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Aim
The primary aim of this project was to advance the understanding of the neural mechanisms
underlying meditative states and mindfulness-based interventions, in the light of an

alignment between the phenomenology of these meditation states with the computational
properties of the corresponding dynamical regimes.

To this aim the current project focused on two cohorts: (1) long-term expert meditators
(Theravada Buddhist “virtuoso” practitioners), and (2) meditation-naive individuals
undergoing a standardized mindfulness intervention, and on 4 specific goals:

i) Develop and refine computational models of brain network synchronization that replicate
empirical features of MEG-derived functional connectomes during rest and meditation (task
T1).

ii) Identify neural signatures of different meditation styles (Focused Attention Meditation —
FAM; Open Monitoring Meditation — OMM) in experienced practitioners (tasks T2 and T3).

iii) Evaluate the neurophysiological and behavioral effects of Mindfulness-Based Stress
Reduction (MBSR) in a cohort of healthy adults naive to meditation, pre- and post-intervention
(task T4).

iv) Bridge empirical findings and theory through modelling approaches grounded in criticality
and network dynamics (task T4).

Methods

Participants

Virtuoso meditators: Twelve right-handed Theravada Buddhist monks (mean meditation
experience: 16.4 = 7.7 years; minimum 2365 hours of formal practice) participated in fMRI and
MEG experiments during resting state, FAM, and OMM conditions.

MBSR group: Twenty healthy adult volunteers (12 female; age 43 £ 12 years), with no
neurological or psychiatric history, participated in an 8-week Mindfulness-Based Stress
Reduction (MBSR) program led by a certified instructor including weekly sessions and daily



home practice. All participants completed both pre- (PRE) and post-intervention (POST)
neuroimaging and behavioral assessments.

Data acquisition and available databases

MEG and fMRI data were acquired before the project commencement for the Virtuoso group
during resting state, open monitoring and focused attention meditation at the University of
Chieti-Pescara.

MEG and EEG data were acquired in the MBSR group with the whole-head MEG system and
the 128-channel system (Electrical Geodesic) during resting-state (eyes open and eyes
closed).

Behavioral and psychological assessments were performed in the MBSR cohort only via
Symbol Digit Modalities Test (SDMT), Multiple Features Target Cancellation test (MFTC),
Modified Fatigue Impact Scale (mFIS), Pittsburgh Sleep Quality Index (PSQI), Perceived Stress
Scale (PSS), State-Trait Anxiety Inventory (STAI-Y), Mindful Attention Awareness Scale (MAAS).

Data analysis

For the Virtuoso meditators, fMRI functional connectivity (fcMRI) based on correlation of
BOLD signals was derived from 90 regions of interest (ROIs) spanning 14 canonical resting-
state networks. Multivariate pattern analysis (SVM with ANOVA-based feature selection) was
used to classify FAM vs OMM states from fcMRI. Feature selection probability matrices were
used to identify the most discriminative networks and connections. For the same group, MEG
data (preprocessed by Independent Component Analysis) were subject to source
reconstruction using the eLORETA method. After source estimation, spectral power was
estimated in canonical frequency bands (delta to gamma) for all brain regions (AAL atlas
based definition) and source-space microstate analysis using Global Field Power (GFP) peak
clustering (modified k-means algorithm) was run to identify microstate classes. Temporal
metrics (Duration, Coverage, Occurrence) for the identified microstate classes and criticality
measures (Hurst exponent, Lempel-Ziv complexity) for the whole microstate sequence were
finally computed to assess brain state dynamics changes during the different meditation
conditions and rest. Source space MEG data were also used to derive criticality measures
(Hurst exponent, Lempel-Ziv complexity) of the signal itself other than of the embedded
microstate sequence, and Deviation from Criticality Coefficient was calculated in a ROI-
based approach.

For the MBSR cohort, EEG and MEG data were preprocessed using ICA, filtering (1-30 Hz), re-
referencing was applied for EEG data, and GFP-based clustering to identify microstate
classes. All cognitive and psychological measures were collected at PRE and POST phases
and analyses were run to compare the two conditions.



Computational modelling

Hopf oscillator networks were adapted to MEG connectivity and used to model frequency-
specific network synchronization. Metrics included envelope correlation, Kuramoto order
parameter, and CCD KS-distance. In addition, novel spectral connectivity measures were
developed based on fourth-order co-kurtosis tensors, robust to Gaussian noise and volume
conduction, capturing non-Gaussian dependencies. Finally, a mean-field analytical
framework was developed for leaky integrate-and-fire (LIF) spiking neural networks to
determine the critical point (edge of chaos) analytically and link it to complexity measures.

Results and Discussion

Computational modelling and MEG signal characterization (Year 1 and Year 3+): Hopf
oscillator simulations showed optimal synchronization similarity with empirical MEG data at a
coupling strength of G = 0.25, reproducing slow envelope correlations and coherence
connectivity dynamics observed in real recordings. Reliability analysis demonstrated that
Hilbert-based connectivity estimates with data segments of 5-8 cycles at 10 Hz are most

robust, especially with SNR = 10 dB. These results established a solid modelling and analysis
framework for subsequent empirical investigations. In addition, our results for the mean-field
theoretical framework to model criticality in spiking neural networks (SNNs) enabled us to
analytically identify the critical point at which network complexity—quantified using the
Lempel-Ziv-Welch measure—reaches its maximum. Simulations confirmed that this edge-of-
chaos regime optimizes information richness, revealing a striking correspondence between
theoretical predictions and empirical patterns observed in meditation data. This alighment
bridges computational neuroscience and contemplative states, offering a principled account
of how critical dynamics may underpin enriched neural information processing.

Neural correlates of meditative expertise in the Virtuoso group (Years 1-2): For the fMRI

functional connectivity study [3], we found that the classification of FAM vs OMM meditation
styles was driven primarily by the anterior salience network and dorsal DMN, with
contributions from the language, visual, and cerebellar networks. In the first MEG study [5],
we observed a FAM induced reduced beta and gamma power in parietal-occipital regions
compared to rest, aligning with attentional engagement and reduced self-referential
processing as well as a decrease of DFA exponents in gamma bands during meditation
compared to rest, indicating a shift toward reduced temporal complexity and subcritical
network dynamics. In the microstate dynamics study [4], we identified nine microstates
among which MS6 and MS8 (DMN, cingulo-opercular network, visual network) showed
increased coverage during meditation [Figure 1]. MS1 (visual network) was more frequentin
FAM, while MS3 (dorsal attention network) and MS5 (ventral attention network) were more
prevalent during OMM. Lempel-Ziv complexity of microstate sequences increased
progressively from Rest to FAM and to OMM,, indicating richer and less compressible state
sequences during open monitoring [Figure 2]. Overall, Hurst exponent decreased during



meditation compared to rest, reflecting shorter temporal dependencies. These findings
demonstrate that meditative states modulate brain dynamics toward higher complexity but
lower temporal autocorrelation, a pattern consistent with theories of flexible yet stabilized
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Figure 1. Spatial organization of the nine microstates (MS) extracted from source space MEG data. MS1: right-
lateralized visual areas; MS2: orbital fronto-polar and lateral-temporal areas; MS3: parietal cortices and
dorsolateral prefrontal cortices; MS4: middle cingulate-frontal system; MS5: temporo-parietal junction, the
ventral visual system and a right lateralized fronto-parietal circuit; MS6 and MS7: fronto-temporal activity;
MS8: temporo-occipital areas; MS9: prefrontal cortices, cingulate cortex and parietal areas.

brain network states during meditation.
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Figure 2. a) Criticality measures for microstate sequences in the different conditions. a) Hurst exponent:
boxplots refer to Hurst exponent values in the different conditions. b) Lempel-Ziv complexity (LZC): boxplots
refer to LZC values in the different conditions. In both panels, horizontal bars indicate median values and
whiskers mark the range from 25th to 75th percentile. Asterisks indicate statistically significant differences
(p<0.05, corrected). c) Scatterplot showing a positive linear association between meditation Expertise
(expressed as years of meditation practice on the x-axis) and: individual difference between values of Lempel-
Ziv complexity in OMM and FAM conditions (OMM minus FAM).
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Figure 3. Box plot of the Deviation from Criticality Coefficient (DCC) for the different conditions computed for each ROI of the
Yeo 17 networks atlas.

Our finding of a decrease in DCC (Figure 3) from both resting-state and Samatha (FAM) to
Vipassana (OMM) in experienced meditators suggests that Vipassana meditation involves a
shift of brain dynamics towards the critical point. No such shift was observed from rest to
Samatha meditation. Interestingly, as an OMM style, Vipassana involves an open, unfocused
attention to the body and of one’s surroundings, reminiscent of the high sensitivity to
perturbations of the critical state. Meanwhile, Samatha meditation requires a focused
attention on a specific object, such as the breath or a bodily sensation, which is consistent
with a subcritical, input-dampening regime. Our findings thus highlight a dissociation
between different meditation styles that aligns the phenomenology of these meditation states
with the computational properties of the corresponding dynamical regimes.

Effects of MBSR on behavior and neural dynamics (Years 3-4): The behavioral outcomes of the
MBSR intervention show that: SDMT scores improved significantly post-MBSR (p = 0.006),
indicating enhanced processing speed; perceived stress scores decreased significantly (p =
0.04); MAAS and fatigue showed favorable trends though not statistically significant; no

significant change was observed in sleep quality or attentional performance (MFTC). These
behavioral findings align with previous literature on MBSR, suggesting cognitive enhancement
and stress reduction even after short-term interventions.

Next, we analyzed EEG data before the MBSR intervention in order to understand if behavioral
changes are linked to individual predisposition as described by EEG microstate dynamics. In
this analysis, five canonical microstate classes (A-E) were identified with microstates C and D
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(associated with salience and dorsal attention networks) exhibited longer duration pre-
training (Flgure 4) and microstate E (posterior cingulate/medial prefrontal cortex - DMN-
related) showed increased coverage and duration post-training, indicating a reorganization of
network dominance. The Hurst exponent of microstate sequences significantly decreased
after MBSR, reflecting reduced long-range temporal correlation, consistent with findings in
experienced meditators. Importantly, increased coverage of microstate C correlated with
reduced fatigue post-MBSR, suggesting a link between neural dynamics and subjective well-
being (Figure 5).
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Figure 4. Average microstate classes duration in the PRE and POST sessions; asterisks indicate a statistically significant
difference in duration between PRE and POST MBSR sessions. Microstates C and D (associated with salience and dorsal
attention networks) exhibited longer duration pre-training.
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Figure 5.Left: Hurst exponent results in PRE MBSR versus POST MBSR phases. A significant decrease (paired sample t-test) is
observed after the 8 weeks training. Right: Correlation between coverage of microstate C and Fatigue.



For the MEG data, our results show the presence of 5 microstates (Figure 6) with close
resemblance to the 5 EEG microstates reported in the same cohort in Figure 4 (of note both
the EEG and the MEG data were filtered in the same range 1-30Hz).

a. MEG Microstate Templates

=-0.40,p=0.016 =-0.54,p=0.025

40

MAAS PRE
STAI PRE

20

70 80 90 100 110 120 60 70 80 90 100

b. DURATION OF MICROSTATE C (ms) c. DURATION OF MICROSTATE B (ms)

Figure 6.Top panel a: Five microstates derived from MEG sensor-level analysis. Lower panel: b. correlation between the
duration of microstate C and the predisposition to mindfulness as measured by MAAS questionnaire; c. correlation between
the duration of microstate B and state-trait anxiety as measured by STAI

These results indicate that subjects with a longer duration of microstate C (usually associated
to the parieto-occipital attention network) also exhibit a reduced predisposition to
mindfulness. Possibly indicating that the persistence in microstate Cis linked to a

dominance of externally perceived visual stimuli and, thus, to a reduced attention to internal
processes as required in mindfulness. In addition, we also observed that a longer duration of
microstate B (usually associated to the dorsal attention network) corresponds to reduced
anxiety. Finally, we did not observe any modulation of microstate metrics or of complexity
indices between pre and post for MEG data.

Conclusions

During its course, the project demonstrated that meditation modulates brain dynamics
across scales, decreasing long-range temporal correlations while enhancing neural
complexity. Distinct signatures emerged between focused attention (FAM) and open
monitoring (OMM) in expert meditators, with OMM showing broader network engagement and
higher complexity. Even short-term training in MBSR produced measurable behavioral and



neural changes, particularly in EEG microstate patterns and processing speed, highlighting
the sensitivity of microstate analysis as a biomarker. For MEG, we observed microstates with
good correspondence to the EEG microstate patterns and possibly acting as biomarkers of
individual predisposition to mindfulness.

Taken together, these results have both fundamental and clinical relevance, identifying
microstates and criticality measures as promising indicators of training-induced neural
plasticity.

Recommendations

Further studies might be needed in a larger cohort to replicate and extend the MBSR findings
and reconcile the EEG and MEG findings.
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