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CHAPTER 27

Validating the efficacy of neurofeedback for
optimising performance
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Abstract: The field of neurofeedback training has largely proceeded without validation. Here we review our
studies directed at validating SMR, beta and alpha–theta protocols for improving attention, memory,
mood and music and dance performance in healthy participants. Important benefits were demonstrable
with cognitive and neurophysiological measures which were predicted on the basis of regression models of
learning. These are initial steps in providing a much needed scientific basis to neurofeedback, but much
remains to be done.
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Introduction

In this review of validation studies of EEG-
biofeedback (neurofeedback), the primary focus
will be on the training of activity in the 12–14Hz
band, which is coincidental with the sen-
sorimotor rhythm (SMR), and the adjacent beta
band (15–20Hz). This focus is in recognition of
Pfurtscheller’s pioneering research in elucidating
the behavioural significance of beta activity, SMR
in particular, and putting it on the map in cogni-
tive neuroscience (Pfurtscheller and Lopes da
Silva, 1999).

In the EEG-neurofeedback field, the pioneering
research on beta activity began with Sterman’s
operant conditioning studies with cats (see Ster-

man, 1996 for review). In cats during learned sup-
pression of a bar press for food (the previously
conditioned response), a particular brain rhythm
emerged over the sensorimotor cortex with a
frequency range of 12–20Hz and with a spectral
peak of 12–14Hz.The researchers successfully
trained the cats to produce this ‘SMR’ through
instrumental learning, by making a food reward
contingent on the occurrence of SMR bursts
(Wyrwicka and Sterman, 1968; Sterman et al.,
1969). The associated behaviour was one of still-
ness, with SMR bursts regularly preceded by a
drop in muscle tone. Subsequently, when the same
cats participated in experiments to establish
dose–response functions of a highly epileptogenic
rocket fuel, they displayed elevated epileptic
seizure thresholds compared with untrained cats.
Importantly, the research was successfully extrap-
olated to humans, showing that epileptic motor�Corresponding author. E-mail: j.gruzelier@gold.ac.uk
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seizure incidence could be lowered significantly by
SMR feedback training (Sterman and Friar, 1972;
Sterman et al., 1974; Sterman and MacDonald,
1978; Lantz and Sterman, 1988;Sterman, 2000).

This apparent quieting effect of SMR training
on the excitability of the sensorimotor system in-
spired Lubar and co-workers to apply a protocol
of SMR enhancement to the treatment of attention
deficit hyperactivity disorder (ADHD) (Lubar and
Shouse, 1976). In the ADHD field, this SMR pro-
tocol has often been used with the one that trains
increments in higher components, such as the beta1
band (15–18Hz), along with suppression of theta
activity. Beta activity has often been associated
with states of high alertness, concentration and
focused attention (e.g. Gomez et al., 1998; Vazquez
Marrufo et al., 2001; Kristeva-Feige et al., 2002).
The low levels of beta produced by children with
ADHD (Clarke et al., 1998, 2001; Monastra et al.,
1999) are thought to have a detrimental effect on
their ability to focus and concentrate. Training
beta activity may also benefit those children suffer-
ing predominantly from problems of inattention
and/or low arousal and not hyperactivity.

It was cogently hypothesised (Lubar and
Shouse, 1976; Shouse and Lubar, 1979; Lubar
and Lubar, 1984) that voluntary production of the
SMR in the ADHD child would reduce hyperac-
tive/impulsive behaviours whilst simultaneously
improving attentional capabilities. Attentional
abilities may also be enhanced by training low
beta activity. To date, there have only been a
handful of controlled studies demonstrating a va-
riety of beneficial effects for ADHD (Linden et al.,
1996; Thompson and Thompson, 1998; Monastra
et al., 2001; Fuchs et al., 2003, and see for review
Monastra et al., 2005). Because of a lack of large-
scale randomised controlled studies, insufficient
evidence exists at this time to support conclusively
the effectiveness of EEG biofeedback for ADHD
children. Notwithstanding, the studies to date
have provided more than suggestive evidence for
neurofeedback’s potential for enhancing attention
in clinical groups, and as we will now document,
for improving attentional abilities in healthy peo-
ple. Furthermore, evidence of validation of neuro-
feedback for enhancing a range of psychological
processes is beginning to emerge.

Validation of the influence of neurofeedback

training on attention in healthy participants

Most previous studies that have attempted to por-
tray any association between EEG parameters and
behavioural-dependent measures have done so by
merely documenting some kind of post-training
EEG changes that were presumably related to the
actual training process, and further presumably
related to behavioural performance changes (e.g.
Tansey and Bruner, 1983; Lubar and Lubar, 1984;
Tansey, 1993; Monastra et al., 2001;). However, in
none of these studies have the corresponding cor-
relation statistics been reported. Although at-
tempts to formulate learning success on the basis
of in-training EEG measures have been made in
order to classify trainee participants as learners or
non-learners (Shouse and Lubar, 1979; Lubar
et al., 1995; Rasey et al., 1996), these stopped
short of directly correlating learning indices with
changes in outcome measures, be they behavioural
or electrophysiological. Arguably, the earliest case
study reports by Lubar and Shouse (1976) came
closest to specifically documenting the purported
link between fulfilling feedback learning criteria
and changes in dependent measures, but their re-
sults were of a descriptive nature and the implica-
tions were further hampered by a small number of
subjects.

Accordingly, studies with ADHD children,
though important, had not established a direct as-
sociation between the ability to learn to enhance
the desired frequency band in the EEG and the
improvement in behaviour and cognition. Egner
and Gruzelier set out to explore whether similar
cognitive improvements could be achieved through
training with the neurofeedback protocols, and
whether improvements in attention could be pre-
dicted on the basis of regression models of indices
of learning ability to increase relative and absolute
SMR and beta1 amplitudes within each session.
This would provide necessary validation of the
effects on attention of these training protocols,
and support the assumption that enhancing SMR
over sensorimotor cortex will reduce the impulsive
behaviour characteristic of ADHD, and the
assumption that enhancing beta1 activity will im-
prove sustained attention.
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In the first study (Egner and Gruzelier, 2001),
conservatoire students were trained on an atten-
tion-targeting SMR(C4)/beta1(C3) neurofeedback
protocol involving ten 15-min sessions of both
SMR and beta training. The assessment of atten-
tion was carried out employing a computerised
continuous performance test (CPT) displaying two
classes of stimuli: ‘‘targets’’ which required the
participant to respond as quickly and accurately as
possible by pushing a response switch, and ‘‘non-
targets’’ which required the participant to refrain
from responding. This task has been widely used in
ADHD research (Monastra et al., 2005). Two
types of errors can be made on such a task: errors
of omission by failing to respond to a target stim-
ulus, and errors of commission by erroneously re-
sponding to a non-target stimulus. These errors
are held to reflect inattentiveness and impulsive-
ness, respectively. A further attention measure has
been derived from signal detection theory (Green
and Swets, 1966), and termed ‘‘perceptual sensi-
tivity’’ or ‘‘d prime’’ (d0). This takes into account
both error types by expressing a ratio of hit rate to
false alarm rate.

From the emergent data, it was established that
ten training sessions of both SMR and beta ne-
urofeedback led to a significant reduction in com-
mission errors as compared with measures taken
prior to training. When exploring the link between
the process of learned EEG self-regulation and the
reduction in impulsive mistakes, it was found that
the relative success at enhancing the SMR was
highly positively correlated with reduced commis-
sion errors. This means that participants who did
well on the SMR feedback task were the ones who
most reduced their impulsive mistakes after train-
ing. These findings support the notion that learned
SMR enhancement is associated with improved
response inhibition, and they constitute the first
evidence for cognitive performance enhancement
through neurofeedback in healthy volunteers. The
results are shown in Fig. 1.

The attention-enhancing potential of beta1 ne-
urofeedback was also corroborated by electro-
cortical performance measures related to selective
attention processes, results shown in Fig. 2. Beta1
training was associated with increments in the
P300b event-related brain potential on a task

that required active monitoring and detection of
auditory target stimuli. Specifically responses to
target stimuli increased significantly at frontal,
central and parietal locations. The P300b has been
conceptualised as representing activity in neuronal
sources responsible for updating relevant stimulus
environment information in working memory
(Donchin and Coles, 1988). Of critical theoretical
importance was the finding that both SMR and
beta learning correlated positively with the P300b
increases.

In a second study (Egner and Gruzelier, 2004),
the main results were replicated using separate
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Fig. 1. Pre- to post-training change scores for errors of omis-

sion and commission (top panel) and regression line of best fit

for the correlation between SMR learning index and commis-

sion error reduction (bottom panel).
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groups of conservatoire students for SMR and
beta1 training and compared with a control group.
Effects were again measured with a CPT and also
a more complex divided attention task. Here
stronger effects were demonstrated with the more
complex divided attention task. SMR training
benefited omission errors and reduced reaction
time variability, while the d0 measure improved on
both tasks. Beta1 training was followed by reduced
reaction times on the less complex CPT, and as in
the earlier study there were larger P300b ampli-
tudes, especially at central and parietal placements
and in keeping with the posterior scalp distribu-
tion of the P300b, as before.

In a third study (Vernon et al., 2003), students
were randomised to one of three groups: SMR
training while inhibiting theta and beta (18–22Hz),
eyes open theta training while inhibiting delta and
alpha, and a non-training control group. There
were eight sessions with a Cz electrode placement.
The effect of training was compared on a CPT
with a two- or three-digit sequence target, which
varied the memory load, and on a semantic work-
ing memory task with words presented in semantic
clusters or randomly. There was clear evidence of
operant control over the SMR, but participants
were unable to achieve this with eyes open theta
training. In the two-digit CPT with SMR training,
there were highly significant reductions in both er-
rors of omission and commission, which were not
observed in the other groups, results shown in
Fig. 3. But there was no advantage to SMR train-
ing with the three-digit task. More robust effects
were found with the semantic working memory
task in favour of SMR training. As shown in
Fig. 4, improvements of the order of 10% were
found with both clustered and unclustered recall
with only eight sessions of training.

Together the results of these three experiments
have significance for the treatment of ADHD.
There was some evidence in all three experiments
that impulsive errors on CPT tasks may be reduced
following SMR training. Omission errors also bene-
fited, along with an increase in perceptual sensitivity
(d0). Furthermore, improvements in attention in
conservatoire students could be predicted on the
basis of regression models of indices of learning
ability to increase relative and absolute SMR and
beta1 amplitudes within each session. In addition,
the increments in SMR and beta1 activity could
predict the increases in P300b amplitude. This val-
idation of the effects on attention of these training
protocols widely used with ADHD children had not
been previously demonstrated. The results support
the assumption that enhancing SMR over sensori-
motor cortex will reduce the impulsive behaviour
characteristic of ADHD, and together with beta1
training will improve focused attention.

We have an ongoing controlled study compar-
ing SMR and beta training in children with
ADHD who were randomly assigned to neuro-
feedback or to a computerised attention test. A
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preliminary analysis of the first 16 participants on
measures of attention has provided suggestive
results favouring neurofeedback (Batty et al.,
2005). The neurofeedback schedule consisted of
15 sessions of SMR training followed by 15

sessions of beta training, both with suppression
of theta activity. At the time of the preliminary
analysis, seven children had received neurofeed-
back and nine attention training. Advantages for
neurofeedback over attention training were found
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with the dependent variables of errors of omission
on the same CPT task used with students, and
accuracy on an attention network test. The latter
result was interpreted as indexing improved focus-
sing attention through the processes of orienting
and the selection of information.

Most recently Hanslmayr et al. (2005) exam-
ined in normal volunteers the efficacy on mental
rotation performance of training a 2Hz upper
alpha band, which overlaps with the ‘‘SMR’’
band, and on a different trial inhibiting a 2Hz
theta band. Bands were individually adjusted ac-
cording to the EEG spectrum recorded in a resting
state with eyes closed. Subjects were classified into
two groups: nine subjects who increased their up-
per alpha power (N ¼ 9, responders) and those
who decreased it (N ¼ 10, non-responders). Only
one training session was given. Responders im-
proved in their mental rotation performance, and
a positive correlation was found between the de-
gree of alpha enhancement and the improvement
in mental rotation performance. Furthermore, in
the trial intervals preceding mental rotation, they
showed an increase in upper alpha power in keep-
ing with relations between upper alpha activity
and cognition (Klimesch et al., 2003).

Before considering further the implications of
these results, our work in validating a slow wave
training protocol and its effects on performance
will be briefly outlined, not the least because com-
parisons were made with SMR and beta training.

Validation of alpha–theta training

This involves increasing the ratio between theta
(4–8Hz) and the usually more dominant alpha
activity (8–12Hz) in a state of eyes-closed relax-
ation. It is a widely used clinical and peak per-
formance protocol. Origins lie with the first ever
application of neurofeedback training by Kamiya
(1962), which involved alpha training. This was
reported to be relaxing and peaceful, and while
initial attempts met with mixed success (Brown,
1970; Budzynski and Stoyva, 1972; Lynch et al.,
1974; Pressner and Savitsky, 1977; Hardt and
Kamiya, 1978; Plotkin and Rice, 1981), subse-
quently an alpha/theta neurofeedback protocol

producing an hypnogogic state was developed
to alleviate anxiety associated with alcoholism
(Peniston and Kulkosky, 1989, 1990; Saxby and
Peniston, 1995), and post-traumatic stress disorder
(PTSD; Peniston and Kulkosky, 1991). This pro-
tocol has recently been successfully used with
crack and cocaine misuse (Scott et al, 2005). We
conducted a series of studies to establish the
necessary evidence of operant control over the al-
pha/theta ratio, to establish its ecological validity
for performance enhancement and benefits for
well-being. Additional implications for this review
include comparisons made with SMR and beta
training.

In the first study, conservatoire students were
randomly assigned to a mixed course of beta1/
SMR and alpha/theta training, to a no-training
control group, or to the neurofeedback protocols
combined with mental skills training and aerobics
(Gruzelier et al., 2002; Egner and Gruzelier, 2003).
Improvements in performance were found in the
neurofeedback-only group, but not in the neuro-
feedback group engaging in additional interven-
tions, nor in the no-training control group. The
neurofeedback group improved most markedly on
ratings of overall quality of performance and of
their musicality and creativity.

Importantly, it was an alpha/theta training
learning index, reflecting increasing ease at raising
theta over alpha activity across the training proc-
ess that correlated highly positively with music
performance improvements. The SMR and beta
protocols were unrelated. The benefits could not
be attributed to a reduction in pre-performance
state anxiety, for anxiety was successfully reduced
in all groups. These findings supplied evidence for
a potential benefit of training the alpha–theta ratio
on a highly ecologically valid music performance
measure.

In a constructive replication participants were
randomly allocated to one of six groups: an alpha/
theta, SMR or beta1 neurofeedback training
group, a physical exercise program, a mental skills
training program or the Alexander technique, an
established tool for improving performance in mu-
sic conservatories worldwide. Music performance
was assessed by ratings from expert judges blind
to the experimental conditions, as before, and
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confirmed that it was the alpha/theta group that
displayed significant improvements. Neither the
SMR nor the beta group exhibited any post-
training performance changes. Similarly, students
from the Alexander technique, physical exercise
and mental skills training groups showed no post-
training changes. The results are shown in Fig. 5.
Thus, the alpha/theta protocol’s performance-
enhancing effects proved to be replicable, particu-
larly with respect to parameters on the ‘‘musicality’’
and other artistic evaluation categories including
interpretative imagination, i.e. imagination in per-
formance in interpretation of the score, in other
words creativity. Thus, the alpha/theta training led
to improvements on attributes of creativity and ar-
tistic expression as opposed to technical skills. It is
noteworthy that individual participants displayed
improvements of over 50% on some evaluation
criteria while the average improvements were
equivalent to two academic grades within the con-
servatory assessment system. The effects clearly
were of professional significance.

These results suggest that alpha/theta training
appears reliably to enhance artistic aspects of mu-
sical performance skills, independently of training

on SMR and beta protocols, and that these effects
are superior to the other interventions in this
respect. As in the first study, all groups reported
significantly less pre-performance anxiety prior to
the post-training performance, with no differences
between groups, so that the benefits could not be
attributed to stress reduction. Furthermore, the
fact that music performance quality changes were
not related to SMR and beta1 learning suggests
that improvements were not mediated by atten-
tion-related variables.

Subsequently, the performance-enhancing ef-
fects were extended to competitive dance perform-
ance with a university ballroom and Latin dance
team (Raymond et al., 2005a). In a small-scale
study (N ¼ 24), dance performance benefited over-
all, and in particular timing. Interestingly, dance
performance also benefited from heart rate varia-
bility coherence training with particular influence
on dance technique. Again the benefits were of
professional significance and occurred in only 5
weeks of training, while a non-intervention control
group did not improve over this period, although
their practice diaries disclosed that they practiced
more.

Fig. 5. Neurofeedback and music performance. Mean change scores (7SEM) for the physical exercise (Exc), mental skills training

(MST), alpha/theta (A/T), SMR (SMR), beta1 (Beta1) and Alexander technique (Alex) groups on a 10-point rating scale of musical

evaluation criteria. The a/t group displays musical improvements in overall quality (+14.4%), musical understanding (+16.4%),

stylistic accuracy (+13.5%) and interpretative imagination (+17%).
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In order to explore possible benefits for well-
being socially anxious and withdrawn students
were randomised to alpha/theta training or to
mock training where feedback was non-contingent
(Raymond et al., 2005b), a strategy used previ-
ously in Egner et al. (2002). Advantages for the
contingent feedback group were reported on self-
ratings of composure, agreeableness, elevated
mood, confidence and energy. There was a 25%
improvement in mood overall, whereas the control
non-contingent feedback group showed improve-
ments in composure but coupled with less energy.

Implications of validation for training

With SMR, beta1 and alpha/theta training proto-
cols, the principle strategy was accomplished of
revealing a possible causal link between neuro-
feedback training and dependent measure changes.
Considering first SMR training, both behavioural
and neurophysiological changes were related to an
index that reflected relative success at satisfying
the operant feedback contingencies directly. But a
more critical achievement was that learning indices
were capable of predicting both the cognitive im-
provements in attention and the neurophysiolog-
ical enhancement of the P300b response. SMR
training did disclose benefits for both impulsive
and inattentive aspects of attention performance.
In fact when the two aspects were combined in the
d0 metric, perceptual sensitivity was enhanced fol-
lowing SMR training in both studies and across
visual and auditory sensory modalities. In sum,
both formulation and assessment of meaningful
neurofeedback performance-based predictors of
the dependent measures were demonstrated.

In terms of the neurophysiological processes
underlying the improvements in attention, our
studies provide support for Sterman’s (1996) pro-
posal that there is decreased somatosensory and
motor interference in cognitive processing as a re-
sult of SMR training, such that in ADHD it is the
hyperactivity that disrupts attention, learning and
memory. Thus, the putative improved regulation
of sensorimotor/somatosensory pathways reduces
processing interference from irrelevant stimuli and
so facilitates the cognitive integration of the task-

relevant stimuli. This was demonstrated in both
the behavioural and neurophysiological tasks. For
a more recent review of the neurophysiology see
Sterman (2000).

Turning to beta1 training, in keeping with tra-
ditional notions of its association with generic
cortical activation, and hence its application to
cortically under-aroused ADHD children and
adults, commission error reduction was negatively
correlated with learning (Egner and Gruzelier,
2003), shorter reaction times (Egner and Gruzelier,
2004) and in both reports increased P300b ampli-
tudes. These combined effects are compatible with
an increase in the background cortical arousal in
keeping with the proposal of raising cortical exci-
tation in under-aroused AD/HD children.

With alpha/theta training again correlations
were found between learning indices and degree
of performance improvement. We have provided
the necessary evidence for operant control of the
alpha/theta ratio, and the first evidence of the effi-
cacy of the alpha–theta protocol as a sole inter-
vention. An explanation for the alpha–theta effects
based on generic relaxation can be discounted on
the grounds that alpha/theta training was not as-
sociated with a greater decrease in pre-perform-
ance anxiety than that seen in other groups (see
also Egner et al., 2002). In considering how alpha/
theta training achieves these remarkable effects, it
has been proposed that the advantages for the
slower rhythms in long-distance connectivity in the
brain facilitates memory associations together with
sensory–motor integration (Gruzelier and Egner,
2004; Gruzelier, 2006).

Along with the outcome of SMR and beta1
training, the alpha/theta effects cannot be ac-
counted for by invoking practice, motivational or
generic neurofeedback factors. Germaine to this
were the opposite effects on attention that were
found with SMR and beta1 training. SMR
enhancement had the positive effects and beta1
enhancements the negative effects on impulsive
response tendencies. This provides evidence of
protocol specificity. The demonstration of proto-
col specificity also counters scepticism about ne-
urofeedback being attributable to non-specific
factors such as therapist contact or motivation.
It also questions unitary theories of neurofeedback
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efficacy based on thalamocortical regulation and
positing interchangeability of protocols. In other
words, the notion that all that is important in the
learning of self-regulation of the EEG is the band-
width chosen is arbitrary and is not supported by
our findings that SMR and beta1 training had
opposite effects on impulsivity.

But most importantly our validation places
SMR and beta1 training on a firmer footing in
applications to ADHD in children and adults,
while the improvement in semantic memory have
implications for neurorehabilitation and address-
ing the ageing process in the elderly. The outcome
of the alpha/theta training effects with music stu-
dents confirmed a significantly beneficial effect on
a highly ecologically valid and pedagogically rel-
evant performance measure, while the size of the
performance improvements in music and dance
implies great potential for the implementation of
this application in the performing arts, and studies
are underway to extend the applications for music
and dance.

It is perhaps remarkable that the benefits with
neurofeedback training were achieved by only 10
sessions of training, and certainly clinical samples
will require longer training. The next steps in the
validation process will be to duplicate these studies
in clinical groups and in the case of AD/HD in the
inattentive, hyperactive and combined subtypes, as
in our ongoing study (Batty et al., 2005). Can this
efficacy be measured not only by clinical outcome
but also with neurocognitive measures such as
those outlined here? Do neurofeedback learning
indices predict efficacy? At a theoretical level
determination of the exact nature of the cognitive
impairment is required, while at a methodological
level there are numerous issues to be clarified such
as training schedules, session length frequency
and number, electrode placements and reward and
inhibit bands. Furthermore, larger studies are
warranted to examine whether the SMR protocol
will be effective for the hyperactive subtype, and
the beta1 protocol be effective for the inatten-
tive subtype, and will both protocols be effective
for the combined subtype? Questions such as,
does one train on the basis of clinical diagnosis or
EEG-based diagnosis need eventually to be ad-
dressed.

In conclusion, despite the validation work re-
ported here much remains to be done to provide a
scientific basis for biofeedback with the EEG spec-
trum. The monitoring of whole-scalp EEG and
fMRI changes within each SMR, beta and al-
pha–theta training session would also be of inter-
est. Can our enhancement of attention and
memory demonstrated in healthy subjects be ex-
tended to clinical groups? What are long-term in-
fluences on the EEG that accompany the cognitive
improvements? Elucidation of the origin of the
theta activity generated during alpha–theta train-
ing and the way in which the training may affect
frontal beta band and metabolic activity is a high
priority (Egner et al., 2004). The remarkable en-
hancement of artistic aspects of performance by
alpha–theta training warrants application to the
performing arts in general.

Of more immediate practical concern are the
questions of who is most likely to benefit from the
training and how to optimise the nature and du-
ration of the training. These issues are at the
present moment unresolved but under active in-
vestigation. Psychometric testing could possibly
allow one to determine personality trait predictors
of likely responsiveness to both SMR/beta and al-
pha/theta neurofeedback and successful perform-
ance enhancement (Hardman et al., 1997). The
practical details of session length, schedule length,
reward contingencies and electrode placements re-
quire controlled investigation.

Final, and crucial relevance of applying neuro-
feedback hinges decidedly on its potential to evoke
long-term effects. The research to date does not
permit any inferences regarding this important as-
pect with respect to alpha/theta training. All post-
training music performance measures were taken
within a time-span of maximally 4 weeks after the
last training session. Regarding SMR and beta
training in AD/DH children, there is suggestive
evidence of long-term efficacy (Monastra et al.,
2005). In the future, studies that involve regular
follow-up assessments over a longer interval will
have to be conducted in order to determine
whether the costs of neurofeedback training both
in terms of time and money as a clinical and per-
formance enhancement tool are justified by long-
term returns.
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