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Abstract Scientific evidence supporting the reliability of

neurofeedback (NF) in modifying the electroencephalo-

graphic (EEG) pattern is still limited. Several studies in NF

research and clinical setting have been focused to increase

sensory-motor rhythm (SMR) and simultaneously decrease

theta activity with the aim of increasing attention perfor-

mance and reducing hyperactive and impulsive behaviors.

The goal of the present study was to assess the efficacy of

NF training to enhance the SMR/theta ratio across sixteen

sessions of training in eight healthy volunteers. Results

suggested an increase of SMR/theta across weeks of

training. Theta activity was strongly and steadily inhibited

since the first session of training with slight decreases in

the following weeks; instead, SMR was strongly inhibited

at the beginning and progressively increased across ses-

sions. These results suggest that individuals are able to

inhibit theta activity easily while they fail to increase SMR

in the first sessions. On the other hand, a separate analysis

performed on the baseline preceding NF revealed a

decreasing trend of SMR/theta ratio across the 8 weeks of

training. Results point to the importance of providing EEG

data in addition to behavioral modification, during NF

training, to avoid possible misinterpretation of results.
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Introduction

Neurofeedback (NF) is a noninvasive and innovative tech-

nique aimed at controlling individuals’ cortical activity by

means of a feedback loop mechanism under operant control.

During NF training, one or more sensors attached on sub-

ject’s scalp record brain activity and display in real-time a

visual and/or an auditory feedback reflecting ongoing

changes in electroencephalographic (EEG) activity.

Sensory-motor rhythm (SMR; 12–15 Hz) and theta

activity (4–7 Hz) are two of the main EEG frequency

bands used by NF researchers and clinicians. SMR activity

measured from sensorimotor cortex is controlled by the

ventral-basal nucleus of the thalamus and is correlated with

decreased motor and sensory activity maintaining alertness

and focus (Gruzelier et al. 2006). In addition, it is associ-

ated with decreased anxiety and impulsivity (Gruzelier

et al. 2006). In clinical practice, it is usually trained to

improve symptoms in individuals with hyperactivity and/or

impulsivity disorders (Thompson and Thompson 2003).

Theta activity is mainly produced in the thalamus and

limbic system. It seems to be related with memory recall

and with withdrawing from external stimuli. Elevated theta

activity has been found in attention deficit disorder (ADD)

subjects who are usually trained to reduce it (Thompson

and Thompson 2003).

While a growing body of literature supports the efficacy

of NF in terms of increased performance or improvement
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of behavioral symptoms following specific NF training,

only a few studies provided scientific support to the reli-

ability of this technique (Egner et al. 2004; Gruzelier et al.

2006). Gruzelier et al. (2006) argued on lack of data on

within-session pre-post NF training EEG changes. Instead,

our purpose was to focus on a related aspect: the EEG

changes occurring across rather than within training ses-

sions. Similar methodological aspects were also discussed

by Zoefel et al. (2011), which suggested three criteria for

the validation of a NF protocol: trainability (modification

in the trained bands due to the training), independence (the

modification should be circumscribed to the trained bands)

and interpretability (well-defined association between

trained bands and behavioral effects).

Only a few studies have shown changes in SMR–theta

EEG across sessions in NF protocols. Vernon et al. (2003)

adopted 4 weeks of NF training aimed at improving cog-

nitive aspects of attention and memory processing. Authors

interpreted the observed within session increase in SMR/

theta as an evidence of NF learning, but quite surprisingly,

they did not report between session changes. A well-con-

ducted study by Ros et al. (2009) aimed to optimize

microsurgical skills in a group of surgeons by means of 8

sessions of NF based on SMR–theta and alpha–theta pro-

tocols. Interestingly, results showed increased SMR/theta

both within and between sessions that were positively

associated with improvement in surgical performance.

Furthermore, Gruzelier et al. (2010) recently adopted a NF

protocol aimed at enhancing actors’ artistic performances.

They found increments of a complex SMR/theta ? beta

index but did not report any SMR and theta changes across

sessions. In most studies reporting SMR/theta (Vernon

et al. 2003; Arns et al. 2009; Gruzelier et al. 2010), authors

rarely provided information on the underlying pattern of

SMR and theta bands separately; thus, conclusions could

be misleading in particular when specific ‘‘mental states’’

are linked to specific EEG bands.

The goal of the present study was to assess the efficacy

of NF to enhance the SMR/theta across weeks of training

by providing also separate band analysis and by high-

lighting between rather than within session increments of

the bands.

Materials and methods

Participants

Eight healthy undergraduates volunteers (6 females, 2

males; mean age ± SD = 23.12 ± 1.80 years) recruited at

the University of Padova participated to the study. Partic-

ipants did not report any neurological and/or psychiatric

history, and they were not currently under pharmacologic

treatments. They gave written informed consent for par-

ticipation, and the study protocol was conducted according

to the Helsinki declarations and was approved by the

Department’s Ethics Committee. No monetary reward was

given.

Neurofeedback training

Participants performed 16 training sessions of NF distrib-

uted over 8 consecutive weeks (2 times a week every

Monday and Wednesday or every Tuesday and Thursday,

while Friday was used as ‘‘additional day’’ if, for any

reasons, participants were unable to maintain the pre-fixed

appointments; whenever possible, the session schedule was

maintained constant across subjects for morning or after-

noon hours). On each session, 3-min baseline (eyes-open)

preceded five 3-min periods of NF training.

EEG from 1 pre-amplified gold cup electrode placed in

FCz and EOG from 2 pre-amplified gold cup electrodes

placed below and at the outer canthus of the left eye were

acquired by ProComp Infinity System (Thought Technol-

ogy Ltd; Montreal, Quebec, Canada). Training site in NF

studies mainly varies from central areas (Cz, C3 and C4) to

more frontal sites (Fz and FCz) (Thompson and Thompson

2003; Arns et al. 2009). The selection of FCz was sug-

gested by the large use of this site (Thompson and

Thompson 2003; Thompson et al. 2010). Given the prox-

imity of Cz and FCz electrodes (typically 2–3 cm) and the

unavoidable low-pass spatial filtering represented by the

scull, the SMR rhythm in these two sites is almost equiv-

alent. The reference and the ground electrodes were placed

respectively on the left and right earlobes. Impedance was

kept below 5 kX. EEG raw signal was sampled at 256 Hz,

digitalized and online band filtered (IIR) to extract SMR

(12–15 Hz; lV) and theta (4–7 Hz; lV) peak-to-peak

amplitude. A visual feedback based on SMR/theta was

continuously presented as a video game (a sailing boat)

using BioGraph Infiniti software (Thought Technology

Ltd; Monreal, Quebec, Canada). The boat moved from the

left to the right of the screen each time the SMR/theta

surpassed a session-fixed SMR/theta threshold. The

threshold was calculated separately for each individual and

session while it was maintained constant during the five

periods of NF training within each session. The thresholds

were calculated as follows: average of SMR/theta ratio

measured during the 3-min baseline incremented by 35 %.

An additional bar graph showed the subject the current

level of SMR/theta and the pre-fixed threshold, and thus,

participants were updated on how much close to the goal

they were. In order to minimize the interference of mus-

cular activity and eye blink artifacts on EEG, artifact

rejection thresholds were set. Artifacts inhibited feedbacks

when EEG peak-to-peak amplitude exceeded 25 lV on
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0.5–2 Hz (low artifact) or 7 lV on EEG 40–60 Hz (high

artifact) or 50 lV on EOG.

Procedure

The experiment was carried out at the Microgravity and

Brain Plasticity Laboratory of the Department of General

Psychology at the University of Padova. After arrival,

participants were sited in a comfortable chair and electrodes

were attached. Baseline was recorded at rest allowing to set

the individual SMR/theta threshold. Afterward, participants

were first instructed to move the boat as far as possible

trying to avoid interruption in its navigation and to do this

by finding a personal ‘‘mental state’’. At the end of each

period of NF training, participants were asked to report the

mental set adopted, and, at the end of the session, they were

informed on the strategy that was associated with the best

performance among the five recordings.

Data reduction and analysis

During the NF training, the following indexes were cal-

culated and stored: SMR/theta, SMR and theta mean peak-

to-peak amplitudes. EEG band amplitude achieved during

the five periods of NF training was subtracted to the

respective baseline values and then averaged (data are

expressed as percentage of change from baseline values).

Thus, the analyzed variables were D% SMR, D% theta and

D% SMR/theta. Absolute baseline amplitude for SMR (lV),

theta (lV) and SMR/theta has been further analyzed to

investigate resting state modifications across the 8 weeks

of NF training. ANOVAs were calculated on mean values

of the dependent variables using Time (8 levels: weeks 1 to

8) as repeated measure factor. Post hoc comparisons were

run on significant effects by using the Fisher’s LSD test.

Greenhouse-Geisser correction was performed, and F val-

ues, uncorrected degrees of freedom, epsilon values (e),
and corrected probability levels were reported. Partial eta-

squared effect size (gp
2) and observed power (Obspow) were

reported as measures of effect size. In addition, in order to

investigate the significance of the percentage change, for

each week, t test for the mean against zero was computed

on D% SMR, D% theta and D% SMR/theta. The probability

level of p \ 0.05 was considered significant for all statis-

tical analyses.

Results

NF learning indexes

D% SMR/theta significantly increased across weeks of NF

training as indicated by the Time main effect (F1, 7 = 3.73,

p \ 0.05, gp
2 = 0.35, Obspow = 0.96, e = 0.40). Post hoc

analysis showed significant increases of D% SMR/theta from

week 1, 2, 3 and 4 to week 7 and 8, from week 2 to week 6,

and from week 5 to week 8 (Fig. 1a). T tests showed a

significant increase from zero only for week 8 (Table 1).

D% SMR significantly increased across weeks of NF

training as indicated by the Time main effect (F1, 7 = 3.67,

p \ 0.05, gp
2 = 0.35, Obspow = 0.95, e = 0.57). Post hoc

analysis revealed a significant increase of D% SMR from

week 1 to week 6, 7 and 8, and from week 3 to all the other

weeks (Fig. 1b). T tests against zero showed significant

decrements of SMR in the weeks 1, 2 and 4 (Table 1).

D% theta failed to show significant modifications across

sessions essentially because this band was substantially

inhibited in most of weeks, including the first one (Fig. 1c).

Indeed, t tests showed significant theta inhibition at weeks

1, 2, 4, 5 and 6 (Table 1).

Baseline changes

Resting SMR/theta significantly reduced across weeks of

NF as suggested by the Time main effect (F1,7 = 3.33,

Fig. 1 Percentage changes of SMR/theta ratio (a), SMR (b) and theta

(c) across the 8 weeks of NF training
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p \ 0.001, gp
2 = 0.32, Obspow = 0.93, e = 0.38). Post hoc

comparisons indicated a reduction of baseline SMR/theta

from weeks 1, 2, 3, 4, 5 to week 8, from week 2 to weeks 6,

7, and from week 3 to week 6 (Fig. 2).

SMR and theta bands analyzed separately failed to show

any significant change.

Discussion

Upon the current limited scientific evidence on the validity

of NF to modify EEG spectrum, the purpose of this study

was to investigate EEG changes across weeks of NF train-

ing using a well-established SMR–theta NF protocol aimed

at enhancing SMR and simultaneously inhibit theta activity.

The main result of our study showed an increase in the

percentage change of SMR/theta in the course of 8 weeks

of NF training. Quite surprisingly, individuals were able to

strongly suppress theta activity since the first week of

training but were not able to further suppress the amplitude

of this band in the following weeks. Instead, SMR differ-

ential values increased, that is, started negative to increase

gradually across the weeks. Thus, results across weeks of

the two bands went in the opposite direction compared to

what it was expected. During their task focused on

enhancing the SMR/theta, participants clearly dissociated

the self-regulation of SMR from theta band. Additional

weeks of training seem to be necessary to investigate if

individuals are able to completely dissociate the two

rhythms and finally increase SMR above zero. However,

the significant increase of SMR/theta narrowed to the last

week of training suggests that a minimum of sixteen ses-

sions are necessary in a NF SMR–theta protocol. However,

we cannot rule out that by increasing the number of ses-

sions per weeks (we performed only two sessions per

week) or modifying the length of NF learning periods (we

adopted five consecutive 3-min NF periods) within the

sessions may shorten the time necessary for NF learning.

Table 1 Mean standard error (SE), t test values against zero and associated p values for the percentage modifications of SMR/theta ratio, SMR and

theta for the 8 weeks of NF training

Week Mean SE t vs 0 p ANOVAs LSD p values

1 2 3 4 5 6 7 8

D% SMR/theta 1 2.83 2.97 0.95 *

2 -3.49 2.27 -1.53

3 2.32 3.47 0.67

4 2.94 2.98 0.98

5 3.69 3.83 0.96

6 6.25 2.70 2.31 *

7 10.55 5.61 1.88 * *** * *

8 12.85 4.19 3.07 * *** *** ** *

D% SMR 1 -5.59 2.03 -2.75 *

2 -8.18 2.08 -3.93 **

3 -2.34 2.33 -1.00 * **

4 -4.10 1.41 -2.90 *

5 -3.85 2.31 -1.66 *

6 -1.43 1.89 -0.76 * **

7 -0.82 2.22 -0.37 * ***

8 -0.14 1.62 -0.08 ** ***

D% theta 1 -7.67 2.69 -2.85 *

2 -7.00 1.61 -4.34 **

3 -5.44 2.44 -2.23 *

4 -8.39 2.54 -3.30 *

5 -8.87 3.26 -2.72 *

6 -6.25 2.44 -2.56

7 -9.63 5.55 -1.73

8 -10.52 5.09 -2.07

In addition, p values for the ANOVAs post hoc comparisons (LSD) are provided

* p \ 0.05; ** p \ 0.01; *** p \ 0.001
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Our results account not only for SMR–theta protocols

based on feedback of the SMR/theta but also for protocols

using feedbacks on one band only. In a recent paper,

Messerotti et al. (2011) trained a patient with Tourette

syndrome to enhance SMR and simultaneously inhibit

theta. After sixteen sessions of NF authors decided to add

six sessions focused on SMR only because, as the authors

reported, the patient found difficult to achieve a significant

SMR increase with the SMR–theta protocol. Another study

better explained this problem, Ros et al. (2009) reported

within session’s increases in SMR/theta, but analysis on

separate bands revealed that subjects succeeded in theta

reductions only. In our study, between-session analysis of

SMR/theta showed that SMR increased across weeks but

was strongly inhibited in the first sessions.

Surprisingly, SMR/theta baseline values decreased

across weeks of NF training suggesting that the increased

percentage of SMR/theta observed during NF active peri-

ods (calculated using the baseline as reference) could be

due mainly to baseline reduction of this ratio. This change

in resting baseline might be related to increasing relaxation

across sessions. EEG indexes of relaxation are typically

marked by increments in alpha and theta powers (Teplan

et al. 2006) and reduction in frontal beta activity (Jacobs

et al. 1996). In our study, both individuals’ habituation to

the experimental setting and laboratory environment and

their implicit understanding that it is easier to achieve

positive feedbacks when you are more relaxed could be

responsible for a ‘‘relaxation effect’’ in the baseline trend.

Given that baseline thresholds were defined separately

for each session and, that the task given to participants was

to increase SMR/theta referring to the session-specific

baseline threshold, we are confident to conclude that our

participants were able to increase the SMR/theta across

weeks of NF. Alternatively, decreased baseline SMR/theta

could be responsible for the lack the across session increase

in SMR/theta absolute values recorded during NF periods

(pattern showed by the dotted line in Fig. 2). It is possible

that only when baseline SMR/theta decreases across

sessions, participants become able to modulate and

increase this ratio during NF phase with respect to baseline.

An intriguing study of Dempster and Vernon (2009)

aiming to increase alpha (8–12 Hz) band over 10 sessions

of NF showed across sessions baseline changes. Such

changes affected the rate of modulation in alpha amplitude

due to the NF. Results led authors to conclude that the

individuals’ ‘‘mental activity’’ in baseline could affect the

alpha band more than the NF per se. Given that, authors

suggested a possible role of habituation and change in

focus from external to internal events across weeks of

training. A third hypothesis suggested a residual effect of

NF training that was in agreement with the findings of Cho

et al. (2008). They found a relationship between alpha

amplitude at the end of each training session and baseline

alpha amplitude of the next session. Further studies are

necessary to address this point and to assess the role of

relaxation/habituation in NF training.

Regarding the criteria for the validation of a NF protocol

proposed by Zoefel et al. (2011), we suggest some inte-

grations. Based on our findings, we recommend to perform

analysis on single bands whenever complex indices (like

ratios) are adopted (independence). Furthermore, our

results suggest to measure changes in differential values of

trained bands (NF periods compared to the corresponding

baseline values) as well as baseline changes in the trained

bands across all sessions (trainability) as a standard pro-

tocol in NF research.

The majority of studies in the NF field seem to under-

estimate the need for monitoring EEG during training.

Protocols that do not plan the EEG scoring within and

between sessions cannot associate behavioral modifications

directly to the NF training. Given the difficulty to enhance

SMR in a SMR–theta protocol, it could be useful to reduce

the weight (and contribution) of theta band (calculated

from the baseline percentage of theta amplitude) in the

computation of the online SMR/theta threshold. With the

suggested approach, the individuals’ focus during the NF

training would be more centered on the SMR. In addition,

thresholds should be adjusted based on the within-session

baseline, and this should be analyzed alone across NF

training.

Conclusions

Individuals are able to significantly increase SMR/theta

ratio in a SMR–theta NB protocol across 16 sessions.

Separate analyses on SMR and theta bands explained how

individuals were able to decrease theta easily since the first

week of NF training but had difficulty to significantly

increase SMR compared to baseline values. Nevertheless,

they were able to relatively increase SMR across sessions.

Fig. 2 The continuous line shows changes in baseline of SMR/theta

ratio across weeks of NF training. Average amplitude in absolute

SMR/theta ratio (not referred to baseline) of the five 3-min NF

periods across session is indicated by the dotted line
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A parallel, decreased SMR/theta baseline across sessions

was found, which well explain the observed negative

changes in theta and SMR found in the first two weeks of

NF. In conclusion, in NF field, we recommend that EEG

data of NF training should be always monitored and ana-

lyzed session by session as a standard procedure in both

clinical applications and basic research. This holds espe-

cially when behavioral changes are reported as conse-

quences of NF training and hypothetically associated with

modifications in EEG-trained bands.

Future research should also evaluate the impact of the

trained bands on the whole EEG spectrum and on other

scalp locations to better investigate how individuals learn

to self-regulate specific EEG frequency bands.
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