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A B S T R A C T   

This review synthesizes relations between mindfulness and resting-state fMRI functional connectivity of brain 
networks. Mindfulness is characterized by present-moment awareness and experiential acceptance, and relies on 
attention control, self-awareness, and emotion regulation. We integrate studies of functional connectivity and (1) 
trait mindfulness and (2) mindfulness meditation interventions. Mindfulness is related to functional connectivity 
in the default mode (DMN), frontoparietal (FPN), and salience (SN) networks. Specifically, mindfulness-mediated 
functional connectivity changes include (1) increased connectivity between posterior cingulate cortex (DMN) 
and dorsolateral prefrontal cortex (FPN), which may relate to attention control; (2) decreased connectivity be
tween cuneus and SN, which may relate to self-awareness; (3) increased connectivity between rostral anterior 
cingulate cortex region and dorsomedial prefrontal cortex (DMN) and decreased connectivity between rostral 
anterior cingulate cortex region and amygdala region, both of which may relate to emotion regulation; and lastly, 
(4) increased connectivity between dorsal anterior cingulate cortex (SN) and anterior insula (SN) which may 
relate to pain relief. While further study of mindfulness is needed, neural signatures of mindfulness are emerging.   

1. Introduction to mindfulness research 

1.1. Defining mindfulness 

Mindfulness is a construct with core features of maintaining present- 
moment awareness and acceptance of psychological experiences. This 
term can be used to describe aptitudes, processes, or trainings and 

originally comes from Buddhist meditation (Van Dam et al., 2018). 
Mindfulness meditation is indeed rooted in the Buddhist tradition of 
Bhāvanā, from Pali (the liturgical language of ancient Buddhism): to 
cultivate and improve core mental faculties (Sugunasiri, 2008). In Pali, the 
term Sati was adopted and translated as mindfulness in western cultures 
(Sharf, 2014). Although mindfulness is primarily based within Buddhist 
contemplative traditions, related forms of meditation have been 
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developed in other religious, spiritual, and philosophical traditions. 
According to a recent neuroscience-based model, mindfulness medita
tion incorporates a variety of aspects of self-regulation including 
attentional control, emotional regulation, and self-related awareness 
(Tang et al., 2015). Mindfulness meditation has been described as 
encompassing a variety of different mental practices that span a spec
trum ranging from focused attention (FA), which is characterized by 
practices during which attention is systematically and repeatedly 
directed towards a specific mental object or proprioceptive experience, 
to open monitoring (OM), which is defined as meta-awareness of 
present-moment processes (e.g., thoughts, emotions, bodily sensations) 
without systematically and repeatedly focusing one’s attention on any 
specific object of attention (Lutz et al., 2015). Mindfulness meditation 
practices may be predominantly FA or OM or have characteristics of 
both FA and OM. Moreover, OM practice may lead to nondual awareness, 
or dissolution of self, referred to in the Tibetan scripture as Dzogchen or 
“Great Perfection” (R. Bauer, 2019) This form of meditation practice is 
objectless, as opposed to object-centered FA, and consist of in a state of 
conscious awareness. Neuroscience research on mindfulness encom
passes the study of mindfulness meditation training and of mindful ap
titudes or “trait mindfulness”. 

1.2. Trait mindfulness 

Trait mindfulness refers to dispositional mindful aptitude, that is, an 
individual’s inherent levels of personality trait mindfulness. Trait 
mindfulness exhibits inter-individual variability and is often evaluated 
by using self-report questionnaires such as the Five Facet Mindfulness 
Questionnaire (FFMQ; Baer et al., 2008), Freiburg Mindfulness In
ventory (FMI; Walach et al., 2006), Mindful Attention and Awareness 
Scale (MAAS; MacKillop and Anderson, 2007), Kentucky Inventory of 
Mindfulness Skills (KIMS; Baer et al., 2004), Toronto Mindfulness Scale 
(TMS; Lau et al., 2006), Cognitive and Affective Mindfulness Scale 
Revised (CAMS-R; Feldman et al., 2007), Philadelphia Mindfulness Scale 
(PHLMS; Cardaciotto et al., 2008) and Southampton Mindfulness 
Questionnaire (SMQ; Chadwick et al., 2008). Some trait mindfulness 
scales only focus on one aspect of mindfulness. For example, the MAAS 
focuses on the attentional aspect of mindfulness (MacKillop and 
Anderson, 2007). Other questionnaires quantify trait mindfulness as a 
multi-faceted construct. For example, the widely used FFMQ measures 
trait mindfulness as a variety of capacities that are summarized within 
five mindfulness-related subscales: observation (containing items such 
as: “I notice the smells and aromas of things”), description (“I am good at 
finding words the describe my feelings”), action-awareness (“I find 
myself doing things without paying attention”; reverse-scored), 
non-judgmental inner experience (“I disapprove of myself when I have 
illogical ideas”; reverse-scored), and non-reactivity (“I perceive my 
feelings and emotions without having to react to them”; Baer et al., 
2008). 

Reviews and meta-analytic syntheses have summarized relations 
between trait mindfulness and its relation to psychological and behav
ioral features (Keng et al., 2011; Mesmer-Magnus et al., 2017; Sala et al., 
2019). As reviewed by Keng et al. (2011), trait mindfulness has been 
shown to correlate with a variety of aspects of psychological health, 
including increased subjective well-being, reduced psychological 
symptoms and emotional reactivity, and improved behavior regulation 
(Keng et al., 2011). According to a quantitative meta-analysis conducted 
on 270 independent studies (Mesmer-Magnus et al., 2017), trait mind
fulness correlates with confidence, mental health, emotional regulation, 
and life satisfaction; conversely, it correlates negatively with perceived 
life stress, negative emotions, anxiety, and depression. Within the pro
fessional domain, trait mindfulness was found to positively correlate 
with job satisfaction, performance, and interpersonal relations, while 
also being related to reduced burnout and work withdrawal (Mesmer-
Magnus et al., 2017). Overall, these results suggest a broad spectrum of 
health-related benefits associated with trait mindfulness and an overall 

‘healthier’ lifestyle. 

1.3. Mindfulness training 

Mindfulness research additionally includes the study of individuals 
who have completed mindfulness training programs. In 1979, Dr. Jon 
Kabat-Zinn introduced the Mindfulness-Based Stress Reduction (MBSR), 
a mindfulness-based training program that has become one of the most 
widely applied applications of mindfulness training in clinical contexts 
(Kabat-Zinn, 2003). This 8-week program targets stress reduction and 
was originally designed to help chronic pain patients improve aspects of 
self-regulation related to pain management (Kabat-Zinn, 1982). MBSR 
includes a variety of techniques for training mindfulness. These tech
niques include mindful “body-scan” practices that involve systemati
cally focusing one’s attention on, and fostering awareness of, different 
parts of the body. During body scanning practice, the practitioner may 
start attending to sensations of the toes and then move dorsally toward 
the head area, traversing and being aware of various regions throughout 
the process of attentional scanning. The MBSR practitioner also trains in 
mindfulness of breathing and other perceptions (including tactile con
tact regions [e.g., the body against the floor], visual objects, a repeated 
vocalization or sub-vocalization [sometimes called a mantra]), and 
mindful movement practices including yoga postures. Since the late 
1990’s the MBSR training program, and mindfulness training more 
broadly, has gained considerable momentum with exponential growth 
of published academic papers that have investigated primarily mental 
and physical health-related outcomes of these practices and programs. 

Indeed, a major reason for the increasing popularity of mindfulness is 
growing evidence for its non-pharmacological therapeutic impact on 
both mental and physical health both in clinical and non-clinical con
texts. In this sense, mindfulness practices have been linked to im
provements in cognitive processes (Chiesa et al., 2011; Gallant, 2016; 
Malinowski, 2013), stress-management (Chiesa and Serretti, 2009), so
cial cognition (Campos et al., 2019; Tan et al., 2014), and general 
well-being (Campanella et al., 2014; Howell et al., 2008; Smith et al., 
2015) in healthy populations. Clinically, mindfulness has been shown to 
reduce the severity of symptoms of a variety of conditions, including 
anxiety (Hofmann et al., 2010), post-traumatic stress disorder (PTSD; 
Boyd et al., 2018), attention-deficit/hyperactivity disorder (ADHD; 
Poissant et al., 2019), eating disorder (Wanden-Berghe et al., 2011), 
substance use disorder (Priddy et al., 2018), and major depressive dis
order (MDD; Hofmann et al., 2010; Piet and Hougaard, 2011). 

1.4. Mindfulness and neuroscience 

Neuroscience promises to provide a biologically informed mecha
nistic model of the health-related effects of mindfulness. The neurosci
ence of mindfulness has mirrored the broader interest in mindfulness 
and has grown considerably in recent years. Neuroscientific studies of 
mindfulness meditation have been published in the fields of cognitive 
and clinical neuroscience, among many others (Hofmann et al., 2010; 
Kuyken et al., 2019, 2015; Piet and Hougaard, 2011). 

Reviews and meta-analyses concerning the neuroimaging of trait 
mindfulness and mindfulness training remain sparse and most have 
focused on activation observed during meditation practice of long-term 
practitioners or novices following a short-term meditation training 
program. For instance, Fox and colleagues used an activation likelihood 
estimation (ALE) approach that included 25 studies in order to identify 
brain regions whose activity is related to meditation (Fox et al., 2016). 
The authors argued that dissimilarities between effects of distinct forms 
of meditation may be greater than their similarities, and, in their 
meta-analysis, separated PET and functional MRI (fMRI) neuroimaging 
results according to the type of practice studied: FA, OM, mantra reci
tation (including transcendental meditation; the repetition of a sound, 
word, or sentence that is thought to improve concentration), and 
loving-kindness (meditation practices that cultivate compassion and 
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love for self and others). Predominantly FA meditation techniques were 
related to increased activation of the left supplementary motor area 
(SMA; Brodmann Area (BA) 6) and dorsal anterior cingulate cortex 
(dACC; BA 24), and conversely, deactivation of medial posterior 
cingulate cortex (PCC; BA 30) and left inferior parietal lobule (IPL; BA 
39). OM practices were related to increased activation in the SMA (BA 
6), dACC/ SMA (BA 32/6), left mid/anterior insular cortex (BA 13), left 
inferior frontal gyrus (IFG; BA 44/45) and left SMA (BA 6). Conversely, 
the right pulvinar in the thalamus was associated with deactivation in 
OM practitioners. However, as emphasized by Fox and colleagues, a key 
issue pertinent to their meta-analysis was that study designs and medi
tation practice experience varied vastly across studies, ranging from 4 
years of experience to 40 years on average (Fox et al., 2016). This 
variability may have influenced reported results, which may have rather 
been related to meditators’ “trait” and/or lifestyle differences. 

A subsequent meta-analysis of 21 studies partially addressed this 
issue by separating fMRI results by level of experience of the practi
tioners (expert meditators vs. novice participants; Falcone and Jerram, 
2018). When contrasting neural activation during mindfulness medita
tion state vs. a baseline control condition, the ALE approach highlighted 
increased activation in prefrontal brain regions, rostral ACC (rACC), and 
insula during a state of mindfulness meditation in both expert and 
novice mindfulness practitioners. Novice practitioners additionally 
exhibited increased activity in the insula, whereas expert practitioners 
exhibited increased activity in the medial frontal gyrus (containing the 
SMA) and globus pallidus. 

Taken together, these results suggest that both FA and OM medita
tion are associated with distinct patterns of increased activity in regions 
of the frontal lobe, notably the SMA and rACC; as well as, additionally, 
the insular region, located deep in the lateral sulcus of the brain (Uddin 
et al., 2017). 

FA meditation is specifically linked to deactivation in the PCC (Fal
cone and Jerram, 2018; Fox et al., 2016), whereas OM meditation is 
associated with deactivation in subcortical regions notably the pulvinar 
and the thalamus (Fox et al., 2016). Additionally, more experience with 
meditation was linked to increased activation in medial frontal regions, 
whereas novice practitioners exhibited increased activation in the insula 
(Falcone and Jerram, 2018). Overall, even though they show distinct 
patterns, meta-analyses focused on neural correlates of mindfulness 
remain difficult. Indeed, a large number of articles were excluded (n =
53; Fox et al., 2016) because of heterogeneity in data acquisition. 

A conceptual model of mindfulness previously proposed by Hölzel 
et al. suggests that neuroplastic changes in the anterior cingulate cortex, 
insula, temporo-parietal junction, fronto-limbic network, and the task- 
negative default mode network (DMN) are associated with enhanced 
self-regulation mediated by mindfulness, and specifically includes 
attention regulation, body awareness, emotion regulation and change in 
perspective on the self (Hölzel et al., 2011). Another model proposed by 
Vago and Silbersweig has linked mindfulness to putative neurobiolog
ical explanations, that is: mindfulness is described as mental training 
that leads to increased Self-Awareness, Self-Regulation and 
Self-Transcendence (the “The S-ART model”;(Vago and Silbersweig, 
2012). According to the S-ART model mindfulness fosters the develop
ment of awareness that transcends self-focus and has prosocial charac
teristics. This model relies on neurobiological substrates including 
functional connectivity changes in task-positive networks focused on the 
self (enactive experiential self; experiential phenomenological self), 
task-negative network DMN, and cognitive control network, linked to 
neuroscientific findings, directly or indirectly linked to mindfulness in 
order to inform future mindfulness research. 

In accordance with these previous models from Vago and Silbersweig 
and Hölzel et al., the current review directly investigates mindfulness- 
mediated functional connectivity modulation of key cortical regions 
previously described in the literature, including: anterior and posterior 
cingulate cortex, insular region (Falcone and Jerram, 2018; Fox et al., 
2016; Hölzel et al., 2011), as well as resting-state large-scale brain 

networks (Hölzel et al., 2011; Vago and Silbersweig, 2012). As previ
ously described in the literature, this review corroborates the important 
role of those key regions regarding mindfulness. This review builds on 
Tang et al.’s model of pillar concepts of mindfulness improving 
self-regulation – attentional control, emotional regulation, and 
self-related awareness - (Tang et al., 2015) in order to define a 
resting-state functional connectivity (rsFC)-based neurobiological 
framework of mindfulness. The current review provides a mechanistic 
explanation and link between mindfulness-related mental aptitudes and 
modulation of functional connectivity. 

1.5. Brain networks and mindfulness 

Several resting-state networks have been most consistently linked to 
mindfulness-related modulation of their functional connectivity, 
including both within and across networks. Notably, Uddin and col
leagues (Uddin et al., 2019) proposed six large-scale networks referred 
to with anatomical nomenclature: occipital, pericentral, dorsal fronto
parietal, lateral frontoparietal (FPN), midcingulo-insular, and medial 
frontoparietal networks. Their cognitive domain nomenclature is, 
respectively, the visual, somatomotor, attention, control, salience (SN) 
and default mode networks (DMN). Mindfulness has been primarily 
related to functional changes in the DMN, lateral FPN, and SN. 

In this review, we first provide an anatomical description of major 
network nodes; next, each network is described in relation to cognition 
and function, followed by a description of each of these networks and 
their relation to mindfulness; finally, the review discusses interactions 
among networks and the relations of these interactions to mindfulness. 

The DMN (Greicius et al., 2003; Raichle et al., 2001) is comprised 
primarily of nodes in bilateral medial prefrontal cortex (mPFC), poste
rior cingulate cortex (PCC), precuneus and medial temporal regions 
(Greicius et al., 2009). The PCC and mPFC are commonly used as a 
priori-defined seed regions when assessing the DMN. Importantly, a 
large cortical region involves task-negative functional connectivity to 
the DMN: posterior medial cortex (PMC). Of note, this region consists of 
highly functionally and architecturally heterogenous subregions. Spe
cifically, it includes the above-mentioned posterior cingulate cortex 
(PCC), the retrosplenial cortex and precuneus (Bzdok et al., 2015). It is 
notable that the PCC, in itself, is a highly parcellated and heterogenous 
region of association cortex, with distinct cytoarchitectural, functional 
and structural properties in its ventral and dorsal regions (Bzdok et al., 
2015; Leech and Smallwood, 2019; Scheperjans et al., 2008). The DMN 
is generally deactivated during attention-demanding tasks and activity 
of the DMN has been associated with self-referential and social pro
cesses, retrospective and prospective memory, and mind-wandering 
(Andrews-Hanna, 2012; Poerio et al., 2017). Abnormalities in DMN 
activity and functional connectivity have been linked to psychiatric 
disorders, including major depressive disorder (Hamilton et al., 2015; 
Sambataro et al., 2014; Wise et al., 2017). Mindfulness meditation 
training has been shown to down-regulate activity of the DMN (Brewer 
et al., 2011; Garrison et al., 2015). This may be explained by the fact that 
DMN-related processes, including mind-wandering and self-reflection, 
are conceptually opposed to the present-moment awareness compo
nent of mindfulness (Brewer et al., 2011). 

Activity and connectivity of the lateral FPN has been implicated in 
cognitive control. The lateral FPN, referred to as FPN in this review, 
consists of nodes including bilateral dorsolateral prefrontal cortex 
(dlPFC), premotor cortex (PMC), inferior parietal sulcus (IPS), and IPL, 
as well as the rostrolateral prefrontal cortex (rlPFC). The dlPFC is 
commonly used as an a priori-defined seed region in rsFC analyses to 
quantify effects related to the FPN (Dixon et al., 2018). The FPN is 
generally thought to be involved in cognitive control including the 
monitoring and processing of perceptual, interoceptive, and cognitive 
information (Dixon et al., 2018). More precisely, FPN can be further 
separated into two relatively functionally distinct subsystems. One 
subsystem of the FPN involves regions including the dlPFC and PMC and 
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communicates more closely with the DMN. This subsystem is called the 
FPNA. Another subsystem, called FPNB, includes other regions including 
the IPS and communicates more with the attention network. The FPNA 
subsystem is thought to be involved in internally-focused attention and 
interoceptive processes whereas the FPNB subsystem is thought to be 
involved in external attention (Dixon et al., 2018; Vincent et al., 2008). 
Notably, the rlPFC (BA 10) is hypothesized to play a role in switching 
between internally and externally-focused attention (Burgess et al., 
2007). In the sense, this would be a very valuable attribute as mind
fulness often aims at reorienting one’s attention from internal 
self-focused cognitive processes (e.g., past-oriented and future-oriented 
thoughts including worry and rumination) to other processes (e.g., 
bodily sensations). Importantly, rlPFC has additionally been evidenced 
to integrate several cognitive processes for a behavioral goal (Ramnani 
and Owen, 2004). Taken those information together, it is hypothesized 
that the rlPFC is a flexible hub that facilitates adaptive functional con
nectivity and switching between networks according to ongoing task 
demands (Cole et al., 2013; Desrochers et al., 2015; Gilbert et al., 2005). 
As such, the rlPFC is thought to be a core component of cognitive con
trol. Overall, FPN regions have been shown to be involved in sustaining 
attention through integration of bottom-up perception (Ptak, 2012). 
Given this role, and taking all of this into account, the FPN is sometimes 
theorized to facilitate mindful present-moment interactions with the 
environment (Hasenkamp et al., 2012; Kajimura et al., 2020; Taren 
et al., 2017; Vago and Zeidan, 2016). Future neuroscience studies of 
mindfulness should evaluate rlPFC, particularly in seed-based studies. 
This would explicit rlPFC’s role in mindfulness, especially with regard to 
attention control. 

The activity and connectivity of the SN has been widely implicated in 
salience processing, that is, the processing of elements that stand out 
from their environment (Uddin, 2015). The SN is composed of primary 
nodes of bilateral anterior insular cortex and dACC, which are often used 
as seeds for seed-based approaches, in addition to other subcortical and 
limbic structures including the amygdala (Seeley et al., 2007). The 
anterior insula receives interoceptive and external sensory information 
from other parts of the brain, and has been shown to function as a de
tector of behaviorally relevant information (Menon and Uddin, 2010). 
The dACC has been implicated in response selection and conflict 
monitoring (Ide et al., 2013; Menon, 2015). It has been proposed that 
the insular and dACC SN nodes act as a “switch” between rsFC of the 
DMN, which is activated when individuals are not engaging in a 
cognitively demanding task, and the FPN, which is activated during 
cognitively challenging tasks that require attention (Sridharan et al., 
2008). Evidence for the switching nature of the SN in relation to the 
DMN and FPN has been shown using Dynamic Causal Modelling (DCM): 
an fMRI functional connectivity method that provides directionality of 
functional interactions (Goulden et al., 2014). This switching role of the 
SN has been theorized to be involved in mindfulness, that is, by the SN 
favoring FPN activity over DMN activity as a result of mindfulness (Doll 
et al., 2015). Indeed, rapid switching is thought to be important in 
mindfulness to refocus attention to present-moment awareness instead 
of mind wandering. SN has been observed to be involved in the 
awareness of mind-wandering (Hasenkamp et al., 2012). 

Related to this switching role of SN nodes and mindfulness, Hasen
kamp and colleagues proposed a neuroscience-based model that de
scribes mindfulness meditation in terms of a constant cycling between 
four different states that are supported by specific brain networks: (1) 
mind-wandering mediated by the DMN; (2) awareness of mind-wandering 
mediated by the SN; and (3) shifting of attention: and (4) sustained 
attention both implicating attentional subnetworks (Hasenkamp et al., 
2012). This model would imply constant interactions between the three 
main networks during mindfulness and cycling between 
focused-attention and mind-wandering. Through functional connectiv
ity analyses, the relationships between these networks regarding 
mindfulness can be further understood. 

To observe mindfulness-mediated connectivity changes between 

these brain networks, below-described studies use two main approaches: 
seed-based or Independent Component Analysis (ICA) methods. The 
seed-based approach is a model-based method. Seed-based functional 
connectivity computes correlations between the time-courses of an a 
priori defined region of interest (ROI) called a “seed” to other target 
regions, which may include all voxels of the entire brain (Biswal et al., 
1995). Greater correlations between the seed and target region are 
thought to indicate stronger functional interactions between these re
gions. Above-mentioned relevant anatomical nodes of networks are used 
as seeds. Conversely, the ICA method (Bell and Sejnowski, 1995; Cal
houn et al., 2001) is a whole-brain model-free method that provides a 
more data-driven and holistic approach to quantifying functional con
nectivity. ICA is a computational approach that decomposes BOLD fMRI 
signal time courses from the whole brain into spatially and temporally 
independent components. It is based on the separation of noise from low 
frequency neural fluctuations (<0.1 Hz) that are thought to characterize 
functionally communicating regions during the resting-state (Ven
kataraman et al., 2009). Despite their differences, the seed-based and 
ICA functional connectivity methods described here often provide 
complementary information that generally replicates across studies. In 
this context, seed-based approaches focus on the mindfulness-mediated 
functional connectivity changes observed in relevant nodes of networks 
in relation to other anatomical regions. Studies that have implemented 
ICA to assess mindfulness-related change in functional connectivity 
describe network features as components. Seed-based and ICA methods 
help understand mindfulness-mediated changes within and between 
large-scale brain networks. 

The influence of mindfulness meditation on each of the above- 
described networks has been shown using ICA or seed-based methods 
and a variety of study designs (Table 1) that will be described in the 
subsequent sections. 

2. Resting-state fMRI functional connectivity and trait 
mindfulness 

Mindfulness research includes the study of trait mindfulness in 
relation to fMRI activation. The study of trait mindfulness includes study 
designs that are different than studies of mindfulness training. More
over, studies of mindfulness training and trait mindfulness have re
ported distinct activation patterns compared (see Section 3 . Resting-state 
fMRI Functional Connectivity and Mindfulness Meditation Training). In this 
sense, several studies investigated rsFC fluctuations correlated to trait 
mindfulness (Lutz et al., 2014). More studies have to be performed to 
clearly distinguish neural signatures of dispositional/trait mindfulness 
from neural signatures of mindfulness training (see Section 5.1 . Het
erogeneity in Mindfulness Research). It has been hypothesized that in
dividuals who are more mindful will exhibit functional connectivity 
patterns that are similar to those who practice mindfulness meditation 
(Wheeler et al., 2017). 

Bilevicius and colleagues correlated ICA-based network maps in 
meditation-naïve individuals with self-reported trait mindfulness as 
assessed by the MAAS self-report trait mindfulness scale (Bilevicius 
et al., 2018). Higher trait mindfulness was correlated with decreased 
functional connectivity of the SN component and the right cuneus, the 
right FPN component and the left cuneus, as well as decreased functional 
connectivity of the left FPN component and bilateral precuneus. Of note, 
the cuneus and precuneus are nodes of the DMN. The cuneus is linked to 
visual processing (Beason-Held et al., 1998), and could play a role in 
internally-directed attention (Benedek et al., 2016; See subsection 11.4 
Limitations Related to rsFC Methods for the limitation of this type of 
reverse inference). Notably, the precuneus is extensively linked to 
self-referential processing and mind-wandering (Utevsky et al., 2014). 
In this context, these results suggest that trait mindfulness is correlated 
with decreased functional connectivity of SN and FPNs with a DMN 
region thought to be involved in mind-wandering processes. In the FPN, 
as well as in DMN components, MAAS was positively correlated with 
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Table 1 
Resting-state fMRI Functional Connectivity Studies of Mindfulness. Study design, mindfulness specificity, rsFC methodology and summary of major findings of each 
mindfulness and rsFC article. N = number of participants.  

Article Study Design Participants Mindfulness 
specificity 

rsFC specificity Findings (with effect sizes or z-scores) 

Trait mindfulness: within non-practitioners 
Bilevicius 

et al. 
Trait mindfulness and rsFC meditation-naïve (n = 32) Trait, MAAS ICA: DMN, SN and FPN ↗  trait mindfulness linked to FC: 

↗  SN and left insula (r = 0.60) 
↘  SN and right cuneus (r = − 0.70) 
↘  right FPN and left cuneus (r = − 0.55) 
↘  left FPN and left precuneus (r = − 0.61) 
↗  right FPN and right MFG (r = 0.64) 
↗  DMN and right MFG (r = 0.54), right PHG (r 
= 0.62), left caudate (r = 0.60) 
↘  DMN and left MFG (r = − 0.66), left STG (r =
− 0.47), left insula (r = − 0.62) 

Parkinson 
et al. 

Trait mindfulness and rsFC meditation-naïve (n = 29) Trait, FFMQ ICA: DMN, SN, FPN, 
ATN (VAN and DAN) 

↗  trait mindfulness (FFMQ total score and 
subscales) linked to FC: 
↘  STG and DMN (r = − 0.77; Total score), ATN 
(r = − 0.68; Describing subscale), FPN (r = - 0.60; 
Non-reactivity subscale) 
↘  SFG (in dmPFC, in DMN) with FPN (r =
− 0.60; Total score) 
↗  insula and ATN (r = 0.75; Observing subscale) 
↗  mid-cingulate gyrus and DMN (r = 0.59; Non- 
judging subscale) 
↗  cuneus and DMN (r = 0.63; Acting), SN (r =
0.78; Total, r = 0.68; Acting and r = 0.65; Non- 
judging subscales) 

Trait mindfulness: meditation experts vs naïve 
Bauer et al. Trait (naïve vs. experienced) 

and state (resting vs. 
meditation) mindfulness 

meditation-naïve (n = 17) 
and practitioners (n = 16) 

Trait and state seed-based from fALFF: 
mPFC for DMN, 
bilateral IFG and IPL for 
FPN 

Trait differences in FC, experts vs naïve: 
↘  DMN and left SFG, right MFG, IPL and STG 
↘  between DMN and FPNa 

↘  between mPFC of DMN and MFG positively 
correlated to experience (r = 0.87) 

Froeliger 
et al. 

Trait (naïve vs experienced) 
and state (resting vs 
meditation) mindfulness 

meditation-naïve (n = 7) 
and practitioners (n = 7) 

Trait and state Seed-based network 
analysis: DMN, DAN, 
FPN, SN nodes 

Trait differences in FC, experts vs naïve: 
↗  within DAN: right IPL and left FEF (Cohen’s 
d between 1.3 and 1.7) 
↗  between DAN and DMN, ↗  FPN and SN 
positively correlated to experience (r > 0.71) 

Mindfulness Training 
Kilpatrick 

et al. 
Longitudinal approach: 8- 
week MBSR vs waiting list 
controls 

meditation-naïve (n = 32) MBSR group ICA to 
investigate ICNs 

Training-mediated FC differences: 
↗  within auditory network(Cohen’s d = 0.85) 
and within visual network (Cohen’s d = 1.04) 
↘  between auditory and visual networks 
(Cohen’s d = 0.90) 
↘  rACC and visual network(Cohen’s d = 0.84) 
↗  rACC and dmPFC of DMN (Cohen’s d = 0.83) 
↘  cuneus of DMN and "SN" (Cohen’s d = 0.92) 

Doll et al. Longitudinal approach: 2- 
week audio recording 

meditation-naïve (n = 26) MBSR-based audio 
recordings daily for 
two weeks 

ICNs: DMN, FPN and 
SN 

Training-mediated FC differences: 
↘  between insula of SN and DMN (r = − 0.14) 

Kral et al. Longitudinal approach: 8- 
week MBSR group vs HEP or 
waiting-list controls 

meditation-naïve (n =
140) 

MBSR seed-based: PCC for 
DMN and dlPFC for 
FPN 

Training-mediated FC differences: 
↗  between PCC (DMN) and right dlPFC (FPN) 
compared to active (Cohen’s d = 0.28), and 
passive control group (Cohen’s d = 0.34), no 
difference after 5.5 months follow-up 

Yang et al. Longitudinal approach: 40 
days MBSR-based training 

meditation-naïve (n = 13) MBSR-based seed-based: pgACC and 
dACC 

Training-mediated FC differences:pgACC seed: 
↘  left PCC/precuneus (z-score = 4.71), left 
dmPFC (z-score = 4.35), right STG (z-score =
4.34), left middle occipital gyrus (z-score = 4.19) 
↗  right ITG (z-score = 4.23), right IFG (z-score =
3.84), right TPJ/IPL (z-score = 3.76) 
dACC seed: 
↘  calcarine sulcus, cuneus (z-score = 4.37), 
↗  cerebellum (z-score = 4.56), right IPL (z-score 
= 4.20), PCC (z-score = 4.13) 

Kwak et al. Retreat: 4-day mindfulness 
retreat vs control relaxation 
retreat 

NA, meditation retreat (n 
= 44), relaxation retreat 
(n = 23) 

4-day retreat seed-based: rACC (=
pgACC + sgACC) and 
dACC 

Training-mediated FC differences: 
↗  left rACC and DMN: dmPFC, precuneus, 
angular gyrus 
↗  right dACC and PCC(all z-scores > 2.3) 

Mindfulness and Illness 
Lifshitz 

et al. 
Longitudinal approach: 2- 
week MBCT-based audio 
recording vs active control 
relaxation 

meditation-naïve, MDD, 
mindfulness (n = 17), 
relaxation (n = 20) 

MBCT audio 
recordings 

seed-based: dlPFC for 
FPNs, aINS for SN, PCC 
for DMN 

Training-mediated FC differences: 
↘  within FPN: between dlPFC and fusiform 
gyrus, dlPFC and right angular gyrusa 

↘  rsFC correlated to ↘  in depressive 
scoresangular gyrus (r = − 0.505), right fusiform 

(continued on next page) 
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functional connectivity in the right middle frontal gyrus (MFG) (Bile
vicius et al., 2018). These results are consistent with the focus of the 
MAAS, that is, attentional aspect of mindfulness. The right MFG has 
been previously shown to be involved in attention re-orienting from an 
externally driven exogenous stimulus to an internally focused endoge
nous stimulus, and is hypothesized to act as a major gateway or 

“circuit-breaker” linking the Ventral Attention Network (VAN) to the 
Dorsal frontoparietal Attention Network (DAN; Corbetta et al., 2008; 
Japee et al., 2015; Uddin et al., 2019). The VAN is a less studied network 
consisting of the temporoparietal junction (TPJ), aspects of the IPL and 
superior temporal gyrus (IPL/STG), and aspects of the IFG/MFG (Vossel 
et al., 2014). Lesion studies have determined a marked laterization of 

Table 1 (continued ) 

Article Study Design Participants Mindfulness 
specificity 

rsFC specificity Findings (with effect sizes or z-scores) 

gyrus (r = − 0.675), left fusiform gyrus (r =
− 0.543) 

Creswell 
et al. 

Retreat: 3-day mindfulness 
training vs relaxation 
training 

meditation-naïve, chronic 
stress, mindfulness (n =
18), relaxation (n = 17) 

3-day retreat seed-based: PCC Training-mediated FC differences: 
↗  between PCC and left dlPFC (z-score = 3.44) 

Taren et al. Retreat: 3-day mindfulness 
training vs relaxation 
training 

meditation-naïve, chronic 
stress, mindfulness (n =
18), relaxation (n = 17) 

3-day retreat seed-based: amygdala 
with ACC mask 

Training-mediated FC differences: 
↘  between sgACC and amygdala (z-score =
3.61) 

Su et al. Longitudinal approach: 6- 
week MBSR training 

meditation-naïve with 
chronic pain (n = 18), or 
pain-free control (n = 16) 

MBSR seed-based: aINS Training-mediated FC differences: 
↗  aINS and dorsal anterior midcingulate cortex 
(z-score = 3.07) 

King et al. Longitudinal approach: 8- 
week MBET vs active control 
group 

Meditation-naïve, PTSD, 
MBET (n = 14), PCGT 
control (n = 9) 

MBET seed-based: PCC and 
vmPFC for DMN 

Training-mediated FC differences: 
↗  PCC of DMN and dlPFC of FPN (z-score >
3.66) 

ACC = anterior cingulate cortex; 
aINS = anterior insular cortex; 
ATN = attentional network; 
b = regression coefficient beta 
cACC = caudal anterior cingulate cortex; 
dACC = dorsal anterior cingulate cortex; 
DAN = dorsal attention network; 
DMN = default mode network; 
dlPFC = dorsolateral prefrontal cortex; 
dmPFC = dorsomedial prefrontal cortex; 
fALFF = fractional amplitude of low-frequency fluctuations; 
FEF = frontal eye field; 
FFMQ = five facet mindfulness questionnaire; 
FFMQtot = five facet mindfulness questionnaire total score; 
FPN = frontoparietal network; 
HEP = health enhancement program; 
ICA = independent component analysis; 
ICNs = intrinsic connectivity networks; 
IFG = inferior frontal gyrus; 
IPL = inferior parietal lobe; 
ITG = inferior temporal gyrus; 
MAAS = mindful attention awareness scale; 
MBCT = Mindfulness-Based Cognitive Therapy; 
MBET = mindfulness-based exposure therapy 
MBSR = mindfulness-based stress reduction program; 
MDD = major depressive disorder; 
MFG = middle frontal gyrus; 
MPFC = medial prefrontal cortex; 
PCC = posterior cingulate cortex; 
PCGT = present-centered group therapy; 
PFC = prefrontal cortex; 
pgACC = pregenual anterior cingulate cortex; 
PHG = parahippocampal gyrus; 
PTSD = post-traumatic stress disorder; 
r = Pearson correlation coefficient 
rACC = rostral anterior cingulate cortex; 
ROI = region of interest; 
rsFC = functional connectivity; 
SFG = superior frontal gyrus; 
sgACC = subgenual anterior cingulate cortex; 
SN = salience network; 
STG = superior temporal gyrus; 
TPJ = temporoparietal junction; 
VAN = ventral attention network; 
vlPFC = ventrolateral prefrontal cortex; 
vmPFC = ventromedial prefrontal cortex; 

a Results reported without effect sizes or z-scores. 

I. Sezer et al.                                                                                                                                                                                                                                     



Neuroscience and Biobehavioral Reviews 135 (2022) 104583

7

the VAN on the right hemisphere (Bartolomeo and Seidel Malkinson, 
2019), The VAN has been shown to be involved in the orientation of 
attention towards unpredicted external exogenous stimuli (Vossel et al., 
2014). Conversely, the DAN includes the frontal eye field (FEF) and a 
region containing the IPS and superior parietal lobule (IPS/SPL). This 
network is linked to top-down control of attention activated by endog
enous stimuli, a goal-directed type of attention (Spreng et al., 2010). In 
this sense, the right MFG is involved in reallocating attention to a chosen 
stimulus, a mental process that is a core component of mindfulness, 
particularly, in FA practices. In the DMN component, trait mindfulness 
was negatively correlated with functional connectivity to the left MFG 
and the left STG (Bilevicius et al., 2018). Although Bilevicus et al. state 
that the MFG and STG are key nodes of the DMN, these regions are not 
always assigned to the DMN, but rather sometimes the VAN (Vossel 
et al., 2014). Functional connectivity of the PCC and ventromedial 
prefrontal cortex (vmPFC) nodes of the DMN have been shown to 
correlate negatively with the left MFG region but positively with the 
right MFG region (Uddin et al., 2008). Reasons causing this asymmetry 
remain unclear, although they could be due to the above-described 
lateralization of the VAN, which could thus explain lateralized results 
in rsFC (Bartolomeo and Seidel Malkinson, 2019). Regarding the DMN, 
high trait mindfulness scores related to decreased functional connec
tivity of the DMN component with the left insula, a key component of the 
SN. High MAAS scores were linked to increased functional connectivity 
in the SN network with the left insula. Those results suggest that greater 
trait mindfulness is related to a decoupling between the DMN and SN 
networks, and, further, that more mindful individuals exhibit increased 
functional connectivity in the SN. 

Whereas Bilevicius and colleagues used the MAAS to investigate trait 
mindfulness, Parkinson et al. used the FFMQ, which subsumes different 
mindfulness subscales, including Observing, Describing, Acting with 
Awareness, Non-judging of Inner Experience, and Non-reactivity to Inner 
Experience (Parkinson et al., 2019). Parkinson et al. correlated FFMQ 
total and subscale scores with functional connectivity patterns of 
ICA-derived components: the DMN, SN, bilateral FPN, and ATN (defined 
as the “attentional network”; encompassing the VAN and the DAN). 
They observed an overall increased cuneus-SN connectivity related to 
Total, Acting and Non-judging subscales which is opposite to 
above-reported decreased cuneus-SN connectivity (Bilevicius et al., 
2018). They corroborated the results of Bilevicius and collaborators, 
that is, increased functional connectivity in the SN component with the 
left insula correlated with higher total FFMQ scores. They also reported 
a similar positive correlation linking the Observing subscale of the FFMQ 
to connectivity between the ATN component and the insula (Parkinson 
et al., 2019). The Observing subscale measures the attentional compo
nent of mindfulness. The insula is a primary hub of the SN, and is 
thought to support the initiation of appropriate behaviors by integrating 
salient events and mediating communication between several 
large-scale networks involved in attentional functions and cognitive 
control (Menon and Uddin, 2010). Indeed, this formulation is consistent 
with the results of Parkinson et al. including observed increased func
tional connectivity between the insula and the ATN related to mind
fulness. This increased connectivity reported by Parkinson et al. could 
facilitate the theorized “switch” role of the insular node of the SN 
(Goulden et al., 2014; Sridharan et al., 2008), and thus provide a 
framework that links attentional networks and mindfulness. 

Several studies have assessed relations between rsFC and trait 
mindfulness by comparing experienced meditators to meditation-naïve 
individuals (Bauer et al., 2019; Froeliger et al., 2012). Instead of using 
self-report questionnaires to quantify levels of mindfulness, they 
compared baseline connectivity differences between meditation-naïve 
subjects and experienced practitioners. Theoretically, this design is 
supported by the argument that long-term meditation practice leads to 
changes in brain connectivity and altered trait levels of mindfulness 
(Luders et al., 2011). That is, this design assumes that experienced 
mindfulness meditation practitioners exhibit greater trait mindfulness 

than meditation-naïve individuals (the implications of this assumption 
are further discussed in subsection 12.4 Limitations of Correlational and 
Cross-Sectional Studies of “Trait” Mindfulness.). 

In the study conducted by Bauer et al., experienced meditators were 
selected based on extended practice (an average of 1600 h) of Vipassanā 
meditation and compared to meditation-naïve controls. This time, 
instead of correlating questionnaire results to functional connectivity 
patterns in meditation-naïve individuals, researchers compared func
tional connectivity correlates of experienced practitioners to medita
tion-naïve participants. Several findings were consistent across the two 
different study designs (Bauer et al., 2019; Bilevicius et al., 2018). First, 
reduced functional connectivity between the DMN seed of mPFC and left 
SFG (node of the DMN) was confirmed in experienced practitioners 
compared to meditation-naïve participants (Bauer et al., 2019). Second, 
relative to meditation-naive individuals, experienced practitioners were 
characterized by decreased connectivity between the DMN and STG. 
Similarly, the DMN of experienced practitioners included decreased 
functional connectivity with the IPL region of FPN (Bauer et al., 2019; 
Bilevicius et al., 2018). Third, seed-based analysis using a DMN-based 
mPFC seed revealed reduced functional connectivity with the right 
MFG in experienced practitioners compared to meditation-naïve in
dividuals (Bauer et al., 2019). This finding contradicts results obtained 
by assessing trait mindfulness with a self-report questionnaire within the 
meditation-naïve cohort described above: mindful individuals had 
increased right MFG-DMN connectivity (Bilevicius et al., 2018). This 
contradictory finding could stem from distinct experimental paradigms: 
the former study correlated participants’ mindful aptitudes to rsFC 
patterns whereas the latter study investigated rsFC differences between 
long-term meditation practitioners and non-practitioner. Mindful par
ticipants and long-term practitioners could have distinct connectivity 
patterns. However, similarities are superior to dissimilarities and show 
overall reduced within-DMN connectivity, reduced connectivity be
tween the DMN and the STG, and reduced DMN-FPN connectivity in 
mindful individuals or experienced practitioners compared to less 
mindful individuals or meditation-naïve participants. 

Froeliger and colleagues enrolled experienced meditators that prac
ticed daily for 5 years on average and compared their functional con
nectivity patterns to meditation-naïve participants. They focused on the 
DAN, and found increased functional connectivity in experienced 
practitioners within the DAN related to IPS and the FEF nodes (Froeliger 
et al., 2012) as well as the visual area MT. Previous findings in rsFC 
suggest interactions between visual areas and the DAN (Yeo et al., 
2011). Visual areas could play an important role in mindfulness espe
cially linked to a higher DAN connectivity: they may be activated to 
bring attention to a present sensory stimulus (e.g., a point of visual 
focus). Froeliger et al. found increased connectivity between the DAN 
and DMN as well as between the FPN and the SN for more experienced 
mindfulness meditation practitioners. However, these results should be 
considered carefully due to the small sample size (n = 7 in each group). 
Further research should be conducted using this paradigm in addition to 
larger samples in order to clearly state differences correlated to dura
tion/amount of prior meditation practice. 

Taken together, these findings from different study designs assessing 
trait mindfulness in relation to functional connectivity patterns exhibit 
several patterns. First, decreased functional connectivity between the 
cuneus and the SN has been related to trait mindfulness (Bilevicius et al., 
2018). Additionally, the STG (a node of the VAN) is related to a 
decoupling with the DMN in individuals with greater trait mindfulness 
(Bauer et al., 2019; Bilevicius et al., 2018; Parkinson et al., 2019). While 
the function of the STG and its relations with the DMN remain unclear, 
some evidence suggests that this region is implicated in visuotemporal 
attention (Shapiro et al., 2002). Results across studies also suggest that 
trait mindfulness is related to an overall decoupling of the DMN and FPN 
(Bauer et al., 2019; Bilevicius et al., 2018; Parkinson et al., 2019). This 
differential functional connectivity relating to trait mindfulness could be 
due to a lesser need for mindful individuals to suppress basal DMN 

I. Sezer et al.                                                                                                                                                                                                                                     



Neuroscience and Biobehavioral Reviews 135 (2022) 104583

8

activity, which has been related to mind-wandering (Poerio et al., 2017). 
More mindful individuals may allocate their cognitive processes towards 
maintaining attention. Furthermore, more mindful individuals exhibited 
decreased functional connectivity between the SN and the DMN (Bile
vicius et al., 2018), and increased connectivity within the SN (Bilevicius 
et al., 2018). These relations may be linked to the hypothesized 
switching role of the SN (Goulden et al., 2014). That is, this differential 
connectivity could prioritize connectivity with the FPN instead of the 
DMN, which may be mediated by the SN. This hypothesis should be 
directly tested in future research. Together these findings are starting to 
indicate evidence for the primacy of awareness of sensation and atten
tion in mindfulness, rather than self-referential processing, and suggest a 
neural framework for trait mindfulness. 

3. Resting-state fMRI functional connectivity and mindfulness 
meditation training 

The effects of mindfulness meditation training on functional con
nectivity have been assessed using longitudinal designs with fMRI 
collected both before and after mindfulness meditation training. In these 
studies, mindfulness meditation training programs have included the 
traditional 8-week MBSR course (Kilpatrick et al., 2011; Kral et al., 
2019), MBSR-based trainings such as a self-observation training (Yang 
et al., 2016), listening to daily recorded audio mindfulness meditation 
instructions for 2 weeks (Doll et al., 2015), to a few days of intensive 
mindfulness meditation retreat (Kwak et al., 2019). Participants who 
completed meditation training were generally compared to active (e.g., 
relaxation-based training or general health training such as the Health 
Enhancement Program; Kral et al., 2019) or passive control groups (i.e., 
waitlist; Kilpatrick et al., 2011; Kral et al., 2019). Some within-subject 
studies did not include an active or passive control condition, and the 
control condition only related to functional connectivity patterns of 
participants before the training (Doll et al., 2015; Yang et al., 2016), for 
issues raised by this approach, see Subsection 5.6. Limitations of Studies of 
Mindfulness Meditation Training. 

Kilpatrick and colleagues compared rsFC in a MBSR group (8 weeks 
of mindfulness meditation training) to a waitlist passive control group 
(Kilpatrick et al., 2011). They instructed participants to close their eyes 
and mindfully pay attention to scanner sounds during fMRI acquisition. 
They found increased functional connectivity within auditory and visual 
networks and decreased connectivity between them in the active MBSR 
group compared to controls. The observed effects related to the auditory 
network, a network not often focused on in other studies of mindfulness, 
and could have been due to participants having been instructed to “listen 
to sounds” during acquisition of the fMRI data. In fact, other studies 
described in this review do not report auditory network functional 
connectivity changes. This could be explained by the fact that in other 
paradigms they do not explicitly tell subjects to focus their attention to 
the surrounding sounds during the scan. The observed effects may thus 
be related more so to an auditory FA style of meditation rather than OM, 
as subjects focused their attention on sounds. Moreover, future studies 
should investigate Increase of functional connectivity within the visual 
network. It is hypothesized that resting with eyes closed would increase 
functional connectivity in the retrosplenial cortex, implicated in scene 
viewing (McAvoy et al., 2008). Another theory is based on the role of 
attention system on sensory stimuli: inhibiting irrelevant sensory stimuli 
and enhancing relevant sensory stimuli (Kropotov, 2016). Through 
mindfulness, there could be increased attentional awareness of sensory 
stimuli normally suppressed. Overall, results of this particular study are 
surprising and difficult to interpret as the ICA method used composite 
networks such as the auditory/salience network and visual/auditory 
network instead of using typically-described large-scale brain networks. 

They additionally found increased connectivity between the dorso
medial prefrontal cortex (dmPFC) and pregenual ACC (pgACC), part of 
the rostral ACC that is encompassing pgACC and the subgenual ACC 
(sgACC) (Stevens, 2011). Kilpatrick and colleagues interpreted this 

result as indicating that mindfulness meditators exhibited an increased 
awareness of attentional and sensory experience, in this case sounds 
during the fMRI acquisition, rather than engaging in self-referential 
processing. Kilpatrick et al. also reported decreased functional connec
tivity in the MBSR training group compared to controls, between a re
gion in the cuneus (part of the posteroventral DMN) and a “composite” 
network including nodes of the SN, FPN, and auditory network. 
Decreased functional connectivity of the cuneus with other networks 
was also identified in the above-described correlational study (Bilevicius 
et al., 2018). 

Doll and colleagues further corroborated this finding by assessing 
meditation-naïve participants who completed a 2-week audio recording 
mindfulness meditation training program (Doll et al., 2015). Functional 
connectivity was compared within the same group before and after 
training (i.e., there was no passive or active control group). This study 
focused on functional connectivity of the DMN, SN, and FPN compo
nents. Mindfulness meditation training was associated with decreased 
functional connectivity between the insula region of the SN and the 
“posteroventral” DMN component. Doll et al. suggest that this result 
replicates Kilpatrick et al.’s finding of decoupling between the cuneus 
region—part of the posteroventral DMN—and the insular node of the 
SN. 

Kral et al. used a seed-based method followed by a whole-brain 
voxel-wise analysis to compare longitudinal change in functional con
nectivity between a MBSR group and active Health Enhancement Pro
gram (HEP) and passive (waiting) control groups (Kral et al., 2019). 
Functional connectivity was assessed using a PCC seed and dlPFC target 
ROI based on a previous study (Creswell et al., 2016). They found that 
mindfulness training was associated with increased connectivity be
tween the PCC seed and the right and left dlPFC regions. Connectivity 
between PCC and dlPFC was also linked to decreased mind-wandering as 
assessed by experience sampling, which was assessed using 
text-messages sent 6–8 times a day that included surveys of the subject’s 
attention. These functional connectivity effects were not sustained at an 
approximately 6 months follow-up fMRI assessment. Overall, Kral 
et al.’s results suggest that mindfulness training is associated with an 
increased coupling between the PCC node of the DMN and the dlPFC 
node of the FPNs that is related to decreased mind-wandering. 

Two studies investigated mindfulness meditation-related rsFC dif
ferences of ACC-based network seed regions (Kwak et al., 2019; Yang 
et al., 2016). One of these studies investigated a 40-day MBSR-based 
training program (Yang et al., 2016) without a control group, the 
other included a 4-day intensive mindfulness meditation retreat inter
vention (Kwak et al., 2019), and compared individuals in this program 
to those in a relaxation retreat control condition. After intervention, 
both studies found increased functional connectivity between the dACC 
and PCC. As the dACC is implicated in control of attentional processes 
(Benedict et al., 2002; Tian et al., 2006; Weissman et al., 2005) and the 
PCC in internally directed cognition (Leech and Sharp, 2014), these 
findings may be related to control of attention and self-reflection. Yang 
and colleagues additionally found that mindfulness training was asso
ciated with increased functional connectivity between the dACC and 
cerebellum and right IPL, and decreased functional connectivity be
tween the dACC and the calcarine sulcus and cuneus. The latter result 
corroborates Bilevicius and colleagues’ findings that were reported 
when comparing meditation-naïve individuals’ trait mindfulness to 
connectivity patterns (Bilevicius et al., 2018). For the rACC results 
included increased functional connectivity with the IPL region 
(including the angular gyrus; Yang et al., 2016) after mindfulness 
meditation training. Conversely, mindfulness meditation-related func
tional connectivity between the rACC and dmPFC and the precuneus 
were inconsistent, with both reports of decreases (Yang et al., 2016) and 
increases (Kwak et al., 2019) in functional connectivity. Yang and col
laborators interpreted the reduced pgACC-DMN connectivity after 
mindfulness training to the ones found when comparing healthy controls 
after receiving antidepressant medication (Scheidegger et al., 2012). 
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Because MDD patients exhibit hyperconnectivity of the DMN, especially 
in relation to the pgACC region (Horn et al., 2010; Sheline et al., 2010), 
Yang et al. hypothesized that reduced connectivity between pgACC of 
the rACC and the DMN could be a mechanism for the “antidepressant” 
effect of mindfulness. Kwak and collaborators interpreted changes in 
rACC and dmPFC mindfulness training-mediated functional connectiv
ity to a better understanding of the self, arguing that mindfulness 
meditation strengthens resilience. Indeed, resilience scores increased 
with mindfulness in the study conducted by Kwak et al. (2019). In sum, 
these two studies show similar effects of mindfulness meditation 
training on functional connectivity of dACC and rostral ACC regions 
(Kwak et al., 2019; Yang et al., 2016). 

Overall, mindfulness meditation training studies, although varying 
considerably in terms of paradigms, mindfulness training types and 
controls groups—or their lack of control groups, exhibited several con
sistencies. Specifically, these studies highlighted decoupling between 
key SN nodes and the posterior DMN, in particular the cuneus (Doll 
et al., 2015; Kilpatrick et al., 2011; Yang et al., 2016). This result mirrors 
findings from a correlational study between trait mindfulness and 
functional connectivity patterns (Bilevicius et al., 2018). Furthermore, 
mindfulness meditation training is associated with increased functional 
connectivity between PCC DMN and dlPFC FPN regions (Kral et al., 
2019) and the dACC node of the SN (Yang et al., 2016). PCC-dlPFC 
coupling seems, at first glance, contradictory to a generally reported 
FPN-DMN decoupling associated with mindfulness (Shen et al., 2020) 
but could be explained by more detailed examination of specific PCC 
subregions (see section 3.2. Trends in the Literature). Above-described 
studies state that mindfulness, through emotion regulation practices, 
could play an important role in alleviating symptoms of psychiatric 
disorders. The potential neuroprotective effects suggested by Kwak in 
relation to psychiatric conditions (i.e., major depression) is particularly 
important for understanding mechanisms in which mindfulness medi
tation may help to support the alleviation of symptoms of clinical con
ditions. In this context, mindfulness meditation training has been 
increasingly implemented in clinical contexts. Several studies have 
examined mindfulness effects on functional connectivity modulations in 
clinical contexts; we describe these studies next. 

4. Resting-state functional connectivity, mindfulness 
meditation, and illness 

The activity of large-scale brain networks that are modulated by 
mindfulness, in particular the DMN, FPN, and SN (Falcone and Jerram, 
2018; Fox et al., 2016, 2014), has been shown to exhibit functional 
abnormalities in several psychiatric disorders. Next, we briefly intro
duce several clinical conditions, and then describe functional connec
tivity modulations as a result of mindfulness training in these clinical 
populations. It is of note that modulation by mindfulness training of 
resting-state networks could have different effects on those clinical 
populations than on healthy populations. Indeed, psychiatric disorders 
have been associated with modulation of large-scale brain networks 
(Kaiser et al., 2015; Menon, 2011). These studies include comparisons of 
mindfulness training in clinical groups to active control groups (Cres
well et al., 2016; King et al., 2016; Lifshitz et al., 2019; Taren et al., 
2015) and to undiagnosed individuals (Su et al., 2016). These studies 
suggest that mindfulness meditation modulates corticolimbic systems, 
which may underlie health-related benefits of mindfulness and relate to 
emotion regulation. 

Major Depressive Disorder. Neuroimaging meta-analysis suggests that 
several large-scale neural networks are consistently impaired in MDD 
(Kaiser et al., 2015). Notably, MDD is correlated to altered and 
dysfunctional functional connectivity in the PCC, with weakened 
communication with the FPN and increased communication with the SN 
(Yang et al., 2016b), concomitant to insular functional connectivity 
dysfunctions (Manoliu et al., 2013) overall decreased PCC/caudate nu
cleus coupling (Bluhm et al., 2009), as well as decreased 

interhemispheric coupling (Guo et al., 2013). While a growing number 
of studies have investigated therapeutic effects of mindfulness medita
tion for MDD (e.g., meta-analyzed in Goldberg et al., 2016), only one has 
investigated the effects of mindfulness meditation on rsFC in MDD. 
Specifically, Lifshitz and colleagues used a seed-based approach to 
compare MDD patients who completed a 2-week mindfulness training 
program to an active control group of patients who completed a 
relaxation-based training program (Lifshitz et al., 2019). Relative to the 
active control intervention, participants assigned to mindfulness 
training exhibited reduced depressive symptoms and improved mindful 
aptitudes (quantified using the FFMQ). Moreover, mindfulness training 
was associated with decreased functional connectivity of the FPN, spe
cifically between bilateral DLFPC seeds and bilateral fusiform and right 
angular gyri. These regions of the DAN, FPN, and visual networks are 
involved in top-down processing of sensory input. Increased activations 
in the right angular gyrus, part of the IPL node of the FPN, has been 
linked to attention orienting and maintaining (Dixon et al., 2018). This 
region could be involved in a more mindful self-focus (Freton et al., 
2014), shifting away from negative ruminations occurring in MDD. 
Those ruminations could be the result of a dysregulated functioning of 
the DMN in MDD with increased functional connectivity between the 
sgACC and the DMN (Hamilton et al., 2015). This dysregulation is hy
pothesized to result in negative thought processes centered on the self, 
prioritized over being in the present moment (Freton et al., 2014). More 
generally, the results from Lifshitz et al. suggest that mindfulness 
meditation decouples top-down control regions from brain areas 
involved in sensory, affective, and attentional processes (Lifshitz et al., 
2019). 

Chronic stress is a risk factor for MDD (Hammen, 2018; Yang et al., 
2015) and causes increased inflammation that can lead to a reduction of 
neurogenesis (Schoenfeld and Gould, 2012), an increase in neurotox
icity (Lupien et al., 2018), and increased risk of cardiovascular disease 
and overall mortality (Kopp and Réthelyi, 2004). It is of note that 
chronic stress could lead to functional connectivity changes compared to 
controls. Interleukin-6 (IL-6), is a major inflammation and stress 
biomarker that is increased in chronically stressed populations. IL-6 
levels in unemployed, job-seeking individuals, prone to high stress 
levels, were assessed in a study design involving a 3-day mindfulness 
meditation intervention or a control relaxation-based intervention 
(Creswell et al., 2016). Creswell et al. compared between-group func
tional connectivity differences using a PCC DMN-based seed. Compared 
to the control condition, the mindfulness meditation group exhibited 
increased rsFC between the PCC and the left dlPFC node of the FPN. 
These results corroborate findings from Kral and colleagues who 
employed a mindfulness training design on healthy participants 
compared to an active control group (Kral et al., 2019). Results from a 
4-month follow-up assessment indicated that participants in the mind
fulness meditation training group had relatively decreased levels of IL-6 
(a pro-inflammatory cytokine used as a chronic stress biomarker) 
compared to the active control group. Despite the fact that they did not 
practice mindfulness meditation leading to the follow-up assessment, 
they had long-lasting stress-reducing effects. Interestingly, mindfulness 
meditation-trained participant had sustained levels of IL-6 whereas 
active control group participant had increased IL-6 levels at 4-months 
follow-up. Participants who followed mindfulness training, compared 
to active control participants, had increased functional connectivity 
between the PCC and the left dlPFC node of the FPN and relatively 
decreased levels of IL-6 at 4-month follow-up. These results suggest that 
mindfulness meditation training may prevent complications associated 
with chronic stress that may be meditated by modulation of large-scale 
functional connectivity and limiting increases in levels of IL-6. Future 
studies should directly test this hypothesis. 

In secondary analyses from the same chronically-stressed popula
tion, Taren and colleagues tested the effects of mindfulness meditation 
on the functional connectivity of an amygdala seed and sgACC target 
(Taren et al., 2015). The amygdala is generally implicated in 
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physiological stress responses (LeDoux, 1994) and the sgACC is an 
important component of the limbic system that modulates emotional 
processing (Scharnowski et al., 2020). Dysregulated sgACC function is 
often observed in mood disorders, notably MDD (Ge et al., 2020; Ho 
et al., 2014). Results from Taren et al. included a functional decoupling 
of these regions in a mindfulness meditation training compared to the 
active control group. These results may help to provide further infor
mation for a neuroscientific account of reduced physiological stress 
response (Creswell et al., 2016). Furthermore, the results of Taren et al. 
complement the studies of undiagnosed community populations that 
revealed mindfulness training-mediated increase of functional connec
tivity between the rACC (encompassing the sgACC) and the dmPFC re
gion, described above (Kilpatrick et al., 2011; Kwak et al., 2019). That is, 
coupling of the sgACC may shift from the amygdala to the anterior DMN 
regions. Given the role of these regions in emotion processing (LeDoux, 
1994), the observed changes in functional coupling may provide a 
neural signature of improved emotion regulation. Reduced connectivity 
between the amygdala and ACC was also correlated with reduced con
centration of the chronic stress biomarker IL-6 (Taren et al., 2015). 

Post-Traumatic Stress Disorder. Mindfulness meditation training has 
also been used to alleviate symptoms of Post-Traumatic Stress Disorder 
(PTSD). PTSD is a debilitating condition that is characterized by intru
sion and persistence of traumatic memories, as well as avoidance 
symptoms and negative alterations in cognition and mood, caused by the 
direct or indirect exposure to a major stressful event (Friedman et al., 
2011). PTSD is associated with the remodulation of large-scale brain 
networks. Notably, PTSD is evidenced to be related to within-DMN 
hypoconnectivity, decreased connectivity between the DMN and affec
tive systems, as well as increased connectivity between DMN and the 
somatomotor network (Bao et al., 2021). There are interindividual dif
ferences in vulnerability and susceptibility to the development of PTSD 
after a trauma (Bomyea et al., 2012). Military veterans exposed to 
war-zone trauma are an at-risk population for developing PTSD (Fried
man et al., 1994). A study by King et al. investigated modulation of 
functional connectivity by mindfulness-based exposure therapy (MBET) 
compared to an active control condition of present-centered group 
therapy (PCGT; King et al., 2016). MBET is a group intervention that 
incorporates PTSD education, mindfulness training, and in vivo expo
sure (King et al., 2016). PTSD symptom improvement, specifically 
related to avoidant and hyperarousal symptoms, were not specific to the 
MBET group. Compared to the control group, the MBET group exhibited 
increased connectivity between PCC seed (used for the DMN) and dlPFC 
seed (FPN). King et al. speculate that the observed modulation of rsFC 
could mediate improved attentional control and meta-awareness. Of 
note, these results are based on a small sample (N = 14 for MBET and N 
= 9 for PCGT) and thus await replications from larger cohorts. The 
proposed mechanism underlying health-related benefits is similar to 
that proposed by other investigators of other conditions. For example, 
findings from Creswell and collaborators’ study (Creswell et al., 2016) 
also suggest that increased functional coupling of the PCC node of the 
DMN and dlPFC node of the FPN is linked to reduced psychological 
symptoms in individuals with chronic stress. 

Chronic Pain. MBSR was originally intended as an intervention for 
patients suffering from chronic pain (Kabat-Zinn, 2003). This condition 
is characterized by long-lasting and continuous pain that is believed to 
be caused by dysregulation of corticolimbic circuitry involving regions 
including the PFC, ACC, amygdala and nucleus accumbens (Yang and 
Chang, 2019). Greater mPFC and nucleus accumbens connectivity has 
been evidence to predict transition from acute to chronic pain (Baliki 
et al., 2012). In light of this conceptualization, Su et al. compared rsFC 
with the a priori defined seed region of the anterior insular cortex (aINS) 
in pain afflicted and healthy participants following MBSR (Su et al., 
2016). Compared to the healthy cohort, participants with chronic pain 
exhibited increased functional connectivity between aINS and dACC 
after mindfulness meditation training (Su et al., 2016). The dACC region 
is involved in attentional control (Bush, 2011) and pain cognition and 

processing has been shown to be modified by attention monitoring 
(Kabat-Zinn, 1982). This may help explain mindfulness-related benefits 
for chronic pain, as attention monitoring is a major component of 
mindfulness meditation (Lutz et al., 2008). 

To summarize this section, several studies probed modulation of 
functional connectivity by mindfulness meditation training in pop
ulations suffering from specific health conditions. Several relatively 
consistent trends emerged. First, each study found decreased symptoms 
as a result of mindfulness meditation training as assessed by question
naires or physiological biomarkers (IL-6 for chronic stress; Creswell 
et al., 2016; Taren et al., 2015). These studies generally found increased 
functional coupling between PCC nodes of the DMN and dlPFC nodes of 
the FPN (Creswell et al., 2016; King et al., 2016). Of note, this pattern 
was also observed in mindfulness-trained and undiagnosed populations 
discussed (Kral et al., 2019). Modulation of corticolimbic systems by 
mindfulness meditation training may further decouple the sgACC and 
the amygdala as observed in a chronically stressed population (Taren 
et al., 2015). Disruption of amygdala and ventrolateral prefrontal cortex 
(vlPFC) circuitry has been extensively highlighted in populations with 
symptoms of anxiety and depression, especially in younger participants 
(Fowler et al., 2017; Greenberg et al., 2017; Guyer et al., 2008). As 
chronic stress is linked to MDD (Dieleman et al., 2015; Mcewen, 2004; 
Tafet and Bernardini, 2003; Vyas et al., 2004), the modulation of 
disordered frontolimbic systems through mindful emotion regulation is 
a promising approach to non-pharmacologically treat mood and anxiety 
disorders, and related conditions. Emotion regulation is a core compo
nent of mindfulness meditation training (Tang et al., 2015). Emotional 
distancing cultivated by mindfulness meditation seems to be an effective 
mechanism of adaptive coping strategy for processing emotions with 
negative valence (Grecucci et al., 2015; Guendelman et al., 2017; Jones, 
2018; Ortner et al., 2007). In this sense, mindfulness meditation can in 
this way be understood as a step toward equanimity, that is, a disposi
tional tendency of evenness of mind towards all experiences, regardless 
of their emotional valence (Desbordes et al., 2015). 

5. Discussion, limitations and future directions 

5.1. Heterogeneity in mindfulness research 

The mindfulness rsFC literature exhibits both consistent and incon
sistent findings. This may be explained, in part, by considerable het
erogeneity in study design and samples, as well as methodological 
difficulties. Indeed, methodological issues arise from a number of issues 
including the inconsistent and broad meaning applied for the term 
“mindfulness”, and—among others—trait mindfulness, state mindful
ness, mindfulness meditation training; the lack of adequate control 
groups in mindfulness training; and the difficulty in choosing adequate 
neural targets in analyses (Caspi and Burleson, 2005; Davidson, 2010; 
Davidson and Kaszniak, 2015). 

Researchers have used a variety of paradigms to study effects of 
mindfulness meditation on rsFC. Studies have included investigation of 
trait mindfulness in meditation-naïve individuals using MAAS and 
FFMQ questionnaires (Bilevicius et al., 2018; Parkinson et al., 2019), 
trait mindfulness differences between experienced mindfulness medi
tation practitioners and non-practitioners (Bauer et al., 2019; Froeliger 
et al., 2012), and pre-to-post mindfulness meditation training (Creswell 
et al., 2016; Doll et al., 2015; Kilpatrick et al., 2011; King et al., 2016; 
Kral et al., 2019; Kwak et al., 2019; Lifshitz et al., 2019; Su et al., 2016; 
Taren et al., 2017; Yang et al., 2016). Specific training programs have 
varied, and included MBSR (Kilpatrick et al., 2011; Kral et al., 2019; Su 
et al., 2016), variants of MBSR (Yang et al., 2016), study-specific audio 
recordings of mindfulness meditation training (Doll et al., 2015; Lifshitz 
et al., 2019), mindfulness meditation retreat-based training (Creswell 
et al., 2016; Kwak et al., 2019; Taren et al., 2017), as well as MBET 
training (King et al., 2016). Studies also varied with regard to the 
duration of treatment: from the common 8-week MBSR program 
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(Kilpatrick et al., 2011; Kral et al., 2019; Su et al., 2016), to 2-week 
audio recordings (Doll et al., 2015; Lifshitz et al., 2019), and 3-day 
intensive retreats (Creswell et al., 2016; Kwak et al., 2019; Taren 
et al., 2017). Studies additionally differed with respect to design, 
including: correlational (Bilevicius et al., 2018; Parkinson et al., 2019), 
cross-sectional (Bauer et al., 2019; Froeliger et al., 2012) and controlled 
longitudinal studies in undiagnosed (Doll et al., 2015; Kilpatrick et al., 
2011; Kral et al., 2019; Kwak et al., 2019; Yang et al., 2016) and 
disordered populations (Creswell et al., 2016; King et al., 2016; Lifshitz 
et al., 2019; Su et al., 2016; Taren et al., 2017). 

The heterogeneity of these studies is in part due to the ambiguous 
definition of the construct of mindfulness in the neuroscientific literature 
(Van Dam et al., 2018), indeed, modern science more broadly has had 
difficulty precisely defining the concept of mindfulness (Keng et al., 
2011). In the context of this review, we have attempted to address, in 
part, this ambiguity by organizing studies according to two different 
concepts of mindfulness, that is, trait mindfulness and mindfulness 
meditation training, which have both revealed consistent and unique 
neural features as well as important limitations. 

Studies examining functional connectivity patterns of trait mindful
ness show unique neural signatures. Specifically, decoupling between 
the cuneus region of the DMN and the SN has been shown in individuals 
with higher trait mindfulness assessed with questionnaires (Bilevicius 
et al., 2018; Parkinson et al., 2019). In individuals with a higher trait 
mindfulness assessed with questionnaires (Bilevicius et al., 2018; Par
kinson et al., 2019), as well as in meditators compared to non-meditators 
(Bauer et al., 2019), decoupling between the DMN and the STG region of 
the VAN has been observed (Bauer et al., 2019; Bilevicius et al., 2018; 
Parkinson et al., 2019). Additionally, individuals with higher trait 
mindfulness exhibit an overall decoupling between the DMN and FPNs 
(Bauer et al., 2019; Bilevicius et al., 2018; Parkinson et al., 2019). As 
previously described (see Section 2. Resting-Sate fMRI Functional Con
nectivity and Trait Mindfulness), the cuneus region is associated with vi
sual processing (Beason-Held et al., 1998), and could play a role in 
internally-directed attention (Benedek et al., 2016), while the STG is 
linked to visuotemporal attention (Shapiro et al., 2002). Those func
tionally similar roles could indicate a different function of visual and 
attentional processes in mindful individuals. According to these find
ings, in individuals with greater trait mindfulness, the DMN network 
exhibits decreased connectivity with the other networks: VAN, SN, FPNs 
(Bauer et al., 2019; Bilevicius et al., 2018; Parkinson et al., 2019). This 
provides evidence for the theory that trait mindfulness distinctly mod
ulates the DMN. This modulation may be related to less self-referential 
processing and mind-wandering and more cognitive allocation to 
attentional processes (Andrews-Hanna, 2012; Poerio et al., 2017). 

Similarly to trait mindfulness studies, mindfulness training studies 
also corroborated cuneus-SN decoupling (Doll et al., 2015; Kilpatrick 
et al., 2011; Yang et al., 2016). Mindfulness training studies reported a 
distinct neural pattern of increased functional connectivity between the 
PCC region of the DMN and the dlPFC region of the FPN (Creswell et al., 
2016; King et al., 2016; Kral et al., 2019), as well as between the PCC 
region of the DMN and the dACC region of the SN (Kwak et al., 2019; 
Yang et al., 2016). Of note, increased DMN PCC to FPN dlPFC connec
tivity was observed after MBSR training in undiagnosed participants 
(Kral et al., 2019), retreat-based training in chronically stressed partic
ipants (Creswell et al., 2016), and MBCT training in participants diag
nosed with PTSD (King et al., 2016). Similarly, increased DMN PCC to 
dACC SN connectivity was observed after MBSR-based training (Yang 
et al., 2016) and after an intensive retreat in undiagnosed participants 
(Kwak et al., 2019). Those highly consistent findings suggest a strong 
effect unrelated to the type of mindfulness training and the studied 
population. 

In sum, trait mindfulness studies reported unique findings of 
decreased DMN-STG coupling, and decoupling of DMN and FPNs 
through the cuneus. Due to fewer number of studies (n = 4) than those 
that studied mindfulness training (n = 10), these results are more 

difficult to interpret and less definitive. Mindfulness training studies 
reported unique results of increased dlPFC FPN – PCC DMN connectiv
ity, as well as increased PCC DMN – dACC SN connectivity. Both oper
ationalizations of mindfulness described cuneus-SN decoupling. 

Increased DMN-FPN connectivity after mindfulness training contra
dicts findings related to trait mindfulness. This could be due to the DMN 
regions implicated: cuneus (Bilevicius et al., 2018) as opposed to PCC 
(Kral et al., 2019), which will be addressed in the next section (see 3.2. 
Trends in the Literature). 

Across studies, even though designs varied, results were more 
consistent within either trait or training mindfulness studies, than be
tween trait and training mindfulness studies. However, the number of 
studies presented in this review is not large enough to definitively 
identify neural correlates of each of trait and training mindfulness. More 
studies, with larger sample sizes, are warranted. Future research will 
advance a better understanding of specific neural signatures related to 
trait mindfulness (e.g., assessed with aptitude questionnaires and in 
studies of experienced meditators) and specific types of training (e.g., 
mindfulness retreat instead of listening to audio recordings). This 
research would ultimately lead to identifying specific features of a 
particular mindfulness training program that would inform a more 
definitive and robust neuroscientific understanding of mindfulness. 

5.2. Trends in the literature 

Even though the study designs used to study relations between 
mindfulness and functional connectivity have been heterogenous, 
several findings from this literature have been relatively consistent 
across studies. Several effects were observed across different rsFC 
methods (ICA and seed-based), distinct experimental paradigms (trait 
mindfulness and mindfulness training) and across different populations 
(diagnosed and undiagnosed). Those effects were: decreased cuneus-SN 
connectivity (Fig. 1; Bilevicius et al., 2018; Doll et al., 2015; Kilpatrick 
et al., 2011; Yang et al., 2016), increased PCC of DMN-dlPFC of FPN 
connectivity (Fig. 3; Creswell et al., 2016; King et al., 2016; Kral et al., 
2019), increased within SN connectivity (Bilevicius et al., 2018; Par
kinson et al., 2019; Su et al., 2016), and corticolimbic system modula
tion including increased dmPFC-rACC connectivity (Kilpatrick et al., 
2011; Kwak et al., 2019) and decreased rACC-amygdala connectivity 
(Taren et al., 2017). Below, we will describe cognitive implications of 
those changes and their relations to aspects of mindfulness: 
self-awareness, attention control, and, lastly, particularly important for 
clinical outcomes: emotion regulation (that encompasses pain relief). 
This led to the formulation of our proposed theoretical framework 
(Fig. 2, Fig. 4). 

As previously stated, correlational trait mindfulness (Bilevicius et al., 
2018) and longitudinal mindfulness training studies (Doll et al., 2015; 
Kilpatrick et al., 2011; Yang et al., 2016) have consistently highlighted 
decoupling between the cuneus region of the DMN and the SN (Fig. 1). 
The cuneus, along with other midline cortical structure, was linked to 
reduced activation during mindful self-awareness (Lutz et al., 2016). 
The decoupling of the cuneus with the SN could be related to this pre
viously described decreased activation, which may be in turn related to 
increasingly mindful, present-moment self-awareness, a primary 
component of mindfulness practices (Tang et al., 2015) (Fig. 2). 

Studies of modulation of the PCC region of the DMN have included 
this region’s increased functional connectivity with bilateral dlPFC 
nodes of the FPN in relation to mindfulness training (Fig. 1) in healthy 
participants (Kral et al., 2019), and also in populations suffering from 
chronic stress (Creswell et al., 2016) and PTSD (King et al., 2016) 
(Fig. 3). Given that the PCC is hypothesized to be one of the core regions 
involved in self-referential processes, autobiographical memory, pro
spection, and planning (Davey et al., 2016; Maddock et al., 2001), these 
results related to mindfulness may be considered counterintuitive. 
However, some studies suggest that the PCC has subregions that exhibit 
higher specificity, and, furthermore, functional connectivity may not 
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always mirror activity (Lynch et al., 2018). Indeed, cytoarchitectural, 
structural, functional, and lesion studies leading to parcellation suggest 
that PCC has highly heterogenous subregions (Bzdok et al., 2015; Leech 
and Sharp, 2014; Leech and Smallwood, 2019; Scheperjans et al., 2008) 
and acts as a major hub involving distinct networks (Leech and Small
wood, 2019). Notably, ventral PCC has been shown to communicate 
with vmPFC, a major node of the DMN, whereas the dorsal subregion of 
PCC has been related to increased connections to the dlPFC, a core node 
of the FPN (Bzdok et al., 2015; Fan et al., 2018). Moreover, neuro
imaging and lesion studies have found that the dorsal region of PCC is 
involved in attention regulation (Leech and Sharp, 2014). Indeed, when 
activated by a task, dorsal PCC tends to exhibit higher functional con
nectivity with the FPN (Leech et al., 2011). During resting state, the PCC 
and its subregions are coupled to the DMN (Bzdok et al., 2015). 

Taken together, this suggests that the PCC may be involved in 
modulating DMN-to-FPN interactions. Alternatively, the DMN- 
specialized subsystem of the FPN may also be involved, specifically 
the FPNA may modulate dPCC-dlPFC interactions by reorienting and 
controlling internally-focused attention (Dixon et al., 2018). That is, the 
DMN-specialized subsystem of the FPN, FPNA, may modulate DMN 
connectivity through the FPN. This would result in the observed 
increased DMN-FPN connectivity and explain, in part, a lasting change 
in attentional processes. Another hypothesis is that dPCC, in comple
ment to rlPFC, acts as a “switch” that modulated FPN regulation of the 
DMN and DAN. This would be consistent with observed switching for 
affective (FPN-DMN) and cognitive (FPN-DAN) tasks, respectively 
(Burgess et al., 2007; Fan et al., 2018). Indeed, higher rsFC changes of 
DMN and FPN have been associated with higher cognitive flexibility and 
cognitive performance, overall (Douw et al., 2016). Together, this may 

explain DMN-FPN increased coupling involving the dPCC, increasing 
attention control, improving cognitive performance, and thus could help 
support a mindfulness model informed by dPCC. 

In this sense, more precise seed-placement is crucial and further 
studies should assess how functional connectivity modulation in relation 
to mindfulness specifically affects the dorsal and ventral subregions of 
the PCC. Furthermore, future research should be wary of lumping 
together distinct cortical subregions more generally. With this in mind, 
here we suggest that overall, growing evidence indicates that increased 
coupling between PCC, a major node of the DMN, and dlPFC nodes of the 
FPN, could translate to improved attention control, a primary compo
nent of mindfulness (Tang et al., 2015), additionally resulting in 
improved cognitive flexibility. Future research should explicate sub 
regional interactions increasingly directly. 

While cuneus-to-SN decoupling could be linked to self-awareness 
and PCC-to-dlPFC coupling could relate to attentional control, a final 
primary component of mindfulness as described by Tang’s model re
mains: emotion regulation (Tang et al., 2015). Dysregulation of the 
processing of painful and negative emotions, and pain avoidance, 
through disordered behavior is related to a variety of psychiatric con
ditions including MDD and PTSD (Asmundson et al., 1999; Xie et al., 
2014). Emotional processing through awareness and acceptance of 
negative emotions is a core aspect of mindfulness and mindfulness-based 
trainings and therapies for psychiatric and physical conditions (Hill and 
Updegraff, 2012). The awareness and acceptance components of mind
fulness may also underlie improved pain symptoms. 

One neuroanatomical region that has been extensively linked to 
emotion regulation is the ACC (Etkin et al., 2011; Stevens, 2011). The 
ACC has separate subdivisions that have roles in distinct mental 

Fig. 1. Results illustrating decreased cuneus-SN connectivity in non-meditating participants. Studies explored connectivity changes (A) correlated to trait mind
fulness using ICA (Bilevicius et al., 2018); (B) after an MBSR-based training using a dACC seed (Yang et al., 2016); and (C) after an MBSR training using ICA 
(Kilpatrick et al., 2011). 
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processes and can be divided into dorsal/caudal ACC, and ros
tral/ventral ACC (Stevens, 2011). The rACC is further divided into 
pgACC and sgACC (Stevens, 2011). Extensive cytoarchitectural, lesion 
and neuroimaging evidence implicates a functional distinction in the 
ACC wherein the dorsal component, dACC, is related to regulation of 
cognitive processes, and the rostral component, rACC, in regulating 
emotional processes (Bush et al., 2000; Stevens, 2011). The dACC, a key 
node of the SN, is linked to increased connectivity with the SN in 
mindful individuals (Bilevicius et al., 2018; Parkinson et al., 2019). 
dACC-SN connectivity is also increased in chronic-pain afflicted in
dividuals after mindfulness training compared to controls (Su et al., 
2016). Dorsal ACC additionally has been implicated in pain processing 
and the anticipation of pain (Vogt, 2005), which suggests a possible 
mechanism for mindfulness meditation training on altered functional 
connectivity in chronic pain (Su et al., 2016) and pain relief by mind
fulness (Fig. 4). 

Apart from the physical and cognitive aspects of pain, the emotional 
aspect of pain is thought to be processed, in part, in the rACC (Etkin 
et al., 2011). Relatedly, mindfulness training-mediated modulations of 
the rACC have shown antidepressant effects (Yang et al., 2016). As 
aberrant sgACC-DMN hyperconnectivity has been observed in depres
sion (Connolly et al., 2013; Drevets et al., 2008), it has been speculated 
that decreased connectivity in these regions mediated by mindfulness 
training may relate to an antidepressant effect (Yang et al., 2016). 
Additionally, in the pgACC, the modulation of functional connectivity 
through mindfulness training was related to increased resilience 
measured through the Resilience Quotient Test (Kwak et al., 2019), a 
measure of protection against psychiatric conditions. Indeed, regarding 
mindfulness-mediated rsFC modulations of the affective component of 
the ACC, the rACC, findings unveil decreased rACC-amygdala connec
tivity (Taren et al., 2017) and increased rACC-dmPFC connectivity 

(Kilpatrick et al., 2011; Kwak et al., 2019). As those pathways are evi
denced to play major roles in emotion regulation (Fig. 2) (Zotev et al., 
2013), dysfunctions are frequently linked to mood disorders. It is indeed 
notable that cognitive control of emotions mediated by prefrontal 
cortices coupling to rACC are aberrant in MDD (Disner et al., 2011), and 
connectivity dysfunctions of rACC and the amygdala component of 
limbic circuitry are prevalent in mood disorders (Alexander et al., 2020; 
Connolly et al., 2013; Hakamata et al., 2020; Kamphausen et al., 2012; 
Scharnowski et al., 2020). All this illustrates that there could a be 
modulation of corticolimbic circuitry mediated by mindfulness (Fig. 2), 
resulting in a regulation of emotional processes. However, neuroana
tomical specificity in the rACC needs to be further defined as a study 
highlighted functional decoupling between the dmPFC and the pgACC 
subregion of the rACC (Yang et al., 2016). Overall, even though further 
studies should highlight clearer neural signatures of emotion regulation 
mediated by mindfulness, there seems to be an important role played by 
mindfulness in neuronal plasticity regarding affect monitoring. 

5.3. Underlying brain-behavior relationships 

Together these studies suggest that mindfulness is related to the 
modulation of the functional connectivity of several large-scale brain 
networks implicated in attention control, self-awareness (Fig. 2), pain 
processing and emotion regulation (Fig. 4), providing a neural under
standing of underlying mechanisms. Notably, even though the neuro
science of mindfulness is in its nascency, several neural patterns emerge 
that may relate to core psychological features of mindfulness training. 
The self-awareness component of mindfulness may be related to cuneus/ 
DMN-SN decoupling (Figs. 1 and 2) and the attention regulation 
component of mindfulness may relate to PCC/DMN and dlPFC/FPN 
coupling (Figs. 2 and 3). Together, these mindfulness-related effects 

Fig. 2. Visual rendering of the Default Mode Network (DMN; blue), Frontoparietal Network (FPN; green) and Salience Network (SN; violet) and their functional 
connectivity changes mediated by mindfulness. Studies describe increased rsFC between the PCC (DMN) and dlPFC (FPN) as well as decreased cuneus – SN con
nectivity. Those changes are hypothesized to be respectively linked to improved self-awareness and improved attention control. Abbreviations: dACC = dorsal 
anterior cingulate cortex, mPFC = medial prefrontal cortex, PCC = posterior cingulate cortex, aINS = anterior insula, dlPFC = dorsal prefrontal cortex, IPL = inferior 
parietal lobule. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 
Created with BioRender.com. 
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suggest an overall reconfiguration of DMN connectivity with the SN and 
FPN. The ACC may play a unique functional connectivity role mediated 
by mindfulness. Indeed, mindfulness is associated with modulation of 
dmPFC-rACC-amygdala circuitry with increased rACC-dmPFC connec
tivity and decreased rACC-amygdala connectivity. These mindfulness- 
induced changes in the connectivity of the affective region of ACC – 
the rACC – may relate to improved emotional processing (Fig. 4). 
Finally, cognitive aspects of emotion processing, and pain processing in 
particular, involve dACC-SN coupling, or in other words, increased 
within-SN coupling (Fig. 4). In this sense, mindfulness seems to increase 
connectivity within the SN, a network implicated in salient event pro
cessing, which may help practitioners re-evaluate pain and associated 
negative affective processing. Overall, these neural signatures could 
help inform our understanding of therapeutic effects mediated by 
mindfulness. 

5.4. Limitations related to resting-state functional connectivity methods 

The assessment and synthesis of seed-based rsFC, including in rela
tion to mindfulness, in the context of large-scale resting-state networks is 
in part limited by investigators’ use of different seed and target regions 
(please see Table 1 for the class of rsFC methods that each study 
implemented). While the seed-based method presents several advan
tages over other functional connectivity methods (including its relative 
simplicity and efficiency), it may also introduce unwanted variability 
due to inconsistencies in individual-level seed placements that are based 
on group-level information (Venkataraman et al., 2009; Wang et al., 
2015). Moreover, results are highly dependent on the selection of the a 
priori defined seed regions and may miss important functional connec
tivity patterns. For example, mindfulness-related effects on the DMN 
seem to be dependent on DMN subregions: anterior or posterior DMN 
(Uddin et al., 2008). This may explain varying DMN-related effects of 
mindfulness, as a result of seed placements in: vmPFC (Bauer et al., 
2019; King et al., 2016) or PCC (Creswell et al., 2016; King et al., 2016; 

Fig. 3. Results illustrating increased mindfulness training-related PCC-dlPFC connectivity. Studies used (A) PCC for DMN seed in chronically stressed population 
after a 3-day retreat (Creswell et al., 2016), (B) PCC for DMN seed in a PTSD-affected population after a MBCT training (King et al., 2016) and (C) PCC for DMN and 
dlPFC for FPN seeds in undiagnosed participants after an MBSR training, correlated to attention scores (Kral et al., 2019). 
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Kral et al., 2019; Lifshitz et al., 2019). Additionally, as reviewed above, 
different seeds have been used to evaluate the FPN, including: dlPFC 
(Kral et al., 2019; Lifshitz et al., 2019) or IFG and IPL (Bauer et al., 
2019). Furthermore, within a given neuroanatomical region, such as the 
PCC and the ACC, different seed placement could lead to different re
sults. As previously stated, the PCC and ACC have anatomical subregions 
that are associated with different functions (Davey et al., 2016; Leech 
and Sharp, 2014; Maddock et al., 2001; Stevens, 2011). Imprecision in 
seed placement could lead to different observed effects and even false 
negatives. 

The second most used method in this context, ICA, is based on the 
computational extraction of main variance-associated components of 
whole-brain neural signal (Beckmann et al., 2005). Although ICA may 
facilitate functionally homogeneous interpretation, compared to 
seed-based approaches, this method is more difficult to understand as it 
contains a more complex representation of data. Additionally, because 
of statistical complexity, ICA may complicate between-group compari
sons and their translation to clinical contexts (Fox and Raichle, 2007; 
van den Heuvel and Hulshoff Pol, 2010). Also, because ICA components 
are defined on a study-by-study basis, this can lead to variance in 
component structure across studies. For example, some studies of 
mindfulness have used group-ICA analysis (e.g., Kilpatrick et al., 2011), 
while others used single-subject analysis (e.g., Parkinson et al., 2019) 
that have resulted in unique components: a composite attentional 
component encompassing what other studies have labeled the VAN and 
the DAN (Parkinson et al., 2019), and a composite auditory/salience 
component (Kilpatrick et al., 2011). For instance, increased 
insula-attentional network component connectivity does not reveal 
which network in particular (VAN or DAN) could be interacting with the 
insular region (Parkinson et al., 2019). Similarly, it is unclear if 

increased connectivity within the composite auditory/salience com
posite network and decreased connectivity of that composite network 
with the visual network is due to the auditory component or salience 
component (Kilpatrick et al., 2011). The combining of these different 
networks into composite networks makes it more difficult to draw direct 
conclusions between these studies. 

This relates to more general inconsistencies in how investigators 
have defined resting-state networks. Indeed, similar nodes are some
times inconsistently assigned to different resting-state networks. For 
example, the VAN and SN have similar roles and are often used inter
changeably. They are defined by a comparable function: activation to a 
salient event (Seeley et al., 2007) or an exogenous stimulus (Vossel et al., 
2014), and also using anatomically proximal regions in functional 
connectivity analyses. That is, the insular cortex is often used to define 
the SN while its neuroanatomically neighboring region, the IFG/MFG 
node, (Vossel et al., 2014), is assigned to the VAN (Farrant and Uddin, 
2015). However, while the VAN is mainly linked to attentional processes 
(Corbetta and Shulman, 2002; Vossel et al., 2014), the SN has been 
associated with processing internally and externally relevant (Seeley, 
2019; Seeley et al., 2007). The existence of VAN was initially identified 
through lesion studies notably in stroke patients with spatial hemi
neglect (Corbetta and Shulman, 2002; Vossel et al., 2014). Conversely, 
the salience network was defined through intrinsic functional connec
tivity observations at resting-state (Seeley et al., 2007). Prior studies 
have noted that it is unclear if the VAN is an aggregate of networks 
including the SN or if the VAN is closely adjacent to the SN (Yeo et al., 
2011). In sum, further clarification is needed regarding the study of the 
VAN and SN. 

The definition of the DAN and FPN also raises similar ambiguities 
regarding their distinct cognitive roles and neuroanatomical correlates. 

Fig. 4. Summary of findings involving pain relief and limbic system remodulation mediated by mindfulness. Studies describe increased dACC-aINS connectivity by 
mindfulness, hypothesized to be linked to pain processing regulation, as well as increased sgACC-dmPFC connectivity and decreased sgACC-amygdala connectivity. 
These changes within the limbic systemic are hypothesized to be linked to emotion regulation. Abbreviations: dACC = dorsal anterior cingulate cortex, 
aINS = anterior insula, dmPFC = dorsomedial prefrontal cortex, rACC = rostral anterior cingulate cortex. 
Image created using BioRender.com. 
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For example, the IPS is often included in both the DAN (Farrant and 
Uddin, 2015) and also in the FPN (Dixon et al., 2018). Additionally, the 
networks described using this framework are thought to have similar 
roles involving attentional processes, although the FPN is thought to be 
more so involved in higher-order cognitive processes—including 
cognitive control—than the DAN (Corbetta and Shulman, 2011). These 
anatomical and functional ambiguities are diminished when a given 
taxonomy refers to those networks instead as dorsal frontoparietal 
attention network (DAN) and lateral frontoparietal control network 
(FPN; Uddin et al., 2019), with an FPNB subsystem functionally con
nected to DAN (Dixon et al., 2018). Overall, similarities between FPN 
and DAN can be understood when discriminating FPNA from FPNB and 
further observing the attention control role of FPNB, communicating 
with the DAN, indeed involved in attention. 

The investigator-initiated selection of seed and target regions may 
introduce bias and limit our understanding. The DAN and VAN have 
been relatively less studied in the mindfulness literature compared to 
other resting-state networks. Given the involvement of these networks in 
attentional processes and the importance of attention in mindfulness, 
the assessment of these networks may provide additional insight into 
neural models of mindfulness. To overcome issues related to the simi
larities of the SN and VAN and the FPN and DAN, increasingly specific 
and distinct regions could be used as seeds: for instance, TPJ for the VAN 
and the FEF for the DAN. Taking all of this into account, future research 
should study the VAN and DAN. 

There are considerable ongoing efforts to advance a scientific consensus 
for the taxonomy of large-scale resting-state brain networks. Notably, Uddin 
and colleagues’ taxonomy (Uddin et al., 2019) describe six large-scale 
networks referred to using anatomical/cognitive domain nomenclature: 
occipital/visual, pericentral/somatomotor, dorsal frontoparietal/attention, 
lateral frontoparietal/control, midcingulo-insular/salience, and medial 
frontoparietal/default mode networks. This has been proposed as a viable 
universal taxonomy of large-scale functional brain networks. 

Furthermore, and more broadly, the mindfulness and functional 
connectivity literature is limited by considerable reverse inference with 
regard to linking the modulation of functional connectivity as a result of 
mindfulness meditation to changes in behavioral, attentional, emotional 
and cognitive processes. Indeed, a certain behavior may be linked to the 
activation or deactivation of a given neuroanatomical region, however, 
rsFC changes of that same neuroanatomical region are not always 
related to a difference in such behavior. Reverse inferences are even made 
in the present review by hypothesizing links and causality of rsFC 
modulations by changes in inherent brain functions of relevant neuro
anatomical regions (e.g., PCC rsFC modulations explained by the role of 
PCC in attentional processes). Research should move cautiously espe
cially when prior belief in the involvement of a behavioral or cognitive 
process is unprecise and the neuroanatomical region’s activation spec
ificity and selectivity is low. However, reverse inferences can suggest new 
hypotheses and give direction to future experimental testing (Poldrack, 
2006). In sum, to move beyond reverse inference, these links need to be 
subsequently studied directly (Chang et al., 2013; Sprooten et al., 2017). 

5.5. Limitations of correlational and cross-sectional studies of “trait” 
mindfulness 

Correlational studies have linked self-reported trait mindfulness to 
rsFC patterns (Bilevicius et al., 2018; Parkinson et al., 2019). These 
studies are limited by questions about the validity of using self-report 
personality-trait questionnaires to quantify meditation-naïve in
dividuals’ and experienced meditators’ mindful aptitudes. Assessment of 
mindfulness using self-report questionnaires may not adequately 
address all related facets, and their interactions, of mindfulness (Ber
gomi et al., 2013). Similarly, Park et al. argue that questionnaires do not 
provide exhaustive construct coverage, content validity, or inter-testing 
responsiveness and reliability (Park et al., 2013). Additionally, ques
tionnaires may not provide differential sensitivity of general wellbeing 

and effects related to mindfulness (Baer et al., 2019). Several systematic 
reviews and meta-analyses have suggested a need to revise question
naires (Baer et al., 2019; Bergomi et al., 2013; Park et al., 2013). For 
example, with regard to the widely used FFMQ, only the non-judging 
subscale has been shown to exhibit strong validity, while the observing, 
describing, acting with awareness and non-reactivity subscales have not 
(Goldberg et al., 2016; Mattes, 2019). 

Additionally, it has been reported that individuals vary in their 
tendency to adopt a mindful attitude across different modalities and 
contexts (Kiken et al., 2015; Tang, 2017), which may influence 
state-specific results obtained in functional connectivity studies of trait 
mindfulness (e.g., Parkinson et al., 2019). Taken together, these limi
tations should be taken into account when evaluating the utility of 
assessing reported relations between mindfulness questionnaire mea
sures and functional connectivity. 

When studying trait mindfulness by comparing the rsFC of medita
tion practitioners to meditation-naïve individuals, researchers operate 
on the assumption that prior meditation practice increases a personality 
trait (Kiken et al., 2015). This is a construct weakness as it makes “trait” 
not inherent and time-varying. A possible resolution to this issue may be 
that trait changes linked to meditation practice may only be observed 
over long time periods, which may help explain meditation-naïve and 
long-time meditator comparisons (Bauer et al., 2019; Froeliger et al., 
2012). 

However, the comparison of experienced meditators to meditation- 
naïve individuals may be confounded by uncontrolled factors between 
these groups, for example, differences in: lifestyle and health habits 
including nutrition, exercise, and spiritual beliefs. Indeed, it has been 
shown that trait mindfulness positively relates to an overall healthier 
lifestyle and psychological wellbeing (Keng et al., 2011). 

An additional consideration in this literature is the varying levels of 
expertise of practitioners. That is, experienced meditators’ years of 
training may relate to different patterns of functional connectivity. 
Indeed, several studies have reported that mindfulness meditation- 
related modulation of functional connectivity is related to years of 
mindfulness practice (Bauer et al., 2019; Froeliger et al., 2012), and a 
meta-analysis found unique functional connectivity patterns when 
comparing results of studies of novice and experienced meditation 
practitioners (Falcone and Jerram, 2018). 

In sum, studies of trait mindfulness may be limited by high vari
ability and uncertainty related to measurement approach and construct 
validity. Questionnaires that assess trait mindfulness should be further 
tested for validity, and revised accordingly. The time-stability of “trait” 
mindfulness is uncertain and cross-sectional studies comparing medi
tator to non-meditating individuals should control confounding factors. 
Functional connectivity studies using these methods may be increas
ingly useful if future studies further cluster individuals based on their 
expertise level of meditation in order to refine findings. 

5.6. Limitations of studies of mindfulness meditation training 

Studies of mindfulness meditation training overcome some of the 
limitation described above by directly assessing effects of mindfulness 
on functional connectivity in individuals who have completed mind
fulness meditation training. 

With that said, there are issues raised by the lack of inclusion of 
adequate baseline controls. In fact, some of these studies are limited by 
having assessed mindfulness training effects without an active control 
group (Doll et al., 2015; Yang et al., 2016). Instead, these studies used 
within-subjects designs that limit inferential confidence. Alternatively, 
randomized active-controlled studies are considered a gold standard in 
intervention research (Chalmers et al., 1981). This is because active 
control groups help to specify intervention-specific effects by elimi
nating considerable confounding factors (e.g., practice effects). In this 
way, active-controlled studies will benefit our understanding of mind
fulness’ effects on large-scale brain connectivity. 
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Although some researchers investigated lasting effects of mindful
ness meditation training by performing follow-up assessments (Creswell 
et al., 2016; Kral et al., 2019), studies have largely not correlated 
practice time with change in functional connectivity. This could have 
been done by observing rsFC changes at different time points during 
mindfulness training (e.g., after days, weeks, or months of mindfulness 
practice). There still are not sufficient findings in the current literature 
to conclude if the impact of mindfulness training on functional con
nectivity relates to practice time. 

Moreover, mindfulness meditation training includes both FA and OM 
features of meditation (Lutz et al., 2015). Mindfulness training programs 
usually provide aspects of both FA and OM (Williams and Kabat-Zinn, 
2011), and thus the unique effects of each practice are difficult to 
differentiate (Britton et al., 2018). In this context, it will be important to 
characterize differences between FA and OM components of mindful
ness meditation on functional connectivity (Kilpatrick et al., 2011). Such 
differences in mindfulness meditation practices could help explain high 
variability in results. Future studies may benefit from more explicit 
descriptions of the type of mindfulness training studied or explicitly 
dismantling components of mindfulness training (Britton et al., 2018). 
Similarly, future studies may further our understanding of effects related 
to similar training modalities, for example: retreat, 8-week courses, or 
brief interventions. Limitations encountered in mindfulness training 
paradigms could be countered by further examining practiced mind
fulness techniques in active-controlled studies. 

6. Summary and conclusion 

In the current review, we have aggregated and synthesized studies of 
functional connectivity and mindfulness—operationalized as both a trait 
and form of training—across multiple study designs and rsFC method
ologies. These studies suggest that functional connectivity is related to 
mindfulness, especially with the cingulate cortex playing a major role 
across multiple modalities. Mindfulness meditation may modulate the 
DMN with PCC node of DMN and dlPFC node of FPN coupling that may 
underlie increases in attentional processes (Figs. 2 and 3), and cuneus- 
SN decoupling that may underlie increases in self-awareness (Fig. 1, 
Fig. 2). Increased within SN coupling (dACC-anterior insula) mediated 
by mindfulness might point to improved pain processing leading to pain 
relief (Fig. 4). Mindfulness may also modulate cortico-limbic circuitry 
with notably increased dmPFC-rACC connectivity and decreased rACC- 
amygdala connectivity, which may relate to improved emotion regula
tion (Fig. 4). In this way, mindfulness meditation is speculated to be 
linked to, among other effects, antidepressant, neuroprotectant and 
anxiolytic outcomes. Indeed, its effects ranged from decreased depres
sive and anxious symptom scores, decreased biological IL-6 stress 
biomarker quantities, lessening of avoidant and hyperarousal symptoms 
of PTSD and decreased pain perception for chronic pain patients. 
Additionally, results were paralleled to increased resilience scores and 
overall increased psychological well-being. The heterogeneity of study 
designs and analytic approaches of rsFC and mindfulness may explain 
inconsistencies, and future research may benefit from (1) increasingly 

Box 1 
Introduction to Resting-state fMRI Functional Connectivity. 

As reviewed in the prior section, considerable evidence suggests that mindfulness meditation modulates brain function. Many of these studies 
focused on neural activation differences between meditative states and non-meditative restful states. While less widely studied in the context of 
mindfulness meditation, functional interactions among brain regions, sometimes called inter-regional “functional connectivity” or “co-acti
vation”, is garnering increased attention in human neuroscience. Indeed, this burgeoning field is aimed toward characterizing inter-regional 
synchronized low frequency (<0.1 Hz) spontaneous fluctuations during resting, or non-task, states (Snyder and Raichle, 2012). Resting-state 
functional connectivity (rsFC) is computed as temporal relations, such as Pearson correlation, between the blood-oxygen level-dependent 
(BOLD) fMRI time series of different brain regions. Stronger temporal relations are generally interpreted as indicating greater functional 
connectivity, or interaction, between regions (Mohanty et al., 2020). 

Functional connectivity fMRI has led to the discovery of sets of highly functionally connected brain regions that are often referred to as resting- 
state brain networks or systems (Damoiseaux et al., 2006). For instance, sensory and motor regions are organized in specific networks, including 
visual, auditory, motor, and somatosensory networks (Beckmann et al., 2005). Additional networks are implicated in higher-order processes and 
include the default mode network (DMN; Raichle et al., 2001), bilateral frontoparietal network (FPN; often called the central executive network 
[CEN]; Seeley et al., 2007), and salience network (SN; Downar et al., 2002). Resting-state large-scale brain networks are hypothesized to be the 
result of differential human evolution that has favored cortical expansion of association regions. Those cortices are involved in higher-order 
top-down processes (including cognitive control). This theory is supported by the visualization of cytoarchitectural properties of those re
gions and their laminar projections which provide an estimate of underlying cortical circuits (Buckner et al., 2013). 

In the context of mindfulness research, rsFC offers new insights. For a long time, neuroscience research considered those “task-negative low 
frequency fluctuations” as noise or random (Deco et al., 2011). Biswal and colleagues analyzed resting-state fluctuations for the first time in 1995 
and discovered sets of highly co-activated neuroanatomical regions when subjects were not engaged in a task (Biswal et al., 1995). The 
observation of consistently distributed activity during a restful state led to the study of network dynamics independently from a task. Indeed, 
task-free paradigms offer the advantage of reproducibility across different populations and study designs (Deco et al., 2011; Mulders et al., 
2015). This is particularly interesting in the context of mindfulness research. Indeed, above-described mindfulness meditation fMRI activation 
studies are highly heterogenous in terms of the type of meditation practiced during fMRI acquisition by participants with different experience 
levels (Falcone and Jerram, 2018; Fox et al., 2016), and rarely relate to changes mediated by trait mindfulness (Lutz et al., 2014). RsFC offers a 
new understanding of neural correlates of mindfulness while avoiding meditation-style specific activation correlates by observing participants 
during a restful state. Spontaneous neural oscillations resulting from evolutionary structural adaptations of high specificity (Buckner et al., 
2013), differences in rsFC may indicate underlying differences in brain functioning. Indeed, rsFC can additionally be used to visualize ab
normalities in co-activation patterns (Fox and Greicius, 2010; Lee et al., 2013). Those dysregulation of brain networks are often linked to 
neuropsychiatric disorders and have been postulated to underlie neuropsychiatric symptoms (Greicius, 2008; Woodward and Cascio, 2015). 
There is a burgeoning interest in using functional connectivity methods in human neuroscience to advance neural models of myriad aspects of 
health and disease (Smitha et al., 2017). 

In this context, a growing literature reports the use of resting-state fMRI to investigate functional connectivity, and to map large-scale brain 
systems, in relation to trait mindfulness and mindfulness meditation training, and the effects of mindfulness training on physical and mental 
illness.  
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clear conceptual and operational definitions of mindfulness; (2) more 
precise and consistent seed and target definitions; and (3) consistency of 
ICA components. Additionally, consensus with the description and 
designation of rsFC networks may further improve comparisons across 
studies. Moreover, future mindfulness and brain network research will 
benefit from recent developments in approaches in this field (e.g., 
connectomics; Smith et al., 2013). Despite these limitations, preliminary 
results provide evidence for the utility of functional connectivity for 
informing neural models of mindfulness which promises to contribute to 
improved training programs and better wellbeing outcomes in both 
clinical and non-clinical contexts. Box 1. 
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