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Abstract
Objective—Mindfulness meditation training has been previously shown to enhance behavioral
measures of executive control (e.g. attention, working memory, cognitive control), but the neural
mechanisms underlying these improvements are largely unknown. Here, we test whether
mindfulness training interventions foster executive control by strengthening functional
connections between dorsolateral prefrontal cortex (dlPFC) - a hub of the executive control
network – and frontoparietal regions that coordinate executive function.
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Methods—Thirty-five adults with elevated levels of psychological distress participated in a 3 day
RCT of intensive mindfulness meditation or relaxation training. Participants completed a resting
state fMRI scan before and after the intervention. We tested whether mindfulness meditation
training increased resting state functional connectivity (rsFC) between dlPFC and frontoparietal
control network regions.
Results—Left dlPFC showed increased connectivity to the right inferior frontal gyrus (T = 3.74),
right middle frontal gyrus (T = 3.98), right supplementary eye field (T = 4.29), right parietal cortex
(T = 4.44), and left middle temporal gyrus (T = 3.97; all p<0.05) following mindfulness training
relative to the relaxation control. Right dlPFC showed increased connectivity to right middle
frontal gyrus (T = 4.97, p < 0.05).
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Conclusions—We report that mindfulness training increases rsFC between dlPFC and dorsal
network (superior parietal lobule, supplementary eye field, MFG) and ventral network (right IFG,
middle temporal/angular gyrus) regions. These findings extend previous work showing increased
functional connectivity amongst brain regions associated with executive function during active
meditation by identifying specific neural circuits in which rsFC is enhanced by a mindfulness
intervention in individuals with high levels of psychological distress.
Trial Registration—Clinicaltrials.gov (#NCT01628809)
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mindfulness; resting state functional connectivity; executive control
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Mindfulness meditation interventions, which train the capacity for an open and receptive
attention toward present-moment experience, produce many positive physical and
psychological health effects, including increased stress resilience and greater executive
control (1–3). However, the specific aspects of mindfulness training that increase executive
control – and their underlying neural mechanisms – have yet to be fully elucidated. One
promising candidate brain region that may underlie the enhanced executive function
observed with mindfulness practice is the dorsolateral prefrontal cortex.
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Dorsolateral prefrontal cortex (dlPFC), a key region in the central executive network (a
neural network that activates during tasks requiring executive control), is broadly implicated
in the regulation of attention, decision making, working memory, and cognitive control (4),
and is the key hub of a dorsal neural pathway for the control of behavior (5). Moreover, a
growing body of literature shows that dlPFC is active during meditative states, including
focused attention meditation practices (6,7), open-monitoring mindfulness meditation
practices (8), and in response to affective stimuli in trained meditators (9). This suggests a
dlPFC-specific pathway by which mindfulness may encourage executive control, which is
further supported by recent evidence that mindfulness training enhances functional coupling
between dlPFC and default mode network regions (10), as well as behavioral evidence that
mindfulness increases performance on various cognitive tasks, including attention and
working memory (11,12), self-regulation (12), and perceptual discrimination (11) (although
not all studies have shown beneficial effects of mindfulness on executive function tasks
(13,14)). As mindfulness trains the capacity for focused attention as well as open monitoring
– cognitive processes that recruit dlPFC as well as dorsal and ventral regions for cognitive
control, e.g. parietal cortex, superior temporal cortex, ventrolateral prefrontal cortex –
increased functional coupling between dlPFC and these regions may be a neural mechanism
underlying the enhanced executive control outcomes observed with mindfulness training. A
hypothesis not previously explored in the literature is that mindfulness fosters greater
executive control (e.g. attention, working memory, emotion regulation, cognitive control) by
strengthening the intrinsic functional connections between dlPFC and the dorsal and ventral
frontoparietal control regions that coordinate executive control – specifically, intraparietal
sulcus, frontal and supplementary eye fields, posterior parietal cortex, temporoparietal
junction, ventrolateral frontal cortex, and inferior frontal gyrus.
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Dorsolateral PFC has functional and anatomic connections to networked regions for
attention and cognitive control, including dorsal regions (e.g., bilateral intraparietal sulcus,
frontal and supplementary eye fields, and superior and posterior parietal cortex) involved in
top-down directing of attention to specific inputs, and ventral regions (e.g., right-lateralized
temporoparietal junction, ventral frontal cortex, superior temporal gyrus, and inferior frontal
gyrus), thought to be responsible for monitoring and reorienting attention in response to
salient stimuli (4,15,16). Anatomical tracing studies in primates demonstrate that dlPFC
(primate brain area 9 and 46) is densely connected to these regions, with axonal tracts
projecting to cingulate cortex, lateral prefrontal cortex, superior, middle and inferior frontal
gyri, premotor and supplementary motor areas, orbitofrontal cortex, and insular cortex (17).
Yet, no research has evaluated how mindfulness training might modulate dlPFC resting state
functional connectivity to these key ventral and dorsal frontoparietal control network
regions.
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Resting state functional connectivity (rsFC) has proven to be a robust method of evaluating
inter-regional dynamics. It has the advantage of being task-independent, reliable, and shows
consistent correlations with known functional and structural topography (18,19), and is thus
an ideal tool for investigating dlPFC functional connections in the context of mindfulness
training, allowing us to build a functional network-based account of mindfulness effects for
cognitive control. Previous studies provide evidence that dlPFC resting state functional
connectivity changes with mindfulness; specifically, increased coupling is observed between
dlPFC and default mode network regions (e.g. dorsal anterior cingulate, posterior cingulate
cortex), consistent with decreased mind-wandering and increased capacity for attentionshifting in experienced meditators (10,20,21).
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In addition to these studies of mindfulness-associated dlPFC functional connectivity
changes, clinical studies have shown that dlPFC resting state functional connectivity is
altered by neuropsychiatric conditions; in schizophrenia, rsFC is reduced between dlPFC
and parietal cortex, posterior cingulate, thalamus, and striatum, and increased between
dlPFC and paralimbic structures as well as left temporal lobe (22). In euthymic bipolar
disorder patients, right dlPFC-medial PFC rsFC is increased relative to controls (23). In
patients with chronic hallucinations, reduced rsFC is observed between right dlPFC and
right IFG (24). In all these conditions, altered dlPFC rsFC is thought to underlie the
cognitive changes associated with these disorders, including working memory deficits,
emotion regulation, and somatosensory processing. Although no studies have directly tested
for dlPFC alterations after mindfulness training, there are studies showing that these
executive functions are enhanced by mindfulness training (11,12,25). Moreover, there is
evidence that dlPFC functional connectivity changes may relate to behavioral measures of
executive control; during a 2-back working memory task, decreased FC between right dlPFC
and left inferior parietal cortex and increased FC between left dlPFC and the right inferior
temporal lobe was observed in autistic subjects relative to a control group (26). Finally,
dlPFC activity has been shown to be stress-sensitive; acute psychological stress decreases
dlPFC activity during working memory tasks, indicating a shift of neural resources away
from executive control network regions (27). Chronic psychosocial stress disrupts functional
connectivity between dlPFC and other frontoparietal network regions associated with
attentional shifts; significantly, this disrupted connectivity was shown to be reversed after 1
Psychosom Med. Author manuscript; available in PMC 2018 July 01.
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month of decreased stress, indicating that stress-related changes in dlPFC connectivity are
highly plastic (28). Therefore, it is plausible that a mindfulness training intervention in a
high-stress sample could reverse stress-related decreases in dlPFC resting state functional
connectivity.
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To test this possibility, we developed a well-controlled training format for evaluating
mindfulness meditation training effects on the brain in a high-stress community sample by
adapting 8-week mindfulness meditation and relaxation training programs (1,29,30) to a 3day residential retreat format. We recruited high stress unemployed job-seeking adults and
randomized them to either a 3-day mindfulness meditation training program or a matched 3day relaxation training lacking a mindfulness training component, allowing us to test for
effects specific to mindfulness training and not general relaxation. This approach improves
study internal validity by increasing experimental control of treatment delivery (as both the
meditation and relaxation programs were delivered at the same time in the same relaxing
retreat setting) and fosters improved treatment compliance and reduced participant attrition
in hard-to-reach-and-retain high-stress patient populations. In initial work from this study,
we focused on the effects of mindfulness on resting state default mode network connectivity
(10). We now expand upon this work by probing dlPFC functional connectivity to specific a
priori defined brain regions of interest in intraparietal sulcus, frontal eye fields, posterior
parietal cortex, temporoparietal junction, ventrolateral frontal cortex, middle and inferior
frontal gyrus. To investigate how mindfulness training may modulate resting state functional
connectivity of the dlPFC, we tested the hypothesis that this high-stress unemployed sample
of community adults would show increased connectivity between dlPFC and regions that
comprise resting state dorsal and ventral attention and executive function networks
previously identified in the literature (intraparietal sulcus, frontal and supplementary eye
fields, posterior parietal cortex, temporoparietal junction, ventrolateral frontal cortex, and
inferior frontal gyrus) (31–33) after a mindfulness training intervention, relative to a wellmatched relaxation control program.
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Methods
Participants
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Thirty-five stressed unemployed job-seeking community adults (who indicated moderate to
high levels of perceived job-seeking stress over the past month, scoring >9 on an adapted 4item Perceived Stress Scale (PSS) for job-seeking stress; i.e., “In the last month, how often
have you felt confident about your ability to handle your job-related problems?” α=.6)
participated in a single-blind RCT of 3-day intensive mindfulness meditation or relaxation
training (see Table 1 for participant characteristics). Participants were recruited via
newspaper advertisements and through employment agencies in Pittsburgh, PA. Participants
were also English-speaking, had no pre-existing health conditions, were willing and
available to participate in all study assessments, and were willing to be randomly assigned to
one of two study conditions. Callers who met these qualifications were invited to come to
Carnegie Mellon University for an in-person screening interview and baseline assessment,
where the full study procedures were explained. Interested participants provided informed
consent. A more in-depth screening interview followed, including assessments of basic
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cognitive ability, right- or left-handedness and internal metal content (for fMRI eligibility),
employment background (to probe for unemployment-related stress), medical history, and
health behavior. Subjects taking psychotropic medications were excluded. Demographic
information was collected as well, including age, race, education, income, and marital and
family status. Qualified participants completed a baseline psychosocial assessment on their
own, described below. Participants were compensated $20 for this assessment. Figure 1
depicts the flow of participants through the RCT. This study was approved by the Carnegie
Mellon University Internal Review Board and all participants provided written informed
consent.
Procedure
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We conducted this RCT between December 2010 and October 2011. Beginning four weeks
before the 3-day training intervention, participants completed a baseline neuroimaging
session. All participants began with a 5-minute resting state scan (where they passively
viewed a fixation cross), followed by several functional tasks in counterbalanced order and
an 8-minute perfusion MRI scan (the results of these tasks will be reported in separate
papers). After neuroimaging, participants were invited to a nearby residential retreat center
where they were randomized to either a 3-day intensive mindfulness meditation training
(N=18) or matched 3-day relaxation residential retreat intervention (N=17) (described in
Interventions below). Only the participant, project manager, treatment program staff
members, and the treatment program instructor were aware of the participant’s study
condition. Participants returned for a neuroimaging assessment within two weeks of
completing the 3-day intervention and completed an identical scanning procedure as at
baseline, including the same 5-minute resting state scan. At both neuroimaging sessions,
participants were instructed to passively view a fixation cross during the resting state scan
period and not to sleep or engage in any meditation or relaxation practices (which was
verbally confirmed in all participants at the conclusion of the neuroimaging session). 97% of
randomized participants were retained at the post-intervention neuroimaging assessment
(3% study attrition). As part of the larger study, participants completed a comprehensive
battery of psychosocial measures and provided a blood draw at baseline and at 4-month
follow-up; the present report focuses on testing how mindfulness meditation training
changes rsFC patterns using the 5-minute resting state BOLD scan at baseline and in the two
weeks following the 3-day intensive training period (post-intervention).
Interventions
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We adapted the standardized and manualized 8-week Mindfulness-Based Stress Reduction
(MBSR) program (which includes a day-long retreat) (1,29) into a condensed 3-day
residential retreat format, entitled Health Enhancement through Mindfulness (HEM).
Delivery of the HEM program in a structured residential retreat format improves compliance
with training, reduces treatment attrition, and greater experimental control is afforded by
offering a parallel matched relaxation training retreat (in a separate wing of the retreat
center). The HEM instructor was a doctoral level psychologist with 7 years of MBSR
teaching experience. Briefly, the HEM program consists of mindfulness training through
body scan awareness exercises, sitting and walking meditations, mindful eating, and mindful
movement (gentle hatha yoga postures). After each formal meditation period, participants
Psychosom Med. Author manuscript; available in PMC 2018 July 01.
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engaged in discussion of their observations about themselves and the practices. The
instructor modeled and encouraged attitudes to foster mindfulness, such as letting go of
judgment and expectations, cultivating self-care, patience, and friendly curiosity toward
present moment experience. On the third day, formal meditation practices were extended to
discussions about how participants could use mindful awareness for their unemployment and
job-seeking stress.
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We developed a structurally matched Health Enhancement through Relaxation (HER)
program that included similar behavioral training activities (e.g., walking, stretching, and
didactics) as HEM, but all trainings emphasized participation in these activities in a restful
way rather than a mindful way and did not include progressive muscle relaxation. The HER
program instructor was a licensed social worker with over 2 decades of clinical experience in
stress management. The use of a structurally-matched active comparison group was
designed to control for non-mindfulness specific factors, such as positive treatment
expectancies, group support, teacher attention, physical activity, and mental engagement.
Image Acquisition
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Structural and functional images were acquired on a Siemens Verio 3T scanner using a 32channel head coil. High-resolution T1-weighted gradient-echo images were acquired at the
start of the scanning session, with a slice orientation of AC-PC aligned, temporal lobes up
(TR=1800ms, TE=2.22ms, flip angle= 9°, matrix size= 256×256, number of slices= 256,
FOV= (205mm, 0.8mm thick slices), GRAPPA acceleration factor PE= 2, voxel size=
0.8×0.8×0.8mm). Four functional echo-planar imaging runs were acquired, including a 300
second resting state scan (TR=2000ms, TE=30ms, flip angle=79°, matrix size=64×64,
number of slices=36, FOV= 205mm, 3.2mm thick slices EPI with rate 2 GRAPPA, voxel
size=3.2mm × 3.2mm × 3.2mm).
Image Preprocessing
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Functional BOLD data were processed using SPM8 (Welcome Department of Cognitive
Neurology, London, UK; implemented by MATLAB, MathWorks, Inc., Natick, MA, USA).
First, the data were realigned to the mean image of the first run and then smoothed with a
4mm FWHM Gaussian kernel to be in the preferred format for the motion correction
program, ArtRepair. Data were then submitted to motion correction using the ArtRepair
utility (34,35), an interpolation-based motion correction utility program. Motion correction
in ArtRepair followed a two-step process. In the first step, an algorithm was applied to each
run of data to suppress interpolation errors due to large motion. The algorithm applied a
larger correction to edge-wise voxels than to central voxels, since the effects of motion on
BOLD signal are most pronounced in these areas. In the second step, TRs with large
amounts of fast motion or large global signal variation were flagged for repair. A default
motion threshold of 1mm was used, so that TRs with motion greater than 1mm were flagged
for repair. Repair of the data was done through linear interpolation, so that volumes flagged
for repair were filled in with the average signal value from the two nearest unrepaired TRs.
After motion correction the functional data was normalized to the standard Montreal
Neurological Institute (MNI) T1 template using indirect normalization, in which the
functional images were first coregistered to the MPRAGE, and then the MPRAGE was
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normalized to the T1 template. Finally, the images were smoothed a second time with a
7mm FWHM kernel, resulting in an overall FWHM smoothing of 8mm (34).
Connectivity and Data Analyses
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Preprocessing of images was conducted in SPM8 (Welcome Department of Cognitive
Neurology, London, UK; run on MATLAB, MathWorks, Inc., Natick, MA, USA) and rsFC
analysis was conducted using the CONN toolbox (36). The CONN toolbox estimates
orthogonal time series using principal component analysis of the BOLD signal in each noise
ROI. At the single subject level, functional connectivity was measured by calculating the
average BOLD time series across all voxels in each seed region and calculating a bivariate
correlation between each seed region of interest and every other voxel. A hemodynamic
response function was used to weight down the initial scans within each resting state block
to minimize potential ramping effects. Seed regions were defined by creating 8mm spheres
around peak coordinates of four dlPFC clusters. We defined bilateral ROIs based on a
previous study of resting state functional connectivity that showed increased dlPFC
connectivity in meditators versus controls, to investigate dlPFC-associated rsFC that may be
mindfulness-specific (MNI coordinates = 42, 21, 14; −48, 36, 15) (20). In order to also
investigate dlPFC regions classically associated with executive control, we identified two
additional ROIs by searching the features “attention” and “executive control” in the
Neurosynth database (MNI = 32 50 12; −28 0 54) (37–39). Using Neurosynth to identify
ROIs adds the value of an automated meta-analysis (including resting state and task-based
studies) to identify neural regions that have been associated with features of interest (i.e.
“attention”). See Table 2 for a complete list of ROIs and MNI coordinates. Seeded resting
state BOLD fMRI images were then applied in a group-level flexible factorial analysis in
SPM8 with two factors specified, time (pre- and post-intervention) and group (HEM vs HER
groups). We generated a time-by-group ordinal interaction contrast that tested for baseline to
post-intervention decreases in rsFC in the HEM program (relative to the HER program)
using contrast weights: [1(pre,HEM), 1(pre,HER), −3(post, HEM), 1(post,HER)]. Clusterlevel correction for multiple comparisons was obtained using a Monte Carlo simulation
implemented by AlphaSim (National Institute of Mental Health, Bethesda, Maryland).
AlphaSim was implemented with an anatomical ROI mask (generated using the Wake Forest
University Pickatlas, that covered middle frontal cortex, inferior frontal cortex, superior and
posterior parietal lobule, and middle temporal cortex) using an 8mm smoothing kernel and
10000 iterations. Regions included in this anatomical ROI mask were selected based on
previous literature identifying resting state networks associated with executive function and
attention (32). Significant clusters (P < 0.05, corrected) were defined as those involving k >
22 contiguous voxels, each at P < .005.
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Results
It was predicted that mindfulness meditation training (relative to a well-matched relaxation
training program without a mindfulness component) would increase rsFC between dlPFC
and ventral and dorsal [executive control] system regions (intraparietal sulcus,
supplementary and frontal eye fields, posterior parietal cortex, temporoparietal junction,
ventrolateral prefrontal cortex) in stressed, unemployed community adults. Consistent with
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this prediction, left dlPFC (MNI = −48, 36, 15) showed increased connectivity to the right
inferior frontal gyrus (or vlPFC, a key ventral attention control region) (p<0.05, k=28,
corrected for multiple comparisons; Table 3, Figure 2). Left dlPFC (MNI = −28, 0, 54) also
showed increased rsFC to the right middle frontal gyrus (k=34), right supplementary eye
field (k = 38) and right superior/posterior parietal cortex (k = 23) (dorsal attention network
regions) (p<0.05, corrected for multiple comparisons; Table 3, Figure 3), and to the left
middle temporal gyrus (p<0.05, k=52, corrected for multiple comparisons; Table 3, Figure
3) following mindfulness training relative to the relaxation control group. This pattern of
mindfulness-associated increased rsFC supports the idea that mindfulness may modulate
task-independent functional connectivity between executive and attentional brain regions.
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Right dlPFC (MNI = 32, 50, 12) showed increased connectivity to right middle frontal gyrus
(p < 0.05, k = 30, corrected for multiple comparisons; Table 3, Figure 4). Right dlPFC
cluster (MNI = 42, 21, 24) showed no significant time by group differences in resting state
functional connectivity. For all dlPFC seed regions, no significantly reduced pre-post rsFC
with other brain regions was observed in the mindfulness training group relative to the
relaxation control group (p < 0.05, k > 22, corrected for multiple comparisons).

Discussion
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Here we report that mindfulness training, relative to a well-matched relaxation control
intervention, increases resting state functional connectivity between dlPFC and dorsal
network (superior parietal lobule, supplementary eye field, MFG) and ventral network (right
IFG, middle temporal/angular gyrus)-associated regions. Consistent with our hypotheses,
these findings broadly suggest that brief mindfulness training increases functional
connectivity between a hub in the executive control network (the dlPFC) and dorsal and
ventral corticolimbic circuits involved in cognitive control. These findings build upon
previous work showing that functional connectivity amongst broadly distributed brain
regions associated with attention, interoception, and emotional processing increases during
active meditation (40), and that dlPFC connectivity is strengthened following stressreduction interventions (27), by identifying specific neural circuits in which resting state
functional connectivity is enhanced by a mindfulness training intervention in a high-stress
participant sample.
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The superior parietal cortex, supplementary eye fields, and MFG are key regions
functionally connected to left dlPFC and associated with a dorsal circuit for goal-directed,
sustained control of behavior and attention allocation (5). Strong coactivation is particularly
reported between dlPFC and parietal cortex; posterior and superior parietal regions play a
role in spatial orientation and focused visuospatial attention, and the dlPFC-posterior
parietal pathway is thought to be engaged when extra cognitive control is required to process
incoming stimuli and select behavioral outputs (41). One of the primary skills trained by
mindfulness is focused attention, and focused attention meditation has been previously
associated with increased dlPFC activity (6). Increased resting state functional connectivity
between dorsal stream regions and dlPFC suggests that the focused attention trained by
mindfulness may be enhancing the ability of dlPFC to exert top-down control for attention
and action selection via strengthening of this dorsal neural circuit.
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The SEF has direct anatomical projections to dlPFC (42), and plays a functional role in
planning saccadic eye movements, updating and error monitoring for movement plans, and
mapping stimulus-response associations for cognitive-behavioral learning (43,44). Our
finding of greater rsFC between the SEF and dlPFC may reflect greater executive control
over action output (in particular, modifying behavior based on visual stimuli) reported
among mindfulness-trained subjects (although we do not measure executive control in the
present study). As previously discussed, SEF is considered part of a dorsal frontoparietal
attention network that also includes dlPFC and posterior parietal cortex, including the
superior parietal lobule (45). SEF activity is observed during both attention shifting
(requiring a saccade) and peripheral attention tasks that do not require a saccadic eye
movement (44), indicating a broader role for SEF in attentional processes, such as the
focused attention and open monitoring trained by mindfulness. Of note, previous studies
have shown that the SEF shows increased functional connectivity specifically to the left
superior parietal lobule during active allocation of attention (45). Here, we similarly observe
left-lateralized increased dlPFC rsFC with SEF and superior parietal lobule, supporting a
lateralized, functionally connected dorsal attention system enhanced by mindfulness
training.
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Recently, it has been recognized that ventral corticolimbic circuitry also plays a distinct role
in top-down regulation; in contrast to the dorsal control pathway, ventral circuitry is thought
to link salience processing to immediate behavioral control (5). The right IFG is a key hub in
this pathway, where it is responsible for active maintenance of stimulus information and
integrating salient, interoceptive, and sensory inputs, creating a top-down biasing effect that
leads to immediate action selection by posterior cortical regions (41). Importantly, right IFG
is thought to have an orienting function in switching between internally and externally
oriented control modes in response to salient stimuli (46) and coordinate further processing
of salient stimuli (47). The role of IFG in salience processing and responding is corroborated
by studies showing that cognitive control-related ventrolateral prefrontal cortex activity
(including IFG and anterior insula) inhibits processing of emotional stimuli (48,49); such
top-down control has been posited to be an important mechanism for emotion regulation and
coping – that engaging right IFG suppresses retrieval of emotional memories (50) and
predicts self-reported pain symptom improvements after administration of a placebo (51).
Moreover, dispositional mindfulness is associated with more successful cognitive reappraisal
of negative emotions (52) and increased activation in vlPFC during affect labeling (53).
Together, these studies suggest that more mindful individuals may be better able to use this
ventral pathway, including right IFG, for top-down regulation of emotion. Our finding of
increased dlPFC-right IFG coupling supports the theory that mindfulness training
strengthens a resting state ventral control pathway for salience processing and emotion
regulation. We postulate that at the behavioral level, mindfulness causes this effect by
training open monitoring skills, which promote active awareness and maintenance of
internal and external stimuli as they arise – functions attributed to a right-lateralized ventral
frontoparietal network.
We also report increased rsFC after mindfulness training from left dlPFC to left middle
temporal gyrus extending to the angular gyrus, another ventral control-associated region that
plays a role in attention allocation to salient stimuli (31), lending further support to the
Psychosom Med. Author manuscript; available in PMC 2018 July 01.
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theory that mindfulness strengthens the functional connections between executive control
and salience-responding ventral attentional regions. Additionally, this finding accords with
previous imaging studies showing changes in the left temporal lobe with meditation practice,
including increased grey matter concentration (54,55) and volume (56). Moreover, dlPFC
and middle temporal regions are structurally connected by the temporal component of the
superior longitudinal fasciculus (tSLF), and enhanced connectivity of the left tSLF has been
previously observed in long-term meditators (57). Our finding of increased rsFC between
dlPFC and left middle temporal gyrus extends these findings and suggests that functional
connectivity changes from brief mindfulness training may precede these structural changes
associated with long-term meditation practice.
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Contrary to hypotheses, we observed no mindfulness-associated rsFC changes between
dlPFC and the frontal eye fields or intraparietal sulcus. This may be due to topographical
differences in frontal-posterior parietal cortical functional connectivity. For example, in a
previous study of spatial attention, whereas SEF showed increased functional connectivity
specifically to the superior parietal lobule (SPL) (regions in which we do observe increased
rsFC to dlPFC in this study), the frontal eye fields showed greater functional connectivity to
intraparietal sulcus (IPS) (45). In the same study, robust structural connections between
FEF-IPS and between SEF-SPL were also shown, consistent with the observed attentionassociated functional connectivity patterns (45). It has been suggested that there are thus
distinct FEF-IPS and SEF-SPL pathways for spatial attention (45). Although all of these
regions have anatomical connections to dlPFC, our pattern of results suggests that
mindfulness training may specifically enhance left dlPFC rsFC to the SEF/SPL pathway, but
not the FEF/IPS pathway. As there are also different behavioral correlates for these pathways
(SEF and SPL play greater roles in task-switching (58), condition-action associations (43),
and object- and gaze-centered attentional representations (45), whereas FEF and IPS
respond to viewer-centered representations (45) and are thought to contain a salience map of
the visual environment for focused spatial attention (59)), our positive findings with one
pathway and not the other could also be due to the particular aspects of attention that were
trained within our brief mindfulness intervention.
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We also saw no changes in dlPFC rsFC with temporoparietal junction (TPJ) rsFC, a region
implicated in responding to salient stimuli (60), theory of mind (61), and attentional
orienting (60) and associated with mindfulness meditation (with greater TPJ activation
observed during focused breathing and greater TPJ cortical thickness observed after an 8
week MBSR program) (55,62). Previous studies investigating the functional connectivity of
TPJ have produced variable results; greater positive functional connectivity has been
observed between TPJ and ventral PFC during the resting state (33) and between TPJ and
anteromedial PFC on a social emotion task (63), while both positive and negative rsFC has
been reported with dlPFC (64). Recent work has suggested that this may be due to
topographical differences in structural and functional connectivity of TPJ subregions to
prefrontal cortex (65); one explanation for our negative finding may be that our particular
dlPFC seed regions do not have robust connections to TPJ.
The lateralization in dlPFC functional connectivity changes we report here (e.g. left dlPFC
to right SEF, IFG, and MFG and left parietal lobule and temporal/angular gyrus; right dlPFC
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to right MFG) may be a product of hemispheric differences in dlPFC function. Furthermore,
human and primate studies have demonstrated that lateral frontal cortex is organized axially
into functionally distinct areas with different axonal projections (17), suggesting that
functional connectivity will be highly seed region-dependent. Left dlPFC activation has been
associated with response choice, rapid attention adjustment, neutrally valenced reasoning,
and higher-level motor planning (66–69), and greater left dlPFC and posterior parietal coactivation is thought to reflect increased task-positive attention allocation and executive
control (70); this emphasis on the function of left dlPFC in neutral higher cognitive
functions and action output is consistent with our account of increased left dlPFC to SEF,
middle frontal, and parietal connectivity. In contrast, right dlPFC is implicated in working
memory for emotional stimuli (71), attentional conflict (68), and planning performance (72).
Right dlPFC activations spatially similar to our seed region have been reported in
association with increased neuroticism-associated functional connectivity during viewing of
angry and fearful facial expressions (73), in perceptual tasks as a function of task difficulty
(74), during attention shifting (44), response inhibition tasks (75), and encoding and retrieval
of valenced words (76). We report stronger right dlPFC rsFC to middle frontal gyrus, a
region frequently coactivated with right dlPFC on emotional and attention tasks (44,76), and
previous mindfulness studies suggest that mindfulness training enhances the ability to
regulate emotion (9,77–79). Increased right-lateralized dlPFC-MFG functional connectivity
may potentially underlie mindfulness-associated improvements in top-down control of
emotion regulation.
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While we investigated rsFC changes in the present study, it will be important to probe these
same functional connections in task-based cognitive control tasks, particularly given the
previous literature relating meditation to greater dlPFC activity during cognitive tasks
(53,80). Our present findings of enhanced rsFC indicate that individuals’ neural networks
function differently at rest after mindfulness training; however, behavioral correlates will be
needed in order to determine whether this in fact translates into improved executive function
under stress outside the scanner. Future studies utilizing behavioral correlates for executive
function can lend support to the supposition that enhanced dlPFC rsFC is, in fact, adaptive
(81). Moreover, while we posit that the focused attention and open monitoring aspects of
mindfulness training underlie these neural changes, behavioral experiments can directly test
this theory. An additional limitation of the present seed-based rsFC analysis is that it
precludes inferences about the directionality of our reported effects; in the future, effective
connectivity analyses (such as dynamic causal modeling) will provide opportunities to test
for causal interactions between these control-networked regions.
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Glossary
rsFC

resting state functional connectivity

dlPFC

dorsolateral prefrontal cortex

IFG

inferior frontal gyrus

MFG

middle frontal gyrus

SEF

supplementary eye field
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Figure 1.
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CONSORT flowchart of participants retained at each stage of the Mindfulness Meditation
Training RCT.
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Figure 2.

(a) Regions that showed increased resting state functional connectivity with left dlPFC (−28,
0, 54) from pre- to post-mindfulness meditation training (HEM) relative to relaxation
training (HER) (p<0.05, corrected for multiple comparisons, cluster-thresholded k>21).
Specifically, a condition by time spreading interaction analysis revealed a significant cluster
in right inferior frontal gyrus (k = 28, peak MNI coordinates (54, 16, 14), T = 3.74). (b)
Mean connectivity strength signal change for right IFG for the mindfulness (HEM) and
relaxation (HER) training groups at each of the two time points (pre-intervention and postintervention). Error bars depict +/− 1 standard error. Parameter estimates were extracted in
SPM8.
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Figure 3.

Author Manuscript

Regions that showed increased resting state functional connectivity with left dlPFC (−48, 36,
15) from pre- to post-mindfulness meditation training (HEM) relative to relaxation training
(HER) (p<0.05, corrected for multiple comparisons, cluster-thresholded k>21). Specifically,
a condition by time spreading interaction analysis revealed significant clusters in (a, e) right
SEF (k = 38, peak MNI coordinates (22, 12, 58), T = 4.29), (b, f) right middle frontal gyrus
(k = 34, peak MNI coordinates (34, 2, 58), T = 3.98), (c, g) left middle temporal/angular
gyrus (k =52, peak MNI coordinates (−42, −58, 10), T = 3.97), and (d, h) left posterior
parietal cortex (k = 23, peak MNI coordinates (−10, −78, 36), T = 4.44). (e – h) Mean
connectivity strength signal change for the mindfulness (HEM) and relaxation (HER)
training groups at each of the two time points (pre-intervention and post-intervention). Error
bars depict +/− 1 standard error. Parameter estimates were extracted in SPM8.
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Figure 4.

Author Manuscript

(a) Right MFG region that showed increased resting state functional connectivity with right
dlPFC (32, 50, 12) from pre- to post-mindfulness meditation training (HEM) relative to
relaxation training (HER) (p<0.05, corrected for multiple comparisons, cluster-thresholded
k>21). Specifically, a condition by time spreading interaction analysis revealed a significant
cluster in right middle frontal gyrus (k = 30, peak MNI coordinates (46, 20, 40), T = 4.97).
(b) Mean connectivity strength signal change for right MFG for the mindfulness (HEM) and
relaxation (HER) training groups at each of the two time points (pre-intervention and postintervention). Error bars depict +/− 1 standard error. Parameter estimates were extracted in
SPM8.
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Table I

Author Manuscript

Baseline Characteristics of Randomized Controlled Trial Participants.
Characteristic
Age [mean years (SD)]

Mindfulness Group

Relaxation Group

Difference Statistic

37.94

41.00

t(33)= −.48, p= 0.64

(10.96)

(9.55)
χ2(1)=.24, p= 0.63

Sex
Male

11

9

Female

7

8
χ2(3)= 4.36, p= 0.23

Ethnicity

Author Manuscript

White

10

13

African American

6

2

Asian American

1

0

Latino(a)

0

0

Native American

0

0

Other

0

1

8.17

10.58

(12.48)

(20.31)

Years Unemployed

t(33)= −.43, p= 0.67

χ2(8)= 8.43, p= 0.39

Education

Author Manuscript

No high school degree

1

0

GED

1

0

High school degree

1

2

Technical training

3

2

Some college

4

3

Associate degree

2

0

Bachelor’s degree

2

7

Master’s degree

3

3

MD/PhD/JD/PharmD

1

0

Notes: Standard deviation values are provided in parentheses. Mindfulness group refers to the 3-Day Health Enhancement thru Mindfulness (HEM)
intervention. Relaxation group refers to the 3-Day Health Enhancement thru Relaxation (HER) intervention.
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Table 2

Author Manuscript

ROIs generated for seed-based analyses.
Region of Interest

MNI coordinates

Radius

Left dlPFC

−48, 36, 15

8mm

Left dlPFC

−28, 0, 54

8mm

Right dlPFC

32, 50, 12

8mm

Right dlPFC

−28, 0, 54

8mm
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Table 3

Author Manuscript

Clusters with significantly increased rsFC to dlPFC seed regions after mindfulness training relative to a
relaxation control intervention (p < 0.05, corrected for multiple comparisons).
MNI

k

T

Left dlPFC (−48, 36, 15)

Right IFG

54 16 14

28

3.74

Left dlPFC (−28, 0, 54)

Right SEF (BA 6)

22 12 58

38

4.29

Right MFG

34 2 58

34

3.98

Left Superior parietal lobule (BA 7)

−10 −78 36

23

4.44

Left Middle Temporal/Angular Gyrus

−42 −58 10

52

3.97

Right MFG

46 20 40

30

4.97

Seed ROI

Right dlPFC (32, 50, 12)

IFG = inferior frontal gyrus, SFG = superior frontal gyrus, SEF = supplementary eye fields, MFG = middle frontal gyrus.
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