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Abstract

Previous literature suggests that mindfulness meditation can have positive effects on mental

health, however, its mechanisms of action are still unclear. In this pre-registered study, we

investigate the effects of mindfulness training on lapses of attention (and their associated

neural correlates) during meditation practice. For this purpose, we recorded Electroenceph-

alogram (EEG) during meditation practice before and after 8 weeks of mindfulness training

(or waitlist) in 41 participants (21 treatment and 20 controls). In order to detect lapses of

attention and characterize their EEG correlates, we interrupted participants during medita-

tion to report their level of focus and drowsiness. First, we show that self-reported lapses of

attention during meditation practice were associated to an increased occurrence of theta

oscillations (3–6 Hz), which were slower in frequency and more spatially widespread than

theta oscillations occurring during focused attention states. Then, we show that mindfulness

training did not reduce the occurrence of lapses of attention nor their associated EEG corre-

late (i.e. theta oscillations) during meditation. Instead, we find that mindfulness training was

associated with a significant slowing of alpha oscillations in frontal electrodes during medita-

tion. Crucially, frontal alpha slowing during meditation practice has been reported in experi-

enced meditators and is thought to reflect relative decreases in arousal levels. Together, our

findings provide insights into the EEG correlates of mindfulness meditation, which could

have important implications for the identification of its mechanisms of action and/or the

development of neuromodulation protocols aimed at facilitating meditation practice.

Introduction

Mindfulness is a type of meditation practice that consists of paying attention to the present

moment non-judgmentally [1]. This is usually cultivated through focused meditation, in

which a particular object (e.g. the breath) is chosen as the target of attention [2, 3]. The practice

of mindfulness has become popular in western cultures in the last years due to its putative
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health benefits [4]. The mechanisms of action behind mindfulness are still debated and they

are likely to involve a wide variety of factors [5, 6].

It has been proposed that some of the positive effects of mindfulness on mental health

could be mediated by reductions in mind wandering [7], which can be defined as the emer-

gence of spontaneous, self-generated thoughts that often entail memories, future plans or fan-

tasies [8]. In support of this idea, previous studies have shown that mindfulness trait is

negatively correlated to self-reported mind wandering [9] and that mindfulness training

reduces mind wandering during different cognitive tasks [10, 11]. In addition, excessive mind

wandering has been associated to poor mental health [12], probably due to its link to rumina-

tion and worry [13–15].

The neural correlates of meditation and mind wandering have been investigated through

Electroencephalography (EEG). EEG is a non-invasive method that allows to record synchro-

nized activity of large populations of neurons that are arranged orthogonal to the scalp [16].

The EEG signal is dominated by oscillatory electrical activity that is normally referred as neural

oscillations. Neural oscillations have been classified according to their peak frequency (e.g.

alpha = 8–13 Hz; theta = 4–8 Hz, etc.) and their occurrence has been associated to different

cognitive functions and mental states [17, 18].

The EEG correlates of meditation depend on the type of meditation practice, the level of

expertise of the participants and the ‘control’ condition used as a baseline [19]. In this way, it

has been shown that breath focus meditation (relative to rest) is associated to decreases in

alpha/beta amplitude and individual alpha frequency in experienced practitioners [20–22].

Because alpha power has been positively associated to mind wandering [23], its decrease dur-

ing meditation (relative to rest) is thought to reflect reduced mind wandering [20]. This idea is

further supported by studies demonstrating significantly reduced mind wandering during

meditation in experienced meditators relative to novices [20, 24].

In this study, we assessed whether mind wandering during meditation (and their associated

neural correlates) change significantly in novices after 8 weeks of mindfulness training. For

that purpose, we recorded EEG during meditation before and after an 8-week mindfulness

training (21 active and 20 waitlist controls). Using an experience sampling paradigm, we

prompted participants during meditation practice to report their level of mind wandering and

drowsiness. Our (pre-registered) hypothesis was that mind wandering during meditation prac-

tice would be reduced after mindfulness training and that this would be reflected in EEG neu-

ral oscillations. To test this hypothesis, we first characterized EEG modulations associated with

mind wandering during meditation. Then, we assessed whether mind wandering and/or the

EEG correlates of meditation practice changed significantly after mindfulness training.

Methods

Participants

48 participants (28 females) were recruited for the study. To be eligible for the study, partici-

pants had to be a National University of Singapore student between 21 and 35 years old. In

addition, participants had to report moderate to high levels of perceived stress (Perceived

Stress Scale score > 14), be willing to participate in an 8-weeks mindfulness course and be

meditation-naïve. Exclusion criteria were: i) chronic physical or psychiatric illness, including

all major Axis I and II disorders, ii) history of drug or alcohol abuse, and iii) long-term medi-

cation use. 35 participants were allocated to treatment (i.e. mindfulness training) and 24 to

waitlist. The average age was 23.81 (SD = 2.59). EEG was recorded before and after 8 weeks in

21 treatment and 20 control participants. The discrepancy between recruited participants and

the actual sample size was due to dropouts. In this regard, note that the study was run during
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the COVID-19 pandemic, which significantly hindered assistance to the programme and data

collection sessions.

The study was conducted at the National University of Singapore (NUS). The study was

approved by NUS Intuitional Review Board and conducted in accordance to the 1965 Helsinki

declaration and its later amendments. Written informed consent was obtained from all partici-

pants and participants were reimbursed with money for their time. Participants were recruited

and data was collected between 3 of December 2020 and 3 of December 2022.

Mindfulness training

We used a program modelled on the standard Mindfulness-based stress reduction (MBSR)

program developed for adults by Kabat-Zinn [25]. The contents of this training included

becoming aware of one’s attention, intention, and attitude, how to conduct daily activities (e.g.

eating and conversation), and how to use mindfulness strategies in particular stressful situa-

tions. Participants attended weekly 2.5 hour group sessions for eight weeks with a full-day

mindfulness retreat between week 6 and week 7, all led by an instructor experienced in deliver-

ing mindfulness-based interventions. Sessions were face-to-face in a group setting or via video

conferencing. For the post-pre training comparison we only included participants that

attended at least 5 sessions.

Design and task

Participants went through 3 experimental conditions while EEG was recorded. These condi-

tions were: non-meditative rest (5 min), uninterrupted meditation (10 min) and interrupted

meditation (~25 minutes). In the interrupted meditation condition, participants were pre-

sented with a bell sound at random time intervals between 30 and 90 seconds and asked to

report their level of focus (from completely mind wandering to completely focused on the

breath) and drowsiness (from very alert to falling asleep) on a 5-point scale using the keyboard

(see Fig 1A). The specific instructions presented to the participants during the meditation con-

ditions were:

• Uninterrupted meditation: ‘In this part of the experiment, you will be asked to do a breath
focus meditation with your eyes closed. We ask you to pay attention to wherever you feel the
breath most clearly—either at the nostrils, or in the rising and falling sensation of your abdo-
men. There is no need to control your breath, just let it come and go naturally. Every time your
mind wanders in thought (which is completely normal) gently return it to the sensation of
breathing’

• Interrupted meditation: ‘In this part of the experiment we will also ask you to perform a breath
focus meditation with your eyes closed. However, this time you will be interrupted several times
throughout your meditation practice. You will hear a sound after which you will have to open
your eyes and answer two questions. Then you will be asked to close your eyes and go back to
the sensation of breathing. This part of the experiment has a total duration of 25 minutes’

Note that in the interrupted meditation condition, only the 5 seconds before the probe were

used for EEG analysis for consistency with previous studies [20, 26]. These EEG epochs were

sorted into the categories ‘mind wandering’, ‘focused attention’, ‘drowsiness’, or ‘alert’ depend-

ing on self-reports. Each category was composed of epochs in which participants report one

the two extreme values on the scale. For example, the category ‘mind wandering’ included

epochs in which participants reported either ‘somewhat mind wandering’ (point 2 in the mind
wandering—focus scale) or ‘completely mind wandering’ (point 1 in the mind wandering—
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focus scale). Hence, in order to compare mind wandering vs breath focus and drowsy vs alert

we did not use epochs in which participants reported 3 on the scale (i.e. ‘neither mind wander-
ing or focusing’, ‘neither alert or sleepy’).

EEG recordings

EEG data were recorded using a BrainProducts MR+ amplifier with a 64-channel actiCAP

(standard 10–20 electrode positioning). Sampling rate was 250 Hz and the reference and

ground electrodes were FCz and Fpz respectively. All electrode impedances were brought

below 10 kO before the start of the recording.

EEG analysis

EEG analysis was performed in MATLAB R2023a using custom scripts, EEGLAB (Delorme &

Makeig, 2004) and Fieldtrip functions [27].

Data cleaning was performed using an automatic preprocessing pipeline based on EEGLAB

functions. First, data were re-referenced to common average (function pop_reref) and filtered

between 1 and 30 Hz (function pop_eegfiltnew). Abrupt noise in the data was removed using

the Artifact Subspace Reconstruction method (function clean_asr with a cut-off value of 20

SD; see [28]. Noisy electrodes were detected automatically (function clean_channels) with a

threshold of 0.5 and later interpolated (function pop_interp). Independent component analysis

(ICA) (function pop_runica) and an automatic component rejection algorithm [29] were

employed to discard components associated with muscle activity, eye movements, heart activ-

ity or channel noise (threshold = 0.7).

In order to detect oscillatory activity in the EEG signal, a recently developed algorithm was

used [30]. In short, EEG data was first transformed to the time-frequency domain using

6-cycles Morlet wavelets as implemented in the MATLAB function BOSC_tf [31] between 1

and 30 Hz with a frequency resolution of 1 Hz. Then an estimate of the amplitude of the

Fig 1. A) Experience sampling paradigm. Participants were interrupted during meditation practice with a bell sound

to report their level of mind wandering and drowsiness while EEG was recorded. The last 5 seconds of the EEG signal

before the bell sound were used for later analysis. B) Depiction of oscillatory bursts detection algorithm. The left panel

depicts the raw EEG signal (top) and the time-frequency representation (bottom) of one trial. The right panel depicts

the power spectrum of an exemplary oscillatory burst around 7 Hz (corresponding to the raw EEG signal marked in

red in the left panel).

https://doi.org/10.1371/journal.pone.0299275.g001
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aperiodic 1/f trend was obtained by fitting a straight line in log–log space to the average EEG

frequency spectrum per electrode after excluding frequencies forming the maximum peak

[32–34]. Oscillatory bursts were defined as time points in which the amplitude at a specific fre-

quency exceeded the estimate of aperiodic activity for at least one full cycle (e.g. 100 ms for a

10 Hz oscillation). In order to rule out the possibility that the detected oscillatory bursts were

artifactually originated from aperiodic activity or from non-sinusoidal properties of a different

rhythm, only oscillatory bursts that formed the peak with the greatest prominence of the 1/f-

subtracted frequency spectrum were selected. Using this algorithm, we obtained the quantity

of time (seconds) in which oscillatory activity was detected (i.e. burst coverage) in each fre-

quency (1–30 Hz), electrode, subject and experimental condition. See Fig 1B for a depiction of

the analysis pipeline.

Once oscillatory bursts were identified, we calculated the individual alpha frequency

through its centre of gravity [35], which can be defined as:

Pn
i¼1

fi∗bci
Pn

i¼1
bci

where fi is the frequency, n is the number of frequency bins between 7 and 14 Hz, and bci the

burst coverage for each frequency fi.

Statistical analysis

For the behavioural analysis, two one-way repeated-measures ANOVA were performed with

the JASP software [36]. The between subject factor was session (post vs pre) and the within

subject factor was level of drowsiness or level of mind wandering.

For the EEG data, a cluster-based permutation statistical test (see Maris & Oostenveld,

2007) was used to assess the statistical significance of condition-related differences in oscil-

latory burst coverage. In short, this type of test controls for the type I error rate arising from

multiple comparisons using a non-parametric Montecarlo randomization and taking into

account the dependency of the data by the formation of clusters (in neighbouring electrodes

and/or frequencies). Paired-samples t-test was chosen as the first-level statistic to compare

oscillatory burst coverage between experimental conditions (i.e. mind wandering vs breath

focus, drowsy vs alert). Independent-samples t-test was chosen as the first-level statistic for the

comparison of the change in burst coverage (post–pre training) between groups (treatment vs

controls) during the meditation conditions (interrupted and uninterrupted). Effect size of sig-

nificant clusters was estimated using Cohen’s d statistic, which is calculated by dividing the

mean difference between conditions by their pooled standard deviation [38].

Results

Oscillatory correlates of lapses of attention due to mind wandering and

drowsiness

We first assessed the oscillatory correlates of attentional lapses (due to mind wandering or

drowsiness) during the interrupted meditation condition. Permutation tests revealed that both

mind wandering and drowsiness were associated with an increased occurrence of delta/theta

oscillations (~3–6 Hz) as quantified through oscillatory burst coverage (see Fig 2). For the

mind wandering effect, a significant positive cluster with a posterior distribution and a fre-

quency span of 3–6 Hz was found (tcluster = 78.38; pcluster = 0.0079; d = 0.48). For the drowsi-

ness effect, a significant positive cluster involving the majority of electrodes and a frequency
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span of 3–5 Hz was found (tcluster = 148.20; pcluster = 0.004; d = 0.53). No significant mind

wandering or drowsiness effects were revealed for individual alpha peak frequency.

Characterizing theta oscillations during attentional lapses and focused

attention states

Theta oscillations have been previously associated with both drowsiness and focused attention,

a phenomenon that has been called ‘the theta paradox’ [39]. Based on our results and previous

literature, we performed exploratory analysis to further characterize theta oscillations during

lapses of attention relative to focused attention states. For this purpose, we compared the spa-

tio-spectral characteristics of theta oscillations during focused attention, drowsy and mind

wandering trials within subjects and across sessions. Specifically, we calculated the center of

gravity of theta oscillations in space (anterior-posterior and left-right dimensions) and fre-

quency (4–7 Hz).

Our results show that theta oscillations during focused attention states had a more frontal

distribution than theta oscillations during drowsiness (t(74) = 2.47; p = 0.015; d = 0.28) and

mind wandering states (t(74) = 2.22; p = 0.028; d = 0.24). In addition, the peak frequency of

theta oscillations for focused attention states was quicker relative to drowsiness (t(74) = 3.57;

p = 0.0017; d = 0.74), and mind wandering (t(74) = 2.75; p = 0.010; d = 0.51). No significant

Fig 2. Oscillatory correlates of mind wandering and drowsiness during meditation practice. The upper panels (A

and C) depict the topographical distribution of t-values for the drowsiness and mind wandering effects in the delta/

theta range (3–6 Hz). Electrodes forming significant clusters at p<0.025 are marked with asterisks. The lower panels (B

and D) depict the mean oscillatory burst coverage (with standard error in shade) of the identified significant clusters

for each condition and frequency. Frequencies showing significant differences are marked with asterisks.

https://doi.org/10.1371/journal.pone.0299275.g002
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differences were found between the spatio-spectral characteristics of theta oscillations associ-

ated to mind wandering and drowsiness.

Together, our exploratory analysis revealed that theta oscillations during lapses of attention

(due to mind wandering or drowsiness) are slower and more posterior than theta oscillations

occurring during focused attention states. For the visualization of these results, the mean

topography and theta (4–7 Hz) frequency distribution of focused attention, mind wandering

and drowsy trials (across subjects and sessions) are depicted in Fig 3.

Experience sampling in treatment and control groups

Our pre-registered hypothesis was that lapses of attention during meditation practice due to

mind wandering would be reduced after mindfulness training (see https://doi.org/10.17605/

OSF.IO/DQ94G). If this was the case, we would expect a significant Group*Session interaction

in the average score of the mind wandering—focus scale thereby reflecting a significant change

in the treatment but not in the control group. Contrary to our hypothesis, Repeated Measures

ANOVA did not reveal a significant Group*Session interaction in the mind wandering—

Fig 3. Spatio-spectral characteristics of theta oscillations during focused attention, drowsiness and mind wandering in the context of meditation

practice. A-C) The upper panels depict the topographical distribution of Theta (4–7 Hz) oscillatory bursts coverage (i.e. time with theta oscillations presence)

across subjects and sessions per condition. D-F) The lower panels depict mean oscillatory bursts per frequency and across electrodes, subjects and sessions

(shades mark standard error).

https://doi.org/10.1371/journal.pone.0299275.g003
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focused scale (F(1,40) = 0.15, p = 0.69) nor in the alert-drowsy scale (F(1,40) = 0.05, p = 0.94).

The mean scores (and their standard deviation) for each scale per group and session are

depicted in Table 1. In this regard, both treatment and control groups show a similar

decrease in mind wandering and drowsiness in the second session. This decrease was signif-

icant for drowsiness (F(1,40) = 7.50, p = 0.009) but not for mind wandering (F(1,40) = 0.3,

p = 0.58).

In addition, we assessed whether, in line with previous reports [24, 26], the mean level of

focus was anti-correlated to the mean level of drowsiness. In fact, Pearson correlation revealed

a negative correlation between average scores of the mind wandering–focused scale and the

average scores of the alert–drowsy scale (r = -0.31; p = 0.0014) across subjects and sessions.

Changes in neural oscillations after mindfulness training

In order to assess potential modulations in neural oscillations associated with mindfulness

training, we compared oscillatory bursts changes (post–pre training) between treatment and

control groups during both the interrupted and the uninterrupted meditation conditions.

No significant cluster was identified for the interrupted meditation condition for either

burst coverage (at each frequency) or individual alpha frequency. For the uninterrupted medi-

tation condition, a significant frontal cluster was identified for individual alpha frequency

(tcluster = -77.11; pcluster = 0.005; d = 1.05; Fig 4A–4C) and no significant clusters were identified

when assessing burst coverage at each frequency. Thus, these results show that alpha oscilla-

tions in frontal electrodes were significantly slower in the second (uninterrupted) meditation

session for the treatment group but not for the control group.

Table 1. Mean and standard deviation of 5-point experience sampling scales for each group (treatment and control) and session (pre and post).

Scale Treatment Pre Treatment Post Control Pre Control Post
Mind wandering–focused 3.35 3.26 3.05 3.03

(SD = 0.74) (SD = 0.91) (SD = 0.6) (SD 0.79)
Alert–drowsy 2.87 2.56 2.85 2.55

(SD = 0.92) (SD = 0.93) (SD = 0.85) (SD 0.7)

https://doi.org/10.1371/journal.pone.0299275.t001

Fig 4. Changes in individual alpha frequency associated with mindfulness training. A) The left panel depicts the

topographical distribution of t-values for the Group effect, which consists on the group comparison (treatment vs

controls) of alpha frequency changes (post–pre) during meditation. Electrodes forming significant clusters at p<0.025

are marked with asterisks. B-C) The middle and right panels depict oscillatory burst coverage in the alpha range and

individual alpha frequency per session for the treatment and control groups respectively. Individual alpha frequency

was estimated as the center of gravity between 7 and 14 Hz and it is depicted in the lower part of each panel with

rectangles (rectangle’s width represents standard error).

https://doi.org/10.1371/journal.pone.0299275.g004
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Discussion

This study investigated the EEG correlates of lapses of attention during meditation practice in

order to assess their (hypothesized) reduction after mindfulness training. Lapses of attention

during meditation (due to drowsiness or mind wandering) were associated to an increased

occurrence of theta oscillations. Further analysis revealed that theta oscillations occurring dur-

ing attentional lapses were slower in frequency and more widespread than those occurring

during focused attention. Contrary to our hypothesis, our results show that neither lapses of

attention nor the here identified EEG correlates (i.e. emergence of slow and widespread theta

oscillations) were significantly reduced after mindfulness training. Instead, we found that

mindfulness training was significantly associated to a slowing of frontal alpha oscillations dur-

ing meditation practice.

Oscillatory correlates of mind wandering and drowsiness

Our results revealed a greater prominence of delta/theta oscillations during lapses of attention

in the context of meditation practice, which is line with previous studies [26, 40, 41]. However,

this finding is not in line with a recent review showing that lapses of attention have been more

consistently associated with relative increases in alpha power (8–14 Hz) during different cogni-

tive tasks [23]. In fact, in a previous report, we showed relative increases in alpha (but not

theta) power during mind wandering in the context of meditation practice [20]. Based on our

results and previous literature, we speculate that mind wandering with drowsiness is associated

with a relative increase in the occurrence of theta oscillations while mind wandering without

drowsiness is associated with a relative increase in the occurrence of alpha oscillations. In sup-

port of this idea, we have previously reported that the theta power increase associated with

mind wandering is positively correlated to drowsiness levels [26]. In the same line, we show in

the current study that self-reported mind wandering and drowsiness levels were positively cor-

related and that their neural correlates were qualitatively similar (i.e. spatially widespread low-

theta oscillations). However, direct evidence to confirm the relationship between alpha / theta

oscillations and mind wandering / drowsiness is lacking and more research is needed. For that

purpose, an interesting possibility would be to train participants in the identification of

phenomenological categories so they can better characterize their attentional lapses in experi-

ence sampling paradigms [42, 43].

The theta paradox during meditation practice

In addition to our pre-registered analysis, we performed exploratory analysis to characterize

theta oscillations during meditation practice. These analyses were motivated by the so-called

’Theta Paradox’ which refers to the apparently contradictory emergence of theta oscillations

during both drowsiness and focused attention states [39]. Our results show that theta oscilla-

tions during lapses of attention have a slower frequency (~4 Hz) and a more posterior distribu-

tion than theta oscillations occurring during focused attention states (which were centred

around 6 Hz in midfrontal electrodes). Based on previous literature, our interpretation is that

the ~ 6 Hz midfrontal theta typically observed during focused attention states [44] reflects

selective cortical inhibition of a default mode network node [45] while the widespread (and

slower) theta observed during drowsiness would reflect a more general cortical inhibition that

would include task-relevant areas [46, 47]. Thus, this exploratory analysis suggests that the fre-

quency and spatial specificity of theta oscillations might determine their phenomenological

counterpart. Therefore, our results could have important implications for the development of

neuromodulation protocols aimed at enhancing theta oscillations to promote focused atten-

tion states [48] or sleep pressure [49, 50].
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The effect of mindfulness training on attentional lapses

Mindfulness training has been associated with a reduced number of lapses of attention, as

quantified through behavioural performance in different cognitive tasks and questionnaires

[51]. However, no previous study investigated the effect of mindfulness training on lapses of

attention due to mind wandering during meditation practice through experience sampling.

Based on previous studies showing reduced mind wandering during meditation in experi-

enced meditators relative to novices [20, 24], we hypothesized that 8-weeks of mindfulness

training would lead to reduced number of lapses of attention due to mind wandering during

meditation practice. Contrary to our pre-registered hypothesis, we find no differences in self-

reported mind wandering levels after meditation training.

There are at least two possible explanations for the lack of changes in mind wandering dur-

ing meditation after mindfulness training. One possibility is that 8 weeks of mindfulness train-

ing reduces mind wandering during cognitive tasks [51] but not during meditation. Another

possibility is that reduced mind wandering during meditation after mindfulness training only

occurs when tested in meditation practices that last longer. In this way, the interrupted medita-

tion condition in this study only lasted 25 minutes while the meditation condition of studies

that reported differences between experienced meditators and novices in mind wandering

lasted around 60 minutes [20, 24]. Therefore, future studies combining longer meditation ses-

sions with comprehensive cognitive testing are needed to elucidate under which conditions

mindfulness training reduces mind wandering.

On alpha slowing during meditation practice

We show that the frequency of alpha oscillations during the second uninterrupted meditation

session was significantly slower in participants that followed the 8-weeks Mindfulness training

(relative to controls). This result is in line with previous studies showing a slowing of individ-

ual alpha frequency or a power increase in the lower alpha band (i.e. 7–10 Hz) during medita-

tion (relative to a control condition) in experienced practitioners [20, 21, 52, 53]. In the same

line, we have also previously shown that compliance in meditation training in novices was

associated with increased power in the lower alpha band (7–10 Hz) [54]. Since individual

alpha peak is positively correlated to arousal levels [55], reduced individual alpha frequency

during meditation after mindfulness training is likely to reflect greater levels of relaxation.

This idea would be in line with previous studies that reported mindfulness-related decreases in

arousal levels [56–59]. Reduced arousal levels during meditation could be part of the mecha-

nisms of action behind the positive effects of mindfulness training. In this way, it is possible

that a low-arousal state during meditation would reduce the emotional reactivity to self-gener-

ated thoughts (which are likely to contain worry and rumination [12] thereby facilitating emo-

tional regulation and ultimately, mental health.

Limitations

The main limitation of the study is the relatively small sample size (N = 41). This was due to

dropouts and difficulties in data collection due to the COVID-19 pandemic. Hence, a bigger

sample size is needed to confirm the here reported results. In addition, the sample consisted

on a young student population with high levels of perceived stress and therefore, future studies

would have to determine whether the effects of mindfulness training on EEG and mind wan-

dering are similar in other populations. Finally, we cannot completely rule out the possibility

the participants in the control group practised some sort of meditation technique during the

waitlist period. This might explain why both groups showed reduced drowsiness in the second

meditation session.
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Summary and conclusion

In summary, our results showed that mind wandering during meditation and their EEG corre-

late (occurrence of spatially widespread low-theta oscillations) are not significantly reduced

after 8-weeks of mindfulness training. Nonetheless, we identified changes in EEG during med-

itation after mindfulness training that are consistent with what has been previously observed

in highly experienced meditators. Specifically, mindfulness training was associated to a signifi-

cant slowing of alpha oscillations during meditation, which is considered an EEG marker of

reduced arousal levels. Our main limitation is the relatively small sample size (N = 41), which

only contained young adults. Future studies using larger (and more diverse) samples in combi-

nation with more complex experience sampling paradigms are needed to identify the neuro-

phenomenological changes associated to mindfulness training and their relation to its putative

health benefits.

Author Contributions

Conceptualization: Julio Rodriguez-Larios, Kian Foong Wong, Julian Lim.

Data curation: Kian Foong Wong.

Formal analysis: Julio Rodriguez-Larios.

Funding acquisition: Julian Lim.

Investigation: Julio Rodriguez-Larios.

Methodology: Julio Rodriguez-Larios.

Project administration: Kian Foong Wong.

Resources: Julian Lim.

Software: Julio Rodriguez-Larios, Kian Foong Wong.

Supervision: Julian Lim.

Writing – original draft: Julio Rodriguez-Larios.

Writing – review & editing: Julio Rodriguez-Larios, Kian Foong Wong, Julian Lim.

References
1. Analayo B. Adding historical depth to definitions of mindfulness. Current Opinion in Psychology. 2019;

28: 11–14. https://doi.org/10.1016/j.copsyc.2018.09.013 PMID: 30359935

2. Matko K, Ott Ulrich, Sedlmeier P. What Do Meditators Do When They Meditate? Proposing a Novel

Basis for Future Meditation Research. Mindfulness. 2021; 1: 3. https://doi.org/10.1007/s12671-021-

01641-5

3. Matko K, Sedlmeier P. What Is Meditation? Proposing an Empirically Derived Classification System.

Front Psychol. 2019; 10: 2276. https://doi.org/10.3389/fpsyg.2019.02276 PMID: 31681085

4. Kabat-Zinn J. Mindfulness-based interventions in context: past, present, and future. Clinical Psychol-

ogy: Science and Practice. 2006; 10: 144–156. https://doi.org/10.1093/clipsy.bpg016

5. Coffey KA, Hartman M, Fredrickson BL. Deconstructing Mindfulness and Constructing Mental Health:

Understanding Mindfulness and its Mechanisms of Action. Mindfulness. 2010; 1: 235–253. https://doi.

org/10.1007/S12671-010-0033-2/TABLES/6

6. Hölzel BK, Lazar SW, Gard T, Schuman-Olivier Z, Vago DR, Ott U. How Does Mindfulness Meditation

Work? Proposing Mechanisms of Action From a Conceptual and Neural Perspective. Perspect Psychol

Sci. 2011; 6: 537–559. https://doi.org/10.1177/1745691611419671 PMID: 26168376

7. Wang Y, Xu W, Zhuang C, Liu X. Does mind wandering mediate the association between mindfulness

and negative mood? A preliminary study. Psychological reports. 2017; 120: 118–129. https://doi.org/10.

1177/0033294116686036 PMID: 28558525

PLOS ONE Effect of mindfulness on neural oscillations

PLOS ONE | https://doi.org/10.1371/journal.pone.0299275 June 6, 2024 11 / 14

https://doi.org/10.1016/j.copsyc.2018.09.013
http://www.ncbi.nlm.nih.gov/pubmed/30359935
https://doi.org/10.1007/s12671-021-01641-5
https://doi.org/10.1007/s12671-021-01641-5
https://doi.org/10.3389/fpsyg.2019.02276
http://www.ncbi.nlm.nih.gov/pubmed/31681085
https://doi.org/10.1093/clipsy.bpg016
https://doi.org/10.1007/S12671-010-0033-2/TABLES/6
https://doi.org/10.1007/S12671-010-0033-2/TABLES/6
https://doi.org/10.1177/1745691611419671
http://www.ncbi.nlm.nih.gov/pubmed/26168376
https://doi.org/10.1177/0033294116686036
https://doi.org/10.1177/0033294116686036
http://www.ncbi.nlm.nih.gov/pubmed/28558525
https://doi.org/10.1371/journal.pone.0299275


8. Smallwood J, Schooler JW. The science of mind wandering: empirically navigating the stream of con-

sciousness. Annu Rev Psychol. 2015; 66: 487–518. https://doi.org/10.1146/annurev-psych-010814-

015331 PMID: 25293689

9. Mrazek M, Smallwood J, Schooler J. Mindfulness and mind-wandering: finding convergence through

opposing constructs. Emotion. 2012; 12: 442–448. https://doi.org/10.1037/a0026678 PMID: 22309719

10. Morrison AB, Goolsarran M, Rogers SL, Jha AP. Taming a wandering attention: short-form mindfulness

training in student cohorts. Frontiers in Human Neuroscience. 2014; 7: 897. https://doi.org/10.3389/

fnhum.2013.00897 PMID: 24431994

11. Mrazek M, Franklin M, Tarchin Phillips D, Benjamin B, Schooler J. Mindfulness training improves work-

ing memory capacity and GRE performance while reducing mind wandering. Psychological Science.

2013; 24: 776–781. https://doi.org/10.1177/0956797612459659 PMID: 23538911

12. Killingsworth MA, Gilbert DT. A wandering mind is an unhappy mind. Science. 2010; 330: 932. https://

doi.org/10.1126/science.1192439 PMID: 21071660

13. Deng Y-Q, Li S, Tang Y-Y. The relationship between wandering mind, depression and mindfulness.

Mindfulness. 2014; 5: 124–128. https://doi.org/10.1007/s12671-012-0157-7

14. Desrosiers A, Vine V, Klemanski DH, Nolen-Hoeksema S. Mindfulness and emotion regulation in

depression and anxiety: common and distinct mechanisms of action. Depression and Anxiety. 2013;

30: 654–661. https://doi.org/10.1002/da.22124 PMID: 23592556

15. Marchetti I, Van de Putte E, Koster EHW. Self-generated thoughts and depression: from daydreaming

to depressive symptoms. Frontiers in Human Neuroscience. 2014; 8: 131. https://doi.org/10.3389/

fnhum.2014.00131 PMID: 24672458

16. Cohen MX. Where Does EEG Come From and What Does It Mean? Trends in Neurosciences. 2017;

40: 208–218. https://doi.org/10.1016/j.tins.2017.02.004 PMID: 28314445

17. Ibarra-Lecue I, Haegens S, Harris AZ. Breaking Down a Rhythm: Dissecting the Mechanisms Underly-

ing Task-Related Neural Oscillations. Frontiers in Neural Circuits. 2022; 16. https://doi.org/10.3389/

FNCIR.2022.846905/FULL

18. Lopes da Silva F. EEG and MEG: Relevance to Neuroscience. Neuron. 2013; 80: 1112–1128. https://

doi.org/10.1016/j.neuron.2013.10.017 PMID: 24314724

19. Lee DJ, Kulubya E, Goldin P, Goodarzi A, Girgis F. Review of the neural oscillations underlying medita-

tion. Frontiers in Neuroscience. 2018; 12: 178. https://doi.org/10.3389/fnins.2018.00178 PMID:

29662434

20. Rodriguez-Larios J, Bracho Montes de Oca EA, Alaerts K. The EEG spectral properties of meditation

and mind wandering differ between experienced meditators and novices. NeuroImage. 2021; 245:

118669. https://doi.org/10.1016/j.neuroimage.2021.118669 PMID: 34688899

21. Rodriguez-Larios J, Faber P, Achermann P, Tei S, Alaerts K. From thoughtless awareness to effortful

cognition: alpha—theta cross-frequency dynamics in experienced meditators during meditation, rest

and arithmetic. Scientific Reports. 2020; 10: 5419. https://doi.org/10.1038/s41598-020-62392-2 PMID:

32214173

22. Saggar M, King BG, Zanesco AP, MacLean KA, Aichele SR, Jacobs TL, et al. Intensive training induces

longitudinal changes in meditation state-related EEG oscillatory activity. Frontiers in Human Neurosci-

ence. 2012; 6: 256. https://doi.org/10.3389/fnhum.2012.00256 PMID: 22973218

23. Kam JWY, Rahnuma T, Park YE, Hart CM. Electrophysiological markers of mind wandering: A system-

atic review. NeuroImage. 2022; 258: 119372. https://doi.org/10.1016/j.neuroimage.2022.119372 PMID:

35700946

24. Brandmeyer T, Delorme A. Reduced mind wandering in experienced meditators and associated EEG

correlates. Exp Brain Res. 2018; 236: 2519–2528. https://doi.org/10.1007/s00221-016-4811-5 PMID:

27815577

25. Kabat-Zinn J. An outpatient program in behavioral medicine for chronic pain patients based on the prac-

tice of mindfulness meditation: theoretical considerations and preliminary results. General Hospital Psy-

chiatry. 1982; 4: 33–47. https://doi.org/10.1016/0163-8343(82)90026-3 PMID: 7042457

26. Rodriguez-Larios J, Alaerts K. EEG alpha-theta dynamics during mind wandering in the context of

breath focus meditation: an experience sampling approach with novice meditation practitioners. Euro-

pean Journal of Neuroscience. 2020; 1–14. https://doi.org/10.1111/ejn.15073 PMID: 33289167

27. Oostenveld R, Fries P, Maris E, Schoffelen JM. FieldTrip: Open source software for advanced analysis

of MEG, EEG, and invasive electrophysiological data. Computational Intelligence and Neuroscience.

2011; 2011. https://doi.org/10.1155/2011/156869 PMID: 21253357

28. Chang CY, Hsu SH, Pion-Tonachini L, Jung TP. Evaluation of Artifact Subspace Reconstruction for

Automatic EEG Artifact Removal. Proceedings of the Annual International Conference of the IEEE

PLOS ONE Effect of mindfulness on neural oscillations

PLOS ONE | https://doi.org/10.1371/journal.pone.0299275 June 6, 2024 12 / 14

https://doi.org/10.1146/annurev-psych-010814-015331
https://doi.org/10.1146/annurev-psych-010814-015331
http://www.ncbi.nlm.nih.gov/pubmed/25293689
https://doi.org/10.1037/a0026678
http://www.ncbi.nlm.nih.gov/pubmed/22309719
https://doi.org/10.3389/fnhum.2013.00897
https://doi.org/10.3389/fnhum.2013.00897
http://www.ncbi.nlm.nih.gov/pubmed/24431994
https://doi.org/10.1177/0956797612459659
http://www.ncbi.nlm.nih.gov/pubmed/23538911
https://doi.org/10.1126/science.1192439
https://doi.org/10.1126/science.1192439
http://www.ncbi.nlm.nih.gov/pubmed/21071660
https://doi.org/10.1007/s12671-012-0157-7
https://doi.org/10.1002/da.22124
http://www.ncbi.nlm.nih.gov/pubmed/23592556
https://doi.org/10.3389/fnhum.2014.00131
https://doi.org/10.3389/fnhum.2014.00131
http://www.ncbi.nlm.nih.gov/pubmed/24672458
https://doi.org/10.1016/j.tins.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28314445
https://doi.org/10.3389/FNCIR.2022.846905/FULL
https://doi.org/10.3389/FNCIR.2022.846905/FULL
https://doi.org/10.1016/j.neuron.2013.10.017
https://doi.org/10.1016/j.neuron.2013.10.017
http://www.ncbi.nlm.nih.gov/pubmed/24314724
https://doi.org/10.3389/fnins.2018.00178
http://www.ncbi.nlm.nih.gov/pubmed/29662434
https://doi.org/10.1016/j.neuroimage.2021.118669
http://www.ncbi.nlm.nih.gov/pubmed/34688899
https://doi.org/10.1038/s41598-020-62392-2
http://www.ncbi.nlm.nih.gov/pubmed/32214173
https://doi.org/10.3389/fnhum.2012.00256
http://www.ncbi.nlm.nih.gov/pubmed/22973218
https://doi.org/10.1016/j.neuroimage.2022.119372
http://www.ncbi.nlm.nih.gov/pubmed/35700946
https://doi.org/10.1007/s00221-016-4811-5
http://www.ncbi.nlm.nih.gov/pubmed/27815577
https://doi.org/10.1016/0163-8343%2882%2990026-3
http://www.ncbi.nlm.nih.gov/pubmed/7042457
https://doi.org/10.1111/ejn.15073
http://www.ncbi.nlm.nih.gov/pubmed/33289167
https://doi.org/10.1155/2011/156869
http://www.ncbi.nlm.nih.gov/pubmed/21253357
https://doi.org/10.1371/journal.pone.0299275


Engineering in Medicine and Biology Society, EMBS. 2018;2018-July: 1242–1245. https://doi.org/10.

1109/EMBC.2018.8512547 PMID: 30440615

29. Pion-Tonachini L, Kreutz-Delgado K, Makeig S. ICLabel: An automated electroencephalographic inde-

pendent component classifier, dataset, and website. NeuroImage. 2019; 198: 181–197. https://doi.org/

10.1016/j.neuroimage.2019.05.026 PMID: 31103785

30. Rodriguez-Larios J, Haegens S. Genuine beta bursts in human working memory: controlling for the

influence of lower-frequency rhythms. advances.in/psychology. 2023; 1: 1–17. https://doi.org/10.1101/

2023.05.26.542448 PMID: 37292960

31. Whitten TA, Hughes AM, Dickson CT, Caplan JB. A better oscillation detection method robustly extracts

EEG rhythms across brain state changes: The human alpha rhythm as a test case. NeuroImage. 2011;

54: 860–874. https://doi.org/10.1016/j.neuroimage.2010.08.064 PMID: 20807577

32. Caplan JB, Bottomley M, Kang P, Dixon RA. Distinguishing rhythmic from non-rhythmic brain activity

during rest in healthy neurocognitive aging. NeuroImage. 2015; 112: 341–352. https://doi.org/10.1016/j.

neuroimage.2015.03.001 PMID: 25769279

33. Goyal A, Miller J, Qasim SE, Watrous AJ, Zhang H, Stein JM, et al. Functionally distinct high and low

theta oscillations in the human hippocampus. Nature Communications. 2020; 11: 1–10. https://doi.org/

10.1038/s41467-020-15670-6 PMID: 32424312

34. Kosciessa JQ, Grandy TH, Garrett DD, Werkle-Bergner M. Single-trial characterization of neural

rhythms: Potential and challenges. NeuroImage. 2020; 206: 116331. https://doi.org/10.1016/j.

neuroimage.2019.116331 PMID: 31712168

35. Klimesch W, Schimke H, Pfurtscheller G. Alpha frequency, cognitive load and memory performance.

Brain Topography. 1993; 5: 241–251. https://doi.org/10.1007/BF01128991 PMID: 8507550

36. Love J, Selker R, Marsman M, Jamil T, Dropmann D, Verhagen J, et al. JASP: Graphical Statistical

Software for Common Statistical Designs. Journal of Statistical Software. 2019; 88: 1–17. https://doi.

org/10.18637/JSS.V088.I02

37. Maris E, Oostenveld R. Nonparametric statistical testing of EEG- and MEG-data. Journal of Neurosci-

ence Methods. 2007; 164: 177–190. https://doi.org/10.1016/j.jneumeth.2007.03.024 PMID: 17517438

38. Nakagawa S, Cuthill IC. Effect size, confidence interval and statistical significance: A practical guide for

biologists: Biological Reviews. 2009; 84: 515. https://doi.org/10.1111/j.1469-185X.2009.00083.x

39. Snipes S, Krugliakova E, Meier E, Huber R. The Theta Paradox: 4–8 Hz EEG Oscillations Reflect Both

Sleep Pressure and Cognitive Control. Journal of Neuroscience. 2022; 42: 8569–8586. https://doi.org/

10.1523/JNEUROSCI.1063-22.2022 PMID: 36202618

40. Braboszcz C, Delorme A. Lost in thoughts: Neural markers of low alertness during mind wandering.

NeuroImage. 2011; 54: 3040–3047. https://doi.org/10.1016/j.neuroimage.2010.10.008 PMID:

20946963

41. van Son D, De Blasio FM, Fogarty JS, Angelidis A, Barry RJ, Putman P. Frontal EEG theta/beta ratio

during mind wandering episodes. Biological Psychology. 2019; 140: 19–27. https://doi.org/10.1016/j.

biopsycho.2018.11.003 PMID: 30458199

42. Abdoun O, Zorn J, Poletti S, Fucci E, Lutz A. Training novice practitioners to reliably report their medita-

tion experience using shared phenomenological dimensions. Consciousness and Cognition. 2019; 68:

57–72. https://doi.org/10.1016/j.concog.2019.01.004 PMID: 30658238

43. Ellamil M, Fox KCR, Dixon ML, Pritchard S, Todd RM, Thompson E, et al. Dynamics of neural recruit-

ment surrounding the spontaneous arising of thoughts in experienced mindfulness practitioners. Neuro-

Image. 2016; 136: 186–196. https://doi.org/10.1016/j.neuroimage.2016.04.034 PMID: 27114056

44. Onton J, Delorme A, Makeig S. Frontal midline EEG dynamics during working memory. NeuroImage.

2005; 341–356. https://doi.org/10.1016/j.neuroimage.2005.04.014 PMID: 15927487

45. Beldzik E, Ullsperger M, Domagalik A, Marek T. Conflict- and error-related theta activities are coupled

to BOLD signals in different brain regions. NeuroImage. 2022; 256: 119264. https://doi.org/10.1016/j.

neuroimage.2022.119264 PMID: 35508215

46. Andrillon T, Burns A, Mackay T, Windt J, Tsuchiya N. Predicting lapses of attention with sleep-like slow

waves. Nature Communications. 2021; 12: 3657. https://doi.org/10.1038/s41467-021-23890-7 PMID:

34188023

47. Gonzalez CE, Mak-McCully RA, Rosen BQ, Cash SS, Chauvel PY, Bastuji H, et al. Theta Bursts Pre-

cede, and Spindles Follow, Cortical and Thalamic Downstates in Human NREM Sleep. J Neurosci.

2018; 38: 9989–10001. https://doi.org/10.1523/JNEUROSCI.0476-18.2018 PMID: 30242045

48. Brandmeyer T, Delorme A. Closed-Loop Frontal MidlineθNeurofeedback: A Novel Approach for Train-

ing Focused-Attention Meditation. Frontiers in Human Neuroscience. 2020; 14: 246. https://doi.org/10.

3389/fnhum.2020.00246 PMID: 32714171

PLOS ONE Effect of mindfulness on neural oscillations

PLOS ONE | https://doi.org/10.1371/journal.pone.0299275 June 6, 2024 13 / 14

https://doi.org/10.1109/EMBC.2018.8512547
https://doi.org/10.1109/EMBC.2018.8512547
http://www.ncbi.nlm.nih.gov/pubmed/30440615
https://doi.org/10.1016/j.neuroimage.2019.05.026
https://doi.org/10.1016/j.neuroimage.2019.05.026
http://www.ncbi.nlm.nih.gov/pubmed/31103785
https://doi.org/10.1101/2023.05.26.542448
https://doi.org/10.1101/2023.05.26.542448
http://www.ncbi.nlm.nih.gov/pubmed/37292960
https://doi.org/10.1016/j.neuroimage.2010.08.064
http://www.ncbi.nlm.nih.gov/pubmed/20807577
https://doi.org/10.1016/j.neuroimage.2015.03.001
https://doi.org/10.1016/j.neuroimage.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25769279
https://doi.org/10.1038/s41467-020-15670-6
https://doi.org/10.1038/s41467-020-15670-6
http://www.ncbi.nlm.nih.gov/pubmed/32424312
https://doi.org/10.1016/j.neuroimage.2019.116331
https://doi.org/10.1016/j.neuroimage.2019.116331
http://www.ncbi.nlm.nih.gov/pubmed/31712168
https://doi.org/10.1007/BF01128991
http://www.ncbi.nlm.nih.gov/pubmed/8507550
https://doi.org/10.18637/JSS.V088.I02
https://doi.org/10.18637/JSS.V088.I02
https://doi.org/10.1016/j.jneumeth.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/17517438
https://doi.org/10.1111/j.1469-185X.2009.00083.x
https://doi.org/10.1523/JNEUROSCI.1063-22.2022
https://doi.org/10.1523/JNEUROSCI.1063-22.2022
http://www.ncbi.nlm.nih.gov/pubmed/36202618
https://doi.org/10.1016/j.neuroimage.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20946963
https://doi.org/10.1016/j.biopsycho.2018.11.003
https://doi.org/10.1016/j.biopsycho.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30458199
https://doi.org/10.1016/j.concog.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/30658238
https://doi.org/10.1016/j.neuroimage.2016.04.034
http://www.ncbi.nlm.nih.gov/pubmed/27114056
https://doi.org/10.1016/j.neuroimage.2005.04.014
http://www.ncbi.nlm.nih.gov/pubmed/15927487
https://doi.org/10.1016/j.neuroimage.2022.119264
https://doi.org/10.1016/j.neuroimage.2022.119264
http://www.ncbi.nlm.nih.gov/pubmed/35508215
https://doi.org/10.1038/s41467-021-23890-7
http://www.ncbi.nlm.nih.gov/pubmed/34188023
https://doi.org/10.1523/JNEUROSCI.0476-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30242045
https://doi.org/10.3389/fnhum.2020.00246
https://doi.org/10.3389/fnhum.2020.00246
http://www.ncbi.nlm.nih.gov/pubmed/32714171
https://doi.org/10.1371/journal.pone.0299275


49. D’Atri A, Romano C, Gorgoni M, Scarpelli S, Alfonsi V, Ferrara M, et al. Bilateral 5 Hz transcranial alter-

nating current stimulation on fronto-temporal areas modulates resting-state EEG. Sci Rep. 2017; 7:

15672. https://doi.org/10.1038/s41598-017-16003-2 PMID: 29142322

50. D’Atri A, Scarpelli S, Gorgoni M, Alfonsi V, Annarumma L, Giannini AM, et al. Bilateral Theta Transcra-

nial Alternating Current Stimulation (tACS) Modulates EEG Activity: When tACS Works Awake It Also

Works Asleep. Nature and Science of Sleep. 2019; 11: 343–356. https://doi.org/10.2147/NSS.S229925

PMID: 31819688

51. Feruglio S, Matiz A, Pagnoni G, Fabbro F, Crescentini C. The Impact of Mindfulness Meditation on the

Wandering Mind: a Systematic Review. Neuroscience & Biobehavioral Reviews. 2021; 131: 313–330.

https://doi.org/10.1016/j.neubiorev.2021.09.032 PMID: 34560133

52. Aftanas LI, Golocheikine SA. Human anterior and frontal midline theta and lower alpha reflect emotion-

ally positive state and internalized attention: high-resolution EEG investigation of meditation. Neurosci-

ence Letters. 2001; 310: 57–60. https://doi.org/10.1016/s0304-3940(01)02094-8 PMID: 11524157

53. Kakumanu RJ, Nair AK, Venugopal R, Sasidharan A, Ghosh PK, John JP, et al. Dissociating meditation

proficiency and experience dependent EEG changes during traditional Vipassana meditation practice.

Biological Psychology. 2018; 135: 65–75. https://doi.org/10.1016/j.biopsycho.2018.03.004 PMID:

29526764

54. Rodriguez-Larios J, Wong KF, Lim J, Alaerts K. Mindfulness Training is Associated with Changes in

Alpha-Theta Cross-Frequency Dynamics During Meditation. Mindfulness. 2020; 1–10. https://doi.org/

10.1007/s12671-020-01487-3

55. Mierau A, Klimesch W, Lefebvre M. Review state-dependent alpha peak frequency shifts: experimental

evidence, potential mechanisms and functional implications. Neuroscience. 2017; 360: 146–154.

https://doi.org/10.1016/j.neuroscience.2017.07.037

56. Brown KW, Goodman RJ, Inzlicht M. Dispositional mindfulness and the attenuation of neural responses

to emotional stimuli. Social Cognitive and Affective Neuroscience. 2013; 8: 93–99. https://doi.org/10.

1093/scan/nss004 PMID: 22253259

57. Hassirim Z, Lim ECJ, Lo JC, Lim J. Pre-sleep Cognitive Arousal Decreases Following a 4-Week Intro-

ductory Mindfulness Course. Mindfulness. 2019; 10: 2429–2438. https://doi.org/10.1007/s12671-019-

01217-4

58. Hicks A, Siwik C, Phillips K, Zimmaro LA, Salmon P, Burke N, et al. Dispositional Mindfulness Is Associ-

ated With Lower Basal Sympathetic Arousal and Less Psychological Stress. 2019 [cited 21 Aug 2023].

https://doi.org/10.1037/str0000124

59. Jones DR, Graham-Engeland JE, Smyth JM, Lehman BJ. Clarifying the Associations between Mindful-

ness Meditation and Emotion: Daily High- and Low-arousal Emotions and Emotional Variability. Applied

Psychology: Health and Well-Being. 2018; 10: 504–523. https://doi.org/10.1111/aphw.12135 PMID:

29992747

PLOS ONE Effect of mindfulness on neural oscillations

PLOS ONE | https://doi.org/10.1371/journal.pone.0299275 June 6, 2024 14 / 14

https://doi.org/10.1038/s41598-017-16003-2
http://www.ncbi.nlm.nih.gov/pubmed/29142322
https://doi.org/10.2147/NSS.S229925
http://www.ncbi.nlm.nih.gov/pubmed/31819688
https://doi.org/10.1016/j.neubiorev.2021.09.032
http://www.ncbi.nlm.nih.gov/pubmed/34560133
https://doi.org/10.1016/s0304-3940%2801%2902094-8
http://www.ncbi.nlm.nih.gov/pubmed/11524157
https://doi.org/10.1016/j.biopsycho.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29526764
https://doi.org/10.1007/s12671-020-01487-3
https://doi.org/10.1007/s12671-020-01487-3
https://doi.org/10.1016/j.neuroscience.2017.07.037
https://doi.org/10.1093/scan/nss004
https://doi.org/10.1093/scan/nss004
http://www.ncbi.nlm.nih.gov/pubmed/22253259
https://doi.org/10.1007/s12671-019-01217-4
https://doi.org/10.1007/s12671-019-01217-4
https://doi.org/10.1037/str0000124
https://doi.org/10.1111/aphw.12135
http://www.ncbi.nlm.nih.gov/pubmed/29992747
https://doi.org/10.1371/journal.pone.0299275

