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Abstract Neurofeedback has been around for decades and
has applications for both clinical and healthy populations yet
there is no standard method for measuring learning or a way
of defining successful learning. Thus the aim of this study
was to focus on alpha neurofeedback and examine changes in
three different measures: amplitude, percent time, and inte-
grated alpha, across four methods: within sessions, across
sessions, within sessions compared to baseline, and across
sessions compared to baseline. Participants completed 10
weekly sessions of eyes open alpha (8—12 Hz) neurofeed-
back training (NFT) at Pz. Whilst all three measures showed
changes within sessions, the inclusion of baselines revealed
that such changes represented a return to baseline levels
rather than an increase in alpha. Changes across sessions
were only evident in amplitude and inclusion of baseline
showed that NFT did not elicit any changes beyond base-
line levels. Given this a case is made for incorporating
baseline measures when attempting to identify evidence of
learning. It is also suggested that both amplitude and percent
time measures are used independently rather than incorpo-
rate them into a more conservative and less sensitive inte-
grated measure. Finally, focusing on within sessions changes
may be a more useful approach in identifying changes
resulting from NFT.
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Introduction

Neurofeedback training (NFT) represents a sophisticated
form of biofeedback based on specific aspects of cortical
activity. The aim of such training is to teach the individual
how to modify aspects of their own brain activity and in
doing so potentially influence their behaviour. Such train-
ing typically involves recording an individual’s electrical
brain activity, as measured by the electroencephalograph
(EEQG), filtering this to isolate a target frequency compo-
nent and then feeding specific information relating to this
component back to the participant in the form of an audio
and/or visual signal. For example, the goal of NFT may be
to enhance the amplitude of a particular frequency com-
ponent of the EEG, the level of which can be depicted
using audio feedback, with higher amplitude related to
higher volume or pitch of sound and lower amplitude to
lower volume and/or pitch. The aim then is for the indi-
vidual to recall and recreate states associated with periods
when the amplitude/sound is higher, and in this way learn
to associate specific changes in mental states with changes
in brain activity.

NFT as a mechanism for altering brain activity and
thereby influencing behaviour has been used with both
clinical and healthy populations. For instance, it has gained
widespread support as an intervention for those suffering
from Attention Deficit Hyperactivity Disorder (ADHD)
where it has been concluded that NFT represents a prom-
ising behavioural treatment (see Butnik 2005). In addition,
it has been suggested to be of considerable clinical value for
pathologies that demonstrate abnormal regulation of corti-
cal arousal, such as epilepsy (see Sterman and Egner 2006).
NFT has also been used to enhance a range of skills in
healthy participants, including sporting performance, cog-
nitive abilities, creativity and artistic performance (see
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Vernon 2005; Vernon and Gruzelier 2008). The rationale
for using NFT to enhance the performance of healthy par-
ticipants is one based upon associations identified between
cognitive processing and cortical activity (Vernon 2005).
However, this idea has yet to be fully developed as research
has shown that NFT can elicit changes beyond the target
training frequency (see e.g., Egner et al. 2004).

Despite the fact that this technique has been available for a
number of decades it is still unclear how to measure or
identify evidence of learning when undergoing NFT. That is,
what measures are used to identify whether an individual has
been successful in altering the amplitude and/or frequency of
a particular component of their EEG in the desired direction
or not. Identifying an index, or indices, of learning incor-
porates two elements: how changes in the target frequency
component of the EEG are measured and how successful
learning is defined. Here we examine the effects of alpha
NFT in an attempt to identify and clarify indices of learning.
Though we focus on the alpha frequency component of the
EEG the questions posed and the answers that emerge are
relevant beyond the bounds of this frequency range and may
apply to other components of the EEG.

A review of the literature reveals that the three most
common measures used to identify changes in alpha activity
are percent time (e.g., Angelakis et al. 2007; Cott et al.
1981a, 1981b; Yamaguchi 1980) amplitude (e.g., Cho et al.
2008; Putnam 2000) and integrated alpha (e.g., Knox 1982;
Plotkin and Rice 1981; Tyson 1987). Percent time refers to
the percentage of time participants spend above or below
the target threshold when attempting to enhance and/or
inhibit their alpha. Amplitude simply refers to changes in
the mean level of amplitude during NFT, and integrated
alpha refers to a measure that combines both the amount of
time spent over/under a pre-set threshold and the amplitude
(e.g., integrated alpha = percent time x amplitude/100).

To add to the confusion there are several possible methods
of identifying possible changes in alpha using the above
measures. These include, changes identified within the NFT
session, changes across the NFT sessions, changes within
sessions compared to a resting baseline and changes across
sessions compared to a baseline. It should come as no sur-
prise that given such a variety of measures and methods that
some report changes in alpha as a function of NFT (e.g.,
Angelakis et al. 2007; Hanslmayr et al. 2005) whilst others
do not (e.g., Gertz and Lavie 1983; Orenstein and McWil-
liams 1976) and that the differences in measures used has
also led some to report changes within NFT sessions but not
across sessions (DeGood and Valle 1978), whilst others find
changes across sessions but not within (Cho et al. 2008).
Furthermore, some find evidence of learning when incor-
porating a resting baseline (Hanslmayr et al. 2005) whilst
others fail to include any baseline measures (e.g., Angelakis
et al. 2007).
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Thus, evidence of learning to alter alpha as a function of
NFT seems to rely heavily on the type of measure used and
the particular method employed. Unfortunately there is
little consistency in the literature, which is problematic for a
number of reasons. First, such a variety of measures and
methods used makes it difficult to identify potentially useful
trends in the data, which could hamper progress in the field.
Second, such methodological variability makes compari-
sons across studies difficult, if not impossible. Whilst some
have suggested that measures of learning should be stand-
ardised across studies (see e.g., Travis et al. 1975) there
seems to be little evidence of this occurring. It is more often
the case that researchers choose to focus on and report only
one of the above measures without always making it clear
why such a measure was selected.

Thus, the aim of this study was to examine alpha NFT
using the three different measures across the four methods
to see what, if any, differences emerge and whether this
information can be used to identify an optimum measure of
learning. In attempting to identify the most effective index/
indices of learning the aim is to encourage other researchers
within the field to adopt such a measure to encourage a more
coherent and consistent approach to understanding the
changes brought about by NFT.

Methods
Participants

Twenty-nine volunteers (6 male and 23 female, aged
1844 years: M = 21) were screened and recruited from
Canterbury Christ Church University. Of the 29 participants,
25 (5 male and 20 female) completed all 10 sessions of
neurofeedback training, 2 (female) completed 7 sessions, 1
(female) completed 6, and 1 (male) completed 5. All par-
ticipants had normal or corrected to normal vision and
received a nominal payment of £40 for taking part (or pro-
portionally less for the 4 who failed to complete all their
sessions).

NFT

NFT was conducted over a period of 10 weeks, with each
participant receiving one training session per-week. NFT
was conducted using the ProComp Infiniti amplifier with
Biograph 2.1 monitoring and feedback software (Thought
Technology Ltd, Montreal, Quebec). Signal was acquired at
2,048 Hz, A/D converted and band filtered to extract the
alpha (8-12 Hz) and EMG (40 Hz+) components. EEG was
recorded from Pz with reference on the right and ground on
the left earlobes respectively. Artefact rejection thresholds
were set for each participant individually, suspending
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feedback when eye-movements or muscle activity caused
gross fluctuations in the EEG. Information relating to alpha
activity was fed back to participants in either a visual, i.e. a
moving bar on screen, and/or auditory format which depicted
a changing tone. The greater the level, or amplitude, of alpha
the higher the bar moved on the screen and the more intense
the audio signal became. The aim was for participants to
enhance their level of alpha beyond a pre-set threshold using
the feedback to guide them. Thresholds were set individually
based on the average amplitude recorded with eyes open at
rest prior to each training session.

Procedure

Prior to taking part in the study the feedback loop was
explained to each participant, which involved instructions
to ‘let the feedback guide them into maximising their alpha
activity’. Each participant then completed ten sessions of
NFT aimed at enhancing alpha (8—12 Hz) at Pz. Throughout
each NFT session participants remained seated with their
eyes open during each of the four stages. In stage one a
resting baseline recording was taken while participants sat
with their eyes open for 3 min and this was used to identify
and set the threshold for that day’s training. Stage two
involved 7.5 min of feedback training, with the participant
attempting to enhance the level of his/her alpha over and
above the pre-set threshold. Stage three consisted of a 30 s
blink break, to allow the participant to rest and re-focus. The
final stage consisted of another 7.5 min of feedback training
aimed at enhancing alpha.

Results

Indices of learning were assessed by examining changes in
the three measures (amplitude, percent time, and integrated
alpha) within the training sessions, within training sessions
compared to baseline, across training sessions, and across
sessions compared to baseline. For all analyses a Green-
house—Geisser correction was used if Mauchley’s test of
sphericity was significant and all pairwise comparisons of
main effects were conducted using a Bonferroni adjustment
to control for Type I errors.

Within Sessions

For the within sessions analysis each training session con-
tained two NFT segments of 7.5 min, divided by a 30 s blink
break, although for the purposes of analysis each segment
was divided into five 1.5 min periods of training in order to
look for changes throughout the segments as well from one
segment to another. Thus, changes within the NFT session
were examined using a 2 (Segment: Segl vs. Seg2) x 5

Table 1 Means and standard deviations (SD) for amplitude, percent
time and integrated alpha (I) across the ten time periods within the
NFT training sessions

Period  Mean SD Mean SD Mean  SD
amplitude % time To
1 7.88 2.58 36.95 8.85 297 1.44
2 8.47 299 4141 8.71 3.61 1.88
3 8.63 3.11 42.85 9.05 3.82 2.07
4 8.62 3.16 4236 8.69 3.78 2.12
5 8.62 320 4192 9.13 3.73 2.13
6 8.16 3.11 38.14 10.77 3.27 2.15
7 8.67 3.35 42.68 9.89 3.87 2.45
8 8.76 323 4339 893 394 222
9 8.81 326 4381 9.55  3.99 2.28
10 8.73 3.00 43.85 8.60 391 1.96
(Period: 1-5) repeated measures analysis of variance

(ANOVA). The focus here was on changes in amplitude,
percent time over threshold and integrated alpha scores
across the ten training periods, see Table 1 for means and SD.

Amplitude

Analysis of amplitude showed a main effect of Period
F(2,63) = 24.75,p < 0.001, r]2 = 0.47. However, there was
no main effect of Segment F(1,28) = 3.06, p = 0.09,
n* = 0.10 and no Period by Segment interaction F(2,54) =
0.47, p = 0.62, partial 112 = 0.02. Pairwise comparisons of
the main effect of Period revealed that amplitude was higher
inperiods2 (p < 0.001,d = 0.18),3 (p < 0.001,d = 0.23),
4 (p<0.001, d=023) and 5 (p <0.001, d = 0.22),
compared to period 1.

Percent Time

For percent time there was a main effect of Period
F(2,61) = 29.54, p < 0.001, partial 112 = 0.51, a marginal
effect of Segment F(1,28) = 3.87, p = 0.059, partial 172 =
0.12, but no Period by Segment interaction F(3,75) = 0.70,
p = 0.54, partial n> = 0.02. Pairwise comparisons of the
main effect of Period revealed that participants spent more
time over their threshold in periods 2 (p < 0.001,d = 0.49),
3 (p <0.001, d =0.61), 4 (p < 0.001, d = 0.61) and 5
(p < 0.001, d = 0.59), compared to period 1. The marginal
effect of Segment was due to participants spending more time
over their threshold in segment_2 compared to segment_1I
(42.3 and 41.1% respectively).

Integrated Alpha

Analysis of integrated alpha produced a main effect of
Period F(2,64) = 23.44, p <0.001, partial #* = 0.46.
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However, there was no main effect of Segment F(1,28) =
3.21, p = 0.08, partial #* = 0.10 and no Period by Seg-
ment interaction F(2,51) = 0.42, p = 0.64, partial 112 =
0.02. Pairwise comparisons of the main effect of Period
showed that integrated alpha was higher during periods 2
(p <0.001, d =0.31), 3 (p <0.001, d =0.38), 4 (p <
0.001,d = 0.38) and 5 (p < 0.001, d = 0.36), compared to
period 1.

Within Sessions Compared to Baseline

When examining the three measures within sessions com-
pared to baseline it was not possible to add baseline as a
factor as this was a single measure which remained constant
across the session. Thus, for the within sessions analysis
compared to baseline each measure was subtracted from its
baseline to obtain a ‘computed score’ (e.g., mean amplitude
during NFT — mean amplitude during resting baseline) and
a2 (Segment: Segment_1 vs. Segment_2) x 5 (Period: 1-5)
repeated measures ANOVA was conducted on this, see
Table 2 for means and SD of the computed scores.

Amplitude

Analysis of computed scores for amplitude showed a main
effect of Period F(2,63) = 24.81, p < 0.001, partial 172 =
0.47, but no main effect of Segment F(1,28) = 3.09,
p = 0.09, partial #*> = 0.10 and no Period by Segment
interaction F(2,54) = 0.47, p = 0.62, partial 172 = 0.02.
Pairwise comparisons of the main effect of Period revealed
that the computed score was significantly lower at period 1
compared to period 2 (p < 0.001, d = 0.38), 3 (p < 0.001,
d=047), 4 (p <0.001, d=047) and 5 (p < 0.001,
d = 0.45), see Fig. la. Additional one sample t tests com-
paring these computed scores to zero found no significant
effects (all p > 0.1).

Table 2 Mean computed scores and standard deviation (SD) for
amplitude (Amp_c), percent time (Time_c) and integrated alpha
(I_c) across the ten time periods within the NFT training sessions

Period Mean Amp_c SD Mean Time_c SD Mean Ie_c SD
1 —0.52 1.20 —5.06 9.33 —-0.49 1.28
2 0.07 1.39 —0.59 972 0.14 1.57
3 0.23 148 0.85 10.14 036 1.71
4 0.23 1.51 0.35 9.83 0.32 1.73
5 0.22 1.70 —0.08 9.76  0.27 1.81
6 —0.24 1.72 —3.87 11.40 —0.19 1.91
7 0.27 1.76  0.68 10.81 0.41 2.09
8 0.37 1.60 1.37 992 048 1.83
9 0.41 1.76  1.81 10.60 0.53 1.98
10 0.33 140 1.85 947 045 1.64
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Fig. 1 Showing mean amplitude (a), percent time (b) and integrated
alpha (c) (with standard error bars) during each period within
sessions compared to baseline

Percent Time

For computed scores relating to percent time there was a
main effect of Period F(2,61) = 29.52, p < 0.001, partial
n* = 0.51, a marginal effect of Segment F(1,28) = 3.88,
p = 0.06, partial n* = 0.12, but no Period by Segment
interaction F(3,75) = 0.71, p = 0.53, partial nz = 0.03.
Pairwise comparisons of the main effect of Period revealed
that the computed score was significantly lower during
period 1 compared to periods 2 (p < 0.001, d = 0.45), 3
(p <0.001, d =0.56), 4 (p <0.001, d =0.55) and 5
(p < 0.001, d = 0.55), see Fig. 1b. A one sample t test
focusing on period 1 also showed this score to be signifi-
cantly greater than zero (mean —4.46) t#(28) = —2.42,
p <0.05, d = 0.45. The marginal effect of segment was
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due to a lower overall score in segment_I compared to
segment_2 (—0.91 and 0.37 respectively).

Integrated Alpha

Analysis of the computed scores for integrated alpha pro-
duced a main effect of Period F(2,64) = 23.55, p < 0.001,
partial > = 0.46. There was no main effect of Segment
F(1,28) = 3.22, p = 0.08, partial 112 = 0.10, and no Period
by Segment interaction F(2,51) = 0.42, p = 0.64, partial
n* = 0.02. Pairwise comparisons of the main effect of
Period showed the computed score was significantly lower
at period 1 compared to periods 2 (p < 0.001, d = 0.36), 3
(p <0.001, d =045), 4 (p <0.001, d=10.44) and 5
(» <0.001, d = 0.42), see Fig. 1c. Additional one sample t
tests comparing these scores to zero found no significant
effects (all p > 0.1).

Across Sessions

For the across session analysis each of the three measures
was examined using a one-way ANOVA with ‘Session’
representing a single factor with ten levels, see Table 3 for
means and SD.

Amplitude

A one way ANOVA revealed a main effect of Session
F(4,97) =5.03, p<0.01, partial nz = 0.19. Pairwise
comparisons showed that mean amplitude was higher at
session 9 compared to sessions 1 (p < 0.05, d = 0.46) and
3 (p < 0.05, d = 0.31), there was also a marginal differ-
ence between session 10 and session 1, with amplitude at
session 10 being marginally higher (p = 0.07, d = 0.39).

Percent Time

For percent time a one way ANOVA found no main effect
of Session F(5,113) = 0.75, p = 0.59, partial #* = 0.03.

Integrated Alpha

There was no main effect of Session F(4,91) = 2.13,
p = 0.08, partial »* = 0.09 for integrated alpha.

Across Sessions Compared to Baseline

Comparing the measures to baseline involved a 2 (Enhance:
Training vs. Baseline) x 10 (Session: 1-10) repeated
measures ANOVA. The means and standard deviations for
the measures across the ten sessions are given in Table 3
whilst the baseline measures are given in Table 4.

Table 3 Means and standard deviations (SD) for amplitude, percent
time and integrated alpha (Io) across the ten NFT training sessions

Session  Mean SD Mean SD Mean Iz SD
amplitude % time

1 7.64 2.56  41.12 9.34  3.19 1.43
2 7.90 292 4171 9.95 3.38 1.74
3 8.02 3.18 4194 944 352 2.16
4 8.09 3.38  40.29 14.03  3.55 2.83
5 8.60 3.63 4253 11.70 391 2.74
6 8.87 4.02  43.64 11.10 4.10 2.89
7 8.46 3.34  41.06 13.51  3.70 2.73
8 8.69 359 41.87 11.57  3.80 2.31
9 9.02 3.59 4459 9.84 417 2.44
10 8.81 347 4407 10.05 4.00 2.40
Amplitude

There was a significant main effect of Session F(5,112) =
4.60, p < 0.01, partial n* = 0.17, but no main effect of
Enhance F(1,22) = 0.85, p = 0.37, partial n2 = 0.04, and
no Session by Enhance interaction F(5,100) = 0.68, p =
0.63, partial 5> = 0.03. Pairwise comparisons of the main
effect of Session showed that amplitude was higher at
session 10 compared to session 1 (p < 0.05, d = 0.33),
higher at session 9 compared to session 3 (p < 0.05, d =
0.30) and marginally higher at session 9 compared to ses-
sion 1 (p = 0.06, d = 0.38), see Fig. 2a.

Percent Time

There was no main effect of Session F(5,103) = 1.34,
p = 0.25, partial #* = 0.06, no main effect of Enhance
F(1,21) = 0.07, p = 0.94, partial 5> = 0.00, and no Ses-
sion by Enhance interaction F(5,108) = 0.71, p = 0.62,
partial #* = 0.03, see Fig. 2b.

Integrated Alpha

There was a significant main effect of Session F(5,101) =
3.29, p < 0.01, partial #* = 0.14, but no main effect of
Enhance F(1,21) = 0.21, p = 0.65, partial 112 = 0.01, and
no Session by Enhance interaction F(5,97) = 0.61, p =
0.68, partial > = 0.03, see Fig. 2c. Pairwise comparisons of
the main effect of Session showed that integrated alpha was
higher at session 9 compared to session 3 (p < 0.05, d =
0.35) and marginally higher at session 10 compared to ses-
sion 1 (p = 0.06,d = 0.27).

Discussion

Examination of the three measures within the NFT sessions
produced a consistent pattern with all showing an increase
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Table 4 Means and standard

SD Mean %Time_Baseline SD Mean Io_Baseline SD

2772 41.27 244  3.07 1.04
286 41.69 242  3.17 1.27
237  42.03 205 3.17 0.88
233 41.78 269 327 1.00
252 41.36 258 328 1.03
3.08 4152 231 332 1.11
2,62  39.90 392 324 1.04
3.02 4141 427 345 1.26
258 41.84 266 341 0.89
3.03 4230 2.17 346 1.17

.. . Session  Mean Amp_Baseline
deviations (SD) for baseline P
measures of amplitude, percent 1 770
time and integrated alpha (Ix) 5 777
across the ten NFT sessions :

3 7.73
4 7.89
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Fig. 2 Mean amplitude (a), percent time (b) and integrated alpha (c)
(with standard error bars) during NFT compared to each session’s
corresponding baseline

from the beginning of the session to the end. However,
when each of the three measures was compared to its rel-
evant baseline it emerged that this pattern was due to scores
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at the start of the training session being below the baseline
and that over time these scores merely reverted to baseline
levels.

For the across sessions data an increase was found for
amplitude only, no change was evident in percentage time
or integrated alpha. Furthermore, when the three measures
were compared to baseline no differences emerged between
measures obtained during NFT and those taken at rest,
nevertheless, measures of both amplitude and integrated
alpha increased over time when baseline alpha was incor-
porated into the analyses.

The initial analysis within sessions using the three dif-
ferent measures, if taken at face value, would suggest that
participants were able to learn to alter their alpha activity,
enhancing it in the desired direction from the start of the
training session to the end. Such a finding is consistent with
others who have reported changes within sessions without
making any reference to baseline levels of activity (De-
Good and Valle 1978; Fell et al. 2002; Putnam 2000; Tyson
1987). However, when training scores were subtracted
from a relevant baseline measure it was possible to see that
this difference was in fact due to a large decrease occurring
in the level of alpha during period 1 which over time
returned to baseline levels. Thus, instead of exhibiting
evidence of learning to enhance their alpha activity using
NFT it seems that undergoing such training led to an initial
decrease in alpha which slowly, throughout the training
session, returned to baseline levels. A similar pattern was
reported by Plotkin (1978) when conducting NFT using an
eyes-closed paradigm. There may be a number of reasons
why alpha activity exhibited an initial decline. For
instance, Fell et al. (2002) suggest that the newness of a
situation and/or undertaking a new task can have a sup-
pressing effect on alpha activity. A similar suggestion was
also put forward by Paskewitz and Orne (1973). An alter-
native possibility is that initial exposure to the feedback
stimuli may have a suppressing effect on alpha and that
over time participants simply habituate to the stimuli and
their alpha activity reverts back to baseline levels (see
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Lynch et al. 1974; Plotkin 1978). Of course it may also be
a combination of the two however it is not possible here
to differentiate between these alternatives. Nevertheless,
given that participants completed ten sessions of NFT these
possibilities would predict that the suppression of alpha
seen during the initial NFT period would lessen across the
sessions as participants become more familiar with the
situation and feedback stimulus. However, there was no
evidence that the suppression effect seen during the first
period ameliorated over time.

A plausible alternative as to why alpha activity was sup-
pressed at the start of training relates to the potential focus of
the participant’s attention when trying to produce the feed-
back. For instance, participants may begin their training with
the intention of trying to elicit a particular response from the
computer, such as the audio feedback. This may lead them to
initially focus their attention externally, on the feedback
information. Such an external focus of attention could lead to
adecrease in alpha activity, consistent with the findings from
Aftanas and Golocheikine (2001). In contrast, as the session
proceeds their focus of attention is likely to turn inwards, in
an attempt to identify states and feelings associated with the
feedback in order to identify possible strategies that can be
adopted. An increasingly inward focus has been shown to
elicit greater levels of alpha activity (Aftanas and Goloc-
heikine 2001; Cooper et al. 2003). Thus, at the start of each
training session participants may be more externally
focused, waiting for the desired feedback to occur indicating
they are doing the ‘right’ thing and/or correctly utilising a
previously successful strategy, and that once the feedback
begins it reassures them that they are getting the desired
results so their sense of anticipation, waiting for that initial
validating reinforcement, disappears and they become less
externally focused on the feedback itself and more internally
focused on whatever it is they are doing in order to continue
eliciting feedback.

The patterns of data from the within sessions and the
within sessions compared to baseline analyses are espe-
cially intriguing as the former could be used to indicate
evidence of learning to enhance alpha within sessions
whilst the latter clearly does not. However, it should be
stressed that the aim here is not to critique the effectiveness
of NFT per se, but simply to try and identify a useful index,
or indices, of learning. Nevertheless, when attempting to
identify evidence of learning to alter cortical activity via
NFT it would seem essential to compare such activity
during NFT to a resting baseline as this may throw a dif-
ferent light on the pattern of data and eliminate the pos-
sibility of confusing evidence of learning to enhance
amplitude using NFT with an initial suppression effect
resulting from the completion of an unfamiliar task, or as a
result of a change in focus of attention from external to
internal. Thus, we would echo the call of others who have

suggested that baselines need to be incorporated when
attempting to identify evidence of learning via NFT in
order to see if the differences that occur are in the predicted
direction (Kondo et al. 1979; Plotkin 1978; Vernon 2005).

Analysis of the data within sessions, both without and
with a comparison to baseline, produced a similar pattern
from all three measures. Thus, it seems, there is little to
discriminate between the various measures when looking
for evidence of learning within the training sessions.
However, when looking for evidence of learning across
the NFT sessions without a comparison to baseline a dif-
ferent pattern emerges from between the three measures.
Enhanced alpha activity is only evident when looking at
changes in amplitude. There was no change in percent time
or integrated alpha. To some extent this is consistent with
others who have found changes in amplitude across sessions
but not when measured using percent time (see e.g., Cho
et al. 2008). Such a pattern may be due to certain differences
between amplitude and percent time. For instance, Hardt
and Kamiya (1976) point out that the use of percent time
may be less sensitive to changes than amplitude. They
suggest that participants who exhibit brief increases in the
amplitude of their alpha rhythm, in line with the aim of the
NFT, may be showing evidence of learning, but because
such changes are brief the amount of time spent over the
threshold may be insufficient for them to be classified as
learners when looking only at percent time. Furthermore,
given the dynamic nature of the brain one may expect to see
brief fluctuations in amplitude as opposed to a simple
increase which remains stable over time.

Nevertheless, it is important not to fall into the trap of
thinking that percent time provides little or no useful
information that cannot be obtained simply by looking at
amplitude alone. For example, if a participant learns to
keep alpha activity consistently above a pre-set threshold
for the majority of the training session, as opposed to the
brief but high fluctuations that would be picked up by
measuring changes in amplitude, then arguably they have
learned to enhance the amplitude of alpha in the desired
direction. If this change represents a 90% increase in the
amount of time spent over threshold but that increase is
only 0.1 pV above threshold then it is likely that a sig-
nificant change would be seen in the percent time measure
but not necessarily in the amplitude measure. In this
instance percent time would be more sensitive to such
changes compared to amplitude and as such including
details from both as two separate measures may provide a
clearer picture of the changes elicited during training than
amplitude alone.

Furthermore, whilst a change in the EEG may be evident
when looking at ‘either’ amplitude or percent time, changes
in behaviour may ‘only’ be evident with one. For instance, it
could be the case that enhancing amplitude elicits a distinct
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effect on behaviour and/or cognition compared to enhanc-
ing percent time. This then raises the question of which
measure to use as an ‘index of learning’ for NFT. We are
aware of no research directly addressing this issue and as
such it remains the domain of future researchers. Never-
theless, it is worth noting that only by reporting both
amplitude and percent time would it be possible to explore
the possible differential link between changes in one aspect
of the EEG and changes in behaviour. Thus, it would seem
pertinent to include information about both measures in
order to investigate whether or not training based on
changes in amplitude elicits greater changes in behaviour
compared to training based on percent time.

It could of course be argued that a measure which shows
positive results when other measures do not may be doing
so because it is more susceptible to Type 1 errors. Whilst
this is not what we believe to be occurring here, reporting
both percent time and amplitude as two separate measures
would be more likely to detect such an anomaly. If one of
the two measures consistently shows positive results when
the other does not it would highlight the need for further
exploration as to why such a pattern was occurring. By
only reporting one of the measures or by integrating them
together into one measure possible discrepancies between
them are likely to be missed.

One further reason for the difference between amplitude
and percent time may also be related to the type of feed-
back given. For example, here feedback was given in the
form of a moving bar which changed colour when it
breached a pre-set threshold. In addition, when the bar
exceeded the threshold a tone also sounded and the fre-
quency of this tone changed as the bar continued to move
up or down above the threshold. In this instance the moving
bar represents changes in amplitude, the changing colour of
the bar represents time spent in alpha and the tone provides
information on both amplitude and time. Notwithstanding
the argument that the absence of feedback may itself be
construed as feedback, it may be that participants received
more information regarding changes in amplitude than they
did concerning the amount of time spent above threshold.
In particular, any changes occurring below threshold would
only be shown as changes in amplitude. This may have
made it easier for participants to alter the amplitude of their
alpha activity without the need to increase the time spent in
alpha. Such a suggestion is consistent with the notion that
changes based on continuous feedback may provide more
information (Hardt and Kamiya 1976). However, it should
be noted that this represents a speculative possibility and
we are unaware of any data directly addressing the question
of whether feedback based on amplitude alone compared to
an equal amount of feedback based on time spent above
threshold would be more effective at inducing changes in
alpha during NFT.

@ Springer

The fact that changes in amplitude across NFT sessions
when not compared to baseline were not also seen in the
integrated measure would suggest that integrated alpha
represents a less sensitive and/or more conservative estimate
of change. This is consistent with the view put forward by
Travis et al. (1975) who noted that integrated alpha measures
appear to be less sensitive to small variations. Use of a more
conservative measure that fails to identify changes occurring
that are clearly visible when another measure is used repre-
sents a potentially limiting factor. A measure that is too
conservative may fail to identify useful patterns and trends in
the data. In addition, integrated alpha may hide information
because if it shows a change it fails to reveal whether that
change is also evident in amplitude and/or percent time (as
with the across sessions compared to baseline data). Like-
wise, the integrated measure could indicate no change but
fail to clarify whether amplitude and percent time both agree
or if, as was the case with the across sessions data, this was
the case for only one measure. Furthermore, as mentioned
above, no empirical case has yet been made as to which is a
more valid measure, amplitude or percent time, therefore we
believe that it is prudent to include information about both.
Although integrated alpha can do this it does so in a more
conservative manner and fails to provide information about
the two measures independently. Thus, it would seem far
more informative to discuss amplitude and percent time
separately rather than combining them to form one integrated
measure.

It is worth noting that in the across sessions comparison to
baseline analyses, the inclusion of a baseline led to a sig-
nificant main effect of session for the integrated alpha
measure. However, this should not be taken to indicate that
the integrated alpha measure increased in sensitivity, rather
such an effect is the result of including the baseline measures
which showed a small increment over time (see Table 4).
Such increases are likely to be the result of changes in
amplitude.

The change in amplitude across sessions was seen for
both the NFT and the baselines. This would suggest that
NFT can lead to increased alpha amplitude over time,
although such increases do not exceed a comparative
baseline. It is worth noting that participants were not
monitored as to what they were doing during their resting
baselines and it is plausible that whatever they did to pass
the time, e.g. letting their mind wander, may have been
more conducive to enhancing their alpha amplitude than
what they were doing during the NFT itself. The issue of
what constitutes an appropriate baseline is one that has
received some discussion (see e.g., Plotkin 1976) but has
yet to be resolved. Until the issue has been resolved it
might be worth questioning participants to ascertain what,
if anything, they are doing during the recording of their
baseline to see if any patterns emerge.
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With regards to the increase in baseline amplitude across
sessions there may be several explanations. One is based
upon Fell et al.’s (2002) suggestion, as mentioned above, that
the novelty of the situation may have a suppressing effect on
alpha. Therefore it would be expected that baselines taken in
the initial sessions, when participants are unfamiliar with the
experimental context, are suppressed in comparison to later
sessions when participants have habituated to the situation.
Alternatively, the increase in baseline amplitude across
sessions could be the result of a change in focus from external
to internal events, keeping in mind that baseline measures
were taken with eyes open. Initially, when participants attend
feedback sessions in the lab and are attached to sensors their
focus may be externally orientated, looking around the room,
taking in their surroundings etc. However, as their sur-
roundings become more familiar with each session their
attention during baselines recordings may move to become
more internally focused, daydreaming, letting their mind
wander etc., and this transition from external to internal
sources to occupy their mind whilst they pass their time may
be what results in the increase in alpha amplitude across the
sessions (see e.g., Cooper et al. 2003).

Another possibility is that baseline amplitude may be
increasing alongside the increase in amplitude seen during
NFT because such training may leave a residual effect on
participants’ resting alpha. In other words, consciously
attempting to enhance alpha amplitude during NFT may
result in greater levels of alpha amplitude beyond the
training session itself. For example, Cho et al. (2008) found
that participants’ alpha amplitude at the end of each weekly
training session positively correlated with the level of alpha
amplitude seen in the next session’s baselines. That is, the
higher the amplitude of their participants’ alpha at the end
of each session the higher the amplitude of their alpha
during the eyes open baseline in the next session. The long-
term effects of alpha NFT on the brain outside of the
training sessions themselves are not yet known (Vernon
2008) but it could be that learning to consciously increase a
particular component of cortical activity produces changes
in that component which outlast the session itself. If this is
the case then it means that trying to identify an index of
learning by focusing on across sessions changes may not be
the most effective approach. Possible changes across ses-
sions due to NFT may be confounded by concurrent
changes in baselines. Thus, within sessions compared to
baseline may represent a more effective method to use
when looking for the evidence of learning to alter alpha
amplitude via NFT because this provides a picture of the
changes seen during the training session rather than the
difference from one session to the next.

On a related point, it is of interest to note that previous
research has indicated that NFT to enhance the amplitude of
low beta (11.7-14.6 Hz) also produced changes in alpha

(7.8-11.7 Hz) (Egner et al. 2004). Whilst the focus of this
article has been on enhancing the amplitude of alpha, such
training can be conducted by focusing on the alpha frequency
component in isolation from other components of the EEG
(e.g., Cho et al. 2008), or by incorporating the surrounding
frequencies of theta and beta into the NFT protocol (e.g.
Dempster and Vernon 2008). It would be interesting to see if
the indices of learning proposed here, amplitude and percent
time, produce differential patterns and training effects when
alpha amplitude is trained in isolation as compared to when it
is trained alongside other frequencies.

Finally, as mentioned in the introduction, although we
focus here on the alpha rhythm our findings and recom-
mendations are also relevant to the other frequencies of the
EEG. For example, Hoedlmoser et al. (2008) recently
reported that ten sessions of NFT were sufficient to increase
relative SMR (12-15 Hz) amplitude from 0.98 to 1.06 uV
across sessions. However, a look at the baseline measures
shows that these remained stable from the beginning of the
training (1.09 pV) to the end (1.07 uV). As such, the
reported increase in SMR over time is in fact due to a
decrease in relative SMR during the early NFT sessions and
that over time the amplitude merely reverts back to around
baseline levels. A finding that mirrors very closely what we
found when comparing within sessions learning to baseline.

In conclusion, we would argue that it is essential that
baseline measures are included when attempting to identify
evidence of learning via NFT. Incorporating a baseline
measure not only controls for natural fluctuations but also
enables the researcher to see whether any changes seen
during NFT exceed the amount of alpha participants natu-
rally produce, or if it merely reflects a return to participants’
natural levels after an initially suppressing effect. Further-
more, given that both amplitude and percent time measure
different aspects of the EEG it would seem prudent to
include both measures but to look at them individually
rather than combining them into a less sensitive measure.
Furthermore, a combined measure also fails to provide a
clear picture of where any changes occur, in amplitude,
percent time, or both. Finally, focusing on changes within
NFT sessions may be more fruitful as changes possible
across sessions may be confounded by shifting baselines.
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