000 ± 0.040
1.774 ± 0.260—
14.36 ± 5.68—

0.98
0.10
0.07
0.04
0.80

2.04°
0.83
0.64
0.58
3.49⁄⁄

0.140 ± 0.388
0.001 ± 0.002⁄
0.000 ± 0.002
0.004 ± 0.006⁄
0.172 ± 0.541

0.067 ± 0.262
0.001 ± 0.002
0.001 ± 0.001
0.002 ± 0.004
0.267 ± 0.529°

0.63
1.25
0.15
0.46
0.18

1.59
3.09⁄⁄
0.42
2.05°
0.73

21.60 ± 6.28°
0.010 ± 0.039
0.001 ± 0.027
1.807 ± 0.314—
10.53 ± 6.71—

0.12
0.35
0.28
0.17
1.28

0.34
0.98
0.67
0.93
4.91⁄⁄⁄

0.120 ± 0.472
0.003 ± 0.005°
0.001 ± 0.002°
0.001 ± 0.012
0.781 ± 1.297°

0.544 ± 1.099
0.003 ± 0.007
0.001 ± 0.003
0.012 ± 0.014⁄
0.053 ± 1.477

0.50
0.06
0.97
0.89
0.60

1.12
0.15
1.98°
2.10°
3.01⁄

SCP training
Contingent feedback, all animations (L4-36)
Relative score [%]
48.89 ± 2.45
ACC-z-MA [CD]
0.130 ± 0.224°
ACC-z-MA-SD [CD]
3.02 ± 0.31—
Artefacts [%]
7.06 ± 1.92—
Contingent feedback, basic animation (L4-36)
Relative score [%]
50.08 ± 2.69
ACC-z-MA [CD]
0.014 ± 0.263
ACC-z-MA-SD [CD]
2.98 ± 0.34—
Artefacts [%]
6.82 ± 2.17—
Delayed feedback (L12-36)
Relative score [%]
49.10 ± 2.85
ACC-z-MA [CD]
0.079 ± 0.282
ACC-z-MA-SD [CD]
2.92 ± 0.36—
Artefacts [%]
5.49 ± 2.44—
Transfer (L21-36)
Relative score [%]
49.39 ± 2.62
ACC-z-MA [CD]
0.053 ± 0.265
ACC-z-MA-SD [CD]
2.82 ± 0.30—
Artefacts [%]
5.26 ± 2.17—
FREQ training
Contingent feedback, all animations (L3-35)
Relative score [%]
21.51 ± 4.24⁄
ACC-l-Dh [CD]
0.006 ± 0.040
ACC-l-Db [CD]
0.002 ± 0.035
ACC-l-h/b
1.822 ± 0.271—
Artefacts [%]
16.15 ± 4.57—
Contingent feedback, basic animation (L3-35)
Relative score [%]
19.91 ± 5.77⁄⁄
ACC-l-Dh [CD]
0.011 ± 0.036
ACC-l-Db [CD]
0.004 ± 0.043
ACC-l-h/b
1.850 ± 0.298—
Artefacts [%]
13.96 ± 6.43—
Contingent feedback, action ﬁlm (L3-35)
Relative score [%]
25.74 ± 7.57
ACC-l-Dh [CD]
0.028 ± 0.059
ACC-l-Db [CD]
0.003 ± 0.042
ACC-l-h/b
1.764 ± 0.265—
Artefacts [%]
19.99 ± 8.12—
Transfer (L18-35)
Relative score [%]
20.57 ± 10.00
ACC-l-Dh [CD]
0.006 ± 0.051
ACC-l-Db [CD]
0.014 ± 0.059
ACC-l-h/b
1.858 ± 0.293—
Artefacts [%]
23.76 ± 12.96—
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Table 2
Performance during slow cortical potential and theta-beta training. Mean values across lessons (A) and mean slopes over the lessons (B) for training parameters based on the z-component (ACC-z, slow cortical potential (SCP) training)/
vector length (ACC-l, theta-beta frequency (FREQ) training) of the activity in the ACC voxel MNI coordinates (X, Y, Z) = (5, 10, 30)). Mean amplitude (MA) calculated as arithmetic mean of current density (CD) amplitude over the 4 s
feedback phase and given as displacement from 1.5 s baseline; h: theta (4–7.5 Hz), b: beta (14–20 Hz), D: displacement from daily baseline; Signiﬁcant deviations from chance level (if known, otherwise indicated by ‘‘—‘‘) and differences
between activation (act) and deactivation (deact) conditions indicated by: °p < 0.1, ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001.
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Fig. 4. Pre- and post-training ERPs from the continuous performance test. Contingent negative variation (CNV: 1390–1666 ms, row 1) and cue P3b (438–558 ms, row 2) after
cue stimuli and NoGo P3a (286–366 ms, row 3) in response to NoGo stimuli. Topographic maps show group means for pre- and post-assessments, and p-maps for post minus
pre training. Statistical p-maps (column 3) are scaled (t[12]: ±1.782, ±2.179, ±3.055, ±4.318) to the 4 corresponding signiﬁcance levels (p < 0.1, p < 0.05, p < 0.01, p < 0.001).
Changes in brain activity are shown in column 4 using sLORETA statistics (signal-to-noise ratio: 100, SnPM: 5000). Values for the ACC voxel with the MNI coordinates (X, Y,
Z) = (5, 10, 30): cue CNV: 1.51, cue P3b: 1.78, NoGo P3a: 1.42. Endpoint of sLORETA scale reaches signiﬁcant t-values at p < .05 for the paired two-tailed test.

Table 3
Performance data pre and post training. CNV: contingent negative variation after cue; ACC-z: current density (CD) amplitude of the z-component of the activity in the ACC voxel
(MNI coordinates (X, Y, Z) = (5, 10, 30)); GFP: global ﬁeld power; ES: effect size.

Selective attention task (d2)
Concentration performance
Continuous performance test
Reaction time [ms]
Reaction time variability [ms]
Commission errors
Impulsivity errors
Hits
CNV
Frontal [lV]
Central [lV]
Posterior [lV]
GFP [lV]
ACC-z [CD]
Cue P3b
Frontal [lV]
Central [lV]
Posterior [lV]
GFP [lV]
ACC-z [CD]
NoGo P3a
Frontal [lV]
Central [lV]
Posterior [lV]
GFP [lV]
ACC-z [CD]
°
*
***

Pre training

Post training

104.62 ± 23.97

121.92 ± 22.98

512.31 ± 123.91
159.08 ± 61.15
4.62 ± 5.66
3.23 ± 5.59
36.23 ± 3.98

475.85 ± 102.15
133.69 ± 50.30
2.08 ± 2.40
1.69 ± 1.97
37.85 ± 3.58

ES
0.74

t-test
4.93***

0.32
0.45
0.58
0.37
0.43

1.80°
1.75
1.70
1.03
1.68

0.35 ± 0.98
1.93 ± 0.80
1.18 ± 1.34
2.64 ± 0.65
0.55 ± 0.55

0.40 ± 0.71
1.99 ± 0.90
0.65 ± 1.21
2.73 ± 0.81
0.94 ± 0.73

0.87
0.07
0.41
0.12
0.60

2.12°
0.23
1.28
0.38
1.94°

1.91 ± 1.64
1.61 ± 0.89
3.82 ± 2.27
3.79 ± 1.01
0.29 ± 0.67

2.53 ± 1.66
1.93 ± 1.04
4.95 ± 2.54
4.49 ± 1.62
0.29 ± 1.05

0.37
0.34
0.47
0.52
0.01

2.20*
1.48
2.85*
2.36*
0.04

3.09 ± 2.16
1.43 ± 1.77
4.37 ± 3.36
5.13 ± 1.63
1.26 ± 1.64

3.65 ± 2.69
1.72 ± 2.65
5.87 ± 3.55
5.99 ± 2.08
0.98 ± 2.64

0.23
0.13
0.44
0.46
0.13

1.01
0.52
2.76*
2.15°
0.64

p < 0.1.
p < 0.05.
p < 0.001.
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Fig. 5. Spectral analysis of theta (4–7.5 Hz) and beta (14–20 Hz) activity during eyes-open resting condition in the course of the training for the ACC voxel (MNI coordinates
(X, Y, Z) = (5, 10, 30); vector length: ACC-l) and scalp electrodes. For ACC-l, the time course over training sessions is illustrated with corresponding linear regression lines for
individual subjects (coloured dashed lines) and group means (black solid lines) (A). The regression statistics for mean slopes (S) revealed no signiﬁcant changes for ACC-l,
whereas there were some changes at scalp level (C). Negative/positive values indicate declining/increasing mean slopes. The relation of individual slopes and intercepts is
plotted for ACC-l (B) with corresponding statistics for Pearson’s correlations also at scalp level (C: slope versus intercept (S-I)). Negative values indicate a normalisation in the
course of the training across subjects towards the mean value. Statistical p-maps [p-values] are scaled by signiﬁcance levels (p < 0.1, p < 0.05, p < 0.01, p < 0.001). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

p = 0.036, NoGo: p = 0.053). However, tomographic analysis did no
yield any signiﬁcant changes for the ACC activity (see ACC-z in Table 3 and sLORETA slices in Fig. 4).
For the CNV, the t-maps indicated an increased negativity at
right frontal electrodes (FC4, FC6; p < 0.001) post compared to
pre training. Regarding the training parameter, only a tendency
(p = 0.076) of increased activity was found in the z-direction of
the ACC voxel post training.
3.5. Resting EEG
For the eyes-open resting condition measured at the beginning of
each training session, the courses of the EEG measures over training

are shown in Fig. 5. Regarding group mean slope (Fig. 5A, Supplementary Fig. S2), there was no systematic change in theta or beta
activity, or in h/b in the region of training (ACC-l, ACC-z: p > 0.2).
Instead, individual time courses seemed to depend on the initial
values at the beginning of the treatment (Fig. 5B) and converged
towards the group mean (‘‘normalisation’’). For ACC-l, this relation
was found for all three measures, while in the ACC-z, this was limited to the theta (r = 0.794, p = 0.001) and beta (r = 0.729,
p = 0.005) band (see also Supplementary Fig. S2). Similar signiﬁcance levels were reached when controlling for age.
Group mean slope analysis of the full map topographies (Fig. 5C
(S)) revealed mostly constant values in the course of the training
with only few electrodes showing declines in theta activity. Beta
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changes were limited to eye electrodes showing positive slopes,
whereas h/b declined in the posterior region (p = 0.044), at T7
and at eye electrodes. Overall, slopes and intercepts of individual
subjects indicated strong normalisation for theta (frontal, posterior: p < 0.001, central: p = 0.003) and beta activity (frontal:
p = 0.014, central: p = 0.085, posterior: p < 0.001) with maxima at
midline sites (Fig. 5C (S-I)). At T7, subjects showed divergent beta
curves. Mainly normalisation was also found for h/b, which was
signiﬁcant for the posterior region (p < 0.001), and at some frontal
and left temporal sites. Divergence was limited to Iz.
Mapping the spectral content of the resting EEG pre and post
training revealed typical topographies for eyes-open and eyesclosed conditions, but no consistent change in theta, beta, or h/b,
and in particular no decrease in theta or h/b along the midline, as
illustrated in Supplementary Fig. S3.
3.6. Relation of treatment outcome to training performance
For contingent feedback, no signiﬁcant correlations were found
between changes in primary outcome FBB-HKS and learning or
systematic changes in relative scores or artefacts over training lessons (see also Supplementary Table S2). Post hoc analyses for basic
animation also failed to provide any signiﬁcant correlation with
changes in FBB-HKS. Exploratory analyses for other behavioural
outcomes revealed a signiﬁcant correlation between the decrease
in SCP artefacts during deactivation and increases in CTRS global
index (r = 0.564, p = 0.045). Additional analyses of delayed feedback trials revealed signiﬁcant correlations (p < 0.05) between
changes in FBB-HKS hyperactivity/impulsivity and systematic
changes in SCP performance, but regardless of the condition (i.e.
not differentiating between activation and deactivation). Also
regarding inattention, the relationship with ACC-z-MA during activation (r = 0.700, p = 0.008) failed to show the expected direction.
For FREQ training, the only signiﬁcant, though exploratory correlation was between improvements in FBB-HKS hyperactivity/
impulsivity and increases in h/b (activation: r = 0.605, p = 0.028;
deactivation: r = 0.907, p < 0.001). Post hoc analyses for action
ﬁlm revealed a single signiﬁcant correlation between improved
hyperactivity/impulsivity and artefact reduction across activation
trials (r = 0.564, p = 0.045).
For neurophysiological changes during CPT performance, only
one signiﬁcant correlation was found between centrally diminished CNV and improvements in FBB-HKS hyperactivity/impulsivity (r = 0.647, p = 0.017). Furthermore the pre-training CNV
amplitude at Cz tended to predict clinical improvement after tNF
training (FBB-HKS total score: r = 0.505, p = 0.078, signiﬁcant for
the inattention subscale: r = 0.641, p = .034) with larger pre-training CNV amplitudes leading to larger behavioural improvements.
For changes in resting EEG during the training, reductions in
FBB-HKS hyperactivity/impulsivity correlated with h/b increases
in the frontal (r = 0.782, p = 0.002), ACC (r = 0.750, p = 0.003)
and central region (r = 0.576, p = 0.040) and with frontal beta decreases (r = 0.624, p = 0.023). Reduced inattention was highly related with theta reductions (frontal: r = 0.652, p = 0.016; central:
r = 0.717, p = 0.006, posterior: r = 0.713, p = 0.006), but also with
ACC (r = 0.580, p = 0.038) and posterior (r = 0.641, p = 0.018) beta
reductions. In supplementary analyses, similar correlations were
found for changes in CPRS global index and in BRIEF metacognition
index (see also Supplementary Table S2). Changes in behavioural
regulation index were only related to changes in posterior theta
activity.
Regarding the main analyses for SCP-speciﬁc associations, no
signiﬁcances were found between SCP learning and changes in
CNV (all p > 0.1). FREQ-speciﬁc correlations between spectral
changes in resting EEG and changes in FREQ performance during
the training revealed no signiﬁcances involving relative scores
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(see also Supplementary Table S3). Reductions in artefacts during
deactivation, however, were related with the increases in resting
h/b (ACC-l: r = 0.765, p = 0.002; frontal: r = 0.752, p = 0.003;
central: r = 0.653, p = 0.016, posterior: r = 0.596, p = 0.032) and
reductions in frontal beta activity (r = 0.668, p = 0.013). Artefact
reductions during activation correlated with central resting theta
reductions (r = 0.572, p = 0.041).
In supplementary analyses, changes in h/b correlated positively
between resting, activation, and deactivation conditions (ACC-l,
frontal and central regions). Frontal (and for activation, also central)
resting beta changes were negatively related to changes in ACC-l-h/
b. Post hoc analyses for the motivating action ﬁlm condition, revealed
no signiﬁcant correlations for Dh (all p > 0.1). However, prominent
negative correlations were found between changes in Db during
deactivation and resting theta (frontal: r = 0.719, p = 0.006, ACCl: r = 0.887, p < 0.001) and beta changes (ACC-l: r = 0.695,
p = 0.008).
4. Discussion
The neurophysiological effects of tNF were investigated focusing on the mechanisms of how learning to control brain activity
in the ACC progresses and affects outcomes in children with ADHD.
To detect speciﬁc effects related to training performance, we examined relations of behavioural and neurophysiological outcome with
individual learning. We found improved ADHD symptoms after
treatment, independent from and without substantial learning to
regulate ACC activity. However, some ACC region-speciﬁc effects
were also found. These include differential regulation over all
SCP trials with basic animation, partial learning (only for one of
two feedback parameters) of differential theta regulation in the
course of the FREQ training, and convergence of resting theta-beta
measures in the course of the training.
As expected, ADHD symptoms were mitigated after tNF training. Improved scores were found for the DSM-IV rating scales of
the FBB-HKS and CPRS and for the teachers’ rated BRIEF. We found
medium to large uncontrolled effect sizes for parental ratings,
which is roughly in line with results from conventional NF and
the within-subject effect sizes reported by Arns et al. (2009). Similar to Gevensleben et al. (2009b), who reported 51.7% of responders, we found 53.8% of responders who improved by at least 25% in
the FBB-HKS total score, which is also in line with previous studies
(Drechsler et al., 2007; Leins et al., 2007). According to teachers’
ratings, overall improvement was smaller but still signiﬁcant, corresponding to other reports (Leins et al., 2007; Bakhshayesh et al.,
2011; Steiner et al., 2011). Regarding objective behavioural measures, the children strongly improved in d2 concentration in line
with previous ﬁndings but probably also reﬂecting some practice
effects (Fuchs et al., 2003; Drechsler et al., 2007; Bakhshayesh
et al., 2011). No change was found for CPT performance despite
typical impairment in reaction time, its intra-subject variability,
and the number of errors (Valko et al., 2009; Doehnert et al.,
2010). With the exception of impulsivity errors, this was in accordance with previous studies (Heinrich et al., 2004; Doehnert et al.,
2010; Bakhshayesh et al., 2011). To sum up, on the behavioural level, the therapeutic effect of tNF appears to be comparable to classical NF treatment.
4.1. Electrophysiological outcome
Instead of the simple central CNV increase reported after classical SCP training (Heinrich et al., 2004; Wangler et al., 2010), our
CNV change was characterized by a different topography, suggesting a right anterior shift of the negativity. Together with a tendency
of increased CNV activity in ACC-z, this might be attributed to in-
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creased cortical excitability in frontal regions reﬂected by a more
mature CNV topography (Valko et al., 2009) during selective preparation. The cue P3b and NoGo P3a, known to be reduced in ADHD
(Fallgatter et al., 2004; Valko et al., 2009; Doehnert et al., 2010),
also increased after training. We interpret this as a sign of improved attention and inhibitory control, despite the lack of direct
relation with clinical improvement.
The resting EEG trajectories revealed that the ACC activity and
frequency distribution were quite stable and characteristic within
subjects, but highly variable between subjects, extending ﬁndings
of ‘‘trait-like’’ individual EEG spectra to estimated ACC activity
(Finelli et al., 2001; van Beijsterveldt and van Baal, 2002). Our bidirectional regulation training explicitly deals with such betweensubject variability by training control in both directions to achieve
different cortical states and attentional levels on demand. For the
resting state, as expected, no overall spectral changes were found
in the course of the training. This result is in line with previous
ﬁndings from a bidirectional FREQ training (Holtmann et al.,
2009). Unlike Gevensleben et al. (2009a), we found no direct link
between spectral changes and behavioural outcome. The individual training trajectories of theta and beta measures, however, were
strongly related to their initial values, which is a novel ﬁnding. Corresponding to reports from Monastra et al. (2002), children with
the largest h/b showed the most pronounced decreases over lessons. This relation was particularly strong for the FREQ parameters
(ACC-l), which points to a speciﬁc tNF effect. Taken together, this
suggests that tNF could help in ‘‘normalising’’ brain activity in a
brain region affected in ADHD.
4.2. Training data of ACC activity
Contrary to our hypothesis, children barely learned to control
their ACC activity through SCP or FREQ training. This contrasts with
studies demonstrating some learning of cortical self-regulation
(Drechsler et al., 2007; Leins et al., 2007; Bakhshayesh et al.,
2011). However, most previous studies did not report training
EEG or even artefact data. Interestingly, children’s feeling of control
was constantly in the positive range of the scale. In addition to
some overestimation typical for ADHD, this may reﬂect their experience of factual artefact control.
4.2.1. Slow cortical potential-related effects
For SCP training, the unexpected ﬁnding that the proportion of
successful SCP trials remained constantly close to 50% indicated
that basically, the children were not capable of increasing the percent time in the rewarded state. Nevertheless, we found evidence
for some control over the amplitude size. For basic animation, trajectories of the ACC-z-MA showed successful differentiation towards the end of the feedback phase. However, this was
preceded by phases with opposite differences, leading to partial
cancellation over the entire 4 s feedback phase. Considering the
continuity of the feedback provided by the ﬂying ball and initial visual ERP deﬂections, which were similar for both conditions, it is
possible that later phases of the trial were better controllable by
the children than early phases.
Using ACC-z tNF, in line with our intention, CNV-like scalp distributions were rewarded (see Fig. 2). In contrast to previous studies which reported learning, particularly for activation during Cz
training, we found no general learning effect over the lessons
(Strehl et al., 2006; Drechsler et al., 2007; Leins et al., 2007). However, the fronto-central distributions of the statistical difference
between activation and deactivation, together with differential effects in our region of training, provide evidence for speciﬁc effects
(e.g. regional speciﬁcity) and the trainability of the ACC using tNF.
This topography cannot simply be explained by general differences
in mental states. Furthermore, reductions in artefacts and ampli-

tude variability indicate that whatever the children were doing,
they were doing it increasingly reliably.
Contrary to our hypothesis, no relation was found between
learning for ACC-SCP activation and CNV changes and there was
also no association with behavioural outcome. These ﬁndings render it unlikely that aspects of learnt ACC-SCP regulation were
responsible for training outcome in this study, although the shift
of the CNV suggested at least a secondary effect of the ACC training.
On the other hand, the pre-training CNV amplitude had a predictive value for clinical improvement. This replicates the ﬁndings
of Wangler et al. (2010), and conﬁrms that our tNF training was
comparable to theirs not only in terms of clinical outcome, but also
in terms of drawing upon similar CNV-speciﬁc neural mechanisms.
4.2.2. Theta-beta-related effects
For FREQ training, the overall training success was unexpectedly low, and often even below chance level. We suspect some link
between theta and beta activity in the ACC, which makes it difﬁcult
to simultaneously regulate them in opposite directions. Additionally, we believe that some animations may have adversely affected
the frequency content of the brain activity. Thus, results for feedback demonstrations for which activation and deactivation trials
were not matched for animation (e.g. contingent feedback all animations, transfer) have to be interpreted with caution. However, different (rather than low) base levels should not have prevented
learning over the lessons. Despite some differential learning effect
for theta activity, there was no increase in score for either the activation or the deactivation condition. This mainly reﬂects the lack of
any substantial change in beta activity. The low reward proportion
from the very outset may have been unfavourable for the children’s
motivation and learning. This could be improved by rewarding not
only the conjunction of directional theta and beta changes, but
some measure more similar to a conventional theta/beta ratio
training (Kropotov et al., 2005; Leins et al., 2007). Nevertheless,
the constant mood and positive well-being scores indicated that
the children did not become increasingly frustrated during the
training.
Paralleling our ﬁndings for SCP training, correlation analyses for
FREQ learning revealed no evidence for speciﬁc effects. The ﬁnding
that h/b changes correlated among activation, deactivation, and resting conditions indicates that any systematic EEG change simultaneously occurred in all conditions. Together with the lack of any
relation with the relative score, this contradicts training-speciﬁc
effects.
Like Gevensleben et al. (2009a), we noted some positive relations between improvements in cognitive regulation and decreases
in resting theta activity in the course of the training. That children
who systematically increased their h/b during training were also
rated as less hyperactive and impulsive in daily situations by the
parents, may not be contrary to previous ﬁndings (Doehnert
et al., 2008; Gevensleben et al., 2009a) as the relation mainly held
for relaxing situations (deactivation, resting EEG). Except for the
artefact-prone feedback through ‘‘action ﬁlm’’, there was no direct
correlation between artefact reduction (during activation) and mitigated hyperactivity/impulsivity. However, increases in resting h/b
also correlated with artefact reduction (for FREQ deactivation),
suggesting a mediating role of h/b. Clinical improvement may thus
not be a direct consequence of behavioural artefact control, but
rather be mediated by central neurophysiological changes. Nevertheless, the lack of correlation with FREQ learning may also indicate unspeciﬁc effects of the whole treatment.
4.3. Artefacts and feedback demonstration – important issues in
neurofeedback
The artefacts became remarkably reduced in the course of the
tNF training. This shows that through proper online feedback, chil-
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dren with ADHD can learn to sit still and more relaxed, causing fewer body movements and EMG artefacts. Transferred to
daily situations, this behavioural change is already of clinical
relevance.
The fact that differential effects for ACC-z activity were limited
to the basic animation indicates that variation among animations or
action on the screen (e.g. ﬁlms) might interfere with the learning
process and may compromise measures of self-regulation. We
hypothesize that watching the (more interesting) ﬁlms induced
additional brain activity making the control of cortical regulation
more difﬁcult. Compared to the thresholds derived from a resting
condition (baseline), ﬁlm-induced changes in brain activity were
probably highly counterproductive for deactivation, which could
explain the small mean relative score. Considering basic animation,
the lower mean success across activation than deactivation trials
can be similarly explained.
Taken together, these results also illustrate the impact of animation- and task-induced artefacts and brain activity, especially
during baseline recording. It also points to the importance of proper handling and online feedback of artefacts (Fatourechi et al.,
2007). Insufﬁcient artefact control might erroneously lead to differential effects in the training parameter, and might have been
an issue in previous studies.
4.4. Tomographic neurofeedback and its applicability
That children remained motivated throughout the rather lengthy
training represents an important achievement given that boredominduced effects like CNV deterioration can be a major problem
(Doehnert et al., 2008). It is also prerequisite for learning. We attribute this positive result to the consequent use of a token system
and the diversiﬁed training including varying protocols, feedback
modes, and animations, which made the training attractive for the
children. These ﬁndings indicate that the tNF approach, despite its
demanding setting, is feasible in children, even in a clinical
population.
The question remains why there was no substantial learning
for the trained ACC parameters. One reason might be that our
mixed protocol interfered with learning, particularly in the dysfunctional ACC of individuals with ADHD. Thus, the lack of learning ACC control in this group of children should not be
interpreted as a failure to ﬁnd evidence for the EEG-based tNF.
Technical tNF problems may also have contributed, like low signal-to-noise ratio (for sLORETA) plus uncertainties about the inverse solution and the head model, which might be addressed
in future studies by spatial ﬁlter and PCA approaches (Congedo,
2006). In our experience, the ICA based eye-artefact correction
worked successfully if the resting EEG for ICA was of high quality.
Despite using active electrodes requiring less skin preparation,
the multichannel montage was still time-consuming and needs
further improvement.
Like other researchers, we consider successful learning of voluntary cortical regulation import to demonstrate speciﬁcity of
any NF (Congedo et al., 2004; Gruzelier et al., 2006; Leins et al.,
2007; Bakhshayesh et al., 2011; Drechsler, 2011). However, single
trial data may not always provide sufﬁciently robust information
about the actual brain activity of individuals. During SCP training,
characteristic but differential prestimulus activity was found preceding successful activation and deactivation trials (Fig. 2C). This
unexpected ﬁnding might indicate that success mainly depended
on what was going on immediately before the trial and that the
actual attempt to voluntarily change the brain activity played
only a secondary role. Further efforts are needed to extract brain
activity by controlling or compensating for interfering signals.
Non-neuronal artefacts (EOG, EMG), noise from artefact-prone
EEG sites and the limited spatial resolution remain common
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problems of EEG biofeedback (Congedo et al., 2004, 2006). What
may appear as EEG changes due to active cortical regulation
may instead be induced by eye movements, muscle contractions,
or respiration. The fact that successful learning of artefact reduction, however, was not accompanied by systematic changes in the
trained EEG parameters proves that we were successful in controlling for artefact-mediated or apparent changes in brain
activity.
To summarise, there is still room for improvement and further
research is needed before recommending tNF for improved spatial
speciﬁcity (Pascual-Marqui, 2002). Still, even without tomography
full-scalp montages allow better control and correction of artefacts, such as eye or body movement, muscle activity, and technical artefacts, which remain a serious problem in any real-time
feedback process (Birbaumer et al., 1990; Kotchoubey et al.,
1997; Congedo, 2006; Fatourechi et al., 2007; Heinrich et al.,
2007; Shackman et al., 2009; McMenamin et al., 2010; Zhang
et al., 2011). In any case, for clinical practice, it needs to be considered that such a demanding setting requires highly experienced therapists.
4.5. Limitations
This study is limited by the small sample size and the lack of
substantial learning of ACC regulation. However, this does not affect the general conclusions. The group was sufﬁciently large to
demonstrate artefact reduction learning. Together with the fact
that at most one subject had learned any ACC regulation, it is not
realistic to expect essential learning in a larger sample using the
identical protocol.
The fact that we were barely able to ﬁnd any correlation between learnt regulation and outcome might at least partly be due
to the combined protocol with alternating SCP and FREQ lessons.
Findings of speciﬁc associations between neurophysiological
changes and behavioural outcome may be limited to the respective
training block using a particular protocol, and not detectable
after the entire training of both protocols (Gevensleben et al.,
2009a). However, as our study did not use such extended
blocks of a particular protocol, it seems unlikely that speciﬁc patterns disappear already after a single training unit with another
protocol.
The alternating design does not allow direct comparison between the SCP and FREQ protocol, and may have interfered with
learning due to confusion between strategies. Still, the NF-typical
clinical beneﬁts suggest that the main outcomes were not compromised, and increasing artefact control demonstrated some learning
across protocols.
The uncontrolled pre-post-results limited to tNF training also
limit interpretation of the effects. Although the twelve week re-test
interval was rather long, practice effects or confounding variables
will be investigated next by comparing with a control group. Nevertheless, there are clear indications for some speciﬁc effects. Concerning the FBB-HKS, for example, the clinical improvements after
tNF training resembled the improvements of other NF groups and
were larger than for control treatments (Drechsler et al., 2007;
Gevensleben et al., 2009b) or waiting-list groups (Heinrich et al.,
2004). In addition, the intercorrelations between the variance of
behavioural outcome and changes during training and resting state
can also indicate speciﬁc effects of tNF.
Finally, it should be mentioned that our SCP training results
might be critically inﬂuenced by the high-pass ﬁlter of 0.1 Hz used
for both training protocols. We suspect that compared to standard
SCP ﬁlters (0.01–30 Hz; Heinrich et al., 2004), our ﬁltering removed
slow wave artefacts but also compromised the intended CNV-like
SCP components. This might also explain the early zero-crossings
of our SCP trajectories.
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4.6. Conclusion
Successful tNF treatment improved clinical symptoms in children with ADHD and induced some differential although not
improving ACC modulation. This indicates that tNF basically allows
to directly target a brain region with functional impairments. Nevertheless, clinical improvements were largely due to unspeciﬁc or
secondary tNF effects, independent of learning to control ACC
activity. This may mainly reﬂect limitations of our alternating protocol interfering with learning ACC control which by itself may be
particularly difﬁcult for children with ADHD. Artefact reduction
indirectly contributed to clinical improvement, as the relation appeared mediated by neurophysiological changes. Learning to control artefacts appears to reﬂect an underestimated factor in NF.
Taken together, this investigation provides the basis for a better
understanding of NF mechanisms and for optimising tNF treatment
for ADHD. To clarify further aspects of speciﬁcity of this treatment,
different regions of training should be compared. Further, tNF must
be compared to other treatments controlling for unspeciﬁc aspects
of the training, such as the EMG biofeedback control condition of
this study (ongoing analysis, to be presented elsewhere).
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