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A Neurofeedback Protocol for Executive Function to Reduce
Depression and Rumination: A Controlled Study

Sheng-Hsiang Yu, Chao-Yuan Tseng, Wei-Lun Lin

Department of Psychology, Fo Guang University, Jiaosi, Yilan County, Taiwan

Objective: Rumination is a maladaptive emotional-regulation strategy that is strongly associated with depression.
Impaired executive function can lead to difficulties in disengaging from rumination, thus exacerbating depression. In
this study, we inspect an electroencephalograph neurofeedback protocol that enhance the target peak alpha frequency
(PAF) activation in the prefrontal region. We examine the protocol’s effects on depression and rumination.
Methods: We randomly assigned 30 dysphoric participants into either the neurofeedback training group or the control
group. We then evaluated their depression, rumination, and executive function at pre- and posttraining so as to examine
the effects of the neurofeedback.

Results: The results show that this neurofeedback protocol can specifically enhance participants’ target PAF. The partic-
ipants” executive function performances significantly improved after undergoing 20 neurofeedback sessions. Compared
with those in the control group, those in the neurofeedback group had significantly fewer depressive symptoms and
significantly reduced rumination. Moreover, as target PAF and executive function improved, depression and rumination
both declined.

Conclusion: Our data are in line with those of previous studies that indicated a relationship between upper-band alpha
activity and executive function. This PAF neurofeedback can effectively enhance participants’ executive function, which
can reduce rumination and ameliorate depression. This neurofeedback training is based on basic cognitive neuroscience,

so it sheds light on depression’s pathological factors and etiology.
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INTRODUCTION

Depressive disorder’s high relapse rate and chronic
course make it one of the leading causes of disabilities in
social functioning [1]. Researchers have suggested that
impairment in emotion regulation plays a pathological
role in depression maintenance and relapse [2-4]. Rumi-
nation involves a focused attention on the symptoms of
one’s depression, its possible causes, and its consequences—

Received: September 17, 2019 / Revised: November 8, 2019
Accepted: March 21, 2020

Address for correspondence: Sheng-Hsiang Yu

Department of Psychology, Fo Guang University, No.160, Linwei
Rd., Jiaosi, Yilan County 26247, Taiwan

E-mail: yu.shenghsiang@gmail.com

ORCID: https://orcid.org/0000-0001-7173-3779

Wei-Lun Lin

Department of Psychology, Fo Guang University, No.160, Linwei
Rd., Jiaosi, Yilan County 26247, Taiwan

E-mail: wllin.fgu@gmail.com

ORCID: https://orcid.org/0000-0003-2477-0651

rather than its solutions [5]. Rumination is a maladaptive
emotional-regulation strategy that is strongly associated
with symptoms of various psychopathologies, including
depression, anxiety, and eating disorders [6]. Individuals
who tend to ruminate are more likely than other in-
dividuals to experience prolonged and worsening neg-
ative emotional states, as well as to subsequently develop
depression [4,5,7].

Depression, Rumination, and Executive Function
Recent theories and empirical results support the idea
that emotion regulation—which involves cognitive func-
tions such as monitoring, evaluating, and modifying emo-
tional responses—relies on the executive function (EF)
[8-10]. The literature demonstrates that major depressive
disorder (MDD) is reliably associated with broad impair-
ments in multiple cognitive domains, especially the EF
[11,12]. Researchers have also indicated that the re-
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peated, difficult-to-control characteristics of ruminative
responses are associated with executive dysfunction
[13-15]. Individuals who tend to ruminate have difficulty
disengaging from negative materials [16-18].

Neurophysiological evidence also indicates the pres-
ence of close links between EF and both depression and
rumination [19,20]. In comparison with healthy adults,
MDD patients have less activation in the prefrontal re-
gions when processing emotional stimuli [21,22]. Rumi-
nation, which is characterized by frequent negative emo-
tional responses and low cognitive control, is also related
to functional abnormalities in the prefrontal brain [15,
19,23]. Recent electroencephalographic (EEG) studies in-
dicate that hypoactivation of the prefrontal cortex is asso-
ciated with self-related rumination [24-26].

Neuromodulatory Techniques for Depression and
Executive Function

Given its impact on normal functioning and its close re-
lationship with depression, scholars have proposed many
interventions to enhance EF and thus reduce depression
symptoms; these include cognitive control training [27]
and exercise training [28]. Neuromodulatory techniques,
for example, repetitive transcranial magnetic stimulation,
which induce changes in prefrontal activities, have been
shown to ameliorate MDD patients’ depression symptoms
[29-31] and improve their cognitive functions [32,33].
Another noninvasive technique that can effectively mod-
ulate cortical activity and that could thus serve as an inter-
vention against depression is EEG neurofeedback (NF)
training [34,35]. EEG NF training can effectively activate
the prefrontal lobe and thus enhance the brain’s neural
plasticity [36]. This technique is meant to enable in-
dividuals to learn to regulate their EEG activity through
visual or acoustic feedback. Moreover, researchers have
hypothesized that a change in EEG activity is associated
with a change in cortical activation, thus reducing symp-
tomatology [37,38]. Scholars have designed several EEG
NF protocols to intervene in depression, including a pro-
tocol that helps depressed patients to increase beta activa-
tion and decrease theta activation in the frontal region
[39] or to reduce frontal alpha asymmetry [40-42].

EEG NF can improve individuals’ performances in sev-
eral EF-related cognitive tasks [43]. Based on the associa-
tion between inhibitory processes in working memory
and upper alpha-band activity [44-47], NF protocols

meant to enhance upper alpha activation have been
shown to improve working memory performance [48-50]
and mental rotation [51,52]. Higher ordered cognition
performances involve the peak alpha frequency (PAF)—
an index of an individual’s level of cognitive preparedness
[44,53,54]. Angelakis and his colleges [55] indicated that
PAF NF can improve cognitive processing speed and EF in
older adults, whose average PAF is lower than that of
young adults. Notably, researchers have recently found
significant correlations between PAF and depression [56,
571. Applying PAF NF training to MDD patients enhanced
their working memory and EF performances [58,59].
However, the authors of these studies have not reported
whether this NF protocol can reduce depression symp-
toms in MDD patients.

In sum, scholars have hypothesized that impaired EF is
a crucial factor in ruminative responses and depression
symptomatology. PAF NF has the potential to activate the
prefrontal region and thus enhancing EF among depressed
individuals. To our knowledge, however, few researchers
have examined PAF NF’s effects on cognitive function
and on the behavioral level (in terms of rumination and
depressive symptoms). Thus, in this study, we aimed to
determine whether PAF NF can enhance EF and reduce
dysphoric participants’ rumination and depression symp-
toms.

METHODS

Participants

We first screened 300 students in Fo Guang University
by the Chinese Response Style Questionnaire Short Form
and the Chinese version of the beck depression inven-
tory-11 (BDI-II). We then recruited 30 participants who had
symptoms of severe depression and high tendencies to-
ward rumination (in the top third of the sample) to partic-
ipate in the follow-up experiment.

We randomly assigned participants into the NF training
group (who underwent the NF training for 20 sessions, 2
or 3 times per week) or the sham control (SC) group (who
underwent brainwave measurement for 20 sessions, also
2 or 3 times per week, but with no feedback provided);
each group had 15 participants. One participant in the NF
group and three participants in SC group dropped out of
the study due to personal issues (such as getting sick or
dropping out of college). Thus, in the final sample, there
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Table 1. Demographic characteristics and changes in depression
and rumination in experimental group and control group

Variable NF (n = 14) SC(n=12)
Sex (M/F)* 6/8 6/6
Ageb 22.33 +£2.43 23.05 = 3.25
Baseline PAF¢ 1.59 +2.34 1.98 £2.24
Depression

Pretraining 249 £8.25 21.0x6.27

Posttraining 16.8 £9.24 17.5+8.25

t —3.31* —1.76
Rumination

Pretraining 28.8 £5.25 27.7£3.14

Posttraining 24.5 +4.88 26.3 £ 2.31

t —4. 77 —1.40
Distraction

Pretraining 25.6 +5.65 24.1 +4.71

Posttraining 26.3 £3.36 23.6 £5.35

t 0.53 —0.52

Values are presented as number only or mean =+ standard deviation.
NF, neurofeedback; SC, sham control; PAF, peak alpha frequency.
%*=0.13, p=0.72,t=0.65, p=0.52, ‘Mann-Whitney U= 83, p=
0.53. *p < 0.01; **p < 0.001.

were 14 participants in the NF group and 12 participants
in the SC group. The demographical data of the present
sample are presented in Table 1. There are no significant
group differences in sex and age between the NF group
and the SC group.

All the participants were right-handed and had normal
hearing. The participants all completed an informed con-
sent form and received NT 2,500 USD in recompense for
their time. This study was approved by the research ethic
committee of National Taiwan University (No. NTU-REC
201505ES055).

Self-Report Questionnaires

Chinese beck depression inventory-ll|

We used the Chinese version of the BDI-II [60], which
is a translation of the original beck depression inventory-II
[61]—a questionnaire that assesses the severity of depres-
sion symptoms during the previous 2 weeks. The BDI-Il is
a 21-item measure that uses a 4-point Likert scale (0—3),
and the total score is the total of the ratings for all items
(range: 0—63). The BDI-II has excellent reliability and
validity in US samples [61]. Both its internal consistency
(o =0.94, split half = 0.91) and its construct validity were
good in a Taiwanese psychiatric sample [60].

Chinese response style questionnaire, short form

The Chinese response style questionnaire, short form
[62] is the short form of the Chinese version of the re-
sponse style questionnaire [63]. This questionnaire has 20
items. The participants evaluated the frequency of their
responses regarding when they felt depressed. The ques-
tionnaire evaluates two factors (rumination and distrac-
tion), and there are 10 items for each factor. The partic-
ipants rated the items on a 4-point Likert scale ranging
from 1 (fully disagree) to 4 (fully agree), with higher scores
indicating higher rumination or distraction. Both the in-
ternal consistency (o = 0.91 and 0.89 for rumination and
distraction, respectively) and the construct validity were
good in Taiwanese samples [62].

Executive Function Task

We adopted the computerized Modified Sternberg Task
[17] to measure EF performance. In each trial, following a
500-milliseconds fixation, three positive words and three
negative words (in red or blue) were presented as two lists
that the participant sought to remember for 7.8 seconds.
After that, a colored box (also in red or blue) was pre-
sented as a cue for 1 second. The colored box indicates
which one of the lists (either blue or red) is central and that
the other list becomes irrelevant. A probe word appeared
in black within that box, and the participant had to decide
whether the probe word belonged to the assigned color
list (i.e., whether it was relevant). A flow chart for this task
is presented in Figure 1.

By changing the probe, we were able to calculate the
negative intrusion effect; words in the negative list that
were not relevant to a given cue (i.e., when the correct re-
sponse was no) had longer response times. A longer re-
sponse time indicates a larger intrusion effect. For exam-
ple, if the cue is a red box, then the positive words are rel-
evant and the negative words are irrelevant. For a probe
that shows a negative word (e.g., anger) in a red box, the
no response is thus correct. Previous researchers of this
task found that participants with MDD diagnoses had a
greater negative intrusion effect than members of control
groups; moreover, the intrusion effect was significantly as-
sociated with rumination [17]. In brief, a lower intrusion
effect indicates a better ability to update working-memory
contents, which in turn indicates better EF.
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Fig. 1. The flowchart of Modified
Sternberg Task.

Neurofeedback Training

In this study, NF was administered at prefrontal electro-
des Fp1 and Fp2 in the eyes-open condition with ProComp
Infiniti Biofeedback System (Thought Technology Ltd.,
Montreal, QC, Canada). The NF training focused on the
enhancement of target PAF activation of prefrontal brain.
According to Angelakis et al. [55], the PAF range is 10 to
11 Hz in young adults; this range is related to EF
performances. Hence, we selected the activation range of
10 to 11 Hz as the target PAF band in this study. In order
to evaluate the effectiveness of this newly developed NF
protocol in the manner of group comparison, we adopted
a standardized feedback for every participant in the NF
group. The feedback threshold was set as a 10—11 Hz
amplitude above 5 pV that lasted at least 0.25 milli-
seconds. The number of 10 —11 Hz activation, which was
counted when the power of EEG activity was above the
training threshold, represented estimated PAF magnitude
in the training session. This operational definition is sim-
ilar to that of Angelakis et al. [55]. It has the advantage to
decrease the large variance of absolute brainwave power,
and has shown its effectiveness and practicability in
young adults in the previous study in other areas [64].

According to the International 10—20 System, we
placed the monopolar EEG electrodes at Fp1 and Fp2,

used a sampling rate of 2,048 Hz, and placed the refer-
ence electrodes in the ipsilateral ear (A1 and A2). There
exist some NF studies that utilized electrode sites Fp1
and/or Fp2 [34,39,65]. The literature indicate that Fp1
and Fp2 mainly reflect the activities of anterior prefrontal
cortex, especially the Brodmann area 10 (BA10) [66,67].
This region is suggested to be involved in multiple-task
coordination and updating-specific EF [68,69], which we
expected to be associated with the performances in the
Modified Sternberg Task in this study.

We developed a modified NF training procedure based
on that of Vernon et al. [70]. The participants received 20
sessions of NF training (30 minutes each) over 10 weeks.
In each training session, participants were asked to sit in a
relaxed manner with their eyes open to avoid falling
asleep and refrain from unnecessary movements until the
end of the training session. Bazanova [71] suggested that
the amplitude of alpha band activity in eye open con-
dition can be validly depicted. The participants then en-
gaged in four 150-seconds trials in which they tried to
make the auditory feedback (a sound of pure tone of 400
Hz) appear in a continuous and stable manner. Instead of
visual feedback, auditory feedback was adopted to pre-
vent possible eye blink artifacts.
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Procedure

The procedure included three parts: the pretraining
evaluation of depression symptoms, rumination, and EF;
the training sessions (i.e., the PAF NF training for the NF
group and the auditory signal-detecting task for the SC
group); and the posttraining evaluation of depression
symptoms, rumination, and EF.

The procedure is shown in Figure 2. The procedure in
the SC group was the same as that of the NF group, except
that the participants tried to detect the target signal (the
400-Hz signal tone).

Statistical Analysis

All statistical analyses were conducted using IBM SPSS
20.0. (IBM SPSS Statistics for Windows ver. 20.0, 2011;
IBM Corp., Armonk, NY, USA). To investigate the vali-
dation of the present NF protocol, three criteria proposed
by Zoefel et al. [52], i.e., trainability, independence, and
interpretability, were examined accordingly. To examine
trainability, we excluded the data from the first training
session because we treated that as a practice session. We
thus analyzed the participants’ brainwave data in the sec-
ond through 20th sessions. For each subject, we calcu-
lated the average number of 10—11 Hz activations in
each training session. We also conducted linear re-
gressions for each participant and used the slope across
training sessions to represent the level of enhancement in
target PAF activity, called PAF slope. To inspect in-
dependence, we examined whether NF training en-
hanced the trained PAF at 10 to 11 Hz without affecting
other alpha bands. We thus calculated the number of acti-
vations that were not in the PAF alpha band (i.e., 7—10

Hz or 11 —13 Hz) for the training blocks in each session.
To test the interpretability, we examined the changes in EF
performance for the NF and SC groups, both pre- and
posttraining. Moreover, correlations among PAF slope
and changes in depression, rumination, and EF were
conducted.

To determine whether dysphoric individuals™ rumina-
tion and depressive symptoms could be alleviated through
the NF training, the change in depression and rumination
(the difference between the posttraining and pretraining
scores) in the NF group and in the SC group were com-
pared.

RESULTS

Change in Electroencephalograph Readings

In terms of trainability, we found significant positive
correlation between average number of target PAF activa-
tions and the session number (r= 0.38, p < 0.05) in the
NF group. On the other hand, we found no significant cor-
relation between target PAF activation and the session
number in the SC group (r= —0.09).

In terms of independence, we found no significant cor-
relations between the non-target PAF activations and the
session number in the NF group (r= —0.02). This result
indicates that the training did not affect the activities in the
other alpha frequency bands. All these results support the
effectiveness and specificity of this study’s NF training
procedure in enhancing PAF at 10 to 11 Hz, which means
that this protocol fulfills the criteria of trainability and in-
dependence [52].

Neurofeedback training
The EF task 1st 20th The EF task
questionnaires Training session Training session questionnaires
(BDI-Il, CRSQ) (BDI-Il, CRSQ)
L K 10 weeks ‘|
[« ; ~ >
Pretraining / ~~. Posttraining

‘ Preparation Trial 3

Trial 1 ‘ Trial 2

Trial 4 ’

Fig. 2. The research procedure.
EF, executive function; BDI-II, beck

600 sec (4 trials x 150 sec)

depression inventory-II; CRSQ, Chinese
Response Style Questionnaire.
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Effects on Executive Function Performance

We conducted Shapiro-Wilk tests to determine the nor-
mality of differences in EF performance (intrusion effect)
and also in depression, rumination and distraction, which
are described in the next paragraph. The results show that
the data was all normal distributed (p = 0.70, 0.14, 0.89,
and 0.12, respectively). Figure 3 shows the changes in EF
performance for the NF and SC groups, both pre- and
posttraining. The results show that the NF group had a sig-
nificant improvement in EF performance (i.e., a decreased
intrusion effect) after training (¢ =2.32, p < 0.05); how-
ever, the control group showed no difference (= —1.85,
not significant [ns]). The EF-enhancing effect was signifi-
cantly higher in the NF group (mean [M] = —263.50,
standard deviation [SD] = 425.73) than in the SC group
(M=223.76,SD =418.71), t(24) = —2.93, p < 0.01, with
a large effect size (Cohen’s d=1.15).

These results indicate that the NF group’s participants
significantly improved their ability to update content in
their working memory after NF training. Thus, this proto-
col fulfills the criterion of interpretability.

Effects on Depression and Rumination
Table 1 presents the descriptive statistics and the differ-
ence between the groups. There were no group differ-

Il Pretraining
1 Posttraining

[

2,000 A

1,500 -

1,000 -

Intrusion effect (msec)

500

NFT SC

Fig. 3. The performances of EF in the pre- and posttraining eva-
luations.

EF, executive function; SC, sham control; NFT, neurofeedback
training.

*p < 0.05, **p < 0.01.

ences in terms of sex, age, depression, rumination, or dis-
traction in the pretraining evaluation (all & < 1.31, ns).
The value of the baseline PAF was obtained by partic-
ipants’ target PAF activation in the trial 1 in the first train-
ing session. The nonparametric statistics was used be-
cause this variable was not normal distributed (Shapiro-
Wilk W=0.60, p < 0.001). The result of nonparametric
statistics test suggested that there is no significant differ-
ence in baseline PAF between groups (Table 1).

The results of the ¢ tests indicate that depression and ru-
mination significantly decreased after training for the NF
group but not for the SC group. Moreover, there were no
significant changes in distraction in either the NF or SC
groups. Between-group comparisons show that the change
in depression (the difference between the posttraining and
pretraining scores) was larger in the NF group than in the
SC group, t(24) = 1.42 (ns), with a medium effect size
(Cohen’s d=0.56). The change in rumination was signifi-
cantly larger in the NF group than in the control group,
1(24) =2.13, p < 0.05, with a large effect size (Cohen’s d=
0.84).

As expected, these results show that NF training can re-
lieve dysphoric college students’ depression symptoms
and reduce their rumination tendencies. Moreover, the
results indicate a positive correlation between the change
in EF performance and the changes in both depression (r=
0.38, p=0.18) and rumination (r=0.30, p=0.29) for the
NF group’s participants. There were positive correlations
among the PAF slope and changes in depression, rumina-
tion, and EF performance (r = 0.42, 0.26, and 0.43, re-
spectively). The results suggest that the enhancement in
target PAF activation through this NF protocol is related to
the improvement in EF and to the reduction in rumination
and depression. To sum up, these results show the proto-
col’s effectiveness in terms of EF and indicate that greater
improvements in EF correlate with greater reductions in
depression and rumination.

DISCUSSION

Our aim in this study was to determine whether dys-
phoric individuals’ cognitive deficits and depressive
symptoms can be alleviated through NF training. Because
prefrontal activation is associated with executive control
[22,72,73], we hypothesized that enhancing the pre-
frontal cortical activity would improve performance in
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higher order cognitive functions. Due to the exploratory
nature of this study, we examined the validity of this pro-
tocol. The results satisfy the criteria that Zoefel et al. [52]
suggested, i.e., trainability, independence, and inter-
pretability. This NF protocol specifically enhanced the
participants’ target PAF activation (10—11 Hz) and did
not alter the other alpha frequencies. In addition, the re-
sults support the hypothesis that this protocol enhances EF
performance. More importantly, after the NF training, the
dysphoric college students’ depressive symptoms and
cognitive vulnerability (rumination) were significantly
reduced. Taken together, the present NF protocol has
been demonstrated to be a valid and practical way to re-
duce rumination and ameliorate depression.

Our data are in line with those of previous studies that
indicated a relationship between upper-band alpha activ-
ity and EF [48,50,52,55]. In Escolano et al. [58], NF train-
ing focused on the upper alpha band enhanced MDD pa-
tients” working memory performance but not their per-
formance on the Stroop task. Researchers have recently
indicated that alpha activation may play an active role in
cortical inhibition rather than cortical idling [74,75].
Klimesch [76] suggested that alpha-band oscillations are
closely linked to the suppression and selection of atten-
tion, which enables the control of knowledge access and
semantic orientation. Segrave and his colleges [56] found
that, during working-memory processing, patients with
MDD displayed greater upper alpha-band event related
synchronization than did control participants. Segrave et
al. [56] also indicated that this phenomenon might be a
neurobiological compensation strategy that allows de-
pressed patients to maintain accurate performance in cog-
nitive processing. The PAF (which we targeted in this pro-
tocol) could be associated with the processing of affective
materials in the memory [47,76,77]. The Modified Sternberg
Task used in the present study involves the ability to up-
date materials in the working memory. Thus, this study
provides preliminary evidence of the association between
PAF and updating-specific EF, which relies on anterior
prefrontal cortex (BA10) activity [67,68].

According to the impaired disengagement hypothesis,
impaired EF leads to difficulties in disengaging from neg-
ative, ruminative cognition, which further strengthens de-
pressive symptoms [18,78-80]. In comparison with those
who are able to update no-more-relevant negative thoughts
effectively, individuals with poor updating EF are less like-

ly to control their ruminative cognitions [17,78,79]. For
individuals with high rumination tendency, brain activity
increases when they try to change affective materials [81]
and they need more resources than other individuals to
discard negative self-related thoughts [23]. There is prom-
ising evidence that ruminators have stronger connectivity
than other individuals between the default mode net-
work’s regions [82-84]. Some researchers indicated that
depressive rumination is outcome of default mode net-
work dysfunction, which may reflect poor executive control
[85,86]. Some researchers suggested that spontaneous
self-referential thought is accompanied by enhanced al-
pha activity in the default mode network [25,87]. Com-
bining these results, the PAF activity related to EF may be
associated with the processing of negative self-referential
ruminations. Enhanced EF can provide more mental re-
sources and can thus allow people to discard maladaptive
thoughts or negative sematic memories, thus diminishing
their rumination and depressive symptoms. Therefore, en-
hancing EF is a potential underlying mechanism to ex-
plain how PAF NF can reduce rumination and ameliorate
depression.

The limitations of this study are as follow. First, the sam-
ple size was relatively small. Second, instead of adopting
diagnosed depressive disorder population, the study re-
cruited dysphoric college students who had milder de-
pression severity as our participants. The generalization of
the findings is yet to be examined. Third, the present NF
protocol used a standardized feedback procedure. The
threshold of feedback was not customized for each trainee.
Last, the EF can be divided into various components, such
as updating, inhibition, and shifting [10,88]. We only
measured updating subcomponent EF in this study. The
relationships between PAF and different EF subcom-
ponents are still yet to be investigated. Further studies with
larger samples and a wider variety of EF tasks are still
needed. A study of the efficacy of this PAF NF protocol on
individuals who have been diagnosed with MDD is also
still needed. Moreover, an individualized training proto-
col with adjustable feedback threshold according to train-
ee’s baseline and learning performance is worth develop-
ing [89,90].

In conclusion, this study’s results indicate that, in dys-
phoric participants, PAF NF training can enhance EF and
thus alleviate depression and rumination. To our knowl-
edge, this study is one of the first controlled studies on the
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effects that the PAF NF protocol has on EF and depressive
symptoms. Our NF training design uses basic cognition
and the cognitive neuroscience, so it sheds light on de-
pression’s pathological factors and etiology; it thus is an
implication for interventions related to depressive dis-
orders [35].
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