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A remarkable achievement linked to the theoretical developments in the project has led to an
article published in the prestigious journal "Trends in Cognitive Sciences" (TICS), IF 16.7.
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Highlights

This article proposes a pattern theory of compassion on a model similar to a pattern theory of
emotion.

This pattern theory of compassion is consistent with cognitive and affective neuroscience studies
of compassion.

The pattern theory of compassion facilitates sharp conceptual distinctions among compassion,
empathy, and sympathy.

A clear conception of compassion is helpfully relevant to compassion training and the
development of compassion-based therapies in mental health and medical contexts.

Abstract

Concepts of empathy, sympathy and compassion are often confused in a variety of literatures.
This article proposes a pattern-theoretic approach to distinguishing compassion from empathy
and sympathy. Drawing on psychology, Western philosophy, affective neuroscience, and
contemplative science, we clarify the nature of compassion as a specific pattern of dynamically
related factors that include physiological, cognitive, and affective processes,
relational/intersubjective processes, and motivational/action tendencies. We also show that the
dynamic nature of the compassion pattern is reflected in neuroscientific findings, as well as in
compassion practice. The pattern theory of compassion allows us to make several clear
distinctions between compassion, empathy, and sympathy.

Study 2
Long-term meditation alters the neural mechanisms of pain processing:
Evidence from pain-related EEG oscillations

Ready to be submitted to the journal Pain (I1F 7.4).
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This study is the first of two studies about event-related potentials (ERPs) and pain
of relevance in the project.

Abstract

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 neural mechanisms of
pain processing in meditation. EEG pain-related oscillations (PROs) were analyzed 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 communication of noxious
information, (c) pre-stimulus oscillations to reflect top-down mechanisms during pain
expectancy, and (d) the P3b component to compare the cognitive reappraisal of pain events by
expert and novice meditators. Major 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) pain oscillations were
substantially suppressed at primary and secondary somatosensory regions within 200 ms after
noxious stimulus; (2) pre-stimulus alpha activity was significantly increased at the regions
contra-lateral to pain stimulation, which predicted the suppressed synchronization of PROs in
long-term meditators; (3) the decrease of the P3b component was non-significant. These
observations reveal novel neural mechanisms of pain processing in long-term meditators. They
provide original evidence that even in non-meditative pain conditions, 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. Although
the translation of sensory information to higher-order processes also is suppressed, the
emotional/cognitive appraisal of pain remains preserved revealing a capacity of experienced
meditators to dissociate pro-active and reactive top-down processes during pain control.

Background and objectives of the study

Pain signifies a life-threatening condition. Unlike other modalities, the subjective experience of pain is
accompanied by strong emotional reflections of unpleasantness, attention redirection to the noxious event,
and behavioral reactions of avoidance and self-protection (Moayedi & Davis, 2013; Seminowicz & Davis,
2007; Rainville, 2002; Price, 2000; Bushnell et al., 2013; Chen, 2023). Also, more than in any other
modality, pain perception is critically modulated by ongoing emotional, motivational and attentional brain
states mediated by contextual variables (Apkarian et al., 2005; Kucyi & Davis, 2015; Wiech, 2016).
Accordingly, pain is conceptualized as an integrative process whereby the unique pain experience is a
combined product of bottom-up and top-down influences (Wiech et al., 2008; Wiech, 2016; Ploner et al.,
2017).

In line with this complexity, the neural correlates of pain experience are associated with co-activated
spatially distributed regions which belong to different functional systems. Neuroimaging studies in
humans and animals have revealed a co-existing involvement of a variety of cortical and subcortical
structures (Peyron et al., 2000; Garcia-Larrea & Peyron, 2013; lannetti & Mouraux, 2010; Seminowicz &
Davis, 2007; Mano & Seymour, 2015; Kucyi & Davis, 2015, 2017; Chen, 2023), 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 cortices (Willis & Westlund, 1997;
Garcia-Larrea et al., 2003; Peyron et al., 1999, 2000; Wager et al., 2016; Price, 2000; Davis & Moayedi,
2013; Ma, 2022; Chen, 2023).

It is notable that the most distinctive features of meditation states and traits encompass enhanced attention
and emotion regulation and expanded self-awareness (Cahn & Polich, 2006; Lutz et al., 2008; Raffone
et al., 2014, 2019; Malinowski, 2013; Vago & Silbersweig, 2012; Isbel & Summers, 2017). Meditation
practice has been consistently associated with a decrease in perceived subjective pain (Bakhshani et al.,
2016; Grossman et al., 2007; Schmidt et al., 2011; Grant & Rainville, 2009; Nicolardi et al., 2022).
Basing 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 pain (Brefczynski-Lewis et al., 2007; Kasai et al., 2017; Nielsen & Kaszniak, 2006;
Bakhshani et al., 2016; Grossman et al., 2007; Schmidt et al., 2011; Morone et al., 2008). This is
confirmed by a variety of studies demonstrating significant improvements in affective pain relative to
sensory pain in meditation (Jinich-Diamant et al., 2020).

In accordance with these findings, neuroplastic trait-related changes in large-scale executive networks
have been observed in long-term meditation (Holzel et al., 2011; Jensen et al., 2014; Su et al., 2016;
Yordanova et al., 2020a). 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) (Yordanova et al., 2021; Manna et al., 2010;
Sezer et al., 2022). Extensive mindfulness practice also leads to changes in the functional connectivity of
the default mode and salience networks associated with the enhanced self-awareness and
attention/emotion regulation (Sezer et al., 2022; Guidotti et al., 2023). Yet, the neural correlates of
meditation states and traits also comprise brain networks that are specifically implicated in pain
experience - thalamus, IC and ACC (Lu et al., 2023; Cahn & Polich, 2006; Fox et al., 2014; Tang et al.,
2015). Although cognitive control systems may play a unique role for modulating pain experience in
meditation, the precise mechanisms of these effects remain not completely clarified.

The main objective of the present study was to analyze pain-related oscillations (PROs) in order to further
explore the neural mechanisms of pain processing in meditation. For that aim, EEG responses to noxious
stimuli were recorded and analyzed in highly experienced practitioners and novices during a
non-meditative resting state (Yordanova et al., 2020a, 2021; Nicolardi et al., 2022). PROs were analyzed
with respect to (a) local frequency-specific and temporal synchronizing characteristics to reflect mainly
bottom-up mechanisms and activations of somatosensory and associative cortical regions, (b) spatial
synchronizing patterns of pain-related oscillatory networks to reflect the communication of noxious
information, (c) pre-stimulus oscillations to reflect top-down mechanisms during pain expectancy, and (d)
the P3b PRP component to compare the cognitive reappraisal of pain events by expert and novice
meditators.

Methods

The present study used selected data sets from a larger project investing a unique sample of long-term
meditators. Subjective pain measures from the pain experiment have been reported in the study of
Nicolardi et al. (2022), in which EEG and neural pain responses were not considered. Spontaneous EEG
records reported in Yordanova et al. (2020a, 2021) were additionally used as a control no-pain condition,
but the present new analyses had not been 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 lifetime duration of meditation practice of the LTM was estimated as a mean of 19358
hours (SE = 3164), range 900-50600 hours. The group of STM included 15 short-term meditation
practitioners (6 females, mean age = 44.8 + 8.2) who had a total of less than 250 hours of meditation

experience.

Task and procedure

As detailed in Nicolardi et al. (2022), neural responses to pain were studied by applying painful electrical
stimuli. See the procedure below in Figure 1.
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Figure 1. Experimental procedure and single trial details. After the measurement of the subjective pain
threshold (THRESHOLD phase), participants underwent the CALIBRATION phase in order to find a
moderate value to be used during the task. The task included a brief interval (1 min) to engage in the
mindset of non-meditative REST, or FAM, OMM, and LKM meditation forms (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 a 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.

Results and Discussion

Major results demonstrated 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; (2) alpha activity preceding pain stimulus was
significantly increased and re-allocated to the regions contra-lateral to pain stimulation; (3) this 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 but this effect was not reliable. Likewise, the PROs at associative
fronto-medial regions did not differ between the two groups. These observations demonstrate that
long-term meditation alters the neurophysiological mechanisms of bottom-up and top-down pain
processing.

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.

Study 3

Differential effects of meditation types on the neural mechanisms of pain
processing

Article in advanced stage of preparation (to be submitted to Neurolmage, IF

4.7

This study/article extends the previous study/article to the effects of different forms of
meditation on pain mechanisms in the brain.

Background and objectives

It is well documented that pain perception is modulated by both the absolute intensity of pain
stimulus and background emotional, motivational and attentional brain states (Apkarian et al.,
2005; Kucyi & Davis, 2015; Wiech, 2016). Currently, pain is conceptualized as an integrative
process whereby the unique pain experience is a combined product of bottom-up and top-down
influences (Wiech et al., 2008; Wiech, 2016; Ploner et al., 2017).

The neural mechanisms of bottom-up/top-down interactions in meditation remain not
completely understood. The variety of meditation practices adopted for training or therapeutic
purposes in modern life is impressive (Cahn & Polich, 2008; Malinowski, 2013). The application
of different meditation styles also in scientific research may contribute to inconclusive findings
since, as detailed below, the modes of attentional and emotional involvement strongly depend on
the type of meditation. A neurocognitive classification of meditation practices from different
traditions has identified three major meditation types (Cahn & Polich, 2006; Lutz et al., 2008;
Dahl et al., 2015; Raffone et al. 2018; VVago & Silbersweig, 2012).



Focused Attention Meditation (FAM) entails voluntary focusing attention on a chosen
object in a sustained fashion. The attentional focus in FAM can be on physical objects in the
external world, bodily sensations, such as the breath, but also on mental objects, including
thoughts, emotions or imagined visual forms. Upon pain stimulation in FAM, focusing attention
on a single object other than pain is expected to re-allocate attention away from pain stimuli.
Open Monitoring Meditation (OMM) entails moment-to-moment monitoring of the contents of
experience, mental processes or any object appearing in the present moment in a non-reactive
way, by avoiding an explicit attentional focus on any specific object (Lutz et al., 2008). Upon
pain stimulation in OMM, the imposed enhanced monitoring and awareness of all external and
internal events would obviously include pain, but limited emotional reactivity and cognitive
evaluation of pain stimulus is expected. Loving Kindness Meditation (LKM) is another major
meditation style, which refers to the maintenance of positive affective mental states associated
with empathetic feelings, attitudes and intentions, acceptance, and motivation toward wellbeing,
with equanimity (Dahl et al., 2015). Upon pain stimulation, LKM may primarily affect the
cognitive/affective appraisal of pain stimuli.

Since different types of meditation may activate top-down influences (attention and
emotion systems) in distinct ways (Wiech et al., 2016), the main objective of the present study
was to explore if specific neurophysiologic mechanisms may support pain processing during
FAM, OMM, and LKM. The specific questions were whether the maintenance of these
meditative states affect similarly or dissimilarly (A) bottom-up somatosensory processes, (B)
reactive top-down mechanisms involving the communication of pain information in cortical
regions, (C) pro-active processes of attention re-direction to or away from pain stimulus, (D)
reactive top-down processes of cognitive and emotional appraisal of pain information, (E) the
activation of cognitive monitoring networks, and (F) the activation of attentional networks
during pain processing. Another aim was to assess if such meditation-specific pain processes
differ between practitioners with short or long meditation practice.

In the present study, to address these questions, two groups of meditators were included
as used in our previous investigations (Yordanova et al. 2021; submitted): novice unexperienced
meditators, here termed short-term meditators (STM) and highly-experienced meditation experts,
here termed long-term meditators (LTM). Also, to reflect neurophysiologic pain mechanisms,
electroencephalographic (EEG) responses to pain were recorded and a set of neuroelectric
parameters was selected for analysis.

Methods
The present study is an extension of the analyses of data reported in Yordanova et al (submitted),
see above.
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Figure 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 controls and meditators during resting state.
Difference TF plots and difference topography maps (CONTR-MED) 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 and ‘b’ refers to delta
TF component. Stimulus occurrence at 0 ms.

Results and Discussion

A major observation of the present study revealed that different states of meditation induced specific
changes in the parameters proposed to capture top-down neural mechanisms of pain processing. This
observation confirms our hypotheses that (1) the activation of attention and emotional systems would
affect top-down pain mechanisms (Weich et al., 2016), (2) the reactive pain mechanisms would depend
on the mode of attention/emotion involvement. As also hypothesized, the state-dependent alterations of
top-down pain mechanisms were influenced by meditation expertise, as indicated by the different effects
of meditation states on top-down pain processes in STM and LTM.

An integrated consideration of the findings of the present study shows that the maintenance of
different meditation states does not affect bottom-up sensory processing of pain information. This lack of



bottom-up modulations by meditation states occurs independently of the meditation expertise of a
practitioner, short or long. The maintenance of meditation affects the neural mechanisms of pain
processing by engaging top-down mechanisms. Yet, which top-down mechanisms are sensitive to
meditation and meditation type strongly depends on the meditation experience.

(1) In novice meditators, top-down influences on pain processing are essentially guided by
intended positive shift in emotional processing, with intended modulation of attention having little effects.
Meditation-raised emotional state in novices is efficient to suppress the activity of the fronto-medial
system thus reducing the integration of nociceptive signal in behaviour, as well as the cognitive/affective
evaluation and update in working memory of pain stimulus. These two effects at the neurophysiologic
level are accompanied by reduction in subjective pain sensation (pain intensity, aversion, and
identification) upon maintenance of positive emotion attitudes during loving kindness meditation.

(2) Different patterns of top-down influences on pain processing emerge in experienced
meditators. In contrast to novices, these patterns are guided by enhanced attention regulation as they were
altered during states of FAM and OMM requiring augmented attentional control. Also in contrast to
novices, the top-down mechanisms involved (a) a pro-active attention-driven decrease in the excitability
of somatosensory areas preceding stimulus delivery as reflected by ongoing alpha power, (b) reciprocal
frequency-specific (theta and beta) reactivity of fronto-medial synchronizations that subserved the
maintenance of distinct attentional focus (narrow or wide in FAM and OMM, respectively) and related
distinct intensities of monitoring and awareness, (c) highly specialized lateralized activation of attention
networks during pain processing, again in relation to the requirement of maximally narrow or maximally
widened attention. It is notable that these neural modulations were not accompanied by changes in
subjective pain parameters in experts. They reveal, however, a fine-grain tuning and functional
segregation of cognitive control networks that can be guided by attention in specific meditation states.
These mechanisms are possibly associated with neuroplastic modifications of large scale cognitive
networks in long-term mediators (Yordanova et al., 2020, 2021), and cannot be brought into function in
unexperienced practitioners.

With respect to application to therapeutic sessions and pragmatic setups, the present results
strongly imply that induction of contemplative states provoking positive emotions and attitudes may be
considered as useful approaches for subjective pain relief in general population. In the scope of
meditation pain research, our present and previous results reveal that meditation traits defined by
expertise essentially alter bottom-up neural mechanisms of pain (Yordanova et al., submitted). On the
other hand, only experienced meditators can alter top-down mechanisms to affect pain processing in
meditation by engaging advanced and highly-segregated functionality of cognitive control and attention
networks. Thus, attention training using meditation may provide a relevant additional approach in pain
management.

The combined consideration of state- and trait-related effects on bottom-up correlates of pain may
have relevant implications for existing models of pain in meditation. Specifically, the model that
meditation is associated with lower signaling in somatosensory areas and diminished processing of the
sensory pain component (Brown & Jones, 2010) due to a downregulation of ascending nociceptive signals
in the thalamus (Zeidan & Vago, 2016; Zeidan et al. 2011; Jinich-Diamant et al., 2020) appears to refer to
long-term trait effects of meditation. In contrast, the model according to which expert meditators are able
to sense noxious stimuli as fairly painful but do not evaluate unpleasantness/affect that traditionally
accompanies painful experiences (Gard et al., 2011; Grant et al., 2011; Zeidan & Vago, 2016; Periman
et al., 2010) since they can separate the sensory experience of pain from the corresponding evaluation
(Zorn et al., 2020, 2021), appears to apply to state-related functional fluctuations during meditation.

Study 4



This study is reported in a manuscript at an advanced stage of preparation, to be
submitted by November 2024 to the international research journal Mindfulness (IF
3.1).

This study in the project is about emotional experiences and awareness in two different forms of
meditation - Focused Attention Meditation (FAM) and Open Monitoring Meditation (OMM) —
and a non-meditative Rest condition.

Data were collected in the earlier Aware Mind-Brain project funded by BIAL Foundation.

Background and objectives

This study extends the focus of the study reported in Nicolardi et al. (2022) within the earlier Aware
Mind-Brain project funded by BIAL Foundation and its methodology to investigate meditation-related
modulation of emotional reactivity to visual images. The effects of FAM and OMM will be considered, as
also contrasted with a non-meditative rest condition with focus on the experience dimensions given by
emotional valence, activation (arousal) and identification. As in the previous study with pain stimulation,
long-term and short-term meditators were involved.

Several studies have shown that mindfulness meditation reduces emotional reactivity and
enhances emotion regulation (for reviews see: Holzel et al., 2011; Chiesa et al., 2013; Gregucci et al.,
2015; Guendelman et al., 2017). Neuroscientific studies have highlighted modulation of the activity and
functional connectivity of the amygdala and salience network related to the modulation of emotional
reactivity and emotion regulation (Holzel et al., 2011; Tang et al., 2015; Kral et al., 2018).

However, the modulation of emotional experiences by FAM and OMM, as also related to
meditation expertise, as well as the influence of identification (self-involvement) with emotional
experiences, have not been investigated yet. Thus, with a research logic similar to the one for the study
on pain experiences reported in Nicolardi et al. (2022), phenomenological reports from long- and
short-term meditators related to emotional images were collected in rest, FAM and OMM, with focus on
emotional valence, activation (arousal) and identification. Meditation expertise was also kept into
account. Emotional valence characterizes to what extent an emotion is pleasant (positive) or unpleasant
(negative), whereas activation (arousal) refers to its experienced intensity, i.e., the strength of the
associated emotional state (Barrett & Russell, 1999; Russell, 2003).

Methods

Participants

We enrolled two groups of participants for the experiment. The first group included twenty-four
long-term meditators monastics from the Theravada Buddhist tradition. We removed from the pool four
participants as were novices at the moment of the data acquisition (less then 1 year of monastic practice),
for a final sample of twenty participants (4 females, mean age = 46.65 + 9.70 years, with 196.85 + 151.61
months of monastic life and practice). The second group included fourteen participants (6 females, mean
age 46 + 12 years) with short-term meditation experience, i.e. less than 250 hours of mindfulness
meditation practice. The short-term meditation group practiced the FAM and OMM meditations 20
minutes each one for each of the ten days preceding the experiment.

Stimuli
The image stimuli for the experiment were drawn from the International Affective Picture System (IAPS;



Lang et al., 2005), IAPS is a large set of emotional evocative color photographs which include pleasure,
arousal and dominant ratings provided by the general population. For the aim of the present study, in a
first phase IAPS images were selected from the IAPS catalogue choosing from the threat and disgust (for
negative stimuli) and neutral categories. We selected 120 images, 60 in the neutral category (valence =
5.20 £ 1.26; arousal = 3.33 + 1.99; dominance = 5.90 + 1.95) and 60 in the negative category (valence =
2.75 + 1.58; arousal = 5.59 + 2.21; dominance = 3.87 + 2.18).

Procedure

Participants were presented with a description of the procedure with detailed instructions for entering and
sustaining three distinct mental states: a non-meditative rest condition with open eyes (REST),
focused-attention meditation (FAM), and open-monitoring meditation (OMM). After 1-minute mind-state
setting, a sequence of 20 trials was presented in each block. Each trial started with 1s of blank screen,
followed by the presentation of the fixation cross at the center of the screen. The fixation cross was
presented for 4.5-8.5s, with a random jitter of 0-4s. Then, an image was presented at full screen size for
1.5s. After this interval, the image disappeared and participants should rate on a visuo-analogical scale
ranging from 0 to 100 the image on the following three scores: valence, a rating associated with the
pleasantness evoked by the picture and ranging from "Extremely unpleasant” to "Extremely pleasant”;
activation, a rating associated to the arousal evoked by the stimulus and ranging from "No activation" to
"Highest activation"; identification, as the self-involvement or feeling the experience, ranging from "No
identification” to "Highest identification".

Results and Discussion

In line with the hypotheses, we found larger differences in valence between negative and neutral images
in short-term meditators as compared to long-term meditators. The results also showed a higher activation
in short-term meditators as compared to long-term meditators. Moreover, in long-term meditators, unlike
short-term meditators, activation did not differ for negative and neutral images. These findings are
consistent with several studies in the literature (Holzel et al., 2011; Chiesa et al., 2013; Gregucci et al.,
2015; Gruendelman et al., 2017).

We also found that both FAM and OMM generally reduced the experience of emotional
activation, as compared to rest, as hypothesized. However, no increase in the experience of emotional
valence was observed, against the expectation. These results suggest a primary effect of FAM and OMM
in reducing emotional activation (arousal), as also related to other findings in the literature (Jones et al.,
2018; Lutz et al., 2014).

As hypothesized, we found a lower identification in the long-term meditators as compared to the
short-term meditators. This finding converges with other studies showing less attachment to the self in
long-term meditators (Chiarella et al., 2020), and modulation of brain networks related to the self in
long-term meditators (e.g., Marzetti et al., 2014; Garrison et al., 2015).

Regression analysis revealed that meditation expertise predicted a lower emotional valence. This
finding appears consistent with the evidence from the study with painful stimulation reported by Nicolardi
et al. (2022) about meditation expertise predicting higher pain experiences. More expert meditators,
though, can plausibly regulate the chain of reactivity related to unpleasant stimulation at later stages of
emotional processing, and with a higher tolerance to unpleasant or painful feelings, also plausibly related
to a higher capacity of mindful acceptance (Kober et al., 2020).

Study 5

Complex neural states in meditation by spectral entropy



This study focuses on another relevant highlight of the project, i.e. characterizing brain
states related to meditation by spectral entropy.

Article in preparation to be submitted by January 2025 to Scientific Reports (IF 3.8)

Background and objective

A great variety of linear and non-linear quantifiers have begun to be increasingly applied in an attempt to
characterize the complex neural states during meditation. As derived from the mathematical formalism of
information and system theories as well as linear and non-linear system dynamics, these quantifiers
extract effects which do not have explicit neurophysiologic implications.

A natural approach to quantify the degree of order of a complex signal is to consider its spectral entropy,
as defined from the Fourier power spectrum (Powell and Percival, 1979). According to information
theory, entropy reflects states of order/disorder of a system (Shannon, 1948). When applied to Fourier
transformed EEG, entropy can measure how concentrated or widespread the power spectrum of the EEG
signal is (Inouye et al., 1991, 1993). An ordered activity, like a sinusoidal signal, is manifested as a
narrow peak in the frequency domain. This concentration of the frequency spectrum in one single peak
corresponds to a low entropy value. On the other extreme, a disordered neural activity (e.g. the one
generated by pure noise or by a deterministic chaotic system) will have a wide band response in the
frequency domain, thus being reflected in higher entropies. Inouye et al. (1991, 1993) first applied the
spectral entropy to study brain electrical signals.

Meditation traits and states are associated with substantial alterations in the frequency content of the
electroencephalographic (EEG) activity. It is not fully understood how the meditation-related modulations
of different frequency contents affect the complex interactions across the different frequencies and how
the complexity of neural dynamics affects the stability of the integrative brain state in terms of
ordered/disordered organization.

Objective: To apply Shannon entropy quantifier (Shannon, 1948) to EEG in order to explore trait and
state effects of mediation.

Hypothesis: Low spectral entropy values will correspond to a narrow-band (mono-frequency) activity
characterizing highly ordered (regularized) bioelectric states, and high entropy values will reflect a
wide-band (multi-frequency) activity.

Methods:
Participants: Long-term meditators (LTM, n = 21) and Short-term meditators (STM, n = 17).
Conditions: REST, FAM, OMM, LKM

Results

1. Relative spectral power distribution



Four functionally relevant frequency bands — theta, slow alpha, fast alpha and beta manifest significant
main and interactive Group and Condition effects. These prominent determinants of neural state order
might be essentially abolished by the dominating delta power following the exponential power low.

2. Wide-band Entropy (1-25 Hz):

(1) Entropy (S) is significantly higher in LTM than STM indicating states of higher neural disorder in all
conditions in LTM;

(2) A significant increase in S in states of meditation (FAM, OMM and LKM) relative to REST but this is
only valid for LTM.

This reflects an increase in the disordered brain state during meditation.
3. Stop-delta Entropy (4-25 Hz)

(1) Entropy is significantly lower in LTM than STM indicating states of highly organized (ordered)
activity, i.,e., the presence of mono-frequency dominance;

(2) This highly ordered activity (low S) is significantly more pronounced at central and centro-parietal
regions and at the right hemisphere in LTM; Whereas in STM, lower S values are observed only at
occipital regions.

(3) This between-group difference in the lateralized regional distribution of highly organized neural
activity is mostly expressed during REST. Additional testing is needed.

The right-hemisphere lateralization of ordered states in LTM was largely due to the regional distribution
of entropy in the theta band, as illustrated:

Conclusions

(1) Analysis of spectral entropy reveals that neural activity in experienced mediators is characterized by
highly structured and ordered patterns in faster frequency bands. This indicates the dominance of
frequency-specific spectral activity over other. This observation implies the presence of refined functional
segregation and specialization.

(2) Entropy measures also help to identify cortical regions with highly organized and structured activity in
experienced meditators. This observation further qualifies the functional distinctiveness in terms of
regional specificity of activated processes during resting state and meditative states.

(3) Relevant methodological issues need further exploration to refine the information derived from
entropy analysis in brain states.

Study 6

Effects of long-term meditation on functional connectivity during
maintenance of brain states: A Granger Causality analysis



Article in preparation, to be submitted to Scientific Reports (IF 3.8) by
February 2025

Background and objectives

Previous applications of this approach have indicated that meditation states are associated with
modulations and neuroplasticity of major cognitive networks (Raffone et al., 2019; Malinowski, 2013;
Tang et al., 2015; Lutz et al., 2015; Raffone et al., 2017). However, large-scale integrative mechanisms in
the brain also are more generally suggested to play a crucial role for maintaining conscious experience
and brain states (Dehaene et al., 1998; 2015; Raffone et al., 2014; Tononi & Edelman, 1998; Tononi et
al., 1992; Varela et al., 2001). Hence, meditation may not only involve process-specific brain networks,
but also train integrated brain states supporting a relevant interplay with autonomic nervous system
(Malinowski, P. & Shalamanova, 2017; Tang & Posner, 2014). Within the account that the functioning of
large-scale networks is reflected by patterns of interactions across brain regions (Bressler & Menon,
2010), measures of brain connectivity have been identified as plausible markers of meditative states and
related neurocognitive networks.

Currently, a variety of different approaches are used to measure brain interactions (rev. Mueller et
al., 2016). They are essentially based on functional neuroimaging signals derived from functional
magnetic resonance imaging (fMRI) or electroencephalogram (EEG). Such approaches typically include
analyses of coherence, correlation, autocorrelation, and phase-synchrony to assess the coherent and
synchronous involvement of distant cortical or sub-cortical regions representing key nodes of relevant
networks (functional connectivity). Previous studies of functional connectivity have provided evidence
for meditation-related alterations of the connections within main neurocognitive networks verifying their
involvement in the maintenance of meditative states. For example, Hasenkamp et al. (2012; Hasenkamp
& Barsalou, 2012) have used fMRI recordings to explore connectivity.

Notably, a recent study of Pullon et al. (2020) has demonstrated that understanding of cortical
connectivity can be refined by analyzing directed information flow, in addition to functional connectivity
reflecting the synchronous involvement of distant brain regions. Measures of functional connectivity
reflect regional synchrony, but they cannot capture information flow since no information is flowing
between perfectly synchronous sources. Therefore, a number of directed measures have been developed
to understand inter-regional information flux (“directed functional” or “effective” connectivity). In
general, they quantify whether the information from a distant brain region has occurred just before that of
the target region and whether it has influenced the fMRI/EEG time series at the target region (Blinowska
et al., 2004; Mueller et al., 2016).

The application of one such established measure — Granger Causality — in the study of Pullon et
al. (2020) has revealed that directed and undirected measures of connectivity may provide independent
and complementary information about dynamic changes of brain states. Specifically, analysis of EEG
coherence and GC during transition from wake to unconsciousness in the course of anesthesia and vice
versa has demonstrated that undirected connectivity may be positively or negatively correlated with
directed connectivity depending on the source and target regions. Moreover, the abrupt drop or regain of
directed information flow have provided a robust marker of states of unresponsiveness or wake.

Despite the potential of directed connectivity measures to refine the characterization of
meditation states, only one study has so far attempted to explore directed information flow in meditation.
Rao et al (2018) computed multivariate autoregressive model (MVAR) based Granger causality from
fMRI signals to obtain directional connectivity during OMM chanting and rest. They reported a reduction
of information outputs from insula, anterior cingulate and orbitofrontal cortices to limbic structures
involved in emotional processing. However, meditation has not been explored with respect to frequency
specificity of networks underpinning directed information flow, which appears most relevant for the
characterization of connectivity patterns in meditative states (Yordanova et al., 2020, 2021).



The objective of the present study was to complement the characterization of functional connectivity
patterns in highly experienced meditators by EEG-based analysis of directed information flow.
Specifically, it was aimed (1) to identify major cortical sources of information flow and target regions of
information influx, (2) to reveal which frequency-specific oscillatory networks are critically involved in
directing information flux during maintenance of meditative states and (3) to explore if long-term
meditation practice affects the direction and amount of information streams in the brain. For that aim,
multivariate Granger Causality was computed for a previously reported data set of experienced and
novice meditators in four conditions: REST, FAM, OMM and LKM (Yordanova et al., 2021).

MATERIALS AND METHODS
Participants

Twenty two healthy volunteers (mean age = 44.2 years, age range 26-70 years, 4 females) were studied.
They were right-handed and did not report any history of movement disorders, neurological, psychiatric
or somatic diseases. These participants were monks, nuns and novice practitioners residing at Amaravati
Buddhist Monastery, in Southern England, and at Santacittarama Monastery, in Central Italy. The lifetime
duration of meditation practice of the participants was estimated as a mean value = 19358 hours
(SE=3164), range 900-50600 hours. Another group of 17 participants (mean age=45.5+£12.6 years, 9
females) with less than 250 h of meditation experience in secular mindfulness or Buddhist traditions also
was studied.

Experimental design

Participants had to perform a non-meditative rest condition and three meditation conditions: FAM, OMM
and LKM.

Analysis of Granger Causality (GC)

Granger causality (Granger, 1969) is a method for the estimation of “Granger causal” relations between
time series. This should not be confused with the vast accounts of causality existing the philosophical
literature (add reference) and some authors prefer the term “Granger prediction”. Simply put, Granger
causality tries to see if the history of one time series Y holds information about the future of a different
time series X which is not present in the history of X itself. One of the main reasons that Granger
causality has generated so much interest in neuroscience is the fact that it can be reformulated to estimate
the connectivity between neural sources in specific frequency bands (Geweke,1982;1984). Computation
of Granger causality was performed using the available MATLAB package MVGC Matlab toolbox
(Barnett & Seth, 2014).

Results and Discussion

In the present study, Granger Causality was analyzed in the time and frequency domains to characterize
directed information transfer in experienced meditators and control subjects with limited meditation
practice. The aim was to reveal effects of long-term meditation on the directed functional connectivity
between key cortical regions (frontal and parietal) in the two hemispheres. The second question addressed
was if meditation practice is associated with a specific involvement of particular oscillatory networks. To
differentiate between neuroplasticity and state-related effects, experienced meditators and controls were
compared in a state of rest and three different states of meditation — FAM, OMM and LKM.

Analysis of GC in the time domain revealed that long-practice meditation essentially modifies directed
information transfer. The major effect is characterized by the significant increase of information flow to
frontal cortical regions from all other regions. The enhanced transfer of information to frontal regions in



expert meditators relative to controls was observed in each condition and was therefore not
state-independent. Instead, it appeared as a neuroplastic effect of long-term meditation. In contrast to
experienced meditators, maintaining brain states in novices was supported by dominating transfer of
information across posterior regions of the left and right hemispheres.

Analysis of GC in the frequency domain confirmed these observations. In addition, it was found that the
increased inter-hemispheric connectivity across homologous cortical regions in novices was supported by
the prevalent involvement of slow-frequency delta networks. Most prominent effects of meditation
practice were revealed by the dominating involvement of a broad spectrum of faster frequency
oscillations in directed information transfer — theta, alpha and beta. In contrast to controls, theta, alpha
and beta oscillatory networks subserved bi-directional intra- and inter-hemisphere information transfer
across posterior and anterior cortical regions.

Study 7

The effects of focused attention and open monitoring meditation on
prospective and retrospective time perception

Development of research linked to the project has led to this other research focus, and thus to an

article submitted to the journal Mindfulness (IF 3.1).

Abstract

Objective: Studies on time perception during meditation have emphasized the role of
attentional resources, although memory storage mechanisms have also been
highlighted. We compared the effects of two styles of mindfulness meditation on time
perception to investigate the roles of attention and memory storage. Methods: Thirtytwo
non-meditators judged short and long time-intervals prospectively during two
meditations practices, focused attention meditation (FAM) and open monitoring
meditation (OMM), and a control condition (active listening). After each session, they
retrospectively reported their perception of time passage. Results: Overall prospective
results showed that time estimations during FAM (p=0.014) and OMM (p=0.04) were
shorter than during the control condition. Then, in the short intervals, we observed that
durations during both FAM (p=.021) and OMM (p=0.005) were underestimated
compared to the actual intervals, unlike in the control condition (p=0.13). For the long
intervals, we found overestimation in all conditions (ps<0.001), with durations in FAM
less overestimated than in the control condition (p=0.007), and marginally different
from the time estimations in OMM (p=0.06), while time estimations in OMM were not
different from those in the control condition (p=0.29). Retrospectively time passage was
experienced as slower during FAM (p<0.001) and OMM (p=0.002), while no
alteration was perceived during the control condition (p=0.70). Conclusions: Our study
shows that brief meditation practices affect time perception in non-meditators.
Prospective results suggest the implication of pure attentional mechanisms involved in
short-intervals, whereas a combined effect of attention and memory appears involved



in long-intervals. Retrospective results suggest that alteration of passage of time is
modulated by the overall effort in performing the practices. We found no overall
difference between time estimates in FAM and OMM, likely due to participants'
meditation inexperience.

Study 8

In another experiment within the project, which was initially planned within the earlier Aware
Mind-Brain project, we have investigated whether intensive mindfulness meditation training in a
one-week intensive insight meditation retreat involving both long-term and short-term
meditators, is associated with an increased ability to monitor moment-by-moment fluctuation in
the attentional state. In this experiment we have collected new data and used the EEG based
assessment of focused attention (concentration) and metacognitive awareness (mindfulness),
with the procedure proposed by Whitmarsh, Barendregt and collaborators (2013), which have
been adapted from a MEG to an EEG setting. In response to auditory cues, participants
maintained somatosensory attention to either their left or right hand. At random moments, trials
were terminated by a probe sound to which participants will report their level of attention at that
moment. EEG was recorded during the attention interval preceding probe onset. Using a
beamformer approach, alpha activity in contralateral primary somatosensory regions has been
quantified. Alpha activity for self-reported high versus low attention trials is compared between
the measures before and after the meditation retreat. In line with the finding of Whitmarsh et al.,
we expected that contralateral alpha power is associated with self-reported attention. We
hypothesized that after the training self-reported attentional state will correspond with alpha
power during a more extended time interval preceding that measured before the retreat. In
addition, given that the ability for moment-by-moment monitoring of the attentional state is
assumed to permit a greater attentional control, we hypothesized that self-reported low attention
trials shows a distinctive alpha suppression preceding probe onset. Meditation expertise is also
be kept into account in the analyses. Given the currently relevant research issue on the
measurement of mindfulness (e.g., Grossman & van Dam, 2011), we are also correlating the
EEG derived indices of focused attention and metacognitive awareness to self-report
dispositional measures of mindfulness with different psychometric scales, as well as
dispositional measures of psychological wellbeing.

This study is also expected to lead to an international research article to be
submitted in the second half of 2025.

TAKEN TOGETHER, the studies highlight core neurocognitive and
neuroaffective processes and mechanisms of meditation states and traits, and lead
to an enhanced understanding of attentional, mindfulness and compassion
processes, as well as their neural correlates, including integrated brain states.

DISSEMINATION ACTIVITIES AND PARTICIPATION TO CONFERENCES

We have also had opportunity to disseminate about the project results and the fundamental



support by BIAL Foundation, with an overall interest and appreciation, including the following
events:

e International conference on “Exploring consciousness” in Bangalore (India) in September
2022, were | was invited speaker (https://ccswebin.com/talk/manmachine/).

e Invited research seminar at the National Institute of Mental Health (NIMHANS) in
Bangalore, India, in September 2022.

e Invited webinar by the Mind & Life Europe in November 2022.

e Invited research seminar at Vrije Universiteit (Netherlands) in February 2023.

SUPERVISED MASTER THESES LINKED TO THE PROJECT
Two Master theses in the programme of “Cognitive Neuroscience” at the Department of
Psychology of Sapienza University of Rome, linked to the project, have been supervised, in
academic year 2022-23, by Dora Kristofori and Zoryana Mahlyak.

CONFERENCE LINKED TO THE PROJECT
The conference took place at Sapienza University of Rome on May 2, 2022, on the theme “The
frontiers of contemplative science”.

Overall, despite the unexpected difficulties and constraints, as well as latencies, for which |
would like to sincerely apologize once again, we believe of having worked with dedication and
enthusiasm in the project, and, as reported above, of having carried out a substantial amount of
original studies with relevant findings, with a potential good/high impact on the linked
international research literature, as well as society.

| remain readily available for more information and any clarifications, and, once again, very
grateful for the great opportunity given with funding the project.

Best regards,

Rome, 2024-9-12
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