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Abstract 

Background: The efficacy of surface electroencephalographic neurofeedback (EEG‑NF) for improving attentional perfor‑
mance assessed by laboratory measures in patients with attention‑deficit/hyperactivity disorder (ADHD) remains unclear.

Methods: Following the PRISMA guidelines, the PubMed, Embase, ClinicalKey, Cochrane CENTRAL, ScienceDirect, 
Web of Science, and ClinicalTrials.gov databases were systematically searched for randomized controlled trials on the 
efficacy of surface EEG‑NF against ADHD focusing on attentional performance evaluated by laboratory measures from 
inception to January 2022.

Results: Fourteen eligible studies were analyzed. Of the 718 participants involved, 429 diagnosed with ADHD 
received EEG‑NF treatment. Significant improvement in attentional performance in ADHD subjects receiving EEG‑NF 
was noted compared to their comparators (p < 0.01). Besides, there was a significant EEG‑NF‑associated beneficial 
effect on sustained attention (Hedges’ g = 0.32, p < 0.01), whereas the impact on selective attention (p = 0.57) and 
working memory (p = 0.59) was limited. Moreover, protocol including beta wave enhancement was superior to that 
only focusing on reducing theta/beta ratio or modulation of slow cortical potential. Subgroup analyses showed that 
three sessions per week of EEG‑NF produced the best effect, while the efficacy of surface EEG‑NF was much poorer 
(Hedges’ g = 0.05) when only studies that blinded their participants from knowledge of treatment allocation were 
included. No significant difference was noted in the improvement of attentional performance 6–12 months after EEG‑
NF intervention (n = 3, p = 0.42).
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Conclusions: Our results demonstrated the satisfactory effectiveness of surface EEG‑NF for improving sustained 
attention, especially when beta wave enhancement was included, despite its failure to sustain a long‑term effect. 
Further large‑scale trials are warranted to support our findings.

Keywords: Biofeedback, Neurocognitive tests, Attentional performance, Informant bias

Background
Attention-deficit/hyperactivity disorder (ADHD), which 
is characterized by symptoms of inattention and/or 
hyperactivity/impulsivity, is one of the most common 
neurodevelopmental disorders in children and ado-
lescents [1]. Despite the reported efficacy of pharma-
cological interventions  in a number of meta-analyses 
and reviews [2], parents of children with ADHD still 
frequently seek alternative treatments due to concerns 
about medication-related side effects [3]. Electroenceph-
alographic neurofeedback (EEG-NF), which has been 
shown to be a promising alternative therapeutic option 
for symptoms of ADHD in previous randomized con-
trolled trials (RCTs) and meta-analyses [4, 5], is a kind of 
biofeedback involving self-regulation of brain activity by 
providing an audio/visual feedback signal in response to 
the measured brain waves [6].

However, although previous evidence seemed to sup-
port the therapeutic effectiveness of EEG-NF for the 
symptoms of ADHD [6, 7], the treatment effect of EEG-
NF was mostly evaluated with behavioral rating scales 
and only a few RCTs provided laboratory measures 
of attentional performance [6, 7]. While the former is 
rated by most proximal (i.e., parents) and/or possibly 
blind (e.g., teachers) evaluators, the latter involves com-
puterized or paper neurocognitive tests as an objective 
assessment of the patient’s clinical condition [8]. Based 
on behavioral rating scales, the majority of previous 
meta-analytical studies [5, 7, 9–13] demonstrated posi-
tive treatment effects from the most-proximal evalua-
tors, while the results from possibly blinded evaluators 
were inconsistent [5, 7, 9–13]. In contrast, an objective 
or computerized performance test may be less suscep-
tible to informant bias [14] despite the lack of tangible 
evidence to support this proposal. In addition, instead of 
being a simple definition, the concept of attention is too 
complex [15] to be thoroughly evaluated with behavioral 
rating scales that could not provide specific information 
about the different aspects of attentional functions.

With regard to the treatment protocols of EEG-NF 
for ADHD, there are several strategies that target dif-
ferent patterns of brain waves or their combinations 
[e.g., theta/beta (TB)] [6, 16]. The TB protocol aiming at 
controlling hyperactivity and enhancing concentration 
[17] is one of the most popular options for patients with 
ADHD [6]. The slow cortical potential (SCP) protocol, 

which involves SCP modulation, has also been shown 
to improve the clinical symptoms of ADHD [18]. On 
the other hand, a recent study reported that frontal beta 
activity may be a better training target of EEG-NF com-
pared to the TB protocol in ADHD patients with a longer 
reaction time [19]. Nevertheless, the treatment efficacy of 
the TB protocol in comparison with that of other thera-
peutic strategies remains unclear.

Notwithstanding the non-invasiveness of EEG-NF, its 
efficacy against the symptoms of ADHD has been con-
troversial because of inconclusive evidence attribut-
able to possible evaluator bias [20]. Some studies using a 
double-blind design failed to show superior effectiveness 
of EEG-NF compared to that of sham controls [21, 22]. 
There are also criticisms against its cost-effectiveness, 
time-consuming nature, and lack of long-lasting benefits 
[6]. Therefore, focusing on studies that used laboratory 
measures for theoretically more objective assessment 
of improvements in different components of attentional 
performance from surface EEG-NF, the present meta-
analysis aimed at elucidating its therapeutic benefits in 
patients with ADHD. Furthermore, we also investigated 
the impacts of the intensity of treatment (i.e., number 
of sessions per week), quality of blinding, and different 
treatment protocols (i.e., beta vs. TB) on the therapeutic 
outcome in an attempt to provide the latest evidence for 
guiding clinical practice.

Methods
Study eligibility and definitions
For our literature search, we used different keywords, 
namely “neurofeedback” AND “attention or attention-
deficit/hyperactivity disorder or ADHD” for identifying 
clinical trials (Additional file 1: Table S1). The criteria for 
study eligibility were: (1) random assignment of partici-
pants diagnosed as having ADHD to different treatment 
groups, (2) a comparison between subjects receiving 
EEG-NF and their comparators who were subjected to 
active or inactive treatments [e.g., waitlist or treatment 
as usual (TAU)])] other than pharmacological interven-
tions, and (3) inclusion of attentional performance as an 
outcome measure of attention tests or cognitive tasks.

Electronic searches
In accordance with the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) 
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guidelines [23, 24], we systematically searched the Pub-
Med, Embase, ClinicalKey, Cochrane (CENTRAL), 
ScienceDirect, Web of Science, and ClinicalTrials.gov 
databases for English articles from inception to January 
2022. The current study was registered with the interna-
tional prospective register of meta-analysis (PROSPERO 
CRD 42021247674). The PRISMA checklist of the cur-
rent meta-analysis is shown in Additional file 2: Table S2.

Data extraction and management
Two authors (Cheng YS and Yeh PY) completed the 
title and abstract screening. Besides, full-text screening 
was independently conducted by Cheng YS and Yeh PY. 
Kappa statistics was calculated to assess inter-rater reli-
ability [25]. Any disagreements were resolved through 
discussion between the two authors until consensus was 
reached. In case of missing information, we tried to elec-
tronically contact the corresponding authors for the orig-
inal data. On encountering duplicated data, the article 
with the largest sample size or the latest information was 
chosen for analysis.

The validity of the eligible studies was assessed with the 
six criteria of the risk of bias assessment tool developed 
by the Cochrane Collaboration to target possible sources 
of bias [26], including random sequence generation, con-
cealment of allocation to conditions, performance bias, 
detection bias, attrition bias, and reporting bias.

Data synthesis and sensitivity analysis
Improvement in attentional performance was quanti-
tatively expressed as effect size (ES) based on Hedges’ g. 
We used the computer program “Comprehensive Meta-
Analysis version for Windows (CMA, version 3.3.070)” 
to calculate ESs, which were assigned a positive sign to 
indicate an improvement in attentional performance 
in subjects receiving EEG-NF. The outcomes of differ-
ent assessment tools for testing attentional performance 
were categorized into three domains: (1) sustained atten-
tion, (2) selective attention, and (3) working memory. 
If a study provided data on only one domain, the data 
(merged when more than one set of data from different 
assessment tools) were used for the analysis of overall 
attentional performance. On the other hand, if a study 
offered results of more than one domain (e.g., integrated 
visual auditory continuous performance test for sustained 
attention and Stroop word and color test for selective 
attention), the results were standardized and averaged 
to produce a single ES. Regarding the evaluation of dif-
ferences in magnitude of attention improvement, ESs of 
0.8, 0.5, and 0.2 were interpreted as large, moderate, and 
small, respectively [27]. Besides, to tackle the problem of 
a diminished statistical power due to a small sample size 
commonly observed in studies involving psychological 

treatments, we used a random-effects model to estimate 
the ESs in this meta-analysis by assuming identical true 
ESs in all studies [28, 29]. This model allows the adjust-
ment of sample size bias by offering an average distribu-
tion of effects across the included studies [29] so that the 
weights given to the studies may be more similar to each 
other [28].

In the current meta-analysis, we also performed sub-
group analyses based on a random-effects model [28] to 
identify potential factors that may influence the observed 
therapeutic effectiveness of EEG-NF by categorizing the 
included studies according to: (1) Different treatment 
intensities defined as the number of NF sessions per 
week, (2) With or without blinding of treatment alloca-
tion to their participants (e.g. a sham control) based on 
the description of individual studies, and (3) Different 
EEG-NF protocols (e.g., TB or SCP protocols). Mixed-
effects meta-regression was used to investigate the 
impact of continuous variables [e.g., intelligent quotient 
(IQ)] on the therapeutic effect of EEG-NF on attentional 
performance among patients with ADHD.. We also per-
formed Q statistics and used the corresponding p values 
to assess the heterogeneity of ESs.

With respect to the evaluation of publication bias, fun-
nel plots were inspected when there were fewer than 10 
datasets [30], while Egger’s tests were performed if there 
were 10 or more datasets [31]. On encountering funnel 
plot asymmetry, potentially missing studies were imputed 
by using the Duval and Tweedie’s trim and fill method 
[32]. Sensitivity test was conducted with the leave-one-
out approach through removing one study each time and 
repeating the step to estimate the effect of each study on 
the overall ES [30].

Results
Study characteristics
Figure  1 summarizes the process of identifying eligible 
studies for the current meta-analysis. Of the 58 full-text 
articles assessed for eligibility, 44 were excluded for fail-
ing to meet the inclusion criteria. The reasons for exclu-
sion are detailed in Additional file  3: Table  S3. Finally, 
fourteen articles using the randomized controlled trial 
(RCT) design were selected for the current study [22, 33–
45] (Table 1). The Kappa index of agreement was 1.0. The 
eligible studies and their risk of bias are shown in Fig. 2.

A total of 718 participants with a mean age of 
14.96  years (range, 8.66–37.8) and a female prevalence 
of 22.41% (range, 0–60.9%) were included. Among them, 
429 received surface EEG-NF treatment. Of the 12 stud-
ies that used the TB ratio as their main EEG-NF treat-
ment protocol, two also included beta wave enhancement 
in their protocols (Table  1). On the other hand, two 
studies used the SCP protocol [42, 43]. In the current 
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meta-analysis, comparison groups consisted of TAU/
waitlist and other non-pharmaceutical interventions 
(Table 1). Two studies used some forms of blinding such 
as sham control or sham electrode to blind their partici-
pants to treatment assignment [22, 38]. Of all the eligible 
studies, only three conducted a follow-up investigation. 
The diagnostic criteria for ADHD were mostly based 
on DSM-IV-TR with children being the main targeted 
group. Among the eligible studies, eight provided data 
on the intelligence quotient (IQ) of the testing subjects. 
Participants were not allowed to receive any stimulant 
medications in four out of the 14 studies, while all ADHD 
patients underwent medication treatment in one study 
by Lee and Jung [36].

Regarding the assessment of attentional performance, 
various tests were employed across the included stud-
ies, namely different versions of continuous performance 
test (CPT), stop-signal test, d2 test, Stroop task, work-
ing memory test, the subtests of Wechsler intelligence 
test, and attention network test. The number of EEG-NF 
sessions ranged from 20 to 40. Half of the studies (n = 7) 
were conducted in Germany, while two were performed 
in Asia [36, 45].

Quantitative data synthesis
The current meta-analysis of data from fourteen studies 
found more improvement in attentional performance in 
ADHD subjects receiving surface EEG-NF than that in 
their comparators (Hedges’ g = 0.29, p < 0.01) (Fig. 3). The 
assessment tools used in individual studies for different 

domains of attentional performance are provided in 
Additional file  4: Table  S4. The ES was strong in the 
leave-one-out sensitivity analysis (p < 0.01), suggesting 
that the main result was not driven by any single study. 
Egger’s test was significant (p = 0.02), implicating a high 
risk of publication bias.

Our results showed that EEG-NF had a significant ben-
eficial impact on sustained attention (Hedges’ g = 0.32, 
p < 0.01), whereas its effects on selective attention (i.e., 
sustained attention plus cognitive control) [22, 34, 37, 38, 
41, 44] (Hedges’ g = 0.07, p = 0.57) and working memory 
(e.g., digit span backwards) [34, 35] (Hedges’ g = 0.10, 
p = 0.59) were limited. Focusing on different components 
of sustained attention, there was a significant reduction 
in omissions (n = 4, Hedges’ g = 0.32, p = 0.03) but not in 
reaction time (n = 6, Hedges’ g = 0.11, p = 0.42) (Fig.  4a, 
b). Therefore, the findings suggested that surface EEG-NF 
could improve a subject’s sustained attention by reducing 
negligence.

Regarding the sustained effects of EEG-NF, only three 
studies provided follow-up data for attentional perfor-
mance 6–12 months post-treatment [22, 34, 35]. A com-
parison of the results of follow-up assessments between 
EEG-NF and their comparators did not  show a signifi-
cant difference in the improvement of attentional perfor-
mance 6 or 12 months after EEG-NF (p = 0.42).

Subgroup analysis and meta‑regression
Despite limited data availability, subgroup analyses of 
the impacts of the intensity of treatment, the quality of 

Fig. 1 PRISMA diagram of identifying eligible studies
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blinding, and the types of EEG-NF protocols on the 
improvement of attentional performance all showed a 
significant difference (all p < 0.05) (Table 2). In respect of 
the intensity of treatment, which was defined as the num-
ber of NF sessions per week, subgroup analysis revealed 
that three sessions per week was associated with a sig-
nificantly higher ES than that with other intensities (i.e., 
one or two NF sessions per week) of EEG-NF interven-
tion (p = 0.03). Besides, subgroup analysis showed signifi-
cantly poorer therapeutic outcomes of surface EEG-NF 
in studies that involved participants who were unaware of 
treatment allocation compared to those in studies with-
out blinding of treatment allocation to their participants 
(p = 0.006). Finally, the therapeutic efficacy of EEG-NF in 
studies that also focused on rewarding to beta activities 
was superior to that in those adopting only the TB ratio 
or the SCP protocol  (p = 0.02) Using the mixed-effects 
model, our meta-regression demonstrated a significant 
negative correlation between the therapeutic benefits of 
surface EEG-NF and the percentage of females (p = 0.02). 
Otherwise, there was no significant association between 
the therapeutic benefits of surface EEG-NF and other 
continuous variables (Table 3).

Discussion
To our best knowledge, the present study is the first 
meta-analysis to investigate the efficacy of surface EEG-
NF for improving different components of attentional 
performance in patients with ADHD assessed with 
objective laboratory measures. Although one previous 
meta-analysis reported that surface EEG-NF was not 
effective in ADHD patients when laboratory measures of 
attentional performance were used for the evaluation of 
treatment outcomes, that study included only six trials 
and did not address different components of attentional 
performance [7]. In contrast, the inclusion of more trials 
(n = 14) in the current meta-analysis enabled the assess-
ment of the therapeutic impacts of EEG-NF on differ-
ent components of attentional performance as well as 
the identification of important factors that could influ-
ence treatment outcomes through subgroup analysis and 
meta-regression.

Most of the previous seven meta-analyses of the effi-
cacy of surface EEG-NF in patients with ADHD evalu-
ated treatment outcomes mainly based on behavioral 
rating with the inclusion of laboratory measures only 
in one study [5, 7, 9–13]. All studies consistently found 
that surface EEG-NF was effective for improving inat-
tention in ADHD patients when assessed by most-
proximal evaluators, mostly parents, while the results 
from possibly blind evaluators (i.e., teachers) remained 
inconsistent [5, 7, 9–13]. The latest meta-analysis of 
17 trials demonstrated that surface EEG-NF mainly 

improved inattention symptoms in ADHD patients 
when compared with the non-active control groups 
(i.e., waiting list) but the improvement was still more 
obvious when assessed by most-proximal evaluators 
(ES: −  0.33, i.e. parents) than that by possibly blind 
evaluators (ES: −  0.25, i.e. teacher) [5]. A previous 
study has also underscored the high susceptibility of the 
behavioral rating scales to informant bias [20], which 
could be even more significant when the intervention 
is not blinded to the participants. Moreover, the pos-
sibly blind evaluators may not be blinded because none 
of the trials actually prevented their participants from 
informing their evaluators (e.g., teachers)  of the treat-
ments that they received. This is partly supported by 
the only meta-analysis investigating laboratory meas-
ures of attentional performance that showed a further 
reduction in ES from 0.29 to 0.13 when laboratory 
measures were used for evaluating behavioral outcomes 
[7].

In contrast, laboratory measures of attentional per-
formance may be less susceptible to informant bias 
[14] and could theoretically generate more reliable 
results. Besides, since improvement in neurocognitive 
functioning (i.e., endophenotype) should theoretically 
precede behavioral manifestation (i.e., phenotype), 
assessment of the former with attention tests in the 
laboratory setting may serve as an earlier indicator 
of EEG-NF-associated improvement than evaluation 
of the latter with behavioral rating scales [46]; there-
fore, laboratory measures are expected to more sensi-
tively and accurately reflect the desired improvements 
in attentional performance from surface EEG-NF 
than behavioral changes from parents’ observations. 
Overall, we found a larger effect size regarding the 
improvement in attentional performance assessed by 
laboratory measures than that reported in a previous 
meta-analysis (Hedges’ g = 0.29 vs. 0.13, respectively) 
[7]. In contrast to behavioral rating scales, our meta-
analysis provided important evidence from a different 
perspective.

Our subgroup analysis also demonstrated a signifi-
cantly poorer therapeutic effect of surface EEG-NF 
on attentional performance in ADHD patients when 
participants were blinded to their treatment assign-
ments (Hedges’ g = 0.05, p = 0.006). Apart from observa-
tion bias in favor of surface EEG-NF, a lack of blinding to 
participants may also lead to an enhancement of atten-
tional performance due to increased motivation, which 
is commonly known as Hawthorne effect. Previous evi-
dence showed that placebo effects, confidence in technol-
ogy and therapeutic alliance along with other therapeutic 
factors could all contribute to therapeutic effects of EEG-
NF through increasing motivation [47–49]. On the other 
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hand, expectancy of self-efficacy, which is a crucial ele-
ment of neurofeedback interventions [50], may be ham-
pered in placebo-controlled intervention studies. Because 
only two studies blinded their participants to treatment 
allocation in our subgroup analysis, the finding regarding 
the effect of blinding of treatment allocation to partici-
pants on their improvement in attentional function needs 
to be interpreted with caution.

Our subgroup analysis focusing on different compo-
nents of attentional performance further demonstrated 
a significant positive impact of surface EEG-NF only on 
sustained attention without significant effects on selec-
tive attention and working memory. Although motivation 
is important for both sustained attention and working 
memory [51, 52], the latter may require training involv-
ing multi-domains or more specific areas of the brain 
because it is generally accepted to be part of higher-order 
cognitive abilities [53]. Together with the finding that 
surface EEG-NF was considerably less effective when 
participant were blinded to treatment allocation and 
when laboratory measures for assessment were adopted, 
our results suggest that both motivation and confidence 
in surface EEG-NF may be important factors for the 
observed effectiveness and surface EEG-NF could only 
improve sustained attention which is considered a more 
basic attentional function [54].

Our subgroup analysis revealed that surface EEG-NF 
protocols including beta wave enhancement were more 
effective than those using SCP modulation or those 
focusing only on the TB ratio, indicating that the inclu-
sion of beta wave enhancement was a better strategy. 
Evidence has shown that suppressed beta activities cor-
relate with inattention and hyperactive symptoms, while 
increased theta activities are associated with impulsive 
behaviors [55]. However, the purely negative effect of 
theta activity on attention remains controversial as it 
is also associated with insight and creativity [6]. There-
fore, the rationale for reducing the TB ratio to improve 
attentional performance may not be well justified. Addi-
tionally, our result was supported by another study that 
reported no significant difference in theta activities 
between children with ADHD and their normal develop-
ing counterparts, although ADHD children with a slow 
reaction time were found to have lower beta activities 
than those in normal developing children [19]. Therefore, 
consistent with the result of that study [19], our find-
ing supports that enhancing beta activity may be a more 
effective target of EEG-NF than reducing the TB ratio for 
ADHD patients. Nevertheless, of the 14 studies included 
in the current meta-analysis, 12 investigated protocols 
addressing the TB ratio with only two also including beta 
wave enhancement. Similarly, although the ES of tri-
als using the SCP protocol was slightly larger than that 

in those adopting the TB protocol, only two studies used 
the SCP protocol in our subgroup analysis. Despite the 
preliminary nature of the finding, our results may pro-
vide a direction for further investigations into the efficacy 
of different EEG-NF protocols for attentional training in 
patients with ADHD.

Our analysis on the sustained effects of EEG-NF at 
6–12  months post-treatment failed to show significant 
difference in attentional performance between the EEG-
NF and comparison groups, although this finding was 
derived from only three available trials [22, 34, 35]. In 
contrast, a previous meta-analysis demonstrated sus-
tained treatment effects of surface EEG-NF for at least 
6  months [9], while evidence was mixed from other 
reports [22, 34, 56, 57]. Because we could only include 
three trials for analyzing the long-term effects (i.e., over 
6 months), our results need to be interpreted with cau-
tion. Nevertheless, given the potential concerns about the 
cost-effectiveness of EEG-NF [6], the sustainability of its 
therapeutic benefits and the need for boosting sessions in 
the long run remain important questions to guide clinical 
decision for both clinicians and caregivers (e.g., patients), 
further studies are warranted to address this issue.

In the present study, subgroup analysis focusing on dif-
ferent intensities of treatment suggested that participants 
with NF training for at least three sessions per week 
achieved significantly better improvement in sustained 
attention than those with a lower treatment intensity. A 
shorter interval between training sessions may be associ-
ated with a more significant increase in synaptic efficacy 
according to the concept of neuroplasticity in a process 
called Hebbian plasticity [58]. Although the ES of EEG-
NF with one session per week was higher than that in 
programs offering two sessions per week, inclusion of 
one large-scale study choosing the intensity of two ses-
sions per week with a sham condition [22] may lead to 
a lower efficacy of EEG-NF. In contrast, the ES of trials 
with three sessions per week remained the largest despite 
the inclusion of one study using sham electrodes [38], 
suggesting that EEG-NF with more frequent training may 
achieve better therapeutic outcomes.

In addition, our meta-regression analysis found that 
female gender correlated with poorer therapeutic effects 
of EEG-NF. This result needs to be judiciously interpreted 
as most trials enrolled far more males than females. In 
particular, of the two trials that did not recruit female 
participants, one focused on beta enhancement and 
showed a very large effect size [45]. Therefore, the choice 
of treatment protocol, rather than gender, may contribute 
to the difference in treatment efficacy. Consistently, a pre-
vious trial including a more balanced gender profile failed 
to identify a significant influence of gender on neurofeed-
back learning [59]. The current study demonstrated that 
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other demographic factors, medication use, and subtypes 
of ADHD were not associated with the efficacy of surface 
EEG-NF.

Despite the strength of the current study as the first 
meta-analysis to explore the therapeutic impact of sur-
face EEG-NF on different components of attentional 
performance in patients with ADHD evaluated with 
objective laboratory measures, there were several limi-
tations that need to be considered for accurate inter-
pretations of its findings. First, although we were able to 
include more trials compared with a previous meta-anal-
ysis [7], the number of trials (14 RCTs) and participants 
(n = 718) were still too small to provide tangible evi-
dence. In particular, our preliminary finding on the long-
term therapeutic effects of EEG-NF, which was derived 
from only three trials that provided information about 
outcomes at 6–12 months follow-ups [22, 34, 35], could 
not preclude the potential benefits of prolonged EEG-NF 
treatment. Second, most studies had poor methodologi-
cal qualities regarding performance bias and detection 
bias. However, our study used more objective measures 
of attentional performance in a laboratory-based setting, 
which is another major strength of this meta-analysis. 
Third, the heterogeneity of the included studies, includ-
ing differences in the types of EEG-NF protocols, the 
control conditions from no active treatment to medi-
cations, and the recruited age groups, may limit gen-
eralization of our results. Nevertheless, we performed 
subgroup analysis and meta-regression to address those 
specific issues. Fourth, our findings only supported sig-
nificant improvements in attention outcomes associated 
with surface EEG-NF intervention based on continuous 
variables, but were unable to provide clear information 
regarding the clinical significance when using parameters 

Fig. 2 Risks of bias of the included studies. (Asterisk) both authors 
and studies received no financial support from pharmaceutical 
companies

Fig. 3 Forest plot of effect sizes for comparing the difference in the improvement of attentional performance between electroencephalographic 
(EEG) neurofeedback group and its comparators
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such as number needed to treat (NNT). Finally, taking 
into account the significant publication bias shown in the 
present meta-analysis and the lack of blinding in most 
studies as well as the very small effect size, the true effect 
of surface EEG NF on attentional performance needs to 
be interpreted with the utmost discretion.

Conclusion
In general, focusing on laboratory measures, our results 
supported the use of surface EEG-NF for improving 
attentional performance through the modulation of basic 
neurocognitive functioning in patients with ADHD. The 
current study suggested that surface EEG-NF with beta 

Fig. 4 Forest plot of effect sizes for comparing the difference in a omissions and b reaction time between electroencephalographic (EEG) 
neurofeedback group and its comparators

Table 2 Subgroup analysis of factors affecting therapeutic benefits of electroencephalographic neurofeedback (EEG‑NF) in subjects 
with attention deficit hyperactivity disorder (ADHD) and their comparators (Hedges’ g)

a According to the random effects model
b Cochran’s Q for measuring the heterogeneity in accordance with random effects analysis
c Significance of difference in effect sizes between subgroups;  Ncomp, Number of studies for comparison; TB, theta/beta; SCPs, Slow cortical potentials
** p < 0.01 between EEG-NF and control groups

Subgroup analysis Ncomp ga 95% CI Z Qb Pc

Treatment intensity (i.e., number of 
sessions per week)

 One 3 0.24 − 0.12 to 0.61 1.30 1.93 0.03

 Two 6 0.14 − 0.08 to 0.35 1.24

 Three or more 4 0.62 − 0.04 to 1.27 1.84

Blinding to participants

 No 12 0.35 0.12 to 0.58 3.02** 1.76 0.006

 Yes 2 0.05 − 0.34 to 0.43 0.23

Types of neurofeedback

 Also including beta wave 
enhancement

2 0.82 − 0.43 to 2.06 1.28 1.13 0.02

 Focusing on TB ratio 10 0.19 − 0.001 to 0.37 1.95

 Basing on SCPs 2 0.31 − 0.17 to 0.78 1.27
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wave enhancement may be a more effective protocol for 
improving sustained attention through reducing omis-
sions but this effect failed to sustain a follow-up period 
longer than 6 months. However, given the small number 
of trials and the poor methodological qualities regarding 
blinding, our findings need to be judiciously interpreted 
and warrant further investigations for validation.
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