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h i g h l i g h t s

! This study examined the effect of neurofeedback training on attention and memory.
! Theta uptraining improved attention, working memory, and the resting theta activity.
! Theta uptraining is an effective intervention protocol in cognitive aging.

a b s t r a c t

Objectives: The present study aimed to investigate the effectiveness of the frontal-midline theta (fmh)
activity uptraining protocol on attention and working memory performance of older and younger partic-
ipants.
Methods: Thirty-two participants were recruited. Participants within each age group were randomly
assigned to either the neurofeedback training (fmh uptraining) group or the sham-neurofeedback training
group.
Results: There was a significant improvement in orienting scores in the older neurofeedback training
group. In addition, there was a significant improvement in conflict scores in both the older and young
neurofeedback training groups. However, alerting scores failed to increase. In addition, the fmh training
was found to improve working memory function in the older participants. The results further showed
that fmh training can modulate resting EEG for both neurofeedback groups.
Conclusions: Our study demonstrated that fmh uptraining improved attention and working memory per-
formance and theta activity in the resting state for normal aging adults. In addition, younger participants
also benefited from the present protocol in terms of improving their executive function.
Significance: The current findings contribute to a better understanding of the mechanisms underlying
neurofeedback training in cognitive function, and suggest that the fmh uptraining protocol is an effective
intervention program for cognitive aging.
! 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

As individuals age, their physical, physiological, and psycholog-
ical functions begin to deteriorate, which results in the progressive
loss of competence. Many studies have observed that normal aging
is accompanied by various cognitive dysfunctions, such as a re-
duced perceptual processing speed (Madden, 2001; Salthouse,
1994), reduced useful field of view in visual searches (Ball et al.,
1988), reduced ability to control partially activated but incorrect
information (Spieler et al., 1996), reduced visual search efficacy
under divided attention conditions (Madden et al., 1997), reduced
working memory capacity (Grady and Craik, 2000; Salthouse,

1994; West, 1996), a deficit in inhibitory processing (Faust and Ba-
lota, 1997; Hasher and Zacks, 1988; Kramer et al., 1994), and an
absence of cognitive flexibility (Kramer et al., 1999; Mayr, 2001).
Globally, the number of older adults in most societies is increasing.
The proportion of individuals 65 years or older will increase from
15% in 2009 to 26% in 2039, and the ratio of older adults to the em-
ployed population will increase from 25% in 2009 to 49% in 2039
(Central Bureau Statistiek, CBS, 2011). Because of this growing pop-
ulation, it becomes increasingly important to understand how cog-
nitive functioning can be preserved and promoted in old age.
Historically, humans have invested great effort into searching for
effective methods of postponing (or even reversing) aging-induced
decline and for methods to remain youthful. Biomedical methods
are one such solution. However, only recently has a non-invasive
method been developed (i.e., neurofeedback training), which we
believe has the potential to become one of the best current candi-
dates for enhancing the quality of life of the elderly.
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1.1. Neurofeedback training (NFT)

Neurofeedback training (NFT) uses monitoring devices to pro-
vide moment-to-moment information to an individual regarding
the state of their physiological functioning, particularly the func-
tioning of the central nervous system and brain. The mechanism
of NFT is considered as an operant conditioning paradigm, in which
the participants learn to influence their brains’ electrical activity
(Egner and Gruzelier, 2001; Vernon et al., 2003). During NFT, sen-
sors are placed on an individual’s scalp and then connected to sen-
sitive electronics and computer software that detects, amplifies,
and records specific brain activity. The resulting information is
fed back to the trainee instantaneously with the understanding
that changes in the feedback signal indicate whether the trainee’s
brain activity is within the designated range. Often, the trainee is
not consciously aware of the mechanisms by which such changes
are accomplished, although individuals routinely acquire a ‘‘felt
sense’’ of these positive changes and are often able to access these
states outside of the neurofeedback session. In conventional NFT,
the trainee gradually develops mental strategies through trial
and error that modify his or her brain activity to maximize the re-
ward. In so doing, the trainee positively alters these activities for
the better (i.e., they reach the designated range).

NFT has been shown through numerous scientific studies to sig-
nificantly improve attention and provide improvements equivalent
to those of stimulant medications for children with attention defi-
cit hyperactivity disorder (ADHD) (Lubar, 1997; Kaiser and Oth-
mer, 2000; for a review, see Lofthouse et al., 2012). Research has
also documented the effectiveness of NFT in reducing or eliminat-
ing seizures (Sterman and Friar, 1972), and improving therapeutic
outcomes for the treatment of alcohol abuse and post-traumatic
stress disorder (PTSD) (Peniston and Kulkosky, 1989, 1990, 1999;
Peniston et al., 1993). Several studies have shown the effectiveness
of neurofeedback in remediating the effects of traumatic brain in-
jury (Thornton, 2000; Thornton and Carmody, 2005, 2008, 2009;
Tinius and Tinius, 2000). Initial studies have shown promising re-
sults in learning disabilities (Thornton and Carmody, 2005), anxi-
ety (Hammond, 2005), obsessive–compulsive disorder
(Hammond, 2003), depression (Hammond, 2005), and autism spec-
trum disorders (Jarusiewicz, 2002) (for a review, see Hammond,
2011).

1.2. NFT and cognitive improvement

NFT was gradually shown to be effective modifying abnormal
brain function and generating improvements in clinical symptoms
in certain clinical areas. In recent studies, increased interest fo-
cused on applying NFT to healthy individuals for better cognitive
performance to explore the practicality in areas outside of clinical
research (Egner and Gruzelier, 2001; Egner et al., 2004; Vernon
et al., 2003; Vernon, 2005). When reviewing the NFT to enhance
cognitive performance literature, most researchers had focused
on some main neurofeedback protocols, including neurofeedback
training to influence a specific aspect of the EEG, i.e., theta, alpha,
alpha/theta ratio, beta, and gamma training (Keizer et al., 2010;
see Vernon, 2005 for a review). Nevertheless, the outcome of these
frequency trainings varied across studies.

For example, Beatty and colleagues (1974) discovered that indi-
viduals receiving theta (4–7 Hz) augmenting NFT decreased their
radar detection performance, whereas individuals receiving the-
ta-suppression training increased their radar detection perfor-
mance. Beatty et al. (1974) concluded that an increase in theta,
particularly in the left parietal–occipital region (e.g., O1 and P3
site), might be associated with a decrease in arousal. However, in
contrast to the theta-suppression training at posterior sites to en-
hance sustained attention performance, several studies have dem-

onstrated a close relationship between theta band synchronization
(i.e., power increase) and good cognitive performance. For exam-
ple, a theta band power increase has been associated with facilitat-
ing working memory, episodic memory, and encoding new
information (for a review, see Klimesch, 1999; Karrasch et al.,
2004). Moreover, theta band activity at the frontal midline (fmh)
has been associated with focused attention, concentration, and cre-
ativity, and it may reflect the outcome of meditation (Basar-Eroglu
et al., 1992; Kubota et al., 2001; Missonnier et al., 2006; Gruzelier,
2009; Lagopoulos et al., 2009). Furthermore, increases in fmh activ-
ity have been observed while performing a continuous attention
task (Inouye et al., 1994; Gevins et al., 1979a,b,c), a task with an
increasing working memory load, or a task with high cognitive de-
mands (Grunwald et al., 2001; Jensen and Tesche, 2002).

Regarding alpha band activity, researchers have indicated that
upper alpha band (9.5–12 Hz) activity was associated with seman-
tic memory processes (Klimesch et al., 1997), and retrieval pro-
cesses from long-term memory (Sauseng et al., 2002), whereas
lower alpha band (alpha 1: 6–8 Hz and alpha 2: 8–10 Hz) activity
was associated with attentional processes (Doppelmayr et al.,
2002; Klimesch et al., 1998). Despite the high association between
alpha activity and memory performance, Bauer (1976) directly
examined the effect of alpha (8.5–12.5 Hz) activity uptraining on
short-term memory performance, but failed to observe the effect
of increasing alpha activity on participants’ recall performance
for either a verbal free recall task or digit span memory task. On
the other hand, Hanslmayer et al. (2005) showed that participants
who were capable of learning to increase their upper alpha band
power with eyes open performed better on a mental rotation task
after upper alpha NFT. In addition to alpha NFT, the alpha/theta ra-
tio training protocol has also been developed. Boynton (2001)
trained subjects to enhance theta over alpha to determine whether
the training enhanced creativity and well-being. Although Boynton
(2001) observed no effect of alpha/theta ratio NFT on well-being or
creativity, she defended that the absence of effects was because of
the confounding variables in the training program. Nevertheless,
subsequent studies by Egner and Gruzelier (2003) had successfully
demonstrated the effectiveness of alpha/theta ratio NFT on music
performance.

Regarding beta training, Egner and Gruzelier (2001) have re-
ported that SMR (12–15 Hz sensorimotor rhythm) conditioning re-
sulted in reduced commission errors and improved perceptual
sensitivity in a continuous performance task (CPT) [go/no-go
CPT], whereas beta 1 (15–18 Hz) conditioning resulted in an oppo-
site pattern. Egner and Gruzelier (2004) further suggested that
SMR (12–15 Hz) training led to general improvements in attention
performance that were not limited to impulsive response tenden-
cies and that these effects may be accounted for in terms of re-
duced sensorimotor processing interference with higher cognitive
function. Beta 1 (15–18 Hz) training effects were interpreted as
reflecting a tendency toward fast (i.e., faster reaction times) but
not necessarily accurate responses because of general arousal
increments that were possibly mediated by increased activation
in a noradrenergic alertness/vigilance network of attention. In
addition to SMR training, there is also a neurofeedback protocol
focusing on training SMR (12–15 Hz)/theta (4–8 Hz) ratio in rela-
tion to visual word recognition function (Barnea et al., 2005).

Regarding gamma training, Keizer and colleagues (2010) have
demonstrated that gamma (36–44 Hz) enhancing neurofeedback
on an occipital electrode site (Oz) could lead to increased flexibility
in handling episodic bindings (i.e., bindings between two features
of visual objects, such as their shape and location), which suggests
a role of gamma band activity in top-down control of memory re-
trieval. Moreover, Keizer et al. (2010) also observed that gamma
uptraining could improve memory recollection, which led them
to conclude that gamma band activity is important for controlling
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and organizing memory traces of relational information in both
short-term binding and long-term memory.

1.3. NFT and cognitive aging

Despite the various studies showing the effectiveness of NFT on
cognitive improvement for healthy young adults, few previous
studies have provided evidence showing that NFT can improve
cognitive function in the elderly (Angelakis et al., 2007; Becerra
et al., 2012; Lecomte and Juhel, 2011). Angelakis et al. (2007)
administered over 30 NFT sessions to 6 individuals from 70 to
78 years old. Three of the participants underwent a training pro-
cess aimed exclusively at increasing the peak alpha frequency
(PAF; experimental condition). Two other participants underwent
an NFT protocol aimed at increasing the amplitude of the alpha
wave (8–13 Hz; control condition 1). The sixth participant under-
went a pseudo-NFT protocol (control condition 2). Angelakis
et al. (2007) observed an increase of PAF (2 of the 3 individuals),
which was particularly pronounced in the frontal areas in the
PAF experimental condition. They also observed that the NFT of
PAF training improved the speed of information processing and
resistance to interference, whereas training the amplitude of the
alpha band improves verbal memory performance. Becerra et al.
(2012) likewise observed the effectiveness of NFT in cognitive
aging, in which they administered an NFT protocol in reducing the-
ta absolute power in normal elderly participants. They observed
that the experimental group as compared to the control group
(i.e., receiving a placebo treatment) exhibited greater improvement
in both EEG and behavioral performance. The improved behavioral
performance included increases in the Verbal Comprehension In-
dex and Verbal IQ scores from the 3rd version of the Wechsler
Adult Intelligence Scale, WAIS-III, and total scores on attention,
executive function, and memory functions measured by a neuro-
psychological test developed by Ostrosky-Solís et al. (2007). In con-
trast to the clear evidence showing the effectiveness of NFT in
cognitive aging, although Lecomte and Juhel (2011) could success-
fully train the elderly to modify the amplitudes of certain brain
wave ranges according to the optimal model of regulation of EEG
activity (the so-called ‘‘awakened mind’’ model), they failed to ob-
serve whether such EEG changes resulted in a positive effect on
memory performance in the elderly. However, one possible reason
for the null finding in Lecomte and Juhel’s (2011) study could be
due to their relatively few (only 4) training sessions which might
underestimate the effectiveness of NFT. Despite the discrepancies
among these previous studies regarding the effectiveness of NFT
in cognitive aging, we believe that NFT is one of a number of inter-
ventions that can potentially generate substantial differences in
the quality of life of the elderly. Hence, this study aimed to explore
an effective NFT protocol to train the elderly to improve their brain
and cognitive functions.

Because no comprehensive guideline for which EEG frequency
training should be more effective to elevate elderly individuals’ de-
clined cognitive performance, and their wide range of age-related
cognitive deteriorations, our strategies for developing a training
protocol for the purpose of elevating cognitive aging were twofold.
First, we utilized scalp EEG recordings as complementary informa-
tion to understand brain EEG deviations in older participants com-
pared to younger participants. This strategy had already been
applied before by Becerra et al. (2012) in which they recorded each
participant’s EEG to determine which electrode site with the most
abnormal theta activity, and then they applied the NFT on this
abnormal electrode site. In addition, they recorded each partici-
pant’s EEG before and after NFT for comparison and to assess the
effects of NFT on cognition and brain electrical activity. Second,
we selectively targeted cognitive functions that might be associ-
ated with age-related EEG deviations.

1.4. Age-related resting EEG changes in relation to age-related
cognitive function changes

Many studies have verified that normal aging involves EEG pat-
terns that are different from those of young adults in the resting
state. For example, alpha activity (8–12 Hz) has been consistently
observed to decrease with increasing age (Breslau et al., 1989; Ma-
toušek et al., 1967; Matejcek, 1980; Nakano et al., 1992; but see
Duffy et al., 1984 for a negative result). However, regarding slower
waves, such as those in theta activity (4–7 Hz), the results regard-
ing age-related changes are equivocal. Whereas some researchers
have observed that theta activity increases with increasing age
(Hughes and Cayaffa, 1977; Matejcek, 1980; Nakano et al., 1992;
Obrist, 1954), others have observed that it decreases with increas-
ing age (Breslau et al., 1989; Duffy et al., 1984; Hartikainen et al.,
1992; Matoušek et al., 1967). Hence, one of the aims of this study
is to clarify whether theta, particularly frontal-midline theta activ-
ity, decreases or increases with increasing age.

Recently, Cummins and Finnigan (2007) investigated the differ-
ences in EEG patterns between older and younger adults in resting
conditions and during recognition-task conditions. Their results
showed that older adults had lower theta activity in the resting
state and lower task-related theta activity, particularly in the fron-
to-central midline region. Hence, Cummins and Finnigan (2007)
proposed that the fmh activity might function as a sensitive neuro-
physiological marker of cognitive aging. A follow-up study by Finn-
igan and Robertson (2011) reached the identical conclusion and
observed that a higher resting fmh activity was significantly corre-
lated with better cognitive performance (e.g., sustained attention,
delayed verbal recall, and executive function).

1.5. Attention and working memory task paradigms

Several studies have demonstrated a close relationship between
theta activity and cognitive function. For example, theta activity
has been associated with facilitating working memory, episodic
memory, and encoding new information (for a review, see Klim-
esch, 1999; Karrasch et al., 2004). Moreover, fmh activity has been
observed to be associated with focused attention, concentration,
and creativity, and it may reflect the outcome of meditation (Ba-
sar-Eroglu et al., 1992; Kubota et al., 2001; Missonnier et al.,
2006; Gruzelier, 2009; Lagopoulos et al., 2009). Furthermore, in-
creases in fmh activity have been observed while performing either
a continuous attention task (Inouye et al., 1994; Gevin et al.,
1979a,b,c), a task with an increasing working memory load, or a
task with high cognitive demands (Grunwald et al., 2001; Jensen
and Tesche, 2002; Onton et al., 2005).

Based on these previous results, attention and working memory
appear to be closely related to theta, particularly frontal-midline
theta activity. In addition, attention and working memory dysfunc-
tion have been commonly observed with increasing age (e.g., Cabe-
za, 2002; Craik et al., 1990; Kramer et al., 1994; Madden et al.,
1994, 1999; Salthouse, 1994; West, 1996). However, the term
attention refers to many different cognitive abilities, such as orient-
ing to sensory stimuli, maintaining an alert state, and orchestrating
the computations required to perform the complex tasks of daily
life (Fernandez-Duque and Posner, 1997; Fernandez-Duque and
Black, 2006). Therefore, in this study, we used an attention task,
which can measure the multi-facets of attention. In the literature,
one commonly used task that enables researchers to evaluate the
multi-facets of attention is the Attention Network Test (ANT; Fan
et al., 2002; Fan et al., 2005). The ANT was designed to probe the
efficiency of three attention networks (the three main functional
components of attention; Posner and Petersen, 1990) within a sin-
gle task: (1) the alerting component (i.e., the ability to prepare and
sustain alertness for the processing of high-priority signals), which
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involves the thalamic, frontal, and parietal areas; (2) the orienting
component (i.e., the component that allows one to attend to target
items overtly or covertly and thereby improve processing effi-
ciency), which involves the superior parietal lobe, temporo-parie-
tal junctions and superior frontal cortex; and (3) the executive
attention component (i.e., conflict resolution), which involves the
anterior cingulate cortex and lateral prefrontal cortex (Fan et al.,
2002, 2005).

Mahoney and colleagues (2010) conducted the ANT to examine
the efficiency of three visual attention networks of older adults.
Their results showed that the average reaction time of older adults
was generally slower than younger adults. Additionally, when the
response target was flanked by the opposite direction arrows, the
response conflict appeared to be more obvious in the older group,
which indicated that the older adults showed a decline in execu-
tive function. However, other research results suggested that older
adults showed significantly less alerting than younger adults in re-
sponse to a warning cue, but there were no age differences in the
orienting or executive functions once a general slowing was ac-
counted for (Jennings et al., 2007; Gamboz et al., 2010). Hence,
which aspects of attention would show age-related declines and
therefore be subject to undergo NFT require investigation. Further-
more, although this study might not be the first to use the ANT in
an NFT study, it seems to the first application with the elderly.

Regarding working memory function, there have been studies
reporting significant age-related deteriorations (see Craik et al.,
1990, and Zacks et al., 2000 for a review). One of the conventional
working memory tasks is Sternberg’s recognition task (1966),
which has been used to examine participants’ working memory
performances (Chen and Desmond, 2005; Jonides and Nee, 2006;
Manoach et al., 2001). Not only have many previous studies on
healthy younger participants adapted the Sternberg recognition
task to measure working memory function, but cognitive aging
studies have also adapted this task (Van Gerven et al., 2004; Cum-
mins and Finnigan, 2007).

1.6. The aims and hypotheses of this study

Because of the close relationship between fmh activity and cog-
nitive functions, and the inconsistent EEG patterns that accompany
normal aging in the literature (i.e., decreases or increases in theta
activity with age), the first aim of this study was to verify whether
normal aging yields decreases or increases in theta activity in the
resting state. In addition, considering that there are few studies
in the literature that investigate whether NFT has a positive effect
on cognitive enhancement in the elderly (Angelakis et al., 2007;
Becerra et al., 2012; Lecomte and Juhel, 2011), the second aim of
the present study was to examine the effect of NFT on cognitive
performance by incorporating both ANT and Sternberg’s recogni-
tion memory tasks, which are thought to involve attention, work-
ing memory and/or executive functions.

To our knowledge, no study has examined the effectiveness of
fmh activity uptraining in cognitive aging. Based on prior knowl-
edge of the functional significance of fmh activity and the deterio-
ration of attention and memory functions associated with
abnormal EEG patterns in normal aging populations, we hypothe-
sized that fmh activity uptraining might be effective in improving
cognitive performance involving attention, working memory, and
executive functions. We further hypothesized that cognitive
improvement might be accompanied by the reconditioning of
different EEG patterns. To achieve these goals, the present study
employed a 2 (old vs. young) by 2 (neurofeedback vs. sham-neuro-
feedback) between-subjects factorial design to investigate the
effectiveness of fmh activity uptraining in cognitive aging and test
the effects of training in cognitive performance (i.e., post-training
performance opposed to pre-training performance) between the

two age groups with a special focus on attention and working
memory. The following hypotheses were generated: (1) the resting
EEG pattern in normal older adults would differ from that of
healthy younger adults; (2) normal older adults would show dete-
rioration in cognitive functions, such as attention and working
memory; (3) after neurofeedback training of the fmh activity, par-
ticipants’ attention and working memory performance would be
improved, particularly in normal older adults; and (4) fmh activity
uptraining would also lead to changes in the resting EEG patterns,
at least in older adults.

2. Methods

2.1. Participants

Thirty-two participants were recruited for this study; 16 older
(5 females and 11 males) participants who were recruited from
the local community and the 16 younger (5 females and 11 males)
participants who were recruited from the National Cheng Kung
University. Participants within each age group were randomly as-
signed to either the NFT group (n = 8) or the sham-neurofeedback
training group (n = 8); this resulted in a total of four groups: the
older NFT (ONFT) group (mean age of 65 ± 3.3 years, range: 61–
72 years), the older sham-neurofeedback training (OSFT) group
(mean age of 64.6 ± 2.4 years, range: 61–67 years), the younger
NFT (YNFT) group (mean age of 21.8 ± 1.0 years, range: 21–
24 years), and the younger sham-neurofeedback training (YSFT)
group (mean age of 22.6 ± 1.6 years, range: 21–25 years). All par-
ticipants were right-handed, free of neurological and psychological
disorders, and had normal or corrected-to-normal vision. The Mini-
Mental State Examination (MMSE; Folstein et al., 1975) was used
to screen older participants for dementia based on the following
screening criteria: 25–30 points = normal; 21–24 points = mild
dementia; 14–20 points = moderate dementia; and 613 points = -
severe dementia. The mean MMSE scores were 29.1 ± 1.0 for the
ONFT group, 29.4 ± 0.9 for the OSFT group (t(14) = 0.52, ns),
29.9 ± 0.4 for the YNFT group, and 29.5 ± 0.5 for the YSFT group
(t(14) = "1.67, ns). The Beck Depression Inventory (BDI-II; Beck
et al., 1996) was used to screen all participants for depression
based on the following screening criteria: 0–13 = normal; 14–
19 = mild depression; 20–28 = moderate depression; 29–63 = se-
vere depression. The mean BDI-II scores were 5.6 ± 6.7 for the
ONFT group, 4.6 ± 5.3 for the OSFT group (t(14) = "0.33, ns),
5.1 ± 2.6 for the YNFT group, and 5.6 ± 4.5 for the YSFT group
(t(14) = 0.27, ns). All participants provided consent prior to the
experiment, and each participant was paid NT $2000–2400 (US
$67–80) for participation.

2.2. Design and procedure

The design and procedure of the present study are illustrated in
Fig. 1. All participants were first required to fill out an informed
consent form and the MMSE, and BDI-II screening tests. They were
then randomly assigned to either the NFT or SFT group. In the pre-
training phase, participants were first required to perform two cog-
nitive tests, (1) the Attention Network Test and (2) the Modified
Sternberg recognition task. Upon completion of the tests, resting
EEG data were acquired. The formal neurofeedback training phase,
for both for the NFT and the SFT groups, started one day after the
pre-training phase and continued over four consecutive weeks. Fi-
nally, the post-training phase commenced one day after the formal
neurofeedback training phase. In the post-training phase, partici-
pants performed the two cognitive tests, and their resting EEG data
were acquired again.
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2.3. The attentional network test (ANT)

Participants were instructed to fixate on a central cross for the
entire experiment. The stimuli consisted of a row of five horizontal
black arrows (0.58" in size, separately by 0.06"; the five arrow row
covered a total of 3.27") that appeared in either the upper or lower

part of the screen and pointed either to the left or right. The target
central arrow pointed either in the same direction as the other four
flanking arrows (congruent condition) or in the opposite direction
(incongruent condition) (Fig. 2). In one-fourth of the trials, the
stimulus was preceded by a visual cue (an asterisk) that appeared
at the central fixation cross (central cue condition). In another

Fig. 1. A schematic illustration of the design and procedure in the present study.

Fig. 2. The experimental procedure of ANT developed by Fan et al. (2002): a trial sequence of the ANT; the four cue conditions; and the three flanker conditions. (FD1:
previous fixation cross duration; RT: reaction time).
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fourth of the trials, the stimulus was preceded by a visual cue that
was presented above or below the central fixation cross (at the
same location as the stimulus would appear) (spatial cue condi-
tion) and indicated the stimulus would appear in the upper or low-
er part of the screen, respectively. In another fourth of the trials,
the stimulus was preceded by two visual cues that were simulta-
neously presented above and below the central fixation cross (dou-
ble cue condition). In the remaining forth of the trials, the stimulus
was not preceded by any visual cue (no cue condition) (Fig. 2). An
illustration of the trial sequence of the ANT is shown in Fig. 2.

The ANT consisted of four blocks composed of one practice
block of 24 trials and three experimental blocks of 96 trials each.
At the beginning of each trial, a fixation cross appeared in the cen-
ter of the screen, followed by a visual cue that was presented for
100 ms. The target stimulus would appear 400 ms following the
offset of the cue. The participants were asked to determine the
direction of the central arrow of the stimulus by pressing one of
the two buttons on a computer mouse as quickly and accurately
as possible. Until a response had been made or 1700 ms had
elapsed, a fixation cross appeared alone for a duration of
3500 ms (including response time (RT) and the previous fixation
cross duration which randomly varied from 400 to 1600 ms), and
then the next trial began. Performance scores for each of the three
attentional networks were measured separately as follows. The
alerting score was calculated by subtracting the mean RT of the
double-cue condition from the mean RT of the no-cue condition;
therefore, the changes in RT were positively correlated with
increasing efficiency. The orienting score was calculated by sub-
tracting the mean RT of the spatial cue condition from the mean
RT of the center cue condition; therefore, the changes in RT were
positively correlated with increasing efficiency. The conflict (exec-

utive control) score was calculated by subtracting the mean RT of
all congruent conditions across all cue types from the mean RT of
the incongruent conditions; therefore, smaller differences in RT
on this measure indicated greater efficiency (Fan et al., 2002,
2005).

2.4. The Sternberg recognition task

A modified Sternberg’s recognition task was utilized. The proce-
dural details of this task are illustrated in Fig. 3. Each of the words
(two-character Chinese words) that appeared throughout the task
had a normative frequency ranging from 5 to 50 occurrences per
million (source: Mandarin dictionary database, Ministry of Educa-
tion of Taiwan, 2000). Study list lengths were either four (low
memory load) or eight (high load) words (length varied at ran-
dom), and there were a total of 40 study-test trials for each load
condition (80 trials altogether). Each study list was followed by a
single test word. In 50% of cases, the test word appeared once in
a random position (excluding the last word) in the study list that
immediately preceded the test (old). In the other 50% of cases,
the test word did not occur at any other time throughout the
experiment (new). The task was divided into four blocks, and each
block consisted of 10 study-test trials for each load condition.

Participants were informed of the load conditions and that they
were required to determine whether each test cue word was in the
previous study list (old) or not (new). Each trial started with a
2000 ms fixation cross, followed by a series of two-character Chi-
nese words (either four or eight words) with the duration of
1800 ms for each word and with an interval of 500 ms between
words. After all study words had appeared, a two-digit number
(randomly selected) appeared on the screen, and the participant

Fig. 3. The diagram of a four-word list trial (low memory load condition) in the modified Sternberg word recognition task.
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was asked to orally read the number and count backward from that
number by threes until the number disappeared (about 5000 ms
following the appearance of the number). Thereafter, a warning
signal appeared to remind the participant of the upcoming test
word. Upon the appearance of the test word, participants were
asked to judge if the test word had been present in the study phase
(old) or not (new) by pressing either a key corresponding to ‘‘yes’’
or ‘‘no’’ (the ‘‘F’’ and ‘‘J’’ keys, respectively) on a standard keyboard.

2.5. EEG data acquisition

Electroencephalographic (EEG) activity was recorded using a
Neuroscan Q-cap AgCl-32 electrode cap at 32 scalp locations (Neu-
roscan Inc., El Paso, TX, USA). EEG activity was recorded from 30
electrodes (FP1, FP2, F7, F3, FZ, F4, F8, FT7, FC3, FCZ, FC4, FT8, T7,
C3, CZ, C4, T8, TP7, CP3, CPZ, CP4, TP8, P7, P3, PZ, P4, P8, O1, OZ,
O2) according to the International 10–20 system. Horizontal EOGs
(HEOG) were recorded with two electrodes placed 1 cm away from
the lateral canthus of the left and right eyes. Vertical electro-ocu-
lograms (VEOGs) were recorded with two electrodes placed 1 cm
above and 1 cm below the left eye. The EEGs from all electrode
sites were initially referenced to the left mastoid and then re-refer-
enced offline to the mean activity of the left and right mastoids.
EEGs and EOGs were amplified using Synamps2 amplifiers and
Scan 4.3 acquisition software (Neuroscan, Inc.) at a sampling rate
of 500 Hz, high pass filtered at 0.1 Hz, and low pass filtered at
50 Hz. Electrode impedances were maintained below 5 kX.

EEG acquisition took place in a sound-attenuated room, and
brain activity was recorded under two baseline conditions, an
eyes-open baseline (EOB) condition and an eyes-closed baseline
(ECB) condition. Each condition lasted for 3 min and was repeated
twice. During the EOB condition, participants were required to
minimize blinking to avoid eye movement artifacts and to stare
at the fixation cross on the computer screen. During the ECB con-
dition, participants were required to close their eyes but stay
awake.

2.6. Neurofeedback training protocol

Neurofeedback training was conducted three times per week
over 4 weeks resulting in a total of 12 training sessions. At the
beginning of each training session, a 3-min eyes-open baseline
evaluation was conducted, which was used as a threshold during
the training periods. This baseline was followed by five 3-min
training periods. The equipment employed for neurofeedback
training consisted of a ProComp Infiniti differential amplifier and
software (Thought Technology Ltd., Montreal, Quebec). An elec-
trode was placed on the Fz according to the International 10–20
system with a reference and ground on the left and right earlobes,
respectively. It was necessary to maintain all impedances below
5 kX. To prevent the augmentation of the signals by muscle arti-
facts, such as eye blinks, coughs, teeth clenching or movements,
two inhibit bands were used. These inhibit bands were represented
on the screen by horizontal scales showing EEG activities in the
ranges of 0.5–2 and 43–59 Hz, which indicated eye blinks and high
frequency disturbances, respectively. The raw EEG signal was sam-
pled at 256 Hz and was A/D converted online for feedback. Using
the BioGraph Infiniti software, an IIR (Infinite Impulse Response)
filters were applied to the recorded signal to extract frequency-do-
main information. Spectral amplitude estimates were calculated
for the active site (Fz) on raw 1-s EEG segments with a frequency
resolution of 1-Hz. Bandpass filters were used to extract the re-
ward EEG frequency bands (NFT: theta: 4–7 Hz; SFT: the randomly
selected frequency bands: 10–13, 13–16, 16–20, or 20–25 Hz), and
the two inhibit bands (0.5–2 and 43–49 Hz) through fast Fourier
transformations (FFT).

Audio-visual feedback was provided in the form of a roller-
coaster animation; if the participants achieved the goal, the roll-
er-coaster moved forward and was accompanied by a pleasant
sound. To the authors’ knowledge, there is no strict guideline of
which feedback type, e.g., visual only, auditory only, or visual-audi-
tory, should be the most optimal for NFT. Because most of the stud-
ies (e.g., Egner and Gruzelier, 2001, Egner and Gruzelier, 2004;
Vernon et al., 2003) using NFT to enhance cognitive performance
used visual-auditory feedback, we decided to also use this type
of feedback. The participants were encouraged to allow the roller
coaster to move forward and maintain production of the sound
for as long as possible. For the neurofeedback group (e.g., the ONFT
and YNFT groups), the goal was to increase the theta (4–7 Hz)
amplitude above the theta average amplitudes over the preceding
3-min eyes-open baseline recordings (i.e., immediate feedback),
particularly the fmh activity. Although we did not teach the partic-
ipants any specific strategy of how to increase their frontal-midline
theta activities, all our participants developed their own effective
strategies to reach the specific goal of increasing their theta activ-
ity using visual-auditory feedback. This result is evident from our
results in the training indices. The amplitude of the fmh frequency
was represented by the speed of the roller-coaster. The partici-
pants’ task was to accelerate the roller coaster. The participants
were instructed to attempt to maximize the point score that was
based on roller coaster movement. For the sham-neurofeedback
training group (e.g., the OSFT and YSFT groups), all conditions were
exactly the same as in the neurofeedback group, except that in this
group the goal was to enhance the activity of a frequency band (the
participants were blind to the frequency band) that was randomly
selected from 10–13, 13–16, 16–20, or 20–25 Hz for each session.
All participants were not informed whether they would be as-
signed to the neurofeedback or sham-neurofeedback group. More
importantly, during the debriefing, no participants in the sham
group reported that they noticed the fake training. The outcome
of the EEG training indices also suggests that the sham participant
EEGs were not systematically modulated because of the sham
training. The differences between the neurofeedback and sham
groups in the pre-training of all three ANT scores were not statis-
tically significant.

2.7. Statistical analyses

2.7.1. Behavioral data
2.7.1.1. Pre-training performance on the ANT and Sternberg recogni-
tion task. To determine whether performance on the ANT task dif-
fered between the older and younger groups and between the NFT
and SFT groups within the same age group, an analysis of variance
(ANOVA) was conducted with Age (old, young) and Neurofeedback
(neurofeedback, sham-neurofeedback) as between-subjects factors
and Cue type (no cue, central cue, double cue, spatial cue) and Flan-
ker type (neutral, congruent, incongruent) as within-subject fac-
tors. Likewise, to examine performance on the Sternberg
recognition task, an ANOVA was conducted with Age and Neuro-
feedback as between-subjects factors and Memory load (low, high)
as a within-subject factor.

2.7.1.2. Post-training performance on the ANT and Sternberg recog-
nition task. To evaluate the effects of neurofeedback training on
ANT task performance, an ANOVA was conducted with Age and
Neurofeedback as between-subjects factors and Phase (pre-train-
ing, post-training), Cue type, and Flanker type as within-subject
factors. Moreover, to explore changes in three attentional networks
after training, three further separate ANOVAs were performed: (1)
for the alerting network, a 2 (Age) # 2 (Neurofeedback) # 2 (Alert-
ing: no cue vs. double cue) ANOVA was performed, (2) for the ori-
enting network, a 2 (Age) # 2 (Neurofeedback) # 2 (Orienting:
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central cue vs. spatial cue) ANOVA was performed, and (3) for the
conflict network, a 2 (Age) # 2 (Neurofeedback) # 2 (Conflict: con-
gruent vs. incongruent) ANOVA was performed. Post-hoc simple
effect tests were performed based on any significant interaction ef-
fects involving the factors of Neurofeedback or Phase.

To evaluate the effects of neurofeedback training on the Stern-
berg recognition task performance, an ANOVA was performed with
Age and Neurofeedback as between-subjects factors and Phase,
and Memory load as within-subject factors.

2.7.2. EEG data analyses
Data acquired from the EEGs were initially submitted to an ocu-

lar artifact reduction to acquire artifact-free data for further anal-
ysis. FFT analysis of the artifact-free, 2046 ms epochs was used to
determine absolute EEG activity in the delta (1–4 Hz), theta (4–
7 Hz), alpha (8–12 Hz) and beta (13–30 Hz) frequency bands. Esti-
mates of absolute EEG activity are reported as microvolts (lV) in
this study.

2.7.2.1. The EEG in the pre-training phase. To evaluate whether EEG
patterns differed between the older and younger groups prior to
the formal neurofeedback training phase, an ANOVA was per-
formed with Age and Neurofeedback as between-subjects factors
and Electrode (FP1, FP2, F7, F3, FZ, F4, F8, FT7, FC3, FCZ, FC4, FT8,
T7, C3, CZ, C4, T8, TP7, CP3, CPZ, CP4, TP8, P7, P3, PZ, P4, P8, O1,
OZ and O2) as a within-subject factor for each frequency band.

2.7.2.2. The EEG in the post-training phase. To evaluate the effects of
formal neurofeedback training on resting EEG (i.e., EOB, ECB), an
ANOVA was performed with Age and Neurofeedback as between-
subjects factors and Phase and Electrode as within-subject factors
for each frequency band.

2.7.2.3. Neurofeedback training index. To examine the learning
curve of the theta amplitudes over the 12 sessions of training,
we calculated the ratio of the mean theta amplitude during train-
ing relative to baseline for each session as training indices. Subse-
quently, a 2 (Age) # 2 (Neurofeedback) # 12 (Session) ANOVA on
these training indices was performed. In addition, we also per-
formed trend analyses on the original theta amplitudes over the
12 sessions.

3. Results

3.1. Behavioral data

The mean RTs and accuracies (and standard deviations) for each
of the cue-type and flanker-type conditions for the older and youn-
ger groups in both pre- and post-training phases are presented in
Tables 1 and 2 respectively.

3.1.1. Pre-training performance on the ANT and Sternberg recognition
task
3.1.1.1. ANT: RT data. There was a significant main effect of Age
(F(1,28) = 46.04, p = .00) on the reaction times in the ANT; overall,
the RTs of the older group were slower than those of the young
group in the pre-training phase. No significant interaction of Age
and Neurofeedback (F(1,28) = 4.00, p = .06) was found; thus, within
age groups, the neurofeedback and sham-neurofeedback training
groups had similar RTs in the ANT (but see the Result section).

3.1.1.2. ANT: accuracy data. There was a significant main effect of
Age (F(1,28) = 10.7, p = .00) on the accuracy in the ANT task; the
older groups were more accurate than the younger groups in the

pre-training phase. No significant interaction of Age and Neuro-
feedback (F(1,28) = 0.01, p = .91) was found.

3.1.1.3. Sternberg recognition task: accuracy data. There was a signif-
icant main effect of Age (F(1,28) = 22.12, p = .00) on accuracy in the
modified Sternberg recognition task; the overall accuracy of the
older group was lower than that of the younger group in the pre-
training phase. No significant interaction of Age and Neurofeed-
back (F(1,28) = 0.00, p = 1.00) was found; thus, within age groups,
the neurofeedback and sham-neurofeedback training groups had
similar initial performances in this task.

In summary, the accuracies in the ANT task were better in the
older groups whereas the RTs in the ANT task were slower in the
older groups as compared to the younger groups, suggesting a pos-
sible trade-off of speed and accuracy with the ANT in the older
groups in the pre-training phase. However, there were no differ-
ences in performance on the ANT or Sternberg recognition task be-
tween the neurofeedback and sham-neurofeedback training
groups within the older (ONFT and OSFT) or younger groups (YNFT
and YSFT) in the pre-training phase.

3.1.2. Post-training performance in contrast to pre-training
performance on the ANT and Sternberg recognition task
3.1.2.1. ANT: RT data. The results of a 2 (Age) # 2 (Neurofeed-
back) # 2 (Phase) # 4 (Cue type: no cue, central cue, double cue,
spatial cue) # 3 (Flanker type: neutral, congruent, incongruent)
ANOVA were as follows. The main effects of Age (F(1,28) = 51.02,
p = .00), Phase (F(1,28) = 16.55, p = .00), Cue type (F(2.16,
60.45) = 184.36, p = .00), and Flanker type (F(1.42,39.84) = 239.90,
p = .00) were all significant. That is, older participants were signif-
icantly slower overall (636.6 ms) than young participants
(445.1 ms). All participants’ response times increased from the
spatial cue (495.9 ms), double cue (524.5 ms), central cue
(547.9 ms), and no cue (581.1 ms) conditions (q(84,4) = 3.72,
p < 0.05). RTs also increased from the neutral flanker, congruent
flanker, and incongruent flanker conditions (q(56,3) = 3.41,
p < 0.05). Significant 2-way interactions of Age and Cue type
(F(2.16,60.45) = 4.93, p = .01), Age and Flanker type (F(1.42,
39.84) = 9.63, p = .00), Phase and Flanker type (F(1.83,51.11) =
14.87, p = .00), and Cue type and Flanker type
(F(4.48,125.4) = 10.83, p = .00) were found. A 3-way interaction of
Phase, Neurofeedback, and Flanker type (F(1.83,51.11) = 12.49,
p = .00) was also found. Of the main interest, post hoc simple
interaction tests following this 3-way interaction showed that only
the NFT groups exhibited a significant interaction of Phase and
Flanker type (F(2,56) = 27.30, p = .00), but not the SFT groups
(F(2,56) = 0.05, p = .95).

Please note, although we have claimed there was no significant
difference in RTs between the NFT and SFT groups on the basis of
no significant main effect of Feedback (p = .19) and interaction ef-
fect of Age and Neurofeedback. Nevertheless, the p value for the
interaction effect was near significant (p = .06) and the mean RTs
of the 12 conditions in the pre-training phase look generally faster
for the OSFT than the ONFT group (see Table 1), hence we re-ana-
lyzed the data with an ANCOVA by using the pre-training perfor-
mance as a covariate to adjust the pre-/post-training changes.
The results of this ANCOVA yielded the same patterns as those re-
ported by the original ANOVA.

To examine more directly the effect of neurofeedback training
in the three attention networks of the ANT, three separate ANOVAs
were conducted. Fig. 4 shows the mean RTs for the three attention
network scores for younger and older participants in the pre- and
post-training phases.

For the alerting network, the results showed significant main
effects of Age (F(1,28) = 49.24, p = .00), Phase (F(1,28) = 13.24,
p = .00, and Alerting (double cue vs. no cue, F(1,28) = 203.70,
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p = .00). There was a significant interaction of Age and Alerting
(F(1,28) = 6.14, p = .02), indicating that the younger adults bene-
fited more from the double cue condition relative to the no cue
condition than did older adults. No other significant interactions
involving Neurofeedback with Age, Phase, or Cue type were found,
suggesting that NFT has no effect on the alerting effect.

For the orienting network, the results showed significant main
effects of Age (F(1,28) = 52.12, p = .00), Phase (F(1,28) = 20.03,
p = .00), and Orienting (central cue vs. spatial cue,
F(1,28) = 134.10, p = .00). There was a significant interaction of
Age and Orienting (F(1,28) = 4.68 p = .04; indicating that young
adults benefited more from the spatial cue relative to the central
cue than did older adults), a significant interaction of Phase, Neu-
rofeedback, and Orienting (F(1,28) = 6.21 p = .02), and a significant
interaction of Age, Phase, Neurofeedback, and Orienting
(F(1,28) = 4.65 p = .04). A post hoc test revealed that the interaction
of Phase and Cue was only significant in the ONFT group
(F(1,28) = 10.03 p = .00), suggesting that only the ONFT group
was able to improve orienting function (i.e., increasing orienting
score) via NFB training.

For the conflict network, there were significant main effects of
Age (F(1,28) = 48.52, p = .00), Phase (F(1,28) = 18.77, p = .00), and
Conflict (congruent vs. incongruent, F(1,28) = 228.78, p = .00).
There was a significant interaction of Age and Conflict
(F(1,28) = 10.05, p = .00; indicating that incongruent flankers rela-
tive to congruent flankers interfered more strongly in older adults),

and a significant interaction for Phase and Conflict, F(1,28) = 34.11,
p = .00. A post hoc simple effect test of the interaction of Age and
Conflict showed that incongruent flankers (relative to congruent
flankers) produced more interference in older adults
(F(1,28) = 167.37, p = .00). A post hoc simple effect test for the
interaction of Phase and Conflict showed that the overall conflict
effects was reduced in the post-training phase (F(1,28) = 151.70,
p = .00). Finally, the 3-way interaction of Phase, Neurofeedback,
and Conflict was significant (F(1,28) = 32.59, p = .00). Post-hoc sim-
ple effect tests showed a significant 2-way interaction of Phase and
Conflict only for the neurofeedback group (F(1,28) = 66.69, p = .00),
suggesting that both neurofeedback groups (ONFT and YNFT) were
able to improve executive function (i.e., reducing conflict score)
through 12 sessions of NFB training.

To summarize, there was a significant improvement in orient-
ing scores in the ONFT group after NFT. In addition, there was a sig-
nificant improvement in conflict scores (i.e., decreased scores) after
NFT in both the ONFT and YNFT groups. However, alerting scores
failed to increase in this study.

3.1.2.2. ANT: accuracy data. The result of the ANOVA on the mean
accuracies showed significant main effects of Age
(F(1,28) = 11.31, p = .00; i.e., the older adults had greater accuracy
rates) and of the Flanker type (F(1.15,32.29) = 27.16, p = .00; i.e.,
accuracy rates decreasing from the congruent (99.5%) to neutral
(99.0%) to incongruent (96.1%) Flanker conditions). No significant

Table 1
Mean RTs (standard deviations) according to cue and flankers types for each group in the pre- and post-training phases (OSFT: old sham-neurofeedback training group; ONFT: old
neurofeedback training group; YSFT: young sham-neurofeedback training group; YNFT: young neurofeedback training group).

Cue type

Group Flanker No cue Double cue Center cue Spatial cue

Phase Pre Post Pre Post Pre Post Pre Post

OSFT Neutral 706 (155.3) 647 (78.6) 665 (141.0) 617 (94.9) 672 (135.7) 621 (93.2) 622 (131.8) 568 (89.5)
Congruent 721 (145.4) 666 (95.3) 673 (153.5) 619 (90.9) 674 (144.7) 624 (105.8) 633 (150.7) 575 (104.8)
Incongruent 818 (137.3) 774 (122.6) 787 (147.4) 728 (131.0) 787 (131.8) 760 (124.3) 735 (168.7) 671 (123.1)

ONFT Neutral 605 (63.1) 564 (90.7) 574 (70.5) 511 (84.4) 581 (72.2) 545 (111.5) 544 (60.3) 479 (74.9)
Congruent 608 (72.2) 586 (90.3) 572 (79.9) 530 (95.3) 581 (86.4) 544 (100.5) 540 (69.8) 501 (84.1)
Incongruent 705 (83.4) 636 (90.1) 685 (81.6) 612 (92.4) 705 (73.5) 627 (108.9) 647 (69.0) 541 (76.7)

YSFT Neutral 463 (37.7) 468 (51.0) 412 (37.0) 404 (44.3) 416 (45.7) 408 (43.2) 382 (31.8) 374 (33.3)
Congruent 484 (47.1) 476 (74.4) 414 (50.1) 408 (54.6) 422 (50.9) 420 (51.6) 385 (36.7) 375 (37.4)
Incongruent 526 (50.3) 515 (86.5) 495 (57.8) 490 (60.8) 519 (56.4) 496 (68.7) 450 (55.5) 439 (62.0)

YNFT Neutral 494 (34.0) 460 (34.0) 423 (46.3) 384 (28.4) 435 (43.1) 402 (40.7) 404 (43.6) 372 (26.1)
Congruent 498 (44.8) 473 (44.8) 431 (49.3) 403 (38.1) 436 (60.5) 407 (39.4) 411 (55.0) 374 (27.6)
Incongruent 557 (50.9) 497 (50.9) 526 (63.6) 465 (44.2) 525 (55.7) 469 (41.7) 466 (20.9) 414 (32.7)

Table 2
Mean accuracies (standard deviations) according to cue and flankers types for each group in the pre- and post-training phases (OSFT: old sham-neurofeedback training group;
ONFT: old neurofeedback training group; YSFT: young sham-neurofeedback training group; YNFT: young neurofeedback training group).

Cue type

Group Flanker No cue Double cue Center cue Spatial cue

Phase Pre Post Pre Post Pre Post Pre Post

OSFT Neutral 0.99 (.02) 0.98 (.02) 1.00 (.00) 1.00 (.00) 0.97 (.03) 1.00 (.00) 0.99 (.01) 0.98 (.03)
Congruent 1.00 (.00) 1.00 (.00) 0.99 (.02) 1.00 (.00) 0.99 (.02) 0.99 (.01) 0.99 (.01) 1.00 (.00)
Incongruent 0.98 (.03) 0.99 (.02) 0.97 (.03) 0.99 (.02) 0.97 (.04) 1.00 (.00) 0.98 (.02) 0.99 (.01)

ONFT Neutral 0.99 (.02) 1.00 (.00) 0.99 (.01) 1.00 (.00) 0.99 (.01) 0.99 (.02) 0.99 (.01) 0.98 (.02)
Congruent 0.99 (.02) 0.99 (.02) 1.00 (.00) 1.00 (.00) 0.99 (.01) 0.99 (.02) 1.00 (.00) 0.99 (.02)
Incongruent 0.99 (.02) 1.00 (.00) 0.98 (.04) 0.99 (.01) 0.99 (.02) 0.98 (.05) 0.98 (.03) 0.99 (.02)

YSFT Neutral 0.97 (.04) 0.98 (.03) 0.99 (.01) 0.98 (.03) 0.98 (.02) 0.99 (.03) 0.99 (.01) 1.00 (.00)
Congruent 0.99 (.01) 0.98 (.02) 0.99 (.02) 0.98 (.03) 1.00 (.00) 0.99 (.01) 1.00 (.00) 0.99 (.01)
Incongruent 0.92 (.09) 0.94 (.09) 0.88 (.11) 0.92 (.09) 0.92 (.06) 0.92 (.10) 0.93 (.07) 0.96 (.05)

YNFT Neutral 0.96 (.05) 0.98 (.02) 0.99 (.02) 1.00 (.00) 0.98 (.04) 0.98 (.03) 0.99 (.01) 0.99 (.02)
Congruent 0.98 (.02) 0.99 (.01) 1.00 (.00) 1.00 (.00) 1.00 (.00) 0.98 (.02) 1.00 (.00) 0.99 (.02)
Incongruent 0.96 (.05) 0.94 (.06) 0.91 (.07) 0.97 (.04) 0.91 (.13) 0.95 (.06) 0.96 (.05) 0.96 (.03)
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interactions involving Neurofeedback and Age, Phase, Cue type, or
Flanker type were found. This result suggests that NFT has no effect
on accuracy in the ANT.

3.1.2.3. Sternberg recognition task: accuracy data. A 2 (Age) # 2
(Neurofeedback) # 2 (Phase) # 2 (Memory load: low vs. high) AN-
OVA was performed on recognition accuracy data. There were sig-
nificant main effects of Age (F(1,28) = 27.05, p = .00), Phase
(F(1,28) = 5.24, p = .03), and Memory load (F(1,28) = 25.15,
p = .00). That is, the overall accuracy was lower in the older groups
than the younger groups, and the mean accuracies of all partici-
pants decreased with increasing memory load. More importantly,
there was a significant 3-way interaction of Age, Phase, and Neuro-
feedback. Post-hoc tests showed that only the ONFT group had a
simple main effect of Phase (F(1,28) = 10.32, p = .00 (see Fig. 5).

3.2. EEG data

3.2.1. The EEG in the pre-training phase
Prior to neurofeedback training, we examined whether the NFT

and SFT groups among the older participants (ONFT and OSFT) or
among the younger participants (YNFT and YSFT) had the same ini-
tial EEG patterns. Moreover, to test the hypothesis that EEG pat-
terns would differ between older and younger participants, we
also examined the main effect of Age on each of the frequency
bands during the pre-training phase. Table 3 shows the statistical

results of 2 (Age) # 2 (Neurofeedback) # 30 (Electrode) ANOVAs
for each frequency band in the eyes-open and eyes-closed condi-
tions in the pre-training phase. Because only the delta and theta
frequency bands (and not the alpha or beta frequency bands)
yielded significant main effects of Age and interactions involving
Age, and because we targeted only theta frequency band training,
we report statistical details about only the theta frequency band.
Furthermore, because the neurofeedback training was performed
during eyes-open state, for brevity, we herein only report statisti-
cal details regarding eyes-open theta data. As for the delta data in
the pre-training phase, the results of the ANOVA showed a signif-
icant main effect of Age (F(1,28) = 10.87, p = .00), indicating an
overall decrease in the absolute delta in the older groups as com-
pared to the younger groups. No other main effects or interactions
were significant (all ps > .05).

3.2.1.1. Eyes-open theta data in the pre-training phase. A significant
main effect of Age (F(1,28) = 9.13, p = .01) and an interaction of Age
and Electrodes (F(3.81,106.66) = 5.25, p = .00) were found in the
pre-training eyes-open theta amplitude. Previous studies have
found that older adults show decreased theta, particularly in the
fronto-central midline region. A post hoc simple effect test showed
significant simple main effects of Age at the following electrodes:
FP1, FP2, F7, F3, FZ, F4, FT7, FC3, FCZ, FC4, FT8, T7, C3, CZ, C4,
TP7, CPZ, CP3, CP4, P3, PZ, P4, and P8. The eyes-open theta ampli-
tude of the older adults as compared to the younger group was
mostly decreased at the fronto-central midline region (old:
1.31 ± 0.30 lV vs. young: 1.80 ± 0.38 lV at FCZ site; old:
1.25 ± 0.29 lV vs. young: 1.72 ± 0.39 lV at FZ site). Furthermore,
neither a significant main effect of Neurofeedback (F(1,28) = 0.34,
p = .57) nor a significant interaction of Age and Neurofeedback
was found (F(1,28) = 0.19, p = .66), indicating that the neurofeed-
back and sham-neurofeedback training groups within either the

Fig. 4. The RT (ms) scores of alerting, orienting and conflict in the pre- and post-training phases (standard error is illustrated).

Fig. 5. The overall accuracy in the modified Sternberg recognition task for each
group between the pre- and post-training phases (standard error is illustrated).
OSFT: the older sham-neurofeedback training group; ONFT: the older neurofeed-
back training group; YSFT: the younger sham-neurofeedback training group; and
YNFT: the younger neurofeedback training group.

Table 3
Statistical results for each frequency band in the eyes-open and eyes-closed
conditions in the pre-training phase ⁄: p<.05; ⁄⁄: p<.01.

Pre-training phase Delta Theta Alpha Beta

Eyes-open
Age <.01⁄⁄ <.01⁄⁄ >.05 >.05
Age # electrode >.05 <.01⁄⁄ >.05 >.05
Age # feedback >.05 >.05 >.05 >.05

Eyes-closed
Age <.01⁄⁄ <.01⁄⁄ >.05 >.05
Age # electrode <.05⁄ <.01⁄⁄ >.05 >.05
Age # feedback >.05 >.05 >.05 >.05
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older (ONFT and OSFT) or younger groups (YNFT and YSFT) had the
same eyes-open theta patterns in the pre-training phase.

3.2.2. The EEG in the post-training phase
The pre-training EEGs demonstrated that the older group

showed significantly lower activities in the delta and theta bands.
To test for training effects, further analyses investigated the
changes in the eyes-open theta band between the pre- and post-
training phases using 2 (Age) # 2 (Neurofeedback) # 2
(Phase) # 30 (Electrode) ANOVAs. To further clarify whether the
concurrently trained inhibit bands of 0.5–2 and 43–59 Hz might
also contribute to the NFT effectiveness, we also investigated the
changes in these two bands between the pre- and post-training
phases using similar ANOVAs.

3.2.2.1. Eyes-open theta data in the post-training phase. A significant
main effect of Age was found (F(1,28) = 9.84, p = .00). Additionally,
there was a significant interaction of Phase and Neurofeedback
(F(1,28) = 8.14, p = .00). A post hoc simple effect test showed that
there was a significant simple main effect of Phase in the neuro-
feedback groups (i.e., ONFT and YNFT groups) (F(1,28) = 8.37,
p = .01) but not in the sham-neurofeedback groups (i.e., OSFT and
YSFT groups) (F(1,28) = 1.30, p = .26). Fig. 6 shows changes in
EEG topography of the resting eyes-open theta amplitude after
neurofeedback or sham-neurofeedback training with respect to
the pre-training phase for the older and younger groups.

According to the results described in the pre-training findings,
fmh activity was found to be the most strongly decreased in the
older adults. In addition, the NFT protocol in the current study also
focused on fmh enhancement. Hence, our main interest was to ana-
lyze whether fmh changed after NFT. The results of a 2 (Age) # 2

(Neurofeedback) # 2 (Phase) ANOVA at electrode Fz revealed sig-
nificant main effects of Age (F(1,28) = 16.52, p = .00) and Phase
(F(1,28) = 6.40, p = .02). Moreover, a significant interaction of
Phase and Neurofeedback on theta amplitude was also observed
(F(1,28) = 10.39, p = .00). A post hoc simple effect test showed that
there was a significant simple main effect of Phase in the neuro-
feedback group (F(1,28) = 16.55, p = .00), suggesting that the neu-
rofeedback group was able to increase fmh in the post-training
phase. However, no interaction of Age, Phase and Neurofeedback
was found (F(1,28) = .78, p = .38). To investigate whether there
were significant improvements specifically in the ONFT and YNFT
groups, paired t-tests were applied to explore the differences be-
tween the pre- and post-training phases. The results showed that
fmh increased in the ONFT (t(7) = "3.43, p = .01) and YNFT groups
(t(7) = "2.69, p = .03). Fig. 7 shows the mean eyes-open theta
amplitude electrode Fz for each group for the pre- and post-train-
ing phases.

3.2.2.2. The inhibit bands of 0.5–2 and 43–59 Hz data in the post-
training phase. For the inhibit band of 0.5–2 Hz, the results of the
ANOVA for the main effect of Phase; Phase and Age; Phase and
Neurofeedback; and Phase, Age and Neurofeedback were not sig-
nificant (all ps > .05). Identical ANOVA results were also observed
for the inhibit band of 43–59 Hz. These results preclude the possi-
bility that the effectiveness of NFT on cognitive functions might be
attributed to these two inhibit band modulations.

3.2.3. Neurofeedback training index
For each training session, the ratio of the mean theta amplitude

during training compared to baseline was obtained as a training in-
dex. The results of a 2 (Age) # 2 (Neurofeedback) # 12 (Session) AN-
OVA on the training indices showed significant main effects of
Neurofeedback (F(1,28) = 57.07, p = .00) and Session (F(5.25,
146.89) = 15.60, p = .00). Moreover, there were significant interac-
tions between Neurofeedback and Session (F(5.25,146.89) = 10.25,
p = .00) and Age, Neurofeedback and Session (F(5.25,146.89) = 2.49,
p = .03). A post hoc test following the 3-way interaction of Age, Neu-
rofeedback and Session showed that there was a significant simple
main effect of Session in the ONFT (F(11,308) = 8.11, p = .00) and
YNFT (F(11,308) = 21.81, p = .00) groups. This result suggests that
both the ONFT and YNFT groups exhibited improved training indices
over the sessions.

We further performed trend analyses on the training indices
over the 12 sessions for each group. The results are consistent with
the ANOVA; namely, the trend analyses demonstrated significant
linear increases in the theta ratio with session for the two NFT

Fig. 6. Maps of the average differences of eyes-open resting theta amplitudes after
the NFT with respect to the pre-training phase in each group. OSFT: the older sham-
neurofeedback training group; ONFT: the older neurofeedback training group;
YSFT: the younger sham-neurofeedback training group; and YNFT: the younger
neurofeedback training group.

Fig. 7. The mean amplitude (lV) of eyes-open theta changes at electrode Fz
between the pre- and post-training phase for each group (standard error is
illustrated). OSFT: the older sham-neurofeedback training group; ONFT: the older
neurofeedback training group; YSFT: the younger sham-neurofeedback training
group; and YNFT: the younger neurofeedback training group.
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groups (ONFT: F(1,7) = 8.864, p < .05; YNFT: F(1,7) = 11.625,
p < .05) and no significant increase for the two sham-neurofeed-
back groups (OSFT & YSFT: ps > .05).

We also plotted the original mean theta amplitudes over the 12
sessions during the training and baseline periods for each of the
four groups (see Fig. 8) to consider that there might be incremental
effects on the session baselines that influence the tonic EEG, which
might be masked by the ratio measure. Trend analyses on these
mean amplitudes were also performed. The results showed that
for only the two NFT groups, the training periods showed signifi-
cant linear increases in the theta amplitude with session (ONFT:
F(1,7) = 7.295, p < .05; YNFT: F(1,7) = 26.504, p < .01), whereas no
significant linear trends were observed for any other condition
(all ps > .05).

4. Discussion

This study aimed to investigate the effectiveness of the fmh
activity uptraining protocol on attention and working memory per-
formance of older and younger participants. The main result of this
study showed a significant increasing trend of the theta amplitudes
and the training indices in the course of 12 sessions for the neuro-
feedback training groups, but not for the sham-neurofeedback
training groups. Furthermore, the eyes-open resting theta activity
was found to be significantly increased in the post-training phase
as compared to the pre-training phase for the neurofeedback train-
ing groups only. These EEG findings provide strong evidence for the
success of our fmh uptraining protocol. More critically, the present
study demonstrated the effectiveness of fmh neurofeedback train-
ing in the attention and working memory functions of older and
younger participants.

In previous decades, many studies have shown that normal
aging processes result in cognitive and EEG deviations. The present
study observed that older participants showed inferior alerting and
executive functioning in the ANT and decreased performances in
the modified Sternberg recognition task before neurofeedback
training, as was previously reported. Regarding the EEG deviations,
the older participants in the present study showed decreased
amplitudes in the delta and theta, but not alpha (also peak alpha)

and beta, frequency bands in the resting state. The present results
appear to be inconsistent with previous studies, which showed de-
creased alpha activity at posterior sites (i.e., the occipital or temp-
oro-parietal sites) during normal aging (Breslau et al., 1989;
Matoušek et al., 1967), but are nevertheless consistent with other
studies, which showed no decrease in the resting alpha activity
with increasing age (e.g., Duffy et al., 1984). Similarly, the present
results showing decreased eyes-open and eyes-closed theta activ-
ity which, on one hand, was consistent with previous results show-
ing decreased theta activity (Breslau et al., 1989; Cummins and
Finnigan, 2007; Duffy et al., 1984; Matoušek et al., 1967), and on
the other hand, was consistent with other studies showing in-
creased theta activity (Matejcek, 1980; Nakano et al., 1992) with
increasing age. The discrepancies among these studies deserve re-
search attention; however, this problem cannot be directly ad-
dressed in this study with the current design. How the EEG was
recorded (e.g., eyes-closed or eyes-open; during the resting state
or task condition), the activity that the participants might be asked
to engage in (e.g., did nothing or passively listened to a tape re-
corded story), the sample population’s age range (e.g., wide vs. nar-
row age range) and so on might contribute to the discrepancies.
Nevertheless, we believe that the current results contribute to
the accumulation of additional empirical evidence in the literature
regarding age-related EEG deviations.

To our knowledge, no study has yet examined the effectiveness
of fmh uptraining in cognitive aging. The results of this study
showed that the fmh activity uptraining protocol benefitted the
older participants in terms of orienting and conflict (executive
function) scores in the ANT, whereas the younger participants only
benefitted in the conflict score. However, why would fmh training
benefit the older participants in both the orienting and conflict
scores, but benefit the younger participants only in the conflict
score of the ANT in this study? One possibility is that the RT in
the spatial cue condition (post-training mean RT = 386.6 ± 25.4 ms)
for the YNFT group had been in the optimal performance which
might mask the gain of NFT on the orienting score (pre-training
mean RT = 426.8 ± 43.9 ms) because there was also a near-equiva-
lent gain in speed in the center cue condition (post-training mean
RT = 425.7 ± 39.2 ms; pre-training mean RT = 465.1 ± 49.4 ms). The
mean RT for the ONFT group was generally slower than the YFT

Fig. 8. The training indices of the original mean amplitudes during the training and baseline periods as a function of the twelve sessions for each group (standard error is
illustrated). OSFT: the older sham-neurofeedback training group; ONFT: the older neurofeedback training group; YSFT: the younger sham-neurofeedback training group; and
YNFT: the younger neurofeedback training group.
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group, which might increase the observation of the effectiveness of
the NFT. Future studies with increasing task demand to slower re-
sponse speed for younger participants may help clarify this prob-
lem. Another possibility in explanation of the age differences in
the effectiveness of NFT in cognitive performance may be related
to different characterizations between the two sampling age
groups. In the current study, the younger participants were mainly
university students whereas the older participants were recruited
from the local community. We had tried to minimize the cohort ef-
fect by recruiting the older participants with near equivalent years
of education (e.g., similar university-level education background)
as the younger participants. In addition, the majority of our older
participants were either retired from the government or universi-
ties, and at the time of joining this study also participating in some
volunteer works in either a local hospital or community. As such,
the older participants in the current study could be considered as
high-functioning elders. All of these potential protective factors
for our older participants should be taken into account while eval-
uating the outcome of the fmh uptraining NFT.

More critically, why would fmh training contribute to the ori-
enting and conflict scores but not the alerting score? The executive
control of attention, particularly in conflict situations (e.g., the
Stroop task), involves the detection and resolution of conflict in
mental operations between brain regions and has been suggested
to be mediated mainly by the anterior cingulate cortex (ACC) and
medial frontal cortex (MFC) (Fan et al., 2002), which are the brain
regions that correspond to the current training site (i.e., the fron-
tal-midline site). The orienting function refers to the selection of
information and shifting of attention toward the direction of an
incoming stimulus (Posner and Petersen, 1990) and appears to be
mediated mainly by the superior parietal lobe, frontal eye fields,
superior colliculus and temporoparietal junction (Corbetta and
Shulman, 2002). Hence, fmh enhancement may be particularly
effective in facilitating the brain processes involving the frontal
eye fields. Whereas the alerting function is associated with the
frontal and parietal regions specifically in the right hemisphere
(Fan et al., 2002), the current frontal-midline region uptraining
may not be effective in modulating this function.

Furthermore, the current results show the effectiveness of the
fmh NFT on conflict (for both younger and older groups) and ori-
enting (only for older group) scores of ANT but not the alerting
score of ANT, which may also imply that the fmh NFT is more asso-
ciated with the dopaminergic system. Neuropharmacological
researchers have shown that although alerting was associated with
the cholinergic system (e.g., Tales et al., 2006; Thiel et al., 2005), vi-
suo-spatial orienting attention, conflict, and working memory, are
more associated with the dopaminergic system (Colzato et al.,
2010; Mitchell et al., 2008). Therefore, these results suggest that
fmh (such as hippocampal theta) uptraining NFT may be associated
with the dopaminergic system, which resulted in an improvement
of executive attention.

A final remark regarding the effectiveness of NFT in ANT perfor-
mance for the older participants is that our older participants
exhibited a seemly trade-off of speed and accuracy in the pre-
training phase. Interestingly, although NFT improved the RT per-
formance of ANT in the older participants, it did not modulate such
a trade-off of speed and accuracy pattern. This implies that the fmh
training effectively improved the older participants’ response
speed without influencing response accuracies.

In addition to the contribution to attentional functions, the fmh
training in this study was observed to improve working memory
function (i.e., recognition task performance) in the older partici-
pants. This result replicates previous results by Finnigan and Rob-
ertson (2011) who suggested that cognitive functions (e.g.,
attention, memory, and executive function) are associated with
greater frontal theta activity. The result also replicates the afore-

mentioned dopaminergic hypothesis regarding the effect of fmh
training on working memory (Mitchell et al., 2008). We reason that
the fmh NFT in this study did not improve the memory function of
younger participants partially because of the ceiling performance
(>95%) (see Lofthouse et al., 2012 for the guidelines of choosing
the desired accuracy for optimal learning). To further evaluate
whether NFT can modulate resting EEG, we examined whether
the participants in the neurofeedback groups (ONFT and YNFT),
but not those in the sham-neurofeedback groups (OSFT and YSFT),
exhibited a significant increase in theta activity in the frontal-mid-
line region between the pre- and post-training phases. After
4 weeks (12 sessions) of fmh uptraining, only the neurofeedback
participants were able to enhance their fmh activity. Therefore, to-
gether with evidence showing improvement in cognitive perfor-
mance and increased fmh activity, we suggest that the NFT
protocol may function as a reconditioning process for older partic-
ipants. Based on Finnigan and Robertson (2011), high resting fmh
power, which is positively correlated with better cognitive perfor-
mance, can serve as a sensitivity index of healthy cognitive aging
that is free of severe cognitive deterioration or impairment. This
idea implies that the current training protocol, i.e., uptraining the
fmh, may prevent or decrease cognitive deterioration. For the
younger participants, we suggest that the NFT protocol may func-
tion as practice for executive function or inner focused enhance-
ment. Furthermore, because some previous studies have shown
that theta activity is associated with the integration of several
brain regions and a deeply internalized state and quieting of the
body, emotions, and thoughts (Green and Green, 1977), we suggest
that uptraining theta activity may have a positive effect on mind-
fulness or concentration in healthy individuals.

Although this study demonstrates that uptraining fmh activity
during the resting state can improve subsequent cognitive perfor-
mance, future studies may consider evaluating task-relevant fmh
activity instead of resting-state theta activity. Previous studies
have shown that normally aging adults have lower fmh during task
conditions, and this measure may serve as a more sensitive marker
of cognitive aging than task performance (Cummins and Finnigan,
2007). Furthermore, the uptraining protocol developed in this
study focused mainly on fmh enhancement, but activity in other
frequency bands, such as delta, also deserve further investigation.
We focused mainly on uptraining fmh activity because previous
studies have suggested that this activity is related to several cogni-
tive functions (e.g., working memory and attention) in which older
adults may show impairments and, more recently, researchers
have suggested that a higher resting fmh is significantly correlated
with better cognitive performance (Finnigan and Robertson, 2011).
However, the present results showed not only significantly lower
theta activity but also significantly lower delta activity in the older
participants in the pre-training phase. Therefore, alternative meth-
ods for evaluating the effect of reconditioning delta activity as a
neurofeedback training protocol should be considered in future
studies.

In conclusion, our study demonstrated that fmh uptraining
might improve attention, working memory performance and theta
activity in the resting state for normal aging adults after twelve
sessions of neurofeedback training. In addition, younger partici-
pants also benefited from the present protocol in terms of improv-
ing their executive function.
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