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Mindfulness training preserves sustained attention and resting
state anticorrelation between default-mode network and
dorsolateral prefrontal cortex: A randomized controlled trial
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Abstract
Mindfulness training can enhance cognitive control, but the neural mechanisms
underlying such enhancement in children are unknown. Here, we conducted a
randomized controlled trial (RCT) with sixth graders (mean age 11.76 years) to examine the impact of 8 weeks of school-based mindfulness training, relative to coding
training as an active control, on sustained attention and associated resting-state functional brain connectivity. At baseline, better performance on a sustained-attention
task correlated with greater anticorrelation between the default mode network
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(DMN) and right dorsolateral prefrontal cortex (DLPFC), a key node of the central
executive network. Following the interventions, children in the mindfulness group
preserved their sustained-attention performance (i.e., fewer lapses of attention) and
preserved DMN–DLPFC anticorrelation compared to children in the active control
group, who exhibited declines in both sustained attention and DMN–DLPFC anticorrelation. Further, change in sustained-attention performance correlated with
change in DMN–DLPFC anticorrelation only within the mindfulness group. These
findings provide the first causal link between mindfulness training and both sustained
attention and associated neural plasticity. Administered as a part of sixth graders'
school schedule, this RCT supports the beneficial effects of school-based mindfulness
training on cognitive control.
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I N T RO DU CT I O N

and goal-directed behavior (Chao & Knight, 1998; Woods &
Knight, 1986). The DMN is associated with mind-wandering and

Cognitive control, or executive function, refers to a suite of related

task-irrelevant thoughts (Christoff, Gordon, Smallwood, Smith, &

processes by which goals or plans influence behavior. These processes

Schooler, 2009; Denkova et al., 2019; Fox & Raichle, 2007; Posner,

include the ability to focus on a task for prolonged periods while

Park, & Wang, 2014). Greater activations in core nodes of the DMN,

inhibiting inappropriate responses or mind wandering (i.e., sustained

namely medial prefrontal cortex (MPFC), posterior cingulate cortex

attention) and the capacity to maintain goal-relevant information in

(PCC), and bilateral parietal cortices, lead to reduced vigilance and

mind (i.e., working memory) (Flook et al., 2010; Geier, Garver, Ter-

increased mind wandering (Christoff et al., 2009; Hinds et al., 2013).

williger, & Luna, 2009; Sarter, Givens, & Bruno, 2001). Sustained

Thus, sustained attention requires a balance between the CEN

attention is essential for learning and academic achievement (Spira &

and DMN systems, operationalized as both increased activation of the

Fischel, 2005), and children's attentional skills play a significant role in

CEN and reduced activation of DMN. Lack of segregation in activations

their school performance (Muris, 2006), even after controlling for fac-

of these networks leads to failure to attend to a task: Lapses in atten-

tors such as maternal education (Wilson, Petaja, & Mancil, 2011), fam-

tion followed reduced activations in attention-related brain regions,

ily income (Duncan et al., 2008; Muris, 2006; Wilson et al., 2011), IQ

including the CEN, along with reduced deactivations of the DMN

(Rabiner & Coie, 2000), and behavioral problems (Duncan et al., 2008;

(Weissman et al., 2006). Such functional segregation can also be mea-

Giannopulu, Escolano, Cusin, Citeau, & Dellatolas, 2008; Rabiner &

sured as a negative correlation (or anticorrelation) in functional connec-

Coie, 2000). Fostering the ability to sustain attention, therefore, ought

tivity patterns between core nodes of these two networks. Indeed,

to be helpful for a child to learn and achieve academically.

studies have found enhanced anticorrelation between the DMN and

There is considerable evidence that mindfulness training

DLPFC during attention-demanding tasks (Denkova et al., 2019;

enhances cognitive control in adults and children (Chiesa, Calati, &

Greicius et al., 2003; Piccoli et al., 2015). Further, stronger antic-

Serretti, 2011; Mak, Whittingham, Cunnington, & Boyd, 2018), but

orrelations between the DMN and a network of task-activated regions,

the neural mechanisms of such enhancement are unknown. Here we

including DLPFC, were associated with more consistent performance

asked in a randomized controlled trial (RCT) whether grade-wide

on an attention-demanding task (Kelly et al., 2008). Together, a line of

mindfulness training in sixth graders would enhance sustained atten-

task-based evidence demonstrates the relationship between sustained

tion and, for the first time, assessed the underlying brain plasticity

attention and DMN–CEN anticorrelation.

associated with mindfulness-driven gains in sustained attention in
children.

Resting-state studies have also revealed both positive and negative correlations (or anticorrelations) between brain regions. The posi-

Systematic reviews of mindfulness RCT studies have reported

tive correlations are observed between brain regions that have often

that mindfulness training frequently improves cognitive control in

been identified as supporting orchestrated functions (e.g., bilateral

both children and adults (Cásedas, Pirruccio, Vadillo, & Lupiáñez,

frontal and parietal regions which constitute the CEN, all related to

2019; Chiesa et al., 2011; Mak et al., 2018). A meta-analysis of RCTs

cognitive control;Fox et al., 2005; Fox & Raichle, 2007; Posner

employing mindfulness-based interventions in adults found a moder-

et al., 2014). Such patterns of correlations at rest indicate that these

ate but significant improvement of cognitive control, specifically in

regions are integrated as a network, even in the absence of a task.

attention and memory (Cásedas et al., 2019). For children and adoles-

Negative correlations, or anticorrelations, at rest are interpreted as

cents, 8 out of 10 RCTs reported that mindfulness training improved

segregations between networks that may be functionally competitive,

cognitive control and attentional abilities (with an additional trend in a

such as the DMN and CEN. Indeed, an anticorrelation between DMN

ninth study) (Britton et al., 2014; Felver, Tipsord, Morris, Racer,

and CEN is observed even in the absence of task performance during

& Dishion, 2017; Flook et al., 2010; Lawler, Esposito, Doyle, &

resting state (Fox et al., 2005; Fox & Raichle, 2007; Posner

Gunnar, 2019; Leonard et al., 2013; Quach, Jastrowski Mano, &

et al., 2014), reflecting the functional segregation between these two

Alexander, 2016; Salmoirago-Blotcher et al., 2019; Schonert-Reichl

networks. In addition, stronger DMN–CEN anticorrelation at rest has

et al., 2015; Semple, Lee, Rosa, & Miller, 2010; Sidhu, 2012).

been associated with better cognitive control in adults; stronger

A critical component of cognitive control is sustained attention,

resting-state anticorrelation (i.e., more negatively correlated) between

which involves the ability to focus on external, task-relevant stimuli

MPFC and DLPFC has been associated with greater working memory

and responses, and to suppress task-irrelevant thoughts and feelings

capacity (Hampson, Driesen, Roth, Gore, & Constable, 2010; Keller

(i.e., lapses of attention or mind wandering). These dual processes cor-

et al., 2015; Whitfield-Gabrieli et al., 2018). In elderly adults, a weak-

respond to brain activations in two neural networks: the central exec-

ening of DMN–CEN anticorrelation over 4 years was associated with

utive network (CEN) and the default mode network (DMN). The CEN,

a decline in processing speed (Ng, Lo, Lim, Chee, & Zhou, 2016).

with core nodes located in bilateral dorsolateral prefrontal cortices

Further, clinical populations with cognitive control difficulties, such as

(DLPFCs) and bilateral parietal cortices, typically exhibits increased

ADHD (Hoekzema et al., 2014; Mattfeld et al., 2014) and schizo-

activation during engagement in attention-demanding tasks (Denkova,

phrenia (Whitfield-Gabrieli et al., 2009), have reduced resting-state

Nomi, Uddin, & Jha, 2019; Greicius, Krasnow, Reiss, & Menon, 2003;

DMN–CEN anticorrelations.

Mason et al., 2007; Weissman, Roberts, Visscher, & Woldorff, 2006).

Here, we asked whether mindfulness training in children would

Further, lesions to DLPFC enhance distractibility and impair attention

enhance sustained attention and whether such an enhancement
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would be related to brain plasticity in the relations between the DMN

Participant characteristics were that 70% were female; 47.5% had ever

and CEN. Behavioral enhancement and brain plasticity seemed plausi-

been on the free/reduced price lunch (FRPL) program for low-income

ble because mindfulness entails a continuous practice in cultivating

families; and 10% were Hispanic, 32.5% were African American, 52.5%

attention to the present moment while continuously rejecting distrac-

were White, and 5% other or multiple racial identities (see Table 1).

tions. Using an RCT design, we were able to compare the effect of

Pre-intervention measures included the Wechsler Abbreviated

mindfulness training versus computer coding training (i.e., active

Scales of Intelligence for IQ [WASI, Wechsler, 1999] and the

control) on neurocognitive processes. The intervention was grade-wide

Edinburgh assessment of handedness (Oldfield, 1971) administered

(i.e., all sixth graders in the school participated) and included 99 children

prior to randomization. For the randomization process, we stratified

(mean age 11.76 years). Results reported here come from the subset of

on indicator variables of whether a student participated in the imaging

children whose families opted to participate in a neuroimaging visit at

protocol and their handedness. We ran 1,000 randomizations and

pre- and post-intervention, which was approximately one-third (34.3%)

calculated the Mahalanobis distance between the mindfulness training

of all children enrolled in the full-scale RCT (all families were invited).

and coding training group in order to create a single multivariate

In the present study, we measured sustained attention by perfor-

distance metric for the following student characteristics: sex, age, race

mance on the Sustained Attention to Response Task (SART) before and

and ethnicity, special education, FRPL, and prior performance on state

after the interventions. This task requires the participant to press a but-

standardized test scores (Morgan & Rubin, 2012). We selected the

ton when presented with any digit (0–9, Go trials), except for the rarely

randomization combination that minimized the Mahalanobis Distance

presented “3” that appears on only 5% of trials (No-Go trials). As the

to further reduce omitted variable biases along with the RCT design;

task lasts approximately 15 min, it requires sustained attention for a

this approach has been increasingly used by other RCTs so as to equate

tedious task over a long period. Performance on the Go trials provides

randomized groups on multiple dimensions (Morgan & Rubin, 2012).

a measure of sustained attention, whereas performance on the No-Go

Forty children completed the baseline (pre-intervention) behavioral

trials provides a measure of response inhibition (Allan Cheyne, Solman,

assessments and imaging protocol (Table 1). Thirty-one children were

Carriere, & Smilek, 2009; Robertson, Manly, Andrade, Baddeley, &

included (15 in the mindfulness training, 16 in the coding training) after

Yiend, 1997a; Smallwood, 2013). We measured resting-state functional

removing participants due to scanning contraindications (i.e., getting

connectivity (rsFC) before and after the intervention.

braces), excessive movement, and missing data (see Section 2.11.2 and

We tested three main hypotheses. First, we asked whether the

Table 2). Four students were left-handed (one in the mindfulness train-

initial ability to sustain attention on the SART was associated with

ing, three in the coding training). The study complied with the 1975 Dec-

rsFC anticorrelation between DMN and CEN networks. This would be

laration of Helsinki and was approved by the Massachusetts Institute of

the first study to probe the link between sustained attention and pat-

Technology Committee on the Use of Humans as Experimental Subjects.

terns of rsFC in children. Second, we asked whether mindfulness

Parents gave written informed consent for their children to participate in

training would enhance sustained attention on the SART relative to

the study and children gave written informed assent for their participa-

coding training. Third, we asked whether mindfulness training, relative

tion. Families were compensated with gift cards for their participation.

to coding training, would strengthen DMN–CEN anticorrelation.
Further, to directly associate behavioral and brain plasticity, we examined whether pre–post intervention changes in sustained attention and

2.2
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Mindfulness training group

in DMN–CEN anticorrelation would be correlated among the children
who received the mindfulness training. The RCT design of the study

A school-based mindfulness training program was adapted by Calmer

could provide novel causal evidence about the effect of mindfulness

Choice (n.d.) to be appropriate for middle school children. The mindfulness

training on sustained attention and its underlying brain plasticity.

curriculum aimed to train skills related to physical and mental strategies

2
2.1

METHODS

|
|

Participants and randomization procedures

Ninety-nine sixth graders at the Boston Collegiate Charter School, a

TABLE 1

Pre-intervention participant characteristics (N = 40)

Variable

Mean

SD

Age (years)

11.76

.40

Gender

12 males, 28 females

Race/ethnicity

4 Hispanic, 13 African American
21 white, 2 other/multiple racial identity

Handedness

33 right-handed, 7 left-handed

public charter school in Dorchester, MA, were randomly assigned to
either a mindfulness training group or a coding training group during

2

which they learned about computer coding. These interventions

BMI (kg/m )

22.73

lasted for 8 weeks and took place during the last class period of their

FRPL program

19

school-day schedule, which is typically reserved for miscellaneous

WASI IQ

98.1

school-related activities. All students were invited to participate in the
brain imaging protocol at the Massachusetts Institute of Technology,
of whom 40 students volunteered and completed the imaging protocol.

5.25

9.59

Abbreviations: BMI, body mass index; FRPL, free- and reduced-price
lunch; SD, standard deviation; WASI IQ, Wechsler Abbreviated Scales of
Intelligence for IQ.
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Characteristic

Mindfulness group N = 15

Coding group N = 16

Difference statistic

Age (mean years (SD))

12.07 (.47)

11.94 (.37)

t(30) = .79, p = .43

T A B L E 2 Pre-intervention
characteristics of participants included in
pre–post training (N = 31)a

x2(1) = 2.88, p = .08b

Gender
Male

2

7

Female

14

8
x2(1) = .28, p = .59b

Handedness
Right

15

Left

1

3

22.25 (5.27)

22.36 (5.80)

t(30) = .58, p = .56

Go-Accuracy

.90 (.09)

.90 (.07)

t(30) = .21, p = .83

No-Go-Accuracy

.11(.08)

.12 (.10)

t(30) = .91, p = .36

99.69 (10.2)

100.0 (6.4)

t(30) = .52, p = .60

BMI (kg/m2)

13

SART

WASI IQ

Abbreviations: BMI, body mass index; FRPL, free- and reduced-price lunch; SART, Sustained Attention to
Response Task; SD, standard deviation; WASI IQ, Wechsler Abbreviated Scales of Intelligence for IQ.
a
Two participants were MRI incompatible at post-intervention, seven had excess movement during
imaging (see Section 2). Results are presented as mean and (SD).
b
Chi-square statistic with Yates correction.

of focused-attention and changing students' mindsets about their stress,

mindfulness intervention curriculum. The SCRATCH curriculum was

negative affect, and other beliefs and attitudes (Dweck, 2006; Lutz,

designed to train skills of creative thinking, systematic reasoning, and

Slagter, Dunne, & Davidson, 2008; Yeager & Dweck, 2012).

collaborative work. The course met at the same time as the interven-

Each class incorporated 5–15 min of mindfulness exercises requiring participants to attend to some aspect of present-moment experience

tion group and also totaled approximately 24 hr of group practice and
instruction by the end of the 8 weeks.

(e.g., sensations of breathing, sensations of the body, sounds in and out

SCRATCH is a programming language and an online community

of the room, thoughts, or emotions) and to refocus attention on the pre-

where students program and share interactive media such as stories,

sent moment when the mind engages with cognitive processes

games, and animations among them and with people from all over the

(e.g., thinking about the past or future) or meta-cognitive processes

world. Each class introduced step-by-step simple mathematical and

(e.g., appraising thoughts). Participants shared their experiences with the

computational ideas that were built into the SCRATCH experience in

class and received personalized feedback from the instructor. Class con-

the first 15 min of the class. Students then applied the new knowl-

tent was designed to provide a clear set of strategies for practicing

edge to advance the creation of their individual programs in

mindfulness as well as foster a conceptual understanding of mindfulness

SCRATCH, thus applying core computational concepts such as itera-

practice. Classes focused on (a) sitting in an upright posture with backs

tion, conditionals, coordinates, variable random numbers, and so forth.

straight and gaze lowered or eyes closed, (b) distinguishing between nat-

Students were encouraged to share their experiences and their crea-

urally arising thoughts and elaborated thinking, (c) minimizing the dis-

tive thoughts with the class and received personalized feedback from

tracting quality of past and future concerns by reframing them as

the instructor. Participants were also encouraged to work collabora-

mental projections occurring in the present, (d) using the breath as an

tively and reason systematically. The two trained instructors who led

anchor for attention during mindfulness exercises, (e) repeatedly cou-

the intervention each had practical knowledge and experience with

nting up to five consecutive exhalations, and (f) allowing the mind to

the SCRATCH curriculum, and working with children.

rest naturally rather than trying to suppress the occurrence of thoughts.
The course lasted 8 weeks during which students met four times per
week for 45-min classes, totaling approximately 24 hr of group practice

2.4

|

Sustained Attention to Response Task

and instruction by the end of the intervention. The three trained instructors who led the intervention each had practical knowledge and experi-

We measured attentional characteristics through the SART (Robertson,

ence in mindful awareness, as well as teaching mindfulness to children.

Manly, Andrade, Baddeley, & Yiend, 1997b; Figure 1). The SART is a
Go/No-Go task with a high probability of “Go” signals. The SART paradigm was programmed using PsychoPy (Peirce, 2007), a python library

2.3

|

Coding training group

for conducting psychological experiments. Participants were instructed to
withhold responses (i.e., not pressing space bar) for the number 3 (target:

The SCRATCH (n.d.) computer programming curriculum was adapted

“No-Go”) and to respond quickly for all other numbers (nontargets: “Go”).

to match the time commitment and novel engagement of the

Participants were instructed to respond both accurately and quickly.

5

BAUER ET AL.

Participants could respond either during the stimulus display or during the

Britton et al., 2014; Finucane & Mercer, 2006). Four 5-point Likert-

intertrial interval (ITI). Participants performed a practice block consisting

scale questions asked students to assess (a) their overall rating of the

of 172 target and nontarget trials, immediately followed by the experi-

class, (b) the amount of work they had to do, (c) the degree of active

mental session consisting of 2 series of 280 individual digits (28 of which

participation, and (d) how much practical knowledge they learned.

were targets or 5%) for 250 ms each with an ITI of 900 ms between each
digit. Trial order was pseudorandomized so that target trials were always
separated by at least two nontarget trials. Participants had the option of

2.7

|

Procedures and blinding

an undefined break (not exceeding 5 min) before starting the second
series. The task took approximately 15 min. to complete.

The SART was administered immediately pre- and post-intervention.
In addition, student acceptability surveys were collected at the end of
each intervention. At each time point, trained researchers met with

2.5

|

Attentional performance variables

students in their respective homeroom classes during the school day
to complete the SART in one session. The SART was administered at

The primary outcomes of the SART were accuracy on “Go” trials (nontar-

students' original classes (before randomization) to ensure blinding of

gets) and “No-Go” trials (targets). Accuracy on “Go” trials (hereafter:

group assignment to testers. Students and teachers were instructed

Go-Accuracy) is an index of sustained attention (Allan Cheyne

to not reveal group assignment. Pre- and post-intervention MRI pro-

et al., 2009; Cheyne, Carriere, Solman, & Smilek, 2011) and was calcu-

tocols were collected before and after the end of the intervention for

lated as the percentage of correct responses (i.e., pressing for numbers

all participants. Pre-intervention MRI protocols were also adminis-

0–9 except for 3) out of all “Go” trials possible. Accuracy on “No-Go”

tered before randomization to ensure blinding of group assignment to

trials (hereafter: No-Go-Accuracy) is an index of response inhibition (cor-

testers. MRI technicians and researchers were blind to group assign-

rect withholding of a response) (McVay & Kane, 2009; Smallwood, 2013)

ment at all times and participants were explicitly told not to reveal

and was calculated as the percentage of correctly withheld responses to

group assignment at any point.

the number 3. Speed of response was evaluated with both average RT
and the intraindividual coefficient of variation (ICV). RTs below 100 ms
were removed from analysis, with average RT including responses to cor-

2.8

|

Mock scan session

rect trials only. ICV was calculated by dividing the SD of an individual's
RTs by their mean RT for correct trials, with trials under 100 ms also

Before the first MRI scan, all participants completed a mock-scanner

removed. Greater ICV reflects a more variable response speed and has

training session. Participants watched a cartoon movie in the mock

been implicated as a marker of off-task thinking (Bastian & Sackur, 2013).

scanner while their head motion was monitored. The movie would
stop temporarily if their head moved more than 3 mm and resumed
once no movement was detected. Recordings of the actual scanner

2.6

|

Student acceptability of interventions

sounds were played in the mock scanner during the training to acclimate participants to the scanner experience ahead of time. The mock

We assessed student acceptability for both mindfulness and the

scan session lasted about 30 min for each child.

coding training through post-intervention surveys (Bluth et al., 2016;

2.9

|

MRI acquisition

At both neuroimaging sessions, participants underwent a 6-min resting state scan where they were instructed to passively view a fixation
cross during the scan period and not to close their eyes, sleep or
engage in any mindfulness or other exercises for relaxation practices.
Specific instructions were “Keep your eyes open, relax, try not to
move and try to stay awake.” All scans were acquired using a 3 T Trio
MR System with a 32-channel, phased-array head coil (Siemens
Healthcare, Erlangen, Germany). Resting-state functional magnetic
resonance imaging (rs-fMRI) was acquired using a gradient-echo,
echo-planar imaging pulse sequence (EPI) with prospective acquisition
F I G U R E 1 The Sustained-Attention-to-Response Task (SART).
Participants viewed a continuous string of single digits and were
instructed to press the spacebar to all digits except 3 (“Go” trials)
while withholding response to any 3 (“No-Go”) trials). The total time
for the task was 15 min with two series and a total number of
560 individual digits (5% were targets)

correction (PACE) for motion (Thesen, Heid, Mueller, & Schad, 2000)
with imaging parameters: repetition time (TR) = 2.2 s, echo time
(TE) = 30 ms, flip angle = 90 , voxel size = 3.5 × 3.5 × 3.5, number of
slices = 33, and slice gap = 10%. Online PACE was applied to the EPI
sequence. PACE tracks the head of the subject and updates the

6
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position of the field-of-view and slice alignment during acquisition.

8-mm Gaussian smoothing. Structural scan was normalized with respect

The parameters for each time point are updated based on motion

to SPM's T1 template. Finally, image segmentation was carried out on

correction parameters calculated from the previous two time points.

the T1-weighted images to yield gray matter, white matter (WM), and

Five dummy scans were included at the start of the sequence. Addi-

cerebrospinal fluid (CSF) masks in normalized space (Ashburner &

tional structural scans were acquired using a three-dimensional

Friston, 2005). Additional preprocessing steps were carried out using

T1-weighted MP-RAGE pulse sequence with a voxel resolution of

the CONN toolbox version 19.d (Whitfield-Gabrieli & Nieto-Castanon,



3

1 mm ; flip angle = 7 ; TE = 1.61 ms; inversion time (TI) = 1,200 ms;

2012). This included denoising using a Compcor (anatomical

and TR = 2,530 ms.

component-based noise correction method) (Behzadi, Restom, Liau, &
Liu, 2007) to eliminate the nonneuronal contributions from WM and
CSF, followed by band-pass filtering (0.008 < f < 0.09 Hz). Denoising

2.10

Behavioral analyses

|

also included the regression of time points flagged as outliers due to
motion, along with the seven realignment parameters (three translations,

2.10.1 |
ratings

Post-intervention student acceptability

three rotations, and one composite motion) and their first-order derivatives. In-house custom software ART version 2015-10 (Artifact Detection Tools (ART) (n.d.)) was used for outlier detection, with thresholds

Statistical tests for student acceptability scores for both mindfulness

defined using the 99th percentile settings, and allowed for the quantifi-

and coding groups were conducted using R Studio version 1.0.136

cation of participant motion in the scanner and the identification of out-

with R version 3.6.0 (R-Project. R Core Team, 2014). Two-sample

liers based on subject motion as well as changes in the mean blood

t tests between the groups were used to assess (a) the overall rating

oxygen level-dependent (BOLD) signal. With these settings, outlier

of the class, (b) amount of work they had to do, (c) degree of active

scans were identified as consecutive scans with global-signal changes

participation, and (d) how much practical knowledge they learned.

above 9 SDs or framewise displacement above 2 mm. Subjects were

Statistical significance level was set at .05.

excluded if they had >20% of movement outliers, thus falling short of
the minimum required scan time length for resting state connectivity
analysis (Airan et al., 2016; Van Dijk et al., 2010). Motion information

2.10.2

|

Effect of training on Go-Accuracy

and framewise outliers were included as nuisance covariates in our subsequent first-level analyses. After denoising, the residual BOLD time

Statistical tests for Go-Accuracy were conducted using R Studio

courses from the networks were extracted to obtain correlation maps.

version 1.0.136 with R version 3.6.0 (R-Project. R Core Team, 2014).
Regression analysis was used to assess the causal impact of mindfulness training. The model regressed Go-Accuracy outcomes on inter-

2.11.2

|

Functional connectivity analyses

vention group assignment (1 for mindfulness training, 0 for coding
training) taking into account pre-intervention performance as covariate.

Functional connectivity analysis was performed using CONN 18.b

We use heteroscedasticity-consistent standard errors for all models.

(Whitfield-Gabrieli & Nieto-Castanon, 2012) toolbox. We examined

Statistical significance level was set at .05.

functional connectivity between a prior regions of interest (ROIs or
nodes) in the DMN and CEN networks. Node regions for both networks were defined by the CONN software package and derived from

2.11

rs-fMRI data analysis experimental design

|

an independent component analysis on 497 healthy control participants
(293 females) as part of the Human Connectome Project (http://www.

Primary neuroimaging analysis was restricted to the DMN and CEN as

humanconnectome.org). DMN nodes (blue clusters in Figure 2) included

a priori networks of interest based on the frequent involvement of

MPFC, PCC, left and right parietal cortex (LPC; RPC). These four DMN

these networks in cognitive control. First, we examined the relation of

nodes were combined into a single seed for analysis. The four CEN

DMN–CEN anticorrelation to baseline variation in SART Go-Accuracy.

nodes as ROI's (red clusters in Figure 2), which included left and right

Second, we examined how the anticorrelation changed as a conse-

prefrontal cortices (LPFC; RPFC) and left and right posterior parietal

quence of mindfulness training versus coding training, and whether

cortices (LPPC; RPPC), were also combined into a single mask for fur-

this change was related to changes in SART Go-Accuracy.

ther analyses using small volume correction (SVC).
For first-level functional connectivity analysis, Pearson's correlation coefficients were generated by computing correlations between

2.11.1

|

Preprocessing

the DMN time series and time series of all other voxels in the brain.
These seed-to-voxel r maps were then transformed to z maps using

Data preprocessing was done using SPM12 (Friston, 2007), which for

Fisher's r-to-z transformation and brought up to a general linear model

the resting state scans included motion correction, slice timing correc-

analysis at the second level for within-group and between-group com-

tion, normalization with respect to the EPI template (sampling size was

parisons. Finally, we performed an SVC (Poldrack, 2007; Worsley

matched to the native 2-mm isotropic resolution) provided by SPM, and

et al., 1996) on the a priori defined CEN mask.
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mindfulness group: 3.23 (1.23) and coding group: 2.7 (1.49)), the
amount of work they had to do (t(25) = 1.60, p = .12; mindfulness
group: 2.6 (1.12) and coding group: 3.3 (0.82)), degree of active participation (t(25) = .75, p = .45; mindfulness group: 3.1 (1.28) and coding
group: 3.8 (.78)), and how much practical knowledge they learned
(t(25) = 1.85, p = .08; mindfulness group: 2.6 (1.31) and coding group:
3.6 (.69)). These results show that there were no significant differences in student perceptions of the two training courses.

3.2 | Effect of mindfulness training program on
SART performance
3.2.1

|

Go-Accuracy

At baseline, Go-Accuracy was significantly less than 100%
(t(30) = −7.45, p = 2.63e-08, Cohen d = 1.89). The mindfulnessF I G U R E 2 Left and right lateral and medial inflated views of the
brain showing default mode network (DMN) (blue clusters) and
central executive network (red) nodes used as regions of interest
(ROIs) derived from the Human Connectome Project that were used
to assess changes in DMN–CEN anticorrelation

training group exhibited significantly better Go-Accuracy after the
intervention compared to the coding-training group (b = .89,
t(25) = 2.57, p = .01, Cohen f2 = .47; Figure 3). This was confirmed
by post hoc two-sample t tests between the groups showing no significant difference at pre-intervention for Go-Accuracy (t(30) = .21,
p = .83), but significantly better Go-Accuracy at post-intervention

2.11.3 | Pre-intervention relation of Go-Accuracy
to DMN connectivity

(t(30) = 2.28, p = .01) in the mindfulness-training group than the
coding-training group. Additionally, post hoc paired t tests revealed
that children who received the mindfulness-training intervention did

To investigate the relationship between pre-intervention Go-Accuracy
and

DMN

connectivity,

we

correlated

the

pre-intervention

Go-Accuracy with the random effects connectivity maps at preintervention from the DMN network from all participants.

2.11.4 | Effect of training on DMN–CEN
anticorrelation
Regression analysis was used to assess the causal impact of mindfulness
training. The model regressed connectivity maps from the DMN network
on intervention group assignment (1 for mindfulness training, 0 for coding training). Significant main effects and interactions were followed up
with post hoc testing. All analyses controlled for pre-intervention performance, gender, and IQ to determine beta coefficients of the treatment
effect. Unless otherwise stated all statistical analysis are nonparametric
(1,000 permutations) with a height threshold of p < .05 at the voxel level
and an extent threshold of FWE-corrected p < .05.

3
3.1

RESULTS

|
|

Student acceptability of interventions

Both groups reported similar acceptability for the mindfulness or
coding training. There were no significant differences for the overall
rating of the class (t(25) = 1.22, p = .23; mean and SD values for

F I G U R E 3 Pre-intervention (pre) and post-intervention (post)
Z-scores on Go-Accuracy for the Sustained Attention to Response
Task (SART) for mindfulness-training and coding-training groups.
Statistics are linear regressions taking into account pre-intervention
performance as covariate as well as IQ and gender. Error bars
represent SE. **p < .01
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not exhibit any significant pre–post intervention decline in
Go-Accuracy (t(14) = 1.50, p = .92), whereas children in the codingtraining

group

exhibited

a

significant

pre–post

decline

3.3.2 | Pre-intervention relation of SART
performance to DMN–CEN anticorrelation

in

Go-Accuracy (t(15) = 1.87, p = .04). There were no group differences

Across participants, prior to intervention, better Go-Accuracy corre-

in RT variability on Go trials both before the intervention

lated with greater anticorrelation between DMN–CEN (r = −.45,

(t(30) = .09, p = .92) or after the intervention (b = .02, t(25) = .97,

n = 31, p = .005, FWE-corrected; Figure 4; specifically in right DLPFC

2

p = .33, Cohen f = .01).

(MNI x = 52, y = 26, z = 36) and rPPC (MNI x = 56, y = −50, z = 44).
There were no significant correlations between DMN–CEN functional
connectivities and No-Go-accuracy (r = .33, n = 31, p = .96,

3.2.2

|

No-Go-Accuracy

FWE-corrected).

There were no significant group differences in No-Go-Accuracy before
(t(30) = .91, p = .36) or after the intervention (b = .05, t(25) = .12, p = .90,
Cohen f2 = .01) and on No-Go-RT-variability before (t(30) = .05,

3.3.3 | Effect of mindfulness training on DMN–
CEN anticorrelation

p = .95) or after the intervention (b = .24, t(25) = 1.53, p = .13,
Cohen f2 = .17).

The mindfulness-training group showed a significant pre–post
increase in DMN–CEN anticorrelation (right DLPFC: x = 50, y = 22,
z = 35) after the intervention compared to the coding-training group

3.3

Functional connectivity analysis

|

(b = −.14, t(25) = −3.35, p = .002, Cohen f2 = .56, FWE-corrected;
Figure 5). This was confirmed by post hoc two-sample t tests between

3.3.1

|

Motion

the groups showing no significant difference at pre-intervention in
DMN-right DLPFC anticorrelation (t(30) = .07, p = .93), but signifi-

There were seven participants who exceeded the 20% movement

cantly higher DMN-right DLPFC anticorrelation at post-intervention

threshold of images (or less than 132 usable time points) with move-

(t(30) = 2.35, p = .02) in the mindfulness-training group than the

ment outliers (4 mindfulness) and were discarded from the analysis.

coding-training group. Additionally, post hoc paired t tests revealed

No significant effects of time (pre-intervention vs. post-intervention;

that children in the mindfulness-training group did not exhibit any sig-

F(1,25) = .72; p = .48), group (mindfulness versus coding; F(1,25) = .98;

nificant post-intervention decline in DMN-right DLPFC anticorrelation

p = .33), and no significant interaction effects (F(1,25) = .84; p = .40)

(t(14) = .92, p = .81), whereas children in the coding-training group

were observed (median value mindfulness group at pre-intervention:

exhibited a significant reduction in post-intervention DMN–CEN

6.0, at post 6.0; coding group at pre-intervention: 6.2, at post 7.8).

anticorrelation (t(15) = 1.87, p = .04).

These results show that there were no significant group differences in

Given the importance of motion as a possible confound in func-

motion. There was also no correlation between Motion and

tional connectivity, we performed analyses following Ciric et al. (2017)

Go-Accuracy (r = .1, p = .5).

to evaluate the efficacy of our denoising strategy (see Figures S1.1

F I G U R E 4 Relation of Sustained Attention to Reaction Task (SART) performance on Go-Accuracy to default mode network (DMN) and
central executive network (CEN red outline) anticorrelation. Inflated right hemisphere of the brain depicting voxels in the right dorsolateral
prefrontal cortex (right DLPFC) and right parietal cortex (blue) in which greater baseline anticorrelation correlated significantly with better SART
Go-Accuracy. Statistics are nonparametric FWE small volume corrected
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F I G U R E 5 Regions exhibiting significant differences of default mode network (DMN) and central executive network (CEN) anticorrelation
between the mindfulness training group versus the coding training group. (a) Inflated right hemisphere of the brain depicting voxels in the right
dorsolateral prefrontal cortex (right DLPFC in blue) within the CEN (red outline) where DMN–CEN anticorrelation showed a significant group
difference. (b) Significant difference in pre-to-post-intervention DMN–CEN anticorrelation in the mindfulness training group relative to the coding
training group. Statistics are nonparametric FWE small volume corrected. All centers reflect mean and all error bars reflect the SEM. **p < .01

and S2.2, Supplementary Material). Additionally, we performed a post

and pre–post differences in DMN-right DLPFC anticorrelation (right

hoc analysis using the subject-level motion covariate as a control vari-

DLPFC: x = 50, y = 22, z = 35, mindfulness training: r = −.50, p = .03;

able to evaluate whether results on DMN-right DLPFC antic-

coding training: r = .002, p = .50; Figure 6).

orrelations

were

affected

by

differences

in

motion

among

participants. The finding of a group × pre–post interaction remained
significant (b = −.15, t(24) = −3.69, p = .001, Cohen f2 = .59, FWE-

4

|

DI SCU SSION

corrected). Furthermore, there was no significant difference between
results with or without motion covariate as control variable

We discovered a neural network characteristic associated with varia-

(delta = .01, SE = .05, Z = .20, p = .83).

tion in sustained attention in children, and through an RCT design
found novel causal evidence that mindfulness training, relative to coding training, preserved sustained attention in association with preserva-

3.3.4 | Relation between change in Go-Accuracy
accuracy to change in DMN-right DLPFC
anticorrelation

tion of that neural network characteristic. There were three major
findings. First, prior to intervention, better sustained attention positively correlated with greater resting-state anticorrelation between two
distinct brain networks across all children: the DMN (associated with

Only children in the mindfulness-training group showed a significant

mind-wandering and task-unrelated thoughts) and the right DLPFC and

and positive correlation between pre–post differences in Go-Accuracy

right parietal components of the CEN (associated with cognitive

F I G U R E 6 Pre–post changes
in Sustained Attention to
Response Task (SART) GoAccuracy and in default mode
network (DMN) and right
dorsolateral prefrontal cortex
(DLPFC) anticorrelation for the
mindfulness (filled triangles) and
coding (open circles) training
groups. Only children in the
mindfulness group exhibited a
significant correlation between
changes in pre–post SART
performance and changes in pre–
post anticorrelation between
DMN and right DLPFC
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control). This is the first evidence linking performance on an attention
task with rsFC in children. Second, children who participated in an

4.2 | Mindfulness training preserved sustained
attention

8-week long mindfulness training exhibited preserved sustained attention, whereas children in the active control condition exhibited a deteri-

Mindfulness training preserved sustained attention on the SART in the

oration of sustained attention. Third, and mirroring the preservation of

mindfulness group relative to the coding group. This finding aligns with

sustained attention, children who received mindfulness training

prior behavioral studies reporting enhanced cognitive control after mind-

exhibited preserved resting-state anticorrelation between the DMN

fulness training in children (Britton et al., 2014; Felver et al., 2017; Flook

and right DLPFC, whereas children in the active control condition

et al., 2010; Lawler et al., 2019; Leonard et al., 2013; Quach et al., 2016;

exhibited a deterioration of that anticorrelation. The relations among

Salmoirago-Blotcher et al., 2019; Schonert-Reichl et al., 2015;Semple

mindfulness training, sustained attention, and brain plasticity received

et al., 2010; Sidhu, 2012) and adults (Cásedas et al., 2019; Moore &

further support by a correlation between changes in sustained atten-

Malinowski, 2009). These RCTs demonstrated improved attentional abil-

tion performance and changes in DMN-right DLPFC anticorrelation

ity measured by task performance or parent/teacher-reported question-

only in the children who received mindfulness training. Altogether, this

naires in typically developing children and adolescents (Felver

study provides initial causal evidence for the brain basis of cognitive

et al., 2017; Schonert-Reichl et al., 2015), in children with ADHD

benefits due to mindfulness training in children.

(Sidhu, 2012) or reading difficulties (Semple et al., 2010; Sidhu, 2012),
and in incarcerated adolescents (Leonard et al., 2013).
In the current study, behavioral performance followed a particular

4.1 | Greater sustained attention correlated with
greater resting-state DMN-right DLPFC
anticorrelation prior to intervention

pattern, with the two groups performing similarly at pre-intervention.
At post-intervention, the mindfulness group maintained similar levels of
sustained attention, whereas sustained attention declined in the active
control group. One interpretation is that both groups, during the

The present findings provide initial evidence about how variation in

15 min of the arduous and attention-demanding performance at

sustained attention among children relates to variation in brain function.

pre-intervention, came to realize the difficulty of the task. This realiza-

Prior to intervention and across all children, greater sustained attention

tion may have subsequently diminished engagement in the task during

was associated with greater resting-state anticorrelation between the

the post-intervention readministration of the SART. Thus, simply

DMN and a major hub of the CEN, right DLPFC. This brain–behavior rela-

maintaining a similar level of sustained attention in the second SART

tion is consistent with prior findings in adults that the DMN and CEN play

testing indicates achievement instead of a lack of improvement. Indeed,

key roles in attentional processes and in individual differences in cognitive

other studies with adults involving pre–post SART designs have also

control. DMN–DLPFC anticorrelation is enhanced during attention-

reported significant worsening of performance in control groups across

demanding tasks (Denkova et al., 2019; Greicius et al., 2003; Piccoli

sessions with mindfulness resulting in significant improvement by virtue

et al., 2015), and across individual adults stronger resting-state DMN–

of maintaining pre-intervention levels of sustained attention (Hargus,

DLPFC anticorrelation is associated with greater working memory capacity

Crane, Barnhofer, & Williams, 2010; Jha et al., 2015; Polak, 2009).

(Hampson et al., 2010; Keller et al., 2015; Whitfield-Gabrieli et al., 2018)

Deterioration of sustained attention in the control group may also

and faster processing speed (Ng et al., 2016). Conversely, such DMN–

be related to contextual factors of the academic calendar. Pre-

DLPFC anticorrelation is reduced when cognitive control processes are

intervention measures were obtained from December through

clinically impaired in individuals with ADHD (Hoekzema et al., 2014;

January, and post-intervention measures were obtained from April

Mattfeld et al., 2014) or schizophrenia (Whitfield-Gabrieli et al., 2009).

through May. Broadly, the post-intervention period overlapped with

The relation of DMN–CEN anticorrelation to sustained attention

the most stressful part of the school year as students take statewide

may be interpreted through the development of this anticorrelation in

tests of academic achievement and prepare for the transition to the

children and adolescents. One study compared resting-state antic-

next school year. It may be that a rising general level of stress for all

orrelation between a hub of the DMN (MPFC) and multiple CEN regions

students across the time period of this study accounted for the wors-

in children ages 8–12, adolescents ages 13–17, and young adults ages

ening of sustained attention in the control group. These observations

18–24 (Chai, Ofen, Gabrieli, & Whitfield-Gabrieli, 2014). In children,

suggest that mindfulness may help buffer increases in stress and nega-

these areas were positively correlated, and adolescents exhibited an

tive affect that occur across the academic year, and that mindfulness

intermediate level of anticorrelation relative to the anticorrelation seen

training was a protective factor for students.

in adults. A longitudinal study examining changes in functional connectivity across ages 10–13 while children performed a passive listing tasks
reported a similar growth of anticorrelation between PCC, another hub
of the DMN, and CEN regions that correlated with IQ scores (Sherman

4.3 | Mindfulness training preserved DMN-right
DLPFC anticorrelation

et al., 2014). These studies converge to suggest that DMN–CEN relations mature through development from a positive correlation to a nega-

Group-differences in the strength of resting-state DMN-right DLPFC

tive correlation, and that this maturation of DMN–CEN anticorrelation

anticorrelation paralleled the behavioral findings for sustained atten-

is associated with the growth of cognitive control.

tion. The mindfulness group maintained pre-intervention levels of

11

BAUER ET AL.

DMN-right DLPFC anticorrelation, whereas the coding group

minimize the number of comparisons to be conducted. Second,

exhibited reduced anticorrelations. This link between mindfulness

although the study had an RCT design, the findings are from the sub-

training and intervention-related changes in brain–behavior associa-

set of families who were willing to participate in neuroimaging. This

tions was further supported by a correlation between changes in

resulted in an imbalance (although nonsignificant) in gender ratios

SART performance and changes in DMN-right DLPFC correlation that

between the two groups. However, we mitigated the effect of this

occurred only in the mindfulness group. This finding, to our knowl-

imbalance by adding gender as a covariate in all analyses. Any addi-

edge, is the first evidence of a causal relationship between changes in

tional characteristics that may have distinguished these families were

sustained attention and changes in DMN-right DLPFC anti-

equivalent across the two training groups.

correlations, in any age group. Previous studies reported a causal link

The study also has several strengths. First, it generalizes the ben-

between greater DMN activations and poorer vigilance (Hinds

efits from mindfulness training beyond both active engagement in

et al., 2013), and showed a causal inhibitory regulation of the CEN on

meditation and task-specific brain plasticity. The changes in behavior

DMN activations and connectivity patterns (Chen et al., 2013).

and brain function occurred in a nonmeditative state. These findings

Another study found increased DMN-right DLPFC anticorrelation in

are in agreement with the notion that mindfulness training transfers

patients with schizophrenia following an intervention of cannabis con-

its effects to daily experiences beyond meditation practice (Lutz,

sumption (Whitfield-Gabrieli et al., 2018). This study found that the

Brefczynski-Lewis, Johnstone, & Davidson, 2008; Lutz, Dunne, &

anticorrelation correlated with working-memory performance after

Davidson, 2007). Further, the observed functional brain differences

intervention, but changes in performance were not correlated with

were not limited to a specific task or activity because rsFC is thought

changes in functional connectivity. Several prior studies have reported

to reflect primarily long-term, tonic network properties of neural sys-

changes in rsFC in adults following mindfulness training, but the

tems that are shaped by experience and development and that have

absence of behavioral measures precluded relating those changes in

broad consequences for behaviors (Chai et al., 2014; Sherman

rsFC to any cognitive functions (Creswell et al., 2016; Taren

et al., 2014). A second strength of this study is the association

et al., 2015; Taren et al., 2017; Yang et al., 2016). Given that the

between a behavioral measure of attention and a separate measure of

correlation between DMN–CEN transitions from positive to negative

brain function. The finding of an objective neural correlate of

across early adolescent brain development (Chai et al., 2014; Sherman

sustained attention which tracks the beneficial behavioral effects fol-

et al., 2014), our findings raise the possibility that mindfulness pro-

lowing mindfulness intervention supports the validity of the behav-

motes the maturation of the neural circuits associated with cognitive

ioral results at both group and individual differences levels of analysis.

control.

Finally, given that mindfulness training appears to have conferred a

It is unclear why the coding group exhibited a decline in the

protective effect on sustained attention and DMN-right DLPFC antic-

DMN-right DLPFC anticorrelation following intervention. It is unlikely

orrelation, this finding emphasizes the value of including a randomized

that the coding training itself diminished the anticorrelation because

control group that helped to establish a true baseline against which a

students rated the demands and enjoyment of the two interventions

treatment effect could be discerned.

very similarly. Also, a lack of correlation between changes in SART

The present study found that a grade-wide, school-based mindful-

performance and changes in anticorrelation in the coding group sug-

ness program preserved cognitive performance, which has important

gests that there was not a systematic relation between coding training

implications for mental health and educational practices. This is further

and either behavioral or brain changes. One possibility is that the

corroborated by a previously reported finding on the impact of this

greater level of stress in the school year not only diminished sustained

intervention on social–emotional outcomes of reduced stress and

attention, but also the brain network connectivity (i.e., DMN-right

reduced negative affect (Bauer et al., 2019). Indeed, the interaction

DLPFC anticorrelation) that supports sustained attention. In this case,

between cognitive control and social–emotional functions are impor-

mindfulness training may be seen as a protective factor against such

tant in adolescent development. Reduced cognitive control in emo-

neurocognitive effects of stress, as it is for behavioral effects of stress

tional contexts in adolescence has been associated with risk-taking

(Jha, Stanley, Kiyonaga, Wong, & Gelfand, 2010).

behaviors, mental disorders, mortality, and crime (Coleman, 2011; Paus,
Keshavan, & Giedd, 2008; Rudolph et al., 2017), whereas greater cognitive control has been linked to academic and professional success

4.4

|

Limitations and implications

(Caspi, Entner Wright, Moffitt, & Silva, 1998; Finn et al., 2014; Finn
et al., 2017; Moffitt et al., 2011). Finally, this RCT occurred at an urban

Several limitations of this study can be noted. First, there were a mod-

school serving many students from lower income (low socioeconomic

est number of participants. In turn, this motivated an a priori approach

status) families, which was also reflected in the subgroup of students

to generate specific hypotheses about the neural networks that may

who participated in the imaging study. Thus, mindfulness training may

change following a mindfulness intervention, so as to allow for a con-

be especially helpful in supporting cognitive control in students who

servative level of statistics. It is unknown, therefore, whether other

may experience higher rates of early-life adversity. The present findings

neural networks would also display training-induced resting-state

point to the neural mechanisms of how mindfulness training may pro-

plasticity. In addition, we utilized a network approach whereby all four

mote healthy development of cognitive control as well as enhance

seeds of the same network were analyzed together, in order to

well-being and academic achievement in youth.
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