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ARTICLE INFO ABSTRACT

Keywords: Attention regulation is a core mechanism of mindfulness meditation and has been proposed to underlie many of
Long-term meditators its health-related benefits. Here, we review and synthesize behavioral findings on attentional outcomes in long-
Mindfulness

term meditators, integrating neurocognitive evidence within a meditative development framework. Key findings
indicate trait-level improvements across attentional functions—executive attention, sustained attention, hier-
archical and general orienting—and attentional phenomena, such as the attentional blink. Preliminary evidence
also identifies trait enhancements in response inhibition, alertness, and reduced mind-wandering. Interaction
effects were found for response inhibition, sustained attention, reduced mind-wandering, and alertness, with
alertness benefiting most strongly from long-term and intensive acute practice. As expected, attention-based
outperformed non-attention-based techniques, while observe-and-release techniques facilitated attentional ori-
enting and detection of closely spaced or unexpected stimuli during sustained attention tasks. These findings
suggest that long-term meditation may enhance attention regulation in accordance with training specificity
principles; the cognitive functions most directly targeted are the most likely to improve. Nevertheless, broader
findings indicate that meditative development may depend on the balanced cultivation of multiple faculties over
time, highlighting the non-linear and multidimensional nature of long-term meditative change. Consistent with
traditional goals of cultivating mental faculties, the present findings may reflect attentional adaptations that
support the development of advanced meditative states. Despite considerable consistency in empirical results,
methodological limitations—including heterogeneous study designs and insufficient differentiation between
states and traits—complicate interpretations. Future research should prioritize operationalizing and measuring
contemplative constructs within integrative frameworks and using rigorous factorial designs to clarify state-trait
interactions and meditation predictors.

Advanced meditation
Attention regulation
Awareness

Meditative development

1. Introduction Prakash et al., 2020; Tang et al., 2015). The most common secular sci-

entific definition of mindfulness is ‘the nonjudgemental and intentional

1.1. Mindfulness meditation and attention

Attention—the ability to focus limited cognitive resources on rele-
vant stimuli (Lindsay, 2020)—is thought to be a central cognitive
mechanism underlying the benefits of mindfulness meditation (Jha
et al., 2007; Lutz et al., 2008; Malinowski, 2013; Posner et al., 2015;

act of paying attention to the present moment’ (Kabat-Zinn, 1995). In
contrast, traditional Buddhist definitions—such as those found in the
Satipatthana Sutta of the Pali Canon—describe mindfulness (sati, from
Pali, the liturgical language of Theravada Buddhism) as a form of ‘lucid
awareness’ (Bodhi, 2011; Sharf, 2014) involving sustained attention and
meta-awareness of cognitive processes. This mindful meta-awareness
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enables practitioners to remain grounded and maintain clarity during
reactive or uncontrolled mental states (Bodhi, 2011; Dreyfus, 2013;
Sharf, 2015; Vago and Zeidan, 2016). Another essential factor in tradi-
tional mindfulness meditation is discernment or ‘clear comprehension’
(Pali: sampajanna), which, if concurrently cultivated with sustained
mindfulness, is thought to enable direct insight into what is considered
the ‘true nature’ of phenomenal experience (Anuruddha and Anurud-
dha, 2000; Bodhi, 2011; Ingram, 2018). Taken together, these tradi-
tional accounts suggest that mindfulness is cultivated alongside
cognitive, perceptual, and evaluative capacities, highlighting that its
attentional effects extend beyond passive observation to include active
monitoring and insight-driven processing.

Building on both traditional accounts and secular frameworks, recent
mechanistic models of mindfulness have proposed an integrative,
multidimensional framework comprising three domains: 1) flexible
concentration, 2) sensory clarity, and 3) equanimity (Young, 2016a,
2016Db). In this model, flexible concentration, the domain most closely
associated with attention, varies along dimensions of wide versus nar-
row and effortful versus effortless. Sensory clarity, the domain most
closely associated with sensation and perception, involves both sensory
resolution and detection. Together with equanimity, a nonreactive open
stance toward all sensory experience, mindfulness meditation can be
viewed as an intentional, skill-based cognitive training, with refinement
of attentional and perceptual processes playing central roles (Dahl et al.,
2020).

In the present review, we adopt Young’s (Young, 2016a, 2016b)
multidimensional model of mindfulness, which aligns with contempo-
rary scientific frameworks that conceptualize mindfulness as a broad
faculty rather than a single technique (Tang et al., 2015). To minimize
arbitrary inclusion or exclusion, this view conceives of mindfulness as
comprising three interrelated domains—flexible concentration, sensory
clarity, and equanimity—that are cultivated, to varying degrees, across
all meditative technqiues. Accordingly, we use the term mindfulness
meditation inclusively to denote meditative techniques that train these
cognitive faculties, acknowledging that even seemingly distinct styles
can influence attentional processes due to the interrelatedness of
mindfulness components (Ehmann et al., 2025c). No specific meditation
techniques were thus excluded for this review.

In the following sections, we will first outline neuroscientific per-
spectives on attention, followed by an examination of the evidence for
the impact of mindfulness meditation on neurobehavioral attentional
processes. Next, we will explore a potential convergence between the
multidimensional mindfulness model and existing neuroscientific liter-
ature. Finally, we will discuss the benefits of studying attentional pro-
cesses within a framework of meditative development, emphasizing how
the process and, ultimately, outcomes for long-term meditators (LTMs)
and advanced meditators may differ despite apparent superficial
similarities.

1.2. Neuroscientific perspectives on attention

Attentional models vary depending on the specific goal of the given
characterization. The tripartite model of attention, which categorizes
attention based on functional characteristics and neural substrates, di-
vides attentional processes into three components: alerting, orienting,
and executive control (Petersen and Posner, 2012; Posner and Petersen,
1990). Alerting, which refers to a heightened sensitivity to incoming
stimuli, has been linked to the locus coeruleus and regions within the
frontoparietal network (FPN) (Xuan et al., 2016). Orienting, or directing
attention to specific spatial locations, has been associated with the
frontal eye fields (FEF) and the superior colliculus (Xuan et al., 2016).
Executive control, which involves attentional allocation during
decision-making processes, particularly in the presence of conflicting
stimuli, has been correlated with activation in the cerebellum and FPN
regions, including the dorsolateral prefrontal cortex (dIPFC), the inferior
parietal lobule, and the anterior cingulate cortex (ACC) (Carter et al.,
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1999; Vincent et al., 2008; Woldorff et al., 2004).

Other models distinguish between bottom-up (exogenous) and top-
down (endogenous) attention (Buschman and Miller, 2007). Top-down
attention is guided by voluntary task demands, while bottom-up atten-
tion is automatically triggered by salient stimuli. Empirical evidence
suggests that top-down signals primarily originate from the frontal
cortex, whereas bottom-up signals arise from the parietal sensory
cortices, with stronger synchrony between these areas in the beta to
low-gamma range (22 to 34 Hz) during top-down attention and in the
low-to-mid gamma range (35 to 55 Hz) during bottom-up attention
(Buschman and Miller, 2007). Extending these findings, both prefrontal
and parietal regions are implicated in both modes of attentional control
(Katsuki and Constantinidis, 2014). However, during top-down atten-
tion, increased firing rates emerge earlier in the prefrontal cortex,
whereas bottom-up attention is characterized by more simultaneous
increases in firing in both the dIPFC and parietal regions. This suggests a
differential temporal pattern of frontoparietal network activation across
the two attentional modes. Further supporting this distinction, research
has identified two separate neuroanatomical circuits of attention: the
ventral and dorsal attentional systems (Vossel et al., 2014). The dorsal
attention network involves the FEF, intraparietal sulcus, and visual
system, while the ventral attention network includes the ventral frontal
cortex, temporoparietal junction (TPJ), and visual cortex. Their dynamic
interplay enables flexible shifts in attention to accommodate changing
task demands. Top-down control is primarily exerted through the dorsal
system, using cognitive information (attentional set) such as stimulus
location (perceptual set) and corresponding motor responses (motor set)
(Corbetta and Shulman, 2002). In contrast, bottom-up control originates
from the ventral system and is responsible for detecting behaviorally
relevant stimuli. Notably, while the dorsal system maintains a ‘priority
map’ that integrates both bottom-up salience and top-down relevance to
guide attention during tasks like visual search, the ventral system can
override dorsal control when behaviorally necessary (Bisley and Mir-
pour, 2019; Ptak, 2012; Sprague et al., 2018).

Attention subtypes have also been categorized according to the na-
ture of their targets. For example, external attention refers to the se-
lection and modulation of sensory information, such as spatial locations,
time points, sensory modalities, features, or integrated object repre-
sentations, while internal attention refers to the selection of internally
generated information, including task rules, response plans, and mem-
ory (Chun et al., 2011). Critically, these domains are likely orthogonal to
the mechanisms that implement attentional selection: both external and
internal attention can be guided by top-down (e.g. goal-directed focus
on a visual target or rehearsal of a memory) or bottom-up processes (e.
g., reflexive orienting to a sudden sounds or intrusion of an unwanted
thought) (Van Calster et al., 2018). This distinction between external
and internal attention is particularly relevant in meditation, where
attention can be deliberately directed inward or outward, shaping
cognitive transformations aligned with the specific goals of the medi-
tative technique. For a parsimonious overview of the attentional func-
tions and targets reviewed here, see Fig. 1.

1.3. A neuroscientific perspective on mindfulness-based attention
regulation

In addition to emotion regulation, body awareness, and shifts in self-
perspective, attention regulation has emerged as a central mechanism of
mindfulness meditation in neuroscientific research (Fox et al., 2016;
Holzel et al., 2011; Sezer et al., 2022; Tang et al., 2007, 2015; Treves
et al., 2024; Vago and Silbersweig, 2012). Key brain regions implicated
in attention regulation include the ACC, which plays a central role in
conflict monitoring when processing incompatible or ambiguous stimuli
(Botvinick et al., 1999; Carter et al., 1999); the dIPFC, which contributes
to sustaining attention, modulating goal-directed selection, and resisting
distraction as part of the broader FPN (Corbetta and Shulman, 2002;
Ptak, 2012); and the striatum (caudate and putamen), which supports
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Fig. 1. A schematic overview of attentional functions, targets, and neural correlates. The top-left panel illustrates top-down external attention, where attention is
voluntarily directed toward a perceptual target (e.g., a fixation cross), supported by the dorsal attentional system, which includes the frontal eye fields, intraparietal
sulcus, and visual system. The top-right panel depicts an example of bottom-up external attention, in which a sudden external stimulus (e.g., sound) captures
attention involuntarily, mediated by the ventral attentional system, involving the ventrolateral prefrontal cortex, temporoparietal junction, and visual system. The
bottom-left quadrant represents top-down internal attention, where goal-directed focus is allocated to internally generated content (e.g., mental arithmetic). The
bottom-right quadrant illustrates bottom-up internal attention, where attention is involuntarily diverted by internally generated thoughts (e.g., a hunger signal). FEF
= frontal eye fields; IPS = intraparietal sulcus; TPJ = temporoparietal junction; V = visual cortex; VFC = ventral frontal cortex.

attentional control through goal-directed updating of task-relevant in-
formation and, with practice, the automatization of attentional pro-
cesses (Holzel et al., 2011; Palmero-Soler et al., 2012; Ptak, 2012;
Spielberg et al., 2012; Tang et al., 2015). In a systematic review of 68
studies, trait mindfulness—the intrinsic aptitude of being mindful—has
been associated with increased grey matter volume and surface area in
these regions (Treves et al.,, 2024). Although most studies were
cross-sectional, converging evidence suggests that mindfulness training
may lead to similar brain differences, as training-dependent increases in
trait mindfulness have been found.

As meditative expertise increases, attentional strategies appear to
shift developmentally—from effortful, top-down control to more auto-
matic, bottom-up regulation (Cooper et al., 2022). For instance,
beginner meditators may exhibit increased pre-frontal (dIPFC) activa-
tion, which has been interpreted as reflecting greater recruitment of
executive resources potentially associated with effortful regulation of

attention and reduced self-referential thought (Jensen et al., 2012).
Supporting this, neuroimaging studies of trait mindfulness demonstrate
increased functional connectivity between the posterior cingulate cortex
(PCC)—a core node of the default-mode network (DMN) involved in
self-referential processing—and the dIPFC, part of the FPN (Sezer et al.,
2022). In contrast, experienced practitioners exhibit reduced reliance on
prefrontal control and show sustained activity in midline and subcortical
regions, including the ACC, insula, and striatum (Tang et al., 2015). This
may be accompanied by a nonlinear shift in FPN-DMN con-
nectivity—from initial anticorrelation to coactivation—potentially
reflecting less effortful sustained attention (Brefczynski-Lewis et al.,
2007; Cooper et al., 2022; Devaney et al., 2021; Ehmann et al., 2025c¢).
Nonetheless, more research is needed to understand these non-linear
changes across different meditative populations, activities, dosages,
and practice contexts (Galante et al., 2023).

These neurobehavioral patterns of meditative development mirror
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technique-related changes in attentional style (e.g., aperture and con-
trol). Focused attention techniques are typically associated with
increased anti-correlations between task-positive (e.g., dIPFC) and task-
negative (e.g., PCC) networks, engaging executive control while deac-
tivating self-referential processes. Conversely, techniques that involve
broader attentional aperture show reduced anti-correlation and greater
engagement of regions associated with salience and meta-awareness,
such as the insula, frontopolar cortex, and inferior frontal gyrus (Fox
et al., 2016; Josipovic, 2014; Josipovic et al., 2012; Lutz et al., 2015).

Importantly, despite stylistic differences in meditation techniques,
converging neural signatures have been observed across meditation
types. Meta-analytic and empirical studies suggest that different medi-
tation styles may recruit overlapping brain networks, particularly within
the attention, salience, and self-processing systems (Fox et al., 2016;
Josipovic, 2014; Josipovic et al., 2012; Lutz et al., 2015). These
meditation-driven shifts in attentional aperture are also linked to
dissociable neural timescales and oscillatory dynamics: focused atten-
tion techniques tend to correspond with shorter timescales and
increased power in higher-frequency activity, while broader attentional
techniques exhibit longer timescales and lower-frequency patterns
(Lieberman et al., 2024; Lutz et al., 2015; Ventura et al., 2024).

To explore the dispositional effects of mindfulness practice, re-
searchers have extensively psychometrically assessed trait mindfulness,
resulting in the development of various self-report questionnaires (Baer
et al., 2004, 2008; MacKillop and Anderson, 2007; Walach et al., 2006).
Although sustained increases in state mindfulness through regular
practice predict changes in trait mindfulness (Kiken et al., 2015), and
total meditation experience correlates with higher trait mindfulness
scores (Vinchurkar et al., 2014), some trait measures struggle to
differentiate between novice and LTMs (Christopher et al., 2009).
Importantly, higher trait mindfulness does not consistently predict
neurocognitive benefits, especially in the attentional domain, where it
showed a limited correlation with performance on attentional tasks
(Quickel et al., 2014). Several studies have aimed to address this het-
erogeneity and proposed solutions (Vago et al., 2019; Van Dam et al.,
2018), with unified research frameworks emerging as particularly
promising for advancing the study of mindfulness meditative develop-
ment (Galante et al., 2023).

Progress in the study of trait mindfulness itself suggest that existing
scales and their subdomains capture distinct yet overlapping constructs,
which may account for the inconsistent findings when correlating
mindfulness assessments with neuroanatomical changes (Zhuang et al.,
2017). Research indicates that different components of mindfulness are
associated with distinct neurobehavioral mechanisms, particularly
attention and affect regulation (Treves et al., 2025; Tsai et al., 2024).
This aligns with the introduced multidimensional mindfulness model,
which proposes that mindfulness consists of separate but interdependent
components: an affective factor (equanimity) and an attentional factor
(concentration) (Young, 2016a, 2016b). Supporting this model, our
comprehensive review of cognitive processing in LTMs and related
research suggests that mindfulness operates through opponent-process
dynamics, defined as opposing forces that interact to maintain balance
in physiological, emotional, or cognitive states over time (Ehmann et al.,
2025c; Lindsay, 2020). For example, while heightened attentional
control (concentration) can enhance focus, it may also increase
emotional reactivity if not counterbalanced by acceptance. This suggests
that different mindfulness subdomains may interact dynamically to
reinforce each other, and also demonstrates the benefit of mapping
multidimensional mindfulness models onto neurobehavioral empirical
findings (Ehmann et al., 2025c¢).

1.4. Attention and meditative development
Lifetime meditation experience appears to influence the degree of

neurocognitive change induced by meditation, with LTMs likely exhib-
iting more persistent and significant transformations (Cooper et al.,
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2022). A recent meta-analysis of mindfulness meditation and attention,
without distinguishing between practice durations, reported substantial
improvements in generalized attention, alerting, and executive atten-
tion, particularly in inhibitory control and updating, despite notable
heterogeneity (Sumantry and Stewart, 2021). While meditation experi-
ence (e.g., hours or years of meditation practice) serves as one index of
meditative development, it does not comprehensively cover meditative
proficiency, including advanced meditation, which is defined by skill-,
state-, and/or stage-based criteria and requires insight into the practi-
tioner’s phenomenological experience (Ehmann et al., 2025d; Sacchet
et al., 2024). To address this, we proposed the study of advanced
meditation by focusing on the progressive unfolding of meditative
states, stages, and endpoints, which are thought to be the result of
ongoing practice and mastery thereof (Ehmann et al., 2025c; Sacchet
et al., 2024). For clarity, we distinguish meditative expertise as a proxy
for practice duration or cumulative meditation dosage, and meditative
proficiency as a measure of skill-, state-, or stage-based criteria,
including the depth and quality of phenomenological experience
(Sparby and Sacchet, 2022). Hence, meditative development is not a
unidimensional construct, but is conceived as a multidimensional,
non-linear process, involving dynamic interactions (Ehmann et al.,
2025d).

Recent phenomenological models have systematized meditative ac-
tivities and mental states, offering frameworks for understanding
attention in meditative development. Lutz et al. proposed a three-
dimensional phenomenological matrix composed of object-awareness
(focused attention on a specific object), de-reification (reducing the
perceived solidity of phenomena), and meta-awareness (monitoring
one’s experience) (Lutz et al., 2015). Secondary domains such as aper-
ture (the spatial scope over which attention is distributed), clarity (the
vividness or distinctness of the attended object), stability (the ability to
maintain attention), and effort (the subjective sense of cognitive exer-
tion) contribute to attentional processing. This framework has been
effectively operationalized in temporally sensitive scales (Abdoun et al.,
2024; Jachs et al., 2022).

Extending this idea, our ‘activity-based phenomenological classifi-
cation system’ systematically categorizes meditation techniques and
their associated phenomenological changes (Sparby and Sacchet, 2022).
It distinguishes between meditative activities (observing/receptive vs.
producing/active) and objects (specific particulars in the six sense do-
mains: thought, sight, sound, taste, bodily sensation, and smell). Activ-
ities are further subdivided into releasing and focusing (receptive) or
imagining and moving (active). Over time, active and receptive tech-
niques may converge into a non-propositional meta-awareness centered
on the object of focus (Dunne et al., 2019). As meditation deepens, the
subject-object distinction is thought to dissolve further, while epistemic
depth, the capacity of knowing itself, increases (Laukkonen and Chan-
daria, 2024; Laukkonen and Slagter, 2021). Here, awareness comes to
explicitly know itself without mediation (e.g., representations). This
reflexive knowing, or awareness-of-awareness in Sparby & Sacchet’s
model, constitutes what has been described as consciousness-as-such, a
non-dual mode of awareness characterized by intrinsic self-luminosity
and minimal conceptual elaboration (Dunne, 2011; Josipovic, 2019,
2021, 2024; Meling, 2021, 2022). These distinctive, advanced medita-
tive states and lasting perceptual shifts are central to mapping the
phenomenology of meditative development (Agrawal and Laukkonen,
2024; Anuruddha and Anuruddha, 2000; Galante et al., 2023; Grabovac,
2015; Ingram, 2018; Sayadaw, 1994; Sparby and Sacchet, 2024; Yang
et al., 2024).

In this review, we adopt the activity-based phenomenological classifi-
cation system (Sparby and Sacchet, 2022), as it currently provides the
most comprehensive scientific framework for categorizing meditative
techniques and their associated experiential changes. Whenever suffi-
cient information about the specific techniques used in each study was
available, we classified them according to this system. To facilitate
consistency with established neuroscientific terminology (Cahn and
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Polich, 2006; Lutz et al., 2008), observe-and-focus techniques correspond
most closely to what has previously been termed focused-attention
meditation (FAM), whereas observe-and-release techngieus align with
open-monitoring meditation (OMM). For a detailed overview of this clas-
sification, see Sparby and Sacchet (2022) and for details on meditation
techniques and their classification see Table 1.

2. Methods

In the following sections, we synthesize findings on attentional
processing in LTMs, integrating behavioral results with neuroscientific
evidence and discussing its relevance for the study of advanced medi-
tation and meditative development. Building on our previous work,
which examined cognitive processing in LTMs but excluded attention
due to scope constraints, we now focus specifically on attention and its
relationship to broader patterns of cognitive-affective self-regulation
(Ehmann et al., 2025c).

This review was conducted as a narrative review rather than a sys-
tematic review to allow conceptual integration across diverse study
designs, participant populations, and operationalizations of both medi-
tation and attentional constructs. Given the heterogeneity and limited
number of studies meeting comparable criteria, a systematic approach
was not suitable for the aims of the present work. Relevant studies were
identified through searches of PubMed using combinations of the
following terms: long-term meditation, advanced meditation, expert medi-
tators, cognition, and attention. Only studies that included a behavioral
component with performance-based measures of attention (e.g., accu-
racy, response time, or other behavioral markers of attentional pro-
cesses) were considered. Studies that exclusively reported neuroimaging
or neurophysiological findings without behavioral data were excluded,
as a comprehensive review of neuroscientific findings was determined to
be outside the scope of the present work. Nonetheless, while study in-
clusion was based on the presence of behavioral measures of attention,
complementary neurophysiological or neural findings (e.g., EEG, fMRI,
eye-blink rate) were occasionally reported when they directly informed
or contextualized the behavioral results. These instances were not
treated as separate inclusion criteria but as convergent evidence
enriching the interpretation of attentional mechanisms in LTMs.

Articles were screened based on relevance to attentional domains (e.
g., executive attention, sustained attention, orienting, inhibition,
attentional blink, mind-wandering). To identify LTMs, we applied an
inclusive criterion of at least 1500 h of lifetime meditation practice.
Although no universally accepted standard exists, definitions of LTMs
commonly range from 1000 h to several years of sustained practice.
Thus, our benchmark, equivalent to roughly one hour of practice per day
over five years, is consistent with the thresholds used in related research
(Wipplinger et al., 2023) and aligns with the approach taken in our prior
review (Ehmann et al., 2025c).

For the review of these findings, we rely on all introduced attentional
models, but specifically focus on Posner’s tripartite model, structured
around the three attentional domains—executive attention, orienting,
and alertness (Petersen and Posner, 2012; Posner and Petersen, 1990).
We also include sustained attention as a fourth domain, as it is a distinct
and widely studied construct in meditation research, central to many
contemplative practices and not fully captured by the original tripartite
framework. Study characteristics are introduced in full upon first
mention; for subsequent references and main findings, readers are
referred to Table 1 for study details.

The discussion section summarizes key behavioral outcomes, dis-
tinguishing effects by meditation type and context, including state
effects—whether induced acutely during experimental meditation or
arising from habitual daily practice—and trait effects, which reflect
enduring changes in baseline attentional functioning. We further
differentiate technique-specific effects, which refer to outcomes attrib-
utable to a particular meditation technique rather than to the meditator
population per se. Such technique-specific effects may arise from acute
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state inductions or from long-term reliance on a specific method
throughout one’s meditative development, reflecting trait-related tech-
nique-specific effects. Methodological limitations are considered, and
the findings are discussed in the context of meditative development and
advanced meditation.

This review synthesizes previously published studies and involves no
new data collection with human or animal participants; therefore,
institutional ethics approval was not required. All sources are accurately
cited and research integrity has been maintained.

3. Attention and long-term meditators
3.1. Executive attention

Cognitive control is a multifaceted construct that refers to the set of
mental processes that enable individuals to regulate thought and
behavior in alignment with internal goals, especially under conditions of
uncertainty (Mackie et al., 2013). Within this broader framework, ex-
ecutive attentional control—or executive attention—is a critical
component focused specifically on managing and regulating the pro-
cessing of competing stimuli (Fan et al., 2002). It encompasses key el-
ements such as conflict monitoring, response inhibition, and cognitive
flexibility, which together enable goal-directed behavior in the face of
distractions or conflicting information (Mackie et al., 2013; Petersen and
Posner, 2012; Spagna et al., 2015). These components are commonly
assessed using tasks that target specific aspects of conflict resolution,
such as the flanker task, which requires participants to focus on a target
stimulus while ignoring surrounding distractor stimuli (flankers) that
may either align with or conflict with the target, thereby creating
interference (Eriksen and Eriksen, 1974). When combined with a spatial
cueing task (Posner, 1980), the Attentional Network Task (ANT) pro-
vides a comprehensive evaluation of all three attentional subsystems:
alerting, orienting, and executive control (Fan et al., 2002). Executive
attention scores are typically calculated by subtracting reaction times
(or error rates) for congruent flanker trials from those for incongruent
trials; lower difference scores reflect more efficient conflict resolution
and stronger executive control. Notably, executive attention is proposed
to be supramodal, meaning it operates across multiple sensory modal-
ities, allowing for conflict resolution between different types of input.
Positioned at the apex of a hierarchical structure, it integrates and co-
ordinates information, while lower-level alerting and orienting func-
tions handle sensory input from specific modalities (Mackie et al., 2013;
Spagna et al., 2015; Wang and Fan, 2007). According to the model
proposed by Vago and Silbersweig (2012), executive attention in
mindfulness meditators, independent of expertise, is theorized to
involve the ventrolateral prefrontal cortex and dorsal ACC, both com-
ponents of an integrative frontoparietal network hypothesized to
mediate between experiential and narrative self-processing, as well as
the dIPFC. In the following section, we summarize ten studies, six on
executive attention and four on response inhibition.

Using the ANT, van den Hurk et al. conducted a cross-sectional study
of 20 LTMs and 20 age- and gender-matched controls (van den Hurk
et al., 2010). The meditators had an average of 14 years of mindfulness
meditation experience, ranging from 3 months to 35 years—reflecting a
broad range of expertise, from novice to highly experienced practi-
tioners. In this study, the authors equated mindfulness meditation with
Vipassana, describing it as comprising two core activities: observe-an-
d-release and observe-and-focus (Samatha) (Sparby and Sacchet, 2022).
Both techniques can engage internal and/or external attention. For
instance, in investigative observe-and-release techniques, practitioners
attend to the arising and passing of phenomena across sensory and
cognitive modalities with a discerning intention, distinguishing internal
experiences (e.g., thoughts) from external stimuli (e.g., sounds, bodily
sensations). In observe-and-focus techniques, attention may be directed
internally, as in sustained attention to a mental image or nimmita, a
subtle light often emerging as part of concentration, or externally, such
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Table 1
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Behavioral attentional studies of long-term mindfulness meditators. Study design, assessment type, practice experience, meditation type, and summary of major
findings of each article. N = number of participants.

Article Study design Assessment Participants Meditation Meditation type Findings
experience
2.1. Executive
Attention, 2.2. and
2.2.1.
Conventional and
Hierarchical
Attentional
Orienting, and 2.3.
Alertness
Van den Hurk et al., Comparative, cross- Attentional Meditation-naive (n 14.5 years, SD = 11.1, Mindfulness Experts:
2010 sectional (naive vs. Network Task =20, F=11), Experts 0.25-35 years, 60-420 meditation Mean RT difference:
experienced) (n=20,F=11) min weekly \\ orienting network:
p<.05
/ total: p = .059
Mean error score:
\ executive
network: p = .07; for
incongruent flankers
p<.05
\ total: p = .084
Speed-accuracy
distribution
(processing
efficiency):
/' 60,40,20ms: p = <
0.05; < 0.05; < 0.01
RT predicting
accuracy:
BRT =-0.009, p <
.001, exp(B) = 0.991
Tsai and Chou, 2016 Comparative, cross- Attentional Controls (n = 30, F = 9.8 years, SD = 8.5, Dandao meditation Experts:

Sperduti et al., 2016

Braboszcz et al., 2013

sectional (naive vs.
experienced)

Comparative, cross-
sectional (naive older

adults vs. naive younger

adults vs. experienced
older adults)

Quasi-experimental,
longitudinal (3-month
retreat; experienced)

Network Task

Attentional
Network Task

Stroop task,
Attentional Blink
Task (ABT), Global
Local Task (GLT)

10), Experts (n = 30,
F=15)

Meditation-naive
older (n =16, F =
10), Meditation-
naive younger (n =
19, F = 9), Experts
older (n = 16, F = 8)

Practitioners (n = 82)

3-30 years

22.5 years, SD = 9.9,
11-44 years

Shoonya: 4 years, SD =
2.8, 6.5 days weekly,
SD = 0.5; Samyama: 3
years, SD = 2, 3.2 days
weekly, SD = 2.1

Zen and Tibetan
Buddhism (mostly
observe-and-release)

Shoonya and Samyama

Mean RT difference:
\\ orienting network:

p=.08,p=.03
favoring observe-and-
focus

\\ executive
network: p < .01
Mean error score:

\\ alerting network: p
=.07
Meditation-naive
older:

Mean RT difference:
/' executive
network: p = .055
Corrected ratio score
for age:

/' executive
network: p = .08
Pre retreat:

Mean correct
responses, Stroop:

/' incongruent
stimuli correlating
with meditation
experience: r = 0.16,
p < .005

/' neutral stimuli
correlating with
meditation
experience: r = 0.05,
p<.05

Mean reaction time,
GLT:

\ local task,
incongruent: p = .04
Post retreat:

Mean correct
responses, Stroop:

/' incongruent
stimuli: p < .05

\\ incongruent

(continued on next page)
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Article

Study design

Assessment

Participants

Meditation
experience

Meditation type

Findings

Chan and Woollacott,
2007

Jha et al., 2007

Comparative, cross-
sectional (naive vs.
experienced)

Quasi-experimental,
longitudinal (1 month-

retreat; practitioners) vs.

8-week MBSR vs.
meditation naive

Stroop task, Global
Local Task (GLT)

Attentional
Network Task

Meditation-naive (n
=10,F=05),
Practitioners (n = 50,
F=28)

Meditation-naive (n
= 17), Practitioners
(n=17), MBSR (n =
17)

82-19,200 h, 6-150
min daily

5 years, 0.33-30 years

Diverse

Mindfulness
meditation, emphasis
on observe-and-focus
activities

stimuli correlating
with meditation
experience: r = —
0.07,p < .01
Target accuracy

improvement, ABT:
/' stimulus 2 (T2),

short: p < .0001

/' T2 short vs. T1: p
< .0002

/ T2 short vs. T2
long: p < .001

/ T2 short vs. T2
absent: p < .005
General

Mean reaction time,
GLT:

\\ congruent vs.
incongruent: p <
.005

Congruency effects,
local: p = .057
Practitioners:
Stroop scores:

/' congruent stimuli:
p <.001

/' incongruent
stimuli: p < .002

\\ interference: p =
.03

\\ interference
correlation with
daily meditation
amount: r =-0.31,p
< .005

Mean reaction time,
GLT:

\\ all conditions,
global: p = .04-.08
\ neutral, local: p <
.05

\ correlations with
daily meditation
experience, global: r
=-22t0-.31

/' correlations with
daily meditation
amount, local: r =
-27

General

Mean reaction time,
GLT:

\\ congruent vs.
incongruent: p <
.0001

\\ neutral vs.
incongruent: p <
.0001

Congruency effects,

local: p = .04
Pre MBSR and
retreat:

Mean RT difference:
\\ executive
network,
practitioners: p < .03
Mean error score:

\\ executive
network,
practitioners: p <
.001

Post MBSR and
retreat:

Mean RT difference:
\\ orienting network,

(continued on next page)
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Article Study design Assessment

Participants

Meditation
experience

Meditation type

Findings

Van Leeuwen et al., Quasi experimental Global Local Task

2012 cross-sectional, (GLT)
longitudinal comparison
(experienced vs.
meditation naive)

Kruis et al., 2016 Quasi-experimental, Spontenious
cross-sectional Eyeblink Rate
longitudinal, comparison (sEBR),
(experienced vs. Intereyeblink

mediation naive vs.
MBSR vs. active control)

Intervals (IEBR)

2.1.1. Response
Inhibition

Sahdra et al., 2011 Quasi-experimental,

longitudinal (3-month

retreat; experienced)

Response Inhibition
Task (RIT), Various
Self-Report
Measures

Zanesco et al., 2013 Quasi-experimental,
longitudinal (1-month
retreat; controls vs.

experienced)

Response Inhibition
Task (RIT)

Cross-sectional:
Meditation naive (n =
8,F=23)

Experts (n =8, F=3)
Longitudinal:
Meditation naive (n =
8, F=3), Experts (n =
6, F=4)

Mediation naive (n =
118, nussr = 36,

Neontrol = 29, NMactive =
36), Experts (n = 27)

Waitlist control (n =
30), Retreat group (n
= 30)

Control (n =24, F =
19), Practitioners (n
=24,F=18)

Cross-sectional: 5
years, SD = 2;
Longitudinal: 3 years,
SD =1 year

9154 h, 1439-29,046 h

13 years, minimum 3
5-10-day retreats

Controls: 1767 h,
76-9265 h.
Practitioners: 3311 h,
165-15,000 h.

Cross-sectional: Zen:
Observe-and-focus and
observe-and-release
Longitudinal:
habitually: observe-and-
focus; retreat: observe-
and-release

Theravada or Tibetan
Buddhism

Heterogenous

Vipassana, Loving-
kindness meditation

MBSR: p < .046

\\ alerting network,
retreat: p < .001

/" alerting
correlating with
meditation
experience: r = —
0.52,p < .03
Cross-sectional:
Mean reaction time,
GLT:

\, overall RT
(meditators 122 ms
faster than controls):
p =.057

\\ global precedence
effect (meditators:

21.5 ms; controls:
56.4 ms): p < .05
Longitudinal:
Mean reaction time,
GLT:

/" Local precedence
pre-retreat,
meditators (38.5 ms
difference).

\ Local precedence
post-retreat,
meditators: Local vs.
global RT difference
reduced (11 ms).

/" Global
precedence, controls.
Experts

Mean sEBR scores:
\ baseline: p < .01
Mean IEBR scores:
/ baseline: p < .001
IEBR max scores:

/" baseline: p < .001
IEBR SD scores:

/" baseline: p < .001

Retreat group

RIT threshold:

\\ mid retreat: p =

.04

RIT accuracy:

/' training related

increases over time: p

=.02

Adaptive

functioning:

/' post retreat: M =

0.526

/' five-month follow

up: M = 0.419

/' changes

associated with

previous RIT scores

Retreat group

RIT accuracy:

/' training related

increases over time: p

=.029

RT variability:

\\ training related

increases over time: p

<.001

Concentration:

/" post retreat: p =

.011

Concentration

predicting RIT and
(continued on next page)
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Article Study design Assessment Participants Meditation Meditation type Findings
experience
RT variability:

Andreu et al., 2019

Korponay et al., 2019

2.3.1. Sustained
Attention

Valentine and Sweet,
1999

Lutz et al., 2009

Lee et al., 2012

Comparative, cross-

sectional (athletes vs.

experienced)

Comparative, cross-
sectional (naive vs.
experienced)

Quasi-experimental

(naive vs. experienced)

Quasi-experimental

longitudinal (3-month

retreat; naive vs.
experienced)

Quasi-experimental 2 x 2
factorial design (naive vs.

experienced, focused
attention vs. loving-
kindness)

Emotional Go/No-
go Task

Go/No-go Task,
Barratt
Impulsiveness Scale
(BIS-11),
Spontaneous
Eyeblink Rate,

Wilkins’ Counting
Task

Attentional Blink
Task, Dichotic
Listening Task, EEG

Continuous
Performance Test
(CPT), Emotional
Processing Task,
fMRI

Athletes (n = 31),
Meditators (n = 31)

Meditation-naive (n
=105, F = 65),
Experts (n = 28, F =
15)

Meditation-naive (n
=24,F=14),
Practitioners (n = 19,
F=11)

Meditation-naive (n
=23,F=14),
Practitioners (n = 17,
F=10)

Meditation naive (n =
22, npam = 11, Nipetta
= 11), Experts (n =
22, npam = 11, Nietra
=11)

Athletes: 7.1 years, SD
=5.62; 2460 h, SD =
2492, 133-11,520 h.
Meditators: 5.1 years,
SD = 3.73; 2500 h, SD
= 2658, 375-12,550 h.
9154 h, SD =
1439-29,046 h

Two groups with less or
>24 months of
experience

2967 h, SD = 3162

FAM: 5248 h, SD =
5248, 810 — 17,850 h;
Metta: 7491 h, SD =
6681, 588-17,850 h

Vipassana

Heterogenous:
Theravada or Tibetan
Buddhism

Two groups: observe-
and-focus or observe-
and-release

Vipassana

Theravada Buddhism:
observe-and-focus or
metta

/" post retreat, RIT:
R?=0.368, p < .001
/' post retreat, RT:
R? = 0.403, p < .001
Training changes in
concentration
predicting RIT and
RT:

/' post retreat, RT:
R? =0.079, p = .037
Meditators

Error rates:

\\ independent of
valence and trial
type: p = .093

Meditation-naive
Go-Nogo task
accuracy:

/' go-trial: p = .039
Experts

BIS-11:

\\ attentional
impulsivity: p = .027
/ motor impulsivity:
p =.049

/' non-planning
impulsivity: p = .049
Mean sEBR scores:

\ experts: p = .015

Mean counting task

scores:
/" experts vs
controls: p < .001

/' long-term vs short-
term meditators: p <
.01

/' observe-and-
release, unexpected
stimulus: p < .001
Experts post
retreat:
Phase-locking factor
to deviant tones:

/' theta-band (4-8
Hz), 300-500 ms: p <
.005

/' broadband
(attended and
unattended): p < .05
RT-variability:

\ target tones: p <
.005

RT-variability
correlating with PLF:
N\ r=-0.40,p < .05
correlating with PLF:
N\ r=-0.40,p < .05
Delta-band (1-4 Hz):
p<.05

Experts

CPT, baseline:

\\ omission errors: p
<.032

CPT, meditation
state:

\/ omission errors: p
<.010

\\ comission errors: p
<.062

(continued on next page)
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Article Study design Assessment Participants Meditation Meditation type Findings
experience
2.3.1.1. Mind-
Wandering
Brandmeyer and Quasi-experimental Experience- Meditation beginner Experts: minimum 2 h Himalayan Yoga: Experts
Delorme, 2018 repeated-measures sampling probes, (n=11, F=10), per day in the last year,  observe-and-focus and Mind-wandering
design (beginner vs. EEG Experts (n =11, F = mean = 14.8 h weekly,  observe-and-release depth:

experienced)

3)

SD = 1.6. Beginners:
mean = 3.2, SD = 3.1.

\\ compared to
beginners: p = .03

Attentional Blink
Task 20)

Vugt and Slagter,
2014

Experimental design,
counterbalanced
(experienced)

Experts (n = 30, F =

/' correlating with
drowsiness: r = 0.66,
p=.0013
Meditation trials vs.
mind-wandering
trials:

/' compared to
beginners: p =
.00014

Meditation depth:
/' p=.06
Meditative state vs
mind-wandering

/' fronto-cortical
theta (4-7 Hz)
modulation: p < .02
/' somatosensory
alpha (9-11 Hz)
modulation: p < .02
/' correlation
between theta and
alpha differences: r =

0.42,p = .02
6041 h, 786-31,937 h Zen, Tibetan, and Experts
Vipassana: Main effect of lag:

\\ observe-and-
release, experienced:
p<.05,d=0.61

Observe-and-focus and
observe-and-release

Note. ABT = Attentional Blink Task; ANT = Attentional Network Task; BIS = Barratt Impulsiveness Scale-11(BIS-11); CPT = Continuous Performance Task; DST =
Digit Span Task; d = Cohen’s (effect size); F = Number of female participants; GLT = Global-Local Task; IEBR = Inter-Eyeblink Interval; M = Mean; MBSR =
Mindfulness-Based Stress Reduction; n = Number of participants; p = p-value; r = Pearson correlation coefficient; R? = Coefficient of determination; RIT = Response
Inhibition Task; RT = Reaction Time; sEBR = Spontaneous Eyeblink Rate; ToH = Tower of Hanoi Task; WCST-CV4 = Wisconsin Card Sorting Test; p = Standardized
regression coefficient; exp(B) = Exponentiated coefficient from logistic regression.

as when concentrating on the breath. Although participants did not
meditate immediately prior to the task, they maintained a regular
weekly practice of 60 to 420 min during the study. Results showed
significantly lower error rates in the incongruent condition of the ANT
for meditators compared to controls, potentially reflecting enhanced
executive attention in LTMs. Limitations included the cross-sectional
design, which precluded causal inferences, and the inability to disen-
tangle the respective contributions of both practice techngiues due to
their concurrent cultivation over time.

Also using the ANT, Tsai and Chou conducted two experiments, the
first of which compared the performance of 30 controls and 30 LTMs of
Dandao meditation (Tsai and Chou, 2016). This technique focuses on
Qi—the body’s bioenergetic flow—as the meditative object. Because
Dandao meditation can be practiced as both observe-and-focus and
observe-and-release of Qi, LTMs were identified as primarily belonging to
one of the two groups based on habitual practice. This classification
roughly corresponded to internal versus external attentional styles. The
LTM participants had an average of 9.8 years of meditation experience,
ranging from three to 30 years. Results showed no significant differences
between groups for congruent flankers (distracting stimuli that match
the target); however, LTM demonstrated significantly faster reaction
times for incongruent flankers (distractors that conflict with the target),
indicating improved efficiency in ignoring distractions and focusing on
task-relevant information (Fan et al., 2002). No significant differences
were observed between meditators’ habitual practice techniques with
respect to executive functioning. Notably, improvements in executive
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attention were correlated with trait mindfulness scores, suggesting a
potential link between meditative experience and enhanced executive
attention. In a second experiment, Tsai and Chou randomly assigned 40
meditation-naive participants to either a control group or an observ-
e-and-focus meditation group that practiced for 50 min once per week
over three months (Tsai and Chou, 2016). While significant improve-
ments in executive attention were observed after the intervention, the
effects in LTMs were notably stronger than those in short-term medita-
tors, underscoring the benefits of long-term meditative practice on ex-
ecutive functioning. Limitations included the cross-sectional design and
reliance on self-reported meditation styles, as well as the lack of an
active control group and nonsignificant between-group effects.

To investigate the potential protective effects of long-term medita-
tion on executive attention in aging, a cross-sectional study compared 16
older LTMs, 16 older meditation-naive adults, and 19 younger medita-
tion-naive adults (Sperduti et al., 2016). The meditators practiced
within Zen and Tibetan Buddhism, primarily employing observe-an-
d-release techniques, with meditation experience ranging from 11 to 44
years (mean: 22.5 years). Results from the ANT revealed that the LTMs
exhibited reaction times comparable to those of the younger, medi-
tation-naive adults, effectively mitigating the age-related decline in
executive attention observed in the older, meditation-naive group.
However, the study’s small sample size and cross-sectional design con-
strained the ability to draw causal conclusions about the effects of
meditation. For example, unmeasured variables, such as healthier life-
style choices among meditators, may have contributed to the observed
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effects.

Converging evidence was found in 82 Isha Yoga practitioners
following an intense three-month retreat (Braboszcz et al., 2013).
Cognitive interference was assessed using the Stroop task, which asks
participants to name the ink color of a word that spells out a different
color. Before the retreat, participants had an average of four years of
Shoonya meditation experience, with 50 having an additional three
years of Samyama practice. Shoonya is an awareness-of-awareness tech-
nique, in which the meditator is instructed to ‘do-nothing’ and release
any attentional fixation—either directed internally (e.g., thoughts) or
externally (e.g., sounds)—dwelling instead in a state of open-presence.
Such non-dual awareness-of-awareness techniques challenge conven-
tional characterizations of internal and external attention and have been
described as involving ‘non-attention’ and ‘non-mindfulness,” where the
meditator lets ‘the mind settle in its natural state’ (Dunne, 2011). In
contrast, Samyama combines both observe-and-focus and observe-an-
d-release techniques, where practitioners attend to the breath (external
attention) while maintaining an open receptivity to arising mental
content (internal attention). During the first six weeks of the retreat,
participants practiced Shoonya for 30 min and Samyama for 30 to 50 min
daily. For the last six weeks, they switched to Lingasanchalana for 2to 3 h
daily, an observe-and-focus technique likely using external attention (e.
g., the breath). The meditators also performed 2 h of various yoga
postures, 40 min of physical exercise, and one hour of chanting daily.
Using a within-subjects analysis, the results showed improved accuracy
in meditators responding to incongruent stimuli after the retreat, sug-
gesting improved executive attention. Prior meditation experience was
only weakly associated with pre-retreat performance, showing small
positive correlations with accuracy on incongruent and neutral trials,
and a slight negative correlation with Stroop interference. These find-
ings indicate that while long-term practice may be modestly linked to
baseline attentional control, the more robust improvements appeared to
result from the intensive retreat itself rather than cumulative experience
alone. However, the absence of a control group and the heterogeneous
nature of the contemplative techniques limited causal interpretations.

Further research employed the Stroop task in a cross-sectional
design, using 50 meditators and 10 non-meditators (Chan and Woolla-
cott, 2007). Meditators were divided into an observe-and-focus (n = 20)
or observe-and-release (n = 30) group based on their habitual practice,
and their experience spanned between 82 and 19,200 h, with daily
practice ranging from 6 to 150 min, indicating that some participants
were not LTMs. Meditators exhibited significantly reduced Stroop
interference compared to the control condition. Furthermore, the daily
meditation amount was negatively correlated with the Stroop interfer-
ence scores (r = —-0.31, p < .01), with no association between interfer-
ence scores and total meditation experience, suggesting a stronger acute
practice effect than a trait effect. No differences were observed between
the meditation techniques. Key limitations included a lack of random
assignment and potential self-selection or motivational differences be-
tween meditators and controls, which could not be addressed due to the
study’s cross-sectional design.

Lastly, meditators (mean experience: 60 months; range: 4-360
months) who habitually engaged in observe-and-focus techniques
showed improved executive attention compared to naive controls (n =
17) on the ANT without any prior meditation induction, suggesting trait-
level effects (Jha et al., 2007). However, no significant differences were
observed between the meditators and meditation-naive participants
once they completed an eight-week Mindfulness-Based Stress Reduction
(MBSR) program—a secularized mindfulness intervention commonly
used in clinical settings. This was the case even though the meditators
attended a much more intense month-long observe-and-focus retreat
involving 10-12 h of daily practice. This may reflect ceiling effects,
whereby extended training does not yield additional benefits beyond
those seen in shorter interventions.

Taken together, these results suggest consistent trait improvements
in executive attention in LTMs without a distinct advantage for a specific
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meditation type (Braboszcz et al., 2013; Chan and Woollacott, 2007; Jha
et al., 2007; Sperduti et al., 2016; Tsai and Chou, 2016; van den Hurk
et al., 2010).

3.1.1. Response inhibition and long-term meditators

The inhibitory facet of cognitive control, known as inhibitory con-
trol, includes two key components: response inhibition and interference
control. Response inhibition refers to the ability to suppress inappro-
priate or impulsive behaviors, while interference control involves
regulating cognitive processes, such as thoughts, emotions, and execu-
tive attention, to prevent distraction (Diamond, 2013).

Response inhibition has been primarily neuroanatomically linked to
the right inferior frontal gyrus (Aron et al., 2014; Simmonds et al.,
2008), the supplementary/pre-supplementary motor area (Floden and
Stuss, 2006), and the basal ganglia (Rieger et al., 2003), supporting a
fronto-basal-ganglia model (Chambers et al., 2009). Response inhibition
is typically assessed using tasks like the Go/No-Go task, Stop-Signal task,
Anti-Saccade task, and Stroop task. For instance, the Go/No-Go task
involves rapid alternations of target and non-target signals, with
inhibitory performance determined by correct withholding of responses
to non-targets. However, these tasks may also engage other cognitive
control processes, raising concerns about specificity (Chambers et al.,
2009; Nigg, 2000).

Sahdra et al. assessed behavioral inhibition in LTMs using a 32-min-
ute response inhibition task (Sahdra et al., 2011). Sixty meditators,
averaging 13 years of experience, including at least three 5-10-day re-
treats, were stratified into a waitlist control group (n = 30) and a retreat
group (n = 30), matched by age, sex, years of meditation experience,
education, marital status, and income. The details of their habitual
meditation practice were not reported. During the three-month retreat,
participants meditated for six hours daily using a variety of techniques.
Hierarchical linear regression analysis revealed significant improve-
ments in response inhibition accuracy over time in the retreat group,
suggesting training-induced gains. In contrast, the control group showed
no immediate improvements but achieved similar gains after completing
the retreat themselves, further supporting the effects of intense medi-
tation training on enhanced response inhibition accuracy. The study’s
key limitations included potential confounds such as social support,
natural retreat settings, teacher contact, and the use of multiple medi-
tation techniques, which make it difficult to isolate the effects of
attentional training alone.

Complementary findings were observed by Zanesco and colleagues
in meditators undergoing an intensive one-month-long Vipassana
meditation retreat supplemented with loving-kindness meditation, a
technique primarily involving internal attention (Zanesco et al., 2013).
The control group (n = 24) had an average of 1767 lifetime meditation
hours over 9.91 years, while the training group (n = 26) averaged 3312
h across 13.67 years. No demographic differences were found between
groups. Using the response inhibition task, analyses showed significant
post-retreat improvements in response inhibition accuracy, favoring the
training group over the control group. Self-reported changes in con-
centration did not predict increases in accuracy. Nonetheless, the
absence of an active control group and the difficulty of matching par-
ticipants on heterogeneous past meditation experience limited causal
interpretations and may have confounded the attribution of effects
solely to Vipassana training.

Andreu and colleagues further corroborated this finding by
employing the emotional Go/No-Go task, which incorporates emotion-
ally valenced stimuli (e.g., happy, sad, neutral faces) as target and non-
target signals, in a study of 31 Vipassana LTMs and 31 athlete controls
(Andreu et al., 2019). The LTMs averaged 2500 h of Vipassana medita-
tion practice over a span of 5 years. The athletes exhibited no prior
meditation experience but had engaged in regular sports activities for
the past 7 years, averaging 2460 h. There were no differences in hours
and years of practice, mean age, or gender ratio between the two groups.
Findings revealed significantly fewer commission and omission errors in
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the meditators, while their reaction times remained comparable to those
of the controls, suggesting enhanced response inhibition among LTMs
without compromising processing speed. However, the cross-sectional
design and use of athletic controls constrained causal interpretations
and may have confounded meditation effects with preexisting traits.

Diverging discoveries were reported by Korponay et al. when
comparing 105 meditation-naive individuals to 28 long-term Theravada
meditators on trait impulsivity using the Barratt Impulsiveness Scale-11
(BIS-11) and the Go/No-Go task (Korponay et al., 2019). The meditators
tallied 9154 h of practice, attended at least three retreats, and practiced
a minimum of 30 min a day. The Go/No-Go task results showed a sig-
nificant difference in accuracy, favoring the meditation-naive group.
Self-report measures revealed a significant reduction in attentional
impulsivity but an increase in motor and non-planning impulsivity
among LTMs compared to novice controls, aligning with findings of
reduced spontaneous eye blink rate in experts, which is associated with
higher motor impulsivity on the BIS-11 (Korponay et al., 2017). How-
ever, the more recent results did not replicate an association between
spontaneous eye blink rate and Go/No-go impulsivity. Additionally, the
authors found no relationship between practice experience and impul-
sivity, suggesting that differences in self-reported impulsivity may stem
from baseline group characteristics. Notably, similar findings in
long-term Tai Chi Chuan practitioners—a form of self-defense training
that emphasizes purposeful, mindful movement, consistent with the
concept of an active, produce-and-move meditative technique—showed
no differences in BIS-11 scores compared to meditation-naive controls
(Liu et al., 2020).

Collectively, studies employing intense acute mindfulness in-
terventions (e.g., retreats) consistently report enhanced response inhi-
bition accuracy among LTMs (Sahdra et al., 2011; Zanesco et al., 2013).
However, the influence of meditation experience (trait effects) on these
outcomes remains unclear due to the limited use of meditation-naive
control groups. Short-term mindfulness interventions (e.g., MBSR)
generally did not yield consistent reductions in broader trait impulsivity,
suggesting that improvements in response inhibition may rely on
state-trait interactions (e.g., experienced meditators leveraging brief
meditation inductions) or require higher practice dosages (Korponay
et al., 2019). Preliminary evidence for trait-level effects has been pro-
vided primarily by an emotional Go/No-Go task, suggesting potential
interactions between attentional and emotional processes in LTMs
(Andreu et al., 2019). Thus, clearly distinguishing between task-specific
inhibitory control (response inhibition) and broader impulsivity traits
remains essential for interpreting these mixed findings.

3.2. Orienting

The construct of attentional orienting refers to the directed focus of
attention toward external sensory input or internal semantic content
stored in memory (Posner, 1980). Unlike simple stimulus detection, it
involves an active orienting process rather than merely surpassing a
signal threshold for conscious perception. Attentional orienting aligns
with Corbetta and Shulman’s attentional model, which proposes that the
dorsal system enables rapid, deliberate control of attention toward a
target stimulus, while the ventral system corrects errors by reorienting
attention to the target location (Corbetta and Shulman, 2002; Petersen
and Posner, 2012). This construct is commonly assessed using Posner’s
cueing task, where participants are presented with a central cue
directing their attention to a specific screen location (e.g., left or right).
A target stimulus then appears either at the cued location (valid cue) or
at an uncued location (invalid cue), and participants respond to the
target. Reaction time differences between valid and invalid trials pro-
vide a measure of orienting network efficiency (Corbetta and Shulman,
2002; Fan et al.,, 2002; Petersen and Posner, 2012; Posner, 2016).
Neuroimaging reviews on mindfulness meditation have identified the
FEF, TPJ, precuneus, superior parietal lobe, pulvinar, and superior col-
liculus as potential neural correlates of attentional orienting (Vago and
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Silbersweig, 2012). Next, we summarize six studies on attentional ori-
enting, including three that focus specifically on hierarchical attentional
orienting.

Paralleling findings on enhanced executive attention in experienced
Dandao meditators compared to naive controls, Tsai and Chou reported
increased attentional orienting as demonstrated by faster reaction time
trends (Tsai and Chou, 2016). This effect reached significance only
among meditators with greater experience in observe-and-release tech-
niques. These findings are supported by van den Hurk et al., who
observed similar effects in mindfulness LTMs proficient in observe-an-
d-release and observe-and-focus techniques, although without identifying
meditation-specific effects (van den Hurk et al., 2010). The authors
interpreted the improved orienting as contributing to enhanced execu-
tive control by facilitating quicker engagement with spatial cues and
reducing interference from incongruent flankers. This interaction aligns
with prior work suggesting that executive attention operates supra-
modally, coordinating inputs across attentional systems to optimize task
performance (Callejas et al., 2004, 2005). However, while LTMs
demonstrated enhanced orienting performance, it remains an open
question whether this reflects improvements in the orienting system
itself, or whether heightened sustained attention and attentional readi-
ness simply enabled more consistent and effective use of spatial cues.

In contrast to these results, earlier research found no evidence of
enhanced attentional orienting in LTMs habitually practicing observe-
and-focus compared to naive controls (Jha et al., 2007). Interestingly, an
eight-week MBSR program significantly improved attentional orienting
in meditation-naive participants, compared to both LTMs who
completed a month-long retreat and a control group. The reasons for this
remain unclear but may involve differences in the type of techniques
emphasized or variations in novelty and motivation between the groups.
Another possibility involves cognitive overreaching during the LTMs’
retreat. Overreaching, borrowed from exercise science, refers to a tem-
porary decline in performance caused by training-related stress that
exceeds the body’s capacity for recovery, typically followed by a
rebound to higher-than-baseline performance with adequate rest
(Kreher and Schwartz, 2012). In this context, it is plausible that the
LTMs’ orienting performance failed to improve because they were tested
at a time of maximal cognitive load induced by the intensive meditation
schedule.

In summary, cross-sectional studies have found enhanced attentional
orienting in LTMs compared to novice controls, though without clear
meditation-specific effects (Tsai and Chou, 2016; van den Hurk et al.,
2010). The differing results compared to Jha et al. may be explained by
the inclusion of more experienced meditators, better-matched control
groups, or the necessity of practicing observe-and-release techniques
either alone or in conjunction with other techniques.

3.2.1. Hierarchical attentional orienting

Hierarchical attentional orienting refers to the ability to flexibly
switch between different levels of attention, such as between broad
contextual features and fine-grained details. Although this phenomenon
likely generalizes across sensory modalities, it has been most extensively
studied in the visual domain, where experimental paradigms and neural
mechanisms are well characterized. In the visual system, hierarchical
orienting is often examined through tasks that contrast foreground and
background attention (Navon, 1977), and is distinguished from basic
spatial orienting, which involves selecting a single stimulus location.
This hierarchical processing engages distinct neural pathways: global
attention (processing the whole) activates temporal regions in the
ventral stream, while local attention (processing details) recruits supe-
rior parietal regions in the dorsal stream (Han et al., 2004). These
dissociable circuits indicate that the visual system employs distinct
strategies for global and local processing, with temporal areas inte-
grating overall shapes and parietal regions supporting precise spatial
selection of details. The relationship between hierarchical attentional
orienting and top-down and bottom-up processes is complex, as global
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processing may rely on top-down mechanisms for feature integration,
while local processing may also engage top-down control for feature
discrimination (Mottron and Soulieres, 2013). Thus, top-down and
bottom-up systems do not map neatly onto global-local orienting. The
global-local task assesses attentional flexibility by presenting composite
stimuli (e.g., a large square made of smaller shapes), where global
(large) and local (small) elements can be congruent (e.g., a large square
of small squares) or incongruent (e.g., a large square of small rectan-
gles). This task often reveals a “global precedence” effect, with faster
responses to global features, as focusing on local details requires greater
effort (Fink et al., 1997; Kimchi, 1992; Navon, 1977). A congruency
effect score, calculated as the reaction time difference between
congruent and incongruent trials, measures the impact of conflicting
global and local information.

Research on the impact of meditation on hierarchical attentional
processing has yielded complex findings. Chan and Woollacott, inves-
tigating meditators’ performance on a global-local task, observed faster
overall reaction times across all conditions in meditators compared to
controls, except in the incongruent local condition (Chan and Woolla-
cott, 2007). No significant differences were found between observ-
e-and-focus and observe-and-release meditators on any trial type or
interference score, suggesting similar attentional effects across medita-
tion styles. Independent of technique, reaction times correlated nega-
tively with participants’ daily meditation practice duration, with
observe-and-focus meditation demonstrating stronger negative correla-
tions compared to observe-and-release. Congruency effects were signifi-
cantly larger in the local condition than in the global condition,
suggesting that processing incongruent local features was more chal-
lenging than processing incongruent global features. However, this
interference effect was not specific to meditators or controls and no
significant link to meditation experience was identified. While medita-
tors and controls exhibited a global precedence effect, no group differ-
ences in global-local processing were reported. One reported limitation
is that ceiling effects may have obscured group differences in orienting.

Conversely, Braboszcz reported significant congruency effects in the
global condition, both before and after the retreat, but only a trend in the
local condition (Braboszcz et al., 2013). Reaction times for incongruent
stimuli were significantly faster in the local condition compared to the
global condition before retreat, with this difference only trending to-
ward significance after retreat.

When comparing the two studies, both demonstrated faster reaction
times for congruent stimuli than for incongruent stimuli. However, Chan
and Woollacott observed a tendency toward global processing, while
Braboszcz et al.’s findings suggest a local processing bias in their cohort.
These discrepancies may reflect differences in attentional strategies or
cognitive styles, influenced by variations in meditation techniques,
expertise levels, task design, or cognitive fatigue from retreats.

A third study by Leeuwen et al. compared eight Buddhist Zen LTMs
to education- and gender-matched meditation-naive control participants
(van Leeuwen et al., 2012). The LTMs had an average of five years of
meditation experience (SD = 2 years) in both observe-and-focus and
observe-and-release techniques. In the global-local task, meditators
demonstrated significantly faster reaction times across all conditions.
Consistent with findings from the other two studies, accuracy levels
remained high and comparable between groups, ruling out a
speed-accuracy trade-off. While both groups exhibited a global prece-
dence effect, this effect was reduced by 50 % in the meditator group,
suggesting an enhanced attentional balance between global and local
processing. Nonetheless, motivational differences between meditators
and controls could have influenced these findings (Jensen et al., 2012).

Interestingly, in a longitudinal confirmation study, six meditators
with three years of primarily observe-and-focus experience underwent a
four-day observe-and-release retreat and subsequently exhibited a sig-
nificant shift in attentional allocation. Prior to the retreat, they dis-
played a local processing bias, responding faster to local than global
targets. Following the retreat, this local bias diminished, leading to more

13

Neurolmage 323 (2025) 121602

balanced processing between global and local targets. In contrast, the six
age, education, and gender matched meditation naive control partici-
pants maintained a consistent global precedence effect across both ses-
sions. Despite promising results, the study is limited by small sample
sizes and potential lifestyle confounds, such as differences in routine,
stress levels, or environment between LTMs and controls.

In sum, these results indicate that LTMs may exhibit faster reaction
times compared to meditation-naive controls without sacrificing accu-
racy (Chan and Woollacott, 2007; van Leeuwen et al., 2012). This
pattern suggests increased attentional orienting speed in LTMs, although
heightened motivation among meditators may also have contributed to
the observed effects (Jensen et al., 2012). Meditation-type specific trait
effects remain complex. Findings potentially point to a local processing
bias associated with long-term observe-and-focus technique practice
(Braboszcz et al., 2013; van Leeuwen et al., 2012), reflected in a reduced
global precedence effect, whereas this bias may be reversed through
observe-and-release techniques, as evidenced by the longitudinal retreat
study (van Leeuwen et al., 2012). Whether simultaneous engagement in
both techniques enhances bidirectional global-local attentional flexi-
bility remains an open question. Future research should investigate how
specific meditation styles and cumulative practice (‘meditative dose’)
shape global-local attentional biases in LTMs, especially since acute
state inductions appear insufficient to induce significant changes
(Colzato et al., 2016), except when delivered at high intensities, such as
during meditation retreats (van Leeuwen et al., 2012).

3.3. Alerting

The third component of the tripartite model of attentional processes
involves the ability to perceive and respond to an impending stimulus
effectively and efficiently (Brown and Bowman, 2002; Chandrakumar
et al., 2019; Matthias et al., 2010; Petersen et al., 2017). Alertness, a
cognitive state of readiness, falls under the broader domain of arousal,
which encompasses both cognitive and physiological wakefulness and
activation. Although these constructs often covary, they can also dis-
sociate—one can be highly aroused but not alert (e.g., in a state of
agitation) or alert but not highly aroused (e.g., calmly focused on a task)
(Esterman and Rothlein, 2019). This distinction reflects the flexibility of
attentional systems in regulating levels of alertness based on task
demands.

To investigate alertness, researchers use cued detection tasks, where
warning signals precede a target stimulus (Fan et al., 2002; Petersen and
Posner, 2012). By manipulating cue conditions, they can isolate the
temporal aspect (alerting) from the spatial aspect (orienting) of atten-
tion. Notably, alertness enhances orienting speed but does not improve
accuracy (Callejas et al., 2004). Moreover, while cue-induced orienting
can occur independently of alertness (Fan et al., 2002; Fernandez-Duque
and Posner, 1997), these systems typically interact in real-world set-
tings, as most stimuli provide both temporal and spatial cues (Fan et al.,
2009; Petersen and Posner, 2012).

Indeed, neuroanatomically, alertness and orienting share over-
lapping regions, such as the TPJ, which supports response readiness.
Meanwhile, alertness and executive attention engage the dIPFC, critical
for performance monitoring and regulation (Posner and Rothbart, 2009;
Raz and Buhle, 2006; Vago and Silbersweig, 2012). Brain areas specif-
ically linked to alertness include the midbrain, thalamus, and associated
substructures (Beas et al., 2018; Vago and Silbersweig, 2012; Van der
Werf et al., 2002). The midbrain, particularly the reticular activating
system, sustains wakefulness (Sarter et al., 2006), while the locus
coeruleus enhances vigilance via noradrenaline-driven cortical modu-
lation (Aston-Jones et al., 2009; Samuels and Szabadi, 2008). Within the
thalamus, the intralaminar nuclei maintain alertness (Vertes et al.,
2022), and the pulvinar nucleus in particular supports distractor
filtering to optimize attentional engagement (Saalmann et al., 2012).
The pulvinar has also been found to orchestrate theta-rhythmic (~4-7
Hz) fluctuations that coordinate shifts between focused attention and
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flexible reorienting across frontoparietal networks (Fiebelkorn et al.,
2018, 2019; Fiebelkorn and Kastner, 2019). In the following text within
this section, we review five studies on attentional alertness.

An initial investigation into the effects of meditation on attentional
alertness, using the ANT, showed positive outcomes among a diverse
group of LTMs participating in a month-long mindfulness meditation
retreat (Jha et al., 2007). Following the retreat, LTMs demonstrated
significantly improved attentional alertness scores compared to both an
eight-week MBSR group and a naive control group, which showed a
significant correlation with the LTMs’ meditative experience. Jha et al.
interpreted these findings as indicative of increased receptive attention,
a construct associated with exogenous stimulus detection and atten-
tional readiness; however, the quasi-experimental design, lacking
random assignment, limited causal inferences.

In contrast, more recent studies using the same task did not find
improvements in attentional alertness in LTMs (Tsai and Chou, 2016;
van den Hurk et al., 2010). The reasons for these divergent findings are
unclear but may involve an interaction effect between the trait-like
changes in LTMs and the intense state changes induced by the medita-
tion retreat. Unlike the cross-sectional designs of the later studies, which
involved no or minimal meditation immediately before the attentional
task and focused solely on trait-based effects, Jha et al. employed a
longitudinal design, allowing for a better assessment of state and
state-trait interaction effects.

Kruis et al. examined the impact of observe-and-focus and observe-and-
release meditation techniques on spontaneous eye blink rates (SEBR) and
inter-eye blink intervals (IEBR) in LTMs (Kruis et al., 2016). Both
measures are strongly associated with striatal dopamine activity and
other cognitive functions, such as attentional processing. For example,
higher sEBR and shorter IEBR are indicative of heightened attentional
alertness and cognitive engagement. The authors recruited 31 Theravada
and Tibetan LTMs with an average of 9154 h of meditation experience,
including at least three meditation retreats and a daily meditation
practice over the prior three years. Three distinct results were found: 1)
the meditators blinked less frequently and regularly than a meditation
naive control; 2) an eight-week MBSR intervention did not change IEBR
and sEBR in meditation-naive individuals; and 3) a full day of either
technique did not differently alter IEBR and sEBR in LTMs. No signifi-
cant relationship was found between meditation experience and eye
blink rates (Kruis et al., 2016). These findings suggest that long-term
meditation may be associated with trait-like changes in physiological
markers that are putatively linked to baseline striatal dopaminergic
function. Rather than indicating reduced alertness, these adaptations
potentially reflect a shift toward efficient, deliberate, and stable atten-
tional engagement, consistent with the cognitive and emotional regu-
lation improvements observed in LTMs. The lack of changes following
an eight-week MBSR intervention suggests these effects require pro-
longed practice, while the absence of differences between meditation
styles indicates a general trait-like adaptation. Furthermore, the pla-
teauing of these effects beyond a certain expertise level suggests
enduring baseline shifts rather than continuous dose-dependent
changes. However, equating eye-blink rates with attentional alertness,
and even further with striatal function, requires more careful neuro-
behavioral validation. As the authors did not directly evaluate attention
or brain function in their study, it’s important to interpret these results
cautiously.

Together, these studies suggest that there may be trait-like changes
in physiological dopaminergic functioning that enhance attentional
readiness toward exogenous stimuli. These effects appear independent
of specific meditation styles. However, practically meaningful im-
provements in attentional alertness may require intensive acute practice
in LTMs, pointing to a potential interaction effect between state and trait
changes. Future work could integrate molecular imaging with behav-
ioral assessments to examine how baseline neurotransmitter function
relates to attentional performance in LTMs.
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3.4. Sustained attention

Sustained attention involves maintaining engagement with a task or
stimulus over extended periods, particularly in the absence of frequent,
predictable, or salient external cues (Esterman et al., 2013; Sarter et al.,
2001). Sustained attention is supported by nodes of several large-scale
brain networks (Langner and Eickhoff, 2013), including parts of the
FPN (dIPFC, ACC, and inferior parietal lobule), which mediates atten-
tional control, cognitive flexibility, and the allocation of cognitive re-
sources (Markett et al., 2013; Singh-Curry and Husain, 2009). The locus
coeruleus-noradrenergic system contributes to sustained attention by
modulating cortical excitability, vigilance, and signal amplification
(Aston-Jones et al., 2009; Posner, 2008), while the thalamus contributes
by gating sensory and cognitive inputs and regulating arousal levels (Fan
et al, 2005; Sturm and Willmes, 2001). Additionally, the
cingulo-opercular network, including the insula and ACC, maintains
sustained attention by detecting task-relevant cues, monitoring perfor-
mance, and integrating interoceptive signals to optimize cognitive effort
(Fan et al., 2002; Lawrence et al., 2003).

Recent research highlights sustained attention as inherently fluctu-
ating rather than static. Attentional performance alternates between “in
the zone” states, where moderate DMN activity supports focus, and “out
of the zone” lapses, marked by increased reaction time variability and
reduced dorsal attentional network (DAN) engagement (Esterman et al.,
2013; Esterman and Rothlein, 2019). Rather than reflecting simple
resource depletion, these vigilance decrements arise from fluctuations in
attentional control across networks, particularly interactions between
the DMN, DAN, and the salience network, which dynamically influence
task engagement (Fortenbaugh et al., 2017). Recent work further shows
that such fluctuations of attention follow a rhythmic pattern, particu-
larly in the theta range (~4-7 Hz), suggesting that attention is governed
by intrinsic oscillatory cycles that periodically gate access to
task-relevant information, even under conditions of sustained focus
(Fiebelkorn et al., 2013; Fiebelkorn and Kastner, 2019; Helfrich et al.,
2018). These oscillations may be involved in inhibiting distractors
(‘interference control’) and task performance by coordinating shifts
between externally and internally directed attention. Complementing
this work, connectome-based predictive modeling has demonstrated
that patterns of whole-brain functional connectivity can predict both
stable individual differences and moment-to-moment fluctuations in
sustained attention across diverse tasks and populations (Rosenberg
et al., 2016, 2020; Yoo et al., 2018). Next, we review four studies on
sustained attention, one on mind-wandering, and two examining the
attentional blink phenomenon.

To assess the effects of mindfulness practices and expertise on
attentional stability, Valentine and Sweet recruited 19 Buddhist practi-
tioners and 24 meditation-naive college students to participate in a
sustained attention task, the Wilkins’ counting task (Valentine and
Sweet, 1999). Meditators were separated into an observe-and-focus and
an observe-and-release group based on habitual practice, as well as into
long-term (24 months and more) and short-term (<24 months) groups.
No further information on their practice was gathered. The counting
task was performed immediately after a typical meditation session, with
practitioners instructed to maintain their meditative mindset
throughout the task. Results showed significantly enhanced stimulus
detection in the meditators compared to the controls, suggesting
increased sustained attention. Furthermore, the LTMs significantly
outperformed the short-term meditators, with no differences found be-
tween the two techniques. Additional analysis revealed that the
observe-and-release meditators performed better when faced with unex-
pected stimuli than the observe-and-focus group. This difference could
potentially be attributed to expectancy effects within the latter group.
However, the study is limited by its small sample size, lack of random
assignment, and potential confounding factors such as group differences
in age and motivation.

Expanding on these findings, Lutz et al. used a dichotic listening task
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to investigate meditation’s effects on sustained attention (Lutz et al.,
2009). The study included 17 LTMs with an average of 2967 h of
meditation experience (SD = 3162 h) and 23 age-matched controls.
During a three-month retreat, the LTMs engaged in 10 to 12 h of daily
practice, incorporating observe-and-focus, observe-and-release, and
loving-kindness techniques. In contrast, the control group practiced 20
min of daily meditation and attended hour-long Vipassana group ses-
sions prior to laboratory assessments. Following the retreat, LTMs
demonstrated greater attentional stability and reduced perceived task
effort compared to the control group. Electroencephalogram (EEG) an-
alyses further revealed improved phase consistency for deviant tones
among the LTMs, suggesting an enhanced ability to sustain attention in
response to auditory stimuli that deviate from the norm. Key limitations
include the self-selection of retreat participants, which may have
introduced pre-existing group differences.

Lee and colleagues conducted a study comparing 22 Chinese LTMs
practicing observe-and-focus or loving-kindness meditation to 22 novice
meditators on continuous performance test (CPT) scores (Lee et al.,
2012). The study design included four groups of 11 participants each to
assess interaction effects between state (baseline vs. meditative state)
and trait (LTMs vs. beginners). LTMs had practiced for at least five years,
with the observe-and-focus group averaging 5248 h (range: 810-17,850)
and the loving-kindness group 7491 h (range: 588-17,850). Novice
meditators engaged in one hour of daily meditation, divided into three
20-minute sessions, prior to testing. During the experiment, participants
completed the CPT task both after a 30-minute meditation session (while
maintaining their meditative state) and following a 15-minute
non-meditative break.

Results revealed that observe-and-focus LTMs made significantly
fewer omission errors compared to novices during both meditative and
baseline testing, indicating a potential trait-like improvement in sus-
tained attention. Additionally, a trend emerged for observe-and-focus
LTMs to make fewer commission errors than novices, but only during the
meditative state, suggesting a state-like effect on inhibitory control. No
significant differences were observed in the loving-kindness condition
for either type of error. The primary limitations included the use of an
all-male, ethnically homogenous convenience sample and the absence of
direct measures of attentional engagement (e.g., eye tracking), which
limited both the generalizability and interpretability of the findings.

Lastly, Zanesco et al. reported significant reductions in reaction time
variability on a response inhibition task among LTMs participating in a
Vipassana meditation retreat compared to controls (Zanesco et al.,
2013). These improvements were predicted by enhancements in con-
centration, as measured using a seven-item self-report subscale from the
Thinking Style Questionnaire (Matthews et al., 2002), suggesting that
intensive meditative practice may lead to an objective stabilization of
attention that aligns with participants’ subjective experience. Notably,
however, increases in felt concentration did not predict improvements in
response inhibition accuracy, indicating a partial dissociation between
subjective attentional engagement and behavioral control. This
distinction highlights that while participants may accurately introspect
fluctuations in attentional stability, such awareness does not necessarily
extend to all domains of executive functioning.

In summary, these findings suggest enhanced sustained attention in
LTMs engaging in attention-based meditations, particularly observe-and-
focus techniques, compared to emotion-based techniques, which involve
the active production of specific wholesome emotional states (e.g.,
compassion, loving-kindness) as the meditative object potentially due to
(Lee et al., 2012; Sparby and Sacchet, 2022). These differences may
reflect specificity-related training effects (Ehmann et al., 2025d).
Observe-and-release techniques appeared more beneficial when LTMs
were responding to unexpected stimuli (Valentine and Sweet, 1999).
Furthermore, improvements in sustained attention may also become
more pronounced with prolonged training, even though earlier studies
have shown acute increases in sustained attention following loving--
kindness practice (Izzetoglu et al., 2020). This finding potentially
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exemplifies opponent processing dynamics within meditative develop-
ment, such that more positive affect and reduced emotional reactivity
provide an environment in which it is easier to sustain attention.
Long-term dose-response changes within sustained attention may thus
potentially reflect a cognitive biomarker of advanced meditation, as
skillful development across cognitive domains is necessary to achieve
the highest levels of sustained attention. Notably, LTMs practicing
observe-and-focus may demonstrate far transfer effects—improved
attentional stability not only for meditation objects (e.g., the breath),
but also for unrelated sustained attention tasks. This may support the
view that observe-and-focus is a direct form of “practicing” sustained
attention, yielding benefits that generalize beyond the training context.
It remains unclear whether the reviewed results reflect interaction or
trait effects (Lutz et al., 2009; Valentine and Sweet, 1999), or interaction
or state effects (Zanesco et al., 2013). Nevertheless, evidence points to
genuine trait improvements in sustained attention (fewer omission er-
rors) in LTMs practicing observe-and-focus techniques, as well as state
effects for enhanced inhibitory control (fewer commission errors) during
meditation (Lee et al., 2012).

3.4.1. Mind-wandering

Mind-wandering, in contrast to sustained attention, refers to an
involuntary shift of focus from a task to unrelated thoughts or feelings
(Smallwood and Schooler, 2015). It overlaps with affective, episodic,
metacognitive, and executive processes, indirectly indicating reduced
sustained attention. In sustained attention tasks, performance relies on
vigilance ~and freedom from  task-unrelated distractions.
Mind-wandering is commonly measured by periodically asking partici-
pants whether their attention was on the task or diverted to distracting
thoughts (Seli et al., 2016).

From a neuroscientific perspective, mind-wandering is commonly
associated with activity in the DMN, including regions such as the
medial prefrontal cortex (mPFC), PCC, and TPJ, which support inter-
nally directed cognition, including self-referential thought, autobio-
graphical memory, and future planning (Christoff et al., 2009, 2016;
Hasenkamp et al., 2012; Vago et al., 2022). However, recent research
challenges the view of the DMN as uniformly ‘task-negative,” showing
that its activity during mind-wandering is dynamic and
context-dependent, with studies reporting both decreases in DMN acti-
vation and its involvement in stable task performance or goal-relevant
internal processes (Bartoli et al., 2024; Crittenden et al., 2015;
Csifcsak and Mittner, 2017; Kajimura et al., 2019; Kucyi et al., 2016;
Poerio et al., 2017). Meditation’s effects on mind-wandering have been
summarized in a putative neurocognitive model, in which enhanced
meta-awareness and attentional control reduce the frequency and
duration of mind-wandering, alongside shifts in large-scale brain dy-
namics, including reduced DMN dominance, increased sensory
coupling, and strengthened executive control over internal mentation
(Brandmeyer and Delorme, 2021; Ganesan et al., 2022; Hasenkamp
et al., 2012). Specifically, during observe-and-focus techniques, increased
activity in the anterior insula and dorsal ACC was found during moments
when meditators recognized mind-wandering. This recognition pro-
duced an attentional shift back to the target, activating the dIPFC and
caudate, while decreasing activity in the mPFC (Hasenkamp et al.,
2012). These dynamics are thought to support strengthened functional
connectivity between the DMN and FPN, improving the regulation of
internally directed cognition and sustained attention (see Section 2.1.
Executive Attentional Control, and 2.3.1. Sustained Attention)
(Brandmeyer and Delorme, 2021; Hasenkamp et al., 2012).

To investigate mind-wandering in LTMs, Brandmeyer and Delorme
utilized an experiential sampling probe paradigm, where pre-recorded
vocalized probes, delivered at random intervals (30-90 s), prompted
participants to rate their meditation depth, mind-wandering, and
drowsiness using a numeric keypad without disrupting their posture or
closing their eyes (Brandmeyer and Delorme, 2018). The study included
11 LTMs and 11 meditation-naive controls, who engaged in a one-hour
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observe-and-focus practice. LTMs reported a minimum of 2 h of daily
practice (weekly average: 14.8 h), while controls practiced less
frequently (weekly average: 3.2 h). Findings revealed that LTMs expe-
rienced a reduced frequency and depth of mind-wandering alongside an
increased depth and frequency of meditative states. The EEG results
showed increased frontal midline theta activity in LTMs during medi-
tation compared to mind-wandering, reflecting enhanced cognitive
control, with theta power specifically distinguishing between different
cognitive control strategies (Eisma et al., 2021). Additionally, elevated
somatosensory alpha activity was observed, suggesting the suppression
of distracting input (Haegens et al., 2012). Future work could investi-
gate the temporal dynamics of reduced mind-wandering in LTMs across
distinct cognitive control strategies and how these relate to theta
rhythms that coordinate attentional shifts between focused attention
and flexible reorienting (Fiebelkorn et al., 2013; Fiebelkorn and Kastner,
2019; Helfrich et al., 2018). Key limitations include the probe-caught
design, which may disrupt the continuity of meditation and rely on
discrete self-reports that miss spontaneous fluctuations in
mind-wandering. Moreover, group differences in metacognitive aware-
ness could have influenced how LTMs and controls labeled their mental
states.

In sum, this study suggests that LTMs exhibit reduced mind-
wandering and enhanced meditative depth. EEG data indicates this
may be linked to enhanced cognitive control and sensory processing.
These findings align with previous results, which demonstrate improved
executive attentional control (Braboszcz et al., 2013; Chan and Wool-
lacott, 2007; Jha et al., 2007; Sperduti et al., 2016; Tsai and Chou, 2016;
van den Hurk et al., 2010) and sustained attention in LTMs (Lee et al.,
2012; Lutz et al.,, 2009; Valentine and Sweet, 1999; Zanesco et al.,
2013), as well as evidence that intensive three-month observe-and-focus
meditation retreats significantly reduce mind-wandering in novices
(Zanesco et al., 2016). Further research is needed to draw robust in-
ferences about meditation-specific effects on mind-wandering in LTMs.

3.4.2. Attentional blink

The attentional blink reflects a temporal bottleneck in attentional
resource allocation, such that when two targets are presented in rapid
succession, detection of the second is often impaired (Marois and
Ivanoff, 2005; Raymond et al., 1992; Ward et al., 1996). This is typically
measured using the Attentional Blink Task, in which two targets appear
within a rapid stream of distractors. If the second target (T2) follows the
first (T1) within ~500 milliseconds, attentional resources are allocated
to prioritizing and consolidating the first, often at the cost of the second.
Rather than a failure of the system, this phenomenon is increasingly
understood as a consequence of adaptive gating mechanisms—protect-
ing working memory from interference, preserving episodic distinc-
tiveness, and enabling flexible allocation based on task demands and
stimulus relevance (Dux and Marois, 2009; Martens and Wyble, 2010;
Meng et al., 2023; Wyble et al., 2009). While several interventions have
been unsuccessful in eliminating the attentional blink (Braun, 1998;
Maki and Padmanabhan, 1994; Taatgen et al., 2009), others claimed
success (Choi et al., 2012; Reedijk et al., 2015), suggesting that the
extent of this trade-off may be modifiable, even if the underlying
mechanism remains adaptively motivated.

Identifying the precise brain regions associated with this phenome-
non is difficult due to the lack of temporal sensitivity of spatially specific
brain imaging modalities. Thus far, differences in brain activity between
detected and missed T2s have been observed, with missed T2s primarily
engaging occipital and infero-temporal regions for basic perceptual
processing but lacking higher-order integration. In contrast, detected
T2s involve strong synchronization across the mPFC (target specifica-
tion), parietal cortex (consolidation), frontopolar cortex (working
memory), and ACC (decision-making) (Hommel et al., 2006; Martens
and Wyble, 2010). These findings align with theories proposing that the
attentional blink may indicate temporal boundaries in the allocation of
selective attention (Dux and Marois, 2009).
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Initial investigations into mindfulness meditation suggest that med-
itators allocate fewer limited cognitive resources to the first target,
leaving more information-processing resources available for detecting a
subsequent target, thereby reducing the attentional blink (Slagter et al.,
2007). These changes were observed following an intensive three-month
retreat that involved daily meditation sessions lasting 10-12 h and were
associated with enhanced sustained attention.

In a study by van Vugt and Slagter, 30 Dutch LTMs with an average of
6041 h of meditation experience (range: 786-31,937 h) participated in
the Attentional Blink Task (van Vugt and Slagter, 2014). Using a coun-
terbalanced design, participants meditated for four minutes in either an
observe-and-focus or observe-and-release condition before performing the
task, maintaining a meditative mindset throughout. Results revealed a
reduced attentional blink in the observe-and-release condition, likely due
to decreased T1 capture, an effect observed exclusively in highly expe-
rienced meditators averaging 10,704 h of practice.

Extending these findings, 82 experienced Isha Yoga practitioners
displayed a significant 11 percentage point rise in stimulus two capture
following an intensive three-month retreat, indicating a diminished
attentional blink (Braboszcz et al., 2013). Surprisingly, the magnitude of
this improvement mirrors that seen in the control group of Slagter et al.
(Slagter et al., 2007). However, the lack of a control group in Bra-
boszcz’s study complicates definitive conclusions about the retreat’s
specific effects. Notably, Isha Yoga meditation emphasizes observ-
e-and-focus, differing from the observe-and-release techniques utilized in
Slagter et al. and van Vugt and Slagter’s research. Given the more robust
meditation protocols and extended meditation experience duration in
the latter investigations, this suggests a preference for highly experi-
enced LTMs engaging in observe-and-release meditation in mitigating the
attentional blink phenomenon.

One plausible mechanism is that observe-and-release techniques train
practitioners to disengage attention more rapidly. Rather than sustain-
ing focus, these techniques emphasize noticing and letting go, which
may reduce attentional “stickiness” toward T1 and facilitate reallocation
of resources to T2. This aligns with research suggesting that reducing
object-focused processing can minimize exclusive resource capture,
thereby improving detection of closely timed, unexpected stimuli
(Taatgen et al.,, 2009). In addition to the least amount of
object-orientation, expert observe-and-release practitioners may also
possess the greatest meta-awareness compared to other practice pop-
ulations (Lutz et al., 2015), sensitizing them to changes in perception,
perhaps by reducing the signal detection threshold.

In summary, these findings suggest a more distributed attentional
processing style in highly experienced LTMs undergoing an observe-and-
release meditative induction. This may be characterized by a more even
allocation of cognitive resources over time, reflecting a more non-fixated
attentional stance. Future research should replicate these activity-
specific findings and investigate the cumulative experience required
for such improvements, especially in light of recent studies reporting
mixed results (Bailey et al., 2023).

4. Discussion

This review examined the long-term effects of mindfulness medita-
tion on attentional processes, synthesizing biobehavioral outcomes in
LTMs. Although the field is still in its early stages, the emerging evidence
suggests that mindfulness meditation may hold significant promise for
enhancing attentional capacities. At the same time, many of the reported
effects are based on a limited number of studies—often with small
sample sizes—and should be interpreted with caution. Robust replica-
tion efforts and larger, more methodologically rigorous studies are
needed to establish the reliability and generalizability of these findings.

In the following discussion, we first summarize the trait effects of
long-term mindfulness meditation on attention, including the role of
trait-state interactions in shaping these findings, while also assessing the
potential benefits of specific meditative techniques on attentional
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outcomes. Next, we integrate these findings into a broader model of
cognitive processing and meditative development, highlighting how
long-term practice enhances self-regulation and facilitates access to
meditative states, stages, and endpoints associated with improved
objective and subjective well-being. Finally, we address key methodo-
logical limitations and provide an outlook for future research on LTMs.

4.1. Trait, interaction, and technique-specific effects

The reviewed studies provide putative evidence for trait improve-
ments in attentional processing broadly. Direct comparisons of groups
with varying meditation experience indicated significant between-group
differences, in which meditators with the highest levels of expertise
showed improved sustained attention and reduced attentional blink
(Valentine and Sweet, 1999; van Vugt and Slagter, 2014). Additionally,
one study reported a dose-response trend for executive attention, with
greater expertise linked to stronger effects (Tsai and Chou, 2016).

Supporting these findings, studies investigating the relationship be-
tween meditation expertise and biobehavioral cognitive outcomes
report moderate correlations for attentional alertness (Jha et al., 2007)
and weak correlations for executive attention (Braboszcz et al., 2013),
potentially suggesting progressive improvements with increasing
expertise. Trait mindfulness scores have also been positively associated
with executive attentional control, a relationship replicated for cogni-
tive control (Samuel and Constanzo, 2020). Notably, LTMs exhibit
significantly higher mindfulness scores than controls, whereas
short-term meditators do not, suggesting that trait mindfulness may
mediate the link between meditation experience and enhanced execu-
tive attention.

Besides examining the direct effects of meditative expertise on
cognitive-behavioral outcomes, most long-term meditation studies we
reviewed employed a cross-sectional design, comparing meditation-
naive participants to LTMs, thereby enabling the assessment of general
trait effects. These studies consistently indicate improvements in exec-
utive attention among LTMs (Chan and Woollacott, 2007; Tsai and
Chou, 2016; van den Hurk et al., 2010), with one study suggesting a
reduction in age-related executive functioning decline (Sperduti et al.,
2016). Additional evidence points to enhancements in emotional
response inhibition (Andreu et al., 2019), though findings are mixed for
non-emotional response inhibition, with some studies reporting better
performance in meditation-naive participants (Korponay et al., 2019).
Ambiguous results in the attentional-orienting domain point to potential
improvements with long-term practice (Tsai and Chou, 2016; van den
Hurk et al., 2010), but also underscore the possible necessity of observ-
e-and-release techniques, as short-term practices focused on these have
yielded comparable effects to more heterogeneous long-term practices
(Jha et al., 2007). Preliminary evidence also suggests trait-level in-
creases in attentional speed for global-local orienting processes (Chan
and Woollacott, 2007; van Leeuwen et al., 2012), while a tendency to-
ward global or local processing may be modulated by whether practi-
tioners habitually engage in observe-and-release or observe-and-focus
techniques, respectively (Braboszcz et al., 2013; van Leeuwen et al.,
2012). Regarding attentional alertness, the observed stability in eye
blink rates among LTMs may suggest enduring changes in physiological
markers potentially linked to dopaminergic functioning, though further
research is needed to clarify their relationship to attention and under-
lying neurobiology (Korponay et al., 2019; Kruis et al.,, 2016). No
distinct advantages of specific meditative techniques were identified for
eye blink rates or executive attention, either due to the heterogeneity of
practice regimens among participants, study design, or lack of available
data.

Many study designs used in the extant literature make it challenging
to delineate state, trait, and interaction effects. For instance, Chan and
Woollacott found significant correlations between daily meditation
practice in LTMs and measures of executive attention and attentional
flexibility while also demonstrating improved performance compared to
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meditation-naive controls, suggesting the possibility of trait, state, or
interaction effects on attentional performance (Chan and Woollacott,
2007). Similarly, Jha et al. observed improved alertness scores in LTMs
following a retreat compared to controls and an MBSR condition (Jha
et al., 2007). In contrast, cross-sectional studies found no significant
differences compared to control groups (Tsai and Chou, 2016; van den
Hurk et al., 2010), suggesting a possible interaction effect or a state
effect driven by the intense practice during Jha et al.’s retreat.

Collectively, nine out of the 18 studies either identified interaction or
state effects, contingent on the inclusion of a control condition, partic-
ularly a meditation-naive group, in the study design (Braboszcz et al.,
2013; Chan and Woollacott, 2007; Jha et al., 2007; Kruis et al., 2016;
Lee et al., 2012; Lutz et al., 2009; Sahdra et al., 2011; van Vugt and
Slagter, 2014; Zanesco et al., 2013). These studies found improvements
in LTMs’ executive attention (Braboszcz et al., 2013; Chan and Wool-
lacott, 2007), response inhibition (Lee et al., 2012; Sahdra et al., 2011;
Zanesco et al., 2013), attentional flexibility (Braboszcz et al., 2013),
attentional alertness (Jha et al., 2007), sustained attention (Lee et al.,
2012; Lutz et al.,, 2009; Zanesco et al., 2013), mind-wandering
(Brandmeyer and Delorme, 2018), and reduced attentional blink
(Braboszcz et al., 2013; van Vugt and Slagter, 2014).

Considering these methodological limitations, it becomes chal-
lenging to delineate the effects of different meditation types on atten-
tional capacities. For instance, Jha et al. stand out as the sole study in the
alertness domain to report significant increases among LTMs (Jha et al.,
2007). These results may be due to interaction effects, the larger
emphasis on observe-and-focus activities during the retreat, or both.
Other domains may have demonstrated meditation-specific outcomes,
but the limited number of studies prevents definitive conclusions about
the superiority of one technique over another. For example, heightened
sustained attention was observed following attention-based practices,
particularly observe-and-focus techniques, compared to emotion-based
techniques, while observe-and-release techniques appeared more effec-
tive for managing unexpected stimuli (Lee et al., 2012; Valentine and
Sweet, 1999). This latter result is corroborated by attentional blink
studies, which demonstrated a reduction in the attentional blink phe-
nomenon after a short observe-and-release but not observe-and-focus
practice, despite groups not differing in their habitual practice tech-
niques (van Vugt and Slagter, 2014). No meditation-specific effects
could be discerned for the response inhibition and mind-wandering
domain due to the study design or a lack of studies.

In sum, preliminary evidence suggests that LTMs exhibit trait im-
provements across attentional domains, with some evidence suggesting
greater enhancements with increasing meditative expertise. Domain-
specific interaction effects between state inductions, dispositional
traits, and meditation types were common, warranting further investi-
gation. For a comprehensive synthesis of findings, refer to Fig. 2, and for
a more detailed summary including study characteristics, see Table 1.
These findings align with Sumantry & Stewart’s meta-analysis, which
reported improvements in generalized attention, alerting, and executive
attention (Sumantry and Stewart, 2021). However, our targeted syn-
thesis specifically focused on long-term meditators and provides addi-
tional insight into meditation-specific effects, showing that behavioral
attentional changes tend to mirror the particular mental actions (e.g.,
release and focus) emphasized within each meditation type, indicating
potential training-specificity effects not addressed in the meta-analysis
(Ehmann et al., 2025d).

Next, we contextualize these findings within a broader cognitive
science framework, integrating contemplative and neuroscientific per-
spectives on meditative development. The discussion will focus on how
long-term attention-based practices support advanced meditation skills
and their role in enhancing self-regulation and well-being.

4.3. Attention and meditative development

The reviewed findings provide evidence for improvements in
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Fig. 2. Attentional results in long-term meditators. This figure summarizes behavioral attentional changes in long-term meditators, organized according to the
tripartite model of attention and sustained attention. Given that only 18 studies were reviewed, these findings should be considered preliminary. Strength of evidence
(indicated by arrow size and checkmarks) reflects the consistency of findings across studies, not effect sizes. “Initial evidence” generally denotes a single study
supporting an effect; “moderate evidence” corresponds to 2-3 consistent studies; and “strong evidence” indicates that most studies within a given attentional domain

(typically 3 or more) reported similar effects.

attentional stability, flexibility in modulating attentional aperture and
object orientation, and effortless meta-awareness in LTMs, aligning with
Lutz et al.’s neurophenomenological model of meditative development
(Lutz et al., 2015). Together, these attentional enhancements suggest
that meditation may optimize attentional networks by increasing pro-
cessing depth and neural efficiency, thereby improving attentional
control while reducing cognitive effort (Kozasa et al., 2012; van den
Hurk et al., 2010; van Leeuwen et al., 2012). This evidence also con-
verges with Young’s multidimensional mindfulness model, which
frames mindfulness as a driver of general cognitive enhancement
(Young, 2016b, 2016a).

From a dynamical systems perspective, the findings reviewed here
highlight a complex, interdependent evolution of attentional and
cognitive processes resulting from long-term practice. For instance,
previous research suggested enhanced sustained attention may stem
from increased perceptual sensitivity, which reduces the cognitive load
of target discrimination (MacLean et al., 2010). While there is a general
trend toward domain-specific adaptations, such as the finding that
attention-based techniques exert a stronger effect on attentional out-
comes than emotion-based techniques, our results indicate a broader
pattern of integrative cognitive change (Ehmann et al., 2025c). It is
noteworthy that this domain specificity aligns with the principle of
training specificity, which holds that training effects are strongest in the
domains most directly targeted by the intervention, a principle observed
across both mental and physical disciplines (Campos et al., 2002; Chiesa
et al., 2011; Ehmann et al., 2025d; Gallant, 2016; Giesbrecht et al.,
2024; Morgan et al., 2015). Nonetheless, the core mindfulness fac-
tors—concentration, sensory clarity, and equanimity—appear to mutu-
ally reinforce and balance each other, resembling opponent processing
dynamics across meditative development. This counterbalancing
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dynamic parallels traditional Buddhist models of mental development
(Anuruddha and Anuruddha, 2000; Ingram, 2018), in which mindful-
ness (sati or ‘lucid awareness’) acts as a meta-regulator between other
existential and cognitive faculties. Accordingly, an overemphasis within
practice on one domain (e.g., attention) over another (e.g., emotion
regulation) could result in an ‘unbalanced’ cognitive architecture,
defined as a disproportionate development of specific cognitive faculties
that limits their integration and overall adaptability. Such an imbalance
may constrain the depth and sustainability of practice, hinder medita-
tive development, and reduce overall well-being (Ehmann et al., 2025c,
2025d; Lindsay and Creswell, 2017; Lindsay, 2020; Tsai et al., 2024).
When considering the relevance of the present findings to the study
of advanced meditation, one is inquiring into how long-term practice
may predispose practitioners to specific meditative states, stages, and
endpoints. While there is considerable overlap between long-term and
advanced meditators, this relationship is not necessary or linear, high-
lighting the importance of phenomenological inquiry and computa-
tional formalization in distinguishing attentional profiles across
meditative development (Tal et al., 2025). One promising avenue lies in
translating traditional Buddhist mental factors (cetasikas), as outlined in
the Theravada Abhidhamma, into constructs amenable to cognitive
neuroscience (Anuruddha and Anuruddha, 2000). These factors are
thought to occur simultaneously with each moment of consciousness
(citta) and function to shape ongoing experience by modulating the
quality and dynamics of awareness, rendering them foundational for
understanding the cultivation of meditative states. Within the atten-
tional domain, vitakka (initial application) and manasikara (mental
engagement) may loosely correspond to attentional orienting and
stimulus selection. Sati (mindfulness) and viriya (effort) jointly support
an alert, sustained presence of mind—sati by maintaining continuity of
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attention, and viriya by energizing awareness and countering cognitive
dullness. In the domain of executive attention, adhimokkha (resolve) and
chanda (aspiration) parallel intentionality and goal-directed persistence.
Finally, vicara (sustained application) and ekaggata (one-pointedness)
align with sustained attention and absorption, enabling continuity of
focus and resistance to distraction or mind-wandering. While these
correspondences remain conceptual rather than empirical, they reflect
long-standing efforts to classify and cultivate attentional and cognitive
faculties and may offer a generative framework for interdisciplinary
dialogue and hypothesis development (Wright et al., 2023).

A well-defined subset of advanced meditation involves advanced
concentrative absorptive meditation states, specifically the jhanas
(ACAM-J) (Sparby and Sacchet, 2024). According to Buddhist Studies
and empirical research, ACAM-J appears to be facilitated by several
attentional functions and associated mental factors, including en-
hancements in sustained attention (vicara, sustained application;
ekaggata, one-pointedness), attentional orienting and executive control
(vitakka, initial application), and attentional alertness (viriya, energetic
effort) (Yang et al., 2024). Marked by “one-pointedness” (samadhi)—a
mental singularity or unification characterized by sustained attention,
ACAM-J is usually cultivated through observe-and-focus techniques such
as Samatha meditation (Tiwari, 1988; Vago and Zeidan, 2016). Through
skillful application, it is believed that such concentration techniques
enable access to increasingly stable and subtle states of awareness, often
described as refined, which then culminate in transformative shifts in
perception and cognition (Yang et al., 2024). Importantly, these tech-
niques are not considered ends in themselves; rather, they serve as
gateways to meditative development and endpoints, including psycho-
logical transformation and new experiences (e.g., self-insight and tran-
scendence, states of bliss, joy, and contentment) (Berkovich-Ohana
et al., 2024). Notably, the capacity to sustain and direct attention is also
closely tied to subjective experiences of freedom, suggesting that
attentional regulation in LTMs may foster greater mental autonomy
(Sparby et al., 2024).

Attaining ACAM-J typically begins with resolving attentional insta-
bility—a state marked by frequent distraction and a diffuse, unfocused
awareness, sometimes described as “a greyness” (Sparby, 2019). As
attentional control improves, this instability gives way to “access con-
centration”, a state of sustained and uninterrupted focus on the medi-
tation object, often described as a “magnet-like” pull of attention
(Sparby, 2019). The ACAM-J model predicts a distinct temporal pro-
gression through eight specific states, four of which utilize form-based
objects derived from sensory or interoceptive phenomena (e.g.,
breath), and four formless states, which center on the constitutive ele-
ments of experience itself (e.g., space, consciousness, nothingness). Each
state is characterized by unique phenomenological qualities and shifts in
cognitive-emotional dynamics, such as attentional object orientation
and perceptual clarity, as well as the progressive attenuation and
emergence of bliss, joy, peace, and equanimity (Anuruddha and Anu-
ruddha, 2000; Sparby and Sacchet, 2024; Yang et al., 2024). Our model
of ACAM-J classifies the trajectory through the eight states as light, in-
termediate, or deep, with the latter characterized by deeper absorption
(stable, immersive focus on a single quality), less discursive thought
(reduced internal verbalization or conceptual elaboration), and dimin-
ished sensory input (attenuated awareness of external stimuli) (Sparby
and Sacchet, 2024).

As the “third wave” of meditation research unfolds—progressing
from early work on the clinical efficacy of meditation, to investigations
of its neurobiological mechanisms, and now to the neuro-
phenomenological study of advanced meditation—this review seeks to
provide an empirical foundation for understanding the current state of
attentional functioning and meditative development. We are hopeful
that by leveraging interdisciplinary collaboration (Galante et al., 2023),
future research can advance the scientific study of advanced meditation
and support the development of novel, accessible interventions that
facilitate the experiential realization of meditative endpoints (Ehmann
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et al., 2025a, 2025b).
4.3. Limitations and future directions

We note several methodological limitations of this review and the
conclusions drawn herein, namely, the studies that we reviewed are
inconsistent in defining and reporting meditation techniques, have
limited consideration of demographic and cultural factors, include
insufficient data on advanced meditative states, and are variable with
respect to methodological rigor. These challenges highlight the need for
a unified research framework to better characterize the behavioral,
neural, and phenomenological effects of meditation (Ehmann et al.,
2025c; Galante et al., 2023).

Many of the reviewed studies included cross-sectional designs or
acute meditation inductions of varying durations and intensities, often
without testing for interactions between participants’ baseline cognitive
or attentional traits and observed outcomes. This important omis-
sion—present in over half of the studies reviewed—was likely due to
design constraints and often precluded a clear differentiation between
state and trait effects, particularly in the absence of appropriate control
groups. Consequently, studies involving LTMs frequently lack clarity
regarding whether observed effects reflected enduring trait changes,
transient induction effects, or their interaction. Of the 18 studies
explicitly examining trait effects, only five assessed correlations be-
tween behavioral performance and meditation expertise, with three
reporting no significant associations (Chan and Woollacott, 2007; Kor-
ponay et al., 2019; Kruis et al., 2016). Additionally, few studies directly
compared meditators at different expertise levels (e.g., short-term vs.
long-term practitioners), making it difficult to establish developmental
trajectories in attentional capacities. While findings generally indicate
improvements in dispositional attention in LTMs, these benefits are
often inferred from comparisons across multiple studies rather than from
direct trait-level assessments. The absence of clear dose-response re-
lationships, combined with the robust effects observed in some
short-term interventions, raises questions about the necessity of inten-
sive, prolonged practice and suggests the possibility of diminishing
returns from long-term meditation.

To improve the differentiation of state, trait, and techniques-specific
effects in meditation research, future studies should employ mixed-
factorial designs that systematically assess participants’ baseline traits,
practice history, and acute state changes. Key baseline measures should
include regular meditation type (Sparby and Sacchet, 2022), average
daily meditation duration, history of intensive practice (e.g., retreats),
and total lifetime meditation hours. Incorporating a meditation-naive
control group as a between-group factor would facilitate clearer iden-
tification of trait-specific effects. Additionally, stratifying participants
by expertise level (e.g., short-term vs. long-term practitioners) would
enable more precise comparisons.

To isolate genuine state effects related to LTMs, and ultimately
advanced meditation, both meditation-naive controls and experienced
meditators could engage in one or more acute meditation sessions,
enabling the construction of a time by technique by trait design matrix.
This approach would allow researchers to systematically disentangle
state effects, trait effects, and their interactions. Furthermore, incorpo-
rating incentive conditions could help control for attentional effort,
clarifying the influence of motivation and general arousal on attentional
performance (Jensen et al., 2012).

To bridge the gap between phenomenological experiences in
advanced meditation and underlying neurobiological mechanisms,
future studies should leverage recent integrative frameworks to translate
subjective experiences into testable neuroscientific hypotheses (Wright
et al., 2023). Investigating meditative development through the lens of
attentional processes may offer a particularly promising approach. This
is because both empirical and contemplative traditions provide detailed
models of attention that can guide the initial formalization of hypoth-
eses. Such an approach would allow for a more structured mapping
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between first-person reports and objective neurobiological measures,
thereby enhancing our understanding of how meditative development
shapes cognition and brain function.

We acknowledge that such designs require substantial resources and
statistical power, which may be impractical for many studies and
research teams. However, even when full implementation is not feasible,
careful consideration of these interactions during study design and
explicit discussion of methodological constraints in published reports
would enhance the interpretability of findings. Strengthening method-
ological rigor in this way will improve our ability to investigate medi-
tative development and better delineate the distinct effects of various
meditation techniques, dosages, and intensities (Ehmann et al., 2025d).

5. Conclusion

Here we synthesized the attentional biobehavioral outcomes of
LTMs, including evidence for trait improvements in executive and sus-
tained attention, classical and hierarchical attentional orienting, and
attentional blink. Additionally, more putative evidence points to en-
hancements in response inhibition, alertness, and reductions in mind-
wandering. However, methodological limitations in over half of the
studies restricted definitive interpretations of trait effects. Thus, while
improvements in response inhibition were observed, it remains uncer-
tain whether these effects stem from state-trait interactions or the in-
fluence of intensive acute practice regimens (e.g., meditation retreats).
Similar ambiguities were identified for mind-wandering and sustained
attention, where improvements may depend on either trait or interac-
tion effects. Attentional alertness, in particular, appears to rely on an
interaction between intense acute practice and long-term meditation
experience. Certain domains exhibited overlaps between trait, state, and
technique-related effects. For attentional orienting, moderate evidence
supports trait effects; however, short-term practice in observe-and-release
techniques may offer comparable benefits to long-term practice,
underscoring the importance of the meditative activity itself. Similarly,
reductions in the attentional blink were most pronounced in LTMs
actively engaging in observe-and-release techniques, suggesting an
interaction effect between practice technique and long-term experience.
In the context of practice-specific effects, attention-based practices
outperformed emotion-based techniques for sustained attention, and
observe-and-release techniques seemed generally beneficial for tempo-
rally or spatially unexpected stimuli. For a summary of the findings, see
Fig. 2, and for detailed study characteristics and results, see Table 1.

Overall, the observed cognitive changes align with the principle of
training specificity, whereby improvements emerge most strongly in the
domains directly targeted by the specific practice activity. Yet, in light of
our findings, productive advancement within meditative development
may depend not only on intensive training within a single domain but on
the balanced cultivation of multiple faculties, reflecting the inherent
non-linearity and multidimensionality of the meditative path. Consis-
tent with traditional meditative goals of refining mental faculties, the
present findings may suggest neurobehavioral adaptations that could
provide a foundation for cultivating cognitive and mental faculties
associated with advanced meditative states, such as ACAM-J. However,
to fully elucidate the relations between advanced meditation and long-
term practice, interdisciplinary, multimethod research is needed, with
clearer distinctions among stimulus-driven, state-dependent, and
entrained trait effects.

Data code and availability
As this article is a narrative review and does not involve the collec-

tion or analysis of original data, no datasets or code are associated with
this work.
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Glossary
ACAM-J advanced concentrative absorption meditation—jhana,
encompasses eight progressively more refined mental states
of concentrative absorption, with the first four using form (e.
g., the breath) as their object and the latter four focusing on
formlessness (e.g., infinite space).
ACC anterior cingulate cortex
ANT attentional network task
CPT continuous performance test
DMN default mode network; associated with self-referential
thought, autobiographical memory, and mental time travel.
dIPFC dorsolateral prefrontal cortex
FEF frontal eye fields
FPN frontoparietal network
LTMs long-term meditators
PCC posterior cingulate cortex
mPFC medial prefrontal cortex
Mindfulness mindfulness meditation typically comprises Samatha and
meditation Vipassana, both observing type techniques, with the former

based on focusing attention and the latter a combination of
focusing and releasing activities.

Tai Chi Chuan is a form of self-defense training that
emphasizes purposeful movement, making it consistent with
the concept of an active, produce-and-move meditative
technique.

Theravada practices include investigative observe-and-release
and observe-and-focus activities as well as compassion and
loving-kindness (metta) techniques.

Tibetan Buddhism practices integrate receptive observation-
based techniques with active visualizations, mantra
recitations, and compassion-based meditations like Tonglen,
aimed at transforming the self and developing universal
compassion.

temporoparietal junction

An investigatory mediation type typically utilizing both
observe-and-focus, and observe-and-release techniques.

Tai Chi Chuan

Theravada
Buddhism

Tibetan Buddhism

TPJ
Vipassana
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