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1  |   INTRODUCTION

NeuroFeedback Training (NFT) is a re-emerging and promis-
ing brain training technique, consisting of a noninvasive neuro-
physiologically based method that allows individuals to learn 
to control and modulate their own brain activity (Angelakis 
et al., 2007; Doppelmayr & Weber, 2011; Enriquez-Geppert 
et  al., 2013, 2017; Enriquez-Geppert, Huster, Scharfenort, 
et  al.,  2013; Jirayucharoensak et  al.,  2019; Ros et al., 
2014). More specifically, during the training process, the 

neurofeedback system estimates the state of specific neural 
parameters and a computational interface provides trainees 
with continuous and real-time information about their phys-
iological brain activity (e.g., employing video and/or audio 
signals), requiring them to self-regulate the neural parame-
ter(s) and providing feedback that indicates whether the train-
ing goal is being achieved or not (Campos da Paz et al., 2018; 
Corydon Hammond et al., 2011; Enriquez-Geppert, Huster, 
& Herrmann, 2013; Jirayucharoensak et al., 2019). Thus, the 
trainee could successfully learn to modulate her/his brain 
activity through operant conditioning and/or modification 
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Abstract
Electroencephalographic (EEG)-neurofeedback training (NFT) is a promising tech-
nique that supports individuals in learning to modulate their brain activity to obtain 
cognitive and behavioral improvements. EEG-NFT is gaining increasing attention 
for its potential “peak performance” applications on healthy individuals. However, 
evidence for clear cognitive performance enhancements with healthy adults is still 
lacking. In particular, whether EEG-NFT represents an effective technique for en-
hancing healthy adults' executive functions is still controversial. Therefore, the 
main objective of this systematic review is to assess whether the existing EEG-NFT 
studies targeting executive functions have provided reliable evidence for NFT ef-
fectiveness. To this end, we conducted a qualitative analysis of the literature since 
the limited number of retrieved studies did not allow us meta-analytical compari-
sons. Moreover, a second aim was to identify optimal frequencies as NFT targets for 
specifically improving executive functions. Overall, our systematic review provides 
promising evidence for NFT effectiveness in boosting healthy adults' executive func-
tions. However, more rigorous NFT studies are required in order to overcome the 
methodological weaknesses that we encountered in our qualitative analysis.
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of individual's self-perception (Lacroix,  1986), with possi-
ble beneficial effects on behavioral performance (Egner & 
Gruzelier, 2001; Engelbregt et al., 2016).

Moreover, NFT dynamically modulates brain activity as 
the individual can be trained to increase target frequencies 
(e.g., their rhythm or amplitude) or the activity of target brain 
areas and, at the same time, to inhibit other target frequen-
cies/brain areas (Campos da Paz et al., 2018).

Different NFT approaches exist, and various parameters 
can be targeted during the training. Electroencephalographic 
(EEG) oscillations have been found to have a relationship 
with cognition and behavior. Groppe and colleagues (2013), 
for example, characterized the most common oscillations in 
the electrocorticogram, providing evidence for their function. 
Specifically, they suggested that alpha activity is related to 
sensory processing and attention, theta has a general role in 
cortical processing (e.g., top-down processing), and beta is 
involved in sensorimotor functions. Based on this association 
between different EEG frequencies and a variety of cogni-
tive functions, the so-called frequency-to-function mapping 
(e.g., Fingelkurts & Fingelkurts, 2014), several NFT studies 
used selected features of electrical brain activity as the train-
ing parameter, with the aim of upregulating and/or down-
regulating specific endogenous neural oscillations related 
to precise cognitive functions (Enriquez-Geppert, Huster, 
Scharfenort, et al., 2014; Omejc et al., 2019). Furthermore, 
the rationale for EEG-NFT relies also on the evidence that 
different EEG parameters (e.g., frequency and/or ampli-
tude) can be trained (Egner & Gruzelier,  2001; Hanslmayr 
et al., 2005; Zoefel et al., 2011). Consequently, EEG has be-
come the most used NFT technique because it has low set-up 
cost (Escolano et  al.,  2011) and the modulation of neural 
oscillations using EEG-NFT has been shown to be effective 
for different frequencies associated with diverse cognitive 
processes (Enrique-Geppert et al., 2017; Gruzelier,  2014). 
Although it is also possible to implement NFT with other 
techniques such as fMRI by modulating the BOLD response 
(e.g., Zhang et al., 2013), the present systematic review will 
however cover only EEG-NFT approaches.

In the literature, many studies have used NFT as a therapeu-
tic tool with clinical populations suffering from neurological 
and psychological disorders to normalize abnormal electrical 
oscillatory activity underlying various types of symptoms. 
Nevertheless, this review will not deal with clinical applica-
tions as they have already been extensively covered elsewhere. 
To cite some instances, there are reviews on psychiatric dis-
orders in general (e.g., Arns et al., 2017; Micoulaud-Franchi 
et  al.,  2015), ADHD (e.g., Arns et  al.,  2009; Lofthouse 
et al., 2012; Yan et al., 2019), epilepsy (e.g., Nigro, 2019; Tan 
et al., 2009), and autism spectrum disorder (Coben et al., 2010).

Based on the NFT potential role in mediating cognitive 
and behavioral effects, this approach has also been applied 

to healthy individuals, outside of clinical research field, for 
boosting their behavioral performance and cognitive func-
tioning, defined as “optimal” or “peak performance” (Egner 
& Gruzelier,  2001; Gruzelier,  2014; Vernon,  2005). This 
field of research is gaining increasing attention (Angelakis 
et  al.,  2007; Corydon Hammond et  al.,  2011; Enriquez-
Geppert, Huster, & Herrmann, 2013; Jurewicz et al., 2018). 
EEG-NFT efficacy with healthy participants has however re-
ceived criticism concerning the reliability of its effects as, to 
date, most of the works did not manage to provide evidence 
for unambiguous changes in behavioral and electrophysiolog-
ical measures, especially due to methodological weaknesses, 
such as the lack of a sham/control group (Egner et al., 2004; 
Rogala et  al.,  2016; de Zambotti et  al.,  2012). In addition, 
subjects of controversy are also whether evidence from NFT 
studies with clinical populations can be applied to healthy 
individuals (Doppelmayr & Weber, 2011) and which indices 
should be adopted to quantify training success (Dempster & 
Vernon, 2009). Therefore, researchers point out the need of 
shared and rigorous methodological standards to overcome 
the scarcity of well-controlled studies and the heteroge-
neity of electrophysiological data (Egner et  al.,  2004; Ros 
et al., 2020).

A recent attempt to assess the state-of-the-art of EEG-NFT 
research on cognitive and affective outcomes in healthy in-
dividuals was made by Gruzelier (2014), who conducted a 
review of EEG-NFT, specifically concerning performance 
optimization and excluding clinical samples. The author as-
sessed the effectiveness of different NFT protocols and found 
significant evidence for outcome gains and learning indices 
in several cognitive and affective domains. Rogala and col-
leagues (2016) tried to overcome Gruzelier's (2014) main 
limitation, namely, the inclusion of multiple studies with no 
proper control groups, by quantitatively assessing the efficacy 
of various EEG-NFT protocols to induce electrophysiologi-
cal and behavioral changes, specifically focusing on attention 
and memory. Restricting the review only to well-controlled 
studies, they did not find evidence supporting a positive rela-
tionship between frequency band(s) changes and specific be-
havioral gains. Therefore, it is still debated whether and how 
NFT promotes healthy individuals' cognitive performance im-
provements (Doppelmayr & Weber, 2011). Even more contro-
versial is whether NFT is an effective method for specifically 
enhancing performance on tasks tapping on executive func-
tions, and, to the best of our knowledge, no systematic review 
has been previously focused on this particular topic (Enriquez-
Geppert, Huster, & Herrmann, 2013; Rogala et al., 2016).

Executive functions are referred to as higher-order cog-
nitive processes that enable, for instance, to flexibly set-up, 
regulate, and monitor goal-directed behaviors and thoughts 
by controlling lower-level cognitive operations, especially in 
novel or complex circumstances (MacPherson et  al.,  2019; 
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Miller & Cohen,  2001; Vallesi,  2020). Despite significant 
implications of executive functions for everyday life and their 
central role in human cognition and action regulation (Mischel 
et  al.,  2011; Miyake & Friedman,  2012), a limited extent 
of studies has targeted them using EEG-NFT (Enriquez-
Geppert, Huster, & Herrmann,  2013). Furthermore, the 
few studies that implemented EEG-NFT to enhance healthy 
adults' executive functions had to deal with the issue of their 
multifaceted nature, which has led to a great variety of oper-
ational definitions of this construct (Barkley, 2012; Miyake 
& Friedman, 2012). Consequently, these studies adopted dif-
ferent definitions and used diverse tasks to measure them, 
producing a large methodological heterogeneity.

Therefore, the aim of the present systematic review was 
to assess whether, despite these limitations, existing EEG-
NFT studies targeting executive functions provide reliable 
evidence for NFT effectiveness, both at the electrophysiolog-
ical and at the behavioral level. We focused on EEG-NFT 
effects on healthy adults with no further age limitation, as we 
decided to include also studies involving healthy older adults 
to assess possible age-related differences.

Indeed, many studies provided evidence for an age-related 
decline in executive functions, among other domains, show-
ing that healthy older adults perform poorer than the younger 
counterparts on executive function tasks documenting for 
instance working memory deficits, reduced inhibitory con-
trol, and decreased task-switching ability (MacPherson 
et  al.,  2015; West,  1996; Zanto & Gazzaley,  2019; but see 
Vallesi et  al.,  2021). As EEG-NFT could be a potentially 
effective method to counteract this age-related executive 
function decline, we assessed whether, to date, studies have 
provided reliable evidence for its effectiveness. To the best 
of our knowledge, there is no systematic review addressing 
specifically EEG-NFT and healthy older adults' executive 
functions, although there are some pieces of evidence that 
this technique could be successfully applied to older indi-
viduals (e.g., Angelakis et al., 2007; Gruzelier, 2014; Wang 
& Hsieh, 2013). As the number of retrieved articles dealing 
with healthy aging was limited, we could no perform age 
comparisons, but we discussed them in separate sections.

To formulate our research question, we adopted the 
PICOS approach (Liberati et al., 2009). Accordingly, the sys-
tematic review concerned controlled studies that performed 
EEG-NFT with healthy participants, including younger 
adults, older adults or both, with the aim of enhancing exec-
utive functions. Moreover, the present review dealt only with 
studies that assessed NFT efficacy both at behavioral and 
electrophysiological levels by comparing the experimental 
group(s) with a control group (see Method for detailed inclu-
sion criteria).

Lastly, the present systematic review dealt only with 
a qualitative synthesis of the literature. A quantitative 

meta-analysis, although desirable, was in fact unfeasible, due 
to the limited number of retrieved studies for each given NFT 
protocol and specific executive function. Moreover, these 
studies used heterogeneous protocols and behavioral/electro-
physiological efficacy indices to assess NFT effects, thus, not 
allowing quantitative comparisons.

In what follows, we shall briefly review evidence of the 
EEG frequency bands most often associated with executive 
functions before going to the method section. Specifically, 
we will discuss the rationale according to which theta, alpha, 
and low beta could represent potential NFT targets to en-
hance executive functions. We will focus on these specific 
bands as they are those used in the studies included in our 
systematic review (see Method for more details on our search 
and selection processes).

1.1  |  Theta

Theta band power has been frequently related to performance 
on executive functions. In particular, a review by Klimesch 
(1999) provided evidence that a power increase in the theta 
band is positively associated with working memory load 
(also see Gevins et al., 1997; Grunwald et al., 2001; Jensen 
& Tesche, 2002).

This initial evidence was expanded by Cavanagh 
et al.  (2012), who specifically investigated the involvement 
of theta recorded over fronto-medial brain regions (frontal-
midline theta) during the execution of a variety of executive 
function tasks related to action monitoring, that is, when ex-
ecutive functions were required to integrate relevant informa-
tion and to control action selection. Their findings supported 
the role of medial prefrontal cortex in reactive control, which 
in turn is reflected by frontal-midline theta activity, provid-
ing convincing evidence that this type of neural oscillation is 
involved in conflict monitoring and flexible behavior adjust-
ments (Cavanagh et al., 2012).

In line with these findings, further studies provided ev-
idence for the association of frontal-midline theta and ex-
ecutive functions. For example, the review by Mitchell 
et al. (2008) highlighted a clear relationship between work-
ing memory and frontal-midline theta activity. Furthermore, 
Nigbur et  al.  (2011) investigated whether frontal-midline 
theta was a marker for increased cognitive control during 
classical interference paradigms, such as the Simon, Flanker 
task, and Go/Nogo tasks. Overall, they found that theta 
power increased during the interfering conditions, indicating 
that theta reflected interference control (also see Cohen & 
Donner, 2013).

Overall, the above reviewed evidence suggests that the 
theta band represents a potential target-frequency for enhanc-
ing executive functioning.



4 of 31  |      VIVIANI and VALLESI

1.2  |  Alpha

Alpha rhythm is one of the dominant EEG phenomena in the 
human brain (Berger, 1930), and its activity has been corre-
lated with several cognitive functions at all ages (Angelakis 
et al., 2007; Hanslmayr et al., 2005; Klimesch, 1999). Of in-
terest to the current review, task-related alpha frequency has 
been associated with working memory and inhibitory control 
(Cooper et al., 2003; Klimesch et al., 1999, 2007). Accordingly, 
Klimesch and coworkers’ (2007) review provided evidence 
that alpha event-related synchronization reflects inhibitory 
control, whereas the event-related desynchronization is in-
volved in the gradual release of inhibition. Another review by 
Freunberger et al.  (2011) proposed that alpha, by increasing 
signal-to-noise ratio, reduces interference from conflicting 
sensory stimuli, supporting working memory.

However, to minimize interindividual variability, Klimesch 
(1999) suggested to individually adjust the frequency win-
dow of alpha for each NFT trainee, by using Individual 
Alpha Frequency (IAF) as an anchor point. This allows, for 
instance, to target upper alpha band (i.e., the band 2 Hz above 
IAF), as it correlates with general cognitive performance (see 
also Escolano et al., 2011; Zoefel et al., 2011). Several NFT 
studies adopt this individualized approach (e.g., Angelakis 
et al., 2007; Hanslmayr et al., 2005; Klimesch et al., 1999). 
For instance, Mahjoory et  al.  (2019) suggested that resting 
state IAF reflects the activity of cognitive control networks at 
rest which subsequently sustain phasic performance.

1.3  |  Low beta

Low beta activity in the 12- to 20-Hz frequency range en-
hances the signal-to-noise ratio in stimulus processing 
(Gruzelier, 2014) and sensorimotor rhythm (SMR) in the 12- 
to 15-Hz range is involved in the inhibition of sensory-motor 
cortex and, hence, response inhibition (Sterman,  1996). 
Moreover, low beta band and SMR were found to be associ-
ated with decreased impulsivity in clinical studies aiming at 
reducing these frequencies in individuals with hyperactivity 
and/or impulsivity disorders and showing symptom improve-
ments (e.g., Thompson & Thompson, 2003). Accordingly, in 
a NFT study, Egner and Gruzelier (2001) showed that SMR 
enhancement over sensorimotor cortex reduced impulsive-
ness (i.e., fewer commission errors), improved response in-
hibition, and increased integration of relevant information.

Therefore, of interest to our review, SMR is assumed to 
be associated with thalamic inhibitory mechanisms by reduc-
ing sensorimotor interference and, consequently, improving 
cognitive performance (Kober et al., 2017; Sterman, 1996). 
Although there is evidence for low beta and SMR associa-
tion with attention and memory (Gruzelier, 2014), the rela-
tion between these frequencies and executive functions is less 

clear. However, we retrieved several studies implementing 
low beta and SMR NFT including tasks tapping on executive 
functions.

2  |   METHOD

2.1  |  Eligibility criteria

Inclusion criteria were as follows:

1.	 Population: we included studies that used NFT with 
healthy adults and excluded those focused on clinical 
populations. Moreover, we reviewed also studies recruit-
ing healthy older adults that had been prescreened to 
exclude pathological cognitive decline. We did not use 
a fixed age range to define the experimental samples 
and to classify them as younger or older adults, as we 
relied on the definition provided by the included studies. 
More details on age distributions will be given below, 
divided by NFT protocol. Overall, younger adults' age 
ranged from 20.7 to 46.4  years (mean = 24.69, SD = 
6.37), whereas older participants' age ranged from 64.8 
to 69.05 (mean = 67, SD = 1.95). NFT effects on 
younger and older adults were considered separately. More 
in detail, regarding studies that compared younger and 
older adults, we first analyzed NFT effects on younger 
participants, including those studies in the section dedi-
cated to younger participants only. A separate subsection 
specifically concerned healthy older adults, including 
either studies that used only older participants or studies 
that compared older participants with younger ones.

2.	 Intervention: we reviewed studies that used EEG-NFT 
with the explicit purpose of enhancing executive func-
tions, referring to them using the following terms: execu-
tive functions, cognitive control, or cognitive performance 
(in this case, the retrieved studies were included only if 
the authors used at least one executive function task in 
the battery). We additionally searched for terms concern-
ing more specific executive functions that are commonly 
studied: task-switching, memory updating, response inhi-
bition, conflict monitoring, working memory.

Since there is evidence of associations between specific 
EEG frequency band(s) and performance on particular cog-
nitive tasks, we included studies that investigated whether 
individuals trained to enhance a particular EEG frequency, 
assumed to be involved in executive functions, and exhibited 
an improvement in the executive function task(s) (Vernon 
et al., 2003). In the literature, different EEG frequencies have 
been found to be involved in executive function tasks. Thus, 
various EEG-NFT protocols could be potentially effective in 
enhancing healthy individuals' executive functions. Given 
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this heterogeneity, our initial database search was extended 
to all types of protocols that satisfied our research question. 
After screening all the retrieved records and assessing the el-
igibility of the articles, the studies that met our inclusion cri-
teria were divided according to the EEG-NFT protocol used, 
namely, according to the target EEG frequency trained, re-
sulting in a total of three NFT protocols (theta, alpha, and low 
beta). Each of these protocols included more than five studies 
and was discussed in a dedicated section. Moreover, when the 
retrieved article included more than one NFT protocol, we 
discussed each of them separately in the appropriate sections.

3.	 Comparator: we included only studies that compared 
an experimental group undergoing NFT to modulate 
a target-frequency with a control group. The control 
group might have been passive, sham, or a group that 
received a different NFT protocol (e.g., training of EEG-
frequency different from the target one). More in detail, 
as passive groups, we considered control groups that 
underwent pretraining and posttraining assessment in the 
same interval of time as the experimental group but did 
not participate in intermediate sessions. Of note, this 
type of control has many limitations and only allows 
to control for the impact of practice effects of the be-
havioral assessment, without taking into account possible 
placebo and social effects arising from the experimental 
setting (Zoefel et al., 2011). Thus, if the study comprised 
more than one experimental group, we focused on one 
of the experimental groups as the control group. The 
following alternatives were considered as control groups 
with a sham NFT: (i) groups that had the same design 
as the NFT group but received NFT only for the first 
session whereas in the subsequent sessions received a 
replayed feedback of the first session, (ii) groups that 
received random feedback or feedback from a frequency 
that was not the target-frequency of the study, and (iii) 
pseudo-NFT groups that received a playback feedback 
of other NFT group participants (but real eyeblink ac-
tivity). Another alternative, which however could not be 
considered as sham, were groups that did not receive 
NFT at all but were engaged in the same number of 
sessions with the same duration of the NFT group with 
a control activity (e.g., while undergoing a behavioral 
training), thus having the same amount of experimenter-
contact as the experimental group. A control group just 
differing in the trained frequency band was of course 
one of the most desirable options, enabling to control 
many interfering variables (Zoefel et  al.,  2011). Lastly, 
if the study did not include a control group but com-
prised more than one experimental group, we evaluated 
whether it was possible to use one of the experimental 
groups as control, assuming that the groups could serve 
as controls for one another (e.g., Rogala et  al.,  2016).

4.	 Outcomes: NFT efficacy was assessed at both the elec-
trophysiological and behavioral levels since significant 
(p <  .05) changes in the EEG activity and in the target 
cognitive functions may provide evidence for the validity 
of EEG-NFT protocols (Rogala et al., 2016). Specifically, 
we verified whether the experimental group(s) signifi-
cantly differed from the control one(s) on each of the two 
posttraining types of measures (see Definition of success-
ful training for further details). Therefore, to gain insight 
about the overall efficacy of the training, we included only 
studies that provided both electrophysiological and behav-
ioral measurements before and after NFT.

As electrophysiological measures we considered resting-
state EEG before and after NFT and/or real-time EEG 
changes within and across sessions when available. In addi-
tion, we included both studies that assessed NFT effects on 
continuous EEG, namely, as resting or passive baseline mea-
surements and studies that calculated NFT effects on EEG 
rhythms assessed during active tasks.

Concerning behavioral measures, we included studies that 
assessed performance on executive function tasks, before and 
after the NFT training. We did not decide a priori which ex-
ecutive function tasks could be incorporated in the systematic 
review, as we used a permissive inclusion criterion, that is, 
included studies had to encompass at least one (or more) task 
tapping executive functions. When the studies used neuro-
psychological batteries, we evaluated whether at least one of 
the neuropsychological tests or indices measured executive 
functions.

2.2  |  Information sources and search

Articles were identified by searching three electronic data-
bases (i.e., Pubmed, PsychInfo, Scopus) and by examining 
the retrieved items. The keywords were the following: EEG 
neurofeedback AND healthy adults/healthy young adults/
normal subjects AND executive functions/cognitive control/
executive control/executive processes AND enhancement/
improvement/boosting.

Through database searching, 711 records were identified, 
whereas 2 records were identified through other sources (i.e., 
examination of the reference lists of the retrieved articles).

After removing duplicates, 304 unique articles remained 
(see Figure 1).

2.3  |  Selection process

First, we screened all the retrieved records by evaluating 
their titles and abstracts. We selected works using NFT, 
recruiting healthy younger and/or older adults and referring 
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to executive function/cognitive control/executive control/
executive processes. In this initial screening phase, we ex-
cluded articles whose titles and abstracts indicated that our 
inclusion criteria were not met. More in detail, we excluded 
111 articles because they involved rehabilitation programs 
(e.g., motor rehabilitation) and targeted clinical populations 
(e.g., ADHD, autism, and depression). Moreover, 37 articles 
were excluded as they did not use NFT but other stimulation 
techniques (e.g., TMS, tDCS), whereas 23 were excluded be-
cause NFT was used with techniques other than EEG (e.g., 
fMRI). Other articles did not meet our criteria as NFT was 
not used to specifically train executive functions but other 
abilities (n  =  55; e.g., motor imagery, motor performance, 
and emotional self-regulation) or since behavioral measures 

were not collected (n = 14). Lastly, 1 article dealt with aro-
matherapy and 1 article with healthy children. Overall, with 
this screening 242 articles were excluded.

Thus, we identified 62 eligible publications, whose full-
text was then assessed. This second selection process in-
cluded papers that met our inclusion criteria. We excluded 
publications which did not involve experimental studies (e.g., 
reviews, n = 8), included also clinical samples and did not 
allow us to use only the data collected on the healthy sam-
ple (n = 5), did not include a control group (and we could 
not consider a second experimental group as control, n = 5), 
did not measure specifically executive functions (e.g., mental 
rotation tasks, attention tasks and so on, n  =  19), and did 
not have a preversus post-NFT design (n = 2) and de facto 

F I G U R E  1   PRISMA flow diagram of the studies screened, assessed for eligibility and included in the review
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duplicates among which a corrigendum of another article 
(n = 1) and conference papers (n = 2).

The final set of articles selected for the qualitative syn-
thesis was composed of 20 publications, as shown in the 
PRISMA flow diagram in Figure 1.

2.4  |  Grouping and description of 
included studies

During the selection process, we found marked differences 
between studies, especially at the methodological level. 
Therefore, we applied restrictive criteria in order to make 
our dataset as homogenous as possible. In addition to the 

unresolved issue regarding the efficacy of EEG-NFT on ex-
ecutive functions, the identification of an oscillatory activ-
ity candidate involved in this specific cognitive process is of 
equal importance (Enriquez-Geppert, Huster, & Herrmann, 
2013). In this regard, since there is no consensus on which 
frequency is better to use as target, a wide variety of NFT 
protocols has been used by the selected papers. To address 
the issue of the large heterogeneity of the included studies, 
we divided them into groups based on (i) NFT protocol used 
(EEG-frequency trained and NFT direction) and (ii) target-
EF (Table 1).

This review is organized in three main sections according 
to the target-frequency: theta (4–8 Hz), alpha (8–12 Hz), and 
low beta (including only studies targeting 12–20 Hz). Both 

T A B L E  1   EEG-NFT studies divided according to training protocols

Protocols Study

Target executive-function

Task-
switching

Response 
inhibition

Conflict 
monitoring

Working memory and 
memory updating

Theta (4–8 Hz) Enriquez-Geppert, Huster, Figge, 
et al. (2014)

Yes Yes Yes Yes

Gonçavales et al. (2018) No No Yes No

Reis et al. (2016)a  No Yes Yes Yes

Vasquez et al. (2015) No Yes No No

Vernon et al. (2003) No No No Yes

Wang and Hsieh (2013)b  No No Yes No

Xiong et al. (2014) No No No Yes

Alpha (8–12 Hz) Berger and Davelaar (2018) No Yes Yes No

Escolano et al. (2011) No No No Yes

Escolano et al. (2014) No Yes Yes Yes

Gomez-Pilar et al. (2016)a  No Yes No No

Gordon et al. (2020) Yes Yes No Yes

Hsueh et al. (2016) No No No Yes

Naas et al. (2019) No No No Yes

Pei et al. (2018) No No Yes Yes

Reis et al. (2016)a  No Yes Yes Yes

Wei et al. (2017) No No No Yes

Beta (only 
12–20 Hz)

Campos da Paz et al. (2018)a  No No No Yes

Cannon et al. (2009) No No No Yes

Egner and Gruzelier (2004) No Yes No No

Gomez-Pilar et al. (2016)a  No Yes No No

Gonçalves et al. (2018) No No Yes No

Kober et al. (2017) No No No Yes

Vasquez et al. (2015) No Yes No No

Vernon et al. (2003) No No No Yes

Note: Target EF lists the EFs targeted in each study.
Abbreviations: EEG-NFT, electroencephalographic-neurofeedback training.
aStudies including older adults only.
bStudies including both younger and older adults. Studies that included only younger adults were not marked with asterisks.
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upregulation and downregulation of the band were included 
in the same protocol section (with the direction of band reg-
ulation appropriately specified and discussed). Therefore, we 
also addressed the issue of whether one of these three spe-
cific frequencies plays a more critical role than the others in 
the modulation of executive functions.

Specific sections based on target executive functions were 
not created due to the low number of papers for each of these 
functions. Of note, many studies targeted more than one execu-
tive function at a time and could not be included exclusively in 
one set. Overall, the selected studies used at least one (or more) 
of the following tasks: anti-saccade task, Attention Network 
Test – ANT (conflict index), backward digit span, conceptual 
span, Corsi Block Tapping Test (CBTT) backwards task, de-
layed matched-to-sample task, Go/Nogo, Iowa Gambling task, 
Luria-AND test (attentional control test), n-back, operation 
span, Paced Auditory Serial Addition Task (PASAT), modified 
Sternberg recognition task, stop-signal, Stroop, task-switching, 
Trail Making, Working Memory Index (WMI) of the WAIS-III. 
Lastly, for each protocol section, one sub-section concerned spe-
cifically executive function enhancement in older participants.

2.5  |  Definition of successful training

According to Gruzelier (2014), there are two sources of evi-
dence that can be used to assess NFT efficacy: (i) when the 
NFT experimental group shows a successful cognitive out-
come, namely better cognitive performance on behavioral 
tasks, compared with a control group and/or comparison con-
dition and (ii) when there is evidence of NFT learning in the 
posttraining assessment. Therefore, NFT was considered as 
successful in enhancing executive functions when behavio-
ral and electrophysiological effects were both clearly shown. 
More in detail, even if the comparison between pretraining 
and posttraining measures, performed for each group sepa-
rately (e.g., paired-samples t-tests), reached significance in 
the experimental group but not in the control group, we did 
not consider this as sufficient evidence for the efficacy of 
the training unless a significant Training phase by Group in-
teraction was also reported (see Nieuwenhuis et  al., 2011), 
both for behavioral and electrophysiological outcomes. 
Additionally, to better clarify the significant interactions, we 
verified whether the training effect on the NFT group was in 
the intended direction (e.g., greater amplitude of a frequency 
band if the direction of NFT was upregulation and perfor-
mance enhancement in NFT group). Lastly, we reported 
the statistics used by each study and the effect sizes. When 
multiple comparisons were performed, we checked whether 
the measures had been corrected. If not, we reported and dis-
cussed this issue in the result section.

On the basis of these criteria, we used a binary approach, 
that is, experiments were qualified as “successful” when NFT 

produced both significant behavioral and electrophysiolog-
ical effects, whereas they were considered as “not success-
ful” when NFT did not produce significant behavioral and/
or electrophysiological effects. Thus, in line with Rogala and 
colleagues (2016), we calculated the success ratio (SR), de-
fined as the percentage of successful studies out of the total 
number of studies included in each protocol type.

In the event that NFT outcomes were only partially suc-
cessful, that is, either at the behavioral level or at the electro-
physiological one, we discussed possible study weaknesses 
underlying the partial success and classified them as “par-
tially successful”. Of note, these studies were not considered 
as “successful” for the calculation of the SR.

2.6  |  Theta protocols

Seven of the retrieved articles used theta protocols: five in-
cluded younger adults only, one older adults only, and one 
both younger and older adults. As shown in Table  2, the 
most commonly used electrode locations were frontal and 
central. Of note, the distinction between frontal-midline 
theta and theta in general regarded mainly the terminology. 
Concerning older adults theta protocols, the first of the two 
retrieved studies trained frontal-midline theta measured from 
Fz, whereas the second targeted more general theta measured 
from Fp1, Fp2, Fz, Pz (Table 3).

2.7  |  Alpha protocols

Ten of the of the retrieved articles used alpha protocols: eight 
with younger adults only and two with older adults only. 
Tables 4 and 5 provide a detailed description of the charac-
teristics of the NFT studies with younger and older adults, 
respectively.

2.8  |  Low beta protocols

Eight of the retrieved articles used low beta protocols, among 
which one article included 2 experiments. Therefore, we 
analyzed nine studies: seven with younger adults only and 
two with older adults only. Among low beta protocols with 
younger adults (Table 6), two studies trained beta in the 15- 
to 18-Hz frequency range and measured beta from Cz (n = 1) 
or from 19 leads (n = 1), whereas one experiment targeted 
beta in the 13- to 21-Hz range over Cz (n = 1). In addition, 
four protocols trained specifically the SMR (12–15 Hz) and 
used electrodes located over Cz (n = 4).

Out of two low beta studies with older adults, one trained 
beta band in the range 18–21 Hz over C3, Cz, C4, while the 
other targeted SMR measured from Cz (Table 7).
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3  |   RESULTS

In the following sections, we will summarize and discuss the 
review results about the different protocols. The sections are 
organized according to the targeted band (theta, alpha, low 
beta) and the population being trained (younger adults, older 
adults). Each section will be accompanied by a summary 
table in which statistics and p-values for each target-measure 
will be reported. Specifically, we will outline the Training 
phase by Group interaction, upon which we based our judg-
ment of NFT success. Furthermore, we will highlight the spe-
cific effect of training on the experimental group. Lastly, the 
tables will contain the effect sizes, which were reported only 
in few studies and, thus, in most cases, were estimated by us.

3.1  |  Theta protocols with younger adults

Theta NFT with younger adults obtained a SR of 33.33% 
(Table 8). The studies by Enriquez-Geppert et al. (2014) and 
Wang and Hsieh (2013) were qualified as “successful”, as 
they yielded positive results in both electrophysiological and 
behavioral domains. Notably, these studies were the only 
ones among those using theta NFT protocols that targeted 
specifically frontal-midline theta and that used a single-band 
protocol; that is, both of them trained participants to upregu-
late frontal-midline theta irrespective of any other frequency. 
Enriquez-Geppert, Huster, Figge and collaborators (2014) 
used Fz, FC1, FC2, FCz, and Cz as the training electrodes 
and calculated the average frontal-midline theta activity, 
whereas Wang and Hsieh (2013) employed the Fz electrode 
only. Thus, we might speculate that the Fz electrode should 
be included to achieve NFT success in boosting executive 
functions. Moreover, these two experiments conducted a 
higher amount of NFT minutes compared to the “not success-
ful” ones, 240 and 180 min, respectively. Regarding the con-
trol condition, both studies used sham NFT groups. However, 
while Enriquez-Geppert, Huster, Figge and coworkers (2014) 
employed a sham pseudo-NFT group in which control group 
participants received the feedback from another partici-
pant belonging to the experimental group, Wang and Hsieh 
(2013) provided control group participants with feedback of 
randomly selected frequency bands (10–13, 13–16, 16–20, 
or 20–25 Hz). Of note, the latter study examined age-related 
differences and, for this reason, it included two distinct NFT 
groups, one comprising younger and another one comprising 
older adults and two control groups, respectively. Regarding 
executive function assessment, these two studies used dif-
ferent behavioral tasks and obtained diverse results. In fact, 
Enriquez-Geppert, Huster, Figge and colleagues (2014) in-
vestigated NFT effects on behavioral performance using four 
executive function tasks. In the visual three-back task (meas-
uring working memory), participants were presented with T
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letter sequences and were asked to report whenever a letter 
had already been presented three trials before; in the number-
letter task-switching, they viewed number-letter pairs and 
were instructed to classify either the numbers or the letters 
based on the specific background color; in the Stroop task, 
participants responded to the ink color of color-words (this 
task measured reactive control of interference for incongru-
ent ink-word combinations); lastly, in the visual stop-signal 
task (measuring reactive response inhibition), they were in-
structed to abort their initiated responses to the direction ar-
rows when those changed their color. The authors reported 
improvements on the three-back and task-switching tasks in 
both groups, but these changes were significant in the NFT 
group only. Indeed, independent-samples t-tests comparing 
the NFT group with the pseudo-NFT group on pretraining ver-
sus posttraining differences (which corresponds to a Training 
phase by Group interaction) reached significance for accu-
racy in the three-back condition of the three-back task and 
for RT in the switch and stay conditions on the letter-number 
task-switching. By contrast, no significant interaction effect 
was observed for the Stroop and the stop-signal tasks. Our 
estimates of training effects on the NFT group confirmed that 
the training induced changes in the intended direction, as in-
dexed by the significant accuracy increase on the three-back 
task and the significant RT decrements in the switch and stay 
conditions on the task-switching. Hence, in this study, NFT 
was able to enhance proactive control indices (i.e., memory 
updating and mental set-shifting) but did not produce the de-
sired effects on proxies of reactive control (i.e., conflict mon-
itoring and motor inhibition). By contrast, Wang and Hsieh 
(2013) assessed conflict monitoring and working memory 
changes, using the Attention Network Test (ANT) and the 
modified Sternberg Recognition task, respectively. The for-
mer consisted in the presentation of a visual cue, followed by 
a central arrow flanked by four arrows, and the participants 
were required to indicate whether the central target arrow 
pointed in the same direction as the other four (congruent) or 
in the opposite direction (incongruent). From this task, con-
flict scores were calculated by subtracting the mean RT of 
all congruent conditions from the mean RT of the incongru-
ent conditions. In the modified Sternberg Recognition task, 
instead, participants were presented with word lists and were 
asked to judge a subsequently shown probe word as “old” or 
“new”, according to whether they had been presented before 
or not. After NFT, participants demonstrated a significant 
performance enhancement with respect to pre-NFT measures 
and to the control group, as indexed by a significant interac-
tion of Training phase and Group, driven by the reduction in 
conflict scores in the two NFT groups. Of note, this result 
refers to the aggregate of both younger and older adult par-
ticipants and does not allow to disentangle age-related dif-
ferential effects. Concerning the electrophysiological results, 
in Enriquez-Geppert, Huster, Figge and colleagues' (2014) 

study, NFT effects on frontal-midline theta were quantified 
as relative changes of amplitude, namely compared to the 
first training session values. The authors demonstrated a sig-
nificant increase in frontal-midline theta amplitude, across 
sessions, and compared to the control group. Similarly, 
Wang and Hsieh (2013) found a significant interaction be-
tween Training and Group, which indicated that NFT effects 
on theta were specific and limited to the groups receiving 
NFT. This result was further strengthened by the evidence of 
a significant frontal-midline theta increase in younger adult 
NFT group. Overall, both Enriquez-Geppert, Huster, Figge 
and colleagues' (2014) and Wang and Hsieh's (2013) findings 
were characterized by medium to very large effect sizes.

Among theta protocols, three studies did not obtain sig-
nificant results, either at the behavioral level or at the electro-
physiological one. Gonçalves et al. (2018) used two multiband 
protocols during 25 min of a single session NFT, the former 
requiring participants to upregulate theta and downregulate 
SMR and the second involving the opposite training (SMR 
upregulation and theta downregulation). A paired-samples 
t-test, contrasting theta amplitude at baseline and during the 
last block, revealed a significant increase in theta after theta 
NFT. However, although the changes were in the intended 
direction, they were not supported by a significant Training 
phase by Group interaction. For this reason, we could not 
consider this protocol as effective at inducing electrophys-
iological effects. Similarly, this short NFT protocol did not 
enhance conflict monitoring, as shown by the unchanged 
conflict scores on the ANT after theta NFT and further con-
firmed by our Training phase by Group interaction estimate, 
which revealed no significance.

In Vernon and colleagues' (2003) study, theta group was 
required to upregulate theta while inhibiting delta and alpha 
and was compared to a SMR group, trained to upregulate 
SMR while downregulating theta and beta. In both cases 
the feedback was provided from the Cz electrode. Executive 
function performance was measured on a conceptual span 
task during which, after the presentation of words belong-
ing to three different semantic categories, a cue indicated 
which category words participants had to recall. Albeit each 
participant underwent 120 min of NFT, theta group did not 
increase theta ratio from period 1 to period 5 and did not 
achieve any working memory enhancement. More in detail, 
concerning behavioral performance, a significant interaction 
between Training phase and Group was reported, but work-
ing memory increase was not significant for the theta NFT 
group, while at the electrophysiological level, the training did 
not affect either theta/delta or theta/alpha ratios.

Lastly, Xiong and colleagues (2014) implemented a mul-
tiband protocol to upregulate theta while suppressing alpha 
to assess effects on working memory, measured during a 
spatial two-back task, in which participants were required 
to judge whether the current stimulus was identical to the 
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one shown two positions back in the sequence. The group 
receiving NFT was compared to a sham-NFT group, to a non-
training group undergoing only pretest and posttests and to 
a behavioral-training group. They reported a better perfor-
mance on the working memory task after 10  min of NFT, 
but their behavioral analyses suffer from the issue that only 
pairwise comparisons between pre-NFT and post-NFT for 
each group separately were performed, without directly test-
ing any Training phase by Group interaction. Consequently, 
it remains to be demonstrated whether NFT group's work-
ing memory performance improved more than the control 
groups' performance. A further drawback concerns electro-
physiological effects. Although the authors asserted that their 
protocol was effective at increasing theta/alpha ratio, they did 
not report any data supporting this conclusion. Hence, elec-
trophysiological and behavioral effects were both regarded as 
not significant here.

The study by Vasquez et al. (2015) was classified as “par-
tially successful”. The 30-min single session of NFT, during 
which participants were required to downregulate theta 
while upregulating standard beta (13–21 Hz), did not induce 
changes in theta band but yielded positive results in the be-
havioral domain. More in detail, the authors reported a sig-
nificant increase in response inhibition on the Iowa Gambling 
Task after NFT which, however, occurred only in the experi-
mental group with the active electrode over Cz and the refer-
ence electrode in the right ear lobe (right hemisphere group). 
In fact, the Training phase by Group interaction was due to 
significant statistical changes in the posttraining phase in the 
right hemisphere group only.

3.2  |  Theta protocols with older adults

Theta NFT with older adults succeeded for one out of two 
cases, which provided a SR of 50% (see Table 9). The “suc-
cessful” study was the one by Wang and Hsieh (2013), which 
applied to older participants the same methodology described 
in the previous section with younger adults. Of note, frontal-
midline theta before NFT showed age-related differences, 
with a decrease in theta amplitude in the fronto-central mid-
line region of the scalp. However, despite this age-related 
decline, there was a significant Training phase by Group 
interaction, suggesting that NFT effects on theta were spe-
cific and limited to the groups receiving NFT. Moreover, the 
difference in frontal-midline theta amplitude between pre-
training and posttraining was significant and in the intended 
direction in older participants receiving NFT. EEG changes 
induced also behavioral enhancements on the ANT conflict 
score and on the modified Sternberg Recognition task. After 
NFT, they found greater conflict monitoring in terms of 
lower conflict costs in both NFT groups. Nevertheless, these 
results do not distinguish specific behavioral effects on older 

adult NFT group. Additionally, after NFT, older adults, but 
not younger ones, improved their working memory perfor-
mance as shown by the increased accuracy on the modified 
Sternberg recognition task.

By contrast, Reis and coworkers' (2016) study was “not 
successful”. They implemented a multiband protocol which 
required participants to upregulate theta in the first four NFT 
sessions and to upregulate alpha in the last four NFT ses-
sions, using Fp1, Fp2, Fz, and Pz as training electrodes. In 
addition to the NFT group, there were three control groups: a 
sham-NFT group, a group undergoing NFT for some blocks 
and then cognitive task blocks, in which the intensity of NFT 
was lower compared to the experimental group, and, lastly, a 
cognitive training group. EEG changes were tested only by 
comparing theta power spectrum density (PSD) before and 
after training in the NFT group, revealing a training effect on 
theta power during baseline and activity. However, the lack of 
a statistical comparison between groups prevents from con-
firming the efficacy of the NFT. In the posttraining behav-
ioral assessment, no significant improvement was observed 
in the NFT group performance on the Backward Digit Span 
test, during which volunteers were asked to repeat the audi-
tory presented digits but in the reverse order. Thus, this study 
did not provide evidence for an enhancement of older adults' 
working memory. In addition to the outlined statistical limita-
tions, this study suffers from a methodological pitfall, since 
the combination of theta and alpha NFT on the same exper-
imental group prevents from isolating the specific training 
effects of the two frequency bands.

3.3  |  Alpha protocols with younger adults

Alpha NFT protocols with younger adults were quantita-
tively superior but resulted in a lower SR (12.5%). Out of 
eight studies, only one was “successful”, four were “not suc-
cessful”, and three “partially successful” (Table 10).

The successful study was the one conducted by Berger 
and Davelaar (2018), who trained participants to increase 
alpha amplitude for 125  min of NFT placing the feedback 
electrode over Fp2. In this study, there were two experimental 
groups, which differed on the modality of feedback presenta-
tion: in the three dimensions (3D) virtual reality group, par-
ticipants received the feedback while they were in the middle 
of a virtual room, whereas the two dimensions (2D) virtual 
reality group simply watched a cinema screen. The authors 
predicted that the 3D virtual reality modality was more ef-
fective, based on Gruzelier et  al.  (2010) findings of faster 
learning rates when feedback is delivered in a 3D virtual real-
ity environment. In line with this hypothesis, they found that 
only the 3D virtual reality group achieved a significant elec-
trophysiological learning across sessions, in terms of learn-
ing scores, calculated as the points awarded for exceeding 
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the threshold levels of frontal alpha power. Specifically, 
they found a significant interaction between Training phase 
and Group, which was qualified by a significant increase in 
alpha learning scores in the 3D NFT group. Behavioral per-
formance was assessed using the Stroop task and calculat-
ing the Gratton effect, according to which Stroop effect on 
trial n is reduced if the preceding trial n-1 was incongruent 
compared to a congruent one. They found that NFT reduced 
the Gratton effect as shown by a performance improvement 
on trials succeeding a congruent compared to an incongru-
ent trial. This occurred for both accuracy and RTs in the 3D 
group and only for RTs in the 2D group, suggesting that NFT 
enhanced response inhibition and conflict monitoring, and 
this improvement was greater when NFT was delivered in a 
3D environment. Interestingly, both for electrophysiological 
and behavioral results, the effect sizes were quite large. Taken 
all together, these results need to be interpreted with caution 
since they exclusively suggest that 3D NFT is more effective 
than 2D NFT. Indeed, although this study provided evidence 
for NFT success both at electrophysiological and behavioral 
levels, it does not fully satisfy our research question, which 
could have been resolved only by comparing the NFT group 
to a control group not receiving real NFT at all.

Concerning unsuccessful studies, Escolano and col-
leagues (2011) focused on upper alpha frequency averaged 
over parieto-occipital locations (electrodes: P3, Pz, P4, O1, 
and O2), using a single-band protocol and training partic-
ipants for a total of 125  min of NFT. Electrophysiological 
results showed changes in terms of linear increase in upper 
alpha both during a counting task, defined as “active” mea-
surement and during passive resting state EEG. Specifically, 
participants receiving NFT showed a significant difference 
in power between pre-active assessment of session 5 and the 
analog block in the first session. Great caution must be taken 
when considering these electrophysiological effects, because 
they refer to the experimental group only as EEG was not 
measured for the control group, who performed solely the 
working memory task at the beginning and at the end of the 
study. Moreover, another major drawback is that 3 out of 10 
NFT group participants were qualified as nonresponders and 
were excluded from analyses, which included only responder 
participants. Behavioral analyses suffer from a pitfall as 
well, as the authors claimed that NFT participants enhanced 
their working memory performance on the conceptual span 
task only by comparing pretraining and posttraining scores. 
Hence, in contrast with authors' conclusions, the fact that no 
between-groups comparisons were reported precluded solid 
evidence in favor of this protocol efficacy.

In a subsequent study, Escolano et  al.  (2014) overcame 
previous limitations, designing a single session upper alpha 
NFT study (in total 25  min) and including a sham control 
group. At the electrophysiological level, the Training phase 
by Group interaction did not reach significance. Therefore, T
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the authors' claim that upper alpha was significantly enhanced 
after a short NFT period in the NFT group only should be 
taken with caution, as no differential effect was reported. 
Concerning NFT behavioral effect, this study provided initial 
evidence for executive function enhancement, as documented 
by the significant interaction between Training and Group for 
the part B of the Trail Making Test, which was qualified by 
a positive progress after the NFT session. Taken as a whole, 
we classified this study as partially successful, since electro-
physiological results do not allow to clearly demonstrate that 
NFT induced significant changes in the experimental group 
compared to the control one.

Proceeding with “not successful” studies, Gordon and 
colleagues (2020) required participants to upregulate pari-
etal individual upper alpha measured from Pz electrode for a 
total time of 150 min. Interestingly, participants were divided 
into six groups: two combined groups (NFT + WMT group, 
in which NFT was delivered along with a working memory 
training and NFT + active control training, namely, a visual 
search training), three single-protocol groups (NFT, WMT, 
and active control training), and a passive control group. To 
inquire NFT influence on upper alpha power, they contrasted 
NFT only group with active and passive control groups, but 
they did not find any Training phase by Group interaction 
on resting state EEG. The effects on behavioral performance 
were analyzed comparing NFT + WMT and WMT-only 
groups and revealed no significant difference, suggesting that 
NFT did not yield working memory enhancements. Of note, 
the feedback was provided using an innovative modality, that 
is, participants did not receive a classical visual feedback but 
were rewarded with points which allowed them to progress in 
the game they were playing. Thus, this procedure might have 
limited the NFT behavioral effects.

Naas et al. (2019) targeted individual upper alpha over pa-
rietal and occipital regions (P7, O1, O2, and P8) for 60 min 
in total. Although they reported a significant increase in in-
dividual upper alpha from period 1 to period 20 in the NFT 
group, the Training phase by Group interaction did not reach 
significance, indicating that there was no electrophysiologi-
cal difference between the experimental group and the sham 
control group. Moreover, the posttraining alpha level was 
significantly correlated with participants' pretraining alpha 
level, suggesting that the initial alpha power was the best pre-
dictor of individual upper alpha improvement. Similarly, this 
protocol did not produce any change in working memory on 
the eight digit-span test, as suggested by the absence of a sig-
nificant Training phase by Group interaction.

Pei and colleagues (2018) trained alpha band measured 
from Fz and C4 electrodes during a five-session experiment 
(in total 180  min of NFT) and compared the experimental 
NFT group with a sham-NFT group. To investigate across 
group differences, they contrasted the alpha power levels 
reached by the two groups in the last session. However, since 

this analysis does not allow to highlight a true Training phase 
by Group interaction, we classified electrophysiological ef-
fects as not significant. Behavioral analyses were conducted 
likewise, by comparing the two groups' posttraining accura-
cies on the backward digit span task. Therefore, due to the 
absence of a direct statistical comparison between groups 
that would also take into account baseline measurement, this 
protocol did not provide convincing evidence for NFT effi-
cacy on working memory.

The two remaining studies were classified as “partially 
successful” as they were both effective solely at the electro-
physiological level. Hsueh et  al.  (2016) designed an alpha 
NFT protocol of 12 sessions for a total of 432 min of train-
ing. They applied a bipolar montage over central regions by 
locating 6 electrodes at 2.5 cm anteriorly and posteriorly to 
C3, Cz, and C4, respectively, and used a sham random fre-
quency control group. They found a significant interaction 
between Training phase and Group for mean alpha ampli-
tude, suggesting that, compared to earlier sessions and to the 
sham group, mean alpha amplitude was higher during the last 
sessions (8th to 12th) in the NFT group. Behavioral effects 
were investigated using the backward digit span task, that is, 
requiring participants to reverse the order of the previously 
seen digits, and the operation span task, during which they 
were asked to recall three letters presented in the learning tri-
als, but, in between, they were required to judge the accuracy 
of an intervening mathematical equation. For neither of them 
the interaction between the factors Training phase and Group 
was significant, revealing no NFT effect on working memory 
performance.

Lastly, Wei and colleagues (2017) trained participants 
to upregulate alpha over C3 during 12 sessions for a total 
of 300 min. The analyses of electrophysiological effects re-
vealed that the interaction between Training and Group was 
significant, suggesting that, compared to sham control group, 
participants receiving alpha NFT had a progressive alpha 
power increase throughout the sessions. These results were 
not accompanied by equally successful outcomes for work-
ing memory performance, as shown by the absence of a sig-
nificant Training phase by Group interaction concerning the 
backwards digit span.

3.4  |  Alpha protocols with older adults

Alpha NFT with older adults was among the least effective 
protocols as it obtained a SR of 0% (Table  11). Reis and 
colleagues' (2016) study has already been presented in the 
theta protocol section, as it targeted at the same time and in 
the same direction two frequencies, that is, alpha and theta. 
Since NFT participants received at the same time alpha and 
theta training, their effects cannot be disentangled and, thus, 
it is not clear whether one of the two frequency bands was 
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predominantly responsible for the lack of success. In line 
with theta NFT effects, this protocol was “not successful” as 
no interaction effect was reported to directly compare NFT 
group to controls. Therefore, despite the increase in alpha 
power during baseline after NFT, we categorized electro-
physiological effects as not significant. Moreover, NFT did 
not yield significant enhancements on tasks tapping on work-
ing memory (i.e., digit span task).

Similarly, Gomez-Pilar et al. (2016) study was “not suc-
cessful”. In this case, the alpha NFT protocol required par-
ticipants to suppress this frequency while upregulating beta 
over central regions (training electrodes: C3, Cz, and C4). 
Despite the high amount of NFT (450 min), this protocol did 
not produce the expected effects on alpha frequency, which 
was unaltered in the posttraining assessment. Moreover, post-
training executive function performance, measured with at-
tentional control subtest contained in the Luria-AND battery, 
did not show enhancements on tasks tapping on response in-
hibition, during which participants were required to inhibit 
automatic responses and select less habitual ones.

3.5  |  Low beta protocols with younger adults

Low beta NFT protocols with younger adults achieved a SR 
of 0%, with three studies “not successful” and four “partially 
successful” (Table 12).

Starting with the “not successful” studies, Cannon 
et al.  (2009) implemented a low-resolution electromagnetic 
tomographic (LORETA) NFT to train frequency-specific ac-
tivity at the cortical level. Thus, instead of targeting electri-
cal activity from scalp electrodes, as the other studies here 
reviewed, this study targeted specifically cortical electrical 
activation. More in detail, participants were trained to upreg-
ulate low beta (14–18 Hz) within one of the following cortical 
regions of training (ROTs): anterior cingulate cortex (ACC) 
and left and right dorsolateral prefrontal cortices (lDLPFC 
and rDLPFC). Thus, three experimental groups were com-
pared. Participants received a total of 528 min of NFT, for 
33 sessions. EEG measures throughout the sessions reported 
a significant learning effect in low beta band, found specifi-
cally in the ACC group. This effect, however, did not provide 
compelling evidence for electrophysiological effects as it was 
not substantiated by any Training phase by Group interac-
tion. Moreover, the authors declared that ACC participants 
were the only ones to show significant learning scores in 
posttraining behavioral assessment. More specifically, after 
NFT, ACC group produced higher Working Memory Index 
(WMI) scores, estimated from WAIS–III subtests (arithme-
tic, digit span, and letter-number sequencing). However, such 
enhancements in working memory could not be inferred from 
the data reported in the article, which were limited to a fig-
ure presenting WMI after training. Hence, due to the lack of T
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precise statistics supporting behavioral results, we could not 
consider them as significant.

Targeting low beta in the 15- to 18-Hz frequency range 
measured from Cz, Egner and Gruzelier (2004) trained par-
ticipants to upregulate this frequency for 150 min, comparing 
the experimental group with a control group that received a 
behavioral training of equal duration of NFT and with an-
other experimental group receiving NFT for upregulating 
SMR. Executive function changes were measured on a vi-
sual Go/Nogo task in which participants were instructed to 
respond as quickly as possible to targets and to refrain re-
sponses to nontargets. NFT effects in the EEG domain were 
not verified by directly investigating the trained frequency 
band but targeted P300 amplitude at C3, Cz, and Pz, which 
was considered as an index of integration of task-relevant 
information in working memory. Although they found that 
beta1 NFT induced a significant increase of target P300 am-
plitude, this result cannot be regarded as direct evidence that 
NFT induced changes in the trained frequency band. An ad-
ditional weakness was that EEG measures were not collected 
for the control group, and the beta1 group was not compared 
with the SMR group. Consequently, evidence for specific 
electrophysiological effects of beta1 NFT was hampered by 
the lack of comparisons between groups. We should sound 
a note of caution with regard to behavioral results as well. 
In fact, despite a reported response inhibition enhancement, 
in terms of reduced RTs on the Go/Nogo task compared to 
the control group, the interaction between Training phase and 
Group was not significant. As previously mentioned, Egner 
and Gruzelier' s (2004) study comprised a second experimen-
tal protocol, namely SMR NFT, which was “not successful” 
either. Likewise, it suffered from the same pitfalls and SMR 
NFT did not produce either posttraining EEG changes or ex-
ecutive function enhancements.

The remaining studies belong to the “partially success-
ful” category. Gonçalves and colleagues (2018), in addition 
to the theta NFT protocol, implemented a SMR NFT during 
which participants were asked to upregulate SMR and down-
regulate theta, namely, the opposite of the protocol discussed 
above (see younger adults theta protocol section). The SMR 
protocol was effective at increasing SMR amplitude as indi-
cated by the significant Training phase by Group interaction. 
In addition, paired-samples t-tests revealed larger SMR am-
plitude when comparing baseline to the last block. Despite 
these EEG changes, no conflict monitoring improvement was 
observed in terms of conflict scores on the ANT. The short 
duration of NFT (25  min) might have prevented executive 
function improvements.

Similar outcomes were obtained by Kober and coworkers 
(2017), who implemented NFT to upregulate SMR measured 
from Cz for a total time of 450 min and compared it to an-
other experimental group receiving a gamma upregulation 
protocol. Working memory improvements were assessed 

using the Corsi Block Tapping test (CBTT) backwards task 
and the digit span backwards task. During the former, sub-
jects were asked to tap on the blocks previously tapped by 
the experimenter but in the reverse order, whereas the latter 
requires participants to recall a sequence of digits backwards. 
At the end of NFT, SMR power, measured during resting 
state EEG, showed a significant interaction between Training 
phase and Group, indicating that the SMR group increased 
SMR compared to pretraining and to the gamma group. By 
contrast, working memory performance was not compared 
with that in the other experimental group, not allowing firm 
conclusions about possible behavioral improvements.

Vasquez and collaborators (2015) required participants to 
upregulate beta (13–21 Hz) while downregulating theta for 
a single NFT-session of 30 min. Inhibition performance was 
enhanced on the Iowa Gambling Task but solely for the right 
hemisphere group (as discussed in theta section). Indeed, the 
significant interaction between Training and Group was ex-
plained by the significant statistical changes in the posttrain-
ing phase in the right hemisphere group only. However, no 
electrophysiological changes in beta were found.

Lastly, Vernon and colleagues (2003) provided partic-
ipants with 120  min of multiband NFT protocol to upreg-
ulate SMR while downregulating theta and beta measured 
from Cz. They compared two experimental groups, namely, 
SMR and theta. We have already discussed the latter in the 
theta section (theta upregulation, delta, and alpha downregu-
lation), showing that it was “not successful”. Since they did 
not report any Training phase by Group interaction, the in-
crease in SMR/theta ratio could not be regarded as evidence 
for NFT electrophysiological effects. By contrast, behavioral 
outcomes of SMR training were clearer as there was a sig-
nificant interaction between Training phase and Group, sug-
gesting that, compared with the theta group, the SMR group 
showed significant working memory enhancements on a con-
ceptual span task, with higher accuracy in the posttraining 
assessment.

3.6  |  Low beta protocols with older adults

Older adults low beta protocols achieved a SR of 0%: one 
study was “partially successful” and the other “not success-
ful” (Table 13).

The “partially successful” study was conducted by 
Campos da Paz and collaborators (2018) and targeted SMR. 
Older participants were trained for 90 min to upregulate SMR 
in central regions comparing their performance with a sham 
control group, which received NFT only for the first training 
session, and with a passive control group. NFT participants 
showed pre-post training changes at the electrophysiologi-
cal level, in terms of decreased activation in all frequency 
bands compared to the sham control group, which showed 
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an increased activation. The authors suggested that the lower 
activation of the NFT group reflected more efficient cortical 
integration, whereas the sham control group higher activation 
was interpreted as compensatory activity. However, since 
they did not test NFT effects on the trained frequency band, 
we could not draw conclusions about NFT electrophysiologi-
cal specificity. By contrast, they found a significant Training 
phase by Group interaction on the delayed matched to sample 
task, that is, a visual working memory task in which partici-
pants viewed a stimulus and, after an interval, had to point to 
the first stimulus, choosing between the previous one and the 
new one. Moreover, the NFT group showed higher accuracy 
after the training.

In the protocol implemented by Gomez-Pilar and col-
leagues (2016), participants were required to upregulate beta 
(18–21 Hz) while suppressing alpha (see older adults alpha 
protocol section). EEG changes in the intended direction were 
observed specifically for beta, both for 18 and 21 Hz but not 
for alpha. Nonetheless, no group comparison was performed 
as EEG was not measured in the control group. Moreover, 
no executive function improvement was found on response 
inhibition, measured with the attentional control subtest of 
the Luria-AND battery.

3.7  |  Risk of bias and quality assessment

The most striking result that emerged from the qualitative 
analysis of the three NFT protocols is that many of the stud-
ies suffered from methodological drawbacks. Indeed, the 
employed statistical approach was often not appropriate for 
investigating whether the experimental group exhibited elec-
trophysiological and behavioral changes following NFT and 
compared to the control group. Moreover, the lack of shared 
and robust experimental designs for NFT studies might have 
negatively affected the outcomes. However, it is critical to 
note that effect sizes were generally from medium to large 
or very large. We interpret this finding with caution, as we 
suspect that effect sizes might be inflated, probably due to the 
underpowered nature of many studies and publication bias.

For all these reasons, and to have a broader view of the 
quality of the analyzed evidence, we decided to include 
two additional measures to evaluate the studies included 
in the present review: the Risk Of Bias In Nonrandomized 
Studies–Of Interventions (ROBINS–I, Sterne et  al.,  2016) 
and the Consensus on the reporting and experimental design 
of clinical and cognitive-behavioral neurofeedback studies 
(CRED–nf checklist, Ros et al., 2020). The first is a tool for 
the assessment of risk of bias in estimates of the effective-
ness of an intervention when studies are not randomized, 
which was the case of all our included studies. It comprises 
seven domains through which bias might be introduced in a 
nonrandomized study and whose judgment can vary between T
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low, moderate, serious, critical risk of bias, or no information. 
Each domain contributes to the overall risk of bias judgment 
(see Figure 2). On the other hand, the CRED–nf checklist is 
a recent tool specific to NFT works, which stemmed from 
the need of designing studies with methodological rigour, 
considered as the only way to advance the field of NFT 

and to better highlight its underlying mechanisms. For our 
purposes, we evaluated only the essential items using a bi-
nary approach (yes or no) to obtain an overall percentage 
level indicating to what extent the included studies satisfied 
the criteria required for well-designed NFT protocols (see 
Figure 3).

F I G U R E  2   Risk of bias assessment with ROBINS–I (Sterne et al., 2016). The risk ok bias of each study in the seven domains was evaluated 
and then the overall risk of bias judgment was formulated. Notes: D1, bias due to confounding; D2, bias in selection of participants into the 
study; D3, bias in classification of interventions; D4, bias due to deviations from intended interventions; D5, bias due to missing data; D6, bias in 
measurement of outcomes; D7, bias in selections of the reported results; green, low risk of bias; yellow, moderate risk of bias; orange, serious risk 
of bias; red, critical risk of bias. * = Studies with older adults only
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4  |   DISCUSSION

Our systematic review of EEG-NFT literature sought to ad-
dress whether existing NFT studies have provided convinc-
ing evidence for this technique effectiveness at enhancing 
executive functions. We found that EEG-NFT with healthy 
individuals is attracting considerable interest, but only a 
small extent of studies has specifically targeted executive 
functions. Therefore, our qualitative analysis of the literature 
was conducted on twenty works, some of which comprised 
more than a single NFT protocol.

Overall, to date, the evidence for NFT efficacy in en-
hancing healthy adults' executive functions is flimsy, as in-
dicated by a SR of 14.29% when considering all the retrieved 
NFT protocols with younger adults and 20% for all the in-
cluded NFT protocols with older adults. Crucially, we used a 
strict criterion to define the study success, as it required the 
achievement of significant modulations both in the EEG and 
in the executive function domains. In fact, when calculating 
the SR, we did not include partially successful studies that 

obtained significant results only at one level, and, to define a 
study as “successful”, we assessed whether it satisfied both 
trainability and interpretability criteria (Zoefel et al., 2011). 
Moreover, our judgment was based only on the significance 
of the interaction between Training phase and Group, that is, 
when the NFT and the control groups were directly compared 
to each other. In fact, this represents the only reasonable way 
to attest whether, after the training, the group receiving NFT 
outperformed the control group on the target electrophysio-
logical and behavioral measures (Nieuwenhuis et al., 2011).

The review was organized according to the frequency 
band targeted by NFT: theta, alpha, and low beta. This al-
lowed us to address another fundamental aim, that is, to shed 
some light onto which of those targeted bands seems most ef-
fective and promising. As shown in Figure 4, younger adults' 
executive functions seemed to benefit more from theta NFT 
protocols (SR =33.33%), which, however, were the least fre-
quent ones (n = 6), followed by alpha NFT, which were the 
most frequent protocols (we retrieved 8 out of 20 studies) and 
achieved a SR of 12.5%. On the other hand, none of the low 

F I G U R E  3   Assessment of neurofeedback training (NFT) protocol quality with CRED–nf checklist (Ros et al., 2020). We assessed whether 
the included studies satisfied the criteria for well-designed NFT protocols by answering with “yes” or “no” to each essential item. Y, yes; N, no; *, 
studies including older adults only
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beta protocols (n = 7) was successful (SR = 0%). However, 
despite the differences in the SR, each NFT protocol showed 
its specificities, which we will now discuss.

Firstly, theta single-band protocols appeared to be more 
effective for enhancing executive functions and inducing the 
desired changes in the EEG domain, as shown by the fact that 
the successful experiments were those targeting solely theta 
frequency and specifically frontal-midline theta. However, 
in the discussed studies, the distinction between theta and 
frontal-midline theta NFT protocols was not fully clear. In 
fact, although solely Enriquez-Geppert, Huster, Figge and 
collaborators (2014) and Wang and Hsieh (2013) explicitly 
trained frontal-midline theta, whereas the other studies tar-
geted more general theta, in practice, they all employed sim-
ilar electrodes and an overlapping frequency range. Thus, in 
the analyzed studies, NFT protocols targeting frontal-midline 
theta cannot be clearly distinguished from those modulating 
theta in general. Moreover, other factors might explain the 
results of “partially successful” or “not successful” studies, 
such as the shorter duration of NFT in their protocols. In fact, 
the success of Enriquez-Geppert, Huster, Figge and collabo-
rators (2014) and Wang and Hsieh (2013) might indicate that 
the amount of training needs to be high, at least more than 
180  min, to induce significant NFT effects. Furthermore, 
our descriptive review pointed to the scarce efficacy of theta 
single-session NFT protocols (i.e., Gonçalves et  al.,  2018; 
Vasquez et  al.,  2015). Overall, our analysis suggested that 
NFT on frontal-midline theta measured from Fz (and neigh-
boring electrodes) has been shown more frequently as effec-
tive in modulating this band and behavior than NFT protocols 
that did not include frontal-midline region electrodes. In fact, 

this type of protocol was shown to be effective for achieving 
improvements on memory updating and mental set-shifting 
(Enriquez-Geppert, Huster, Figge, et al., 2014) and on con-
flict monitoring (Wang & Hsieh, 2013) measures, with me-
dium to very large effect sizes.

Alpha NFT protocols achieved a considerably lower suc-
cess ratio and did not seem to be effective at training par-
ticipants to increase this frequency band and at inducing 
executive function enhancements. Although NFT duration 
was high, generally more than 125  min, and single-band 
protocols were employed, only one study targeting this fre-
quency in fronto-parietal scalp electrodes managed to in-
crease alpha power and to enhance behavioral performance 
on response inhibition and conflict monitoring (Berger & 
Davelaar, 2018). However, as previously outlined, this study 
did not investigate specifically whether participants receiv-
ing NFT outperformed those who did not receive it at all. 
By contrast, the authors only provided evidence that 3D NFT 
induced greater executive function improvements than 2D 
NFT, in terms of Gratton effect reduction. It is interesting 
to note that a high number of alpha NFT protocols discussed 
here had methodological shortcomings, especially from 
the statistical point of view. Indeed, in most of these stud-
ies, the authors claimed to have obtained significant results 
which, however, could not be considered as reliable, direct 
evidence for NFT effectiveness. Such positive outcomes were 
achieved, for example, by limiting the analysis to responder 
participants. Escolano and colleagues (2011) excluded from 
the analysis of electrophysiological effects participants con-
sidered nonresponders, namely, those whose upper alpha 
power at the end of the training was not significantly higher 

F I G U R E  4   Comparison of the 
percentages of success ratio (SR) for 
the three neurofeedback training (NFT) 
protocols, divided into different ages 
(younger adults and older adults). Success 
ratio was calculated as the number of 
successful studies out of the total number of 
studies included in each protocol type
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than upper alpha at the beginning of the training. Similarly, 
Hsueh and coworkers (2016) did not find any Training phase 
by Group interaction at the level of behavioral performance, 
but their analysis on responders revealed working memory 
improvements after NFT. However, the procedure of exclud-
ing nonresponders seems to be risky, as it might bias results, 
favoring positive outcomes. Albeit the low SR of alpha NFT 
protocols, partially successful studies provided some prom-
ising pieces of evidence. Escolano and colleagues (2014) 
managed to induce working memory enhancements through 
parietal and occipital upper alpha single-session NFT, which, 
however, were not accompanied by electrophysiological 
training effects. Conversely, Hsueh and coworkers (2016) and 
Wei and colleagues (2017) modulated the alpha rhythm in the 
intended direction but without obtaining behavioral effects.

Lastly, low beta NFT success ratio was the lowest among 
younger adults' protocols. A distinction should be drawn as 
two specific subprotocols were included, namely, low beta 
NFT targeting a frequency range from 14 to 18 Hz and SMR 
(12–15 Hz), none of which was successful. Except for two 
single-session studies (Gonçalves et  al.,  2018; Vasquez 
et al., 2015), NFT duration was generally high (120–528 min) 
and this does not seem to be the cause. In contrast, we ob-
served frequent methodological drawbacks, especially in the 
“not successful” studies. The major issue regarded the lack of 
direct comparisons between the NFT and the control groups. 
Specifically, many studies did not test interaction effects and 
limited their analysis to paired-sample t-tests, contrasting 
pretraining and posttraining measures in the experimental 
group. The “partially successful” studies suffer from limita-
tions as well, but such weaknesses were usually limited to 
one level only, namely, either electrophysiological or behav-
ioral. For example, Gonçalves and colleagues' (2018) study, 
despite its short duration, was well designed and it directly 
compared two different experimental groups, showing that 
SMR NFT induced a significant increase in SMR amplitude 
in the SMR group. However, in analyzing behavioral results, 
they did not test the interaction, hindering any insight into 
possible conflict monitoring enhancements. Likewise, Kober 
and coworkers (2017) found that SMR training was effective 
at the electrophysiological level, but their study was flawed 
by an inappropriate analysis for examining NFT effects on 
working memory performance. Hence, since partially unsuc-
cessful outcomes could be explained more by the quality of 
the studies, in terms of lack of suitable statistical analyses, 
we could not reach firm conclusions regarding the effective-
ness of low beta NFT itself. However, our analysis cautiously 
suggests that SMR NFT is more promising that low beta one.

Overall, our qualitative analysis on younger adults NFT 
protocols indicated that the amount of NFT, measured as total 
minutes of training, might be one of the success predictors 
and 120 min of NFT represented the minimum duration of 
training required to achieve significant electrophysiological 

and behavioral results. However, it is not the only factor 
involved. If so, the longest NFT protocols (i.e., Cannon 
et al., 2009; Kober et al., 2017) should have been successful, 
which was not the case.

Secondly, the three successful NFT protocols used single-
band modulations; that is, they targeted a single frequency at 
a time. This might suggest that single band training protocols 
facilitate participants' learning, as suggested by Rogala and 
colleagues' (2016) review. Of course, future studies directly 
comparing single-band and multiband NFT modulation are 
highly recommended in order to gain more solid experimen-
tally grounded insights than those based on this qualitative 
review of the few studies available.

Lastly, due to the multifaceted nature of executive func-
tions, it is very likely that not just one frequency training is 
effective in producing executive function enhancements and 
our analysis confirmed this assumption, suggesting that each 
protocol could be generally associated with different ex-
ecutive functions. In addition, the nature of the behavioral 
task used to make pretraining versus posttraining compari-
sons might also play a role. More in detail, taking Enriquez-
Geppert, Huster, Figge and colleagues (2014) and Wang and 
Hsieh (2013) as instances, they used similar protocols but ob-
tained contrasting effects on executive function performance, 
as the former showed enhancements on proactive control 
tasks, whereas the latter improved reactive control tasks. 
Thus, it seems that employing different executive function 
tasks influenced the results, suggesting that the behavioral 
pretraining versus posttraining assessment should include 
a variety of executive function measures, ideally by also 
solving task impurity issues (e.g., Burgess,  1997; Miyake 
et al., 2000; Vallesi, 2020), in order to tap this multifaceted 
construct with more fine-grained precision.

Compared to younger adults' protocols, older adults' ones 
allowed us to reach even less clear conclusions. The main 
limitation was the low number of studies involving older adult 
participants, which did not permit to make generalizations. 
However, with this caveat in mind, based on the retrieved 
studies, we found that only theta NFT achieved positive 
outcomes (Figure 4). By contrast, we could not put forward 
any interpretation regarding alpha protocol results. In fact, 
although they seemed to be ineffective in the enhancement 
of older adults' executive functions, in Reis and collaborators' 
(2016) study, it was not possible to distinguish between the 
contribution of alpha and theta NFT, and in Gomez-Pilar and 
colleagues' (2016) study participants were required to down-
regulate this frequency. Similarly, we found no evidence of 
low beta efficacy and executive function improvements in 
older adults. Overall, what is clear is that more studies with 
older adults are needed to reach some conclusions.

Thus far, the discussion of the qualitative analysis re-
sults has dealt with our preliminary and tentative specula-
tions and the most noticeable observation that emerged was 
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a generally low quality of the NFT protocols, whose findings 
seemed to be sometimes based on inaccurate methodology 
and statistical analyses. Thus, since our most frequent criti-
cism regarded the methodological drawbacks of the studies, 
the ROBINS – I (Sterne et al., 2016) and CRED–nf checklist 
(Ros et  al.,  2020) tools helped us to quantify study quality 
more precisely. With ROBINS – I, we evaluated whether the 
results of the analyzed NFT interventions could have been af-
fected by biases. Figure 2 details the risk of bias for each do-
main, and, as can be seen, all studies were at low risk of bias 
in the two pre-intervention domains (“bias due to confound-
ing” and “bias in selection of participants into the studies”) 
and in the at-intervention domain (“bias in classification of 
interventions”). The low risk of bias in these three domains, 
which addresses possible issues before the start of the train-
ing, indicates that there was no confounding and that the 
intervention was well defined. The remaining four domains 
concern issues after the start of the intervention and appear 
to be the most critical. Most of the studies did not exhibit 
any risk of bias in the fourth domain, dealing with deviations 
from intended interventions. However, four studies made an 
exception and were at serious risk of bias in the fourth do-
main. More in details, the four studies were those in which 
the experimental group was compared to a passive control 
group, that is, control participants did not receive sham NFT 
but only a behavioral training or nothing at all in between 
pretraining and posttraining assessments. This procedure is 
at risk of producing the so-called “effect of assignment to 
intervention”, as there might have been deviations due to par-
ticipants' expectations, which were likely to depend on the 
group they belonged to. Greater similarity between studies 
was observed for the last three domains, but in the nega-
tive sense, as there was no study at low risk of bias. More 
in detail, all studies suffered from serious risk of bias due to 
missing data (domain 5), as the analysis was unlikely to have 
removed risk of bias from missing data. Moreover, Escolano 
and colleagues' (2011) study was at critical risk of bias in this 
domain, since the analysis of electrophysiological effects was 
performed excluding a priori nonresponder participants and 
no appropriate analysis addressed this issue. The scenario for 
the sixth domain, that is, bias in measurement of outcomes, is 
mixed. Studies at moderate risk of bias were generally those 
in which measurement of the outcome was appropriate and 
comparable across intervention groups and the outcome as-
sessment was slightly influenced by the knowledge of the in-
tervention received by participants. Serious risk of bias was 
introduced either if the method of outcome assessment was 
not comparable across groups (i.e., there was no sham control 
group) or if there was a systematic error in the assessment 
of the outcome (i.e., the interaction was not tested), whereas 
the risk of bias was critical if both the previous conditions 
were present. Lastly, the seventh domain addresses possible 
issues deriving from the selection of the reported results. In 

the studies at moderate risk of bias there was neither indi-
cation of selection of the reported analysis among multiple 
analyses nor selection of subgroups of participants, whereas 
in those at serious risk of bias there was high risk that analy-
ses or subgroups of participants had been selected. Only one 
study was at critical risk of bias for this domain, suggesting 
that there was suspicion of selective reporting of results. The 
overall judgment suggests that all the included studies were 
at serious risk of bias and that three were at critical risk of 
bias, confirming our impression of methodological limita-
tions in the analyzed studies. Moreover, the overall picture 
lends support to what we discussed previously. Indeed, it ap-
pears that studies for which we highlighted a higher number 
of drawbacks are also those at higher risk of bias, in terms of 
more domains at serious or critical risk. Lastly, in our view, 
the risk of bias assessment suggests that the reported effect 
sizes, which ranged from medium to very large, might be in-
flated as the studies were probably underpowered in terms of 
sample sizes.

The quality of the NFT protocols as assessed using the 
CRED–nf checklist also deserves some discussion (see 
Figure 3). It is interesting to note that the three “successful” 
studies were those that obtained a higher score in this check-
list (80%–87%), probably indicating the good quality of their 
NFT protocols and, thus, confirming the reliability of their 
positive results. Other two “partially successful” studies were 
rated highly (Hsueh et al., 2016; Wei et al., 2017), and this 
might suggest that high-quality studies were not able to pro-
vide evidence for alpha NFT effectiveness. In line with the 
risk of bias assessment, the studies at higher risk of bias were 
almost the same as the ones that achieved the lowest percent-
ages on the CRED–nf checklist (53%–60%). The studies in 
between might instead indicate the need of some enhance-
ments at the methodological level to improve the reliability 
of their results.

In conclusion, the present systematic review did not iden-
tify robust evidence for NFT as an effective technique for en-
hancing healthy subjects' executive functions, as most of the 
analyzed studies did not achieve significant results at both 
the electrophysiological and behavioral levels. Nevertheless, 
the few studies pointing to its efficacy might reflect a prom-
ising starting point for future studies. Therefore, our results 
highlight that, to reliably verify whether NFT is effective at 
enhancing executive functions in healthy participants, further 
studies are definitely required to solve the encountered meth-
odological issues and to provide a clearer causal relation.

4.1  |  Suggestions for future studies

Our qualitative analysis, by underling the weaknesses of the 
retrieved studies, wishes to stress the importance of further 
well-controlled NFT studies specifically focusing on boosting 



28 of 31  |      VIVIANI and VALLESI

executive functioning in the adult population. The paucity of 
rigorous studies can be noticed from the fact that our data-
base search identified 62 eligible studies, but we could in-
clude only 20 of them in our qualitative synthesis which, in 
addition, were extremely heterogeneous and allowed limited 
comparisons. Hence, we will put forward some suggestions 
that might be useful for future studies.

Firstly, more controlled pre-NFT versus post-NFT designs 
would allow to identify electrophysiological and executive 
function changes induced by the training. Of primary con-
cern is to use shared protocols with similar EEG measures. 
Moreover, concerning the pretraining versus posttraining 
behavioral assessment, it could be advisable to use tasks 
tapping on the same functions but differentiated in a sort of 
parallel forms in order to minimize learning effects in the 
posttraining assessment.

The second crucial issue regards the need of more rigor-
ously chosen control groups in order to obtain more reliable 
training evidence. In our analysis, we found a large hetero-
geneity of control groups, which sometimes were passive 
control groups, not allowing reliable comparisons and con-
trol of confounding variables. Thus, the most desirable op-
tion would be to include a sham NFT group or to compare 
the NFT experimental group to another NFT group receiving 
feedback for an unrelated target-frequency.

Third, to provide unambiguous evidence for executive 
function enhancement, it is fundamental that the statistical 
analysis directly compares the experimental NFT group with 
a control group and reports the statistical significance of their 
difference. Comparing pretraining measures with posttrain-
ing ones in the experimental group per se does not allow to 
verify if it outperforms the control group, thus, if the effect is 
specifically produced by NFT.

Lastly, studies should be based on the same executive 
function operational definitions in order to define which 
target-frequencies are better to use to enhance specific execu-
tive functions. Moreover, based on the operational definition, 
studies should include a wider variety of executive function 
tasks in order to measure more in depth executive functions. 
In fact, more rigorous behavioral assessments could identify 
more precisely also subtle executive function enhancements.
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