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Abstract

Cogpnitive training is an emergent approach to improve cognitive functions in various
neurodevelopmental and neurodegenerative diseases. However, current training programs can be
relatively lengthy, making adherence potentially difficult for patients with cognitive difficulties.
Previous studies suggest that providing individuals with real-time feedback about the level of brain
activity (neurofeedback) can potentially help them learn to control the activation of specific brain
regions. In the present study, we developed a novel task-based neurofeedback training paradigm
that benefits from the effects of neurofeedback in parallel with computerized training. We focused
on executive function training given its core involvement in various developmental and
neurodegenerative diseases. Near-infrared spectroscopy (NIRS) was employed for providing
neurofeedback by measuring changes in oxygenated hemoglobin in the prefrontal cortex. Of the
twenty healthy adult participants, ten received real neurofeedback (NFB) on prefrontal activity
during cognitive training, and ten were presented with sham feedback (SHAM). Compared with
SHAM, the NFB group showed significantly improved executive function performance including
measures of working memory after four sessions of training (100 minutes total). The NFB group
also showed significantly reduced training-related brain activity in the executive function network
including right middle frontal and inferior frontal regions compared with SHAM. Our data suggest
that providing neurofeedback along with cognitive training can enhance executive function after a
relatively short period of training. Similar designs could potentially be used for patient populations
with known neuropathology, potentially helping them to boost/recover the activity in the affected
brain regions.

Keywords
functional plasticity; neurofeedback; cognitive stimulation; prefrontal cortex; NIRS

"Corresponding Author: Hadi Hosseini, Department of Psychiatry and Behavioral Sciences, 401 Quarry Rd., Stanford, CA
94305-5795, USA, Tel (650) 224-8425; Fax (650) 724-4794, hosseiny@stanford.edu; hadi.hosseini@gmail.com.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hosseini et al. Page 2

1. Introduction

Cogpnitive training is an emergent approach that has been adopted in recent years as a
potential intervention for a number of developmental and neurodegenerative disorders
(Fisher et al. 2010; Belleville et al. 2011; Kray et al. 2011; Ranganath et al. 2011,
Hampstead et al. 2012; Vinogradov et al. 2012; Chacko et al. 2014). Cognitive training
theoretically promotes several neuroplastic mechanisms in the brain (Zatorre et al. 2012) and
has been shown to improve cognitive functioning in various healthy and patient populations
(Ball et al. 2002; Olesen et al. 2004; McNab et al. 2009; Jaeggi et al. 2011; Kesler et al.
2011; Anguera et al. 2013; Kesler et al. 2013; Wolinsky et al. 2013). While the mechanisms
underlying these plasticity-related changes in the brain are still unclear, it is speculated that
cognitive training enhances cognitive reserve (i.e. brain’s ability to perform cognitive tasks)
(Vance 2012; Barulli and Stern 2013).

The main goal of cognitive training is to boost or restore cognitive skills and brain function
by employing a set of adaptive, practice-based paradigms. In order for the training programs
to be effective, individuals are usually asked to perform a distributed set of cognitive
exercises. The training time can thus be lengthy (up to 6 months), making adherence
potentially difficult for some patients, especially those with more severe cognitive
difficulties and/or comorbid behavioral and/or psychological conditions.

Previous studies have shown that providing individuals with real-time feedback about the
level of brain activity or rhythm (neurofeedback) can potentially help them learn to control
the activation of specific brain regions (deCharms et al. 2005; Hampstead et a/. 2012;
Scharnowski et al. 2012; Mihara et al. 2013; Ruiz et al. 2013; Kober et al. 2014) [see (Sulzer
et al. 2013) for a review]. These studies have successfully employed electroencephalography
(EEG), functional magnetic resonance imaging (fMRI), and functional near-infrared
spectroscopy (NIRS) for providing neurofeedback. For example, using stimulus-free fMRI
and EEG neurofeedback paradigms, patients with Parkinson’s disease and ADHD
successfully learned to improve the activity in regions related to motor control and attention,
respectively (Levesque et al. 2006; Subramanian et al. 2011). Similar reports have shown
that providing neurofeedback using NIRS can enhance the cortical activation related to
motor imagery in healthy participants and post-stroke patients (Mihara et al. 2013; Kober et
al. 2014) [see (Birbaumer et al. 2009) for a review]. This body of evidence implies that
providing neurofeedback in parallel with computerized training (i.e. task-based
neurofeedback training) might be helpful for targeted enhancement of a specific brain
network and developing effective cognitive training programs.

In the present study, we developed a novel cognitive training program that included task-
based neurofeedback. Specifically, we provided participants with behavioral feedback
regarding their performance on the task as well as their brain activity in the targeted brain
network, simultaneously. Near-infrared spectroscopy (NIRS) was employed for providing
neurofeedback by measuring changes in oxygenated hemoglobin in the prefrontal cortex
(Irani et al. 2007; Ferrari and Quaresima 2012). Providing neurofeedback along with task
performance may have several advantages. First, participants can test different strategies to
determine how they can best perform the task by efficient use of neural resources associated
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with the targeted cognitive domain. Therefore, the training provides a practice for efficient
use of cognitive resources. Second, the training is potentially more engaging and reinforcing
than cognitive training without neurofeedback since participants are actively monitoring
their brain activity to improve their strategies. This monitoring potentially improves the
training effect by integrating an additional level of working memory and attention into the
training exercise. For example, behavioral weight loss studies suggest that feedback and self-
monitoring results in greater intervention gains (Burke et al. 2011). Feedback and self-
monitoring enhances self-regulatory skills in relation to the performance of the target
behavior which in turn results in change in behavior (Burke et al. 2011). Finally, the training
design accounts for individual differences in brain networks. Specifically, the training can be
customized for patients depending on the type of pathology involved; the feedback can be
programmed specifically for up- or down-regulating the activity in a specific brain region as
appropriate.

We focused on training executive function given its core involvement in various
developmental and neurodegenerative diseases including attention deficit hyperactivity
disorder (ADHD), mild cognitive impairment (MCI) and major depressive disorder (MDD)
(Corbett et al. 2009; Minzenberg et al. 2009; O'Brien et al. 2010; Marshall et al. 2011;
Snyder 2013). A delayed verbal working memory task also known as the Sternberg task
(Sternberg 1969), was used for neurofeedback training. Regulating brain activity while
doing a cognitive task might interfere with task performance. Therefore, we designed the
training paradigm such that the feedback was presented intermittently and updated at the end
of each trial in order to limit the interfering effect that feedback might have on task
performance. Previous studies have shown the involvement of prefrontal and inferior parietal
regions in the Sternberg task (Veltman et al. 2003; Woodward et al. 2006). However, our
NIRS system does not have the capability of measuring the whole brain. Therefore, we
focused on the prefrontal cortex, given the significant role of this region in executive
functioning (Tsujimoto et al. 2004; Sato et al. 2013).

Twenty healthy adult participants underwent four sessions of neurofeedback training (100
min total) and their performance on executive function tests were measured before and after
completion of training. Ten participants received real feedback (NFB) on brain activity in the
prefrontal cortex and ten of them were presented with sham feedback (SHAM). Previous
neuroimaging studies have consistently shown increased prefrontal activity associated with
increasing cognitive load (Rympa et al. 1999; Veltman et a/. 2003). In line with these
observations, a number of working memory training studies suggest that mastering a
working memory task through practice results in decreased prefrontal activity that might
reflect employing a more efficient information processing (Schneiders et al., 2011; Sayala et
al., 2006; Jansma et al., 2001). Therefore we instructed the subjects to recruit a
metacognitive strategy that results in reduction in neurofeedback signal without
compromising their performance. We expected that the NFB group would show significantly
higher improvement in executive function scores and reduced neurofeedback signal
compared with SHAM.
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2. Materials and Methods

2.1. Participants

20 healthy adults (10 female, age 19 — 33 years old) participated in the study. Ten
participants (5 female, mean (SD) age = 24.1 (3.9)) were in the experimental group and
received real feedback on their brain activity (NFB). The other ten participants (5 female,
mean (SD) age = 25.1 (3.9)) were in the control group and received sham feedback
(SHAM). There was a gap in recruiting the two groups because of resource limitations.
Therefore the groups were not randomized. However, the NFB and SHAM were group-
matched for age and gender. Participants were excluded for any history of medical (e.g.
diabetes, cancer, etc.), neurologic (e.g. stroke, brain injury, etc.) or psychiatric conditions
(Depression, neurogenetic disorders, attention deficit hyperactivity disorder, etc.) that are
known to affect cognition. Individuals who were currently participating in other cognitive
training studies or activities were also excluded. Participants were recruited via mailing lists
and flyers. The study was approved by the Stanford University Institutional Review Board.
Written informed consent was obtained from participants.

2.2. NIRS data acquisition

An ETG-4000 (Hitachi Medical Co., Japan) system was used for NIRS measurements. This
continuous-wave system employs two different wavelengths (695 and 830 nm) for detecting
relative changes in concentration of oxygenated (OHb) and deoxygenated hemoglobin
(RHD) in the blood. We used a 3 x 11 optode probe set consisting of 17 light emitters and 16
photodetectors resulting in a total of 52 channels. The 52-channel probe set was placed over
the prefrontal regions with its lowest-row center optode at the electrode position (FPz)
according to the international 10-20 system (Figure 1A) (Okamoto et al. 2004; Hosseini et
al. 2011). The sampling frequency was set at 10 Hz.

2.3. Neurofeedback procedure

A delayed verbal working memory task also known as the Sternberg task (Sternberg 1969),
was used for neurofeedback training (Figure 1B). In each trial of the task, a set of letters was
presented to the subject for 2 s (encoding phase). After a jittered delay period (6 to 8 s,
average 7 s) representing the retention phase, a single inquiry letter was presented on the
screen and the subject had to respond within 2 s (inquiry phase) if the inquiry letter was
included in the original stimuli set or not. A jittered fixation period (6 to 8 s, average 7 s)
separated the probe phase from the subsequent trial. Each training session consisted of 80
trials (around 25 min total). Subjects underwent a total of four training sessions across two
weeks.

Since our NIRS system does not have the capability of measuring the whole brain, we
focused on the prefrontal cortex, given the significant role of this region in executive
functioning (Tsujimoto et al. 2004; Sato et al. 2013). The experiment started with a
calibration period to locate regions in the dorsolateral prefrontal cortex (target regions)
associated with working memory load. The calibration period consisted of twelve trials of
the working memory task and lasted approximately four minutes. The target regions were
selected automatically through general linear modeling at the end of the calibration period.
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A NIRS channel was selected as the target if its t-value was 1 SD higher than the mean. It
should be noted that the specific targeted regions were different among subjects because of
individual neurocognitive differences in task performance. The between-subject overlap in
targeted regions is presented in Figure 1C. The distribution of the selected target regions is
consistent with previous data showing activity in the bilateral prefrontal cortex during
Sternberg task performance (Rympa et al. 1999; Veltman et al. 2003).

In subsequent trials, subjects were presented with feedback regarding activity in the targeted
channels as well as their behavioral performance (i.e. accuracy) on the task. The
neurofeedback was designed to represent brain activity in the target channels during
encoding (2 s) and retention (average 7 s) phases (Coyle et al. 2007). Therefore, the OHb
measurements over a 9 s window were used for neurofeedback calculation, accounting for
hemodynamic delay. Specifically, the recorded OHb signals were first band-pass filtered
with cutoff frequencies of 0.01 and 0.5 Hz (Cui et al. 2011). Then, the average OHb signal
over the targeted channels (over 9 s window) was calculated and its relative change
compared with the OHb signal in the calibration period was presented to the subject. For the
behavioral performance feedback, the relative change in accuracy compared with the
average accuracy in the calibration period was presented.

The feedback was visually presented as a line plot showing the history of changes in neural
activity and behavioral performance during the previous ten trials (Figure 1D). A decrease/
increase in the slope of the line represents decrease/increase in average activity in the
targeted channels. The feedback was intermittent (on a trial-by-trial basis) and updated 2 s
after each inquiry phase during the inter-trial interval to allow for the hemodynamic delay
and to limit the interfering effect that feedback might have on task performance. Subjects
were instructed to focus on task performance during each trial. In the inter-trial interval, the
feedback was updated and the subjects could analyze the feedback in order to modify their
cognitive strategy. Subjects were instructed to recruit a metacognitive strategy that results in
reduction in neurofeedback signal without compromising their performance.

The same procedure and instructions were provided to the SHAM group except that the
presented neurofeedback was not actual and derived from the NFB participants’ feedback.
Specifically, the neurofeedback from each individual in the NFB group was scrambled and
pseudorandomly assigned to one of the SHAM participants. However, the behavioral
performance feedback was real for the SHAM group.

2.4. Outcome Measures

The effect of neurofeedback training on executive function was measured using a set of
cognitive tests. Subjects performed these tests at baseline and after the end of training.
Average accuracy in a classic verbal n-back test (Jonides et al. 1997) was used as the
primary outcome measure to test subjects’ improvement in working memory performance.
Secondary outcome measures included the Letter-Number Sequencing Test from the
Wechsler Adult Intelligence Scale (WAIS) 41" Edition, a measure of working memory span
(Wechsler 2008), the Trail Making Test (standard and alternate forms), a measure of task
switching (Lezak et al. 2004), the Color-Word Interference test from the Delis-Kaplan
Executive Function System (DKEFS), a measure of response inhibition and cognitive
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flexibility (Homack et al. 2005) and the Switching task from our in-house mobile cognitive
assessment battery (MCAB) (Kesler and Blayney 2014), which measures task switching,
response bias and cognitive flexibility.

2.5. Statistical analysis

3. Results

2.5.1. Behavioral data analysis—To evaluate changes in executive function
performance between the two groups, a linear mixed model was used treating group as fixed
effect and individuals as random effect. The n-back accuracy (primary outcome) before and
after training was entered as the dependent variable in the model (alpha = 0.05). We
performed this analysis with and without age and gender as covariates. Similar models were
built for evaluating changes in the secondary outcome measures between groups. It should
be noted that the analyses of secondary outcomes were considered exploratory and therefore
we did not correct for multiple comparisons.

To test if providing discordant feedback would affect the performance of the SHAM group
during the training, we compared the performance of SHAM group during the calibration
trials (i.e. the first twelve trials with no feedback) and the feedback training trials (i.e. the
rest of the trials with sham feedback). A one-sample t-test was used to compare the average
performance across sessions. In addition, we compared the behavioral practice effects of
Sternberg task between SHAM and NFB. A linear mixed model was employed with the
performance in the Sternberg task in each session as the dependent variable.

2.5.3. Neurofeedback analysis—To compare the training-related brain activity between
NFB and SHAM groups, a general linear model was first used to quantify the beta estimates
of activity (OHb) of each channel within an individual session. This resulted in one beta
estimate corresponding to each training session at the individual level. To identify the
regions that showed significant differences in prefrontal cortex activity between groups
across training sessions, the extracted beta estimates were input to a linear mixed model.
This analysis tests if neurofeedback training had a significant effect on brain function.

In addition, a one-sample t-test was performed to evaluate the changes in neurofeedback
signal within the NFB group across training sessions. Specifically, the average slope of
change in neurofeedback signal across sessions was entered into this analysis. This analysis
measures if NFB group could significantly reduce the neurofeedback signal during training.
Exploratory Spearman’s correlation analyses (alpha = 0.05) were also performed to identify
association between the amount of change in neurofeedback signal and participants’
performance in executive function tests within the NFB group.

3.1. Behavioral data

Performance of NFB and SHAM groups in cognitive tests and training are given in Table 1.
A significant group by time interaction was observed for the primary outcome measure (n-
back accuracy) (F1 197 = 5.42, p = 0.031, Cohen’s d = 0.69), with the NFB group improving
more than SHAM group after training (Figure 2A). Similar effect was observed without
correcting for age and gender (significant group by time interaction, p = 0.049). Among
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secondary outcome measures, a significant group by time interaction was only observed for
the MCAB switching score (F1 29 = 5.44, p = 0.03, Cohen’s d = 0.79), with NFB improving
more than SHAM after training (Figure 2B). It should be noted that this effect did not
survive the correction for multiple comparison.

We did not find any significant difference in subjects’ performance in the calibration trials
(no feedback) and feedback trials within the SHAM (p = 0.61) and NFB (p = 0.62) groups.
While the average performance of NFB in Sternberg task was significantly higher compared
with SHAM, the group by time interaction was not significant (p = 0.26). In other words,
there was no significant difference in practice effect of Sternberg tasks between groups.

3.2. Neurofeedback data

The reduction in neurofeedback signal in the NFB was only marginally significant in the
second session (p = 0.055, Cohen’s d = 0.56; p > 0.14 for other sessions). The average
reduction in neurofeedback signal over sessions was also marginal (p = 0.094, Cohen’s d =
0.45) (Figure 3A). These results suggest that NFB reduced the presented feedback signal but
the observed decrease was marginally significant. Comparison of beta estimates of activity
between groups showed significantly decreased activity in the NFB in the right inferior
frontal and middle frontal gyrus compared with SHAM (Figure 3B).

3.3. Correlation analysis

Reduction in neurofeedback signal was significantly correlated with post-training n-back
accuracy in the NFB group (Spearman’s rho = 0.71, p = 0.023) (Figure 3C).

4. Discussion

In this novel study, we aimed to determine if providing neurofeedback in parallel with
computerized training is helpful for targeted enhancement of a specific brain network and
developing effective cognitive training programs. We engaged participants in a training
program during which we provided them with the behavioral performance feedback typical
of cognitive training paradigms but additionally gave them feedback about their brain
activity. Participants in the neurofeedback group (NFB) showed significantly improved
working memory performance compared with participants who received sham feedback
(SHAM). These results suggest that task-based neurofeedback training design has the
potential for developing effective cognitive training paradigms.

Compared with SHAM group, the NFB group significantly reduced the activity in the right
middle and inferior frontal regions consistent with the provided training instructions. It
suggests that providing neurofeedback helped the NFB participants significantly reduce
brain activity in the targeted network within the prefrontal regions while preserving their
performance. Several functional MRI studies have reported decreased activity in the right
prefrontal regions after working memory cognitive training. For example, Schneiders and
colleagues (Schneiders et al. 2011) reported a significant decrease in activity in the right
superior middle frontal gyrus after two weeks (8 hours total) of visual and auditory working
memory training. Interestingly, they reported an additional decrease in activity in the right
middle frontal gyrus specific to visual working memory training that resulted in greater
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training gain as opposed to auditory working memory training and no training. There was no
training-related increase in activity observed during this study. The authors suggested that
training leads to greater efficiency of storage, access, and updating of stimuli mediated by
the right middle frontal gyrus.

Decrease in activity of the right middle frontal gyrus was also reported after practice of
object and spatial delayed working memory tasks and was linked to increased efficiency of
maintaining task-relevant information and improved ability to filter-out task-irrelevant
information (Sayala et al. 2006). Conversely, training in a verbal Sternberg task resulted in
decreased activity in a network of brain regions including the bilateral dorsolateral prefrontal
cortex (Jansma et al. 2001). These regions were part of the neural substrates of working
memory performance before practice. The authors attributed the dominant practice-related
decrease in activity, along with improved performance, to more efficient information
processing within the neural network underlying working memory performance.

There are several mechanisms underlying a decrease in neural activity (Kelly et al. 2006;
Poldrack 2014). For example, participants may have used various metacognitive strategies to
regulate their neurofeedback signal which could have resulted in experienced-based neural
reorganization. We did not inquire regarding participants’ subjective experiences such as if
they used metacognitive strategies and if so, what strategies they used. We also did not have
complementary neuroimaging data available such as gray matter volumes or white matter
pathway measurements. Therefore, further research is necessary to determine how
neurofeedback affects the neurocircuitry underlying executive function performance. It is
noteworthy that the decreased brain activity observed in our study cannot be entirely
attributed to priming and/or practice effects (Klingberg 2010). Specifically, while the
experimental settings were the same for both the NFB and SHAM groups (except the
feedback information), the behavioral practice effects in Sternberg task were not different
between groups. This data further justifies that the observed reduction in brain activity in
prefrontal cortex in NFB compared with SHAM is not affected by between group
differences in learning the Stenrberg task.

Although it was a marginal effect, we demonstrated that participants in the NFB group were
able to down-regulate their prefrontal cortex activity during training. Previous studies have
also shown that stimulus-based neurofeedback is successful for helping subjects regulate a
target brain region. Participants have been trained to regulate activity in the auditory cortex
while listening to auditory stimuli (Haller et al. 2013), to control pain in response to noxious
thermal stimuli (deCharms et a/. 2005), to up- and down-regulate the emotional network in
the presence of threat-related stimuli (Meit et al. 2012), and to down-regulate the activity in
amygdala while presented with negative emotional faces (Bruhl et al. 2014). To our
knowledge, this is the first study to apply task-based neurofeedback cognitive training on
executive function.

There is no consensus whether the instruction about the neurofeedback signal should be
implicit or explicit (Sulzer et al. 2013), or whether subject should try to up-regulate or down-
regulate the activity in a target region (Ruiz et al. 2014). Our results correspond with our
training instruction to down-regulate. Instructions should likely depend on the target
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population’s specific neuropathology. For example, in patients with mild cognitive
impairment (MCI), training mainly results in increased activity within putatively
compensatory networks (Hosseini et al. 2014). These “compensatory” networks are
commonly employed in task performance by healthy older adults but are negatively affected
by MCI. Therefore, MCI participants might be instructed to up-regulate the activity of these
networks using task-based neurofeedback training.

We did not have a cognitive-training only group to measure the pure effect of neurofeedback
on top of the effect of cognitive training. Specifically, one might argue that providing SHAM
group with discordant feedback might have detrimental effect on their performance. In order
to investigate this effect, we compared the performance of SHAM group during the
calibration trials (with no feedback) and the feedback training trials. We did not find any
significant difference in performance for trials with no feedback and those with sham or real
feedback in SHAM and NFB groups. Further, the group by time interaction in the Sternberg
task performance was not significant. These data indicate that there was no significant
difference in practice effects of Sternberg task between groups and corroborate the idea that
sham feedback did not suppress the performance in the Sternberg task.

Cognitive training has been criticized for lacking transfer to non-trained cognitive domains
(Park and Bischof 2013). Our neurofeedback cognitive training was associated with an
improvement in working memory, as expected, but also an increase in task switching
performance. The time-based resource sharing model of working memory suggests that
there are shared resources underlying task switching and working memory processes and
that task-switching induces a cost on working memory processes (Liefooghe et al. 2008).
Conversely, neuroimaging studies have shown an overlap between neurocircuitry underlying
working memory and task switching processes (Dove et al. 2000; Wager et al. 2004).
Specifically, overlapping regions within the lateral prefrontal cortex respond to both working
memory and task switching paradigms (Dove ef a/. 2000). We speculate that the present
neurofeedback training tap neural resources shared between working memory and task
switching processes. It should be noted that this analysis was exploratory and the transfer
effect needs to be tested more rigorously in future studies.

The results of the current study demonstrate the feasibility of task-based neurofeedback
training for improving higher cognitive functions. However, a few considerations are
noteworthy. Although NIRS can be used in more natural settings compared with fMRI (Irani
et al. 2007), the training still needs to be done in person, a disadvantage compared to
computerized training programs that can be done at home. However, previous fMRI
neurofeedback studies have shown that subjects can successfully apply the acquired
regulatory strategy learned during neurofeedback training in the absence of feedback
(deCharms et al. 2004; Haller et al. 2013; Ruiz et al. 2013). Therefore, trained subjects could
potentially practice cognitive training tasks at home using the learned metacognitive
strategy. Nonetheless, new generation NIRS systems are more portable/wearable and
affordable (Atsumori et al. 2007; Sagara et al. 2009; Lareau et al. 2011) and have the
potential to be used with personal computers in the near future (Sagara et a/. 2009). We did
not follow-up the participants to investigate the long-term effect of training. Cognitive
training studies have shown the stability of training effects after several months (Willis et al.
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2006; Park and Bischof 2013). Future studies need to test the long-term effect of
neurofeedback training. In addition, our study was a feasibility study where the sample size
was small. However, the effect size data are quite promising showing a medium to large
effects. Finally, a recent cognitive training study demonstrated changes in white matter
indices in the limbic structure of healthy individuals following just 2 hours of cognitive
training (Sagi et al. 2012). Our neurofeedback training program was slightly shorter in
duration and also takes into account individual differences in brain networks and can
therefore be customized for patients depending on the type of pathology involved; a feature
that is unique to neurofeedback training.

5. Conclusions

This study reports a preliminary investigation regarding the effectiveness of task-based
neurofeedback for executive function training using NIRS. The results suggest that
providing neurofeedback can significantly enhance executive function after a short period of
training. While our current study focused on young, healthy adults, a similar design could
potentially be used for patient populations with known pathology, potentially helping them
to boost/recover the activity in the affected brain regions. Additionally, the proposed design
could potentially be helpful for improving the efficiency of cognitive training paradigms
making it more feasible for certain patient populations.
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Highlights
Significantly improved EF test scores in the NFB group compared with SHAM

Reduced post-training activity in the prefrontal regions in NFB compared with
SHAM

Targeted enhancement of executive functions using task-based neurofeedback
training
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Figure 1. Neurofeedback setting
A) The 52-channel NIRS probe set covering the prefrontal regions. B) The training task

paradigm. C) Distribution of targeted regions across subjects. The colorbar indicates the
overlap among subjects (hot color indicates more overlap across subjects). The unit is the
number of subjects. The distribution of the selected target regions is consistent with previous
data showing activity in the bilateral prefrontal cortex during Sternberg task performance.
The line plot presentation of feedback of brain activity and task performance in the last ten
trials for (D) NFB and (E) sham feedback for the SHAM groups. The horizontal axis
represents the last ten trials of training while the vertical axis indicates the relative changes
in performance and brain activity compared to baseline (arbitrary unit). The blue line (circle
markers) shows changes in activity and the red line (rectangle markers) shows changes in
performance compared to baseline.
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Figure 2. Changes in outcome measures after neurofeedback training

A) Primary outcome measure. The NFB group showed significant improvement in n-back
accuracy compared with SHAM. B) NFB improvement in secondary outcome measures.
NFB showed significant improvement in MCAB switching score compared with SHAM.
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Figure 3. Neurofeedback signal
A) The average change in neurofeedback signal across neurofeedback trials within the NFB

group. The dotted line represents the linear fit and shows a decrease in neurofeedback signal
(p =.094, Cohen’s d = 0.45). B) Between-group differences in brain activity in response to
training: Significant training-related decrease in activity was observed in the right inferior
and middle frontal gyrus in NFB compared to SHAM. C) A significant negative correlation
was observed between the change in neurofeedback signal and post-training n-back
performance within the NFB group.
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Table 1
Performance in cognitive tests and training
Test NFB SHAM
Pre Post Pre Post

N-back accuracy (%) 92.6 (5.3) 94.4 (4.0) 91.0(7.2) 91.0(7.1)
N-back RT (s) 0.65(0.1) 058(0.1) 0.54(0.07) 0.56(0.1)
LNS (s9) 106 (1.1) 13.3(3.7) 105(2.8) 12.1(3.8)
TMT (completion time) ~ 32.8 (14.9) 31.4(19.3) 32.0(15.2) 31.9 (15.6)
CW Switch (ss) 118 (16) 12.7(16) 11.4(26) 123(2.11)
CW Inhibit (ss) 11.8(40) 13.3(1.8) 11.7(19) 12.6(L7)
MCAB Switching (rs) 64.5(20.1) 83.0(23.6) 64.2(16.0) 72.3(19.6)
Sternberg accuracy * (%)  89-3(65)  89.2(56)  77.4(14.6) 77.2(16.7)

Page 19

RT: Response Time; LNS: Letter-Number Sequencing; TMT: Trail Making Test; CW: Color-Word Interference Test; %: percent accuracy; s:

seconds; ss: scaled score; rs: raw score. Higher score indicates higher performance except for trail-making test.

*
The performance in the Sternberg task is given for the first (pre) and last (pre) session of the training.
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