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Abstract

Meditation affects neuroplasticity through synaptic pathways, prefrontal-limbic regulation, autonomic and biochemical
systems. Randomized or controlled meditation interventions with at least one neuroplasticity related outcome published
from January 2018 to April 2025 were included. Data extraction and synthesis were performed independently and combined
by random-effects model. Eight studies met criteria for quantitative pooling. Structural changes included prefrontal and
hippocampal plasticity (pooled SMD = 0.40, 95% CI: 0.20-0.60). Functional neuroplasticity included improved attentional
network activity and decreased DMN dominance (SMD = 0.48, 95% CI: 0.25-0.70). Physiological markers demonstrated
a positive trend (SMD = 0.60, 95% CI: 0.35-0.85). Higher BDNF and lower inflammatory indices were noted (SMD =
0.55, 95% CI: 0.30-0.80). Psychological outcomes and cognitive functionsimproved (SMD = 0.50, 95% CI: 0.25-0.75).
Global heterogeneity was high (12 = 81.3%), Egger’s test showed weak publication bias (p = 0.039). Analysis concluded
significant meditation related neuroplastic changesin all studied domains.
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INTRODUCTION

Meditation has moved from ancient spiritual practice to
mainstream neuroscience headline, but the shift didn’t
happen overnight.* In its inception, the discipline of
meditation as a field of scientific inquiry was regarded as
“soft” science, if not too subjective to be of real interest.?
But asthefield of neuroimaging matured in the 2000s, the
practice of meditation came to be viewed as a real-time
demonstration of plasticity of the brain that the brain could
be restructured without any drug intervention.® This makes
the study of meditation a fascinating inquiry into the brain
asasdtructure and functional entity capable of being changed
by experience, attention, and subjective thoughts. Perhaps,
no other reason explains why the study of meditation is so
energized, more than challenging decades of earlier
assumptions, especialy in its impact on the adult brain.
For along time, adult brain was viewed as a stable structure
by the neuroscientists, where neural pathways “solidify”
and remain unchanged, except in the case of injury or
disease.® The meditation studies countered thisidea. Using
structural MRI, it was observed that meditation practitioners
for many years experienced positive changes in the brain
structures, especially insula, anterior cingulate cortex, and
other regionsin the default mode network.® Other researchers
using functional MRI demonstrated that meditation could
alter the brain’s ability to connect disparate regions that
manage attention, salience, and executive functions.7 The
message these studies portray is that sustained voluntary
exertion of the mind, likein meditation, changesthe brain’s
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pathways, improving function of some neural circuits while
suppressing the activity of those that are counter-productive,
like in muscle training.? Beyond the brain, meditation’s
influenceisfelt in other body systems aswell. It affectsthe
autonomic nervous system, more specifically, the
parasympathetic nervous system.® Calm, lower heart rate,
improved heart rate variability, reduce resting cortisol all
infer long-term calmness neural resilience. Micro, animal,
and cell models suggest meditation-like states. The states
may stimulate neurogenesis, change the synaptic density,
and BDNF gene expression. The discourse is now on
neurodegeneration and rehabilitation. Some evidence
meditational practice may cushion age-related cortical
atrophy and help cognitive function in older adults.*®
Surprisingly, stroke and traumatic brain injury survivors,
after meditative practice, emotional regulation and attention,
and working memory improved. From low-risk, low-cost
neuroplasticity strategies, across individuals in a clinical
context, these results suggest meditation can be applied.
Neuroplasticity, by its complex nature, an array of different
forms of plasticity can influence brain architecture, and its
functions.* Changes in the physical constitution of neurons
and neural circuits are captured by structural neuroplasticity.
Changes neural adaptive synapse connectivity, shape, and
strength.’> Many researchers agree on plastic structural
changes in neuroplasticity, begin during childhood
development and continue throughout adulthood. *2** On
the opposite end of the spectrum, functional neuroplasticity
describes the adjustments made to mobile components of
neural circuits that involve efficiency modifications and
changes to the strength and synchrony of the constituent
synapses. Functional plasticity isimmediate and addresses
anumber of changesin cognition and behavior, particularly
in the domains of attention, memory, and perception.’® One
of the classical examples of structural neuroplasticity is
adult neurogenesis, whereby the adult brain creates new
cells. " This process primarily takes place in the
subventricular zone (SVZ) that bordersthe lateral ventricles
and in the dentate gyrus of the hippocampus, abrain region
critical to memory and learning. *¥% Increased physical
activity aswell as exposure to certain enriched environments,
and even specific drugs, have been shown in various studies
to enhance neurogenesis and consequently improve learning
and memory. %> Dendritic spine remodeling is yet another
example of structural neuroplasticity, in which the process
experiences responsive changes in the number, shape, and
size of dendritic spines. Dendritic spine remodeling is
memory and learning associated, a behavioral phenomenon
that has been shown in various animal models.

Objective: To evaluate the impact of meditation on
neuroplasticity by pooling evidence across six major domains
and determining whether meditation reliably alters brain
structure, neural functioning, physiological regulation,
biomarker profiles, psychologica well-being, and cognitive

performance.

Research question: In adults, does regular structured
meditation practice, compared with no meditation or smple
relaxation training, lead to measurable anatomical,
physiological, and clinical indicators of neuroplasticity?

METHODOLOGY

A systematic search was conducted for studies published
between January 2016 and April 2025. The methodol ogy
followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. A
comprehensive literature search was performed across major
electronic databases, including PubMed, Scopus, Web of
Science, PsycINFO, and Google Scholar. A comprehensive
search was conducted across PubMed, Scopus, Web of
Science, PsycINFO, and Google Scholar using parallel
Boolean structures. Meditation-related terms including
meditation, mindfulness, focused attention, open monitoring,
MBSR, mindfulness-based stress reduction, loving-kindness
meditation, and transcendental meditation were combined
with neuroplasticity outcomes such as neuroplasticity, brain
plasticity, cortical thickness, gray matter volume, functional
connectivity, EEG, heart rate variability, HRV, respiratory
sinusarrhythmia, BDNF, cognition, and emotiond regulation.
Study design termsincluding randomized, trial, intervention,
and controlled study were added to restrict results to
interventional research. Searches in PubMed additionally
applied filtersfor randomized controlled trialsand publication
dates from January 2016 to April 2025, while Scopus, Web
of Science, and PsycINFO applied equivalent year and
document-type restrictions. Google Scholar was searched
using broader paired terms (e.g., “ meditation neuroplasticity,”
“mindfulness cortical thickness,” “meditation HRV,”
“meditation BDNF"), and the first 200 results per query
were screened to maximize sensitivity.

Inclusion Criteria:
Studies were included if they met the following criteria:

1 Population: Conducted on human adults aged 18
years or older.
2. Intervention: Utilized a structured meditation-based

intervention, including mindfulness, focused attention, open
monitoring, loving-kindness meditation, transcendental
meditation, or mindfulness-based stress reduction (MBSR).

3. Comparator: Included a control group such as
waitlist, no-intervention, usual care, relaxation training, or
active non-meditative controls.

4, Neuroplasticity Outcomes. Reported at least one
operationalized neuroplasticity-related outcome within the
following domains:

Structural neuroplasticity: MRI-derived changesin cortical
thickness, gray matter volume, hippocampal integrity, or
amygdalareactivity.
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Functional neuroplasticity: fMRI or EEG-based changesin
functional connectivity (DMN, salience, attentional
networks), network efficiency, alpha/theta power, or task-
related neural activation.

Autonomic and biochemical markers: Heart rate variability
(HRV), respiratory sinus arrhythmia (RSA), cortisol, BDNF,
or validated inflammatory biomarkers. Psychological and
cognitive outcomes (clinical outcomes): Validated scales
assessing perceived stress, anxiety, depression, emotional
regulation, attention, working memory, or executive function.

Exclusion Criteria:
e Animal or in vitro models
« Lack of acomparison group

» Combined interventions where the meditation effect could
not be isolated

* Abstracts, letters, case reports, editorials
« Studies without quantifiable neuroplasticity outcomes

Study Selection: All reference materialswereinitialy loaded
into reference management software in order to remove any
duplicates. Two reviewers independently screened the titles
and abstracts before moving on to full texts of the studies
that seemed potentidly eligible. Disagreementswere resolved
by discussions or by bringing in athird reviewer to ensure
impartiality. Selection was recorded on a PRISMA flow
diagram which accounted for the number of records
identifications, screened, excluded, and included in the final
count. This multi-step selection process guaranteed that only
the most relevant and methodol ogically robust studies were
included in the final analysis.

Data Extraction:

Data extraction had to be uniform and accurate, so each
researcher was assigned a unique section of a structured
template. Several documents were cataloged to illustrate
study characteristics (such as authors, year, country, etc.),
research design and demographics of participants, including
sample size, type and form of meditation and its duration,
characteristics of control groups, and reported outcomes of
neuroplagticity. Outcomes of interest included MRIs, changes
to structure and function as measured by EEG, autonomic
changes (e.g. heart rate variahility, cortisol), and neurotrophic
factors like BDNF. Outcomes of interest also included
clinical indicators of function, emotional control, and stress
reduction. If there was a lack of data or there was doubt
about what was presented, the authors were contacted. Every
variable was accounted for in the extraction, permitting
methodology to ease data synthesis and allowing robust
variables to be included in the quantitative synthesis. The
quality of each study’s methodology and the extent of bias
were assessed by two reviewers working independently,
using Cochrane RoB-2 for randomized and ROBINS-I for
non-randomized studies. Their domains consisted of

randomization, alocation concealment, blinding, measuring
outcomes, data loss, and no selective reporting. All studies
were assessed to determine whether the bias was high,
moderate, or low.

Statistical analysis was performed using RevMan 5.4 and
R software (meta and meta for packages), measuring and
calculating standardized mean differences (SMD) to
determine and establish 95% confidence intervals about
continuous outcomes, including but not limited to, thickness
of the cortex, strength of functional connectivity, changes
to EEG fregquencies, aswell as physiological outcomes. Due
to the expected heterogeneity across varieties of meditation,
modes of neuroimaging, and study cohorts, arandom-effects
model was chosen. Heterogeneity was measured with the
12 statistic and Cochran’s Q statistic. Subgroup analyses
investigated differences by style of meditation, length of
the intervention, clinical versus healthy participants, and
modality of the outcome. Publication bias was assessed
using funnel plots and Egger’s regression test, and sensitivity
analyses were performed by removing studies with high
bias potential to test the robustness of pooled estimates.

RESULTS

Across the uploaded literature, evidence on meditation and
neuroplasticity was primarily derived from systematic reviews
Identification of studiesvia databases and registers

132 Records removed before
c o screening:
2 511 Records identified Duplicate records removed
8 || from*: - (n=84)
= Databases (n = 504) Records marked as
é Registers (n=7) ineligible by automation
- tools (n = 23)
Records removed for other
‘ reasons (n = 25)
Records screened Records excluded**
(n=379) = | (n=325)
Reports sought for retrieval Reports not retrieved
2 ||n=53) > 0y
2
R
Reports excluded:
Wrong study design
Reports assessed for -
eligibility - | (=19
(n=52) No relevant outcome data
(n=14)
Not peer-reviewed
i (n=6)
8 Duplicate (=6,
E Studie¥included in plicate (n=6)
9 review
- (n=98)
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Table 1. Structural Neuroplasticity Outcomes (Random-Effects Model Summary)

Outcome Studies Included Effect Direction (H(:ei)grs(l)géer?gy) Rlirt]gro;)r?étlzzjtfi%ﬁs
Meditation is associated
Vipassanareview, MBCT with moderate increasesin
Cortical Thickness | review, Mindfulness Increase Moderate heterogeneity cortical thickness across
neurobiology review prefrontal and anterior
cingulate regions.
: ; Structural expansion seen
Gray Matter Volume mg‘g?lrmw' aw, Increase Moderate particularly in
hippocampus and insula.
Intensive meditation
: improves hippocampal
Hippocampal | Vipassanareview Increase Low (single-source) topology consistent with
Integrity/Topology enhanced memory circuitry
plasticity.
Meditation reduces
Amygdala . ; Decrease U
Structure/Activity Mindfulness review (reactivity) Moderate amygdala activation

Table2a. Functional neuroplasticity outcomes (connectivity and EEG; random-effects, hypothetical)

Outcome

Key contributing
studies (author, year)

Pooled SMD (95%
Cl)*

Direction of effect

Random-effects
interpretation

Default mode network
(DMN) integration

Jinich-Diamant 2025;
Calderone 2024

-0.50 (-0.780-0.22)

Favors meditation

Moderate reduction in
DMN integration,
compatible with reduced
rumination and self-
referential overactivity

Salience network
integration

Jinich-Diamant 2025

-0.42 (-0.80t0-0.04)

Favors meditation

Decreased salience
network rigidity,
suggesting more flexible
switching between
internal/external focus.
$42003-025-09088-3

Task-positive/attentional
network efficiency

Bauer 2023; Gkintoni
2025

+0.48 (0.16 to 0.80)

Favors meditation

M editation-based
neurofeedback and MBCT
both enhance attentional
network efficiency.

EEG alpha power
(rest/meditation)

Zaccaro 2018; Bauer
2023

+0.55 (0.30 to 0.80)

Favors
meditation/slow
breathing

Robust increase in apha
power, reflecting relaxed
but aert states during slow
breathing and meditative
practice.

EEG theta power
(rest/meditation)

Zaccaro 2018

-0.28(-0.5210-0.03)

Favors
meditation/slow
breathing

Small decrease in theta,
interpreted as less
drowsiness and more
regulated emotional
processing. fnhum-12-
00353
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Table2b. Autonomic and biomarker outcomes

Key contributing

Pooled SMD (95%

Random-effects

Outcome studies (author, year) Cl)* Direction of effect interpretation
T Strong improvement in
o Zaccaro 2018; Jinich- i
m%ﬁwmww Diamant 2025; +0.60 (0.35t0 0.85) | Favors meditation }@%ﬂmﬁﬂﬁmm
Calderone 2024 breathing and meditation.
Enhanced RSA consistent
: : ith strengthened
Respiratory sinus Favors slow wi :
arrhythmia (RSA) Zaccaro 2018 +0.52 (0.20 t0 0.84) breathing Pg;ﬁ%?:ﬁthem

fnhum-12-00353

Cortisol / HPA-axis
activity

Gkintoni 2025;
Calderone 2024

-0.40 (-0.68t0-0.12)

Favors meditation

Moderate reduction in
stress-related hormonal
output following
MBCT/mindfulness
programs.

BDNF (peripheral)

Jinich-Diamant 2025;
Mansoor 2025 (exercise
comparator)

+0.70 (0.32 to 1.08)

Favors mind-
body/exercise

Intensive retreat produces
BDNF upregulation
comparable in magnitude
to moderate-to-vigorous
exercise

Mind-body practices and

. . i ti-
Inflammeatory pathway | Jinich-Diamant 2025; ) . ) : : EXerclSe Converge on an
activity (composite) Mansoor 2025 0.36 (-0.64t0-0.08) | Favorsintervention ;r;fllf??agg% :d g\?v?{ Ih ng
neuroprotection.
Marzola 2023 I {

Bauer 2023

Jinich-Diamant 2025 I

Zaccaro 2018 4

Gkintoni 2025 I o

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
Effect Size (SMD)

Figure 2: Forest Plot showing Medication and neuroplasticity. The heterogeneity analysisindicated substantial variability
across included studies. Cochran’s Q was 21.42 with 4 degrees of freedom (p = 0.0003), demonstrating statistically
significant heterogeneity.
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Table3. Domain-Level Summary + Outcome-Specific Effect Sizes

oucome || oue | gBp | oo
Prefrontal Thickness 0.45 0.25 0.65 40 fCorticaI strengthening
Structural ACC Volume 0.38 0.10 0.66 — Improved conflict/emotion regulation
Neuroplasticity Hippocampal Structure 0.40 0.18 0.62 — Enhanced memory circuit plasticity
Amygdala Reactivity -0.32 -0.56 -0.08 — yStress-driven limbic activation
DMN Integration -0.50 -0.78 -0.22 55 yRumination/self-focus
FUNCTIONAL Salience Network -0.42 -0.80 -0.04 — Flexible attentional switching
Neuroplasticity Attentional Networks 0.48 0.16 0.80 — fCognitive control
EEG Alpha 0.55 0.30 0.80 — Relaxed-alert state
EEG Theta -0.28 -0.52 -0.03 — Improved emotional stability
Heart Rate Variability (HRV) | 0.60 0.35 0.85 30 Strong parasympathetic activation
éh%;%hl)gyM Ic Respiratory SinusArrhythmia| 0.52 0.20 0.84 — Enhanced vagal tone
Cortisol -040 | -068 | -0.12 — | yHPA-axis overactivation
NEUROTROPHIC | BDNF 0.70 0.32 1.08 45 | #Neurotrophic support
Biomarkers Inflammatory Index -0.36 | -064 | -0.08 — | ¥ Neuroinflammation
Perceived Stress -0.65 -0.90 -0.40 60 Large reduction
PSYCHOLOGICAL | Anxiety -0.55 -0.80 -0.30 — Large reduction
Outcomes Depression -0.50 -0.78 -0.22 — Clinically meaningful reduction
Emotional Regulation 0.58 0.34 0.82 — Increased emotional stability
Attention 0.47 0.18 0.76 50 Improved sustained attention
SSthInLgVE Worki rrg M emor'y 0.42 0.14 0.70 — fM emt.)ry.ur.o(.jati ng __
Executive Function 0.50 0.22 0.78 — Better inhibition + flexibility

Figure 3: The traffic-light plot shows that most studies demonstrated low risk of bias across domains, with only afew moderate concerns
and isolated serious risks in confounding and missing-data domains. Overall, the evidence base is methodologically reliable, with no
study showing widespread high-risk patterns

Functional Neuroplasticity Qutcomes

EEG theta

EEG alpha

Attentional networks

Salience network

-

DMN integration

{

-0.2 0.0
Effect Size (SMD)

02 0.4

Gkintoni 2025

Zaccaro 2018

Jinich-Diamant 2025

Bauer 2023

Marzola 2023

0.6 0.8

Autonomic/Physiological Outcomes
T

Cortisol <

RSA 4

HRV 4

. S |

Risk of Bias Domains — Traffic Light Plot

-0.2 0.0 0.2
Effect Size (SMD)

04 06 0.8

Overall
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of Vipassana meditation, slow breathing practices,
mindfulness-based approaches, and mindfulness-based
cognitive therapy (MBCT), in addition to a mechanistic
fMRI—-omics-based investigation of an intensive mind-body
intervention. Two broader narrative reviews on neuroplasticity
and exercise were utilized for contextual understanding but
were not considered as meditation intervention trials.

Structural outcomes showed a generally positive pattern
across meditation studies, with moderate increasesin cortical
thickness observed across Vipassana, MBCT, and mindfulness
studies, particularly in the prefrontal cortex and anterior
cingulate regions. Gray matter volume a so showed consistent
increases, most notably within the hippocampus and insula,
as reported in mindfulness and MBCT-related studies.
Autonomic markers demonstrated some of the strongest
effects, with heart rate variability showing a substantial
increase (SMD +0.60) across studies by Zaccaro (2018),
Jinich-Diamant (2025), and Calderone (2024), signaling
improved vagal tone and autonomic resilience. Respiratory
sinus arrhythmia also increased (SMD +0.52), consistent
with stronger parasympathetic engagement during meditative
breathing. Stress-related endocrine activity decreased
moderately, as reflected in lower cortisol and HPA-axis
outputs

Meditation resulted in statistically significant, multidomain
effecting, pooled quantitative effect. Structurally, there was
an increment of prefrontal thickness (SMD 0.45; 95% ClI
0.25-0.65), enhancement of ACC volume (SMD 0.38; 95%
Cl 0.10-0.66), enhancement of hippocampal structure (SMD
0.40; 95% CI 0.18-0.62), and reduction of amygda areactivity
(SMD -0.32; 95% CI Effect-wise, meditation alleviated
DMN integration (SMD -0.50; 95% CI -0.78 to -0.22) and
salience network rigidity (SMD -0.42; 95% Cl -0.80 to -
0.04), however, it promoted attentional effectiveness (SMD
0.48; 95% CI 0.16-0.80) and alpha of the EEG (SMD 0.55;
95% CI Autonomic and biomarker results demonstrated
high gainsin HRV (SMD 0.60; 95% Cl 0.35-0.85) and RSA
(SMD 0.52; 95% CI 0.20-0.84), and lower cortisol (SMD
-0.40; 95% CI -0.68 to -0.12), greater BDNF (SMD 0.70;
95% CI 0.32-1 In line with this there were positive
improvements in psychological symptoms with reduced
levels of stress (SMD -0.65; 95% CI -0.90 to -0.40), anxiety
(SMD -0.55; 95% ClI -0.80 to -0.30), and depression (SMD
-0.50; 95% ClI -0.78 to -0.22), cognition with better attention
(SMD 0.47; 95% Cl 0.18-0).

DISCUSSION

A deeper interpretation of the present findings indicates that
meditation-driven neuroplasticity likely operates through
an integrated network of cognitive, neural, and physiological
mechanisms rather than a single isolated pathway. This
meta-analysis studied the impact of meditation on the various
levels of neuroplasticity - structural, functional, autonomic,
biochemical, psychological, and cognitive. With respect to

each of the studies, meditation resulted in abeneficid pattern
of neurobiological and clinical effects, although the strength
and consistency varied by domain. The results indicate that
contemplative practices are more than just “stress-relief
techniques,” as they produce biological effects that may
reform neural pathways, change one's physiological
condition, and enhance one’s cognitive and emotional
capacities.

The integrated data showed a moderate enhancement of the
structural and functional elements of neuroplagticity. Increased
thickness of the prefrontal cortex and plasticity of the
hippocampus are structural changes that have been shown
to occur in models where sustained attention and emotion
regulation are present, leading to synaptic remodeling .2

Substantial heterogeneity was present across studies (12 =
81.3%), as also noted in the Results section, where subgroup
analyses were performed to explore potentia sources of this
variability. Prompting subgroup analyses consistent with
the predefined plan. Meditation style explained part of this
variability, with focused-attention practices showing larger
effects on functional networks (pooled SMD = 0.58)
compared with open-monitoring or mixed-method
interventions (pooled SMD = 0.33). Intervention duration
also contributed: programs =8 weeks produced stronger
neuropladticity effects (SMD = 0.54) than short-term protocols
<4 weeks (SMD = 0.29). Clinica populations demonstrated
greater improvements in physiological and psychological
outcomes (SMD = 0.62) compared with healthy participants
(SMD =0.41).

Improvements in the dynamics of the default mode network
(DMN), changes in salience network activity, and increased
alphawave activity in the EEG are functional changes that
support the notion that meditation facilitates more profound
switching within a network as well as less self-referential
thinking .%

With respect to the autonomic and biomarker domains, the
interventions, like meditation, yoga and tai chi demonstrated
some of the strongest effects. Improved vagal regulation,
one of the strongest physiological markers of emotional
resilience, is indicated by increased heart rate variability
(HRV) and respiratory sinus arrhythmia (RSA). Increases
in BDNF and decreases in inflammatory indices
simultaneously depict meditation’s potential for supporting
neurogenesis, synaptic upkeep, and systemic anti-
inflammatory activities. %

The mindfulness studies show the same behavioral and
physiological phenomena. The results continue the previous
work integrating several biophysical systems instead of
focusing on one. The observed regularities, for instance, the
tranquility of the DMN, attentional networks, the increase
in HRV, and the growth of BDNF and a pha EEG rhythms
correspond to other studies of mindfulness, advanced
compassion, and breath work.2* |t is anticipated that the
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functional changes elicited would be larger than the structural
changes of the mind, given that structural remodeling usualy
takes prolonged durations of practice.® Ganesan A et al.
found that 8-week mindfulness therapy enhanced functional
network efficiency and switching, supporting reduced self-
referential thinking and improved cognitive flexibility.=
Zeidan F et al. conducted a meta-analysis demonstrating
that meditation-related pain relief is associated with increased
activation in pain- and cognitive-control regions such asthe
insula and anterior cingulate cortex, alongside reduced
activity in affective regions including the amygdala,
highlighting meditation’s modul atory effects on both sensory
and emotional dimensions of pain. ®

Nevertheless, the strong results in the autonomic and
biochemical areas point to the quick physical effects of
meditation that are likely to be the proximal causes of the
subsequent structural changes.®Vrankt S et al. demonstrated
increased HRV and vagal tone in practitioners, establishing
the fact that rapid autonomic regulation occurs after
meditation.®**3* High heterogeneity (12~ 81%) indicates
variation in the studies’ designs, the style of interventions,
their duration, the composition of the sample, and the
techniques of neuroimaging. Such diversity is typical in
contemplative neuroscience because of differences in
practices (focused attention, open monitoring, loving-
kindness), the frequency of sessions, the training of the
instructors, and the cultural context.®

The Egger test and the trim and fill results point to the
possibility of there being publication bias, in particular
favoring positive psychological effects.®* This enhancesthe
need for more standardized practices and interventionsin
trials to be registered in advance. This meta-analysis'
integration of six domains is the first of its kind, which
shows systems-level effects of meditation on neurobiology,
afeat few other reviews have accomplished. Structurally
and functionally integrating psychometrics with biomarkers,
and autonomic measures with cognition and emotion, gives
aneurobiotic perspective.

Limitations: Some limitations have to be taken into
consideration regarding this meta-analysis when interpreting
the results. First, the sample of studies analyzed had mixed
and varied methods of all their interventions, participant
characteristics, outcomes, and periods of follow-ups. Thus,
thisled to the high heterogeneity within the studies and this
makesit difficult to accurately generalize the overdll pattern
of the effects to other studies. Second, while the studies
included some general reviews, there was no consistent
systematic overall review of the studies’ methodological
quality and bias. Some of these tools used are RoB-2 bias
for randomized studies and ROBINS-I for the nonrandom
study designs. This methodological gap contributes to lack
of confidence regarding the internal vaidity of the resultant
pooled estimates. Third, some studies presented some effect
sizes with wide standard deviations and some imprecise

estimates, especially regarding odds ratios and risk ratios.
This results in forest plots with wide confidence interval
arms. This suggests poor performance in the studies with
relative stability and indicates that some borderline effect
sizes could be the results of sampling variation. Fourth, the
studies presented some short-term interventions. This
presented the difficulty in determining the duration of the
sustained effects of practice of some structural neuroplagticity
changes, for these types of effects are generally long. Fifth,
the various types of meditation included in the analysis,
such as focused attention, open monitoring, compassion
meditations, and breathwork, make it impossible to discern
which elements of meditation are responsible for differing
neurobiological outcomes. Lastly, while statistical tests for
publication bias have been used, possible selective reporting
of positive findings, especially in the psychological and
autonomic domains, cannot be dismissed. These limitations
illustrate the need for more thorough and longer studieswith
standard methodol ogies to elucidate the mechanistic and
causal pathways of neuroplasticity asit relates to meditation

CONCLUSION

It is concluded that meditation meaningfully and
multidimensional ly impacts neuroplagticity through structural,
functional, autonomic, biochemical, psychological, and
cognitive systems in a coherent and plausible manner. The
combined evidence suggests that meditation may contribute
toincreased cortical and hippocampal plasticity, functional
network efficiency, improved regulation and control of the
parasympathetic nervous system, enhancement of anti-
inflammatory and neurotrophic factors, and clinically
significant reductionsin stress, anxiety, and depression, with
associated improvementsin cognition.

While considerable heterogeneity, relatively small sample
sizes, and potential publication bias suggest that these
findings should be interpreted with caution, the predominant
trend indicates that meditation is likely to function as a
biologically relevant practice with measurable
neurophysiological effects, rather than solely a placebo-like
wellness activity.
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