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Abstract
Objectives Anterior alpha asymmetry is an EEG measure of relative left- or right-sided prefrontal cortical activity that has been
associated with affective style, such that greater relative left-sided activity is associated with positive affect and approach-related
behaviours. While mindfulness has been shown to enhance attention and affect, here we investigate the underlying neurobio-
logical changes supporting these outcomes by assessing anterior alpha asymmetry.
Methods A longitudinal RCT was conducted to investigate the effect of an 8-week mindfulness training (MT) intervention on
anterior alpha asymmetry and affect in a group of healthy adults aged over 60 years (n = 41). An active control computer-based
attention training (CT) program (n = 26) designed to activate similar attentional components to mindfulness was used to deter-
mine if outcomes resulted from attention training or mindfulness-specific factors. The Sustained Attention to Response Task was
used to assess attentional performance, while a breath counting task was used to classify mindfulness participants into high (MT-
HIGH; n = 19) and low (MT-LOW; n = 22) proficiency groups.
Results While all groups displayed improved attentional performance, only the MT-HIGH and MT-LOW groups showed
significant increases in positive affect as measured by the Positive and Negative Affect Schedule. The MT-HIGH group showed
significantly increased relative left-sided activity at both Fp1/Fp2 and F3/F4 electrode pairs, while no significant changes were
observed in the MT-LOWand CT groups.
Conclusions These results suggest that 8 weeks of mindfulness training is capable of inducing changes in resting anterior alpha
asymmetry, but these results are dependent upon the level of proficiency achieved.
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A growing body of evidence suggests that mindfulness-based
practices are capable of inducing both structural and function-
al brain changes, and these changes have been associated with
enhanced cognitive and affective outcomes (Fox et al. 2014;
Gotink et al. 2016). Notwithstanding critiques regarding some
of the methodological shortcomings present in the field of
mindfulness research (Coronado-Montoya et al. 2016; Van

Dam et al. 2017), findings to date suggest that mindfulness
is capable of enhancing attention and executive function (Lutz
et al. 2009; Van den Hurk et al. 2009), increasing positive
affect (Garland et al. 2015), and reducing negative affect
(Brown and Ryan 2003; Davidson et al. 2003). While the
mechanisms underlying these outcomes currently remain un-
clear, an intriguing possibility is the use of anterior EEG alpha
asymmetry to assess patterns of neural activation associated
with dispositional changes in affect resulting from mindful-
ness training.

Anterior alpha asymmetry provides a measure of relative
left- or right-sided cortical activity by calculating the differ-
ence between EEG alpha power at homologous left and right
frontal scalp electrodes. Oscillations in the alpha range have
long been assumed to exert an inhibitory influence on cortical
network activity, leading to the convention of inversely asso-
ciating alpha power with cortical activity (Klimesch 1999;
Pfurtscheller et al. 1996). Accordingly, when calculated as a
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measure of right minus left alpha power, higher asymmetry
scores reflect greater relative left-sided cortical activity, while
lower scores reflect greater relative right-sided activity (Allen
et al. 2004). When recorded during a resting state, anterior
alpha asymmetry has demonstrated high test-retest reliability
and internal consistency (Tomarken et al. 1992b; Towers and
Allen 2009).

Greater relative left-sided anterior activity has been associ-
ated with approach-related or behaviourally activating trait
styles of motivation, including positive dispositional affect,
whereas greater relative right-sided anterior activity is associ-
ated with withdrawal-related or behaviourally inhibiting styles
of motivation, including negative dispositional affect (Coan
and Allen 2004; Davidson 1992, 2004; Harmon-Jones and
Gable 2017; Reznik and Allen 2018; Smith et al. 2017).
Two models have been proposed to describe the lateralisation
of anterior cortical activity and its association with affect and
behaviour. Tomarken et al. (1992a) have described an affec-
tive valence model of anterior asymmetry, where greater rela-
tive left-sided anterior cortical activity is associated with pos-
itive affect, and greater relative right-sided activity with neg-
ative affect. Harmon-Jones (2003) proposed a motivational
model, where greater relative left-sided anterior cortical activ-
ity is associated with approach motivations, and greater rela-
tive right-sided activity with withdrawal motivations. While
both of these models are largely descriptive, they offer little
specificity as to which neurobiological processes are differen-
tially lateralised, and how these processes impact affect and
motivation. Recent evidences from both electrophysiological
and brain imaging studies suggest that inhibitory control func-
tions may be differentially lateralised in the prefrontal cortex
(Vallesi 2012), such that enhanced inhibitory control has been
associated with greater left-sided anterior cortical activity
(Allen et al. 2012; Ambrosini and Vallesi 2016; Taren et al.
2017). Grimshaw and Carmel (2014) have integrated these
findings with existing models of anterior asymmetry to pro-
pose that the lateralisation of attentional inhibitory control
processing in anterior cortical regions underlies the observed
difference in affective and motivational outcomes.

To date, few studies have investigated the effect of mind-
fulness training on anterior alpha asymmetry and affect.
Studies examining clinical samples (Barnhofer et al. 2007;
Keune et al. 2011) report no change toward relative left-
sided activity (at Fp1/Fp2, F3/F4, and F7/F8 homologous
electrode pairs) after 8 weeks of mindfulness-based cognitive
therapy (MBCT; Segal et al. 2002). Two studies examined
pre-post mindfulness changes in resting anterior alpha asym-
metry in healthy non-clinical samples. Both Moynihan et al.
(2013) and Davidson et al. (2003) utilised an 8-week mind-
fulness-based stress reduction program (MBSR; Kabat-Zinn
1990) together with wait-list control conditions, reporting no
significant change anterior alpha asymmetry (at Fp1/Fp2, F3/
F4, and F7/F8 homologous electrode pairs) as a result of

mindfulness training. Davidson et al. reported evidence of
increased relative left-sided cortical activity at central sites
(C3/C4 electrode pair), but not at anterior sites. Therefore,
while mindfulness has been shown to enhance affect, there
is little evidence to date of mindfulness’s ability to produce
changes in anterior alpha asymmetry.

The practice of mindfulness primarily involves the cultiva-
tion of two components: (1) an attentional component, involv-
ing inhibitory control, which continuously attends to an object
without its loss from awareness; and (2) equanimity, which is
an unbiased and non-reactive orientation toward the contents of
experience (Bishop et al. 2004). Each of the studies described
above utilised a therapeutic mindfulness-based intervention (ei-
ther MBCT or MBSR) which cultivate mindfulness together
with a range of additional factors, such as cognitive behaviour
therapy, psychoeducation, and an array of goal-oriented prac-
tices (Chiesa and Malinowski 2011). The heterogeneity of
these interventions eliminates the possibility of making clear
causal inferences regarding observed outcomes, including af-
fective outcomes. For this reason, studies seeking to clearly
investigate the mechanisms underlying mindfulness practice
must use an intervention that generates mindfulness without
confounding additional components. Isbel and Summers
(2017) have introduced such a cognitive model of mindfulness
together with a standardised mindfulness technique for use in
longitudinal randomised control trials (RCTs). The
standardised technique is not a therapeutic mindfulness inter-
vention, but rather permits the study of mindfulness without
introducing confounding components, thereby facilitating
clearer inferential assessment of observed outcomes.

Attention training as a core feature of mindfulness practice
may provide benefits for those at risk of cognitive decline.
Normal ageing is associated with a decline in cognitive perfor-
mance known as age-related cognitive decline (ARCD), which
is a non-pathological decline in cognitive performance becom-
ing increasingly evident beyond the age of 60 years (Hedden
and Gabrieli 2004; Salthouse 2009), and can be accompanied
by a decline in subjective well-being, mood, and affect (Blazer
2003; Gates et al. 2014). The previously reported benefits of
mindfulness to attention and cognitive performance may indi-
cate a role for mindfulness interventions in combating ARCD.

The current study sought to examine whether affective out-
comes following mindfulness result from attention training or
from mindfulness-specific factors, and whether or not affec-
tive outcomes are accompanied by changes in anterior alpha
asymmetry. In line with previous research, it was hypothesised
that 8 weeks of mindfulness training (MT) would result in
increases in positive affect and reductions in negative affect,
and that these changes would be accompanied by increased
relative left-sided anterior alpha activity. Furthermore, it was
hypothesised that participants who gained high proficiency in
mindfulness (MT-HIGH) would demonstrate greater increases
in anterior asymmetry scores and greater affective outcomes
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than those who gain low proficiency (MT-LOW). A
computer-based attention training (CT) program designed to
activate similar attentional processes to mindfulness was
utilised as an active control condition.

Method

Participants

Participants were healthy older adults (≥ 60 years age) recruit-
ed from the general community to participate in an attention
training program. Respondents underwent telephone screen-
ing to ensure those recruited met eligibility criteria (see
Supplementary Material 1 for eligibility criteria) and had no
prior exposure to either mindfulness or computerised brain
training (see Fig. 1 for flowchart of participant retention and
reason for dropout). As seen in Fig. 1, the most common
exclusion criteria were inability to attend all sessions over
the study period, followed by health reasons. As the study
sought to recruit healthy older adults, it was expected that
exclusion rates would be high given the age group targeted
and the stringent eligibility criteria adopted to ensure the in-
tegrity of any findings. Information sessions were held for
eligible participants, from which 120 participants were allo-
cated by random number generator to the interventions (MT,
n = 77; CT, n = 43). Participants were randomly allocated at a
rate of 2:1 to MT to enable this group to be divided into high
and low proficiency groups following MT training. As shown
in Fig. 1, data from 67 participants (MT, n = 41; CT, n = 26)
was eligible for analysis. Participant demographic information
for the reported data is presented in Table 1.

Procedures

Participants were assessed on all measures at both pre-
intervention (T1) and post-intervention (T2), with the excep-
tion of the Wechsler Test of Adult Reading which was admin-
istered only at baseline. The Positive and Negative Affect
Schedule (PANAS; Watson et al. 1988) was completed at a
group questionnaire session approximately 1 week prior to the
EEG testing session. At the commencement of the EEG
testing session, participants were required to report their sleep
length and quality over the preceding week on a 5-point
Likert-type scale (1 = increased to 5 = greatly reduced), as
marked reduction in sleep is known to affect cognitive
performance (Dinges and Kribbs 1991). The Hospital
Anxiety and Depression Scale (HADS; Zigmond and Snaith
1983) was also completed at the commencement of the EEG
test to assess for anxiety and depression as a potential
confound. No participant reported markedly reduced sleep
length or quality (all scores < 4) or elevated anxiety or
depression (all scores < 11) immediately prior to the EEG

session, and thus no participants were excluded from analysis
due to sleep disturbance or significant psychological states of
anxiety or depression.

Participants were fitted with the EEG equipment before
being given a demonstration of eye and muscle movement
effects on EEG recording in order to minimise artefacts during
the session. Resting EEG was then collected continuously for
4 min in an eyes open condition. Participants were instructed
to Bjust rest^ without intentionally performing any particular
task for 4 min. In order to minimise eye movements during the
EEG recording, participants were instructed to rest with their
eyes fixed in a relaxed manner upon a yellow cross situated in
the centre of a grey background presented on a monitor screen
placed at a distance of 65 cm. Instructions were presented on
the monitor screen prior to the task and participants proceeded
at their own pace. An audible tone signalled the commence-
ment of the resting period, which was followed 10 s later by
the start of the continuous 4-min EEG recording. Participants
then completed the breath counting task followed by the
Sustained Attention to Response Task. Stimuli for all tasks
were presented using E-Prime 2.0.10 software (Psychology
Software Tools, Pittsburgh, PA, USA).

Interventions

The interventions were described to participants as attention
training programs, differing only in delivery format. In this
way, participants were blinded to experimental and control con-
ditions. The CT program was designed to activate similar atten-
tional components to those trained in mindfulness, but without
the inclusion of mindfulness practice. Both programs were
structurally equivalent, consisting of weekly 2-h group training
sessions for 8 weeks, with topics covering the cognitive pro-
cesses involved in attention training (see Supplementary
Material 2 for weekly structure of the programs). A personal
daily home practice requirement was included for both groups,
which began at 20 min per day in week 1 and progressed to
45 min per day by week 8. Participants were required to keep a
diary record of the amount of time spent engaged in the training
intervention. Participants who did not meet the minimum
amount of practice assigned during the intervention were ex-
cluded from analysis (MT, n = 8; CT, n = 2). All training ses-
sions were conducted by the same trainer in the same room at
the same time of day. Participants in both groups were
instructed to perform the home training in a quiet environment
where the training exercise could be carried out uninterruptedly.

Mindfulness-Based Attention Training Program

The MT program utilised the standardised mindfulness tech-
nique developed by Isbel and Summers (2017) for use in
longitudinal RCTs. The primary task trained in this technique
requires participants to direct and sustain their attention upon a
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localised set of sensations accompanying the breath at the
abdomen in a manner that is nonjudgmental and non-reactive.

Participants are required to notice when attention wanders
from the primary task to secondary objects, such as mind

Excluded (n=225)
� Does not meet inclusion criteria (n=105)

� Unable to a�end all sessions (n=96)
� No computer/internet at home (n=6)
� Other (n=3)

� Meets exclusion criteria (n=120)
� Excluded due to health reason (n=69)
� Previous mindfulness or computer brain 

training (n=41)
� Other (n=10)

Mindfulness-based 
a�en�on training (MT)  

(n=77)

Ac�ve control group (CT) 
(n=43)

Randomised (n=120)

Assessed for eligibility (n=345)

Completed T1 measures 
and commenced 

interven�on (n=74)

Completed T1 measures 
and commenced 

interven�on (n=38)

Discon�nued due to 
unavailability (n=3)

Discon�nued (n=5)
� Medical problem (n=4)
� Family problems (n=1)

Completed interven�on 
and T2 measures (n=62)

Completed interven�on 
and T2 measures (n=34)

Discon�nued (n=12)
� Family problems (n=4)
� Health problems (n=5)
� Lack of interest (n=3)

Discon�nued due to 
medical problem (n=4)

MT available for data 
analysis (n=41)

CT available for data 
analysis (n=26)

<50% artefact-free 
epochs (n=13)

<50% artefact-free 
epochs (n=6)

Does not meet 
minimum prac�ce 
requirement (n=8)

Does not meet 
minimum prac�ce 
requirement (n=2)

Fig. 1 CONSORT flowchart of
participant retention through
study with reason for dropout

Table 1 Participant demographic
information and baseline
asymmetry scores by group

Mindfulness-based
training group

Active control group Statistical values

Gender (% female) 55% 75% Χ2 (1, N = 67) = 3.00, p = .08

Age M (SD) 71.9 (4.5) 70 (5.9) t(65) = 1.61, p = .11

Range 64–83 60–86

Handedness (% RH) 97.6% 100% Χ2 (1, N = 67) = 0.644, p = .42

Predicted FSIQ M (SD) 112.6 (7.0) 112.5 (5.7) t(65) = 0.10, p = .92

Fp1/Fp2 M (SD) − 0.113 (0.24) − 0.012 (0.15) t(65) = − 1.943, p = .06
F3/F4 M (SD) − 0.097 (0.28) − 0.046 (0.19) t(65) = − 0.811, p = .42
F7/F8 M (SD) − 0.209 (0.28) − 0.163 (0.22) t(65) = − 0.708, p = .48

FSIQ full scale IQ (as estimated by the Wechsler Test of Adult Reading), RH right-handed
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wandering or distraction. When such an attentional shift oc-
curs, participants were instructed to inhibit and disengage sec-
ondary processes, and redirect attention back to the primary
task. Working memory is thought to be central to this training,
as participants were required to retain the task instructions and
continually update and monitor ongoing attentional perfor-
mance. Thus, the core attentional processes trained in the
standardised mindfulness technique include selective atten-
tion, task switching, inhibitory control, and working memory.
Importantly, the standardised mindfulness technique does not
contain non-specific additional components such as relaxa-
tion, psychoeducation, or yoga, which are found in MBCT
and MBSR.

Computer-Based Attention Training Program

The CT program consisted of a series of targeted attention
training exercises presented in game format designed to acti-
vate similar attentional processes to those activated in mind-
fulness practice. Each game emphasised a specific aspect of
attention, such as sustained attention, selective attention, in-
hibitory control, or executive function to replicate the atten-
tion training occurring in theMT program (see Supplementary
Material 3 for a description of the primary attentional
components trained in each task). Difficulty increased on
some tasks with successful performance to replicate the
changing nature of attentional demands that occurs in mind-
fulness practice with increasing proficiency. Furthermore, par-
ticipants were required to play an assigned game continuously
each day during their home training sessions rather than
switching between games in order to replicate the continuous
application to a single task that occurs in MT. Assigned tasks
were changed each week. The CT program was available to
access online on any device to enable the training to be done in
a way most suitable for each participant.

Measures

Wechsler Test of Adult Reading

The Wechsler Test of Adult Reading is a widely used word
reading list used to estimate full scale intelligence quotient in
adults. The WTAR is co-normed against the Wechsler Adult
Intelligence Scale, 3rd edition, and is a reliable and valid es-
timate of intellectual capacity.

Positive and Negative Affect Schedule

Dispositional positive and negative moodwas measured using
the PANAS which consists of two 10-item subscales that as-
sess positive affect (PA) and negative affect (NA). Participants
respond on a Likert-type scale to indicate the frequency with
which they experience particular emotions. The PANAS has

demonstrated validity and high reliability (PA, Cronbach’s α
.89; NA, Cronbach’s α .85) as a measure of affect in non-
clinical samples (Crawford and Henry 2004).

Hospital Anxiety and Depression Scale

Symptoms of anxiety and depression were measured using the
HADS. The HADS consists of two 7-item subscales for anx-
iety (HADS-A) and depression (HADS-D) on which partici-
pants indicate the frequency with which they experience
symptoms on a Likert-type scale. The HADS is a cut-off cri-
terion instrument designed to detect clinically significant
states of anxiety and depression, where subscale scores greater
than 11 indicate clinical significance. The HADS was utilised
to screen for psychological states which may confound EEG
findings such that participants with subscale scores greater
than 11 would be excluded. The HADS has been shown to
have high validity and reliability (HADS-A, Cronbach’s α
.83; HADS-D, Cronbach’s α .82).

Breath Counting Task

Breath counting has previously been validated as a behaviour-
al measure capable of distinguishing proficient from non-
proficient mindfulness practitioners and has shown good
test-retest reliability (Levinson et al. 2014; Wong et al.
2018). The task requires participants to observe their breathing
while reporting a count of their in-and-out breath cycles for
15 min. Participants were instructed to breathe naturally while
being attentive to the sensations accompanying the rising and
falling of the abdomen as they mentally counted the in-out
cycles of their breath from one to 21. Participants reported
each in-out cycle with a down-arrow key press on counts
one to 20, while on count 21 participants were instructed to
press the right-arrow key to indicate successful count cycle.
Self-caught counting errors were indicated by a left-arrow key
press. Breath counting accuracy was physiologically con-
firmed using a piezo-electric crystal effort sensor placed
around the chest to record respiration movement. A breath
counting accuracy score was calculated as a percentage of
correct count cycles to total cycles completed during the task
(correct count total cycles × 100). Each self-caught error was
recorded as an incorrect count cycle.

Sustained Attention to Response Task

The Sustained Attention to Response Task (SART; Robertson
et al. 1997) consisted of a serial presentation of digits (1–9) to
which participants to were instructed to respond via keypress
to all go stimuli (digits 1–2, and 4–9) while withholding a
response to each no-go stimuli (digit 3). For each block of
nine trials, a single digit (1–9) was randomly chosen without
replacement. Prior to the commencement of the experimental
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block, participants completed a practice block consisting of 45
trials (containing 5 no-go stimuli) with performance feedback
to ensure the task was correctly understood. The experimental
block consisted of 540 trials (60 blocks of 9 trials) containing
60 no-go stimuli (11% of total trials). Digits were black in
colour and appeared in randomly allocated font sizes (100,
120, 140, 160, or 180 points) in the centre of a grey back-
ground for 200 ms. After stimulus offset, a yellow fixation
cross was presented in the middle of the grey background
for a variable inter-stimulus interval ranging from 1000 to
2000 ms (see Supplementary Material 4). Participants were
instructed to respond as quickly and accurately as possible
during the task.

Performance measures for the SART included errors of
commission (percentage of errors on no-go), reaction time
(RT), and reaction time coefficient of variation (RT CV).
Errors of commission index failures of inhibitory control
while variability in RT indexes sustained attention, wherein
greater fluctuations in sustained attention are observed as in-
creasing variability (CV) of responding (RT) to stimuli
(Mrazek et al. 2012; Robertson et al. 1997).

EEG Measures

Continuous EEG data was recorded from 128 Ag/AgCl active
electrodes mounted in an elastic head cap using a Biosemi
ActiveTwo amplifier system (Biosemi, Amsterdam,
Netherlands). To monitor eye movements, horizontal electro-
oculogram (EOG) was recorded using electrodes placed 1 cm
lateral to the outer canthus of each eye, while vertical EOG
was recorded using supra- and infraorbital electrodes on the
left eye. During acquisition data was hardware filtered using a
fixed first order analogue anti-aliasing filter (− 3 dB at 208 Hz)
and digitised at 1024 Hz with a 24-bit analogue-to-digital
converter. Further, offline processing was conducted using
Brain Vision Analyzer2 software (Brain Products, GmbH,
Gilching, Germany).

Continuous EEG data was referenced offline to an average
reference in accord with the recommendations of Davidson
(1998) and Allen et al. (2004). A zero-phase shift
Butterworth infinite response filter (slope 12 dB/octave) was
used to low pass (30-Hz cut-off) and high pass (0.5-Hz cut-
off) filter the data, while a 50-Hz notch filter was applied to
remove electrical line noise. All EEG data was visually
inspected to detect noisy electrodes, and electrodes with con-
sistent artefact were interpolated using spherical spines from
surrounding sites (0.17% of all electrodes analysed). Ocular
artefact correction was then performed to remove eye blink
artefacts using the linear regression technique of Gratton et al.
(1983). Artefact detection was then performed using a semi-
automatic procedure to detect activity that (i) exceeded an
absolute change of 50 μV/ms, or (ii) exceeded an absolute
min-max difference of 100 μV/200 ms. When artefact was

detected in any channel, data 200 ms prior to 200-ms post-
event was marked as bad for all channels.

Each 4-min continuous recording was then segmented into
overlapping 2-s epochs (50% overlap), with epochs contain-
ing artefact excluded from analysis. An a priori decision to
reject participants with fewer than 50% artefact-free epochs at
both time points from further analysis resulted in 19 partici-
pants being excluded due to insufficient artefact-free data
(MT, n = 13; CT, n = 6). Spectral power (μV2) was calculated
on artefact-free epochs using a fast Fourier transform (FFT)
with a Hanning window at a resolution of 0.5 Hz. Epochs
were averaged to provide the average power spectrum at each
electrode for T1 and T2. Absolute power in the alpha frequen-
cy band (8–13 Hz) was then calculated and natural log-
transformed to normalise the data distribution (Allen et al.
2004). In accord with previous studies examining anterior
alpha asymmetry and mindfulness, an asymmetry score was
calculated for homologous anterior electrode pairs Fp1/Fp2,
F3/F4, and F7/F8 by subtracting log-transformed power at left
location from log-transformed power at right location (i.e.,
ln[right] − ln[left]). Higher scores calculated in this way indi-
cate increased relative left-sided cortical activity.

Data Analyses

Independent groups t tests were performed to examine pre-
intervention between-group differences in age, FSIQ, and an-
terior alpha asymmetry, between-group difference in amount
of training undertaken during the intervention, and between-
group difference in artefact-free epochs available for analysis
at each time point. Gender balance and handedness differ-
ences between the groups were examined using chi-square
analysis.

To test the effect of the attention training programs on at-
tention and inhibitory control, a mixed design analysis of var-
iation (ANOVA) of SARTcommission errors, RT, and RT CV,
with group (MT, CT) as a between-subjects factor and time
(T1, T2) as a within-subjects factor, was performed.

Change in mindfulness across the intervention was
assessed using the breath counting task. Breath counting ac-
curacy scores were entered into a mixed design ANOVA per-
formed with group (MT, CT) as a between-subjects factor and
time (T1, T2) as a within-subjects factor. Breath counting
scores at T2 were also used to provide a median split of the
MT group into top and bottom 50th percentile groups, corre-
sponding to mindfulness high performers (MT-HIGH) and
mindfulness low performers (MT-LOW). This enables explor-
atory analysis of the differential effects of mindfulness profi-
ciency on anterior alpha asymmetry and affect. Differences in
reported and physiologically confirmed breath counting
scores were assessed using mixed design ANOVAwith group
(MT, CT) as a between-subjects factor and time (T1, T2) as a
within-subjects factor.
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To determine the effect of the interventions on affect, a
mixed design ANOVAwith PANAS (PA, NA) and time (T1,
T2) as within-subjects factors and group (MT, CT) as a
between-subjects factor was performed. To examine the effect
of mindfulness proficiency on affective outcomes, a second
mixed design ANOVAwith PANAS (PA, NA) and time (T1,
T2) as within-subjects factors with group (MT-HIGH, MT-
LOW, CT) as a between-subjects factor was performed. A
single PANAS factor with two levels was used in order to
reduce the risk of spurious type I errors resulting frommultiple
statistical analyses. Significant main effects were investigated
with follow-up pairwise comparisons.

To test the effect of the attention training programs on rest-
ing anterior alpha asymmetry, a mixed design ANOVA of elec-
trode (Fp1/Fp2, F3/F4, F7/F8) and time (T1, T2) as within-
subjects factors with group (MT, CT) as a between-subjects
factor was performed. To examine the effect of mindfulness
proficiency on resting anterior alpha asymmetry, a second
mixed design ANOVA with electrode (Fp1/Fp2, F3/F4, F7/
F8) and time (T1, T2) as within-subjects factors with group
(MT-HIGH, MT-LOW, CT) as a between-subjects factor was
performed. A single electrode factor with three levels was used
in order to reduce the risk of spurious type I errors resulting
from multiple electrode analyses. Significant main effects were
investigated with follow-up pairwise comparisons.

Intraclass correlation coefficients (ICC) were calculated for
each group on breath counting scores over time to assess the
test-retest reliability of this measure. To assess the correlation
between change in resting anterior alpha asymmetry and
change in affect, change scores for each variable were calcu-
lated by subtracting T1 scores from T2 scores. Bivariate cor-
relations between change scores were then assessed. All sta-
tistical analysis was performed using SPSS version 24 (SPSS
Inc., Chicago, IL, USA).

Results

Pre-Intervention Between-Group Comparisons

There were no significant pre-intervention differences be-
tween the MTand CT groups in age, gender balance, handed-
ness, FSIQ, or anterior alpha asymmetry at Fp1/Fp2, F3/F4, or
F7/F8 homologous electrode sites (see Table 1). Pre-
intervention differences between post hoc identified groups
are presented in Table 2.

Intervention Training Time

Inspection of mean daily practice time showed that the CT
group (M = 36.0 min/day (SD = 6.3)) spent approximately
3 min longer per day engaged in the training program than
the MT group (MT, M = 33.4 min/day (SD = 4.0)). An

independent groups t test confirmed that the CT group engaged
in a significantly greater amount of daily practice than the MT
group during the 8-week program (t(65) = 2.07, p = .04).

Sustained Attention to Response Task

Table 3 shows the descriptive statistics and ANOVA results
for each SART measure. Both groups showed significant re-
ductions in errors of commission (F(1,65) = 12.84, p = .001,
partial η2 = .165) and RT CV (F(1,65) = 18.33, p < .001, partial
η2 = .200) from pre- to post-intervention, with no change in
RT (F(1,65) = .051, p = .822, partial η2 = .001). No significant
group × time interactions were observed. These results dem-
onstrate that both attention training programs were effective in
improving sustained attention and executive inhibitory con-
trol, and confirm that the CT group was not a sham control,
but rather a true active control that effectively trained the at-
tentional components targeted.

Breath Counting Task

Mean breath counting accuracy scores for each group at pre-
and post-intervention are shown in Fig. 2. Repeated measures
ANOVA revealed a significant group × time interaction
(F(1,65) = 4.311, p = .042, partial η2 = .062). Follow-up
Bonferroni-corrected pairwise comparisons indicated that the
MT group showed significant pre- to post-intervention im-
provement on the breath counting task (MI-J = 14.01, SE =
5.06, p = .007), while the CT group showed no significant
change (MI-J = − 2.87, SE = 6.36, p = .653). These results indi-
cate that the MT intervention was effective in improving both
attention and mindfulness, while the CT intervention was ef-
fective in training attention without improving mindfulness.

In the MT group, the median score on the breath counting
task at T2 was 75%. Using this score, we were able to median
split the MT group into top (> 75% accuracy =MT-HIGH; n =
19) and bottom (≤ 75% accuracy =MT-LOW; n = 22) 50th per-
centile groups based on T2 breath counting accuracy scores.

No significant change between reported and physiological-
ly confirmed breath counting scores was observed over time
(F(1,65) = 2.091, p = .158, partial η2 = .060) or within groups
(F(1,65) = 0.036, p = .850, partial η2 = .001).

Positive and Negative Affect

Mixed design ANOVA (between-subjects: MT, CT) revealed
a significant main effect of time (F(1,65) = 9.140, p = .004, par-
tial η2 = .123), together with a significant group × time inter-
action (F(1,65) = 4.909, p = .030, partial η2 = .070). Follow-up
pairwise comparisons confirmed PA significantly increased
over time in the MT group (MI-J = 3.24, SE = 0.771,
p < .001) but not in the CT group (MI-J = 0.500, SE = 0.969,
p = .608). These results indicate that the MT program was
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effective at increasing positive affect, while no change in pos-
itive affect was observed in the CT group.

Exploratory mixed ANOVA with three-level between-
groups factor (MT-LOW, MT-HIGH, CT) revealed a signifi-
cant main effect of time (F(1,64) = 15.575, p < .001, partial
η2 = .196), together with a significant main effect of PANAS
(F(1,64) = 592.355, p < .001, partial η2 = .902) and a marginally
significant time × group × PANAS interaction (F(1,64) = 3.026,
p = .050, partial η2 = .086). Follow-up pairwise comparisons
revealed that both the MT-LOW (MI-J = 3.14, SE = 1.09,
p = .005) and MT-HIGH (MI-J = 3.35, SE = 1.11, p = .004)
groups showed significant increases in PA from pre- to post-
intervention, while the CT group (MI-J = 0.500, SE = 0.976,
p = .610) showed no significant change in PA. Mean positive
affect scores for these groups at pre- and post-intervention are
shown in Fig. 3a. Negative affect scores showed no significant
change from pre- to post-intervention in theMT-LOW (MI-J =
0.455, SE = 1.150, p = .694) and MT-HIGH (MI-J = − 1.053,
SE = 1.237, p = .398) groups, while the CT groups displayed a
marginally significant increase in NA (MI-J = 2.115, SE =
1.058, p = .050), as seen in Fig. 3b.

Anterior Alpha Asymmetry Scores

Mixed design ANOVAwith two-level between-groups factor
(MT, CT) revealed a significant main effect of time (F(1,65) =

4.392, p = .040, partial η2 = .063) without any group or elec-
trode interaction effects, indicating that there was a change in
asymmetry scores over time disregarding group and electrode
location. Exploratory mixed design ANOVAwith three-level
between-groups factor (MT-LOW, MT-HIGH, CT) showed a
significant main effect of time (F(1,64) = 8.632, p = .005, par-
tial η2 = .119) qualified by a significant time × group interac-
tion (F(1,64) = 5.009, p = .010, partial η2 = .135) and a signifi-
cant 3-way time × electrode × group interaction (F(1,64) =
2.715, p = .033, partial η2 = .1078). Follow-up Bonferroni-
corrected pairwise comparisons revealed that the MT-HIGH
group showed significant pre- to post-intervention increases in
anterior alpha asymmetry scores at both the Fp1/Fp2 (MI-J =
0.178, SE = 0.06, p = .007) and F3/F4 (MI-J = 0.280, SE =
0.07, p < .001) homologous electrode pairs (see Fig. 4a and
b respectively). The MT-HIGH group showed no significant
change in alpha asymmetry at the F7/F8 electrode pair (see
Fig. 4c). No significant change in anterior alpha asymmetry at
any electrode pair was observed for the MT-LOW or CT
group.

These results indicate that participants who gained high
proficiency in mindfulness showed significant increases in
relative left-sided anterior cortical activity as recorded at
Fp1/Fp2 and F3/F4 homologous electrode sites, while those
who gained low proficiency in mindfulness or who undertook
CT did not demonstrate a change in anterior alpha asymmetry.

Table 2 Pre-intervention
difference in baseline asymmetry
scores by post hoc group
identification

MT-LOW MT-HIGH CT Statistical values

Fp1/Fp2 M (SD) − 0.064 (0.14) − 0.0171 (0.31) t(39) = − 1.402, p = .17
− 0.064 (0.14) − 0.012 (0.15) t(46) = − 1.235, p = .22

− 0.0171 (0.31) − 0.012 (0.15) t(43) = − 2.065, p = .05
F3/F4 M (SD) − 0.025 (0.19) − 0.180 (0.34) t(39) = − 1.733, p = .09

− 0.025 (0.19) − 0.046 (0.19) t(46) = 0.379, p = .71

− 0.180 (0.34) − 0.046 (0.19) t(43) = − 1.535, p = .14
F7/F8 M (SD) − 0.196 (0.22) − 0.224 (0.34) t(39) = − 0.300, p = .77

− 0.196 (0.22) − 0.163 (0.22) t(46) = − 0.516, p = .61
− 0.224 (0.34) − 0.163 (0.22) t(43) = − 0.679, p = .50

Table 3 Descriptive statistics and
ANOVA results for Sustained
Attention to Response Task

MT

M (SD)

CT

M (SD)

ANOVA main effect of time*

F(1,65) Sig Partial η2

Errors of commission (%) T1 17.76 (10.49) 22.63 (13.15) 12.84 .001
.165T2 14.88 (10.58) 17.95 (12.69)

RT

(ms)

T1 503.12 (56.29) 472.06 (62.04) .051 .822
.001T2 506.10 (65.59) 466.89 (74.98)

RT CV T1 0.23 (0.05) 0.22 (0.04) 16.44 < .001
.202T2 0.22 (0.04) 0.20 (0.04)

*No significant groups by time interactions were found

RT reaction time, RT CV reaction time coefficient of variation
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Correlations

Breath counting accuracy scores in the MT group demonstrat-
ed an 8-week test-retest reliability of ICC = .62, and for the CT
group ICC = .68, which were very similar to the ICC = .60

reported by Levinson et al. (2014) in their original validation
studies of this task as a measure of mindfulness proficiency.

To examine the relation between changes in anterior asym-
metry and affect, change scores were calculated by subtracting
T1 scores from T2 scores for Fp1/Fp2, F3/F4, and F7/F8
asymmetry scores, positive affect, and negative affect.
Bivariate correlations identified no significant relationship be-
tween alpha asymmetry change scores and positive or nega-
tive affect or breath counting accuracy change scores in either
the MT-HIGH group or the MT-LOW group, or the MT group
as a whole or the CT group (see Supplementary Material 5 for
correlation tables). Change in alpha asymmetry at Fp1/Fp2
and F3/F4 was significantly correlated in theMT-HIGH group
(r = .678, p = .001), but not in the MT-LOWor CT groups.

Discussion

The present study found increased relative left-sided resting
anterior cortical activity as measured at both the Fp1/Fp2 and
F3/F4 electrode pairs in participants who achieved a high level
of proficiency in mindfulness after an 8-week mindfulness
intervention. No such changes were observed in those who
gained low proficiency after the intervention, or in those
who undertook an 8-week CT program. These results lend
partial support to the hypothesis that 8 weeks ofMT is capable
of inducing changes in resting anterior alpha asymmetry since
these changes were observed only in those who gained high
proficiency in the practice.

Fig. 2 Mean breath counting accuracy at pre- (T1) and post-intervention
(T2). MT mindfulness training group, CT computer training group. Error
bars show standard error of the mean. *Change is significant (p < .01)

Fig. 3 a Positive affect scores and bNegative affect scores at pre- (T1) and post-intervention (T2). Error bars show standard error of the mean. *Change
is significant (p < .01)
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The training of attention is a core feature of the early stages
of mindfulness practice, and thus the CT program was de-
signed to train similar attentional components to those activat-
ed in mindfulness practice. Both the MTand CT groups dem-
onstrated improved inhibitory control and sustained attention
as measured by SART errors of commission and RT CV re-
spectively, indicating that both programs were effective in
improving attention. While the CT group engaged in more
training time than the MT group, only the MT group demon-
strated improved performance on the breath counting task.
This is an important finding, since previous studies comparing
mindfulness to active control conditions have failed to show
that the active control did not also improve mindfulness
(Goldberg et al. 2016). In the present study, we have demon-
strated that the CT program was a true active control that was
effective at improving attention without enhancing mindful-
ness. In this way, we can be confident that any differences
observed between the MT group and the CT group are the
result ofMT, since the CT program contained similar attention
training and was structurally equivalent to the MT program.

It has been proposed that during mindfulness the prefrontal
cortex exerts top-down inhibitory control to effect emotion
regulation (Chiesa et al. 2013; Davidson et al. 2000).
Orbitofrontal cortical (OFC) regions have been implicated in
both the assignment of affective value to stimuli based upon a
reward or punishment valence (Davidson 2004; Kringelbach
2005), as well as emotion regulation through amygdala-OFC
functional connectivity (Banks et al. 2007). In particular,
greater OFC/ventromedial PFC activity has been associated
with increased ability to regulate negative affect and lower
amygdala activity (Urry et al. 2006), while greater relative
left-sided cortical activity has been associated with increased
ability to regulate emotional responses to adverse emotional
events (Jackson et al. 2003). Dorsolateral PFC (dlPFC) re-
gions have been directly implicated in inhibitory control

functions during emotion regulation (Ochsner et al. 2012;
Pessoa 2008; Tang et al. 2015), with evidence now suggesting
that inhibitory control may be differentially lateralised across
the dlPFC such that effective inhibitory control is associated
with greater left-sided dlPFC activity (Ambrosini and Vallesi
2016; Vallesi 2012). Increased left-sided activation in resting
frontoparietal intrinsic networks has been shown following
cognitive training in older adults, suggesting that lateralisation
of intrinsic central executive network functions is alterable
through targeted training interventions (Luo et al. 2016). In
relation to MT, increased left dlPFC activity after a 6-week
mindfulness intervention has been associated with greater in-
hibitory control during an affective Stroop task, with increases
proportional to the amount of MT undertaken (Allen et al.
2012). Furthermore, Taren et al. (2017) have reported in-
creased resting state functional connectivity between the left
dlPFC and multiple distributed neural regions associated with
executive control and emotion processing following a short-
term mindfulness intervention. While research into emotion
regulation is still in its infancy, evidence to date suggests that
OFC and dlPFC regions of the PFC cortex may act via differ-
ing pathways to enact affective regulation, whereby OFC re-
gions are recruited in the top-down regulation of limbic re-
gions via efferent projections to the amygdala and limbic cen-
tres once an emotional response has been generated, whereas
the dlPFC acts via inhibitory control and attentional regulation
to diminish the initial response itself (Davidson 2004; Nejati
et al. 2018; Pessoa 2008; Rule et al. 2002).

Emotion regulation in mindfulness practice does not involve
suppression or cognitive reappraisal of affective stimuli, but rath-
er an ability to simply observe with equanimity one’s emotional
responses without altering them (Chambers et al. 2009; Vago
and Silbersweig 2012). According to the cognitive model pro-
posed by Isbel and Summers (2017), early stages of mindfulness
practice involve metacognitive regulation of affective responses

Fig. 4 Mean alpha asymmetry scores at a Fp1/Fp2, b F3/F4, and c F7/F8
electrode pairs at pre- (T1) and post-intervention (T2). Higher scores
indicate increased relative left-sided cortical activity. MT-LOW low

proficiency in mindfulness, MT-HIGH high proficiency in mindfulness,
CT computer training group. Error bars show standard error of the mean.
*Change is significant (p < .01)
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without avoidance, allowing them to be experienced without
becoming caught up in them. These control influences produce
state-like changes in overall affective composition since
metacognitive monitoring and control is effective only when
active (Teasdale et al. 1995). This corresponds to the regulation
of active emotional responses via the recruitment of OFC regions
to regulate active limbic centres. The model of Isbel and
Summers further predicts that stable dispositional changes to
affective composition are enacted through the development of
insight which is capable of inhibiting disruptive cognitive and
affective responses in a manner that prevents them from
becoming manifest emotional disturbances. Importantly, the
model predicts that the development of insight unfolds with
enhanced executive attentional control, and these changes are
expected only in those who achieve a high level of proficiency
in mindfulness. In support of this prediction, evidence from
fMRI studies suggests that minimising emotional responses via
dlPFC regions through effective inhibitory control of aversive
affective stimuli may only be achieved with proficiency in
mindfulness practice. Allen et al. (2012) demonstrated that great-
er mindfulness experience is associated with increased left
dlPFC activation and enhanced inhibitory control toward ad-
verse affective content. Brefczynski-Lewis et al. (2007) reported
increasing levels of activation in left dlPFC regions as practi-
tioners develop from novice to highly experienced practitioners.
In the current study, increased relative left-sided anterior cortical
activity was observed only in those who gained high proficiency
in mindfulness, supporting the hypothesis that these outcomes
are dependent upon proficiency in the practice.

Existing models of anterior asymmetry are yet to clarify the
underlying neurobiological mechanisms responsible for ob-
servable differences in anterior alpha asymmetry. The findings
reported here may offer some support to the asymmetric inhi-
bition model of alpha asymmetry proposed by Grimshaw and
Carmel (2014). This model suggests that left-lateralised exec-
utive control inhibits negative or withdrawal-related stimuli,
while right-lateralised control inhibits positive or approach-
related stimuli. Here, we report that increased proficiency in
mindfulness, and given its central role in mindfulness practice
increased proficiency in inhibitory control, is accompanied by
increased relative left-sided anterior cortical activity. Based on
these findings, further research is warranted to investigate the
role of inhibitory control in affective regulation.

Since anterior alpha asymmetry has been associated with
dispositional affective style, the absence of change in asymme-
try scores in the MT-LOW group suggests that increases in
positive affect in this group may not represent dispositional
changes. These findings support the predictions of the cogni-
tivemodel of mindfulness of Isbel and Summers (2017) regard-
ing state vs trait affective outcomes arising from MT. Since no
similar increases in positive affect were observed in the active
control group, we are able to conclude that the changes in the
MT-LOW group were not the result of attention training or

non-specific intervention factors (such as attending weekly
training sessions, increased social engagement, and the perfor-
mance of daily training exercises), but rather were the result of
MT. Such a conclusion is supported by the wide body of evi-
dence demonstrating improved affective outcomes resulting
from mindfulness practice. Furthermore, since the active con-
trol condition was used to partial out the attention training
component from mindfulness practice, the lack of change in
anterior asymmetry in the CT group suggests that the observed
increases in the MT-HIGH group resulted from mindfulness-
specific factors such as equanimity, rather than attention train-
ing. The results reported here indicate that further research is
required to investigate the long-term stability of affective out-
comes from mindfulness practice, and whether these outcomes
are differentially impacted by mindfulness proficiency.

No significant correlation between change in anterior alpha
asymmetry and change in affect was identified in the present
study. This accords with the majority of previous mindfulness
intervention studies which found no significant correlation
between measures of affect and anterior alpha asymmetry
(Barnhofer et al. 2007; Davidson et al. 2003). Anterior alpha
asymmetry generally correlates with a disposition toward af-
fective experience rather than current mood states (Grimshaw
and Carmel 2014). This lack of a simple correlation between
anterior asymmetry and affect suggests a more complex rela-
tionship between these two variables. Further investigation to
determine the possibility that lateralised inhibitory control
may serve as a mediator between asymmetry and affect is
warranted to uncover the relationship between these variables.

The results reported here have implications for the develop-
ment of interventions to combat age-related cognitive decline.
Cognitive performance is considered to decline beyond the age
of 60 years, and may be accompanied by declines in affective
well-being (Hedden and Gabrieli 2004). The average age of
participants in the current study was approximately 71 years.
We have demonstrated that 8-week training interventions are
capable of enhancing attentional performance in healthy older
adults, suggesting that these programs may have an application
in combating age-related cognitive decline. Further studies are
required to determine if the cognitive benefits arising from these
training programs are maintained beyond the intervention.

Limitations and Future Research

While there were no significant pre-intervention differences in
anterior alpha asymmetry between the MT and CT groups,
proficiency groups identified post hoc using the breath counting
task revealed a marginally significant baseline difference be-
tween the MT-HIGH group and the CT group at Fp1/Fp2.
Although pre-intervention differences between the MT-HIGH
group and other groups did not near significance at other sites, it
is noted that the post hoc median split did appear to create an
MT-HIGH group that differed from the other groups. An
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intriguing possibility suggested by these results is that future
mindfulness proficiency may be predicted by pre-intervention
EEG assessment, specifically anterior alpha asymmetry. This
finding warrants further investigation into the potential of EEG
measures to determine receptiveness to MT.

The absence of follow-up testing for participants after the 8-
week programmeant that we were unable to assess the stability
of these effects beyond the intervention. Ideally, six- or 12-
month follow-up assessments would be required to examine
if the observed enhancements to attention and affect are main-
tained. This data would be valuable in determining if the ob-
served improvements to affect in the MT-LOW group repre-
sented stable trait-like changes or temporary improvements.
This data would be useful in further understanding the relation-
ship between affect and anterior alpha asymmetry. In addition,
if the attentional improvements in both the MT and CT groups
were maintained over a long period, this would lend support to
their use in either slowing age-related cognitive decline.

While two separate studies have provided robust evidence
for the use of breath counting tasks as behavioural measures of
mindfulness (Levinson et al. 2014; Wong et al. 2018), such
tasks remain indirect measures of mindfulness. In the absence
of neurobiological markers of mindfulness, the use of breath
counting to assess mindfulness is certainly an improvement
upon self-report measures. However, as an indirect measure,
its sensitivity to discriminate mindfulness proficiency is to
some extent confounded by participants’ general cognitive
ability which also impacts their ability to successfully control
attention during a breath counting task.

Comparison with existing studies of mindfulness and ante-
rior asymmetry are restricted due to the wide range of inter-
ventions used, differing study populations, and the heteroge-
neity of EEG recording and data analysis techniques reported.
The adoption of a standardised mindfulness technique would
allow accurate cross-study comparisons, rather than the cur-
rent situation where MBCT, MBSR, and various other MBIs
are being utilised. Few studies to date have examined the
effects of mindfulness on older adults; however, as the field
continues to grow, we expect these numbers to increase, there-
by permitting analysis of outcomes in elderly groups com-
pared to younger cohorts. Finally, the field of EEG research
has yet to adopt a standardised recording or data analysis
procedure, and thus there exists in the literature a wide variety
of reported EEG reference choices, electrode sites, and data
analysis techniques. The lack of a standardised approach may
contribute to the reporting of mixed anterior asymmetry re-
sults as evidenced in the field to date.
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