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Mental Training Enhances Attentional Stability: Neural and
Behavioral Evidence
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The capacity to stabilize the content of attention over time varies among individuals, and its impairment is a hallmark of several mental
illnesses. Impairments in sustained attention in patients with attention disorders have been associated with increased trial-to-trial
variability in reaction time and event-related potential deficits during attention tasks. At present, it is unclear whether the ability to
sustain attention and its underlying brain circuitry are transformable through training. Here, we show, with dichotic listening task
performance and electroencephalography, that training attention, as cultivated by meditation, can improve the ability to sustain atten-
tion. Three months of intensive meditation training reduced variability in attentional processing of target tones, as indicated by both
enhanced theta-band phase consistency of oscillatory neural responses over anterior brain areas and reduced reaction time variability.
Furthermore, those individuals who showed the greatest increase in neural response consistency showed the largest decrease in behav-
ioral response variability. Notably, we also observed reduced variability in neural processing, in particular in low-frequency bands,
regardless of whether the deviant tone was attended or unattended. Focused attention meditation may thus affect both distracter and
target processing, perhaps by enhancing entrainment of neuronal oscillations to sensory input rhythms, a mechanism important for
controlling the content of attention. These novel findings highlight the mechanisms underlying focused attention meditation and support

the notion that mental training can significantly affect attention and brain function.

Introduction

The capacity to sustain attention is critical for maintaining per-
formance over a period of time. Although this capacity shows
some heritability (Kuntsi and Stevenson, 2001), it is also influ-
enced by factors such as fatigue and task familiarity (Aston-Jones
et al,, 1999). Deficits in sustained attention are a core feature of
several mental illnesses, including attention-deficit hyperactivity
disorder (ADHD) and schizophrenia (Winterer et al., 2000;
Castellanos et al., 2006). Recent work has linked sustained atten-
tion impairment in these patient groups to increased trial-to-trial
variability in reaction time and in neural responses (Winterer et
al., 2000; Castellanos et al., 2006). In normal individuals, atten-
tion also frequently lapses, requiring a refocusing of attention.
Such ongoing fluctuations in attention stability are thought to
reflect competitive interactions between task-related and task-
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unrelated processes (e.g., mind-wandering) (Weissman et al.,
2006; Kelly et al., 2008).

Contemplative traditions suggest that specific mental training
regimens, such as a meditation practice that involves the focusing
of attention [focused attention (FA) meditation], enhance the
stability of attention and reduce the need to invoke executive
skills that regulate the focus of attention from moment to mo-
ment (Gyatso et al., 1995; Gunaratana, 2002). Here, we investi-
gated longitudinally whether 3 months of intensive meditation
training, which included FA meditation as a major component,
can increase attentional stability as one may predict based on
traditional descriptions of FA. We probed attentional stability
using a dichotic listening task that has been used previously to
characterize attentional function in normal adults (Hillyard et al.,
1973; Polich and Criado, 2006) and in patients with ADHD
(Manassis et al., 1996) and schizophrenia (Winterer et al., 2000).
Participants were presented with frequent standard and rare de-
viant tones in both ears and had to detect an intermittent deviant
tone in the attended ear channel. We investigated the effects of FA
meditation on moment-to-moment stability of attention by
quantifying the cross-trial variability of (1) reaction time in re-
sponse to attended deviant tones [SD of reaction time (RT)]
(Castellanos et al., 2006)] and (2) the phase of oscillatory neural
activity in response to attended and unattended deviant tones, as
indexed by the phase-locking factor (PLF) (Palva et al., 2005).
PLF is a frequency domain measure adapted specifically to mea-
sure trial-to-trial stability of stimulus-evoked neural responses.
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Several studies have shown that PLF is reduced in schizophrenic
patients when compared with controls in similar auditory atten-
tion tasks, highlighting its potential relevance as a marker of at-
tentional stability (Winterer et al., 2000).

Our main hypothesis was that intensive meditation training
would significantly improve attentional stability. We predicted
that intensive meditation training would reduce variability in
attentional responses to deviant attended tones, as indicated by
decreased SD of RT measurements and by increased PLF to target
tones. In addition, we explored the possibility that FA meditation
increases the monitoring of both target stimuli and distractions
and thus affects stimulus processing in general. This unspecific
meditation-related effect would be indicated by changes in PLF to
attended and unattended deviant tones.

Materials and Methods

Participants

Seventeen practitioners (seven male; median age, 41 years; range, 22—64
years; median education, 18 years) were recruited before the start of a 3
month meditation retreat at the Insight Meditation Society (Barre, MA)
(the practitioner group). Twenty-three matched controls (nine male;
median age, 41 years; range, 20— 62 years; median education, 17 years)
with no previous meditation experience were recruited via advertise-
ments in local newspapers directed at individuals interested in learn-
ing about meditation (the novice group). The mean age and the SD of
age did not differ between groups (respectively, ¢ test, £, ,o) = —0.5,
p = 0.60 and F(,4,5 = 1.25, p = 0.35). The participants had no
history of mental or neurological illness and gave informed consent to
participate. The practitioners self-selected for the meditation group
and all had previous experience with meditation. Their average = SD
life experience with meditation was 2967 * 3162 h. This average
includes daily practice and days in retreat (we counted 8 h of medi-
tation per day of retreat). This research was approved by the Univer-
sity of Wisconsin—-Madison institutional review board. Informed
consent was obtained from all participants.

Meditation training

The practitioners participated in a 3 month meditation retreat during
which they meditated for 10—12 h/d. Retreat participants were trained in
Vipassana meditation [FA and open monitoring (OM) meditations
(Lutz et al., 2008b)] and also received some training in “Metta,” a loving
kindness and compassion meditation. The novice group attended a 1 h
group instruction class on Vipassana meditation before each visit to the
laboratory and meditated daily for 20 min. Their daily practice before
data collection was assessed at each visit.

Vipassana meditation can be understood as a combination of two
styles of practices that we conceptualized as FA meditation and OM
meditation (Lutz et al., 2008b). The first style, FA meditation, entails
voluntary focusing attention on a chosen object in a sustained manner.
The second style, OM meditation, involves nonreactively monitoring the
content of experience from moment to moment, primarily as a means to
recognize the nature of emotional and cognitive patterns. The current
study focused on the long-term impact of FA meditation. Our main
assumption was that the mental processes trained during FA meditation
are required for performance of sustained attention tasks, such as the
dichotic listening task used in our study (for details, see below). FA
meditation is a widespread style of Buddhist practice and involves sus-
taining selective attention moment by moment on a chosen object, such
as a subset of localized sensations caused by respiration (for details, see
Gunaratana, 2002). To sustain this focus, the practitioner must also con-
stantly monitor the quality of attention. At the beginning of the practice,
the attention may wander away from the chosen object, and the typical
instruction is to recognize the wandering and then restore attention to
the chosen object. For example, while intending to focus on localized
sensations around the nostrils caused by breathing, one might notice that
one’s attention has been lost and that one has become unwillingly busy
with thoughts unrelated to the task. One then simply releases this distrac-
tion and returns to the intended object. Thus, while cultivating the acuity
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and stability of sustained attention on a chosen object, this practice also
develops three skills regulative of attention. The first is the monitoring
faculty that remains vigilant to distractions without destabilizing the
intended focus. The next skill is the ability to disengage from a distracting
object without additional involvement. The last involves the ability to
redirect focus promptly to the chosen object. Progress in this form of
meditation is measured, in part, by the degree of effort required to sustain
the intended focus. The novice contends with more distractions, and the
three regulative skills are frequently exercised. As one advances, the three
regulative skills can be developed to the point that, for example, advanced
practitioners have an especially acute ability to notice when the mind has
wandered. Eventually, FA induces a trait change, whereby the attention
rests more readily and stably on the chosen focus. At the most advanced
levels, the regulative skills are invoked less and less frequently, and the
ability to sustain focus thus becomes progressively effortless.

Stimuli and task

Participants first performed an attention blink task to examine effects of
intensive meditation on temporal attention (Slagter et al., 2007). This
task was followed, after a 5 min break, by two versions of a standard
selective attention auditory task, the dichotic listening task (Tiitinen et
al., 1993). In one version (“focused attention version”), participants were
instructed to attend to tone pips presented in one ear (e.g., the left ear)
and to press a button each time they detected an intermittent deviant
tone among the frequent (“standard”) tones in that ear. They were asked
to ignore concurrent tone pips in the opposite ear. Of importance, par-
ticipants were explicitly instructed to do the focused attention task ver-
sion as a FA meditation practice. In the second task version, participants
were asked to press a button each time they detected a deviant tone in
either ear [i.e., the left or the right ear; “open attention (OA) version”].
During this version of the task, they were asked to cultivate OM medita-
tion (data not presented here). The order of the two task versions was
randomized across participants. Participants were instructed to keep fix-
ation on a central cross and to minimize eye movements and blinks
during the experiment. They were sensitized to the issue of muscle arti-
facts by watching their electrophysiological (EEG) signal on the screen
while moving their eyes and blinking and while squeezing their jaw mus-
cles. Participants were asked to take this instruction as a recommenda-
tion rather than an additional task.

Each task version began with a 45 s eyes-open baseline, which was
followed by a 3 min meditation [either FA meditation with the breath
sensations as object (FA version) or OM meditation (OA version)]. This
meditation period was followed by four 5-min blocks of 350 auditory
stimuli (80 dB, 60 ms duration; rise and fall time, 10 ms each). The
interstimulus interval was randomized between 700 and 1100 ms. Each
block contained 300 standard (one ear, 1000 Hz; the other ear, 500 Hz)
and 50 deviant (one ear, 1050 Hz; the other, 475 Hz) stimuli. The low and
high tones were randomly presented in each ear across blocks in an order
randomized across participants. Practitioners performed both versions
of the dichotic listening task before and after the 3 month retreat. Novices
also performed the two task versions twice with a 3 month period be-
tween sessions. The first session occurred 1 week after the first instruction
class. The second session occurred ~3 months later, 1 week after the
second instruction class.

Electrophysiological data

EEG was recorded at 512 Hz from 64 Ag-AgCl electrodes using the
Active-Two system (BioSemi). With BioSemi systems, every electrode or
combination of electrodes can be the “reference.” We re-referenced the
data offline to the average of both mastoids. Additional electrodes re-
corded the potential above the right and left mastoids and the electro-oculogram.
The electro-oculogram was placed above and below the right eye.

Data analyses

Behavioral data analyses. We examined effects of intensive meditation
training on several behavioral measures: the mean RT, the SD of RT, and
the sensitivity index (d'), which indexes the ability to discern target stim-
uli (Swets et al., 1978). Fourteen practitioners and 17 novices were in-
cluded in the behavioral and EEG analysis. Criteria of exclusions
included misunderstanding of the instructions, data recording difficul-
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ties (battery or software failures, headphone malfunction), and partici-
pant dropout at time 2. Repeated-measures ANOVAs were run on RT,
SD, and d” with group (practitioners, novices) as a between-subject fac-
tor and time (time 1, time 2) as a within-subject factor. Because the SD
might change depending on the mean RT, we also ran a control analysis
on the SD normalized compared with the mean RT. Importantly, as
when using the non-normalized SD values (see Results), we found a
mental training-related reduction in reaction time variability as indexed
by a significant group X time interaction when using the normalized SD
values (F(; 59y = 13.5, p < 0.005). Trials in which a response was recorded
to the standard tone immediately after a deviant tone that was faster
relative to the onset of the standard tone than the fastest response mea-
sured to any deviant tone in the session were defined as “ambiguous” and
not included in our analyses. Our behavioral results did not change when
we included these ambiguous trials (<0.08% on average across partici-
pants), as was shown in an additional control analysis (not reported
here).

EEG data: analyses. EEGLAB (Delorme and Makeig, 2004) and Matlab
(MathWorks) were used for offline EEG data processing. Data were
bandpass filtered (1-50 Hz), re-referenced to the average of both mas-
toids, and cleared of large movement-related artifacts. ICA as imple-
mented in EEGLAB (Delorme and Makeig, 2004) was then used to
remove ocular and muscle artifacts [for a description of the method, see
Delorme et al. (2007)]. Downsampled (256 Hz) data were epoched
(—1000 to 1500 ms after each tone) and baseline corrected (50 ms pre-
ceding tones). Trials with remaining artifacts (exceeding £100 wV) were
removed. For each condition (“attended” and “unattended” deviant
tones), group, and time point separately, the EEG signals were averaged
in synchrony with tone onset to create event-related potentials (ERPs).
Only trials used in the behavioral analysis were included in any EEG/ERP
analysis.

Phase-locking factor

To investigate effects of FA meditation on the variability of brain re-
sponses, we examined stimulus locking of ongoing cortical activity using
the PLF, which quantifies the non-uniformity of a phase distribution
(Palva et al., 2005). PLF is an amplitude-independent measure and is, as
such, less sensitive than the classical ERP measure to intertrial amplitude
variability related to noise or small remaining artifacts, particularly for
small number of trials, the reason being that each trial in the PLF ap-
proach is a unitary complex vector (i.e., amplitude equal to 1) and so
contributes equally to mean PLF value. On the contrary, the amplitude of
each trial used in the ERP analysis can fluctuate more as a result of a greater
sensitivity to noise, small remaining artifacts, and small changes in im-
pedance. PLF therefore provides a particularly sensitive measure of
trial-to-trial stability of evoked responses. PLF ranges from 0 to 1, with
the value 1 indicating a delta-function distribution and the values ap-
proaching 0 indicating a uniform distribution. For N complex values, zi,
i=1...N,ontheunitcircle, the PLF is given by N ~ !|2zi| (Sinkkonen et
al,, 1995). The complex value zi is computed as the complex phase of the
Hilbert transform of a signal bandpass filtered in a frequency range of
interest (Palva et al., 2005). If values zi are uncorrelated and randomly
drawn from a uniform distribution, the PLFs of different sets of zi obey
the Rayleigh distribution. The Rayleigh distribution is given by the
following:

X

p(A) = 2
where

L
\MT/ 2)

and A, is the arithmetic mean of the distribution.

The null hypothesis that the samples were drawn from a uni-
form distribution was tested using the Rayleigh statistic in which
Am is simply defined by the number of trials. Because the Ray-
leigh distribution is a function of its mean (Am) only, PLFs were
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normalized by A,, to express the strength of phase locking directly
in a statistically meaningful manner (Palva et al., 2005). PLF/
Am > 1.95 corresponds to p < 0.05 and PLF/Am > 2.42 to p <
0.01. Normalized PLFs (nPLFs) were computed for the standard
narrow-band frequency bands: delta (1-3 Hz), theta (3-7 Hz),
alpha (8-12 Hz), beta (13-30 Hz), and gamma (30—45 Hz). Our
first analysis focused on the average nPLF across frequency bands
between 1 and 30 Hz, because this frequency range contains most
of the spectral power of the event-related potentials. In a second
analysis, we examined mental training-related changes in phase
locking for each of the different standard frequency bands sepa-
rately. Gamma was not included in the broadband PLF analysis
because we did not find any meditation training-related effects
on the phase locking of the gamma frequency band.

Despite the normalization procedure, the PLF measure is sen-
sitive to the number of trials used to compute phase locking. We
therefore equated the number of trials used to compute PLF val-
ues between time (time 1, time 2) and condition (attention, un-
attended deviant tones) separately for each participant. To this
end, we first determined the minimum number of artifact-free
trials separately for each session and condition. The surplus num-
ber of trials was then randomly removed from the relevant con-
ditions (e.g., attended deviant tones at time 1). In-house
simulations showed that a minimum of 40 trials is necessary to
obtain reliable phase-locking estimates (Slagter et al., 2009), and
all participants had at least 40 trials of each condition at each
session. The mean number of artifact-free trials used in the anal-
ysis was 79 for the practitioners and 78 for the novices. This
number did not differ between the two groups (t test, t; .9y =
—1.3,p >0.22). To describe the meditation-related effect on PLF
at each sample and channel, we submitted nPLF values to a
repeated-measures ANOVA with time (time 1 or time 2) and
condition (attended or unattended deviant tones) as within-
subject factors and group (practitioners or novices) as a between-
subjects factor (see Fig. 2A, B). The inference statistical analysis
for the broadband analysis consisted of nine ¢ tests performed on
the interaction term (group X time X condition) computed on
the average PLF in three spatial regions (anterior, central, and
posterior electrodes) and in three temporal intervals (50—150,
150-300, and 300-500). This selection was based on visual in-
spection of our data and on the latency and scalp topography of
the classical ERP components N100, P200, and P300. We cor-
rected for multiple corrections at p < 0.05 using a nonparametric
single threshold test (Nichols and Holmes, 2002). To this end,
participants were randomly assigned 2000 times to two groups
whose sizes were identical to the current group sizes. We com-
puted two-tailed ¢ tests comparing the mean changes in PLF in
attended versus unattended deviant tones between time 2 and
time 1 for each of these regions and intervals (3 X 3 tests). We
then computed the permutation distribution of the maximal
voxel statistic over these nine tests. We rejected the omnibus
hypothesis at level « = 0.975 if the maximal statistic for the actual
labeling of the experiment is in the top 100 * a% of the permu-
tation distribution for the maximal statistic. The thresholds used
for correcting at p << 0.05 were 3.1 for the group X time effect and
3.2 for the group X time X condition effect. The statistical anal-
ysis on the narrow-band analysis was similar but used 36 ¢ tests
(three spatial regions, three time intervals, and four frequency
bands). The thresholds used for correcting at p < 0.05 were 3.7
for the group X time effect and 3.8 for the group X time X
condition effect.
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- 4 . We found that both groups performed
E . ) 2140 better at the task at time 2 versus time 1.
g 3 35 = These generic practice effects were re-
e g % Time1 flected in faster mean reaction times
r;:g 575 g 3 g 110 ETime2 (main effect of time, repeated—me:asures
= @ - ANOVA, F(| 55, = 5.9,p <0.05) (Fig. 1 A)
é 505 3 ) (2 and increased target detection rates, as in-
Pract Nov 2 Pract Nov Pract Nov dexed by d' (main effect of time, F(, 59) =
7.3, p < 0.01) (Fig. 1B). The overall in-
Figure1. Intensive mental training reduces intra-individual variability of behavioral performance. Average meanreactiontime  -rease in d’ was produced by an increase

(A), sensitivity index d” (B), and SD of reaction time () in response to target (attended deviant) tones, separately for each session
(time 1, time 2) and group (practitioners, novices) (= SE). Note that the practitioners showed significantly lower variability of

reaction times (SDs) than the novices at time 2 versus time 1.

Event-related desynchronization

The nonstimulus-locked amplitude fluctuations in oscillatory activity
were obtained by time—frequency decompositions of EEG signals during
the brain responses to deviant tones. Previous studies have shown most
pronounced event-related desynchronization (ERD) in the alpha (8—12
Hz) and beta (13-30 Hz) frequency bands (Pfurtscheller and Lopes da
Silva, 1999). We therefore focused our ERD analysis on these bands. The
amplitude envelope was computed by taking the amplitude of the Hilbert
transform of the signal bandpass filtered in these frequency ranges. For
each electrode and each frequency separately, we averaged the power of
the amplitude envelopes across trials for each condition (attention vs
unattended deviant tones) and each time (time 1 vs time 2). The average
envelope was then convoluted to a unitary vector corresponding to a time
window of 100 ms so as to smooth the envelope. ERD was then calculated
by converting the power of the mean amplitude envelope at each fre-
quency into percentage signal change relative to the average power in a
reference prestimulus interval from —600 to —200 ms. We chose the
baseline interval far from the onset of the stimulation (at —200 ms) to
prevent the baseline from being affected by the induced response. To
describe the meditation-related effect on ERD, we applied repeated-
measures ANOVA with time (time 1 or time 2) and condition (attended
or unattended deviant tones) as within-subject factors and group (prac-
titioners or novices) as a between-subjects factor in alpha and beta fre-
quency bands. The inference statistical analysis consisted of six ¢ tests
performed on the interaction term (group X time X condition) com-
puted from the average ERD in three spatial regions (anterior, central,
and posterior electrodes) and in two temporal intervals (250-500 and
500-750 ms). As above, we corrected these tests for multiple compari-
sons corrected at p < 0.05. The threshold used for correcting at p < 0.05
was 3.0 for the group X time X condition effect. These temporal intervals
were chosen around the peak of the ERD, which occurred at 500 ms (see
Fig. 5).

Results

We collected data from 17 participants at the beginning and end
of a 3 month meditation retreat, during which participants med-
itated for 10—12 h/d (practitioner group) (for details on the re-
treat, see Materials and Methods). We also collected control data
from 23 participants interested in learning to meditate (novice
group), who attended a 1 h meditation class and were asked to
meditate for 20 min daily for 1 week before each session. Partic-
ipants performed the dichotic listening task (see Materials and
Methods) as a variation of FA meditation on breath sensations.
Specifically, they were asked to sustain attention from moment to
moment on the attended side to detect target tones, while also
constantly monitoring the quality of this attention. We examined
our predictions using separate repeated-measure ANOVAs with
behavioral performance (RT, SD, and d'), PLF, and ERD as the
dependent measure and the between-subject variable group (ex-
perts vs novices) and within-subject variables time (time 1 or
time 2) and/or condition (attended or unattended).

in hit rates at time 2 (main effect of time,
F(129) = 8.6, p < 0.01). For experts, the
mean * SD hit rates were 80 = 20% at
time 1 and 91 * 10% at time 2. For nov-
ices, the mean * SD hit rates were 81 =
18% at time 1 and 84 = 17% at time 2. There was no significant
change in false alarm rates over time in either group (paired ¢ test,
t.13) = —L.7,p = 0.1 for practitioner group; ¢, ;) = 0.1,p = 0.9
for novice group). In addition, next to these generic practice
effects, and in line with our prediction, we found that intensive
mental training reduced behavioral response time variability.
Thus, the practitioners showed a significantly greater reduction
in RT variability (SDs) than the novices at time 2 versus time 1
(group X time interaction, repeated-measures ANOVA, F; o) =
10.2, p < 0.005) (Fig. 1C). This effect was driven by the practitio-
ner group only (paired t test on the difference in SD at time 2
versus time 1, £, ;3 = 3.1, p < 0.01; novices, t(; 15y = —1.3,p =
0.2). Mental training did not affect mean RT (group X time
interaction effect, F(; 5oy = 1.8, p = 0.18) or target tone detection
rates (group X time interaction effect, F, ,o) = 1.97, p = 0.17).
Of importance, there were no differences between groups in per-
formance at time 1 (RT, SD, or d’ measures: no main effect of
group, all p values >0.28).

Phase-locking factor and event-related potentials

We next predicted that the observed FA meditation-related re-
duction in reaction time variability would be associated with re-
duced variability of target-evoked brain responses, as indexed by
the PLF (Palva et al., 2005). PLF is an amplitude-independent
measure (i.e., PLF depends on the phase but not on the amplitude
of the spectral representation of the signal; see Materials and
Methods) adapted specifically to measure trial-to-trial stability of
stimulus-evoked brain responses. To describe mental training-
related effects on neural response variability, we first ran a
repeated-measures ANOVA for selected electrodes and time win-
dows separately, using the average nPLF across frequency bands
from 1 to 30 Hz as the dependent measure (see Materials and
Methods). The analysis of stimulus locking of broadband phase
allows the evaluation of the precise time course of the phase-
locked events but does not disclose the spectral characteristics of
the underlying activities. Therefore, we examined, in addition,
stimulus locking within standard narrow-band frequency bands
(delta, 1-3 Hz; theta, 4—7 Hz; alpha, 813 Hz; beta, 13-30 Hz).
To correct for multiple comparisons, we used a nonparametric
single threshold test (Nichols and Holmes, 2002). To reduce the
number of tests, statistical examination of effects of FA medita-
tion focused on three spatial regions (anterior, central, and pos-
terior electrodes), three temporal intervals (50—150, 150-300,
and 300-500 ms), and four frequency bands. This selection was
based on visual inspection of the data and the topography and
chronomometry of standard evoked brain responses (N100,
P200, and P300, respectively) (see Materials and Methods).
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To test our hypothesis that intensive FA meditation would
enhance attentional stability at the neural level, we examined
whether FA meditation affected the phase relationship between
the recorded signals at a given latency and the presented stimuli
across the trials, using the PLF. Mental training-related increases
in phase locking of broadband (1-30 Hz) neural activity to at-
tended deviant tones did not survive correction for multiple
comparisons, yet narrow-band frequency analyses showed that,
in line with our prediction, mental training was associated with
decreased cross-trial variability in the phase of oscillatory activity
in the theta band between 300 and 500 ms after attended deviant
tones over frontal scalp regions, as indicated by a significant
three-way interaction [group X time X condition (attended, un-
attended deviant); F; ,4y = 5.7, corrected p < 0.05; see Materials
and Methods]. This effect peaked ~400 ms over frontal scalp
regions (Fig. 2A,B), and was only found for the practitioner
group (Fig. 2C) (paired t test for practitioners on the difference
time 2 vs time 1 attended versus unattended, between 300 and
500 ms over anterior electrodes, t; ;3y = 3.1, p < 0.01; for the
novices, t(; ;) = — 1.7, p = 0.1). Importantly, and further in line
with our hypothesis that mental training would reduce sustained
attention task performance variability by enhancing the stability
of cortical signal processing, these training-related changes in
theta PLF predicted the observed training-related reduction in
trial-to-trial reaction time variability (Fig. 2 D). Specifically, be-
tween 300 and 500 ms (Fig. 2 B), over anterior scalp regions, a
negative cross-subject correlation was observed between the in-
crease across sessions in the consistency with which the brain
responded to attended versus unattended deviant tones and the
decrease in RT variability to attended deviant tones across ses-
sions (Fig. 2D) (r = —0.40, p < 0.05 for practitioners and nov-
ices). Such a relationship was not seen with mean reaction time
(r=—0.14,p = 0.46) or d' (r = 0.13, p = 0.45). To summarize,
mental training reduced variability in attentional responses to
task-relevant stimuli, as indicated by increased PLF to target
tones and reduced reaction time variability.

In the dichotic listening paradigm, discrimination between
target and nontarget stimuli usually produces an event-related
potential in response to target stimuli (called the P3a) that is
sensitive to demands of attention (Polich, 2007). The P3a is
thought to reflect stimulus-driven disruption of frontal attention
engagement (Polich, 2007). Notably, this component has a sim-
ilar latency and scalp topography as the observed mental
training-related increase in phase consistency to target tones, and
we therefore explored effects of FA meditation on the amplitude
of the P3a. In our data, replicating previous studies (for review,
see Polich, 2007), we also observed a greater P3a to attended
versus unattended deviant tones over frontal scalp regions be-
tween 300 and 500 ms (main effect of condition at electrode Fz,
ta.20) = 4.3, p < 0.0002, for all participants across sessions) (Fig.
3A). However, mental training did not affect P3a amplitude
(group X time X condition interaction, F(, ,) = 0.41,p = 0.53 at
Fz; F( 59) = 2.1, p = 0.16 at Cz; for practitioners, paired t tests on
P3a amplitude comparing time 2 vs time 1 at Czand Fz, p > 0.5).
This is likely attributable to the fact that the ERP is more
susceptible to trial-to-trial amplitude variability than PLF for
relatively small numbers of trials and/or that this finding is
specific to theta-band frequencies. In summary, mental train-
ing increased theta-band phase locking to target tones only,
and this effect was not reflected in event-related potential
measures of selective attention (P3a).

In addition, we explored the possibility that FA meditation—
given thatitisalso assumed to affect the processing of distractions
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Figure2. Intensive mental training increases trial-to-trial consistency of brain responses to
attended deviant tones. 4, Spatial distribution of mental training-related increase in theta-
band (4 -7 Hz) phase consistency (indexed by normalized PLF) to target tones, as indexed by a
three-way interaction between group (Gr.; practitioners, novices), time (time 1, time 2), and
condition (Cond; attended, unattended deviant tones). F values are averaged between 300 and
500 ms. B, Time course of this three-way interaction across these significant electrodes.
C, Normalized PLF values averaged across the electrodes sites showing a significant three-way
interaction in A and B, separately for the practitioners (Pract) and novices (Nov) and attention
(Att) and unattended (Unatt) deviant tones. Note that the observed increase in phase consis-
tency to attended deviant tones over time was only observed for the practitioner group. D, The
correlation plot shows that the observed change in the trial-to-trial variability of brain re-
sponses, as indexed by nPLF, predicted the observed behavioral change in the trial-to-trial
variability of the RT (SD).

and task-unrelated thought—may affect stimulus processing in
general (see Materials and Methods) (Lutz et al., 2008b). Specif-
ically, we examined whether FA meditation may modulate both
distracter and target processing, as indicated by changes in PLF to
deviant tones regardless of whether they were presented in the
attended or unattended ear channel. Indeed, we found a robust
meditation-related increase in broadband phase locking of neu-
ral activity at frontal electrodes between 150 and 300 ms to any
deviant tone (group X time interaction; on average F(; ,o) = 8.4,
p < 0.01, corrected for multiple comparisons at p < 0.05) (Fig.
4 A—C). The effect was driven by stronger phase locking to deviant
tones at time 2 in the practitioner group (paired ¢ test on the
different time 2 vs time 1 for unattended deviant tones, ¢, ;5) =
2.4, p < 0.05 and attended deviant tones, ¢, 3y = 5.8, p <
0.0001), an effect that was not observed for the novice group
(t116) = —1.1,p = 0.27 and £, 15y = —0.42, p = 0.68, respec-
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Fzand Cz. Indeed, we found an increase in
P3 amplitude for the practitioners only
at time 2 (repeated-measures ANOVAs,
group X time interaction on average ERP
between 300 and 500 ms, F(, 59y = 4.5, p <
0.05atFzand F, 5oy = 5.4, p < 0.05at Cz;
paired ¢ test for time 2 vs time 1 for all
deviant tones for practitioners, #, 3y = 2.3,

p<0.05atFzand ¢, ;5 = 2.1,p = 0.06 at
Czand for novices, t(; ;) = —1.0,p = 0.33
at Fzand ¢, ;) = —0.15, p = 0.88 at Cz)
(Fig. 3).

Finally, we also examined mental
training-related changes in stimulus lock-
ing to any deviant tone within standard
narrow-band frequency bands for the
same electrode sites and time windows for
which broadband effects were observed to
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Figure 3.

0.0002, for all participants across sessions).

tively). The observed meditation-related increase in broadband
phase-locking PLF effects to attended deviant tones also pre-
dicted corresponding changes in intra-individual variability in
reaction time (r = —0.50, p < 0.005) (Fig. 4D),d’ (r =0.48,p <
0.01), and reaction time (r = —0.35, p = 0.06). This early mental
training-related PLF effect remained significant over anterior
electrodes between 300 and 500 ms, although the effect was
weaker (corrected p < 0.05, F(; ,9) = 5.9, p < 0.05).

Notably, the scalp topography and latency of the early mental
training-related, attention-independent PLF effect corresponds
to the scalp topography and latency of the P200 (Fig. 3B), as
confirmed by an additional ERP analysis: the topography of the
P200 (averaged between 150 and 300 ms) positively correlated
with the topography of the broadband PLF between 150 and 300
ms (r = 0.48, p < 0.0001 for practitioners and r = 0.26, p < 0.05
for controls). For the practitioners only, the topography of the
P200 variations between time 1 and time 2 correlated with the
topography of the PLF variations between time 1 and time 2 (r =
0.72, p < 0.0001). The amplitude of the P200 increased for the
practitioners at time 2 (paired t test on time 2 vs time 1 at Fz, 7, 5, = 2.8,
p < 0.05 and at Cz, t; 15y = 2.7, p < 0.05) but not for novices
(paired t test, time 2 vs time 1 for novices, at Fz, t, 1) = 0.7,p =
0.49 and at Cz, t(; ;5 = 0.5, p = 0.66). These results suggest that
mental training also may have affected processes reflected by the
P200. The P200 is typically associated with the beginning of an
executive process responsible for stimulus identification and the
initiation of decision making and is also modulated by attention
(Lindholm and Koriath, 1985). In line with previous studies, a
smaller P200 (averaged between 150 and 300 ms) was observed to
attended versus unattended deviant tones (paired ¢ test for all
participants attended versus unattended deviant tones averaged
across time 1 and time 2, p << 0.000001, t, 54y, > 6.4 above Fz and
Cz). Because the PLF frontal effect remained significant during
the interval 300-500 ms, we also explored possible mental
training-related changes in ERPs in this later interval at electrodes

ERPs. Shown are ERPs (1-30 Hz) to attended (black line) and unattended (green line) deviant tones at Fz (4) and (z
(B) at time 1 (thin line) and time 2 (thick line), separately for the novices (left) and the practitioners (right). In line with previous
studies, a smaller P200 (averaged between 150 and 300 ms) was observed to attended (Att.) versus unattended (Unatt.) deviant
(Dev.) tones (main effect of condition, t; 35 > 6.4, p << 1.10 ~* above Fz and (z). The amplitude of the P200 increased across
conditions only for the practitioners at time 2 (¢, ;5 > 2.7, p << 0.05 over Fz and (z). Note that, in line with previous studies,
attended target tones elicited a bigger P3a than unattended tones (main effect of condition over electrode Fz, t; ,5) = 4.3,p <

shed light on the spectral characteristics of
this effect. Mental training only affected
phase locking to any deviant tone in the
delta (1-3 Hz) frequency band (frontal
electrodes, interval of 300-500 ms, F, 5,
= 8.2, p < 0.05 corrected). Notably, re-
cent work suggests that, when task-
relevant input is regular or “rhythmic,”
attention can enforce oscillatory entrain-
ment to the input stream, thereby opti-
mizing performance (Jones and Boltz, 1989; Schroeder and
Lakatos, 2009). As in our task, the stimulus presentation rate fell
within the frequency of the delta band [with a mean stimulus
onset asynchrony (SOA) of 950 ms], an intriguing possibility is
thus that the observed mental training-related modulation of
general stimulus processing in the delta band reflects an increase
in oscillatory entrainment to the task-input rhythmic of the au-
ditory tones. To explore this possibility, we analyzed mental
training-related effects of phase locking to any deviant tone sep-
arately for a frequency band centered on the task-input rhythmic
(estimated to be 0.85-1.3 Hz based on the range of SOAs) and the
higher part of the delta band (1.5-3 Hz) (for this analysis, the
EEG signals were bandpass filtered between 0.5 and 30 Hz). Both
analyses replicated the above findings for the 1-3 Hz band, with
mental training enhancing phase locking of oscillatory activity
above frontal electrodes in both delta sub-bands (0.85-1.3 Hz
band, t test comparing practitioners vs novices at time 2 vs time 1,
ta,29) = 3, p < 0.01), albeit more strongly so in the higher delta
band (1.5-3 Hz) than in the task-input rhythmic band (¢ test,
t(129) = 2.4, p < 0.05). This effect was driven by the practitioners
showing higher PLF amplitude in high delta band than 0.85-1.3
Hz at time 2 compared with time 1 (paired t test, £, 13y = 5, p <
0.005). Nevertheless, the fact that mental training enhanced
phase locking of oscillatory activity in a band corresponding to
the auditory input frequency suggests that FA meditation may
have lead attention to operate more steadily in a rhythmic mode
of attention.

One could also argue that observed increase in phase lock-
ing to unattended deviant tones simply reflects an increase in
general arousal level for meditators at time 2 rather than an
increase in monitoring of any deviant tone or a reduction in
task-unrelated processes. Higher arousal is generally thought
to increase the sensitivity of the system to any sensory stimulus
and has typically been associated with a reduction in EEG
power in the alpha band (8—-12 Hz) (Niedermeyer, 1999). To
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exclude the possibility that our effects merely reflect differ-
ences between groups in changes in arousal over time, we
computed the global EEG power in the alpha band. Impor-
tantly, we did not find a group X time effect (repeated-
measures ANOVA, F, 2) = = 0.02, p = 0.88). Rather, for both
groups, we observed an increase in global alpha power (main
effect of time, F(, ,5) = 4.6, p < 0.05; mean power in a 2 s
window for practitioners, 2.9 X 10 > wV % at time 1 and
4.1 X 10 7> wV ~?at time 2, and for controls, 2.4 X 10 > uV ~2
at time 1 and 3.3 X 10 7> wV ~? at time 2). This finding argues
against the possibility that a selective increase in arousal at
time 2 in the practitioner group can explain our findings.

To summarize the above findings, mental training enhanced
trial-to-trial phase consistency of oscillatory brain responses to
attended deviant tones, as well as to deviant tones in general (i.e.,
independent of selective attention). The mental training-related
increase in phase consistency to any deviant tone correlated with
a mental training-related increase in the amplitude of the P200
ERP. These meditation-related effects could not simply be ex-
plained by a mere change in arousal level at time 2 for the medi-
tators, because global alpha power increased similarly for both
groups.

Event-related desynchronization

In addition, because we found previously that meditation train-
ing affects the distribution of limited brain resources (Slagter et
al., 2007), we estimated how FA meditation affects cortical pro-
cessing during the task. We indexed the extent of cortical engage-
ment required to meet tasks demands by quantifying ERD to
target tones. ERD reflects the blocking of alpha (8-12 Hz) and
beta (13-30 Hz) EEG oscillatory rhythms by stimulus processing,
in particular during motor preparation and execution, and is
thought to reflect increased cellular excitability in thalamocorti-
cal systems during cortical information processing (Pfurtscheller
and Lopes da Silva, 1999). Effort exerted during task performance,
task difficulty, advanced age, and low intelligence quotient are all
factors that enhance ERD (for review, see Pfurtscheller and Lopes
da Silva, 1999). In contrast, cognitive task practice has been found
to reduce beta ERD (Romero et al., 2008). In line with the hy-
pothesis that FA practice results in a decreased need for active
engagement (Lutz et al., 2008b), we found that intensive mental
training was associated with a reduction in ERD of beta oscilla-
tory activity to attended deviant tones over the three spatial re-
gions of interest as reflected by a group X time X condition
interaction between 500 and 750 ms (F(, 55y = 4.8, p < 0. 05;
F0) = 5.2, p < 0.055 Fy 59y = 4.7, p < 0.05, across anterior,
middle, and posterior electrodes, respectively, p < 0.05 cor-
rected) (Fig. 5). This interaction was driven by the practitioners
showing less ERD at time 2 in the attended condition only (t test
comparing ERD to target minus ERD to unattended deviant
tones at time 2 vs time 1, ¢, 3y = 3.4, p < 0.005), although no
such effect was observed for the novices (¢, ;5, = —1.1, p = 0.29)
(Fig. 5). The peak of this effect was located over frontal and left
centroposterior electrodes (Fig. 5A). The lateralization of this ERD
pattern above somatosensory electrodes contralateral to the hand
executing the motor response (paired t test between the average
across electrodes CP1, CP3, CP5, P1, P3, and P5 and the average
across CP2, CP4, CP6, P2, P4, and P6, t(, 5,y = —2.84, p < 0.01)
is in line with the proposal that beta-band ERD in part reflects
motor selection processes (Doyle et al., 2005). Different from the
observed mental training-related increase in phase consistency,
these mental training-related changes in ERD did not correlate
with the observed mental training-related behavioral changes in
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Figure4. Intensive mental training increases trial-to-trial consistency of brain responses to
any deviant tones. A—D, The graphs show the group X time interaction on broadband (1-30
Hz) nPLF following the display conventions and analysis from Figure 2. A mental training-
related increase in phase locking to deviant tones in general (attended and unattended) was
significant ( p << 0.05, corrected) between 150 and 300 ms across the a priori group of frontal
electrodes (A—C) and correlated negatively, for the attended deviant tones, with the observed
reduction in RT SD (D). A similar negative correlation (r = —0.30) was found for the unat-
tended deviant tones, even if this effect did not reach significance ( p = 0.11).

attentional stability (i.e., variability of reaction time). This latter
finding may indicate that the observed effects of mental training
on the stability of attention and task engagement were indepen-
dent. This may not be surprising given that ERD is thought to
index the amount of cortical engagement allocated by the system
to perform the task, rather than reflect the actual performance of
the system during the task (Pfurtscheller and Lopes da Silva,
1999). Alpha ERD was not affected by mental training, although
this frequency band showed the greatest reduction in ERD to
attended versus unattended deviant tones in general (data not
shown). To summarize, the observed mental training-induced
changes in ERD of beta-band activity suggests a reduction in the
amount of resources or engagement necessary to perform the task
as a result of training.

Discussion

Our study examined whether 3 months of intensive mental train-
ing, as cultivated by FA meditation, can enhance (1) attentional
stability as reflected by decreased trial-to-trial variability in brain
and behavioral responses to deviant attended tones and (2) re-
duce resource allocation or cortical engagement (i.e., promote
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(Hanslmayr et al., 2008) or in the forma-
tion of mnemonic neuronal representa-
tions (Jensen and Lisman, 1996; Kahana
et al., 2001), important for sustaining
attention on the task from moment to
moment. Thus, the observed mental
training-related increase in the consistency
with which the brain can respond to a tar-
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get stimulus from moment to moment
may reflect increased cognitive control
capacity, for example, an increased ability
to suppress task-unrelated thoughts or
counter distractions, in line with phe-
nomenological descriptions of this tech-

nique (Lutz et al., 2008b). This would be
reflected in increased cortical signal-to-
noise (e.g., PLF) in networks important
for sustaining a performance over time.
Similar proposals have been made to
characterize attention disorders in several
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and posterior) for the practitioners (Pract) and novices (Nov).

more efficient processing). There were three main findings. First,
we found a mental training-related increase in phase consistency
of theta-band oscillatory neural responses over anterior scalp re-
gions to target stimuli only (Fig. 2). Importantly, this change in
cortical signal stability predicted the observed reduction in reac-
tion time variability (Fig. 1). Second, mental training reduced
cortical engagement, as reflected by a reduction in ERD to target
tones in the beta (13-30 Hz) frequency band (Fig. 5). Third and
last, mental training was associated with enhanced phase consis-
tency of the brain responses to any deviant tone (Fig. 4). To-
gether, these novel findings confirm first-person reports that FA
meditation can affect the stability of attentional processes and
reveal the neural mechanisms underlying an improved ability to
sustain attention. They extend previous work showing effects of a
variety of meditation styles on various mental skills (Brefczynski-
Lewis et al., 2007; Jha et al., 2007; Slagter et al., 2007, 2009; Tang
et al., 2007; Lutz et al., 2008a,b; Cahn and Polich, 2009) and
corroborate the idea that purely mental training, as cultivated by
meditation, can significantly affect brain and mental function
(Lutz et al., 2008b). Below we will discuss these three principal
findings and their implications in more detail.

Effect of mental training on attentional stability

In support of our main hypothesis, we found a mental training-
related increase in phase consistency of theta-band oscillatory
neural responses over anterior scalp regions to target stimuli
only, which predicted the observed reduction in reaction time
variability. The observation that increases in theta phase lock-
ing over anterior regions were accompanied by less variable
performance is consistent with a role of theta in cognitive control

Mental training selectively reduced cogpnitive effort as indexed by ERD. A, Spatial distribution of the mental training-
related decrease in beta-band (13—30 Hz) ERD to attended (Att.) versus unattended (Unatt.) deviant (Dev.) tones [3-way interac-
tion between group (Gr.; practitioners, novices), time (time 1, time 2), and condition (Cond; attended, unattended deviant tones)].
Fvalues are averaged between 500 and 750 ms. Note that this interaction is significant ( p << 0.05, corrected), above the three a
priori groups of anterior, central, and posterior electrodes. Time course of this three-way interaction (F value) (B) and of the ERD for
attended (€) and unattended (D) deviant tones (Dev.) on average across the three a priori groups of electrodes (anterior, central,

major psychiatric disorders (Rolls et al.,
2008). For instance, simulations using bi-
ologically realistic neural networks have
related the EEG-measured reduction of
cortical phase consistency in schizophre-
nia (Winterer et al., 2000) to a diminished
stability of these networks and associated
reduced network stability to alterations of
dopamine levels in the prefrontal cortex
(Loh et al., 2007). In addition to dopa-
mine, noradrenergic projections originat-
ing from the locus ceruleus are also
important for sensory signal transmission
in cortical areas (Aston-Jones et al., 1999). Thus, the observed
increase in phase consistency after intensive FA meditation train-
ing might be linked to cortical signal-to-noise of attentional net-
works in the brain and prefrontal dopaminergic and/or
noradrenergic function. Future studies will need to incorporate
brain measures of neurotransmitter functions (e.g., positron
emission tomography) and first-person reports of mind-
wandering (Christoff et al., 2009) to explicitly test this assump-
tion. To summarize, FA meditation may have improved signal-
to-noise ratios in neural networks involved in attention.

1000 Tim§

Effect of mental training on cortical engagement

In addition, we found that intense mental training affected cor-
tical engagement, as reflected by a concomitant reduction in ERD
to target tones in the beta (13-30 Hz) frequency band (Fig. 5).
ERD is usually viewed as a correlate of increased cellular excit-
ability in thalamocortical systems during cortical information
processing (Pfurtscheller and Lopes da Silva, 1999). Within this
framework, previous studies have interpreted reductions in beta
ERD after practice of external tasks as decreased cognitive effort
(Pfurtscheller and Lopes da Silva, 1999; Romero et al., 2008). A
mental training-related reduction in task effort would be consis-
tent with traditional accounts of progress in this practice (Gyatso
etal., 1995; Gunaratana, 2002). At a more advanced level of train-
ing, the regulative attentional skills allegedly are invoked less and
less frequently, and the ability to sustain focus thus becomes pro-
gressively “effortless” (for a recent discussion, see Lutz et al.,
2008b). Previous functional magnetic resonance imaging find-
ings from our group, which showed less blood oxygenation level-
dependent activity in attention-related networks in expert
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meditators with the most hours of practice during FA meditation,
also indicate that one long-term effect of FA meditation may be
reduction in task effort (Brefczynski-Lewis et al., 2007). In the
present study, this interpretation is limited, however, by the lack
of first-person reports on perceived effort or of psychophysiolog-
ical measures of cognitive effort (e.g., pupillometry). A more par-
simonious reading of the finding is that mental training affected
the oscillatory mode of the brain such that less cortical processing
was needed to meet task demands. As discussed below, such
change in neuronal oscillations of the system might be have been
achieved by reducing task-irrelevant processes and/or by simply
facilitating a sustained oscillatory mode throughout the task.

Enhanced processing of task-related auditory inputs during
FA meditation

As mentioned above, in addition to increases in attention-related
cortical signal stability, we also observed increases in stimulus-
related neural processing regardless of whether the deviant tone
was attended or unattended. Focused attention meditation may
thus affect both distracter and target processing. This possibility
is consistent with phenomenological descriptions of this style of
meditation. While cultivating the acuity and stability of sustained
attention on a chosen object, this practice is also said to develop
three skills regulative of attention (Gyatso et al., 1995; Gunaratana,
2002; Lutz et al., 2008b) (see Materials and Methods). The first is
the monitoring faculty that remains vigilant to distractions with-
out destabilizing the intended focus. The next skill is the ability to
disengage from a distracting object without additional involve-
ment. The last involves the ability to redirect focus promptly to
the chosen object (Lutz et al., 2008b). FA meditation training is
thus thought to result not only in a high frequency of moments of
attention on the attended object (or increased attentional stabil-
ity) but also to improve one’s ability to remain vigilant and mon-
itor distractors without losing focus. Consistently with this
description of FA meditation effects, we observed a reduction in
phase variability to any deviant tone during a time interval [150—
300 ms, i.e., before the selective mental training effect on atten-
tional processing (300—-500 ms)]. This general increase in phase
consistency was focused over anterior scalp regions and ac-
counted for 22% of the variance in behavior (30% for the at-
tended deviant tone) (Fig. 4). This effect was also highly similar in
both time course and scalp topography to the P200 (Fig. 3). This
ERP component is typically associated with the beginning of ex-
ecutive processes responsible for stimulus identification and the
initiation of decision-making and is also modulated by attention
(Lindholm and Koriath, 1985). This point is important if one
assumes that monitoring of distractors is one important mecha-
nism for regulating task-unrelated thoughts processes during
task performance (Lutz et al., 2008b). The persistence of this
effect in the later time interval (300-500 ms) for both PLF and
ERP (P3) (Fig. 3) is consistent with this interpretation [for an
opposite effect of meditation on the P3 to distractors, see Cahn
and Polich (2009)].

As discussed above, it is possible that FA meditation reduced
cortical signal-to-noise (e.g., PLF) in attention-related networks
and that this stabilized responding to target and distracter stimuli
alike. Another, albeit not mutually exclusive, possibility is that FA
training led attention to operate more steadily into a rhythmic
mode (Lakatos et al., 2008; Schroeder and Lakatos, 2009), in tune
with the temporal structure of the stimuli. Temporal expecta-
tions of rhythmic sensory stimuli stream spontaneously form and
can optimize task demands (Jones and Boltz, 1989). Typically,
perceptual judgments are enhanced for stimuli occurring in trials
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with more regular rhythm (Jones et al., 2006; Schroeder and
Lakatos, 2009). In our task, the auditory tones were presented
with some temporal regularity, with the average time interval
between the onset of a first stimulus and the onset of a second
stimulus being ~900 = 150 ms. Thus, training to sustain atten-
tion could have led practitioners to better anticipate the temporal
aspects of the auditory stream. Importantly, during such dy-
namic attending (Jones and Boltz, 1989) or rhythmic mode of
attention (Schroeder and Lakatos, 2009), neural oscillations, in
particularly low-frequency ones [e.g., delta (1-3 Hz) (Lakatos et
al., 2008)], become entrained to the sensory inputs. In this situ-
ation, the high excitability phases of these oscillations tend to
coincide with the temporal structures of the stimuli, conse-
quently amplifying neural input responses (Lakatos et al., 2008;
Schroeder and Lakatos, 2009), as such modulating signal-to-
noise ratios. It is notable in this respect that we also observed
a mental training-related increase in phase locking of low-
frequency oscillatory activity (1-3 Hz) to both attended and un-
attended stimuli (Fig. 4). Although this effect was not maximal at
the intrinsic oscillatory mode of the stimuli stream (0.85-1.3 Hz),
it may include an amplified entrainment of neuronal oscillations
to sensory input rhythms in the delta frequency band. The as-
sumption about the rhythmic mode attention during FA should
be investigated further, in particular by looking at the influence of
sensory input rhythms on the phase of the delta frequency band
oscillations and by contrasting FA meditation with open moni-
toring meditation. OM meditation cultivates a monitoring state
that does not focus or hold attention from moment to moment
on an explicit object (Lutz et al., 2008a; Slagter et al., 2009). We
would therefore predict that attention will operate less in a rhyth-
mic mode during this state than during FA meditation.

The observed increase in phase consistency to deviant tones in
general cannot simply be explained as a general mental training-
related increase in arousal level for two reasons. First, as noted
above, we observed a reduction in cortical engagement, as re-
flected by a mental training-related decrease in ERD, and effort to
do a task is typically positively linked to some increase in arousal
(Critchley et al., 2003). Second, both groups showed an increase
in global alpha power over time, and increases in alpha are gen-
erally associated with decreased arousal (Niedermeyer, 1999). To
summarize, FA meditation may have reduced cortical signal-to-
noise (e.g., PLF) in attention-related networks or may have led
attention to operate more steadily into a rhythmic mode, thereby
increasing signals to task-relevant stimuli. Future studies are nec-
essary to distinguish between these two accounts.

Limitations of the study and future directions

One important limitation of our study is that subjects self-
selected to participate in the 3 month retreat. Although the con-
trols were also interested in learning to meditate, it is possible that
the two groups differed in some variable before the study. How-
ever, no differences in performance on the sustained attention
task were observed between the two groups at time 1. Future
studies should randomly assign participants to the retreat group
or the control group or should use a randomized wait-list control
group design.

Summary/conclusions

To summarize, the current findings suggest that three months of
intensive training in FA meditation (1) enhances attentional sta-
bility, (2) reduces task effort, and (3) amplifies the phase consis-
tency of the brain responses to task-related sensory inputs. We
propose that these mental training-related effects might be pro-
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duced by a reduction in cortical noise and/or by an enhancement
of the rhythmic mode of attention. Future studies will have to test
these ideas and examine to what extent purely mental training of
attentional skills can also impact other mental domains, which
depend on attention regulation, such as emotion regulation and
self-regulation.
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