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Enhanced response inhibition and
reduced midfrontal theta activity in
experienced Vipassana meditators

Catherine I. Andreu'?, Ismael Palacios3, Cristobal Moénne-Loccoz*, Vladimir L6pez?,
Ingmar H. A. Franken®, Diego Cosmelli> & Heleen A. Slagter®’:8

Response inhibition - the ability to suppress inappropriate thoughts and actions - is a fundamental
aspect of cognitive control. Recent research suggests that mental training by meditation may improve
cognitive control. Yet, it is still unclear if and how, at the neural level, long-term meditation practice
may affect (emotional) response inhibition. The present study aimed to address this outstanding
question, and used an emotional Go/Nogo task and electroencephalography (EEG) to examine possible
differences in behavioral and electrophysiological indices of response inhibition between Vipassana
meditators and an experience-matched active control group (athletes). Behaviorally, meditators made
significantly less errors than controls on the emotional Go/Nogo task, independent of the emotional
context, while being equally fast. This improvement in response inhibition at the behavioral level was
accompanied by a decrease in midfrontal theta activity in Nogo vs. Go trials in the meditators compared
to controls. Yet, no changes in ERP indices of response inhibition, as indexed by the amplitude of the
N2 and P3 components, were observed. Finally, the meditators subjectively evaluated the emotional
pictures lower in valence and arousal. Collectively, these results suggest that meditation may improve
response inhibition and control over emotional reactivity.

The ability to inhibit responses that are inappropriate in a particular context is a core component of cognitive
control and critical to successful adaptive behavior"?. Impaired response inhibition is a hallmark of several psy-
chiatric disorders®. Over the past two decades, interest in meditation as a method to train and improve cognitive
functions, such as response inhibition, has steadily increased. The term ‘meditation’ denotes a wide variety of
practices, ranging from concentration techniques to practices that foster wellbeing and altruistic behaviors**.
Many meditation practices also explicitly aim to improve specific cognitive abilities®. In line with this, a rap-
idly growing body of neuroscientific studies shows meditation-related improvements in brain and cognitive
function®”.

Accumulating evidence supports the notion that meditation can enhance attention and executive func-
tions>31> as well as affective skills>!¢->%, Recent studies furthermore suggest that meditation may also improve
cognitive control. For example, expert meditators show better performance than non-meditators on Stroop
interference tasks!>!>?* and so do novel practitioners on response inhibition tasks after a meditation retreat!*2°.
Improvements in conflict monitoring as measuring using the Attention Network Test, ANT?” have also been
found in experienced meditators®, and in longitudinal meditation studies***. Furthermore, reduced emotional
interference during cognitive tasks has been described in experienced meditators and in non-meditators after a
mindfulness intervention®>*!. Although the effects of meditation on cognitive control appear quite robust, the
neural mechanisms underlying these effects are still unclear.

Few studies have so far examined the effects of meditation on the neural mechanisms underlying cognitive
control. Most of these studies used EEG and examined effects of relatively brief meditation interventions on
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Controls Meditators P

Total BIS 51.4 (11.9) 46.3 (10.6) 0.079
PANAS Positive 37.0 (7.4) 37.4(6.6) 0.8
PANAS Negative 21.0 (8.3) 15.1(5.8) 0.002
FFMQ Observe 30.2 (5.6) 32.9(3.7) 0.03
FFMQ Describe 27.9 (6.9) 32.2(5.3) 0.007
FFMQ Awareness 27.8(6.4) 30.1 (6.0) 0.1
FFMQ Non-judge 22.5(6.6) 31.1(6.8) <0.001
FFMQ Non-react 23.8 (4.2) 28.4 (4.8) <0.001

Table 1. Group scores for the descriptive questionnaires. Data shown represent means and standard deviations
are in parentheses.

control over automatized reading of words (as measured with the Stroop task) and underlying neural mecha-
nisms, as indexed by the amplitude of the N2 and the frontocental P3 ERP components. The N2, a negative poten-
tial that peaks between 200-300 ms after stimulus presentation over midfrontal scalp regions, is associated with
top-down inhibitory control and detection of conflict during early, non-motoric stages of inhibition*>-*, The
frontocentral P3 is a positive potential with a peak latency between 300-500 ms after stimulus onset. This compo-
nent has been linked to late-stage inhibition of the motor system itself and outcome evaluation*>-*. While one
study reported an increased N2 and reduced P3 conflict effect in participants after practicing 10 min of medita-
tion per day for 5 days per week for 16 weeks compared to a group of waitlist control participants'?, another study
in contrast reported a smaller N2 and an earlier and larger P3 after a 5-hour trial of integrative body-mind train-
ing (IBMT), a form of mindfulness meditation, in comparison to a relaxation training control*'. In yet another
study in elderly, a brief meditation intervention was associated with an increased N2 on both trials with and
without conflict of the Stroop task*’. These mixed results may reflect differences between studies in the specific
type of meditation practiced, the amount of practice, the age of participants, and/or in how well they controlled
for non-specific effects, such as the placebo effect. When participants know that they are participating in a study
looking at effects of meditation, this may affect their motivation or expectation to do well, which can hamper the
interpretation of results. In longitudinal studies, the incorporation of control groups receiving active interven-
tions (active control group) is therefore essential for excluding possible contributions from such confounding
factors*>*. Yet, this is equally important in cross-sectional studies, to be able to assign differences in performance
between expert meditators and controls to differences in meditation experience per se. Given the broad variety
of meditation practices and their differential aims, it is also crucial to specify which type of meditation practice is
being investigated and why*.

To our knowledge, no study has so far examined effects of long-term meditation experience on the neural
dynamics underlying response inhibition with the high temporal resolution of EEG. In the current EEG study,
we examined effects of a commonly practiced style of Open Monitoring (OM) meditation, Vipassana**®, on emo-
tional response inhibition, as measured on a Go/Nogo task, while controlling as much as possible for potential
non-specific factors by using an active control group consisting of experience-matched athletes with no medita-
tion background. Vipassana meditation is an ancient Buddhist practice that involves cultivating present-moment
and non-reactive awareness®. Specifically, during this type of meditation, one monitors the content of experience
from moment to moment, without evaluation, judgment or affective responding. Therefore, this practice specif-
ically may enhance control over automatic and habitual reactions or response inhibition. The athletes practiced
sports for a similar amount of time and period as the meditators. Regular aerobic exercise has also been associated
with improvements in cognitive function, including inhibitory control**->2. Thereby, the contrast to athletes rep-
resents a stringent control of improvements specifically due to the meditative practice. Vipassana meditators and
the experience-matched athletes performed an emotional Go/Nogo task while their brain activity was recorded
using EEG. Recent studies have shown that response inhibition and emotion are two closely interrelated and
mutually dependent processes®~®. Increased response inhibition, as reflected by commission errors in Nogo
trials, decreased Go reaction times and increased Nogo-P3 amplitudes in positive contexts (compared to neutral
and negative), has been reported using an indirect emotional Go/Nogo task, where the Go or Nogo cue was unre-
lated to the emotional context>*°.

Given previous studies showing improved cognitive control in meditators compared to non-meditators, we
expected that meditators would display increased response inhibition as evidenced by decreased error rates, par-
ticularly in emotional contexts, and by increased N2/P3 amplitudes. We also examined if meditation experience
was associated with increased power in the theta range, as previous work suggests that the conflict-related fronto-
central EEG signal largely reflects a modulation of ongoing theta-band oscillations during the decision process®'.
As this theta effect is not tightly phase-locked to the stimulus or the response, it may not be captured well by ERPs.

Results

Questionnaires. All participants completed a questionnaire concerning demographic data (i.e., age, gen-
der, level of education) and questionnaires regarding how many years of meditation or sports experience they
had (depending on the group), and how many hours per week they currently spend practicing them. Also, sev-
eral questionnaires were used to characterize both groups (described in Methods section). The results from
the questionnaires of the complete sample of meditators (N=31) and controls (N =30) are shown in Table 1.
Although meditators and controls did not significantly differ in total score on the BIS-11 (t (59) = —1.7,
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Controls Meditators
Valence Negative 0.73 (0.08) 1.36 (0.08)
Valence Neutral 2.09 (0.05) 2.13 (0.05)
Valence Positive 3.47 (0.09) 2.67 (0.08)
Arousal Negative 3.29(0.08) 2.69 (0.08)
Arousal Neutral 1.79 (0.09) 1.69 (0.09)
Arousal Positive 2.97(0.11) 2.34(0.11)

Table 2. Means and standard deviations (in parentheses) of valence (0, negative, to 4, positive) and arousal (0,
calming, to 4, arousing) assessments given by the participants for the three types of emotional stimuli.
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Figure 1. Valence (left) and arousal (right) ratings of the emotional pictures used in the emotional Go/Nogo
task. The meditators subjectively evaluated the emotional pictures lower in valence and arousal than the athlete
control participants.

p=0.079), significant differences were found on the cognitive subscale (t (59) = —3.0, p =0.004), motor sub-
scale (t (59) =—5.8, p < 0.001) and non-planned subscale (t (59) =2.7, p=0.009). In general, meditators scored
lower on these scales, except for the non-planned subscale that they numerically scored higher. For the PANAS,
no difference in self-reported positive affect was found between the two groups (p =0.8); in contrast, a signifi-
cant difference in negative affect was found (t (59) = —3.2, p=10.002), reflecting reduced self-reported negative
affect in meditators. Meditators scored significantly higher than controls on four of the FFMQ facets: observe
(t (59)=2.2, p=0.03), describe (t (59) =2.7, p=10.007), non-judge (t (59) =5.0, p < 0.001) and non-react (t
(59) =4.0, p < 0.001), with awareness being similar between the two groups (t (59) = 1.5, p=0.1).

In the emotional Go/Nogo task, emotional pictures from were used and then participants rated the pictures in
valence and arousal. Table 2 shows the mean and standard deviations on valence and arousal for each type of emo-
tional picture for both groups, plotted in Fig. 1. Regarding valence, as expected, a robust effect of Emotion was
found, F(2,110) =358.09, p < 0.001, with increased valence ratings for positive pictures and decreased valence
ratings for negative pictures. No overall difference was found between groups (main Group effect: F(1,55) = 0.48,
p=0.49), but a Group x Emotion interaction was found (F(2,110) =45.88, p < 0.001). Post-hoc Bonferroni ana-
lyzes revealed that differences in valence ratings between groups were significant for negative (t=6.03, p <0.001)
and positive pictures (t=7.62, p <0.001), but not neutral (t=0.42, p > 0.05). This pattern of results reflected
the fact that meditators rated both negative and positive images as lower in valence. As to arousal, as expected,
a robust effect of Emotion was found, F(2,110) = 103.6, p < 0.001, with increased arousal ratings for negative
and positive pictures compared to neutral. A difference in the arousal assessment was found between groups,
with both a main Group (F(1,55) =27.6, p < 0.001) and Group x Emotion interaction (F(2,110) =1.32, p=0.005)
effect. Collectively, these effects reflected that meditators self-reported increased mindfulness facets, decreased
negative affect and rated emotional pictures lower in valence and arousal.

Behavioral data. Reaction times and error rates on the emotional Go/Nogo task are shown in Fig. 2. As
expected, more errors were made on the Nogo trials than on the Go (main effect of Inhibition, F (1,58) =57.99,
p <0.01). Meditators made fewer errors in general compared to controls, as indicated by an overall Group
effect, F (1,58) =7.11, p=0.01. This effect was not specific to Go or Nogo trials, as no Group x Inhibition
interaction was observed (F(1,58) =2.91, p=0.093). Error rates were not affected by the emotional valence
of the pictures in either group, as no significant effect of emotion was observed (F(2,116) =2.47, p=0.095),
neither a Group x Emotion interaction effect (F(2,116) =0.22, p=0.78). An Inhibition x Emotion interac-
tion effect was observed, F (2,116) =8.77, p < 0.01, with more errors on Nogo vs. Go trials after positive emo-
tional pictures, compared to neutral and negative. This pattern of findings did not differ between groups, as the
Group x Inhibition x Emotion interaction effect was not significant (F(2,116) = 1,26, p=0.29).
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Figure 2. Reaction times for Go trials (left) and total error rates (right) for the emotional Go/Nogo task for
each emotional condition. Meditators made significantly fewer errors than controls, while being equally fast on
the task.

As to reaction times, both in negative and positive emotion Go trials RTs were longer compared to neutral,
as indicated by a main effect of Emotion, F (2,116) =21.12, p < 0.01. No difference between groups was found
(F(1,58)=0.17, p=0.68) and no Group x Emotion interaction effect was observed (F(2,116) =0.24, p=0.79),
reflecting no difference in reaction times for the emotional pictures between meditators and controls. Thus, in
line with our prediction that Vipassana meditators may show enhanced response inhibition, meditation expertise
was selectively associated with reduced error rates on both Go and Nogo trials, but this effect was independent
of emotional content.

Event-related potentials. ERP analyses focused on two well-known markers of response inhibition, the
N2 and frontocentral P3.

N2. Figure 3 shows the grand average ERP waveforms separately for meditators and controls at two represent-
ative electrodes Fz and Cz. Replicating previous work, the N2 amplitude in Nogo trials was significantly larger
than in Go trials, as reflected by a main effect of Inhibition, F(1, 42) = 42.65, p < 0.001. Yet, contrary to our
expectation, meditation expertise did not affect the effect of response inhibition on N2 amplitude, as indicated
by the absence of a Group X Inhibition interaction (F(1,42) =1.18, p=0.28), and a non-significant main effect of
Group (F(1,42) =1.18, p=0.28). N2 amplitudes were larger for positive pictures, as reflected in a main Emotion
effect, F(2,84) =14.14, p < 0.001. There was true for both groups, as no significant Group x Emotion interac-
tion was observed (F(2,84) =0.94, p=10.39), nor a Group x Emotion x Inhibition interaction (F(2,84) =0.47,
p=0.61). The Emotion x Inhibition interaction was also not significant (F(2,84) =0.95, p=0.39). No differ-
ence was found between the different electrodes, neither any other interaction effects (all p’s > 0.05), except for a
Inhibition x Region interaction (F(3,126) =3.78, p=0.017). Thus, meditation experience did not modulate the
Go/Nogo N2 effect.

P3.  Asexpected and shown in Fig. 3, the P3 amplitude in Nogo trials was also significantly larger than in Go
trials, as indicated by a main effect of Inhibition, F(1, 42) = 5.34, p=0.026. Contrary to our expectation, however,
meditation expertise also did not modulate the effect of response inhibition on P3 amplitude, as indicated by a
non-significant Group x Inhibition interaction (F(1,42) = 0.85, p=0.36) and main Group effect (F(1,42) =0.012,
p=0.91). P3 amplitudes were larger for negative pictures, as captured by a main Emotion effect, F(2,84) =3.25,
p =0.044. There was no difference between groups for the emotional pictures, as no significant Group x Emotion
interaction (F(2,84) =0.006, p=0.99), but there was an Emotion x Inhibition interaction (F(2,84) =5.16,
p=0.009), indicating more positive P3 amplitudes in Nogo vs. Go trials for negative pictures, compared to neu-
tral or positive. No Group x Emotion x Inhibition interaction was observed (F(2,84) =0.12, p=0.87). Moreover,
the main effect of Region was significant, F(3,126) =23.57, p < 0.001, indicative of a maximal P3 at electrode Cz.
The Region x Inhibition interaction was also significant, F(3,126) = 10.49, p < 0.001. No other significant inter-
action was found (all p’s > 0.05). Thus, meditation experience did not modulate the effect of response inhibition
on the N2 or P3 component. Figs S1 and S2 display the scalp topography of the N2 and P3 ERP components for
each condition of interest, separately per group.

Time- frequency results.  Successful response inhibition is consistently associated with increased frontal
spectral power in the theta band between 200-400 ms in Nogo trials compared to Go trials', that has been shown
to be more sensitive to conflict effects than the N2 and P3 ERP components®!. We therefore next examined the
effect of meditation experience on midfrontal theta-band activity (6-8 Hz). To this end, we first examined the
presence of this overall GoNogo theta effect in our whole sample, without separating groups. We replicated the
GoNogo effect as reflected by a significant increase in frontal theta power in Nogo vs. Go trials between 350-
450 ms (Fig. 4. Significant electrodes: Fz, Cz, FC1, FC2 and C3; gray dotted lines indicate the time-frequency
region of interests. Permutation test corrected by multiple comparison, p < 0.05).

In order to determine whether the GoNogo theta effect differed between controls and meditators, we com-
pared the GoNogo theta effect between groups using the unbiased ROI (Fig. 4; electrodes: Fz, Cz, FC1, FC2 and
C3) and the same time-frequency window for which the overall GoNogo effect was observed (time: 350-450 ms,
frequency: 6-8 Hz). We observed an increase in mid-frontal theta activity for both groups and trial types (Fig. 5a).
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Figure 3. This figure displays grand-average stimulus-locked ERP waveforms at electrode Fz, separately

for correct Go and Nogo trials and for negative (left), neutral (central) and positive (right) pictures, for the
meditator and control group. Meditation experience was not associated with differences in ERP indices of
response inhibition. That is, the difference in N2 and P3 amplitude in NoGo vs. Go trials did not differ between

groups.
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Figure 4. (a) Time-frequency plots showing stimulus-locked changes in normalized power in Go trials (left),
Nogo trials (center), and in NoGo vs. Go trials (right; the GoNogo effect), across all subjects (meditators and
controls) for selected electrodes (Fz, Cz, FC1, FC2 and C3). Grey dotted lines indicate the time-frequency
region in which theta power in Nogo trials was significantly higher than in Go trials (permutation test corrected
by multiple comparisons). (b) Scalp topography maps show the spatial distribution of theta power (6-8 Hz) in
Go, Nogo, and Go vs. Nogo trials between 350-450 ms. Electrodes with a black ring denote locations where the
GoNogo theta effect was significant. The color scale indicates spectral power in SD.

Moreover, replicating previous studies in normal subjects, mid-central theta power was significantly higher in
Nogo trials compared with Go trials in the control group (Fig. 5b upper panel, gray dotted lines indicate the
time-window of interest. Permutation test corrected by multiple comparisons, p < 0.05). However, the typical
GoNogo theta effect observed in the control group was absent in the meditators (Fig. 5b lower panel, gray dot-
ted lines indicate the time-window of interest. Permutation test corrected by multiple comparisons, p < 0.05),
who showed a similar pattern of theta activation in Go and Nogo trials (Fig. 5a,c). Importantly, when directly
contrasting groups, we found that the GoNogo effect in the control group was significantly greater than the
non-significant GoNogo effect in the meditators within the time-window of interest at the selected electrodes
(Fig. 5b, gray dotted lines indicate the time-window of interest. Permutation test corrected by multiple compar-
isons, p < 0.05).

Discussion

In this EEG study, we examined the effects of a single meditation tradition, Vipassana, on emotional response
inhibition and its underlying neural mechanisms. Compared to an experience-matched control group of athletes,
Vipassana meditators exhibited lower behavioral omission and commission errors on an emotional Go/Nogo task
and rated the emotional pictures lower in valence and arousal. Unexpectedly, we observed no effect of meditation
experience on ERP indices of response inhibition (N2 and P3), but meditation experience was associated with
decreased midfrontal theta-band power in Nogo trials vs. Go trials. This latter finding corroborates previous
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Figure 5. (a) Time-frequency charts for the frontocentral electrode cluster (Fz, Cz, FC1, FC2 and C3) and
topography of theta power (6-8 Hz) between 350-450 ms, separately for Go and Nogo trials, and for the control
and meditator group. (b) Time-frequency charts for the frontocentral electrode cluster and scalp topography of
GoNogo theta effect (6-8 Hz) between 350-450 ms for the control and meditator group. The GoNogo effect was
obtained by subtracting power in Nogo from Go trials. Grey dotted lines indicate the time-frequency regions

in which the overall GoNogo theta effect was significant (see Fig. 5a). The color scale indicates spectral power
in SD. As can be seen, only the controls displayed the typical increase in theta power in Nogo compared to Go
trials. This is further illustrated in (c), which shows average theta power (6-8 Hz) between 350-450 ms for the
cluster of frontocentral electrodes for Go and Nogo trials, separately for the control and meditator groups.

evidence suggesting that non-phase locked theta power may be more sensitive to capturing conflict-related mid-
frontal activity®'. Importantly, by using an active control group with similar practice time, that was also recruited
for their specific expertise, we could better control for potential confounding effects, such as demand character-
istics and expectancy effects. Together, the results of our study extend previous findings of enhanced behavioral
cognitive control in meditators'*?® by showing that experienced meditators in the Vipassana tradition, compared
to an experienced-matched control group, exhibit enhanced response inhibition and that changes in midfrontal
theta activity may underlie this behavioral benefit.

Behaviorally, meditators made fewer omission and commission errors on the Go/Nogo task, independent of
the emotional context provided by the stimuli. This finding is in line with previous reports of improved perfor-
mance on a non-emotional response inhibition task after a meditation retreat'#?® that did not include an active
control group. Importantly, while meditators were more accurate on the task, this was not at the expense of
response speed, as meditators responded equally fast as controls. Moreover, they displayed a similar emotional
interference effect (longer response times in positive and negative compared to neutral contexts). Contrary to
our results, other studies have shown reduced emotional interference on cognitive performance in meditators
or reduced emotional reactivity in long-term meditators or after a meditation training!®%2224 This discrepancy
in findings may be explained by the nature of our task, an indirect emotional Go/Nogo task, in which emotional
content is not explicitly associated with the Go or Nogo stimuli. Despite the absence of group difference in emo-
tional interference during the task, when evaluating the emotional pictures meditators reported decreased arousal
levels and provided a more neutral rating of valence. Together, these behavioral and self-report findings indicate
that meditation may improve response inhibition and reduce experienced emotional reactivity to pictures. Yet, in
a context in which the emotional content of pictures is irrelevant to the task, meditators may be equally affected
by their emotional content as athletes.

Given the observed enhanced task performance in meditators, we expected meditation experience to be asso-
ciated with changes in ERP indices of response inhibition. However, N2/P3 amplitudes in Nogo vs. Go trials did
not differ between groups. Previous studies have shown both increased and reduced N2/P3 amplitude effects
after meditation training of diverse duration using either a Stroop task or CPT-X task'>*4262, tasks that are con-
sidered to provide a less pure measure of response inhibition than the Go/Nogo task. One possible explanation
for the null ERP findings in our study is the use of an active control group (athletes that were matched in dura-
tion of practice and recruited for their specific expertise, like the meditators). Most previous meditation studies
used control groups of gender/sex/age-matched non-meditators or wait-list control groups in longitudinal stud-
ies. However, these control groups control much less well for non-specific factors, such as expectancy effects,
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than active control groups. Indeed, some studies have shown null results when using active control groups, that
undergo some other intervention, such as physical exercise or relaxation®®*. Of further importance, athletic
training has been shown to modulate the Nogo N2 and P3°°-*2. Another possible explanation for the absence of
group differences in the N2/P3 GoNogo effect is thus that meditation and athletic experience modulated these
ERP indices of response inhibition to the same extent. Future studies involving a third group of controls with-
out any meditation or athletic training are needed to determine this. Yet, another possible explanation is that
meditation practice does not modulate processes specifically reflected in N2 or P3 amplitudes but acts through a
different neural mechanism, such as frontal theta oscillations.

Despite the absence of any ERP effects, we found a decrease in midfrontal theta power in Nogo vs. Go trials
in meditators compared to controls. This is notable as it has previously been shown that conflict-related mid-
frontal theta power is non-phased locked, reflective of oscillatory responses, not ERPs®!. Moreover, that study
also found that only midfrontal theta power correlated across-trials with reaction time in a condition-specific
(high- vs. low-conflict) manner, while the time-domain phase-locked component did not. These findings suggest
that ERPs may not capture midfrontal response inhibition processes as well as theta-band oscillatory activity that
is not tightly phase-locked to the stimulus or response. Our findings also suggest that midfrontal theta activity
may provide a more sensitive index of response inhibition than the N2 and P3 ERP components, as we selectively
observed effects of meditation expertise on midfrontal theta power. This result also highlights the importance of
conducting time-frequency analyses of EEG data next to ERP analyses. Midfrontal theta band activity has been
well documented as a sensitive marker of conflict detection and action monitoring in different types of situations
or tasks®. That is, the more difficult and conflictive the situation or task, the more midfrontal theta is typically
observed. The observed decreased power in theta in Nogo vs. Go trials may therefore reflect more efficient or
decreased conflict detection in the meditators. This would suggest that the observed enhanced performance on
the Go/Nogo task in meditators compared to athletes was accomplished by exerting either less or more efficient,
rather than enhanced cognitive control per se. Modulations in theta power have been previously related to med-
itation practice, either to meditation state, resting state or during a cognitive task®-%. Interestingly, in our study,
meditators made fewer errors on both Go and Nogo trials. It is likely that meditators performed the task with an
equanimous approach’, and therefore were less reactive in any type of trial”’. This could also explain their similar
levels of mid-frontal theta power in Go and Nogo trials. In addition, it is also possible that they showed enhanced
sustained attention or performance monitoring during the task’>”?, enabling faster online error correction.

The present study used a cross-sectional design, preventing drawing conclusions on causality. Longitudinal
designs measuring emotional response inhibition before and after meditations interventions compared to an
active control intervention are needed to confirm that the observed behavioral and neural effects are related to
meditation experience per se, rather than preexisting differences between the meditators and controls. Future
longitudinal work should also determine the amount and duration of meditation practice required to induce
behavioral and/or neural changes!*?!. Also, since the controls in our study were expert athletes, we cannot fully
exclude the possibility that (some of) the observed effects are not (at least in part) related to athletic experience.
Yet, as many studies in healthy adults have shown conflict-related midfrontal theta activity®', and this effect was
lacking in the meditators, but present in the athletes. This supports an interpretation of our findings in terms of
an effect of meditation expertise on response inhibition.

To conclude, compared to athletes, Vipassana meditators displayed enhanced response inhibition at the behav-
ioral level, while being equally fast, and this behavioral effect was accompanied by reduced inhibition-related
midfrontal theta activity. No differences were found between meditators and controls in GoNogo N2/P3 ampli-
tudes. Together, our results suggest that meditation may improve response inhibition and cognitive control, and
also highlight the importance of including active control groups.

Methods

Next to an emotional GoNoGo task, the meditators and controls performed an Eriksen Flanker task, the results of
which have been reported elsewhere’. The description of the Methods below is thus based in part on the methods
description in our previous report.

Participants. Thirty-one Vipassana meditators and thirty non-meditator athletes (i.e., controls) partici-
pated in the study. In order to participate in the study, participants had to currently practice either Vipassana
meditation or a sport at least 3 times a week, one hour each time, for at least one year. Both groups of par-
ticipants were recruited separately via announcements in meditation or sport centers, respectively, stating the
possibility to participate in an experiment to assess the effects of meditation or sport practice on brain function.
Participants in one group (experimental or control) did not know about the existence of the other group until
after the experiment. Exclusion criteria for both groups included current self-reported neurological or psychi-
atric illness. All meditators reported at least 1 year of exclusively Vipassana meditation practice (M =5.1 years,
SD = 3.73) with total 2500 mean hours of meditation (range 375-12550; s.d. = 2658). The control group consisted
of athletes of different kinds of practices with no prior experience with meditation. All athletes reported at least
one year of regular exercise (M =7.1 years, s.d. = 5.62) with total 2460 mean hours of exercise (range 144-11520;
s.d.=2492). The mean number of hours of practice did not differ between groups, t (59) =0.063, p = 0.95; neither
did the mean years of practice, t (59) =1.69, p=0.09. The mean age (t (59) =1.11, p=10.26) and gender ratio
(chi-square =0.02, p = 0.89) of both groups did not differ. For our behavioral analyses, we eliminated one partic-
ipant due to equipment malfunction. Sixteen additional participants were excluded from the EEG analyses due to
too few artifact-free EEG epochs (less than 20) to calculate a reliable N2 and P37°. This left a total of 24 meditators
and 20 controls for the EEG analyses. The mean number of hours of practice of the EEG subsample did not differ
between groups, t (42) = 0.69, p = 0.49; neither the mean years of practice, t (42) =0.79, p=0.43. The mean age (t
(42) =0.73, p=0.46) and gender ratio (chi-square = 0.20, p =0.65) of both groups in the EEG subsample did not
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differ. The ethics committee of the Pontificia Universidad Catdlica de Chile approved the study. All procedures
were carried out with the adequate understanding of the participants and were done in accordance with the ethics
committee and Helsinski declaration standards. Informed consent was obtained from all participants.

Questionnaires. In addition to answers to several demographic and meditation/sports experience ques-
tions, several questionnaires were used to characterize both groups of participants. The Five Facet Mindfulness
Questionnaire, FFMQ’®, measures five factors that represent subcomponents of mindfulness: observing, describ-
ing, acting with awareness, non-judging of inner experience, and non-reactivity to inner experience. Positive and
negative affect were measured by the Positive and Negative Affect Scales, PANAS”. The Barratt Impulsiveness
Scale, BIS-1178 was used to measure trait impulsivity.

Task and procedure. Upon arrival, participants first signed an informed consent and completed all ques-
tionnaires. Participants were next seated in a comfortable EEG chair in a light- and sound-attenuated room.
Electrodes were placed and task instructions were provided, after which the modified emotional Go/Nogo task™
was performed while EEG and behavioral data were recorded. 50 negative, neutral and positive pictures were pre-
sented, all selected from the EmoMadrid affective picture database”, http://www.uam.es/ CEACO/EmoMadrid.
htm. Each picture was presented for 300 ms and had a blue or purple frame. Frame color indicated whether a
stimulus was a Go or a Nogo stimulus. After the stimulus, a black screen was presented with a white central
fixation-cross for a duration that randomly varied between 800 ms and 1200 ms (Fig. 1). Participants were asked
to respond to stimuli in Go trials by pressing a button as fast as possible and to withhold their response in Nogo
trials. They were explicitly instructed to maintain high accuracy during the whole task. A high percentage of
Go cues (66.67%) were employed to increase the tendency to respond. The order of trial type (Go versus Nogo)
was quasi randomized such that at most four Go and two Nogo trials were presented consecutively. Participants
completed the emotional Go/Nogo task in four blocks of 90 trials each and could take a short break between
blocks. Each block involved 30 pictures (10 neutral, 10 positive and 10 negative), each one presented 3 times
(two as Go and one as Nogo). In this way, the emotional Go/Nogo task consisted of 360 trials (240 Go and 120
Nogo trials). Before the start of the task, participants performed 12 practice trials, involving additional neutral
pictures. Total task duration was about 10 minutes. At the end of the experiment, each participant filled out a
bidimensional-scaling test of each picture, assessing its valence and arousal level with a Likert scale. After the
emotional Go/Nogo experiment participants performed an Eriksen-Flanker task, the results of which have been
reported previously”.

EEG recording and processing. EEG signals were recorded using a Biosemi Active-Two amplifier system
and 32 scalp Ag/AgCl electrodes mounted in an elastic cap according to the 10-20 system. Six additional elec-
trodes were fixed on the left and right mastoids, the two outer canthi of both eyes (HEOG), and below and above
the left eye (VEOG). All signals were digitized with a sampling rate of 2048 Hz and 24-bit A/D conversion. Data
were off-line re-referenced to average mastoids. Off-line, EEG and EOG activity was bandpass filtered between
0.05-35 Hz (phase shift-free Butterworth filter; 24 dB/octave slope). For the ERP analyses, data were segmented
in epochs of 1s (200 ms before and 800 ms after stimulus onset). After ocular correction, trials in which the EEG
signal exceeded +100 mV were automatically excluded from the analyses. After baseline correction (—200 to
0ms), artifact-free trials were averaged to obtain ERPs at each scalp site separately for the six conditions of interest
(all correct Go neutral, Go negative, Go positive, Nogo neutral, Nogo negative, Nogo positive trials). The N2 was
defined as the mean value in the 250-350 ms time interval after stimulus onset at a cluster of frontocentral elec-
trodes, including Fz, FC1, FC2 and Cz*. The P3 was defined as the mean value in the 400-500 ms time window
after stimulus onset at a cluster of central electrodes including Fz, Cz, C3 and C4*. The mean number of analyz-
able Go and Nogo epochs was 96.5 and 46.3 for neutral pictures, 95.6 and 48.6 for negative pictures and 95.1 and
46.7 for positive pictures, respectively. The number of trials did not differ between groups in any condition (all
p’s>0.05).

Time-frequency analysis was performed using the Matlab FieldTrip toolbox®'. Filtered data between 0.05-
35 Hz (phase shift-free Butterworth filter; 24 dB/octave slope) was segmented between [—0.5, 1] seconds around
stimulus onset separately for Go and Nogo trials for each group (given the behavioral and ERP results, the
time-frequency analysis did not include the different emotional contexts). Total power spectrum was obtained
by transforming each epoch into the frequency domain using a sequential and overlapping unique Hanning
window of 250 ms in steps of 25 ms with the multitaper time-frequency transformation (MTMCONVOL from
ft_freqanalysis Fieldtrip software) method. Additionally, the convolution function includes a “Zero’ type padding
designed to solve border effects. After the transformation, we obtained a time-frequency spectrum with 1 Hz and
250 ms resolution. Finally, the results were Z-normalized, taking as baseline the 350 ms before the stimulus onset.

Statistical analysis. Repeated measurement ANOVAs with Greenhouse-Geisser adjusted p-values were
used with Group (meditators and controls) in all analyses as a between-subjects factor. For the assessments of
differences in self-reported valence and arousal, two 2 x 3 ANOVA Group x Emotion (negative, neutral and pos-
itive pictures) were computed. To examine effects of expertise on behavioral error rate, we employed a2 x 2 x 3
repeated measures ANOVA: Group x Inhibition (errors on go trials vs. Nogo trials) x Emotion (negative, neutral
and positive trials). For the behavioral reaction time data, we employed a 2 x 3 repeated measures ANOVA:
Group x Emotion RT (RTs on correct Go negative, neutral and positive trials). To examine effects of meditation
expertise on ERP indices of response inhibition (i.e., the N2 and P3), we conducted repeated measures ANOVA,
with Group as between subjects factor, and Inhibition (Go and Nogo trials), Emotion (negative, neutral and posi-
tive) and Region (electrodes described above for each ERP component) as within subject factors. For all analyses,
the level of significance employed was 0.05.
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The time frequency analysis focused on examining differences in frontal theta (6-8 Hz) activity between Go
and NoGo trials between groups. To this end, first, a permutation test was performed for each time bin of interest
(350-450 ms), including a correction for multiple comparison®-# to identify the latency and scalp topography
of the overall GoNogo theta effect, without separating groups. Under the null hypothesis of no differences, the
different conditions (Go and Nogo trials) are drawn from the same single distribution. Thereby, two random sets
of trials from the complete sample can be chosen without expecting any “condition” differences. The first step of
the permutation test was therefore to randomly choose two sets of trials from the complete sample of (Go and
Nogo) trials and calculate a t-test for each time bin. This step was repeated 1000 times and the highest t-value of
each permutation was included in the permutation distribution to correct for multiple comparisons®2. Finally,
from the thus obtained distribution under the null hypothesis, the 5™ percentile threshold value was used to
determine the statistical significance of t-values obtained by statistically comparing theta power between Go
and NoGo trials across all participants. All values above this threshold were considered statistically significant
(p <0.05). This statistical procedure was performed initially for each electrode and all participants (20 per group;
selection based on the number of trials per condition), allowing us to find the specific electrodes that replicate the
previously described GoNogo theta effect. The final statistics and figures include the average of only the selected
electrodes. In order to find whether the GoNogo effect was present in both groups, the procedure was repeated
separately for the controls and meditators participants, using the average of the selected electrodes for the theta
window, for each time window of interest. Finally, differences in the GoNogo effect between groups were assessed
using the same procedure and parameters mentioned above. It is important to note that here the theta ROI was
defined based on the overall contrast, orthogonal to the group effect.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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