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Many philosophical and contemplative traditions teach that “living
in the moment” increases happiness. However, the default mode of
humans appears to be that of mind-wandering, which correlates
with unhappiness, and with activation in a network of brain areas
associated with self-referential processing. We investigated brain
activity in experienced meditators and matched meditation-naive
controls as they performed several different meditations (Concentration, Loving-Kindness, Choiceless Awareness). We found that the
main nodes of the default-mode network (medial prefrontal and posterior cingulate cortices) were relatively deactivated in experienced
meditators across all meditation types. Furthermore, functional connectivity analysis revealed stronger coupling in experienced meditators between the posterior cingulate, dorsal anterior cingulate, and
dorsolateral prefrontal cortices (regions previously implicated in selfmonitoring and cognitive control), both at baseline and during meditation. Our ﬁndings demonstrate differences in the default-mode
network that are consistent with decreased mind-wandering. As
such, these provide a unique understanding of possible neural mechanisms of meditation.
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ind-wandering is not only a common activity present in
roughly 50% of our awake life, but is also associated with
lower levels of happiness (1). Moreover, mind-wandering is
known to correlate with neural activity in a network of brain
areas that support self-referential processing, known as the default-mode network (DMN) (2–7). This network has been associated with processes ranging from attentional lapses to anxiety
to clinical disorders, such as attention-deﬁcit hyperactivity disorder (ADHD) and Alzheimer’s Disease (6, 8, 9). Given the
interrelationship between the DMN, mind-wandering, and unhappiness, a question arises: Is it possible to change this default
mode into one that is more present-centered, and possibly happier?
One potential way to reduce DMN activity is through the
practice of mindfulness meditation. Mindfulness, a core element
of diverse forms of meditation, is thought to include two complementary components: (i) maintaining attention on the immediate experience, and (ii) maintaining an attitude of acceptance
toward this experience (10). Speciﬁc types of mindfulness meditation have been taught in a standardized fashion for decades as a
mainstay of mindfulness training in community and clinical settings [e.g., through traditional teacher- or retreat-led mindfulness
meditation practice, mindfulness-based stress reduction (MBSR),
mindfulness-based cognitive therapy, and mindfulness-based relapse prevention] (11–15). In the present investigation, we used
three standard and commonly used meditation practices: Concentration, Loving-Kindness, and Choiceless Awareness. Through
focused attention on a single object of awareness (typically the
breath), Concentration meditation is intended to help individuals
retrain their minds from habitually engaging in self-related preoccupations (such as thinking about the past or future, or reacting
to stressful stimuli) to more present moment awareness (11).
Loving-Kindness meditation is hypothesized to foster acceptance,
both of oneself and others, as well as to increase concentration.
This type of meditation is practiced through directed well-wishing, typically by repetition of phrases such as “may (I/someone
else) be happy” (11). Choiceless Awareness is hypothesized to
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broaden the scope of mindfulness to all aspects of experience,
whether during formal meditation practice or everyday life, via
directly attending to whatever arises in one’s conscious ﬁeld of
awareness at any moment (11, 16). During such training, meditators learn to clearly identify when self-related thoughts, emotions, and body sensations are occurring, and to differentiate
identiﬁcation of these from identifying with them (e.g., awareness
that anger is present vs. “I am angry”). That is, meditators practice
noticing when they are identifying with an object, and when this
occurs, to “let go” and bring their attention back to the present
moment. Across these practices, one common aim is to reverse
the habit of mind-wandering, which has been deﬁned as “thinking
about something other than what [one is] currently doing” (1). In
other words, the meditator’s task is to remain aware from moment
to moment, and self-identiﬁcation is included in the off-task category of mind-wandering. Importantly, this information-processing task, common to all three of these meditation techniques, is
a training of attention away from self-reference and mind-wandering, and potentially away from default-mode processing.
Clinically, mindfulness training has shown beneﬁt for the
treatment of pain (13), substance-use disorders (15, 17), anxiety
disorders (18), and depression (14), and also helps to increase
psychological well-being in nonclinical populations (19). These
outcomes have been associated with changes in basic psychological processes, such as improved attentional focus (20, 21),
improved cognitive ﬂexibility (22), reduced affective reactivity
(23, 24), and modiﬁcation or shifts away from a distorted or
exaggerated view of oneself (18, 25). However, direct links between the meditative practices that are part of mindfulness
training and changes in neurobiology remain elusive. Investigation of the brain activation patterns during speciﬁc meditation
practices may help to identify potential neural mechanisms of
mindfulness training.
Previous studies have examined individuals using meditation
techniques from different traditions (e.g., Tibetan Buddhism,
Zen Buddhism, Vipassana, MBSR, and so forth), and employed
a wide variety of experimental methods, ranging from performance of different types of meditation, to introduction of emotionally charged sounds during meditation, to assessment of
functional connectivity (16, 26–30). However, given the methodological differences and, in some cases, difﬁculty in ﬁnding
appropriately matched controls, no consensus has emerged as to
what the neural correlates of meditation are or how they may
underlie the behavioral changes that have been observed after
mindfulness training.
We hypothesized that the DMN would be an important locus
of change following meditation training, based on recently
reported links between mind-wandering and increased activation
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in regions of the DMN (2, 8), and the observation that the task of
mindfulness meditation is to maintain attention on an object of
awareness and to redirect one’s attention to this object when it
has strayed (requiring both attention and cognitive control).
Speciﬁcally, we predicted that brain activation during mindfulness meditation in experienced meditators compared with their
matched controls would involve: (i) relatively reduced recruitment of the DMN, and (ii) relatively increased connectivity
between DMN and brain structures that are implicated in
monitoring for conﬂict, as well as cognitive control, such as the
dorsal anterior cingulate (dACC) and dorsolateral prefrontal
cortices (dlPFC), respectively (31, 32). To test these predictions,
we used functional MRI to assess brain activation during both
a resting state and a meditation period in experienced mindfulness meditation practitioners and controls. To determine common neural activation patterns across meditations, we scanned
participants during periods of Concentration, Loving-Kindness,
and Choiceless Awareness meditation.
Results
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General Linear Modeling Results. To test the hypothesis that meditators would show differential changes in brain activation during
meditation relative to controls, we ﬁrst performed a betweengroups whole-brain contrast analysis collapsing across the three
meditation conditions. We found relatively less activation in
meditators compared with controls in the posterior cingulate
cortex/precuneus (PCC), a primary node of the DMN (7), as well
as the superior, middle, and medial temporal gyri and uncus (Fig.
1, Fig. S1, and Table S1). We found a similar pattern in the medial
prefrontal cortex (mPFC), another primary node of the DMN,
although it did not survive whole-brain correction for signiﬁcance
(cluster size k = 33, threshold k = 43) (Fig. 1 and Table S1).
We next examined between-group differences in each meditation condition. During the Concentration meditation condition,
there was relatively less activation in meditators in the PCC and
left angular gyrus (Fig. 1D, Fig. S1B, and Table S1) compared with
controls. During Loving-Kindness meditation, there was relatively
less activation in meditators compared with controls in the PCC,
inferior parietal lobule, and inferior temporal gyrus extending into
the hippocampal formations, amygdala, and uncus (Fig. 1D,
Fig. S1C, and Table S1). During Choiceless Awareness, there was
relatively less activation observed in meditators compared with
controls in the superior and medial temporal gyrus (Fig. S1D and
Table S1).
Functional Connectivity Results. To test the hypothesis that meditators coactivate different brain regions compared with controls
when nodes of the DMN become activated, we next performed
functional connectivity analyses during both baseline and meditation periods, using a priori-deﬁned DMN seed regions from
the mPFC and PCC [Montreal Neurological Institute (MNI)
coordinates −6, 52, −2 and −8, −56, 26, respectively] (7).
Using the PCC as the seed region, across all meditation conditions we found signiﬁcant differences in connectivity patterns
Brewer et al.

Fig. 1. Experienced meditators demonstrate decreased DMN activation
during meditation. Brain activation in meditators > controls is shown, collapsed across all meditations (relative to baseline). (A and B) Activations in
the left mPFC and PCC. (C and D) Average percent signal change (± SD)
during individual meditation conditions in the mPFC and PCC, respectively:
Choiceless Awareness (green bars), Loving-Kindness (red), and Concentration
(blue) meditations. Note that decreased activation in PCC in meditators is
common across different meditation types. n = 12 per group.

with several regions, notably the dACC, (Fig. 2 E and H, Fig.
S1F, and Table S2). This pattern of differential between-group
connectivity was also found during the resting-state baseline
period, suggesting a stable pattern of connectivity regardless of
task (resting-state baseline vs. meditation) (Fig. 3, Fig. S1E, and
Table S2). We found a similar connectivity pattern between the
PCC and dlPFC at baseline (Fig. 2 I–L) that was not signiﬁcantly
different between groups during meditation because of a relatively lower strength of anticorrelations in controls (Fig. 2 M–P).
Using the mPFC as the seed region, we found increased
connectivity with the fusiform gyrus, inferior temporal and parahippocampal gyri, and left posterior insula (among other regions) in meditators relative to controls during meditation (Fig.
3, Fig. S1H, and Table S3). A subset of those regions showed the
same relatively increased connectivity in meditators during the
baseline period as well (Fig. S1G and Table S3).
Discussion
As predicted, across all mindfulness meditation conditions, the
two primary nodes of the DMN (the PCC and mPFC) were less
active in meditators than controls. We also observed meditationspeciﬁc regional differences in activation patterns, such as deactivation in the amygdala during Loving-Kindness. Finally,
using DMN seed regions, we observed distinct functional connectivity patterns in meditators that differed from controls, and
which were consistent across resting-state baseline and meditation conditions. These results suggest that the neural mechanisms underlying mindfulness training are associated with differential activation and connectivity of the DMN. As meditators
also reported signiﬁcantly less mind-wandering, which has been
previously associated with activity in the DMN, these results
support the hypothesis that alterations in the DMN are related
to reduction in mind-wandering. Finally, the consistency of
connectivity across both meditation and baseline periods suggests that meditation practice may transform the resting-state
experience into one that resembles a meditative state, and as
such, is a more present-centered default mode.
PNAS | December 13, 2011 | vol. 108 | no. 50 | 20255
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Self-Report. As expected, experienced meditators reported less
mind-wandering during meditation relative to controls [F(1,22) =
7.93, P = 0.010]. This ﬁnding was apparent for Concentration
(controls = 4.9 ± 2.9, meditators = 3.2 ± 1.3), Loving-Kindness
(controls = 5.0 ± 2.8, meditators = 3.2 ± 1.3), and Choiceless
Awareness meditation (controls = 6.0 ± 3.1, meditators = 3.4 ±
1.5). Across groups, there was also an effect of time [F(1,22) =
5.01, P = 0.036], such that reported mind-wandering was greater
during the second run of each meditation condition (Time 1 =
4.08 ± 1.9, Time 2 = 4.48 ± 2.16). Both meditators and controls
reported being able to follow the instructions to a high degree for
the Concentration (controls = 7.5 ± 2.3, meditators = 8.1 ± 1.2),
Loving-Kindness (controls = 7.5 ± 2.6, meditators = 7.8 ± 1.5),
and Choiceless Awareness meditation conditions (controls =
8.5 ± 2.0, meditators = 7.9 ± 1.3).
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Fig. 2. Experienced meditators demonstrate coactivation of PCC, dACC, and dlPFC at baseline and during meditation. Functional connectivity with the PCC
seed region collapsed across all meditation conditions, is shown in (A and I) controls at baseline; (B and J) meditators at baseline; (C and K) meditators >
controls at baseline; (E and M) controls during meditation; (F and N) meditators during meditation; (G and O) meditators > controls during meditation.
Connectivity z-scores (± SD) are shown (D) for dACC cluster from C; (H) for dACC cluster from G; (L) for left dlPFC cluster from K; and (P) for right dlPFC cluster
from K. Baseline (white bars), Choiceless Awareness (green bars), Loving-Kindness (red bars), and Concentration (blue bars) meditation conditions are shown
separately for meditators (Left) and controls (Right). n = 12/group. FWE-corrected, P < 0.05.

We deliberately restricted our meditation sample to very experienced meditators from a single practice tradition (mindfulness/insight meditation). This approach was intended to reduce
heterogeneity in meditation practices. Additional strengths of the
study include the use of three standardized meditation techniques
that are taught within this tradition, and the utilization of control
subjects that were case-matched for a number of demographic
parameters. This kind of matching increases the likelihood of
yielding results that are both valid and generalizable to individuals in the Western hemisphere. Furthermore, because experienced meditators train to be mindfully aware all of the time, and
thus may be activating similar brain regions during both restingstate and meditation, general linear modeling (GLM) analyses
may be limited because of their dependence upon a relative change
from baseline. Therefore, we employed functional connectivity
as a complementary analytic technique within a single dataset. This
convergent analysis directly addresses the limitations of baseline
conditions in previous studies.
This study has several limitations. Most importantly, the
sample size is moderately small, which typically limits the ability
20256 | www.pnas.org/cgi/doi/10.1073/pnas.1112029108

to detect small differences between conditions but increases the
chances of false or inﬂated positive ﬁndings. Notwithstanding,
we found whole-brain corrected, between-group differences, although these warrant replication before deﬁnitive conclusions
may be drawn. Additionally, the use of meditation periods that
were several minutes in length provides ecological validity to the
meditation tasks as it approximates meditators’ usual practice
more than shorter blocks and allows them to “sink into” deeper
states of meditation, and at the same time optimizes functional
connectivity analysis. However, this process de-optimizes GLM
analysis. Finally, postrun recall of behavioral performance is
limited by reporting bias. In addition, meditators may have differential awareness of the degree to which their minds wandered.
Further studies are required to better correlate temporal patterns of neural activation with ﬁrst-person reports.
From a theoretical perspective, the view of meditation as
consisting of training away from mind-wandering and self-identiﬁcation gave rise to several predictions that were conﬁrmed by
our data. First, given the primacy of the DMN in self-referential
processing (33) and mind-wandering (2, 8), our primary preBrewer et al.
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diction was that the DMN would be the main “target” of meditation practice, and that alterations in classic DMN activity
would be found in experienced meditators relative to controls.
Indeed, although not consistently, prior work has suggested
alterations in DMN following brief meditation training and in
experienced meditators (18, 25, 34). For example, consistent with
previous reports of PCC activation during “selﬁng” tasks (33),
Pagnoni et al. showed relative activation in the PCC in Zen
meditators plus controls when viewing words vs. scrambled
nonword letters when meditating, although no between-group
differences were found (34). Furthermore, Farb et al. reported
that individuals who had received 8 wk of MBSR demonstrated
relative deactivation of the PCC when performing a task in which
they engaged in awareness of thoughts, feelings, and body sensations when reading personality trait adjectives, compared with
determining what the words meant to them personally (25).
However, to date no studies have reported alterations in DMN
activation or functional connectivity during meditation itself.
Clarifying this prior work, our data are unique in that they
provide direct evidence for this prediction, as meditators showed
relatively decreased activation in the mPFC and PCC, the two
primary nodes of the DMN during meditation. This ﬁnding is
especially salient as meditators reported signiﬁcantly less mindwandering during meditation periods relative to controls. Taken
together, and inasmuch as activity in DMN regions reﬂects selfreferential processing and mind-wandering, the current data
suggest that meditators are engaged in these processes less than
their control counterparts.
A second prediction that emerged from the view of mindfulness as a task of monitoring and letting go of self-referential
thought to keep present-focused attention, was that experienced
meditators would be more likely to activate “task-positive” brain
regions, such as those implicated in conﬂict monitoring, working
memory, and cognitive control (8, 35–37). However, as noted
above, we believe that this may be because of the dependence
of GLM analysis on activity during baseline. Our baseline-independent functional connectivity analyses directly addressed
this confound. We found that relative to controls, meditators
showed increased connectivity between PCC and task-positive
regions, during resting-state baseline and all meditation conditions, including those involved in conﬂict monitoring, cognitive
control, and working memory (dACC and dlPFC) (8, 32, 35, 38).
These ﬁndings suggest that meditators may be on-task regardless
of condition, which also provides a possible explanation for the
relative paucity of between-group differences that were observed
with GLM analyses. Importantly, this increased connectivity with
the dACC and dlPFC was not seen using the mPFC as the seed
region, which is consistent with the purported role of the mPFC
in integrating information gathered from the internal and external environment and relaying it to the PCC, rather than being
directly involved in self-related processing (33, 39, 40). Interestingly, a study using independent component analysis to
Brewer et al.

assess functional connectivity during a “mindful awareness” scan
after an 8-wk MBSR course was recently reported (41). Similar
to our mPFC seed-region results, the authors found increased
connectivity between the mPFC and primary interoceptive
awareness regions, including the posterior insula. However, the
authors did not ﬁnd increased connectivity with other DMN
regions, such as the PCC. Several possible explanations for this
difference include: (i) the use of different analytic tools (independent component analysis vs. a PCC seed region for connectivity analysis); (ii) the brief duration of meditation training
(8 wk); and (iii) the speciﬁc emphasis on mindful awareness of
sounds in the task instructions, among others.
Although direct links between white-matter tract integrity (e.g.,
diffusion tensor imaging), brain volume, and functional connectivity are just beginning to be established, several recent studies of
meditation using these measures may support our ﬁndings. For
example, Tang et al. showed improved white-matter tract integrity
in the ventral anterior cingulate and dACC after just 11 h of Integrative Body-Mind Training meditation (42). In addition, Luders et al. found increased white-matter integrity in the dACC,
among others in experienced meditators compared with controls
(43). Regarding gray-matter density, in an exploratory analysis
of individuals who had received MBSR, Holzel et al. found increased gray-matter concentration in the PCC (44). Furthermore,
Luders et al. found increased gray-matter concentration in the
inferior temporal gyrus in experienced meditators (45). Taken
together, these studies of neuronal integrity and brain concentration may corroborate our ﬁndings, as these regions were shown
to have increased connectivity in the present study.
The ﬁndings from this study support the default-mode interference hypothesis, which states that the DMN can persist or
reemerge during goal-directed tasks “to such an extent that it
competes with task-speciﬁc neural processing and creates the
context for periodic attentional intrusions/lapses and cyclical
deﬁcits in performance” (46). This hypothesis has been built
from observations of decreased activity in the task-positive network and increased activity in the DMN during mindlessness (2,
8), and has been further supported by the demonstration that
stimulant (nicotine) administration enhances attention by deactivating areas of the DMN, such as the PCC (47). More importantly, pathological states have shown altered DMN connectivity
and anticorrelations with the task-positive network (48). However,
to our knowledge, no studies have shown convergence of the two
networks, in states of well-being or otherwise. With reduced selfreported mind wandering, decreased mPFC and PCC activation
during meditation, and increased connectivity patterns between
DMN and self-control regions of the brain, our data provide
corollary support for the interference hypothesis. Moreover, our
functional connectivity data speculatively suggest that meditation
practice may couple primary nodes of these networks in a potentially beneﬁcial way. One possibility is that PCC is temporally
linked to self-control regions such that when regions of the DMN
PNAS | December 13, 2011 | vol. 108 | no. 50 | 20257
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Fig. 3. Experienced meditators demonstrate coactivation of mPFC, insula, and temporal lobes during meditation. Differential functional connectivity with
mPFC seed region and left posterior insula is shown in meditators > controls: (A) at baseline and (B) during meditation. (C) Connectivity z-scores (±SD) are
shown for left posterior insula. Choiceless Awareness (green bars), Loving-Kindness (red), and Concentration (blue) meditation conditions are shown separately. For each color, baseline condition is displayed on the left and the meditation period on right. n = 12/group. FWE-corrected, P < 0.05.

emerge to “interfere” with a task, control regions may coactivate
to monitor and dampen this process. This coactivation of monitoring/control regions along with nodes of the DMN may, over
time, become a new “default mode” that can be observed during
meditation as well as during the resting state.
Finally, the ﬁndings from this study have several clinical implications, as a number of pathological conditions have been
linked to dysfunction within areas of the DMN (for a review
see ref. 6). For example, ADHD is characterized by attentional
lapses. The majority of research on the pathophysiology of
ADHD has centered on frontal-striatal circuitry (49), but recent
studies have begun to explore other mechanisms, including activity in and connectivity with nodes of the DMN (9). In particular, Castellanos et al. found decreases in correlations between
the PCC and dACC in individuals with ADHD (9). Individuals
who have undergone mindfulness training, during which they try
to minimize attentional lapses, may be an interesting contrast
to those with ADHD. Indeed, mindfulness training has shown
preliminary efﬁcacy in treating this disorder, but how it affects
brain function in individuals with ADHD remains unknown (50).
Our data raise the intriguing possibility that mindfulness may
help to enhance PCC–dACC connectivity in individuals with
ADHD, which may correlate with reduced attentional lapses.
Another pathological condition that has been connected to
DMN activity is Alzheimer’s disease. Sustained neuronal activity
has recently been linked to increased amyloid-β deposition (51).
Results from our study suggest that meditation may decrease
DMN activity in a relatively speciﬁc manner, using simple instructions and at low cost. As such, meditation may also bring with
it the advantage of being accessible to many individuals, regardless
of educational and economic background. Of course, prospective
studies will be crucial in demonstrating this effect experimentally,
and determining if meditation can delay the onset of Alzheimer’s
disease. Regardless of potential clinical implications, our ﬁndings
demonstrate group differences in the DMN that are consistent
with a decrease in mind-wandering in experienced meditators, and
provide a basis for a new understanding of the neural bases of
mindfulness meditation practice.
Methods

Downloaded by guest on November 27, 2021

Subjects. Twelve right-handed individuals with > 10 y and an average of
10,565 ± 5,148 h of mindfulness meditation experience, and 13 healthy
volunteers were recruited to participate. Right-handed meditation-naive
controls were case-control matched for country of origin (United States),
primary language (English), sex, age, race, education, and employment
status. One control participant did not follow directions and was removed
before any analyses were performed. With the exception of a single mismatch in sex and age, respectively, all participants were well-matched (e.g.,
within 3 y of age of their match; see Table S4). All participants gave informed consent in accordance with the procedures of the Yale University
Human Investigation Committee.
Task. Just before scanning, all participants were introduced to three standard
mindfulness meditation instructions: (i) Concentration: “Please pay attention
to the physical sensation of the breath wherever you feel it most strongly in
the body. Follow the natural and spontaneous movement of the breath, not
trying to change it in any way. Just pay attention to it. If you ﬁnd that your
attention has wandered to something else, gently but ﬁrmly bring it back to
the physical sensation of the breath.” (ii) Loving-Kindness: “Please think of
a time when you genuinely wished someone well (pause). Using this feeling
as a focus, silently wish all beings well, by repeating a few short phrases of
your choosing over and over. For example: May all beings be happy, may all
beings be healthy, may all beings be safe from harm.” (iii) Choiceless
Awareness: “Please pay attention to whatever comes into your awareness,
whether it is a thought, emotion, or body sensation. Just follow it until
something else comes into your awareness, not trying to hold onto it or
change it in any way. When something else comes into your awareness, just
pay attention to it until the next thing comes along” (11). Participants
practiced each meditation type outside of the scanner and conﬁrmed that
they understood and could follow the instructions before proceeding. Each
run began with a 2-min resting-state baseline period (“please close your eyes
and don’t think of anything in particular”), which is consistent with standard
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resting-state induction procedures (3, 9, 36). This state was followed by a
30-s recorded meditation instruction (as above), and a 4.5-min meditation
period. Every subject performed each meditation twice. Meditation conditions
were presented in a random order, but the second instance of each meditation was blocked (i.e., AABBCC). After each run, participants were asked to
rate how well they were able to follow the instructions and how much their
mind wandered during each meditation period on a scale of 0 to 10.
Statistical Analysis of Self-Report Data. We performed multivariate ANOVA
using SPSS 18 (SPSS, Inc.). All tests of signiﬁcance are reported as two-tailed
and means are reported with ± SD.
Imaging Data Acquisition. Functional and structural data were acquired on
a 3T TRIO Siemens MRI scanner (Siemens Healthcare) located at Yale’s
Magnetic Resonance Research Center. A high-resolution, 3D Magnetization
Prepared Rapid Acquisition Gradient Echo (MPRAGE) T1-weighted sequence
was used to acquire anatomical images [TR = 2,530 ms; echo time (TE) = 3.66
ms; Flip angle = 7°; Field of view = 256 × 256 mm; Matrix = 256 × 256; 176
1-mm slices]. Blood oxygen level-dependent (BOLD) functional images were
acquired with a T2*-sensitive echo-planar image (EPI) gradient-echo pulse
sequence (TR = 2,000 ms; TE = 25 ms; Flip angle: 85°; Field of view = 220× 220
mm; Matrix = 64 × 64; and 32 4-mm slices). Each functional run consisted of
210 volumes, including an initial rest period of 10 s (to achieve signal stability) that was removed from the data before preprocessing.
Imaging Data Processing. Functional images were subjected to standard
preprocessing using SPM5 (Wellcome Department of Cognitive Neurology)
following our prior published methods (e.g., ref. 38), which included the
following steps: slice scan-time correction to the middle slice of each volume;
a two-pass realignment of all functional images, ﬁrst to the ﬁrst image of
the ﬁrst functional scan, and then to an interim computed mean image;
coregistration of the anatomical image and the average of these realigned
functional images; coregistration of all functional images using the parameters obtained from coregistration of the mean image; application of the
SPM Uniﬁed Segmentation process to the anatomical scan, using prior information from the International Consortium for Brain Mapping Tissue
Probabilistic Atlas and estimation of nonlinear warping parameters (52);
warping the functional images to the MNI template space, followed by
smoothing of functional images using a 6-mm isometric Gaussian kernel.
GLM Data Analysis. First-level robust regression was performed on each
participant’s preprocessed images, using the standard GLM but with iteratively reweighted least squares using the bisquare weighting function for
robustness (38, 53), as implemented in MATLAB 7.3 (Mathworks; robust.m),
using scripts created by the authors (H.K. and J.W.). Motion parameters and
high-pass ﬁlter parameters were added as additional regressors of no interest. Activity during each meditation epoch was estimated as percentage
of signal change from resting baseline. Next, a second-level, random-effects
analysis was performed to estimate group activity during each meditation
epoch, and to compare activity between groups, using NeuroElf (NeuroElf.
net). Results are familywise error (FWE)-corrected for multiple comparisons
at P < 0.05, unless otherwise indicated.
Functional Connectivity Analysis: Region-of-Interest Deﬁnition. To assess the
connectivity of brain regions with the DMN, we deﬁned two regions of interest (ROIs) in the mPFC and PCC (MNI coordinates −6, 52, −2 and −8, −56,
26, respectively), based on DMN coordinates reported previously (e.g., ref.
7). Given that these were located very close to the midplane (x = 0) we
combined right and left mPFC and PCC respectively by selecting all voxels
within a sphere of 10-mm radius around coordinates projected orthogonally
onto the midplane (x = 0) of the brain.
Deﬁnition of Temporal Segments of Interest. To determine differences in
network connectivity, we deﬁned three temporal epochs of 50 volumes/100 s
each, as follows: (i) resting-state baseline (“please close your eyes and don’t
think of anything in particular”; the epoch before the instruction to meditate; volumes 6 through 55); (ii) an initial meditation phase (immediately
following the instruction; volumes 76–125); and (iii) a later meditation phase
(at the end of each of the meditation sessions; volumes 158–207). For each of
these segments, seed-correlations were then computed.
ROI Time-Course Preparation. For each of the six meditation sessions (three
types with one repetition each), the average time course of the ROIs was
extracted for the three different 50-volume/100-s segments. To ensure that
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Generation of First-Level Seed-Correlation Maps. To assess connectivity and
between-group differences, separate multiple linear regression models were
computed for each of the segment-by-ROI pairs. The models contained the
ROI time course as covariate of interest and the respective white-matter time
course as covariate of no interest (to account for ﬂuctuations most likely
driven by global signal changes). For each of these models a z-map was
computed, reﬂecting the z-score in each voxel, assessing the likelihood of
signal changes being correlated to the seed under the null hypothesis. The
two homonymous maps (stemming from the two segments of equal meditation technique; for example, early meditation for the two Loving-Kindness
runs) were combined using Stouffer’s z-method. The rationale behind this
approach is that under the null hypothesis (no effect for simple tests and no
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differential effect for task-difference tests) this measure is normally distributed around 0, a prerequisite for subsequent second-level analyses.
Second-Level Random-Effects Statistical Analysis. Using these correlation maps
(the initial nine maps per subject, based on three meditation types and three
parts of the time courses—baseline, early, and late meditation—which were
condensed into six maps, whereas the early and late correlation maps were
combined using the Stouffer z-method), we computed between-group differences for the three meditation types.
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maps representing the covariance (correlation) between regions and other
brain areas were as unbiased as possible toward spurious positive correlation,
the average time course of all white-matter voxels was also extracted. White
matter is typically considered to not show any BOLD-related changes, so that
any signal variation in these areas is usually attributed to noise components.
Therefore, the ROI time courses were orthogonalized against this whitematter time course.

