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EEG oscillations reveal neuroplastic 
changes in pain processing 
associated with long-term 
meditation
Juliana Yordanova1, Valentina Nicolardi2, Peter Malinowski3, Luca Simione4,  
Salvatore M. Aglioti2,5, Antonino Raffone2,6 & Vasil Kolev1

The experience of pain is a combined product of bottom-up and top-down influences mediated 
by attentional and emotional factors. Meditation states and traits are characterized by enhanced 
attention/emotion regulation and expanded self-awareness that can be expected to modify pain 
processing. The main objective of the present study was to explore the effects of long-term meditation 
on neural mechanisms of pain processing. EEG pain-related oscillations (PROs) were analysed in 
highly experienced practitioners and novices during a non-meditative resting state with respect to 
(a) local frequency-specific and temporal synchronizing characteristics to reflect mainly bottom-
up mechanisms, (b) spatial synchronizing patterns to reflect the neural communication of noxious 
information, (c) pre-stimulus oscillations to reflect top-down mechanisms during pain expectancy, and 
(d) the P3b component of the pain-related potential to compare the emotional/cognitive reappraisal of 
pain events by expert and novice meditators. Main results demonstrated that in experienced (long-
term) meditators as compared to non-experienced (short-term) meditators (1) the temporal and spatial 
synchronizations of multispectral (from theta-alpha to gamma) PROs were substantially suppressed at 
primary and secondary somatosensory regions contra-lateral to pain stimulation within 200 ms after 
noxious stimulus; (2) pre-stimulus alpha activity was significantly increased at the same regions, which 
predicted the suppressed synchronization of PROs in long-term meditators; (3) the decrease of the P3b 
component was non-significant. These novel observations provide evidence that even when subjected 
to pain outside of meditation, experienced meditators exhibit a pro-active top-down inhibition of 
somatosensory areas resulting in suppressed processing and communication of sensory information 
at early stages of painful input. The emotional/cognitive appraisal of pain is reduced but remains 
preserved revealing a capacity of experienced meditators to dissociate pro-active and reactive top-
down processes during pain control.
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Pain signifies a life-threatening condition. The subjective experience of pain is therefore accompanied by strong 
emotional reflections of unpleasantness, attention redirection to the noxious event, and behavioural reactions 
of avoidance and self-protection1–6. Moreover, pain perception is critically modulated by ongoing emotional, 
motivational and attentional brain states mediated by contextual variables7–9. Accordingly, pain is conceptualized 
as an integrative process whereby the unique pain experience is a combined product of bottom-up and top-down 
influences9–11.

In line with this complexity, neuroimaging studies in humans and animals show that the experience of pain is 
accompanied by a co-existing involvement of a variety of cortical and subcortical structures2,6,8,12–16, with most 
consistent activations established for the anterior cingulate cortex (ACC), the insular cortex (IC), primary and 
secondary somatosensory cortices (S1, S2), thalamus, and associative cortices2,4,16–22.
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Top-down influences on pain can depend on transient, state-dependent, and trait-dependent factors. 
Transient contextual factors related to expectancy, attention and salience can change subjective pain perception 
from moment to moment depending on whether attention is actively directed to or away from pain stimulus 
or divided between noxious and innocuous stimuli or between different sources of painful input (e.g.,23–27). 
Tonic fluctuations of brain states induced by e.g., trust, worry, fear, or placebo represent another important class 
of top-down influences on pain9,28,29. Finally, trait-dependent individual dispositions supported by an inherent 
organization of neural networks are critical for the top-down modulations of pain in normal and pathological 
(e.g., chronic pain) conditions30–36.

In this perspective, it is notable that the most distinctive features of meditation states and traits encompass 
enhanced attention and emotion regulation and expanded self-awareness37–43. Long-term meditation practice 
has been associated with neuroplasticity marked by structural and functional changes in large-scale executive 
networks44–47. Practitioners with established meditation expertise have manifested intrinsic changes in the 
functional connectivity of fronto-parietal and medial frontal networks involved in executive control (attention 
and performance monitoring)48–50. Extensive mindfulness practice also leads to changes in the functional 
connectivity of the default mode and salience networks associated with enhanced self-awareness and attention/
emotion regulation49,51. The neural correlates of meditation states and traits also comprise brain networks that 
are specifically implicated in pain experience—thalamus, IC and ACC37,52–54.

In accordance with these findings, meditation has been reported to suppress subjective pain55–59. Based on 
subjective pain evaluations, it is now generally acknowledged that meditation positively influences noxious event 
perception by modulating primarily the emotional and attention-related components of pain55,57,59–63. This is 
confirmed by various studies demonstrating significant improvements in affective pain relative to sensory pain 
in meditation64.

Two neurophysiological models have been suggested to account for altered pain experience in mediation64,65. 
The first one is based on observations that long-term meditation training is accompanied by greater activation in 
somatosensory regions and deactivation of appraisal-related regions such as ACC and ventro-medial prefrontal 
cortex66,67. This dissociation in activation between appraisal-related and sensory areas suggests that expert 
meditators are able to separate the sensory experience of pain from the corresponding evaluation68,69. That is, 
they do sense noxious stimuli as fairly painful but do not evaluate the unpleasantness/affect that traditionally 
accompanies painful experiences, thus removing the need for top-down inhibitory control65–67,70. Referring to 
Buddhist meditation traditions where pain perception is considered, this mechanism might be described as 
blocking the “second arrow of pain” 58.

The second model, suggested by Zeidan et al.71,72, involves a downregulation of ascending nociceptive signals 
in the thalamus. This downregulation is achieved through effortful cognitive processes mediated by executive 
attention that results in lower signaling in relevant somatosensory areas71,73. This mechanism is suggested to 
transform ascending nociceptive information from painful to innocuous, thus avoiding the need for further 
extensive cognitive/affective reappraisal64,65. Within the Buddhist tradition, this mechanism might be described 
as blocking the “first arrow of pain”58.

These models are essentially derived from neuroimaging studies such as fMRI, in which the fine temporal 
dynamics of underlying processes cannot be precisely assessed. A fine-grained temporal resolution of brain 
signals can, however, be provided by electroencephalographic (EEG) and magnetoencephalographic (MEG) 
signals. EEG studies of pain processing have shown that evoked pain potentials and patterns of neural responses 
are generated in different regions, at different time scales and in different frequency bands—theta, alpha, beta, 
and gamma10,18,24,27,74–88. It is now increasingly recognized that the sensory and contextual components of pain 
may be differentially associated with the frequency, timing and synchronizing properties of neural pain-related 
oscillations10. Specifically, evoked pain-related potentials (PRPs) and local oscillatory alpha-to-gamma responses 
to noxious stimuli are more sensitive to bottom-up (e.g., physical intensity) than to top-down processes (e.g. 
expectation, preparatory attention)77,85,87,89. In contrast, top-down influences are reflected by ongoing oscillatory 
activity from alpha and beta frequency ranges preceding noxious event delivery90–93. Top-down influences 
(expectations) also have been linked to pain-related spatial synchronization of alpha and gamma oscillatory 
networks after painful stimulation94. In addition, the late parietal P3b component of event-related potentials that 
reflects the amount of attention allocated to cognitive stimulus evaluation95 is considered an index of involuntary 
attentional shift to nociceptive events96–98.

The main objective of the present study was to shed further light on the neural mechanisms of pain 
processing of meditators by analysing pain-related oscillations (PROs). Toward this end, EEG responses to 
noxious stimuli were recorded and analysed in highly experienced practitioners and novices during a non-
meditative resting state47,50,58. PROs were analysed with respect to (a) local frequency-specific and temporal 
synchronizing characteristics to reveal mainly bottom-up mechanisms and activations of somatosensory and 
associative cortical regions, (b) spatial synchronizing patterns of pain-related oscillatory networks to reveal the 
communication of noxious information, (c) pre-stimulus oscillations to reveal top-down mechanisms during 
pain expectancy, and (d) the P3b PRP component to compare the emotional/cognitive reappraisal of pain events 
by expert and novice meditators.

We hypothesized that neural responses to pain would be altered in long-term practitioners outside of 
meditation during a non-meditative rest condition due to neuroplastic changes in executive and pain-related 
brain networks. We also expected that pain-related oscillations would provide new evidence about the effects of 
long-term meditation on bottom-up and top-down mechanisms of pain regulation, which would help to further 
test and substantiate the existing models.
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Methods
In the present study we analysed a selected data sets from a large project investigating a unique sample of long-
term meditators. Subjective pain measures from the pain experiment have been reported by Nicolardi et al. 58, 
in which EEG and neural pain responses were not considered. We used records of spontaneous EEG from the 
same sample (reported in Yordanova et al. 47,50) as a no-pain control condition, but the present new analyses are 
not reported elsewhere.

Participants
A total of 35 participants were studied. They were divided into two groups – long-term meditators (LTM) 
and control short-term meditators (STM). The group of LTM included twenty monastics from the Theravada 
Buddhist tradition (3 females; mean age = 44.6 ± 10.9, mean number of years in monastery = 18 ± 12.7). The 
participants were monks and nuns residing at Amaravati Buddhist Monastery, in Southern England, and at 
Santacittarama Monastery, in Central Italy. Despite the different geographic locations, practices at both 
monasteries are aligned with the Thai Forest Theravada Buddhist tradition, which is now established, widely 
acknowledged and influential in the West. In this tradition, practitioners typically practice two hours per day 
with the monastery community, with a regular intensification of practice during retreats. According to inclusion 
criteria, participants were required to have practiced focused attention meditation (FAM), open monitoring 
meditation (OMM), and loving-kindness meditation (LKM) forms in a balanced way, often in integrated 
sessions, including silent meditation retreats (3 months per year). As suggested by the abbots of the monasteries, 
monastics were included who had an average of 100 h of practice per month during monastic life, with a balance 
of meditation facets. In the present study, meditation expertise was measured in hours taking into account 
both practice in the monastic tradition and practice before monastic life. The lifetime duration of meditation 
practice of the LTM was estimated as a mean of 19,358 h (SE = 3164), range 900–50,600 h. The group of STM 
included 15 short-term meditation practitioners (6 females, mean age = 44.8 ± 8.2) who each had a total of less 
than 250 h of meditation experience. All participants were right-handed healthy volunteers, without a history 
of neurologic, psychiatric, chronic somatic, or other problems. Although LTM data were acquired at different 
places, the main criteria for sample selection emphasized on the type and duration of meditation expertise, 
which was controlled across places to enable comparisons with STM. The study was approved by the dedicated 
Research Ethics Committee at Sapienza University of Rome, Italy. All participants gave informed consent before 
participation according to the Declaration of Helsinki.

Tasks and procedures
Neural responses to painful electrical pulses generated by a monophasic constant current stimulator (STIM140, 
H.T.L. srl, Amaro, UD, Italy) were recorded. Stimuli were delivered through two surface electrodes (diameter 
6  mm, Ag–Cl, Electro-Cap International, Inc. Eaton, Ohio) placed 5  mm from each other. The stimulation 
site was on the dorsal digital branch of the radial nerve, on the medial surface of the back of the left hand. The 
intensity range allowed by the instrument was between 2 and 50 mA.

As depicted in Fig. 1, the whole experimental procedure consisted of three phases: (1) determination of the 
absolute pain threshold, (2) stimulus intensity calibration, (3) task and stimulation blocks. During the first phase, 
the absolute pain threshold of each participant was identified as the minimum intensity of a stimulus perceived 
as painful. The threshold was determined by the ascending and descending method of limits99,100. During the 
second calibration phase, supra-threshold electric stimuli were delivered with a staircase procedure until the 
participant associated the same stimulus intensity with a moderate pain sensation in 50 ± 10% of probes. The 
threshold and calibration phases allowed the selection of a moderately intense stimulus for each participant, to 
be used during the next stimulation blocks. The third experimental phase consisted of a series of painful stimuli 
delivered as single events during conditions which the participants were instructed to maintain in succession: a 
non-meditative resting state (REST) condition, and 3 meditation conditions. In the present study, only the REST 
condition was analyzed. Participants were instructed to remain in a non-meditative resting state with eyes closed 
while pain stimuli were delivered. The explicit instruction for the REST condition was: Rest in a non-meditative 
relaxed state, without falling in sleep, while allowing any spontaneous thoughts and feelings to arise and unfold 
in the field of experience. There were 3 REST blocks, each including 10 trials leading to a total of 30 trials. The 
effects on neural pain processing of specific meditation states vs. REST will be presented in a separate study.

The trial duration was approximately 10 s (9 to 13 s). The painful stimulus (electrical stimulus with 50 ms 
duration) was delivered randomly 4.5 to 8.5 s after beginning of the trial. One and half second after stimulus 
delivery, participants were asked to rate (scale 1–100) three dimensions of subjective experience related to the 
nociceptive stimulation: pain, aversion, and identification 58.

EEG recording and pre-processing
EEG was recorded by a mobile wireless system (Cognionics; https://www.cognionics.net/mobile-128) using an 
electrode cap with 64 active Ag/AgCl electrodes located in accordance with the extended international 10/10 
system and referenced to linked mastoids. Electrode impedances were kept below 10 kOhm and EEG signals 
were collected at a sampling rate of 500 Hz (resampled off-line to 250 Hz for data analysis).

EEG analysis was performed with Brain Vision Analyzer ver. 2.2.2 (Brain Products GmbH, Gilching, 
Germany). EEG traces were visually inspected for gross ocular and other artefacts at 64 channels. Contaminated 
trials were discarded along with EEG records exceeding ± 100  µV. Bad channels were interpolated using 
topographic interpolation101. Slight horizontal and vertical eye movements preserved in the accepted trials were 
corrected by means of independent component analysis (ICA)102. After artefact rejection, the mean number of 
artefact-free trials used for analysis of each subject was 27 (SD = 2.3, range 24–29, consistent with standards).
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Current source density
Current source density (CSD) transform of the signals was performed off-line to achieve a reference-free 
evaluation and control for volume conduction (see, e.g.,101,103 for details). The spherical Laplace operator is 
applied to the potential distribution on the surface of the head. This procedure provides excellent estimates of the 
bioelectric activity of the cortical surface when applied with dense electrode arrays (48–256 electrodes, 64 in the 
present study)103. All EEG epochs (spontaneous and pain-related responses) were re-referenced and analysed 
after a CSD transform of the signals.

Analysis of pain-related EEG responses
In the present study, pain EEG responses were analysed in the time- and time–frequency domains. Averaged 
time-domain PRPs were computed to extract the P3b component reflecting cognitive pain evaluation. Time–
frequency decomposition was applied to target specifically the temporal and spatial synchronization features 
of PROs after stimulus104–107 and to examine ongoing oscillatory networks by exploring total power in the pre-
stimulus periods. The power of averaged PROs was used for preliminary analyses.

Time-domain analysis was performed by averaging 1.5-s long artefact-free pain-related EEG epochs, including 
0.5 s before and 1 s after electric stimulus. P3b was identified as the maximal positive peak with centro-parietal/
parietal distribution within 300–500  ms after stimulus95. Peak amplitude and latency of P3b were measured 
against a baseline of 300 ms before stimulus.

Time–frequency (TF) analysis of pain-related potentials was performed by means of a continuous wavelet 
transform (CWT) with Morlet wavelets as basis functions108. Complex Morlet wavelets W(t,f) can be generated 
in the time domain for different frequencies, f, according to the equation:

 W (t, f) = A exp
(
−t2/2σ2

t

)
exp (2iπft) (1)

where t is time,A =
(
σt

√
π

)−1/2, σt is the wavelet duration, and i =
√

−1 is the imaginary unit.
To identify precisely low- and high-frequency oscillatory responses to pain, two types of epochs were 

analysed in the TF domain:
(1) For slow-frequency PROs from the delta, theta, and alpha frequency bands, EEG epochs were 1.5 s long, 

including 0.5 s before and 1 s after the electric stimulus.
(2) For fast-frequency PROs from beta and gamma frequency bands, EEG epochs were 0.85 s long, with 

0.25 s before and 0.6 s after stimulus.
WT parameters also were adjusted to slow- and fast-frequency PROs:
(1) For analysis of slow-frequency PROs, wavelet family was characterized by a ratio of f0/σf = 4, where f0 is the 

central frequency and σf is the width of the Gaussian shape in the frequency domain. This f0/σf ratio was oriented 
to slower phase-locked components as providing a decrease in the decay of the shape of the Morlet wavelet109. 
For different f0, time and frequency resolutions can be calculated as 2σt and 2σf, respectively, with σt and σf being 

Fig. 1. Experimental procedure and trial details. After the measurement of the subjective pain threshold 
(THRESHOLD phase), participants underwent the CALIBRATION phase to find a moderate value to be used 
during the task. The task included a brief interval (1 min) to engage in the mind-set of non-meditative REST, 
or meditative focused attention (FAM), open monitoring (OMM), and loving kindness (LKM) meditation type 
(PREPARATION). The engagement interval was followed by STIMULATION—a transient painful electrical 
stimulus delivered with a random inter-stimulus interval within the second half of an 8.5-s-long period (red-
dotted line). Each stimulus was followed by three visual scales for ratings (from 0 to 100) of pain, aversion and 
identification experiences (EVALUATION). Note: For the present study only the REST condition was used.
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related by the equation σt = 1/(2πσf). The analysis was performed in the frequency range 0.5–25 Hz with a central 
frequency at 0.6 Hz intervals.

(2) To adjust parameters to fast-frequency PROs, the second WT decomposition was performed in the 
frequency range 15–50 Hz with a central frequency at 1.75 Hz intervals, and a wavelet family characterized by 
the ratio of f0/σf = 10, oriented to the higher frequencies accordingly. These two types of TF decompositions were 
applied to averaged and single-trial PRPs.

Phase-locked power of PROs
Different methods of evaluation are required to assess the power of phase-locked and non-phase-locked 
activity74. Here, to compute phase-locked activity, the wavelet transform was applied to the averaged PRPs, 
which enabled the extraction of phase-locked power (PLP)109.

Total power of PROs
Total power (TOTP) comprises both the phase-locked and non-phase-locked activity. To include the non-phase-
locked portion of the signal, single trials were first transformed to the TF domain and then averaged. For each 
trial, the time-varying power in a given frequency band was calculated, which was obtained by squaring the 
absolute value of the convolution of the signal with the complex wavelet. In the present study, TOTP was used for 
analysis of pre-stimulus activity. Frequency-relevant TOTP measures were extracted in alpha, beta and gamma 
frequency ranges (Fig. 6) and analysed. For statistical evaluation, TF power was log10-transformed.

Temporal synchronization of PROs: Phase-locking factor
The temporal phase synchronization across trials was analysed by means of the phase-locking factor (PLF, 
e.g.,110,111). The PLF provides a measure of synchronization of oscillatory activity independently of the signal’s 
amplitude. The values of PLF yield a number between 0 and 1 determining the degree of between-sweep phase-
locking, where 1 indicates perfect phase alignment across trials and values close to 0 reflect the highest phase 
variability. PLFs were computed for different TF scales at each time-point for each electrode and subject.

Spatial synchronization of PROs: Phase-locking value
Following methodological recommendations112, phase-based connectivity was assessed using phase-locking 
values (PLVs). This approach (a) is recommended for hypothesis-driven vs. exploratory analyses, as targeted 
here, (b) is robust to time dynamics, time lag, frequency mismatches, and frequency non-stationarities, and (c) 
is robust to increased variance in phase stability.

PLVs between electrode channels measure the extent to which oscillation phase angle differences between 
electrodes are consistent over trials at each time/frequency point. As a measure of spatial synchronization, PLVs 
were computed for different TF scales at each time-point t and trial j according to the equation:

 
P LV k,l =

∣∣∣ 1
N

∑N

j=1
ei(ρj,k(t,f0)−ρj,l(t,f0))

∣∣∣ (2)

where N is the number of single sweeps, k and l are indices for the pair of electrodes to be compared, and ρ is the 
instantaneous phase of the signal. PLVk,l results in real values between one (constant phase difference) and zero 
(random phase difference). PLV was computed for each pair of electrodes, resulting in a total of 630 pairs (after 
excluding the edge electrodes prone to signal distortion due to the lack of neighbour electrodes, and reducing 
the number of electrodes to 35) for each subject.

To identify regions with maximal connectivity during PRPs, the mean of all pairs connected with each single 
electrode was computed for each electrode. Following this procedure, a quantifier ‘regional PLV’ (R-PLV) was 
established. For R-PLV computation the selected 35 electrodes were used (F5, F3, Fz, F4, F6, FC5, FC3, FCz, FC4, 
FC6, C5, C3, Cz, C4, C6, CP5, CP3, CPz, CP4, CP6, P7, P5, P3, Pz, P4, P6, P8, PO7, PO3, POz, PO4, PO8, O1, 
Oz, and O2). Time–frequency plots of R-PLV also were computed for each subject and electrode.

Control analysis of spontaneous EEG.
As detailed in Yordanova et al.47, EEG was recorded with eyes closed for 5–6 min in no pain conditions REST, 
FAM, OMM, and LKM using the same recording setup and pre-processing. The experiment was conducted in 
a quiet, dimly lit room suitable for meditation and recording EEG. Using ICA and CSD EEG was pre-processed 
as described in 2.3 and 2.4. All analyses were carried out with CSD-transformed data from 50 electrodes. EEG 
recordings were segmented in equal-sized epochs of 4.096-s duration with 1.024-s overlap. The average number 
of epochs for each participant was 70 (± 20). After the Hanning window with a duration of 20% from the total 
epoch length applied to all epochs, fast Fourier transform (FFT) was computed, yielding the representation of 
complex values with a frequency resolution of 0.244 Hz (1/4.096 s).

Parameters and selection of ROIs
Selection of synchronized time–frequency pain-related components
Figure 2 demonstrates time–frequency plots of PLP for slow and fast PROs of STM and LTM during REST. 
Inspection of TF plots in STM reveals that in the slow frequency band (left panel A), two main components were 
temporally synchronized by pain stimulus – theta-alpha (5–10 Hz) and delta (1.5–4 Hz). In the fast frequency 
bands (right panel B), three distinct TF components were evident – beta (16–25 Hz), slow gamma (gamma-1, 
30–35  Hz), and fast gamma (gamma-2, 38–42  Hz). Inspection of TF plots in LTM demonstrates that these 
TF components of pain potentials were strongly reduced in LTM. In addition, it is shown that the maximal 
expression of frequency-specific PROs occurred with different timing after pain stimulation: within 500  ms 
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time window for delta (group mean across all electrodes 200 ± 80 ms), within 250 ms for theta-alpha (group 
mean 128 ± 20 ms), within 200 ms for beta (group mean 110 ± 15 ms), and within 150 ms for gamma-1 (group 
mean 80 ± 10 ms) and gamma-2 (group mean 50 ± 10 ms). Figure 2 also demonstrates the different topographic 
distributions of frequency-specific components. Specifically, an anterior midline dominance is observed for 
delta and theta-alpha, whereas a focused localization at central/postcentral contralateral (right-hemisphere) 
electrodes is demonstrated for beta, gamma-1, and gamma-2 TF components.

TF Components and Measurements
Based on all these observations, 5 relevant TF components were selected for analysis: delta with central frequency 
f0 = 3.12 Hz (1.5 – 4.5 Hz), theta-alpha with f0 = 7.5 Hz (4.7 – 10.7 Hz), beta with f0 = 18.14 Hz (15.8 – 22.9 Hz), 
gamma-1 with f0 = 32.1 Hz (30.8 – 35.9 Hz), and gamma-2 with f0 = 43.5 Hz (38.8 – 42.9 Hz).

PLF and R-PLV were measured as the maximal value within defined epochs after stimulus for each frequency 
band, subject, and electrode as follows: delta (within 40–500 ms), theta-alpha (within 20–250 ms), beta (within 
10–150  ms), gamma-1 (within 10–150  ms), gamma-2 (10–100  ms). The measures were baseline corrected 
by subtracting the mean value of a baseline of −300/−50 ms for slow and −200/−50 ms for fast frequency TF 
components.

Pre-stimulus activity was measured by computing the mean value of TOTP for theta-alpha and alpha (f0 = 7.5 
and 10.1 Hz) layers within −450/−50 ms, beta (−250/−50 ms), and gamma-1/gamma-2 (−220/−40 ms) frequency 
bands. These three frequency ranges were chosen for analysis of pre-stimulus activity as being distinctively 
present before stimulus (Fig. 6).

Thus, in the time–frequency domain, the final parameters used for analysis were:
(1) PLF reflecting the stability of temporal phase synchronization of TF components in relation to pain 

stimulus,
(2) R-PLV reflecting the strength of functional connectedness of maximally synchronized regions during 

pain processing, and.
(3) TOTP reflecting pre-stimulus activity,
(4) For control analyses, spectral power of the spontaneous EEG was measured in alpha, beta and gamma 

frequency-bands and analysed after being log-transformed.
In the time domain, amplitude and latency of time-domain P3b component were analyzed to reflect the 

amount of cognitive pain stimulus appraisal.

Selection of Regions of Interest (ROIs)
TF analyses were performed for sets of electrodes covering three regions of interest (ROIs): (1) contralateral 
primary somatosensory cortex (S1), (2) contralateral secondary somatosensory cortex including the insular 
cortex (S2-IC), and (3) frontal medial cortex including the ACC and supplementary motor areas (FM). These 
three ROIs were selected basing on (1) theoretical accounts according to which S1, S2, IC, and ACC are the 
major regions with relevant cortical projections involved in pain processing2,16; (2) observations from current 
data on phase-locked pain-related activity (Fig. 2); (3) previous detailed topographic analysis of phase-locked 
PROs evoked by similar nociceptive stimulation74; and (4) previous approaches for analysis of synchronized 
pain-related oscillations and spatial connections89,94. Following the correspondence of electrode positions of 
the 10/10 system to these areas113,114, S1 included Cz, C4, CPz, CP489, S2-IC included C6, CP6, and P6, and FM 
included Fz and FCz electrodes. The Fz/FCz electrodes were chosen as having been proved to capture the joint 
activation of supplementary motor areas and ACC.

Fig. 2. Time–frequency (TF) plots and topography distribution maps of the phase-locked power for (A) 
slow-frequency and (B) fast-frequency pain-related oscillations of short-term (STM) and long-term (LTM) 
meditators during resting state. Difference TF plots and difference topography maps (STM-LTM) are depicted 
for each TF component. The TF plots are presented for C4 electrode. For slow TF components in (A), ‘a’ 
refers to theta-alpha mainly expressed in STM and ‘b’ refers to delta TF component mainly expressed in LTM. 
Stimulus occurrence at 0 ms.

 

Scientific Reports |        (2025) 15:10604 6| https://doi.org/10.1038/s41598-025-94223-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Statistical analysis
The statistical analysis tested the hypothesis that PROs differ between experienced and novice meditators in 
the REST condition. Analyses were performed for each ROI and each frequency-specific PLF/R-PLV/TOTP 
measure. A repeated-measures ANOVA was used with the between-subjects variable Group (STM vs. LTM) 
and the within-subjects variable Electrode (specific for each ROI). Analyses of P3b latency and amplitude 
were performed at centro-parietal electrodes (CP3, CPz, CP4, detailed in the Results). One-way ANOVA was 
employed to evaluate the effects of Group on pain threshold and measures of subjective pain evaluation (pain 
perception, aversion, and identification). In control and complementary analyses, to explore the associations 
between PRO synchronization and sensitivity to pain as well as the associations between PRO synchronization 
and pre-stimulus activity, multiple regression stepwise analyses were applied as detailed in the Results. Pearson 
correlation coefficients also were computed to assess the associations between the examined PRO and pre-
stimulus activity, and between different objective and subjective parameters. For factors with more than two 
levels, the Greenhouse–Geisser correction was applied to the degrees of freedom (df). Original df, corrected 
p-values, and partial eta squared are reported, along with mean group values ± standard error (SE) whenever 
relevant. To control for multiple testing effects, FDR correction was applied115. For all analyses, only significant 
statistical outcomes are presented in detail in the results.

Results
Subjective pain indices
Pain thresholds tended to be lower in STM than LTM (Group, F(1/34) = 3.6, p = 0.06, ŋ2 = 0.106). None of the 
parameters reflecting subjective pain (subjective pain intensity, aversion, and identification) differed significantly 
between the two groups during REST (Group, p > 0.2).

Effects of long-term meditation on PRO synchronization
Figure 3 depicts TF plots of PLF in the groups of STM and LTM during REST. It confirms the presence of slow 
and fast TF components as observed in averaged potentials (PLPs) and demonstrates that the expression of these 
components results from a prominent local phase-synchronization with pain stimulus.

Figure 4 presents time–frequency plots of R-PLV during REST and shows that pain processing is supported 
by synchronized frequency-specific oscillatory networks in the same frequency ranges. Similar to the temporal 
phase-synchronization, delta and theta-alpha oscillations manifested maximal spatial synchronization at the 
midline with slight lateralization in the right hemisphere, whereas beta, gamma-1, and gamma-2 oscillations 
manifested a focused localization of the maximal spatial synchronization at contra-lateral (right-hemisphere) 
electrodes.

The statistical effects of the Group factor on the synchronization of PRO parameters during REST at three 
ROIs (S1, S2-IC, and FM) are presented in Table 1 and graphically illustrated in Fig. 5. Consistent with the 
observations from difference maps in Fig.  3, PLFs of theta-alpha, beta, gamma-1, and gamma-2 PROs were 
significantly larger in STM than LTM at S1 and S2-IC (Table 1, Fig. 5). Confirming the topography-specific 
differences between groups observed in Fig. 4, the spatial synchronization (R-PLV) was significantly stronger in 
STM than LTM at S1 for beta, and at S2-IC for theta-alpha and gamma-2 PROs (Table 1, Fig. 5). No significant 
group effects were revealed at the FM ROI for the local temporal or spatial synchronization (Table 1).

These results show that during pain processing, the temporal and spatial synchronization of multi-spectral 
pain-related oscillations is substantially suppressed in long-term meditators at primary and secondary 
somatosensory cortical areas contra-lateral to the side of pain stimulus.

Fig. 3. Time–frequency plots and topography distribution maps of the phase-locking factor (PLF) for (A) 
slow-frequency and (B) fast-frequency pain-related oscillations in short-term (STM) and long-term meditators 
(LTM) during resting state. Difference TF plots and difference topography maps (STM-LTM) are depicted for 
each TF component. The TF plots are presented for the C4 electrode. For slow TF components in (A), ‘a’ refers 
to theta-alpha and ‘b’ refers to delta TF component. Stimulus occurrence at 0 ms.
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Effects of long-term meditation on pre-stimulus activity during REST
Pre-stimulus activity in the slow and fast frequency bands is illustrated in Fig. 6. Statistical effects of the Group 
factor on pre-stimulus alpha, beta and gamma activity during REST at three ROIs (S1, S2-IC, and FM) are 
presented in Table 1. It is demonstrated that pre-stimulus alpha and gamma activities were significantly higher 
in LTM than STM at S1 and S2-IC, whereas beta activity did not differ reliably between the two groups. At the 
FM ROI, no Group effects were yielded.

Effects of long-term meditation on P3b PRP component
To confirm P3b identity, the topographic distribution of peak P3 amplitude was analysed in a Region (5 levels 
corresponding to fronto-central, central, centro-parietal, and parietal regions) x Laterality (5 levels corresponding 
to left ventral, left dorsal, midline, right dorsal and right ventral electrodes) ANOVA. As expected, P3b PRP 
component was maximal at the midline (Laterality, F(4/132) = 8.6, p < 0.001, ŋ2 = 0.212) and at centro-parietal 
electrodes (Region, F(4/132) = 4.1, p = 0.02, ŋ2 = 0.118) – Fig. 7 (right). At centro-parietal electrodes P3b was 
larger in STM than LTM but this difference did not reach significance (F(1/33) = 3.7, p = 0.06, ŋ2 = 0.104). Peak 
P3b latency did not differ between STM (group mean = 350 ± 7.4 ms) and LTM (group mean = 347 ± 6.6 ms).

Variable S1 S2-IC FM

Group (df = 1/33) F p ŋ2 F P ŋ2 F p ŋ2

(a) PLF

Delta ns ns ns

Theta-Alpha 8.15 0.008 0.203 6.22 0.018 0.163 ns

Beta 6.92 0.01 0.178 ns ns

Gamma-1 6.72 0.001 0.179 6.55 0.015 0.170 ns

Gamma-2 11.9 0.001 0.270 ns ns

(b) R-PLV

Delta ns ns ns

Theta-Alpha 3.9 0.05 0.121 4.55 0.04 0.125 ns

Beta 3.8 0.05 0.109 ns ns

Gamma-1 ns ns ns

Gamma-2 ns 7.86 0.008 0.197 ns

(c) Pre-stimulus

Alpha 6.22 0.02 0.163 8.69 0.006 0.214 ns

Beta ns ns ns

Gamma 5.79 0.02 0.153 4.42 0.05 0.116 ns

Table 1. Statistical results from testing the effects of Group (STM vs. LTM) during REST on (a) phase-locking 
factor (PLF), (b) regional phase-locking value (R-PLV) of PROs, and (c) pre-stimulus power of oscillations 
from different frequency bands (delta, theta-alpha, beta, gamma-1, and gamma-2) at three ROIs (S1, S2-IC, 
FM).

 

Fig. 4. Time–frequency (TF) plots and topography distribution maps of the regional phase-locking value 
(R-PLV) for (A) slow-frequency and (B) fast-frequency pain-related oscillations of short-term (STM) and long-
term meditators (LTM) during resting state. Difference TF plots and difference topography maps (STM-LTM) 
are depicted for each TF component. The TF plots are presented for the C4 electrode. For slow TF components 
in (A), ‘a’ refers to theta-alpha and ‘b’ refers to delta TF component. Stimulus occurrence at 0 ms.
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Control analyses
It is well documented that alpha and fast-frequency activities are enhanced in long-term meditators39,116. Two 
control analyses were carried out to test if the pre-stimulus alpha and gamma activities of LTM are specifically 
increased at contra-lateral S1 and S2-IC during the pain condition. The first control analysis aimed to check 
if these rhythms were larger in the present sample of LTM than STM in resting state no-pain condition, or if 
the enhancement in LTM was only linked to the pain stimulation. The second control analysis assessed the 
lateral asymmetry of these rhythms in no-pain and pain conditions to see if pain stimulation is accompanied 
by a specific topographic reallocation of ongoing rhythms related to preparation for pain processing in the 
hemisphere contra-lateral to stimulation84,90,91,117.

(1) Control analysis 1: Spontaneous alpha and gamma activities were analysed during resting state where no 
pain stimulation was applied. As in the pain condition, they were compared between STM and LTM at S1 and 
S2-IC, i.e., at those ROIs where these pre-stimulus activities were enhanced in LTM before pain stimulation. A 
significant Group effect was found for the spontaneous alpha activity at S1 (F(1/33) = 12.5, p = 0.001, ŋ2 = 0.075) 

Fig. 5. Group means ± SE of (A) phase-locking factor and (B) regional PLV of delta, theta-alpha, beta, 
gamma-1, and gamma-2 PROs in short-term (STM) and long-term meditators (LTM) at three ROIs (S1, S2-IC, 
and FM). Statistical between-group differences are indicated by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).
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and S2-IC (F(1/33) = 10.2, p = 0.002, ŋ2 = 0.062), reflecting larger spontaneous alpha in the group of LTM. 
Spontaneous fast-frequency activity did not differ significantly between the groups at S1 (p > 0.3) but it was 
enhanced in LTM at S2-IC (F(1/33) = 5.8, p = 0.02, ŋ2 = 0.048). These observations imply that the pre-stimulus 
enhancement of alpha and gamma oscillations in LTM during pain may reflect a background neuroplastic state 
of alpha and gamma networks in highly experienced meditators rather than a specialized role in controlling the 
brain state before noxious events.

(2) Control analysis 2: To explore further the possible specific involvement of pre-stimulus oscillations in 
the pain condition, pre-stimulus alpha and gamma powers were computed at ipsi-lateral S1 and S2-IC and 
compared with contra-lateral values in each group. Likewise, the lateral asymmetry of alpha and gamma power 
was analysed during resting state where no pain stimuli were delivered. Repeated-measures ANOVAs with a 
between-factor Group (STM vs. LTM) and Laterality (right vs. left) were used. Analyses in the alpha band revealed 
that in STM, no laterality (right vs. left) difference existed at either S1 or S2-IC during no-pain (Laterality, 
F(1/14) = 1.9, p = 0.2, ŋ2 = 0.04; F(1/14) = 1.42, p = 0.2, ŋ2 = 0.04) and pain conditions (Laterality, F(1/14) = 1.37, 
p = 0.3, ŋ2 = 0.09; F(1/14) = 0.72, p = 0.4, ŋ2 = 0.05). In contrast, while in the group of LTM, alpha activity at 
ipsi- and contra-lateral S1 and S2-IC also did not differ during the no-pain condition (Laterality, F(1/19) = 1.8, 
p = 0.2, ŋ2 = 0.02; F(1/19) = 2.1, p = 0.2, ŋ2 = 0.018), a significant contra-lateral > ipsi-lateral (right > left) effect was 
yielded in the pain stimulation condition at both S1 (Laterality, F(1/19) = 13.9, p = 0.002, ŋ2 = 0.43) and S2-IC 
(Laterality, F(1/19) = 6.4, p = 0.02, ŋ2 = 0.26) regions. No lateralized differences were found for gamma activity in 
any condition (no pain or pain) and group, implying that the enhancement of pre-stimulus gamma oscillations 
may not specifically subserve brain states involved in the preparation for pain processing.

Asymmetry index of alpha activity was additionally computed as the normalized difference between right-
hemisphere and left-hemisphere measures and statistically analysed for S1, S2-IC and frontal regions (F3 and 
F4) using ANOVA with a between factor Group (STM vs. LTM) and Condition (NO PAIN vs. PAIN). The results 
of these analyses are illustrated in Fig. 8. They confirmed the observed right > left asymmetry for S1 and S2-IC 

Fig. 7. Pain-related potentials in the time domain in short-term (STM) and long-term meditators (LTM) at Pz. 
The map depicts P3 peak topographic distribution. Stimulus occurrence at 0 ms.

 

Fig. 6. Time–frequency (TF) plots of the pre-stimulus total power for (A) slow-frequency and (B) fast-
frequency bands of short-term (STM) and long-term meditators (LTM) at representative electrodes P6 and 
CP4. Difference TF plots (STM-LTM) are presented on the right. Stimulus occurrence at 0 ms.
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only in LTM only during the pain condition, thus further emphasizing the specificity of alpha involvement at S1 
and S2-IC before pain stimulation in LTM (Fig. 8).

Together, these observations demonstrate that pre-stimulus alpha activity is specifically enhanced at contra-
lateral primary and secondary somatosensory regions before painful stimulation only in experienced meditators.

Complementary analyses
Relationships between PRO synchronizations and pain processing
According to our main observations, PRO synchronizations at S1/S2-IC during REST were suppressed in the 
group of LTM, whereas subjective pain measures (pain intensity, aversion, identification) did not differ between 
the groups. Yet, sensitivity to noxious stimulus intensity (as reflected by threshold) also differentiated STM from 
LTM. To test if the PRO synchronization might relate to pain processing, the relationships with the threshold 
were analysed. In several multiple regression stepwise analyses, the threshold was included as a dependent 
variable and synchronization measures (PLF or R-PLV) at S1/S2-IC electrodes were included as predictors (n = 7 
for each analysis). This design was chosen because each frequency-specific PRO, PLF, or R-PLV measures at 
S1/S2-IC electrodes were positively inter-correlated (r = 0.315 ÷ 0.518, p = 0.01 ÷ 0.001). By accounting for these 
inter-correlations the multiple stepwise regression models would extract the most relevant predictions at specific 
electrodes. Because separate analyses were performed for each frequency band and each measure (PLF and 
R-PLV), FDR correction of p was implemented setting it to 0.01. The extracted statistically relevant PLF/R-PLV 
predictors for each TF component are illustrated in Fig. 9. The statistical results of the corresponding regression 
models are presented in Table 2. Opposite to intuitive negative relationships implied by between-group effects, the 
regression analyses demonstrated that (1) threshold was positively associated with theta-alpha, beta, gamma-1, 
and gamma-2 PLF at S1 electrodes, and (2) threshold was positively associated with theta-alpha, beta, gamma-1, 
and gamma-2 R-PLV at both S1 and S2-IC electrodes (Fig. 9). The observed positive associations imply that 
the high threshold is accompanied by strong temporal and spatial synchronizations of PROs at primary and 
secondary somatosensory areas.

The same analyses were performed for pre-stimulus alpha, beta and gamma activity to explore if pre-stimulus 
activations may directly modulate sensitivity to pain stimulus intensity as implied by previous research91. In 
contrast to post-stimulus PRO synchronizations, no such associations were found.

Relationships between PRO synchronization and pre-stimulus activity
It is acknowledged that enhanced pre-stimulus activity can deteriorate the temporal phase-locking of stimulus-
related oscillations118. Hence, the reduction of the temporal and spatial synchronizations of PROs in LTM may 
result from the increased pre-stimulus activity in alpha and/or gamma band in this group. To test this hypothesis, 
similar multiple regression stepwise analyses were carried out. In separate analyses, each PLF and R-PLV 
measure at each of the S1 and S2-IC electrodes was the dependent variable and pre-stimulus alpha or gamma 
measures at the S1/S2-IC electrodes (n = 7) were the predictors. Again, this design was chosen because for each 
frequency band (alpha and gamma), the pre-stimulus activity at S1/S2-IC electrodes was highly positively inter-
correlated (r = 0.326 ÷ 0.950, p = 0.01 ÷ 0.001). It was found that (1) Suppressed theta-alpha and gamma-2 PLF 
and R-PLV at S1/S2-IC were predicted by enhanced pre-stimulus alpha power at S1 electrodes (R2 = 0.164 ÷ 0.180; 
F(1/33) = 6.27 ÷ 19.05, p = 0.01 ÷ 0.001; Beta = −0.365 ÷ −0.425, t = −2.2 ÷ −2.6, p = 0.01), (2) Suppressed beta PLF 
and R-PLV at S2 were predicted by enhanced pre-stimulus alpha at S2 (R2 = 0.214 ÷ 0.290; F(1/33) = 6.47 ÷ 9.3, 

Fig. 8. Group mean values ± SE of the normalized asymmetry index (%) in NO PAIN (derived from 
spontaneous EEG) and PAIN conditions at S1, S2-IC and FM regions in short-term (STM) and long-term 
meditators (LTM). Significant simple effects of Condition were observed in the group of meditators for S1 and 
S2-IC, *** p < 0.001. S1, primary somatosensory cortex; S2-IC, contralateral secondary somatosensory cortex 
including the insular cortex; FRONT, frontal cortex.
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p = 0.01 ÷ 0.005; Beta = −0.364 ÷ −0.512, t = −2.4 ÷ −3.8, p = 0.01), (3) Suppressed gamma-1 PLF and PLV at S1/
S2-IC were predicted by high pre-stimulus alpha power at S2-IC (R2 = 0.145 ÷ 0.314; F(1/33) = 5.47 ÷ 14.71, 
p = 0.02 ÷ 0.001; Beta = −0.382 ÷ −0.561, t = −2.4 ÷ −4.8, p = 0.02 ÷ 0.001), and (4) With exception of beta PLF and 
gamma-1/gamma-2 R-PLV, suppressed PLF and R-PLV of the other frequency-specific PROs were predicted by 
increased pre-stimulus gamma power but the significance of the models was marginal (p = 0.05 ÷ 0.04).

These observations reveal that the strength of pain-related temporal and spatial synchronizations of 
multispectral PROs at both S1 and S2-IC areas is critically modulated by pre-stimulus alpha activity.

Discussion
The present study was designed to explore the effects of long-term meditation on the neural mechanisms of 
pain processing as reflected by pain-related oscillations and potentials. Because extensive meditation practice 
cultivates enhanced awareness and attention/emotion regulation accompanied by neuroplastic reorganization of 
neural networks, it was expected that PROs would differ between experienced and novice meditators also during 
a non-meditative resting state condition.

Confirming this hypothesis, main results demonstrate that in experienced meditators as compared to 
short-term meditators (1) the temporal and spatial synchronizations of multispectral pain oscillations were 
substantially suppressed at primary and secondary somatosensory regions contra-lateral to pain stimulation; 
(2) alpha activity preceding pain stimulus was significantly increased and re-allocated to the same contra-lateral 
regions; (3) the increase in pre-stimulus alpha activity predicted the suppressed synchronization of pain-related 
oscillations in experienced meditators; (4) the suppression of post-stimulus synchronization was associated with 
reduced sensitivity to pain stimulus intensity; and (5) the centro-parietal P3b PRP component was smaller in 
experienced than novice meditators though this effect was not reliable. Likewise, the PROs at associative fronto-

Independent variables R2 F P B Beta t p

(a) PLF

Theta-Alpha 0.513 29.5  < 0.001 27.4 0.716 5.4  < 0.001

Beta 0.404 19.2  < 0.001 41.3 0.636 4.4  < 0.001

Gamma-1 0.302 12.1 0.002 54.8 0.549 3.5 0.002

Gamma-2 0.262 9.9 0.004 80.8 0.512 3.2 0.003

(b) R-PLV

Theta-Alpha 0.381 17.2  < 0.001 63.2 0.617 4.9  < 0.001

Beta 0.490 26.9  < 0.001 31.3 0.700 5.2  < 0.001

Gamma-1 0.232 8.5 0.007 22.2 0.482 2.9 0.006

Gamma-2 0.332 6.7 0.004 23.8 0.465 2.7 0.01

Table 2. Statistical results from multiple stepwise regression models with dependent variable threshold (T) 
and independent predictors synchronization measures (PLF, R-PLV) of theta-alpha, beta, gamma-1, and 
gamma-2 pain-related oscillations at S1 and S2-IC electrodes, df = 1/33.

 

Fig. 9. Position of electrodes at which PLF (circle) and R-PLV (asterisk) measures were extracted as predictors 
of threshold in multiple stepwise regression analyses.
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medial regions did not differ between the two groups. As detailed below, these observations indicate that long-
term meditation alters the neurophysiological mechanisms of bottom-up and top-down pain processing.

In the present study, noxious electric stimulation elicited complex EEG pain-related oscillations including 
delta, theta-alpha, beta, gamma-1 and gamma-2 components. This observation is consistent with reports 
demonstrating the compound multispectral characteristics of pain EEG responses (rev.10). So far, phase 
relationships of PROs have not been addressed systematically in pain research. Previous studies have analysed 
the components of local time-domain potentials (e.g.,18,24,80,87,89,119,120. However, time-domain components are 
modulated by both the temporal synchronization and magnitude of EEG responses104–107; thus, the information 
about underlying synchronization processes is confounded. Previous pain research also has explored oscillatory 
power modulations (even-related synchronization/desynchronization ERS/ERD) in longer (e.g., 1  s) epochs 
after a noxious event (rev.121). Yet, phase relationships are crucial for understanding the neural functions of 
cortical oscillations involved in pain perception and behaviour121. Indeed, an early study by Babiloni et al.74 has 
demonstrated that the processing of pain events is critically reflected by the temporal phase synchronization of 
evoked oscillations from multiple frequencies (from theta to gamma) in the very early epochs (up to 100 ms) 
after noxious input. In particular, a significantly stronger synchronization is elicited by noxious as compared to 
innocuous stimuli and the scalp distribution of phase-locked oscillations is different from that of the non-phase-
locked ones74. Later studies have confirmed the specific relevance of early (0–200 ms) phase-locked beta and 
gamma PROs generated in the sensorimotor cortex for integrative pain perception27,79,122,123.

The present analyses contribute to further clarifying the synchronization properties of neuroelectric pain 
responses and their functional involvement. Specifically, they reveal that the temporal and spatial phase-locking 
of overlapped multi-spectral oscillations represents an important early stage of pain processing. Moreover, in 
line with Babiloni et al.74, they demonstrate that slow- and fast-frequency PROs have different topographic 
distributions: Synchronized fast-frequency oscillations (beta and gamma) are more strictly localized to the 
contra-lateral somatosensory S1/S2-IC areas74,79,88,123, whereas slow (delta and theta-alpha) oscillations are 
mostly expressed at medial fronto-central regions (Figs. 2, 3, 4). Although the precise functional correlates of 
frequency-specific PROs are currently not clearly understood10,124, the different dominant engagement of either 
contra-lateral sensory or associative fronto-medial areas support the view that fast- and slow-frequency PROs 
contribute differentially to pain processing. Fast-frequency PROs generated within the first 200 ms after noxious 
events at contra-lateral somatosensory regions as observed here may be more closely linked to the somatosensory 
discriminative component of pain89,125, whereas slow-frequency PROs at fronto-medial regions may be more 
strongly involved in nociceptive integration shaping the cognitive, emotional and motivational components 
of pain16,126,127. It is important to note that the currently analysed spatial synchronization of PROs provides 
new evidence that distributed oscillatory networks are synchronized at very early stages of pain processing, 
which may support the early communication of the incoming noxious flow to associative areas. Such spatially 
synchronized networks may also mediate the influence of the complexity of co-activated cortical and subcortical 
regions reflecting both bottom-up and top-down mechanisms2. Thus, the early inter-regional synchronization 
may reveal important aspects of the initial communication of pain information, in addition to the secondary 
translation of this information to distributed brain regions at later stages of pain processing94.

The main results of the present study provide original evidence that extensive meditation expertise is 
associated with substantial suppression of PRO synchronization. Specifically, (1) post-stimulus synchronization 
reduction in LTM was frequency-unspecific as it was observed for multi-spectral oscillations from theta-
alpha to gamma ranges; (2) both the temporal and spatial synchronizations were blocked at very early stages 
(within 200 ms) of pain processing in LTM; (3) pain-related decoupling of post-stimulus oscillations in LTM 
was observed at the contra-lateral primary and secondary somatosensory regions, and no significant between-
group differences were found in fronto-medial regions; and (4) these effects persisted during a non-meditative 
resting-state. Nickel et al.89 have reported that pain-related potentials (N1, N2, and P2 components) capturing 
phase-locked activity and local EEG responses at different frequencies (alpha, beta, and gamma oscillations) are 
associated with stimulus intensity but not expectations suggesting that the local phase-locked EEG responses are 
more involved in signalling sensory information than in signalling cognitive/emotional information. Babiloni et 
al.74 also have demonstrated that when similar electric stimulation inducing innocuous or noxious perception is 
applied, the temporal synchronization of theta-to-gamma PROs is significantly enhanced by the high-intensity 
stimulation. Hence, the early temporal desynchronization of PROs at somatosensory S1 and S2-IC regions 
implies that sensory bottom-up processes are inhibited in experienced meditators73. This is supported by the 
positive association found here between individual pain threshold and synchronization measures since a higher 
threshold is linked to greater noxious stimulus intensity. The suppression of spatial synchronization of S1/S2-IC 
further points to a blocked translation of pain information to higher-order cognitive and emotional evaluation/
appraisal regions and may represent a new marker of sensory-cognitive decoupling. The generalized expression of 
PROs desynchronization in LTM, i.e., the engagement of both the temporal and spatial synchronization and the 
lack of frequency selectivity, infers that the afferent signalling from ascending pain pathways is overall restricted/
filtered in a bottom-up way. Also, as discussed below, the background functional state of the somatosensory 
cortices may be altered in LTM such that the early processing and communication of noxious input is inhibited 
at the cortical level. These implications for diminished processing of the sensory pain component contrast the 
model for nociception in meditation according to which somatosensory areas are over-activated and intensively 
process the afferent pain input. Instead, they are consistent with the suggestion that meditation is associated 
with lower signalling in somatosensory areas73 due to a downregulation of ascending nociceptive signals in the 
thalamus64,65,71.

Another major result of the present study is the selective lateralized enhancement of alpha activity in LTM 
in the contra-lateral hemisphere, which preceded pain stimulus delivery. It is remarkable that although alpha 
and gamma activities were larger in LTM than STM in both non-meditative no-pain and pain conditions, a 

Scientific Reports |        (2025) 15:10604 13| https://doi.org/10.1038/s41598-025-94223-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


prominent lateralized augmentation of alpha activity in LTM specifically emerged before the painful stimulation. 
It has been since long widely acknowledged that focusing attention on a relevant or salient stimulus is associated 
with suppression of spontaneous alpha rhythms at task-relevant cortical regions128. This alpha-blocking reflects 
a preparatory increase in excitability of task-relevant primary sensory (visual, auditory, tactile), motor or 
associative areas129,130. Specifically, for the somatosensory areas, the active role of alpha suppression in attentive 
preparation has been well documented. Van Ede et al.92,93 have demonstrated that attentional anticipation of tactile 
events is characterized by suppression of contralateral alpha (8–12 Hz) and beta (15–30 Hz) oscillations before 
stimulus, reflecting a brain state in which subsequent neuronal processing efficacy is high. Attention orientation 
to upcoming painful stimuli also has been verified by the presence of pronounced alpha desynchronization 
at the contra-lateral primary and secondary somatosensory regions. In a series of studies, Babiloni et al. have 
demonstrated alpha blocking over the contralateral primary sensorimotor cortex which predicts subsequent 
subjects’ evaluation of pain intensity and intensity discrimination90,131–134. In a similar vein, Ploner et al.84,117 
have reported a significant correlation between blocked sensorimotor alpha activity and increased excitability 
of somatosensory cortices in a pain experiment. Thus, pain expectancy is consistently accompanied by a pre-
stimulus blocking of alpha rhythms (rev.91) reflecting an automatic attention orientation to upcoming unpleasant 
and aversive events, a trend also detected here for control subjects.

These previous reports are in striking contrast with the prominent pre-stimulus alpha increase at the contra-
lateral S1 and S2-IC observed here in experienced mediators (Fig. 7). While the active role for alpha blocking 
(event-related desynchronization, ERD) in the mechanisms of attention orientation enjoys robust experimental 
support, it is now acknowledged that increased alpha activity (event-related synchronization, ERS) represents 
not only a state of inactivation (idling) but an active general inhibition mechanism across cortical areas129, 
through which an organized periodic time structure of the inhibitory processes is provided129,130,135. Mathewson 
et al.130 specifically propose that the alpha-related cyclic (pulsed) inhibition is efficient only when the power of 
alpha rhythms is high, thus promoting a generalized synchronization of a multitude of neural populations. In the 
context of these concepts, the enhanced background alpha activity in LTM in both no-pain and pain conditions 
points to an overall extended capacity for active cortical inhibition. In addition, the lateralized contra-lateral 
augmentation of pre-stimulus alpha in LTM before pain stimulation may reflect an active involvement of 
inhibitory mechanisms to suppress painful input. It is worth noting that in standard (no-pain) experiments in 
different modalities, alpha enhancements (ERS) have been typically detected as localized asymmetric phenomena 
at regions which process irrelevant non-target information. Because target-relevant regions manifest a 
simultaneous alpha suppression (ERD), the augmentation has been regarded as a mechanism supporting a major 
task by filtering and minimizing irrelevant processing136–138. From this perspective, it is especially intriguing that 
LTM appear not to re-distribute processing resources to optimize ongoing performance. Instead, they appear 
to be able to deliberately induce a state of inhibition by actively amplifying the alpha rhythms at task-relevant 
(but not irrelevant) cortical regions, i.e., contra-lateral somatosensory S1 and S2-IC where the painful afferent 
input is arriving. These results reveal a unique capacity of long-term meditation practitioners to pro-actively 
control their alpha rhythms. Thus, new evidence is provided for the presence of pro-active top-down inhibition 
mediated by a controlled guidance of alpha oscillations in meditation. These observations strongly support the 
model positing a major role of cognitive processes and executive attention for pain regulation in meditation65,71.

Previous studies have shown that pre-stimulus alpha blocking (ERD) may directly affect subjective pain 
intensity (e.g.,90,91), but no such relations were found here. However, pre-stimulus alpha predicted the suppressed 
post-stimulus temporal and spatial synchronization of PROs at S1 and S2-IC. Although not derived from single 
trial analyses118, this result points to the functional capacity of the large ongoing alpha activity in experienced 
meditators to block post-stimulus coupling of oscillations and prevent synchronized recruitment of EEG 
responses, which subsequently modulated pain sensitivity.

Interestingly, the cognitive reappraisal of painful stimuli indexed by P3b was not substantially decreased 
in LTM as expected by the majority of previous reports55,57,59–63,68,69. Existing models also propose a lowered 
need for pain appraisal in meditation due to sensory-cognitive decoupling or a transformation of the afferent 
pain input64. The non-significant decrease in P3b found in our study suggests that the emotional reflection and 
cognitive assessment of pain are diminished but not fully abolished in expert meditators. Indeed, subjective pain 
measures (intensity perception, aversion, identification) were decreased in LTM but did not differ significantly 
between the groups in the non-meditative resting state, as also reported by others39,66,67. Importantly, however, the 
lack of significant alteration of synchronized fronto-medial oscillations and P3b points to a critical dissociation 
between a pro-active (inhibitory) and reactive top-down mechanisms of pain processing that appear to be 
separately employed by long-term meditators. Such a dissociation may explain the capacity of LTM to inhibit 
or down-regulate the processing and neural transmission of expected negative influences, while preserving a 
sufficiently strong attentional focus and awareness after each external event.

Taken together, the present analyses of pain-related oscillations reveal new neurophysiologic mechanisms of 
pain processing in meditation. They show that even in non-meditative pain conditions, experienced meditators 
exhibit a top-down pro-active inhibition of somatosensory areas through deliberately controlling brain 
alpha rhythms. As a result, the temporal and spatial synchronization of their pain-related neural responses is 
compromised leading to suppressed processing and communication of sensory pain information at early stages 
of painful input. Although the translation of sensory information is suppressed suggesting sensory-cognitive 
uncoupling, the subsequent reactive emotional/cognitive evaluation of pain remains preserved. These findings 
provide new insights into the neural mechanisms of top-down pain control and in particular, the effects of 
meditation practice on these mechanisms.

Expressed in terms of the Buddhist psychological model of the two arrows of pain, our results provide general 
support for its claim that two significant stages of pain processing can be distinguished139. According to this 
view, the first arrow of pain represents the ‘bodily’ or somatosensory stage while the second arrow represents 
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the ‘mental’ stage, the evaluative, cognitive-affective component of pain processing (also see58). Our data suggest 
that extensive meditation practice reduces pain by suppressing the first arrow of pain and also by suppressing its 
propagation towards the second arrow.

Data availability
The datasets used and analysed during the current study are available from the corresponding author on rea-
sonable request.
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