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Abstract: Meditation experience has previously been shown to improve performance on behavioral
assessments of attention, but the neural bases of this improvement are unknown. Two prominent,
strongly competing networks exist in the human cortex: a dorsal attention network, that is activated
during focused attention, and a default mode network, that is suppressed during attentionally
demanding tasks. Prior studies suggest that strong anti-correlations between these networks in-
dicate good brain health. In addition, a third network, a ventral attention network, serves as a
“circuit-breaker” that transiently disrupts and redirects focused attention to permit salient stimuli
to capture attention. Here, we used functional magnetic resonance imaging to contrast cortical
network activation between experienced focused attention Vipassana meditators and matched con-
trols. Participants performed two attention tasks during scanning: a sustained attention task and
an attention-capture task. Meditators demonstrated increased magnitude of differential activation
in the dorsal attention vs. default mode network in a sustained attention task, relative to controls.
In contrast, there were no evident attention network differences between meditators and controls
in an attentional reorienting paradigm. A resting state functional connectivity analysis revealed a
greater magnitude of anticorrelation between dorsal attention and default mode networks in the
meditators as compared to both our local control group and a n = 168 Human Connectome Project
dataset. These results demonstrate, with both task- and rest-based fMRI data, increased stability in
sustained attention processes without an associated attentional capture cost in meditators. Task and
resting-state results, which revealed stronger anticorrelations between dorsal attention and default
mode networks in experienced mediators than in controls, are consistent with a brain health benefit
of long-term meditation practice.

Keywords: meditation; attention; cognition; fMRI; dorsal attention network; ventral attention
network; default mode network; resting-state functional connectivity; Vipassana

1. Introduction

Meditation—operationally defined as non-judgmental attention on the sensory ex-
perience of the present moment [1]—has previously been associated with improved per-
formance on behavioral assessments of attention [2]. A separate line of investigation has
shown increased activation, measured with blood oxygenation level dependent (BOLD)
functional Magnetic Resonance Imaging (fMRI), in parietal regions during active med-
itation [3-5]. Since inefficient function of the attention system can have consequences
ranging from the mundane (e.g., mind wandering) to the severe (e.g., traffic or surgical
accidents), there is a high level of interest in methods to improve attentional efficacy. If
meditation does produce generalized training of the attention system, we would expect
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experienced meditators to perform better than meditation-naive participants in a variety of
attention tasks. There is considerable literature demonstrating improvement on attention
tasks in experienced meditators or in individuals who have received short-term meditation
training [6-10], however, the putative neural correlates of these behavioral effects have not
been demonstrated.

The human cortex comprises multiple interactive functional networks subserving
distinct behaviors and states of consciousness. Two cortical networks serve attentional
functions: (1) The Dorsal Attention Network (DAN), which includes the intraparietal sulcus
(IPS), greater area MT (MT+), frontal eye fields (FEF) and the inferior branch of precentral
sulcus (iPCS), supports sustained, focused attention [11-16]. (2) The Ventral Attention
Network (VAN), which includes areas in the temporoparietal junction (TPJ) and inferior
frontal gyrus (IFG), activates when a salient stimulus precipitates reorienting of attention
(“Attentional Capture”) [11,17-22]. Additionally, another network, known as the Default
Mode Network (DMN; including the posterior cingulate cortex, medial prefrontal cortex,
anterior superior temporal sulcus, and angular gyrus) exhibits a reduction in activation
during attentionally demanding tasks [23-26] and thus DMN deactivation is also a measure
of attentional effects in the brain. Areas that co-activate during a particular task (i.e., the
Dorsal Attention Network during a sustained attention task) are also co-active when the
brain is at rest, making it possible to parcellate the brain into its component functional
networks by correlating time courses of fMRI activation in resting state scans, where
the participant is given no explicit task except to remain awake [27]. Employing this
method, Yeo, Krienen et al., 2011 [28] suggest seven canonical networks that may be further
parcellated into more precise and specialized functions [28-30].

The relationships between cortical networks vary over time, based on factors such as
cognitive state [31] and age [32]. The magnitude of anticorrelation between DAN and DMN
is a potential candidate marker for healthy aging and overall brain health [33]. For example,
higher anticorrelation between default mode and dorsal attention network predicts greater
success on cognitive assessments of attention [34] and decreased gait variability and
thus risk of falls in elderly adults [35]. Greater correlation (i.e., weaker anticorrelation)
between these two networks, when controlling for the effects of age, predicts cognitive
impairment [36] and self-reported attitudes of anger and aggression [37]. Meditation
experience has previously been shown to suppress default mode network structures at
rest [38] and mitigate age-related cortical thinning [39], and functional connectivity between
DMN and frontal cortical areas has been shown to be weaker at rest in experienced, relative
to novice, mindfulness meditators [40]. These findings taken together suggest that a relative
down-regulation of the DMN and up-regulation of other networks is an effect of meditation
training that could lead to improved brain health, increased happiness [41], and positive
aging outcomes.

Three broad categories of meditative practice have been proposed [42,43]: focused
attention methods (such as Vipassana and Shamatha, which encourage vigilant focus on
the object of meditation, which is often the breath), loving-kindness methods (such as
metta, in which happiness is wished upon all beings), and receptive, open-monitoring
methods (in which thoughts and sensations are observed without judgment). Burmese
Vipassana meditation is a commonly practiced focused attention (FA) meditation technique,
and involves sustaining attention for an hour or more on subtle physical sensations while
filtering out any endogenous and exogenous distractions [44]. A typical Vipassana training
retreat is 10 days long, during which time students meditate for 10-12 h per day in 45-min
to two-hour increments. When attention drifts or is captured by some feature of the
environment, students are encouraged not to dwell on the distraction or on the lapse of
attention, but rather to calmly bring focus back to the breath and continue to hold attention
there. Over time, this becomes progressively easier. As the task demands of focused
attention meditation require sustaining attention and repeatedly refusing to reinforce
reorienting signals generated in response to distractors, focused attention meditation
methods can be viewed as a systematic effort to improve sustained attention.
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The work reviewed above indicates that meditation experience correlates with im-
proved outcomes on behavioral assessments of attention, and that the meditative state
correlates with activation in cortical attention networks. Thus, two converging lines of
evidence demonstrate that meditation experience is associated with improved performance
on sustained attention tasks behaviorally, and with altered activation in cortical attention
networks. A logical next step is to bridge these two lines of evidence by quantifying
activation in cortical attention networks while meditation practitioners perform sustained
attention tasks.

Here, we sought to examine attentional function in highly experienced focused at-
tention meditators while they were performing highly demanding yet non-meditative
attention tasks. Rather than describe spatiotemporal patterns of cortical activity related
to a mediative state, we treat focused attention meditation as a trait-level training task
for attention itself, and measure outcomes of engaged attention in attentional and default
mode networks. Since training effects should be most evident in those individuals who
have had a great deal of training, we recruited meditators with thousands of hours of
meditation experience across many years. We contrasted the meditators with a group of
control subjects, matching for age and education level as well as for demand character-
istics of the experiment (see Methods). We examined behavioral performance and fMRI
activation across groups in two visual attentional tasks. The Multiple Object Tracking
(MOT) task [45,46] was employed as the sustained visual attention task and was intended
to examine the Dorsal Attention Network (DAN), which is associated with self-directed
attention, as well as the Default Mode Network (DMN), which is suppressed during per-
formance of attentionally demanding tasks. In a second task (ViNO), vivid, novel oddball
distractor stimuli were presented during the performance of the attentionally demanding
task [47] in order to examine the Ventral Attention Network (VAN), which is associated
with stimulus-driven attention or attentional capture effects. We hypothesized that (1)
experienced meditators would exhibit an attentional benefit in performance of a sustained
attention task; (2) experienced meditators would more effectively filter out task-irrelevant
stimuli in an attentional capture paradigm; (3) experienced meditators would exhibit
greater opponency between activation of the Dorsal Attention Network and deactivation
of the Default Mode Network during performance of a sustained attention tasks; and (4)
experienced meditators would exhibit less activation of the Ventral Attention Network dur-
ing an attention capture paradigm. In order to further investigate group-level differences
in the opponency of DAN and DMN, we examined resting-state functional connectivity in
experienced mediators, our in-lab control subjects, and a large (n = 168) cohort of subjects
from the Human Connectome Project dataset.

2. Materials and Methods
2.1. Participant Recruitment

Sixteen experienced meditators (11 male, mean age = 34.33 years, mean education =
15.2 years) were snowball sampled (i.e., we allowed participants to recruit other partici-
pants via word of mouth, see [48,49]) from a Vipassana meditation center in Massachusetts,
starting from a recruitment letter that we emailed and hand-delivered to key center per-
sonnel. Each meditator completed a set of “Meditation Demographic Forms” detailing
their lifetime experience with meditation as well as their age, gender, education level,
handedness, and number of languages natively spoken. These demographic criteria were
used to recruit one unique control subject for each individual meditator. Control subjects
were matched on five demographic criteria (age +/— 1 year, gender, education level +/—
2 years, handedness, and number of languages natively spoken). Ultimately, 30 partici-
pants, 16 meditators and 14 matched control subjects, were recruited. At a group level,
the controls closely matched the meditators (control group mean age = 34.33 years, mean
education = 14.9 years). All subjects were compensated and gave written informed consent
to participate in the study, which was approved by the Institutional Review Board of Boston
University (1040E, 2734E).



Brain Sci. 2021, 11, 566

40f21

Because the meditators were aware that they were being recruited specifically due
to their meditation experience, which has the potential to alter their performance on the
task, control subjects were recruited on the basis of “sham expertise” in order to create
an equal expectation of high performance in the controls [50]. Each potential control
subject determined to be a match on the five demographic criteria of interest completed
a survey asking for their expertise level on a five-point Likert scale (far below average,
below average, average, above average, far above average) in a number of areas (e.g.,
driving, recognizing faces, athletic ability). In the event that recruits rated themselves at
or below average on all areas, there was also an open-ended section of the form where
they were required to fill in one talent or ability at each of the five levels of performance.
An item on which the potential control rated themselves as “far above average” was
substituted for “meditation” in the Meditation Demographic Form and subsequently filled
out by the control subject (e.g., a control participant who rated themselves “far above
average” at swimming would be given a “Swimming Demographic Form” containing all
the same questions as the Mediation Demographic Form). We refer to these subjects as
“sham-expertise controls”.

Participants recruited as meditators (1 = 16) had an average of seven years of medita-
tion experience (standard deviation +6 years, range = 1-20). The average reported medi-
tation sessions per week was 14 (+£4; range = 9-26) with 60 min (£2 min; range = 55-65)
reported per session, for an average of 843 min. (£230; range = 540-1560) per week of
meditation. The average number of estimated lifetime hours of meditation experience
was 8311 (£11,682; range = 1300-50,000). The average number of days spent on silent
meditation retreats was 291 (+86; range = 25-319).

For the resting-state fMRI analysis, in order to overcome subject attrition in the sham-
expertise control group (n = 8), we included 13 additional control subjects (eight female, age
range 24-38, mean education > 16 years) from the Boston University community to form a
group of 21 “in-lab” control participants. All participants were financially compensated
($75 per hour) and gave written informed consent to participate in the study, which was
approved by the Institutional Review Board of Boston University. A second control group
was drawn from the publicly available Human Connectome Project (HCP) dataset [51].
The HCP control group (1 = 168) consisted of the anonymized cohort of healthy subjects
(64 male, 104 female; age ranges: 22-35 n = 18, 26-30 n = 82, 31-35 n = 65, 36+ n = 2) that
had participated in both 3T and 7T studies (db.humanconnectome.org; accessed on August
26, 2019). See Appendix A for HCP subject codes.

2.2. Attention Tasks Performed during fMRI Scanning

Participants were presented with two demanding visual attention tasks inside of the
fMRI scanner: the multiple object tracking (MOT) task [45,46] and a vivid, novel oddball
(VINO) paradigm previously developed as a Ventral Attention Network localizer [47]. The
order of tasks (MOT, ViNO) was counterbalanced across subjects. In addition, subjects were
scanned in the resting state, with no explicit task. Subjects with meditation expertise were
explicitly instructed not to meditate during the resting state scans. We did not formally
interview the meditators post-scan about their ability to maintain a non-meditative state
during the resting state scans; however, in the pre-scan instructions, they were specifically
instructed not to meditate and not to “exert any conscious control over [their] mental state”
with time after that instruction for questions and clarification.

Multiple Object Tracking (MOT) Task: Participants were required to sustain attention
to moving objects (Figure 1). MOT trial duration was 18.2 s (seven 2.6 s TRs). Each trial
in the MOT task consisted of three phases: cue (3 s), motion (12.7 s), and probe (2.5 s).
During the cue phase, participants viewed 12 stationary white discs (restricted to left and
right portions of the screen by two invisible rectangular barriers with six discs per visual
hemifield), and four of the discs (two per hemifield) briefly flashed red before returning
to white. The participants’ task was to hold central fixation while tracking the location of
these four flashed discs. After the red discs returned to being colored white, all 12 discs
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began to smoothly drift around on the screen. The cue period timing was as follows: a
pre-cue period (12 stationary white discs on the screen) of 0.5 s, a cue period (discs are
colored red) of 2.0 s, and a pretrial period (again 12 stationary white discs on the screen) of
0.5 s. The discs moved on independent trajectories and were programmed with a repulsion
algorithm [52], which operates between each and every disc plus the rectangular “walls”
constraining each disc to its hemifield, so that discs did not overlap or leave their assigned
hemifield. After 12.7 s, the discs ceased moving, and one single probe disc turned blue.
The participant then indicated whether the probe disc was included in the set of four discs
that they were tracking (2AFC yes/no). Each of these “attend” trials was interleaved with
“passive” trials in which all 12 discs initially flashed red, and participants were required
only to maintain central fixation and make a button press of their choosing at the end of
the trial.

Cue: 2.0s Motion:12.7s Probe: 2.5s

50% Attend 50% Passive Response: yes/no

Figure 1. The Multiple Object Tracking (MOT) Task. The MOT task is designed to localize areas of the
cortex responsible for sustained, focused attention (i.e., the dorsal attention network). Participants
fixate a central cross for the duration of the run. In “attend” trials, subjects are asked to track the
location of four discs that are marked red during the cueing period. All discs then turn white and
begin to move smoothly on the screen. During “attend” trials, participants must keep track of the
four initial red (now white) discs as they move. Following 12.7 s of motion, discs are once again
stationary, and one “probe disc” turns blue. During “attend” trials, participants indicate (yes/no)
whether the probe corresponds to one of the four discs which they were tracking. During “passive”
trials, all 12 discs are red during the cueing period, and there is no attentional demand during the
motion period aside from maintaining central fixation. During “passive” trials, participants make a
random button press at the appearance of the probe. Thus, all bottom up visual and top-down motor
processes are controlled across trials, while only attention is manipulated.

Since the visual stimulation was equated across the “active” and “passive” conditions,
the contrast of “attend” versus “passive” allows us to distinguish DAN structures indepen-
dent from cortical areas primarily concerned with bottom-up stimulus processing. “Attend”
trials are expected to yield stronger activation than “passive” trials within areas in the
dorsal attention network [15,53]. Each run was 16 trials (7TRs per trial, 2.6 s TR) plus 2TRs
of fixation at the beginning and end, for a total of 116 timepoints per run. Each participant
performed one practice run outside of the scanner and four runs (464 total timepoints)
inside the scanner.

Vivid, Novel Oddball (ViNO) Paradigm: Participants performed a sustained spatial
attention task that was interrupted by infrequent oddball distractor events in the form of
colorful, novel, full-screen images (Figure 2). The goal of this task was to engage subjects in
a focused attention task and then disrupt and reorient attention to task-irrelevant stimuli.
Vivid novel oddball stimuli were used to create compelling stimulus-driven attentional
capture events that would trigger activation of the ventral attention network.
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Figure 2. ViNO Task Trial Structure and Timing. The Vivid Novel Oddball (ViNO) task is designed to examine Ventral
Attention Network structures by combining both spatial attentional reorienting and stimulus-driven attentional capture.
(A) Examples of each of three trial types (Valid, Invalid, Oddball). Each trial began with a spatial cue indicating one of
six possible locations (dashed lines in (B), dashed lines were not visible during the experiment). Following an inter-stimulus
interval (I.S.I), the target appeared. The target was the letter “T” or “L” and could appear upright or inverted. The cue
could be valid (target appears at the cued location) or invalid (appears in an uncued location). Following the target, a
mask of superimposed “T’s and “L”s was presented at all possible target locations. On a randomly selected 1/6 of trials,
a task-irrelevant RSVP stream of five vivid, full-screen, session-unique “oddball” distractor images appeared behind the
letter mask, each with 100 ms duration. (B) Trial Timing: The orienting phase was 5.2 s in total, with cue duration randomly
jittered from 1.5-3.0 s and the fixation cross ISI accounting for the remaining 5.2 s. Following the orienting phase, the target
appeared for 500 ms, followed by the mask or oddball mask for 500 ms. The mask/oddball distractor phase was followed
by an inter-trial interval of 1.6 s. Participants responded to indicate the identity of the target letter (T or L).

Each trial lasted 7.8 s and consisted of the following phases: orienting phase (cue
and ISI), target phase (letter on screen), mask phase (mask on screen), and ITI (fixation
cross on screen). During the orienting phase, a red arrow cue appeared and indicated
one of six possible target locations on the screen. To encourage attention to only the cued
location, participants were instructed in advance that the letter target would appear at
the spatially cued location “more often than not”, and that the letter target would never
appear at a location other than the six possible cued locations. The timing of the orienting
phase was jittered such that the duration of the cue and ISI together always summed to
5.2 s, with the cue taking a random value between 1.5-3.0 s and the ISI filling the rest
of the 5.2 s; the unpredictable interval from cue offset to target onset encouraged the
deployment of sustained attention over the full ISI. Following the orienting phase, the
target (upright or inverted T or L) appeared for 500 ms either at the cued (valid) or an
uncued (invalid) location. Invalid targets always appeared in a random location (one of
three) in the uncued hemifield. Spatial cues were valid on 68.75% of trials (33 out of
48 trials per run). Participants responded with one of two keys on a button box to indicate
the identity of the letter target regardless of its orientation or location. The target was
followed by a 500 ms mask of superimposed T’s and L’s at all of the six possible target
locations (Figure 2). Following the mask, participants were shown a fixation cross for the
ITT of 1.6 s. Responses were recorded from target onset to the start of the following trial (a
2.6 s total possible response period). Each run consisted of six blocks of eight trials each
(48 trials/run), and participants completed four runs per scan session.

In each run, on 1/6th of total trials (randomly selected), the post-target mask was
displayed with a background of five full-screen (approximately 22 x 16.5 degrees), full-
color, unique “oddball” distractor images each presented for 100 ms (Figure 2). Oddball
distractors were presented in a “rapid-fire” or rapid serial visual presentation (RSVP) burst
(five images, 100 ms per image). The intention of the “rapid-fire” oddball sequence was
to produce a strong, unexpected attentional capture effect. During four fMRI scan runs,
participants saw 192 total trials including 32 oddball trials (160 unique oddball images).
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Because prior work [54,55] indicates the presence of a visually responsive face-processing
region in posterior superior temporal sulcus, images with prominent human faces were
excluded from the oddball distractor image set. Each run also included 7.8 s of fixation (no
stimuli other than a fixation cross) at both the start and the end of the run. Each participant
was scanned on 192 total trials (including 32 total oddball trials), plus one practice run
with trial-wise performance feedback outside of the scanner for training. All participants
received instructions to respond as quickly as possible without sacrificing accuracy, and
were given an opportunity to ask questions both before and after completing the practice
run. The practice runs did not contain any oddball images and participants were not
informed that oddball images would occur, only that they should indicate the identity of
the target letter despite variations in its location or orientation, or any other stimuli that
might occur.

2.3. MRI Scanning Parameters

All task MRI data and all in-lab resting-state MRI data were acquired using a 32-channel
Siemens head coil in a horizontal bore 3 Tesla Siemens Tim Trio located at the Harvard Uni-
versity Center for Brain Science in Cambridge, MA. Gradient echo EPI sequences were used
for all tasks (TR = 2600 ms, TE = 30 ms, Flip angle = 90°, voxel size = 3.0 x 3.0 X 3.1 mm,
42 slices, whole brain coverage). Magnetization Prepared Rapid Gradient Echo (MP-
RaGE) T1-weighted high-resolution data (TR = 6.6 ms, TE = 2.9 ms, Flip angle = 8°,
voxel size = 1.0 x 1.0 x 1.3 mm) were acquired for each participant on the same scanner
as the task data. In-lab resting-state data consisted of two runs of 6 min each (278 time-
points). The Human Connectome Project (HCP) resting-state data consisted of four runs of
fifteen minutes of resting state data per subject. The runs were normalized across time and
concatenated to give us sixty minutes of resting state data per subject.

2.4. Data Analysis

Cortical reconstruction and volumetric segmentation of the T1 data was performed
with the Freesurfer image analysis suite, which is documented and freely available for
download at http://surfernmr.mgh.harvard.edu/. The technical details of these pro-
cedures are described in prior publications [56-65]. All task data were analyzed with
fs-fast version 5.1.0 and custom Matlab scripts. Data were first slice-time corrected and
motion corrected. For the task data, motion correction, volumetric spatial smoothing
(hwhm = 1.5 mm), intensity normalization, and boundary-based registration [66] to the
participant’s own anatomical data were performed on a per-run basis. Singular value
decomposition reduced the six motion correction vectors to three eigenvectors, which were
included as nuisance regressors in the model.

Analyses were performed separately in each hemisphere on each subject’s own cortical
surface, and data were analyzed for each vertex using a GLM with each condition as a
predictor (i.e., in VINO, one each for Valid Target, Invalid Target, Oddball, Non-Oddball,
and Fixation and in MOT, one for Attend, Passive, and Fixation). The BOLD signal was
modeled with a y response function assumed for each condition with a delay & = 2.25 and
a delay time constant T = 1.25. An estimated response was generated by convolving the
response function with the event length (i.e., the time in each condition) and minimizing
the residual error (FS-FAST). A t-test was performed for each vertex to compare differences
in activation between conditions. The significance of these activation differences was
visualized on the surface of each subject’s own hemisphere. The spatial cueing analysis
was conducted with the contrast of Invalid vs. Valid Targets, and compared with regions
activated for oddball stimuli with the Oddball vs. Non-Oddball contrast. The MOT analysis
was conducted with the contrast of Attend vs. Passive.

For the group average analysis, each participant’s fMRI data were registered to an
average cortical surface space (Freesurfer 5.1.0, “fsaverage” brain) using the boundary
of the gray matter and white matter [66]. The GLM analysis methods were the same as
for individual subject data; however the significance of these activation differences was
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computed on vertices of the fsaverage brain, and visualized on that surface. We then
employed a random-effects model to compute the group-averaged value for each condition
at each vertex before running t-tests at each vertex to compare group-level activation
differences per condition. Significant group-level task activation was corrected for multiple
comparisons using cluster-based correction [67,68], permuting the sign on the design matrix
(using the FS-FAST tool mri_glmfit-sim) with cluster thresholding at a corrected alpha of
p<0.01

Behavioral responses and spatio-temporal patterns of neural activation were directly
compared with meditation-naive humans matched for age, gender, education level, handed-
ness, and number of languages natively spoken. In addition to constructing within-group
averages for the meditation group and the control group separately, a between-group whole
brain independent samples t-test was conducted at each vertex to directly compare active
regions between the groups for the oddball > non-oddball and invalid > valid contrasts of
the VAN localizer, and the attend > passive contrast of MOT. Regions of Interest (ROIs)
were defined using the Yeo and Krienen [28] functional atlas projected onto each individual
hemisphere. Percent signal change for each ROI for each contrast was obtained with the
fs-fast funcroi-table tool, which computes the mean percent signal change over all vertices
within a region of interest for a specified contrast. All ROI analyses were conducted at the
individual subject level within fs-fast and then compared between groups.

ANOVAs were conducted using a linear mixed effects model, which nested the ran-
dom effects of individual subjects to examine the effect of group (meditator, non-meditator)
and hemisphere (rh, 1h) on the percent signal change within each ROI (including interaction
terms) implemented with the Imer function in R. Effect sizes were calculated using Cohen’s
d with pooled standard deviations. Pearson correlations between ROI data and behavioral
and demographic data were computed using the “corr” tool in MATLAB [69].

Resting-state data were preprocessed in MATLAB. Head-motion regression (six motion
parameters and their six temporal derivatives), whole-brain signal regression, and ventricular
and white matter signal regression were performed [70]. We then calculated framewise
displacement by taking the sum of the absolute derivatives of the six motion parameters for
each time point [71]. A threshold of 0.5 mm was set to identify time points with excessive
motion. To avoid artifact spread during bandpass filtering, high motion time points were
replaced using linear interpolation [72]. Band-pass filtering was then performed to extract
frequencies between 0.01 and 0.08 Hz. After filtering, high-motion time points were removed.
The resting state runs were normalized across time and concatenated. We then regressed out
the mean signal and used it in the connectivity analysis. Resting-state functional connectivity
analysis was performed using the Schaefer 100 parcel cortical atlas [73], which was arranged
into seven Yeo Networks [28]. Default Mode Network and Dorsal Attention Network resting
state data were averaged across time and then correlated using Pearson correlation separately
for the right and left hemispheres. The matched control dataset was combined with the in-lab
control dataset on thirteen subjects acquired on the same scanner, which resulted in three
datasets: meditator dataset, in-lab control dataset, and HCP dataset. In order to match the
number of time points in the resting state data, across datasets, which were used to compute
connectivity, we selected the first 250 TRs across the three datasets, and a single value per
hemisphere per subject was computed. The connectivity was then compared across the three
datasets using independent samples t-test as implemented in the SciPy Python toolbox [74]
and two way ANOVA using the statsmodels toolbox [75].

3. Results
3.1. Multiple Object Tracking: Behavior

Behavioral performance on attend trials (Table 1) measured by Cowan’s k score [76]
(k = (Hit Rate—False Alarm Rate) x 4.0) was not significantly different between the experi-
enced meditator group (mean k = 1.25) and the “sham expertise” control group (mean k = 0.82,
t6) =1.10, p = 0.28). There were no group differences in hit rate (meditator mean = 0.64, control
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mean = 0.57; t(o6) = 0.99, p = 0.33) or false alarm rate (meditator mean = 0.33, sham-expertise
control mean = 0.39, t(p5) = —0.75, p = 0.46).

Table 1. Behavioral data for the Multiple Object Tacking task in meditation and control participants,
showing group means + SEM for hit rate, false alarm rate, and k Score.

MOT Behavioral Data

Group Hit Rate False Alarm k Score
Meditation 0.64 = 0.04 0.33 £ 0.06 1.25+0.32
Control 0.57 £ 0.05 0.39 &= 0.05 0.82 £0.22

3.2. Multiple Object Tracking: fMRI Activation

In order to observe the overall pattern of brain activity in the Multiple Object Tracking
task, the attention and passive stimulation conditions were contrasted in each subject and
were averaged across all subjects (n = 28). Figure 3 demonstrates the expected activation
of the Dorsal Attention Network (including cortical areas MT+, IPS, FEF, and iPCS) and
deactivation of the Default Mode Network (including posterior cingulate cortex, medial
prefrontal cortex, anterior superior temporal sulcus, and angular gyrus). In a within-
groups analysis conducted for the attend vs. passive contrast separately in the meditators
and non-meditators (Figure 4A), meditators displayed more evident activation in dorsal
attention network areas and more evident default mode network deactivation than non-
meditators. In the group average, meditators also displayed a patch of activation in the
fundus of the superior temporal sulcus in the temporoparietal junction while attending
that was not evident in non-meditators. In a between-group full-brain GLM comparison
(Figure 4B), the meditators demonstrate significantly greater activation in MT+, the IPS,
the FEF, and the anterior insula (AI). They also demonstrate greater suppression while
attending in the angular gyrus, motor cortex, and left lateralized inferior frontal sulcus.
Moreover, the meditators display more activation while attending in the RH TPJ and the
LH Supramarginal Gyrus (SMG), which are both nodes of the Ventral Attention Network.

IPS i;m
RH i
TPJ
ANG  pec dmPFC
LH

Attend N Passive

p<10° p<107? p<10®

Figure 3. Multiple Object Tracking Localizes the Dorsal Attention Network in a Cross-Group Average
(all subjects). The MOT group average, containing 16 meditators and 12 non-meditators for the
“attend vs. passive” trials, localizes Dorsal Attention Network areas (including Intraparietal Sulcus
[IPS] and Frontal Eye Fields [FEF]) and deactivates the Default Mode Network (including the
Posterior Cingular Cortex [PCC], dorsomedial Prefrontal Cortex [dmPFC], and Angular Gyrus
[AnG]). RH = Right Hemisphere, LH = Left Hemisphere, TP] = Temporoparietal Junction.
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Figure 4. Meditators and non-meditators demonstrate different levels of activation in the Dorsal Attention Network and
deactivation in the Default Mode Network while attending. (A) Within-group averages for the meditators (n = 16) and non-
meditators (n = 12) for the “attend vs. passive” contrast of the Multiple Object Tracking task, shown at the same threshold
(min = p < 0.01, max = p > 0.00001). Meditators display greater spatial extent of activation in the Dorsal Attention Network
and more apparent deactivation in the Default Mode Network when paying attention. (B) Between-group cluster-corrected
fixed effects average of the meditators vs. the non-meditators for the “attend vs. passive” contrast. Meditators demonstrate
significantly more activation in all nodes of the Dorsal Attention Network (MT+, IPS, FEF, iPCS) and more deactivation in the
Default Mode Network (inferior temporal cortex, angular gyrus). (C) Top: the Dorsal Attention Network and Default Mode
network ROIs used in the analysis-each set of network ROIs were projected onto each individual hemisphere. Bottom: Both
groups demonstrate significantly higher levels of activation in the Dorsal Attention Network and deactivation in Default
Mode Network while attending, with the meditators (left) showing greater suppression in DMN than the non-meditators
(right). Error bars depict standard error of the mean; ** = p < 0.05 and effect size > 0.8 (see Results for details).

3.3. Multiple Object Tracking: Region of Interest Analyses

We conducted ROI analysis using the Yeo-Buckner Atlas definitions [28] of the Dorsal
Attention Network (DAN) and the Default Mode Network (DMN). The difference in DAN
vs. DMN activation while attending was significantly larger in the meditators than in sham-
expertise controls (F1, 26) = 6.48, p < 0.05, mean meditator difference = 0.7808, mean control
difference = 0.5307, effect size = 0.88). There were no effects of hemisphere (F(1, 26) = 2.29,
p = 0.14) or interaction effects (F(q,26) = 0.01, p = 0.93). These results quantify the greater
activation in DAN and suppression in DMN evident in the full-brain between-group
average results (Figure 4). Examination of only the DAN revealed only a trend-level group
effect, despite a medium effect size (F(y, 26) = 3.4, p = 0.08, mean DAN meditators = 0.5870,
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mean DAN controls = 0.4342, effect size = 0.65). Across all subjects, a significant laterality
effect was observed, with greater BOLD signal change in the right hemisphere of the DAN
(F1,26) = 5.04, p < 0.05, mean RH = 0.5750, mean LH = 0.4680, effect size = 0.45). There
was no group x hemisphere interaction (F(y,26) = 0.36, p = 0.56). A significant effect of
group was observed in the DMN, with the meditators suppressing DMN significantly more
than controls while attending (F (1, 26) = 6.24, p < 0.05, mean meditators = —0.1938, mean
non-meditators = —0.0965, effect size = 0.82). There were no effects of hemisphere in the
DMN (F(1,26) = 2.16, p = 0.16) and no interaction (F1, 26) = 0.52, p = 0.48).

3.4. Relationship between Behavior, Meditation Experience, and BOLD Activation

Within subjects, the magnitude of the DAN-DMN difference was significantly cor-
related with k score overall (RH r = 0.53, p < 0.01; LH r = 0.47, p < 0.05), and this rela-
tionship was driven by the control subjects (control RH r = 0.72, p < 0.01; LH r = 0.74,
p <0.01; meditator RH» =0.41, p = 0.11; LH r = 0.30, p = 0.26). In the examination of each
group, this correlation was significant in the right hemisphere only (meditators rh » = 0.54,
p < 0.05; controls rh r = 0.61 p < 0.05; meditators lh = 0.36, p = 0.17; controls 1h r = 0.53,
p = 0.07). DMN suppression was not correlated with k score overall (th ¥ = —0.08, p = 0.68;
lhr=—-0.32, p=0.10). DMN suppression and k score were significantly related in the
controls (control rh » = —0.73, p < 0.05; Ih r = —0.84, p < 0.001), but not in the meditators
(thr=027,p=032;1hr=—0.38, p = 0.89). DAN activation and k score were also signif-
icantly correlated (r = 0.52, p = 0.0045), and this relationship was stronger in the control
group (meditator r = 0.48 p = 0.062; control r = 0.58 p = 0.047).

Since prior reports have indicated relationships between meditation experience and
activation in attention networks while in a meditative state (e.g., [5]), here we examined
whether prior experience with meditation demonstrated any relationship with the magni-
tude of activation in the DAN while attending, or magnitude of the DAN-DMN difference.
We used years of meditation practice, days spent on meditation retreats, and minutes per
week of meditation as our metrics of experience. Amongst the meditators, the magnitude
of activation in the DAN while attending was not significantly correlated with years of
meditation practice (mean years = 7.01; r = —0.04, p = 0.8) or with days spent on meditation
retreats (mean retreat days = 291, r = —0.20, p = 0.45). A trend correlation was observed be-
tween DAN activation and minutes per week of meditation (mean = 843; r = 0.36, p = 0.06),
suggesting that recent mediation experience may have a larger influence on DAN activation
while attending than lifetime meditation experience does.

3.5. ViNO: Behavior

The ViNO task (Figure 2) combines a spatial cueing task that contains occasional
invalid cues with the unpredictable presentation of novel oddball distractors. In prior
work, we have demonstrated that this task effectively drives regions of the Ventral Attention
Network [47]. Reaction time and accuracy were measured for the identification of target
letters (T or L) in valid and invalid cueing conditions. Additionally, the influence of oddball
distractors was examined. One meditation participant exited the scanner due to discomfort
prior to commencing the ViNO task. For the remaining 15 meditation and 12 control
subjects, there were no differences in accuracy between groups (meditation mean = 87.30%,
control mean = 87.93%, t5 = —0.2581, p = 0.80).

As expected, overall reaction time for invalid targets was significantly longer than
reaction time for valid targets (mean valid = 801 ms, mean invalid = 851 ms, t6) = 5.4,
p <0.01). The magnitude of the difference between invalid and valid targets was not
different between the groups (invalid vs. valid mean difference in meditators = 42 ms, in
controls = 57 ms, t(55) = —0.82, p = 0.42). Meditators displayed significantly longer reaction
times than controls on valid trials (125 ms longer, ¢ 55 = 2.27, p < 0.05) and a trend towards
longer reaction times on invalid trials (110 ms higher, fo5) = 1.76, p = 0.09). The slower
overall responses of meditators is not easily explained; however, it is consistent across trial
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types. There was no speed-accuracy tradeoff in this dataset (speed-accuracy correlation
r=—0.0798, p = 0.7), and there was no relationship between age and RT (r = 0.27, p = 0.17).

There was a positive relationship between years of meditation experience and reaction
time, with more years of meditation experience predicting longer reaction times (r = 0.58,
p < 0.05), even though there was no relationship between age and reaction time. No
relationship between average minutes per week of meditation and reaction time (r = —0.14,
p = 0.61) or retreat days and reaction time (r = 0.31, p = 0.12) was observed. There was no
relationship between meditation experience and accuracy (years r = 0.32, p = 0.24; minutes
per week r = 0.31, p = 0.27; retreat days r = 0.25, p = 0.22).

3.6. ViNO: fMRI Activation

In a group average of all participants pooled together (n = 27), the “oddball vs.
non-oddball” contrast of the VINO task activates Ventral Attention Network structures
(Temporoparietal junction and inferior frontal gyrus) (Figure 5). Both the meditators
and matched controls demonstrated a similar pattern of cortical activation for oddball
trials relative to non-oddball trials (Figure 6); each group displayed activation in the
temporoparietal junction, inferior frontal gyrus, and anterior insula, as was expected for
this task. A full-brain between-group average revealed no differences between the groups
(Figure 7A).

Oddball R Non-Oddball

ps10™ p<107? ps10™

Figure 5. ViNO Task localizes Ventral Attention Network in a group average. The ViNO cross-
group average, containing 15 meditators and 12 non-meditators for the “oddball vs. non-oddball”
contrast, localizes the temporoparietal junction (TP]) and the inferior frontal gyrus (IFG) of the Ventral
Attention Network.

3.7. VINO: ROI Analyses

An ROI analysis was conducted in the Yeo, Krienen et al. (2011) [28] Ventral Attention
Network (VAN) in the meditators and non-meditators, for both spatial reorienting (invalid
vs. valid cue) and for oddball (vs. non-oddball) trials separately. There were no spatial
reorienting effects (Figure 7B) by group (F(1, 25 = 0.16, p = 0.69, meditator mean = 0.000,
non-meditator mean = 0.0140, effect size = 0.13) or by hemisphere (F(1 55 = 2.16, p = 0.15)
and no interaction (F(y, 25) = 1.77, p = 0.20). There were also no oddball effects by group
(Fq, 25) = 2.05, p = 0.16, meditator mean = 0.0144, control mean = 0.0862, effect size = 0.13;
Figure 7B) or hemisphere (F(y, 25, = 0.22, p = 0.64) and no interaction (F(y, »5) = 0.003, p = 0.95).

Isolating the TPJ ROI, there were no effects of cue validity between groups
(F(1, 25) = 0.002, p = 0.96, meditator mean = 0.0044, control mean = 0.0021, effect size = 0.12)
or between hemispheres (F(1, 25) = 1.22, p = 0.28, RH mean = 0.0075, LH mean = 0.1224,
effect size = 0.06) and no interaction (F(1, 25) = 0.87, p = 0.36). There were also no
effects of the oddball stimulus (Figure 7) between groups (F(1, 25) = 0.87, p = 0.36,
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meditator mean = 0.0759, control mean = 0.1409, effect size = 0.34) or between hemispheres
(F(1,25) =0.35, p = 0.56, RH mean = 0.1340, LH mean = 0.0757, effect size = 0.31) and no
interaction (F(1, 25) = 2.13, p = 0.16).

Meditators Controls

Non-Oddball
p=i10® p=<10? p=10 73

Figure 6. Meditators and non-meditators display similar cortical patterns of activation during bottom-
up attentional capture. Within-group averages for the meditators (1 = 15) and the non-meditators
(n = 12) for the “oddball vs. non-oddball” contrast of the ViNO task, shown at the same threshold
(min =p < 0.01, max = p > 0.00001).
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Figure 7. Oddball Effects in VAN in meditators and non-meditators. (A) In a between-group fixed effects average of the
meditators vs. the non-meditators during attentional capture, as reflected in the “oddball vs. non-oddball” contrast, no
group differences are evident in the full brain between group average. (B) Top: The ventral attention network of the Yeo,
Krienen et al. parcellation used to compute BOLD percent signal changes in each individual subject. Bottom: In an ROI
analysis including only vertices in the Yeo, Krienen et al. [28] parcellation of the Ventral Attention Network, the meditators
and controls demonstrate no difference in the Ventral Attention Network for spatial reorienting or oddball appearance

(error bars depict standard error of the mean).

3.8. Resting-State Functional Connectivity

In order to further examine the group-level difference in DAN-DMN activation dif-
ferences in the MOT task, we performed resting-state connectivity analysis. In addition
to examining the focused attention meditation experts and sham-expertise control sub-
jects, we included additional control subject populations to broaden our analysis and to
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overcome limitations with attrition in our original subject pool. We acquired two runs
(278 timepoints) of resting state data in 13 of our total 16 meditators, and we limited our
rsFC analysis to these 13 subjects. We compared the rsFC between DMN and DAN of
meditation subjects with the connectivity of eight subjects from the sham-expertise control
group and 13 participants acquired on the same scanner with the same parameters ana-
lyzed elsewhere [77]. Collectively, we refer to these 21 control subjects as “in-lab” controls.
We also compared the connectivity with 168 subjects from the Human Connectome Project
(HCP) [51]. Data across multiple resting state runs was normalized and concatenated
after minimal preprocessing [78], and mean grayordinate signal was regressed out before
the connectivity analysis. We computed the connectivity separately for the left and right
hemispheres and collated them in our analysis. There were no differences across the left
and right hemispheric connectivity in all the datasets (F(y, 393) = 0.032, p = 0.85). The medi-
tation group demonstrated greater anticorrelation between DAN and DMN (M = —0.55,
SD = 0.18) as compared to the in-lab controls (M = —0.41, SD = 0.21; t(6) = —2.72, p = 0.008,
d =0.67) and to the HCP dataset (M = —0.39, SD = 0.19; (t360) = —4.08, p < 0.0001, d = 0.83))
(Figure 8). Conversely, there was no statistical difference (t376) = 0.61, p =0.53, d = 0.1)
between the HCP dataset and in-lab controls.

B

Attention Network
Mean Signal

Correlation HCP

AN
NCaVAY \/\\, ,

Default Network
Mean Signal

Controls -

. Meditator

Meditators T L ILE R \

-0.8 -06 -04 -0.2 o 02

Control

100

200 Correlation (r)

Time (s)

Meditators

Controls

s
0.6

06

0
Correlation (r)

Figure 8. Resting-state functional connectivity (rsFC) of Dorsal Attention Network (DAN) and Default Mode Network
(DMN) for the meditator dataset with other non-meditator datasets (A) We used the Yeo-Buckner 7 network atlas (Yeo et. al.
2011) to extract the DAN and DMN ROIs; the mean grayordinate signal regressed BOLD signal was averaged across the
ROI and correlated across the networks. The DAN and DMN signal is illustrated for a single meditator (VMC) and control
subject. (B) The meditation group was compared with 168 subjects from the Human Connectome Project and 21 control
subjects that included eight sham expertise subjects and thirteen other subjects acquired on the same scanner (Brissenden et.
al. 2016). The meditation group had stronger anti correlations as compared to the controls and the HCP dataset subjects,
suggesting that the meditation practice brings long-term changes in functional connectivity in the DAN and DMN regions.
(C) Posterior cingulate cortex (PCC) seed in the left hemisphere was used to create subject averaged connectivity maps in
the three datasets.
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4. Discussion

We investigated activation in cortical attention networks while meditators and matched
controls conducted two demanding attention tasks. In a sustained attention task, medita-
tors demonstrated a greater separation between activity in the dorsal attention and default
mode networks while sustaining attention, relative to controls. Conversely, no differences
were observed between meditators and controls during an attention capture task. Resting-
state analysis also revealed stronger anticorrelations between Dorsal Attention and Default
Mode Networks in experienced meditators than in an in-lab control group and in the larger
HCP control group. Although experienced “focused attention” meditators did not exhibit
performance benefits on either visual attention task relative to controls, the functional
separation between dorsal attention and default mode networks is noteworthy, as prior
studies have suggested that strong opposition between the default mode and task-positive
networks is associated with greater brain health [79].

4.1. MOT: Greater DMN Suppression in Meditators While Attending

Our strongest task fMRI finding was the stronger opponency between DAN activation
and DMN deactivation in meditators than in sham-expertise controls. Examination of only
the DAN revealed a trend-level group effect with a medium effect size (p = 0.08, effect
size = 0.65). This suggests that our study was somewhat underpowered to observe DAN
increases for mediators. However, examination of only the DMN revealed a significant
group difference. In the absence of a given task, the mind tends to meandering, self-
centered thoughts [41,80-82]. Mind wandering and self-related thoughts are correlated
with increased activity in the Default Mode Network [83-88]. Brief mindfulness training
has been shown to reduce mind wandering [89] and alter connectivity between nodes of
the DMN both at rest [38] and while in meditation [90,91]. Our current finding that the
DMN is more suppressed in meditators while they are actively paying attention builds on
these previous findings. Based on prior findings, meditators would be expected to spend
less time “in default” then average, certainly at least during the time they spend in active
meditation practice (an average of 120 min per day for our participants), and our results
suggest that intentional DMN suppression during meditation practice could transfer to
other attentionally demanding tasks outside of meditation.

Behaviorally, we failed to replicate a common finding in meditation studies: improved
performance on tasks designed to measure sustained attention (but see [92]), and instead
demonstrated an intriguing decoupling of behavior and BOLD activation in meditators, but
not controls, while attending. Typically, when performing a multiple object tracking task,
as a person’s k score (a measure of how many objects they are able to attend to) increases,
BOLD activity in the dorsal attention network, particularly the intraparietal sulcus, also
increases, both within subjects as attentional load increases [46,53,93,94] and across subjects
as k score varies [95]. In the current study, we see this expected variation in controls, who
demonstrated a strong correlation between k score and both DAN activation and DMN
suppression. No such relationship existed in the meditators. Although the N is not large
in this study, the failure to observe the expected relationship between BOLD signal and
number of attentionally tracked objects could reflect diverse effects of training on attention
networks across the meditator group. Additionally, since the early stages of meditation
training specifically encourage single-pointed attention on a particular object of interest,
asking meditators to divide their attention over four objects was perhaps not an optimal
way to assess the attentional benefits of meditation training. A parametric variation of the
number of tracked items could prove useful in future studies.

4.2. ViNO: No Differences in Attentional Capture Associated with Meditation

Our attention capture task combined task-relevant spatial reorienting with infrequent,
task-irrelevant oddball stimuli. In order to produce a strong attentional capture effect, we
employed highly vivid and novel (shown only once) stimuli. We had hypothesized that
experienced focused attention meditators would be more effective in filtering out task-
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irrelevant distractors in an attentional capture situation, operationalized as less cortical
reactivity in the Ventral Attention Network, including the temporoparietal junction, in
response to unpredicted stimuli.

Our findings did not support this hypothesis. Meditators did not display differences
in either reaction time when reorienting spatially to an unexpected target, or in cortical
activation in the ventral attention network when interrupted by task-irrelevant salient
oddball distractors.

Curiously, experienced meditators exhibited longer RTs overall, relative to the non-
meditators. While RTs are longer for meditators overall, this is not indicative of a longer
time to reorient. The invalid vs. valid difference is the same across groups, i.e., there is
no difference in time to reorient and respond between groups. This reflects a possible
difference in strategy between the two groups: while all participants were instructed to
“respond as quickly as possible without sacrificing accuracy”, the high accuracy across
groups (89% correct in both groups) leaves open the possibility of a speed-accuracy tradeoff
that is not detectable in this dataset.

We hypothesized that the oddball response (i.e., a prediction error signal) would be
reduced in the meditation population relative to the controls. It has more recently been
suggested that the oddball response may be sufficiently evolutionarily ingrained to remain
unmalleable by meditation training [96]. Here, we observe decreased TPJ responsively to
oddball stimuli with a small (0.34) effect size. Due to the low temporal resolution of fMRI,
an EEG experiment testing the P300 response in meditators (e.g., [97]) using this same task
would be an effective way to follow up on this initial trend finding.

4.3. Resting-State Functional Connectivity: Experienced Meditators Exhibit Greater
DAN-DMN Opponency

Our resting-state functional connectivity analysis of DAN-DMN coupling mirrored
our observations during the MOT sustained attention task. Experienced meditators had
stronger opponency, in the form of anti-correlated activation, between DAN and DMN
than did our in-lab controls. We observed the same result when comparing meditators
to subjects from the large, publicly available Human Connectome Project dataset. Our
in-lab controls did not differ significantly from the HCP population. Bauer et al. (2019) [98]
observed a similar resting-state finding between the DAN and the Central Executive
Network, another task-positive network that is distinct from the DAN. Our results expand
on this prior finding by demonstrating that the strength of opponent coupling between the
DMN and either of the two primary task-positive networks is enhanced in experienced
meditators as compared to controls.

5. Conclusions

Here, we have investigated trait-level differences between meditators and non-meditators
under highly demanding attentional conditions and at rest. We have shown that meditation
experience correlates with greater difference between activation in the DAN and the
DMN, both when attention must be sustained and during rest. We did not observe
any behavioral benefits in either a sustained attention task or in an attention capture
paradigm for experienced “focused attention” meditators. Our work adds to a growing
literature that long-term meditation practice contributes to brain health and mental wellness
by gaining effective suppressive control over the ruminative DMN. While not all mind
wandering is ruminative [99], the primary findings are consistent with positive effects
of meditation training on suppression of the DMN. Promising topics for future studies
include longitudinal, pre- and post-training studies of the effects of meditation on the
brain’s attentional networks (e.g., [98]).
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Appendix A

List of the HCP dataset (db.humanconnectome.org; accessed 26 August 2019) subjects
as used in the analysis

100610, 102311, 102816, 104416, 105923, 108323, 109123, 111514, 114823, 115017, 115825,
116726, 118225, 125525, 126426, 128935, 130114, 130518, 131217, 131722, 132118, 134627,
134829, 135124, 137128, 140117, 144226, 145834, 146129, 146432, 146735, 146937, 148133,
150423, 155938, 156334, 157336, 158035, 158136, 159239, 162935, 164131, 164636, 165436,
167036, 167440, 169040, 169343, 169444, 169747, 171633, 172130, 173334, 176542, 177140,
177645, 177746, 178142, 178243, 178647, 180533, 181232, 182436, 182739, 185442, 187345,
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