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Abstract.
Background: In healthy older adults, excess theta activity is an electroencephalographic (EEG) predictor of cognitive
impairment. In a previous study, neurofeedback (NFB) treatment reinforcing reductions theta activity resulted in EEG
reorganization and cognitive improvement.
Objective: To explore the clinical applicability of this NFB treatment, the present study performed a 1-year follow-up to
determine its lasting effects.
Methods: Twenty seniors with excessive theta activity in their EEG were randomly assigned to the experimental or control
group. The experimental group received an auditory reward when the theta absolute power (AP) was reduced. The control
group received the reward randomly.
Results: Both groups showed a significant decrease in theta activity at the training electrode. However, the EEG results
showed that only the experimental group underwent global changes after treatment. These changes consisted of delta and
theta decreases and beta increases. Although no changes were found in any group during the period between the posttreatment
evaluation and follow-up, more pronounced theta decreases and beta increases were observed in the experimental group when
the follow-up and pretreatment measures were compared. Executive functions showed a tendency to improve two months
after treatment which became significant one year later.
Conclusion: These results suggest that the EEG and behavioral benefits of this NFB treatment persist for at least one year,
which adds up to the available evidence contributing to identifying factors that increase its efficacy level. The relevance of
this study lies in its prophylactic features of addressing a clinically healthy population with EEG risk of cognitive decline.
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INTRODUCTION

Increases in life expectancy have resulted in a
higher incidence of diseases related to aging [1, 2].
In particular, old age is the primary risk factor for
neurocognitive disorders (NCD) [3]; therefore, the
number of patients with these disorders has increased.
In accordance with the hypothesis that NCD may be
a form of accelerated aging [4], declines in multi-
ple cognitive processes, mainly in memory [5, 6] and
executive functions [7, 8], are the most characteris-
tic manifestations of cognitive decline. Moreover, the
progression of such cognitive deficits becomes inca-
pacitating in the advanced stages of NCD. Hence, the
development of therapeutic methods aimed at slow-
ing or preventing the progression of NCD has become
increasingly relevant.

Measurement of the resting-state electroen-
cephalogram (EEG) allows us to infer the baseline
function of the brain [9], which implies that EEG may
reflect age-related cognitive decline. EEG changes
that occur with aging include a reduction in the
voltage of the alpha rhythm and a slowing of the back-
ground alpha activity (posterior dominant rhythm),
which results in a reduction of the alpha absolute
power (AP) and the frequency of the alpha peak; how-
ever, Chang et al. [10] considered that this may be
the effect of cerebral pathology (vascular or degener-
ative) that occurs with old age. Aging has also been
related to a topographic reorganization of the alpha
rhythm resulting in a spread to frontal areas [11]. This
“frontalization” of alpha activity might be a conse-
quence of age-related atrophy that occurs, especially
in sensorimotor and prefrontal areas [10–14]. EEG
in old age is also characterized by the appearance
of scattered theta waves that are reflected in a diffuse
increase in theta power and the occasional appearance
of delta waves with temporal predominance [15–17].
In NCD, an exacerbation of the EEG features reported
in healthy aging is observed, mainly, an increase in
slow activity (delta and theta) [18–20] and a reduc-
tion in the posterior alpha rhythm [20–22]. Moreover,
slow wave activity has been linked to the worst cog-
nitive status during aging [23–26].

Prichep et al. [23] showed that these EEG fea-
tures are not exclusive to patients with NCD. An
excess of slow activity, mainly in the theta frequency
range, is an excellent predictor of cognitive impair-
ment, even 7–10 years before the disease is clinically
apparent. Recently, Musaeus et al. [25] demonstrated
the predictive power of excess theta in a sample of
almost 400 older adults. In those with minor NCD,

theta activity has been related to an increased risk of
converting to major NCD [27–29].

Neurofeedback (NFB) is a neuroregulatory train-
ing tool that aims to modify specific characteristics of
brain activity through the application of operant con-
ditioning. In the particular case of EEG-based NFB,
individuals can learn to modify their brain’s electri-
cal activity [30, 31]. This training has been used in
older adults, both healthy and with NCD, to improve
certain aspects of their cognitive performance. The
rationale for developing an NFB protocol has varied
among studies. Regarding major NCD, the purpose
of NFB treatment has been to normalize abnormal
EEG activity in patients. Surmeli et al. [32] and Lui-
jmes et al. [33] used individualized NFB protocols
for each patient based on their baseline EEG evalu-
ations. Other studies investigated the effect of NFB
on minor NCD with different protocols including the
uptraining of SMR/theta [34], alpha [35], beta [36],
and beta/alpha [37]. Even though the protocols were
different, a common characteristic was the reinforce-
ment of higher frequencies. Regarding healthy older
adults, the rationale for protocol development has
been of three types: 1) Lecomte et al. [38] aimed to
induce an EEG pattern similar to that in expert med-
itators; 2) Wang & Hsieh [39] tested a protocol that
upregulated frontal midline theta activity and Reis et
al. [40] increased alpha and theta based on what has
been reported regarding task-induced EEG; and 3)
another group of authors reinforced the production of
higher-frequency activity based on the resting-state
EEG characteristics associated with healthy aging
(i.e., alpha [40, 41], SMR [42], beta [43, 44], and
gamma [44]) or inhibited theta activity [45].

To date, there have been no studies that demon-
strated whether the EEG activity during NFB was
more similar to any one of these three conditions
(meditation, task, or resting state). Our rationale for
implementing NFB is in line with the third ratio-
nale based on the resting-state EEG characteristics
observed in healthy aging.

Thus, our results from a previous study [45] led
us to apply an NFB treatment that reinforced reduc-
tions in excessive theta activity, with the expectation
of a concomitant cognitive improvement. Fourteen
healthy adults over the age of 60 were randomly
assigned to one of two groups: the experimental
group, which received NFB training (consisting of
a reward when absolute theta power was reduced),
and the control group, which received sham train-
ing that consisted of a random delivery of the same
auditory stimulus. Although both groups showed
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improvements in their EEG and behavioral measures,
only the experimental group showed a significant ten-
dency to normalize the EEG absolute power (AP),
which consisted of a decrease in theta activity, mainly
at the midline, and an increase in the alpha band
in the left lateral electrodes. This was reflected in
significantly higher scores in verbal processing.

Despite the recommendations that NFB studies
incorporate a regular follow-up of the participants
[46], there are only a couple of studies in older adults
that address this concern. In both studies, Lavy et
al. [35] and Marlats et al. [34] included individuals
with minor NCD, and their follow-up periods were
one month after treatment. In both studies, the NFB
effect on cognition endured at the follow-up. Lavy et
al. found that the improvement observed after only ten
sessions of treatment was not sustained at the follow-
up, in contrast to Marlats et al. [34] who observed that
the EEG changes were sustained at the follow-up after
20 sessions of NFB. This might suggest that a larger
number of sessions is required for the endurance of
the changes produced by NFB.

The permanence of the effects attributable to NFB
is crucial for it to be considered clinically useful.
Thus, in the Becerra et al. study [45], we attempted to
evaluate the effects of NFB two years after training;
however, this was not possible: when the participants
were contacted two years later, only those in the
experimental group agreed to attend follow-up evalu-
ations, whereas the control group participants refused
to receive the NFB treatment.

Therefore, the main goal of the present study was
to explore the permanence of the changes produced
by NFB one year after completion of the training.
Consistent with a previous study [45], we hypothe-
sized that a decrease in the theta band, an increase in
the alpha band, and an improvement in cognitive per-
formance would occur after treatment and that, based
on the few existing follow-up studies, these changes
would persist a year later.

MATERIALS AND METHODS

Participants

Ninety-seven older adults were recruited and
screened for inclusion criteria fulfillment from 2012
to 2018. Twenty right-handed healthy individuals
older than 60 years of age (range = 60–81 years)
were selected for this study. The sample size cal-
culation yielded a result of 9 subjects per group.
This calculation for mean differences (one group)

was performed using effect size data from the exper-
imental group in our previous study [45]. The largest
difference between the before and after measure-
ments was used; thus, the statistical power was set
at 13, and the standardized difference was set at 11,
as described elsewhere [47]. Right-handedness was
assessed with a Spanish version of the Edinburgh
Handedness Inventory (LQ > + 50) [48]. The partic-
ipants had more than 9 years of schooling, scored
more than 90 on the Spanish version for the Mexican
population of the Wechsler adult intelligence scale-III
(WAIS-III) [49] and received a normal global score
on the short version of NEUROPSI, a brief neuropsy-
chological test battery normalized in the Mexican
population [50]. A specialist in geriatric psychia-
try assessed all subjects to exclude participants with
psychiatric or neurological disorders. The psychi-
atric examination included the Mini-Mental State
Examination (MMSE) [51] and the global deterio-
ration scale (GDS) [52]. Therefore, the behavioral
assessment of cognition in all participants was normal
(MMSE ≥ 27; GDS � 2). Moreover, the participants
did not present signs of diabetes, anemia, hyperc-
holesterolemia, or thyroid disease in clinical blood
panel analyses, nor did they have uncontrolled hyper-
tensive disease. The participants had an abnormally
high theta AP value in at least one electrode of their
EEG; this was an inclusion requirement because it
has been shown that an excess theta AP is a predictor
of cognitive decline seven years before clinical signs
and symptoms appear [23]. A more detailed expla-
nation is provided in the EEG recording and analysis
section.

The participants provided written informed con-
sent to participate in this study. This project (Ref:
030.H-RM) was approved by the Bioethics Commit-
tee of the Instituto de Neurobiologı́a, Universidad
Nacional Autónoma de México (UNAM), and it was
performed in accordance with the Declaration of
Helsinki and the Official Mexican Norms for experi-
ments with human subjects.

These 20 subjects were assigned in a pseudoran-
dom fashion (controlling for age, sex, and z theta
AP value at the derivation in which this value was
the highest) to one of two groups: the experimental
group (EXP), which was given an NFB treatment that
positively reinforced reductions in theta AP, and the
control group (CTL), which was administered a sham
NFB treatment as described below. During treatment,
two participants withdrew from the study.

Thus, the EXP group was composed of 10 partici-
pants (age (mean ± standard deviation): 68.60 ± 5.95
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Table 1
Demographic and cognitive characteristics of participants in the experimental and control groups before treatment

Experimental Control
Percentage (n) Percentage (n) χ2(1) p

Sex 0.00 1.00
Male: 50% (5) 50% (4)
Female 50% (5) 50% (4)

GDS score 2.88 0.22
1 70% (7) 100% (8)
2 30% (3) 0%

Mean (SD) Mean (SD) t (1,16) p

Age 67.50 (7.03), 60–81 y 68.60 (5.95), 61–77 y –0.36 0.72
Years of schooling 15.00 (4.57) 15.40 (3.47) –0.21 0.83
MMSE 28.50 (.71) 29.00 (.94) 1.14 0.25
NEUROPSI-total 106.00 (8.44) 101.75 (7.05) 1.05 0.31
WAIS-IQ 101.25 (9.57) 100.30 (8.70) 0.28 0.78
z AP theta 2.75 (1.03) 3.60 (1.51) –1.35 0.19

n, number of participants; SD, standard deviation; GDS, Global Deterioration Scale; MMSE, Mini-Mental State
Examination; zAPG theta, z-values of theta absolute power with geometric power correction.

years, range: 60–81 years; years of schooling:
15.40 ± 3.47; 5 women), and the CTL group was
composed of 8 participants (age: 67.50 ± 7.03 years,
range: 61–77 years; years of schooling: 15.00 ± 4.57;
4 women) since two of the subjects assigned to
the CTL group withdrew from treatment before
it concluded (see Table 1). There were no dif-
ferences between the groups in age (t(16) = –0.36,
p = 0.72), sex (χ2(1) = 0.0, p = 1.00), years of school-
ing (t(16) = –0.21, p = 0.83), or cognitive status
(MMSE: t(16) = 1.14, p = 0.25; GDS: χ2(1) = 2.88,
p = 0.22) before treatment. Additionally, there were
no differences between the groups in the initial IQ
scores from the WAIS-III (EXP: 100.30 ± 8.70; CTL:
101.25 ± 9.57; t(16) = 0.28, p = 0.78) or the global
scores on the NEUROPSI (EXP: 101.75 ± 7.05;
CTL: 106 ± 8.44; t(16) = 1.05, p = 0.31).

The participants were evaluated using the WAIS-
III, NEUROPSI, and EEG at three time points: before
(B), 2 months after (2mA), and 1 year after (1yA)
NFB treatment.

EEG recording and analysis

The subjects were seated in a comfortable chair in
a sound-proof, faradized, dimly-lit room. The refer-
ential EEG was recorded at rest with subjects’ eyes
closed for 15 min using a Medicid™ IV system and
Track Walker™ v2.0 data system (Neuronic Mex-
icana, S.A.; Mexico). We used the appropriate cap
(ElectroCap™, International Inc.; Eaton, Ohio) with
19 electrodes mounted and distributed according to
the 10/20 international system, which were refer-
enced to linked ear lobes. The EEG was digitized with

a sampling rate of 200 Hz using a bandpass filter of
0.5–50 Hz; the impedance was kept below 5 k�.

The participants were not under the effects of
any psychopharmacological medication and were
instructed to not take any substance to induce sleep
the night before recording. During the recording, they
were instructed to keep their eyes closed and remain
relaxed. The subjects were also cautioned not to fall
asleep.

For the analysis, an expert electroencephalogra-
pher visually edited the EEG, selecting 24 artifact-
free segments of 2.56 s. The expert selected segments
without intrinsic or extrinsic artifacts in any channel.
The selected segments throughout the recording had
to maintain the frequency and amplitude characteris-
tics that the posterior rhythm had at the beginning
of the recording to avoid activity associated with
drowsiness. The individual QEEG analyses were per-
formed using the fast Fourier transform to obtain
cross-spectral matrices, and the AP with a geometric
power correction [53] was calculated every 0.39 Hz.
With this correction, approximately 42% of the vari-
ance not related to physiological factors is reduced.
The AP in each of the four classic frequency bands
was obtained: delta (1.5–3.5 Hz), theta (4–7.5 Hz),
alpha (8–12.5 Hz), and beta (13–19.5 Hz); these fre-
quency ranges were the same as those used for the
normative database [54] provided by MEDICID IV.
Corresponding z-values for AP were obtained by
comparing each subject’s values with the values from
the normative database [z = (x– x)/S, where x and S
are the mean value and the standard deviation, respec-
tively, of the normative sample]; a z value higher than
1.96 was considered abnormally high because it is
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approximately two standard deviations over the mean
of the norms.

Neurofeedback and sham treatments

The corresponding treatment (NFB or sham) was
applied using the EEG from the lead in which the
most abnormally high zAP(theta) value was found.
The participants in both groups were told that they
would receive one of two available treatments with-
out specifying that a sham treatment existed. They
were also told that the training that would prove to be
the most successful would be later offered to those
who had not received it. No strategies to regulate
their brain activity were given to the participants.
NFB was conducted using a custom-made program
adapted to TrackWalker software (see [45]). EEG was
recorded from the electrode with the highest z[AP
theta], i.e., the target lead, referenced to the linked ear-
lobes. The program analyzed theta AP in windows of
1,280 ms, displacing 20 ms each time, and it emitted a
1,000 Hz tone (reward) when theta AP was below the
selected threshold value. This threshold value was set
in such a manner that the subject would receive the
reward between 60% and 80% of the time following a
continuous reinforcement schedule. Throughout the
recording, the z value of the theta AP was computed
and compared with the threshold. If this value was
lower than the threshold, the reward was delivered.
The participant was told that it was important to main-
tain the sound because it indicated that his or her brain
was working well; consequently, the tone acquired
a positive connotation. Each participant received 30
training sessions (30 min per session) over a period
of ten to twelve weeks.

For every participant, a threshold was selected in
the first session such that the participant received the
reward approximately 70% of the time. The percent-
age of reward deliveries was quantified every three
minutes: if the percentage was under 60%, the thresh-
old for the next 3-minute interval was increased,
and if the percentage was over 80%, the thresh-
old was decreased. Across the training, no online
artifact correction was implemented; however, the
frequency that was trained is not within the range of
frequencies most commonly affected by artifacts in
EEG recordings, i.e., eye movements or electromyo-
graphic activity.

In the sham treatment, the conditions were the
same as in the NFB treatment except that tone deliv-
ery and its duration were random, i.e., not contingent
on the subject’s EEG activity. Once the study was

concluded, contingent NFB treatment was admin-
istered to the participants in the CTL group in
accordance with the guidelines of the Declaration of
Helsinki.

For all participants, plots showing their z[AP theta]
values at the end of every session were available so
they could check on their progress. The plots for the
sham group showed simulated changes. These plots
fulfilled a motivational purpose.

Data analysis

EEG learning induced by NFB treatment
As the first step, we evaluated whether the partic-

ipants were able to learn to reduce the theta AP in
the most abnormal electrode throughout NFB treat-
ment, Thus, a Friedman test was conducted on data
from both groups using the most abnormal z-value of
theta AP per subject at B, 2mA, and 1yA to establish
whether the treatment, in fact, induced the expected
learning and whether this learning, if any, was sus-
tained. Mann-Whitney tests were then performed on
the differences between B and 2mA as well as B and
1yA to establish if there was a difference in terms of
the effect between groups, which would indicate us
to what extent the effects were due to NFB-specific
factors.

EEG data
Statistical analysis of the EEG data was per-

formed using the statistical nonparametric mapping
(SnPM) included in the standardized low-resolution
brain electromagnetic tomography (sLORETA) soft-
ware provided by the KEY Institute for Brain-Mind
Research [55, 56]. This method is a distribution-free
test based on the estimation of the empirical prob-
ability distribution for the maximum t statistic [57].
The maximum t and the extreme probability values as
well as t- and p-values were reported. Then, correc-
tions for multiple testing with a false discovery rate
(FDR) were performed (p < 0.05).

The resting-state EEGs were recorded at three
timepoints: B, 2mA, and 1yA. The z scores of the
AP in four frequency bands (i.e., delta, theta, alpha,
and beta) were considered for these comparisons.

Each frequency band was separately analyzed
as follows: 1) we compared the NFB effect on
EEG AP in each group, separately, between pairs
of time points (i.e., 2mA versus B; 1yA versus
2mA; 1yA versus B); 2) in addition, we compared
the groups with regard to the NFB effects, i.e., a)
EXP[2mA-B] versus CTL[2mA-B], b) EXP[1yA-B]
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Fig. 1. Learning induced by neurofeedback treatment. A) The mean value of the most abnormal z-values of theta absolute power (with the
geometric power correction) at three time points: before, 2 months after and 1 year after treatment, for the experimental group (EXP) and the
control group (CTL). B) Differences between groups in the mean change of the most abnormal z-values of theta absolute power at 2 months
after and 1 year after treatment. ∗p < 0.05 and ∗∗p < 0.01 after correcting for pairwise comparisons.

versus CTL[1yA-B], and c) EXP[1yA-2mA] ver-
sus CTL[1yA-2mA]. p-values resulting from a set
of comparisons were corrected by the FDR method
(https://tools.carbocation.com/FDR).

Cognitive assessment data
Statistical analyses of the cognitive assessments

(WAIS-III and NEUROPSI) were also performed
with the SnPM method described above. FDR correc-
tions were used to account for multiple comparisons
(p < 0.05).

The WAIS-III and NEUROPSI tests were admin-
istered to the participants at B, 2mA and 1yA. The
WAIS-III measures considered in the comparisons
were the following: intelligence quotient (IQ), verbal
comprehension index (VCI), working memory index
(WMI), perceptual organization index (POI) and pro-
cessing speed index (PSI), whereas the NEUROPSI
measures were Orientation, Attention, Encoding,
Language, Reading, Writing, and Executive func-
tions: Conceptual and Motor, Memory recall and
Total Score.

The WAIS-III and NEUROPSI tests were ana-
lyzed as follows: 1) we compared the NFB effect
on the test scores in each group between pairs of
time points, i.e., 2mA versus B, 1yA versus 2mA,
and 1yA versus B; 2) in addition, we compared
the groups with regard to the NFB effects, i.e., a)
EXP[2mA-B] versus CTL[2mA-B], b) EXP[1yA-B]
versus CTL[1yA-B], and c) EXP[1yA-2mA] ver-
sus CTL[1yA-2mA]. p-values resulting from a set
of comparisons were corrected by the FDR method
(https://tools.carbocation.com/FDR).

Spearman correlation analyses were performed
between the changes in NFB learning and changes
in cognitive performance for every measure.

RESULTS

Learning induced by NFB

Figure 1 shows the mean and standard error of the
most abnormal z-value per group at B, 2mA, and
1yA (Fig. 1A), as well as the comparison between
groups for the effects at 2mA and 1yA (Fig. 1B).
We observed a significant effect of the treatment on
the most abnormal individual z-value, which corre-
sponded to the lead used during treatment, in both
the EXP group (χ2(2) = 12.2, p = 0.002) and the CTL
group (χ2(2) = 9.25, p = 0.01). Dunn-Bonferroni post
hoc tests were carried out, and significant differ-
ences in both groups were found between B and 2mA
(EXP: p = 0.005; CTRL: p = 0.018) and between B
and 1yA (EXP: p = 0.011; CTRL: p = 0.037), after
the adjustment for pairwise comparisons. To estab-
lish whether the effect was different across groups,
Mann-Whitney tests were conducted for the effect at
2mA and 1yA. The effect was larger in the exper-
imental group at both 2mA (U = 16, p = 0.034) and
1yA (U = 9, p = 0.004). Data of zAPtheta and the most
abnormally higher lead for all participants at the three
recording times is shown in Supplementary Table 1.

EEG results

Delta zAP
Comparisons between pairs of time points per

group. As shown in Fig. 2, the EXP group had a lower
delta zAP at 2mA than at B at the Fp1, Fp2, F4, C3,
C4, P3, P4, O1, O2, T3, T4, T5, T6, Fz, Cz, and
Pz locations (tmax = 2.85, global p = 0.004), whereas
the CTL group did not show significant differences
in zAP (tmax = 3.05, global p = 0.4). No significant

https://tools.carbocation.com/FDR
https://tools.carbocation.com/FDR
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Fig. 2. Probability maps of zAP changes at 2 months after (2mA) and 1 year after (1yA) neurofeedback treatment. There are four consecutive
matrices, one for each frequency band (delta, theta, alpha, and beta). In each matrix, the first row represents the zAP changes that occurred
from before (B) to 2mA treatment, the second row from 2mA to 1yA treatment, and the third row from B to 1yA treatment. The first and
second columns of each matrix show changes in the experimental (EXP) and control (CTL) groups, respectively, and the third column shows
the differences in the changes between groups. The color scale represents the probability of the differences between evaluations or groups;
in red, the increases, and in blue, the decreases over time with respect to previous evaluations.

differences within groups were observed in the 1yA
versus 2mA or 1yA versus B comparisons.

Comparisons between groups with regard to NFB
effects. There were significant differences between
groups in the F3, F4, C3, C4, P3, P4, T6, Fz, and Cz
locations (tmax = 2.9, global p = 0.01). The decrease
in delta zAP values at 2mA than at B was greater in
the EXP group than in the CTL group.

A significant difference between the groups was
found in the 1yA-2mA difference in the O2 site
(tmax = –3.0, global p = 0.04); however, no significant
within-group differences were found.

Theta zAP
Comparisons between pairs of time points per

group. Figure 2 shows lower theta zAP values at 2mA
than at B in both groups; these differences were more
widespread in the EXP group (Fp1, Fp2, F3, F4, C3,
C4, P3, P4, F8, T3, T5, Fz, Cz, and Pz; tmax = 3.03,
global p = 0.002) than in the CTL group (T3 and T5;
tmax = 3.5, global p = 0.02).

The EXP group had a lower theta zAP at 1yA
than at B in the Fp1, Fp2, F3, F4, C3, C4, P3, P4,
F8, T4, T6, Fz, Cz, and Pz sites (tmax = 3.1, global
p = 0.0002); meanwhile, the CTL group did not dis-
play differences in the 1yA versus B comparison
(tmax = 3.7, global p = 0.04). No differences in the
theta zAP values were observed in the 1yA versus
2mA comparisons.

Comparisons between groups with regard to NFB
effects. Significant differences between groups were
observed in the theta zAP in the 1yA-B difference;
the EXP group displayed lower zAP values at 1yA
than at B in the Fp2, F4, C4, and P4 locations
than the CTL group (tmax = 3.10, global p = 0.01).

No significant differences were found between
groups in the 2mA-B and 1yA-2mA comparisons.

Alpha zAP
No significant differences were found within or

between groups in any comparison (see Fig. 2).

Beta zAP
Comparisons between pairs of time points per

group. As shown in Fig. 2, the EXP participants dis-
played a greater beta zAP at 2mA than at B in the Fp1,
Fp2, F3, F4, C3, C4, P3, P4, F7, Fz, Cz, and Pz sites
(tmax = –2.8, global p = 0.007) than the CTL partici-
pants. The EXP group also displayed a greater beta
zAP at 1yA than at 2mA in the O2 site (tmax = –3.5,
global p = 0.05). Both groups showed increased beta
zAP values at 1yA than at B, but this difference was
more widespread in the EXP group (Fp2, F4, C3, C4,
P3, O2, F7, F8, T4, T5, T6, Fz, Cz, and Pz; t = –3.5,
p = 0.05) than in the CTL group (C4, P4, O2, and Pz;
t = –3.7, p = 0.04).

The CTL group did not show differences in beta
zAP values in the 2mA-B or the 1yA-2mA differ-
ences.

Comparisons between groups with regard to the
NFB effects. No significant differences were found
between groups in any comparison.

Behavioral and cognitive results

Wais-III
Comparisons between pairs of time points per

group. No within-group differences were observed
in the 2mA versus B, 1yA versus 2mA, and 1yA ver-
sus B comparisons. See the statistical comparisons in
Supplementary Table 2.
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Comparisons between groups with regard to NFB
effects. As shown in Fig. 3, there were significant
differences between groups concerning the NFB
effects. For the global IQ, significant differences
between groups were found regarding the changes
between 2mA versus B (EXP: 3.400.4, CTL: –1.65;
tmax = 2.79, global p = 0.0451) and between 1yA ver-
sus 2mA (EXP: –3.90, CTL: 2.38; tmax = –2.85,
p = 0.040). Although significance was not reached,
increased scores at 2mA with respect to B were
found in the EXP group; conversely, these scores
decreased in the CTL participants. On the other hand,
significantly decreased scores at 1yA with respect
to 2mA were found in the EXP group, while the
CTL participants showed increased scores. No sig-
nificant differences were found in the 1yA versus B
comparisons. See the statistical comparisons in Sup-
plementary Table 3.

Neuropsi
Comparisons between pairs of time points per

group. The EXP group displayed higher standard-
ized scores in executive functions at 1yA than at B
(B: –0.5 ± 0.99; 1yA: 0.11 ± 0.75; tmax = 2.86, global
p < 0.03).

Meanwhile, the CTL group showed lower scores
at 2mA and 1yA than at B in executive functions (B:
0.07 ± 0.55; 2mA: –0.27 ± 0.57; 1yA: –0.12 ± 0.60;
B versus 2mA: tmax = –2.97, global p < 0.001; B ver-
sus 1yA: tmax = –2.76, global p < 0.001). See the
statistical comparisons in Supplementary Table 4.

Comparisons between groups with regard to NFB
effects. Figure 4 shows the significant differences
between the groups. The EXP group displayed an
increase in executive functions at 1yA compared to
B, while the CTL group showed the inverse effect
(EXP, B: –0.5 ± 0.99; 1yA: 0.11 ± 0.75; CTL, B:
0.07 ± 0.55; 1yA: –0.12 ± 0.60) resulting in differ-
ences between groups in executive functions at 1yA
compared to B (EXP, mean difference, MD: 0.39;
CLT, MD: –0.19; tmax = 2.91, global p < 0.003). See
the statistical comparisons in Supplementary Table 5.

We found no significant correlations between the
changes in NFB learning and changes in cognitive
performance for every measure.

DISCUSSION

The aim of this study was to evaluate the effects
of NFB training on cognition and resting-state EEG

and to perform a 1-year follow-up to explore the
permanence of the effects. A group of healthy older
adults at risk of cognitive decline received NFB train-
ing that reinforced the reductions in theta AP at
the most abnormal lead. This group was compared
to a control group that received sham training. We
first analyzed the changes in their theta z-values at
the most abnormal lead to test whether they had
learned to reduce abnormal theta activity in the tar-
get lead (Fig. 1). Both groups exhibited a decrease in
their theta AP at the target lead; however, the effect
was significantly larger in the EXP group, which
suggested that NFB-specific learning was responsi-
ble for a part of this decrease in the EXP group.
The remaining theta reduction found in both groups
can be attributed to several nonspecific NFB fac-
tors. Changes observed in both training conditions
could involve the use of metacognitive strategies
that might have modified their EEG activity regard-
less of the contingency between EEG and reward
delivery [58, 59]. Additionally, an expectancy [60]
or placebo [61–63] effect could contribute to the
reduction in theta in the target lead. Another factor
that might have contributed to this theta reduction
was the changes experienced by both groups in their
lifestyles as a result of their involvement with the
study. Since they were aware of the risk of developing
future cognitive decline, they increased their activ-
ity level by introducing more reading, games such
as Sudoku, music, dancing, exercise, etc. Moreover,
their enrollment in this study demanded more inter-
personal contact and involved performing additional
activities such as driving or waking up earlier. The
resting-state EEG recorded two months after train-
ing showed reductions in the delta and theta activity
and an increase in beta in the EXP group, while in
the CTL group, only a power reduction in the theta
band in temporal leads was observed (Fig. 2, see
2mA- B).

In the 2 months versus 1 year after training (1yA -
2mA) comparisons, only a significant increase in beta
power in the left occipital lead was found in the EXP
group. However, the observed decrease in theta and
increase in beta were more pronounced when the EEG
recorded one year after NFB was compared with the
baseline EEG recorded before treatment in the EXP
group.

In a previous study [45], a reduction in theta and an
increase in beta activity were also observed. In that
study, an increase in alpha was also observed; there-
fore, the mechanism of theta reduction was explained
based on the work of Hughes et al. [64] showing that
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Fig. 3. Significant neuropsychological differences over time and between groups in the WAIS-III-R. The y-axes show the standardized
scores resulting from neuropsychological assessments in both groups at the three evaluation time points: before treatment, two months after
treatment and one year after treatment. VCI, verbal comprehension index; WMI, working memory index; POI, perceptual organization index;
PSI, processing speed index; IQ, intelligence quotient. ∗p < 0.05, ∗∗p < 0.01.
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Fig. 4. Significant neuropsychological differences over time and between groups in the NEUROPSI. The y-axes show the standardized
scores resulting from neuropsychological assessments in both groups at the three evaluation time points: before treatment, two months after
treatment and one year after treatment. ∗p < 0.05, ∗∗p < 0.01.

alpha or theta production depends on the depolar-
ization of the same thalamic neurons. In the present
study, such an alpha increase was not observed, but
an increase in beta activity emerged. Schutte et al.

[65] proposed that a beta increase may represent a
quenching signal toward the subcortical structures
that directs cortical theta activity and may downregu-
late reward anticipation in laboratory conditions. This
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mechanism may explain our results. The increase in
beta and decrease in theta during resting-state EEG
have been associated with increased adaptability dur-
ing a reversal learning task [66, 67]. This means
that to accurately perform this task, cognitive flex-
ibility for an optimal trade-off between exploiting
the acquired knowledge and exploring alternative
response options is required to make the best deci-
sion [68]. This agrees with the neuropsychological
results obtained in the executive function domain,
which tended to improve at two months after training
and reached significance one year later.

In the EXP group, NFB treatment induced an
increase in the overall EEG frequency. This finding is
in agreement with our previous study [45], in which
theta AP decreased and alpha and beta AP increased.
As we hypothesized, the changes produced by the
NFB treatment in the theta and beta frequency bands
not only persisted but were also enhanced one year
later. It has been proposed that the changes produced
by NFB comprise a reorganization of the overall EEG
activity and do not merely imply local changes asso-
ciated with the target electrode and training frequency
[30, 69, 70].

In addition, the present study showed a decrease in
delta activity after treatment, which was not observed
in the previous study; this may have been because in
the present study a delta excess in 80% of the partici-
pants in at least one lead before training was observed;
while in Becerra’s study, only two out of seven (28%)
participants showed a delta excess. After training,
delta underwent reductions that may have been asso-
ciated with an EEG reorganization produced by NFB
and may mainly have affected the abnormal activity
guiding it toward normality. On the other hand, alpha
activity was not modified.

In older adults, an inverse relationship between
EEG frequency and cognitive decline has been
observed, i.e., higher frequency EEGs correspond to
individuals with better cognitive status [19, 71–73].
This finding agrees with results associating resting-
state EEG activity with cognition in healthy older
adults [26].

In terms of the neuropsychological assessments,
both groups differed in terms of performance at 2mA
and 1yA, compared to their baseline evaluation. The
EXP group showed an improvement in their total
IQ, which was not evident in the subjects’ perfor-
mance both 2mA and 1yA treatment; however, in
the CTL group, worse performance was observed
1yA sham training, even though some improvements
were observed 2 mA treatment. An exception was

the attention process, which tended to improve 1yA
training regardless of the treatment received (Fig. 3).

According to the consensus on the reporting
and experimental design of clinical and cognitive-
behavioral neurofeedback studies (CRED-nf) check-
list [46], all the essential criteria were satisfied
except for artifact correction during the training
sessions (criterion 3d), and plotting within-session
and between-session regulation blocks of feedback
variable(s), as well as pre-to-post resting baselines
or contrasts (criterion 5b). Criterion 2b was par-
tially satisfied because participants were blind to the
treatment, but experimenters were not blind to the
conditions. It is necessary to consider that this check-
list was published after this study was performed.

The essential limitation of this study was the small
sample size; therefore, further research with larger
sample sizes should be conducted. Additionally, stud-
ies using other neuroimaging methods, such as fMRI
and ERPs, could provide insight into the functional
changes produced by this NFB training that underlie
the observed cognitive changes.

Since the participants of this study were healthy
older adults, it might be considered that this NFB
training was used with the purpose of enhancing per-
formance; however, this was not the case because,
even though our subjects exhibited normal cognitive
performance (measured with behavioral methods,
i.e., neuropsychological batteries) and systemic lev-
els, they had excess theta EEG activity, which
represents a risk for cognitive decline [23]. More than
only a risk factor, this feature might involve com-
pensatory cognitive strategies to reach the expected
performance level, which has been demonstrated in
previous studies from our group using event-related
potentials [74, 75] and suggests that, in these individ-
uals, there is a preclinical cognitive decline occurring
that is not yet behaviorally expressed. Thus, our treat-
ment is of a prophylactic nature.

As mentioned before, several rationales have been
considered for the development of NFB protocols that
address enhancements in cognitive performance in
healthy elderly individuals. It is important to address
this issue because one such rationale seems to be
opposite to ours, i.e., the increase in frontal mid-
line theta activity (fmTheta) [76, 77]. We consider
that there are some problems with such a rationale
and the evidence that has been presented. First, it is
known that resting-state EEG activity differs from
task-induced EEG activity, where a synchronization
of theta activity and a desynchronization of alpha
activity are often observed [78]. However, for an
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increase in fmTheta activity during NFB treatment
to make sense, it would be logical to reinforce it
during a task where it is expected to increase; how-
ever, this has not been the case. For example, Wang
and Hsieh [39] reported changes associated with
resting-state EEG using a task-induced EEG ratio-
nale. Second, the effectiveness of NFB protocols is
often considered with respect to studies that include
very few sessions. Such is the case of a study that
aimed to uptrain fmTheta activity conducted by Reis
et al. [40], which consisted of 8 sessions in total and
only 4 sessions of theta uptraining. Considering the
aforementioned arguments, it is difficult to establish
whether the effects shown in such studies are actually
due to NFB-specific factors (i.e., the operant condi-
tioning of fmTheta upregulation) or if they reflect
other nonspecific components.

A strength of our study is that 30 sessions of
treatment were applied. As previously mentioned,
conclusions about the effectiveness of NFB treatment
are often drawn from studies that have only included
a few sessions, and there are even reports that a sin-
gle session of NFB produced the expected learning
[70, 79]. We are very surprised by these assertions
because even in taste aversive learning [80, 81], which
constitutes learning for survival, individuals are infre-
quently able to learn in a single session.

On the other hand, the results of the study by
Becerra et al. [45] were replicated by the same labo-
ratory, and this is one step toward the improvement of
the available evidence regarding the efficacy of this
NFB treatment [82] in this population. Moreover, this
is the first NFB study in older adults with a follow-
up of one year. Our results are also relevant because
of the focus on the early detection of risks for cogni-
tive decline and on the development of a prophylactic
intervention, whose effects have been shown to be
sustained at least one year after treatment.
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D, Hornero R (2016) Neurofeedback training with a motor
imagery-based BCI: Neurocognitive improvements and
EEG changes in the elderly. Med Biol Eng Comput 54,
1655-1666.

[44] Staufenbiel SM, Brouwer AM, Keizer AW, van Wouwe
NC (2014) Effect of beta and gamma neurofeedback on
memory and intelligence in the elderly. Biol Psychol 95,
74-85.

[45] Becerra J, Fernández T, Roca-Stappung M, Dı́az-Comas
L, Galán L, Bosch J, Espino M, Moreno AJ, Harmony T
(2012) Neurofeedback in healthy elderly human subjects
with electroencephalographic risk for cognitive disorder. J
Alzheimers Dis 28, 357-367.

[46] Ros T, Enriquez-Geppert S, Zotev V, Young KD, Wood G,
Whitfield-Gabrieli S, Wan F, Vuilleumier P, Vialatte F, van
de Ville D, Todder D, Surmeli T, Sulzer JS, Strehl U, Ster-
man MB, Steiner NJ, Sorger B, Soekadar SR, Sitaram R,
Sherlin LH, Schönenberg M, Scharnowski F, Schabus M,
Rubia K, Rosa A, Reiner M, Pineda JA, Paret C, Ossadtchi



1780 G.C. Alatorre-Cruz et al. / Neurofeedback Follow-Up in Healthy Seniors

A, Nicholson AA, Nan W, Minguez J, Micoulaud-Franchi
JA, Mehler DMA, Lührs M, Lubar J, Lotte F, Linden DEJ,
Lewis-Peacock JA, Lebedev MA, Lanius RA, Kübler A,
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González-Salinas S, Sanchez-Lopez J, Otero-Ojeda GA,
Fernández T (2018) Two different populations within the
healthy elderly: Lack of conflict detection in those at risk of
cognitive decline. Front Hum Neurosci 11, 658.

[76] Eschmann KCJ, Bader R, Mecklinger A (2020) Improv-
ing episodic memory: Frontal-midline theta neurofeedback
training increases source memory performance. Neuroim-
age 222, 117219.

[77] Enriquez-Geppert S, Huster RJ, Figge C, Herrmann CS
(2014) Self-regulation of frontal-midline theta facilitates



G.C. Alatorre-Cruz et al. / Neurofeedback Follow-Up in Healthy Seniors 1781

memory updating and mental set shifting. Front Behav Neu-
rosci 8, 420.

[78] Klimesch W, Doppelmayr M, Schimke H, Ripper B (1997)
Theta synchronization and alpha desynchronization in a
memory task. Psychophysiology 34, 169-176.

[79] Altan S, Berberoglu B, Canan S, Dane Ş (2016) Effects
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