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Abstract

Attention is a fundamental cognitive process that is critical for essentially all aspects of higher-
order cognition and real-world activities. Younger generations have deeply embraced information
technology and multitasking in their personal lives, school, and the workplace, creating myriad
challenges to their attention. While improving sustained attention in healthy young adults would
be beneficial, enhancing this ability has proven notoriously difficult in this age group. Here we
show that six-weeks of engagement with a meditation-inspired, closed-loop software program
(MediTrain) delivered on mobile devices led to gains in both sustained attention and working
memory in healthy young adults (/7= 22). These improvements were associated with positive
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changes in key neural signatures of attentional control (frontal theta inter-trial coherence and
parietal P3b latency), as measured by electroencephalography. Our findings suggest the utility of
delivering aspects of the ancient practice of focused-attention meditation in a modern, technology-
based approach and its benefits on enhancing sustained attention.

Introduction

Media and technology multitasking have become pervasive in the lives of young adults! and
research has shown that this behavior is associated with challenges to their attention abilities
that present as increased distractibility?:3, diminished attention span?, poorer academic
performance and reduced personal contentment?. Given that attention is a fundamental
component process of all aspects of higher order cognition (e.g., memory, decision making,
goal management, and emotional regulation)®®, there exists a need for new methods to
enhance attention abilities. Attempts to do so have largely focused on populations with
documented attention deficits, such as children diagnosed with Attention Deficit
Hyperactivity Disorder (ADHD) and older adults’~2. Interestingly, a few approaches, such as
playing action videogames1? and physical fitness trainingl!, have been associated with
fostering improved attention in healthy young adults; however, the benefits of these activities
are not sufficient on their own to completely address modern day challenges to attention.
Further, while readily available, these methods are not universally appealing, and attempts to
boost attention using technology-based approaches, like cognitive training software
programs, have revealed only minimal value in this age group?2.

While young adults display superior attention abilities compared to clinical or other
vulnerable populations, who are typically most responsive to benefits of treatments’=?, they
nevertheless face numerous real-world challenges to attention. Perhaps as a result, the use of
stimulants has skyrocketed in non-diagnosed college students attempting to increase their
focus and boost school performance, with non-prescription use rates as high as 43% among
college students3-15. However, stimulant use in this population has not been found to
actually improve sustained attention’3 and misuse is associated with a multitude of
substance abuse complications and even life-threatening outcomes!4. There is thus an
important, and growing, need for new accessible and affordable approaches to enhance
attention abilities in healthy young adults, which are validated by randomized controlled
trials (RCTSs).

A growing scientific literature supports the positive effects of real-world practices of
focused-attention meditation as a means of improving self-regulation processes, including
the deployment of sustained and selective attention®16:17, as well as its beneficial influences
on stress, mood, and emotional regulation®. While the majority of these studies have been
conducted on middle-aged and older adults, a few studies have shown that the practice of
meditation may increase attention abilities in healthy young adults1920, However, traditional
forms of meditation can be challenging, intimidating, and expensive to learn, because they
require access to trained expert facilitators and in-person meetings over multiple months?8.
Moreover, these practices do not offer quantifiable metrics of success, nor performance
feedback during the program—factors that are important for maintaining engagement and
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long-term compliance?L. Further, traditional meditation is not adaptive or tailored to
individuals, making it overly challenging for some people. While more recent studies have
tested the delivery of website-accessible meditation programs?2, these online practices
tended to duplicate the procedures of the real-world practices and consequently had similar
hurdles in terms of implementation and traction. Moreover, while meditation “apps” on
mobile devices have become increasingly ubiquitous?3, studies to date have either failed to
characterize their effects on cognition or have shown equivocal results?4.

To extend the benefits of focused-attention meditation to larger numbers and more diverse
populations, we adopted an “east meets west” approach. Unlike other meditation apps in the
consumer market place that offer a digital version of traditional methods to guided
mediation, our approach involved designing, developing and testing a meditation-inspired
software program that integrates key aspects of traditional focused-attention meditation with
a neuroplasticity-based, closed-loop approach to cognitive enhancement that has proven
successful in generating positive outcomes with other interventions’. The MediTrain
program (see Supplementary Fig. 1 and Methods) is a standalone software application
deployed on mobile devices, designed to make the practice of focused-attention meditation
more accessible, deliverable, and sustainable, notably to younger generations who navigate
towards the use of mobile digital devices!. To constrain interpretations regarding which
active ingredients confer benefits, we restricted our approach to specific, but fundamental,
aspects of focused-attention meditation (i.e., focused internal attention to the breath,
awareness of distractions, and return of focus to the breath).

When engaging with MediTrain, users are first instructed on how to focus their attention on
their breath (e.g., sensation of air in the nostrils or movement of their chest) with their eyes
closed. Following this lesson, they begin the training trials, where they are instructed to be
aware of their mind’s wandering (either due to an attentional lapse or a distraction), and
when it is detected to shift their attention back to their breath (see Supplementary
Information for detailed instructions). Based on their introspection and self-report of mind-
wandering, the closed-loop aspect of MediTrain uses an adaptive staircase algorithm to
adjust the difficulty of the next trial (i.e., increase in duration when they report that their
focus was maintained and decrease when focus wavered from the breath). This closed-loop
approach allows the delivery of a focused-meditation challenge in a personalized manner
and offers regular feedback on the effectiveness of an individual’s ability to sustain their
attention to their breath, as well as metrics of improvement over time. Another strength of
this program is its delivery on wireless mobile platforms (i.e., tablets or phones), which has
the practical benefit of broad accessibility and appeal to younger generations.

A common criticism of previous meditation research and cognitive training studies is the
absence of suitable control groups to address potential placebo effects driven by participant
expectations that an intervention will lead to positive effects2-18.25 To address this concern,
we conducted Experiment 1 to select an appropriate control condition based on participant
predictions of potential training-related cognitive gains. Specifically, we asked a large
sample of young adults (n7= 334) to report their expectations regarding the extent that
engaging with MediTrain or a selection of other mobile software applications (see Methods
for details of Experiment 1) would improve their performance on our specific outcome
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measures. This experiment revealed a set of apps that, compared to MediTrain, revealed no
significant differences in participant expectations of improvement on any of our outcome
measures, indicating that they would serve as an appropriate placebo control condition.

Results and Discussion

Based on key findings from the traditional meditation literature, we hypothesized that
MediTrain would lead to improvements in sustained attention® beyond that of an
expectancy-matched control group. To test this hypothesis, we designed Experiment 2 as a
randomized, double-blind, placebo-controlled study. We randomly assigned 59 healthy
young adults (18-35 years of age) to receive 6-weeks of at home treatment with either
MediTrain or the expectancy-matched placebo program (see Methods and Supplementary
Fig. 2 for details of randomization). Of these participants, 24 in the MediTrain group and 20
in the placebo group completed the full treatment and the pre- and post-outcome
assessments. We excluded two MediTrain participants due to irregularities in their software
usage (see Methods for details), resulting in a final analyzed sample of 22 MediTrain
participants. We found that, on average, participants in the MediTrain group gradually
increased the amount of time each day that they successfully sustained their attention to their
breath without attentional lapses or distractions, averaging 20sec on the first day and
progressing to an average of 6min after 25 days of training (Fig. 1).

As our primary outcome measurement of interest, we evaluated intra-individual variability in
response time across trials (RTVar) on a vigilance task that required a rapid response to a
rare target stimulus (Fig. 2A). This well-studied measure of sustained attention assesses the
consistency of attentional deployment during extended task engagement, as influenced by
mind wandering events and brief periods of distractibilityl926. RTVar has been shown to be
increased in children with ADHD? and older adults with mild cognitive impairment28.29
and dementia30. This measure has also been shown to be reduced in middle-aged adults in
response to traditional practices of meditation, and presented as evidence of meditation
improving sustained attention abilities3!.

Using an ANCOVA to evaluate post-intervention scores while controlling for pre-
intervention levels (see Statistics in Methods), we found that RTVar differed significantly
between the two groups following training, with less variability in RT across the task period
in the MediTrain group (Fz 37= 6.4, p=0.016, Cohen’s d= -0.66; Fig 2B). Analysis further
revealed that MediTrain participants showed a significant decrease in RTVar from pre- to
post-training (Figs. 2D-F; A = -7.98 ms, paired #,; = -3.5, p=0.002, 95% CI: -12.7 to
-3.1), while placebo participants did not change (A = 1.1 ms, paired ¢;7,=0.29, p=0.78,
95% CI: —7.0 to 9.1). Note that two participants in the placebo group were excluded from
these analyses as being extreme outliers (see Methods for details of outlier analyses and
exclusions), resulting in a final as-treated sample of 7=22 in MediTrain and 7= 18 in
placebo for this task. To ensure that the decrease in RTVar was not related to a general
response time (RT) slowing or tradeoff in accuracy, we performed a post-hoc analysis of RT
and the sensitivity index (a’). Controlling for pre-intervention levels, an ANCOVA revealed
no significant group difference in RT at post-intervention (~z 37= 0.14, p=0.71, Cohen’s d
=-0.15, 95% CI: -189.5 to 276.5; Fig 2C), but did reveal a significant difference in o’
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(ANCOVA F; 37=6.7, p=0.014; Cohen’s d= 0.39, 95% CI: 0.09 to 0.79), with the
MediTrain group performing significantly better than placebo controls at post-intervention.
These data indicate that the decrease in RTVar in the MediTrain group was not associated
with a tradeoff in other performance metrics.

We next examined the relationship between the improvement of each participant on
MediTrain breath focus itself over the 6 weeks of training and the change in their RTVar on
the vigilance task after the completion treatment period (Fig. 2G). We were able to extract
complete training datasets from 20 MediTrain participants (see Methods for details). We
found a significant negative correlation (Pearson r;g= —0.59, p=0.01), indicating that the
participants who advanced the most in the amount of time they could maintain focus on their
breath showed the greatest decrease in RTVar on the independent outcome measure (i.e.,
improvement in sustained attention). These data support the conclusion that the mechanistic
action driving the benefit in sustained attention is the improved ability to sustain focus on
one’s breath, fostered via the adaptive nature of MediTrain.

In addition to measuring cognitive performance, participants also underwent EEG
recordings during the vigilance task, enabling us to examine the neural mechanisms
underlying participants’ increased ability to stabilize their attention (i.e., reduce RTVar)
following the MediTrain intervention. While vigilance tasks similar to ours (e.g., other
continuous performance tasks) have been frequently used to assess sustained attention and
examine neural changes in older adults with cognitive decline32, little is known about the
neural correlates of the RTVar performance measure in healthy young adults. In order to
constrain the number of neural markers examined, we sought to identify, a priori, key neural
signatures that underlie differences in RTVar. To accomplish this goal, in Experiment 3 we
analyzed EEG data from an independent sample of young adults (n7= 73) performing the
same version of this vigilance task in other studies and assessed correlations with neural
markers previously associated with attention performance (see Methods for details of
Experiment 3). We identified two relevant neural markers and two measurements for each
them: parietal P3b event-related potential (ERP) latency (Fig. 3A) and area under the curve
(AUC; Fig. 3B) and frontal midline theta (4—7 Hz) inter-trial coherence (ITC; Fig 3C) and
power (Fig. 3D) correlated significantly with RTVar on the vigilance task.

Having identified these neural markers of sustained attention, we then assessed whether they
were differentially impacted by training with MediTrain compared to placebo. Complete
EEG datasets for participants with complete pre- and post-intervention measurements were
obtained from 12 participants in each group (see Methods for details about missing data).
Separate ANCOVASs of post-intervention measures revealed significantly greater levels of
both mid-frontal theta ITC (F; »;=9.71, p=0.005, Cohen’s o= 1.27, 95% CI: 0.33 to 0.42;
Figs. 4A-C) and earlier parietal P3b latencies (F; »; = 15.4, p=0.001, Cohen’s = 1.02,
95% CI: 327.5 to 353.0; Figs. 5A-C) in the MediTrain group, compared to placebo, while
controlling for pre-intervention levels. Both of these group differences were driven by post-
intervention improvements in the MediTrain group (see Figs 4C and 5C). There was no
significant effect of the intervention on overall frontal midline theta power at post-
intervention (ANCOVA F; ;= 0.01, p=0.92, Cohen’s d=0.069, 95% CI: 1.17 to 2.90). In
addition, there was a trend toward a greater P3b AUC after the intervention in the MediTrain
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group, compared to placebo (F; 27 = 3.54, p=0.07, Cohen’s d= 0.66, 95% CI: 467.27 to
676.36). An exploratory analysis revealed a significant correlation between change in P3b
latency and change in RTVar in the MediTrain group (Pearson r;p= 0.568, p=0.05;
Supplementary Fig.6).

In order to determine the anatomical substrate of these EEG markers and to link our findings
to the broader literature, we performed source localization using individual neuroanatomy
derived from MRI from all 12 participants from the MediTrain group who were included in
the EEG analysis. Source analysis of frontal theta ITC (Fig. 4D) revealed that the peak
signal was centralized to medial prefrontal cortex (an area typically associated with the
default mode network33), and to lateral prefrontal cortex (more commonly associated with
fronto-paririetal attention networks®). Consistent with previous studies3#, we found that the
P3b ERP component arose from a broadly distributed posterior temporo-parietal network
that included the precuneus (Fig. 5D), which is often considered a “hub” within the default
mode network33,

These neural findings provide insights into the underlying mechanisms by which this closed-
loop approach to focused-attention meditation with MediTrain leads to improvements in
sustained attention and are largely consistent with previous findings of neural changes
following three months of traditional, intensive meditation practice3!. The frontal theta
rhythm has been established as a marker of attentional control3®, and we have previously
shown that frontal theta power changes in response to interventions that enhanced cognitive
control”-38, Studies have also shown that frontal midline theta power is inversely correlated
with neural activity in the default network33, where deactivation has been associated with
increased task performancell. Here we show that the trial-by-trial consistency of this metric
(i.e., ITC) improves following MediTrain treatment, mirroring the greater trial-by-trial
consistency found for task performance (i.e., RTVar). Thus, our data suggest that enhanced
stability of this network over time underlies the improved sustained attentional focus we
observed following MediTrain. While other research has pointed toward power in the frontal
theta signal as being an important marker of cognitive control”-3¢, our findings reveal that
consistency in the phase of the theta oscillation from trial-to-trial, rather than simple
activation of this top-down network, is critical for the ability to maintain attentional focus
from moment-to-moment, and that this process is to strengthened by our meditation
approach. The neural changes observed in the P3b are thought to reflect improved allocation
of attentional resources. Recent evidence suggests that a complex interplay between activity
in the default network and the precuneus underlies attentional stability and flexibility,
respectively3’. In addition, the default network has been shown to be more deactivated at
rest in experienced meditation practitioners3® and the P3b is also modulated by meditation
training3°. In aggregate, the neural data suggest that both frontal and parietal networks drive
these benefits on sustained attention.

In addition to our primary cognitive outcome task, we sought to test whether MediTrain led
to more consistent performance on an attention task (Fig. 6A) that was more challenging
than the vigilance task; i.e., complex visual discrimination amidst distractions (see Methods
for task details). Confirming this hypothesis, an ANCOVA revealed that RTVar post-
intervention was significantly lower in MediTrain (n7=22) compared to placebo (7= 19;
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F138=5.5, p=0.024, Cohen’s d=-0.73, 95% CI: 0.2 to 0.3; Fig. 6B), with MediTrain
participants showing a significant reduction in RTVar (A = -91.1ms, paired-sample ¢,; = 5.8,
p<0.001, 95% CI = -0.12 to —0.06; Fig 6C), while the placebo group did not change
significantly (A = -9.1ms, paired-sample #;9=0.15, p=0.88, 95% CI: 0.079 to 0.069). We
did not find a significant difference in overall RT (F; 3= 1.9, p=0.18, Cohen’s d=-0.31,
95%Cl: -0.02 to 0.09) or accuracy (d': F; 35= 2.5, p=0.12, Cohen’s = 0.37, 95% ClI:
-0.08 to 0.7) at post-intervention, confirming that the decrease in RTVar was not achieved at
a cost in performance. The finding that RTVar was diminished in an identical manner on a
second, more demanding, task with external distractions, provides supporting evidence that
MediTrain has a generalizable positive impact on sustained selective attention.

Finally, we asked whether the benefits of MediTrain generalized to improvements in
working memory, an important internally-oriented form of attention4. On a test of working
memory capacity (Fig 6D), we found significantly higher capacity at post-intervention in
MediTrain participants (7= 20), as compared to placebo controls (7= 19; see Methods for
sample size details), while controlling for pre-intervention levels (ANCOVA: F; 35 = 4.4, p
= 0.04, Cohen’s d=0.66, 95% CI = 0.006 to 0.35; Figs. 6E & F). Further analysis revealed
that MediTrain group showed increased working memory capacity from pre- to post-
intervention (A = 0.17, paired-sample #;9= 3.4, p=10.003, 95% CI = 0.067 to 0.28) while the
placebo group did not change (A = -0.01, paired-sample #;g=—0.15, p=0.89, 95% CI =
-0.16 t0 0.14).

In conclusion, we found that MediTrain led to improvement in the ability of healthy young
adults to stabilize their attention from moment-to-moment across two independent tasks.
These results suggest transfer of benefits from 6 weeks of engagement in a self-paced,
internally-directed attention practice (i.e., MediTrain) to enhanced sustained attention while
performing externally-directed attention tasks that demanded rapid processing speed.
Coupled with the finding of increased working memory capacity, and further supported by
neural data showing improved markers of attention and neural consistency, these findings
offer converging evidence of improvements in attention in response to a closed-loop, digital
meditation program. Critically, we observed these MediTrain-related cognitive and neural
improvements in a population of young adults who face myriad modern-day challenges to
their attention, further underscoring the timeliness and importance of this approach.

Limitations

While the observed improvements in sustained attention and working memory were present
on average a week following the completion of the training period (i.e., post-intervention
cognitive testing visits were scheduled within 2 weeks after the last training day), no
conclusions can be made regarding the long-term durability of the observed beneficial
effects of MediTrain. In addition, future replication studies on larger and more diverse
populations will be important to confirm the robustness and generalizability of the positive
effects reported here.
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Experiment 1: Expectancy-matched Placebo Control Selection.

All methods were carried out in accordance with relevant guidelines and regulations
approved by the UCSF Committee on Human Research’s Institutional Review Board and all
participants gave informed consent and received monetary compensation for their
participation. We first conducted a study using Mechanical Turk*! to identify apps that were
matched to MediTrain in terms of participants’ expectations regarding potential beneficial
outcomes of cognition or behavior242 but we did not hypothesize that they would improve
attention?3. We used an empirical assessment of participants’ expectations?* of training-
related gains in cognition to find a combination of apps that would act as an appropriate
placebo control for our MediTrain intervention. Expectancy matching here involved showing
participants a recording of either MediTrain or the placebo apps, followed by a video
describing each of the cognitive outcomes, and then asked them to rate the extent to which
training with the displayed intervention would lead to improvements on each of the
outcomes (see Methods for Experiment 2 below for detailed descriptions of Treatment
Programs and Cognitive Outcomes). We used an iterative process of comparing 10 different
apps to MediTrain in a sample of 261 participants. No statistical methods were used to pre-
determine sample sizes, but we aimed for a target sample of 25 on each app. Each
participant was randomly assigned to view a video of MediTrain or one of the 10 potential
apps (n=15-30 per app). Based on this first round of testing, we selected three apps that
had the highest potential for expectancy matching and ran a final comparison of this
combination of apps against MediTrain. In our final comparison on a sample of 73 young
adults, also recruited through Mechanical Turk (yielding a total 77 of 334 for Experiment 1),
we found that these three apps (/7= 37) revealed no significant differences, compared to
MediTrain (7= 36), in participant expectations of improvement on our primary outcome of
sustained attention (vigilance task, ¢; =0.39, p= 0.7, Cohen’s d = 0.1, 95% CI: -0.7 to
1.1), or any secondary outcome (distractor filtering, ¢7; = 0.45, p=0.65, Cohen’s d = 0.1,
95% CI: -0.7 to 1.2; working memory capacity, f;; = -.22, p= .83, Cohen’s d = 0.05, 95%
Cl: -1.1 to 0.9; or working memory fidelity, ¢,; = 0.53, p= 0.6, Cohen’s d = 0.1, 95% CI:
-0.7 to 1.3), indicating the identification of an appropriate placebo control condition. These
apps included a foreign language learning app, a stretching app, and a logic games app (see
details below).

Experiment 2: Randomized, Placebo-controlled Trial of MediTrain.

Participants and Randomization.—We recruited 59 healthy young adults (18-35 years
of age) who met our inclusion criteria for this longitudinal study. Participants were recruited
from the local community using flyers posted at local colleges and universities, though
online ads, and via word of mouth. All participants were screened for a history of
neurological disease or current psychiatric illness and current use of psychotropic
medications. We only enrolled participants who did not have a history of meditation
experience, defined as currently practicing one or more days per week, having practiced on a
weekly basis in the past, or having attended a meditation retreat of three or more days. These
criteria for defining a sample as meditation-naive are consistent with prior studies*® and
were developed through conversations with expert colleagues familiar with such designs
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(Stuart Eisendrath, personal communication). We performed vision testing with a Snellen
chart and acuity differences were corrected to 20/40 or better. All participants gave informed
consent to participate in the study according to procedures approved by the Committee for
Human Research at the University of California San Francisco and were compensated $15
per hour of time spent in the laboratory for cognitive testing or EEG recordings and for each
hour spent training at home with a treatment program, as well as a $50 “completion bonus”
for completing all required training days and outcomes (for a possible total compensation of
~$600 for the entire study).

Participants were then randomized to either the MediTrain group or the placebo control
group (see Supplementary Figure 2 for Consort Table). The study was designed in a double-
blinded manner, such that all participants received the same instructions and laboratory
personnel who were collecting data were unaware of group assignments. Double-blinding
began at the point of recruitment, where all participants were informed that they were being
recruited for a study designed to test the efficacy of software interventions for improving
cognition in a variety of domains. As such, participants in both the MediTrain and placebo
groups had equal expectations that they were part of an active treatment group (see below
for details on establishing matched expectancy of improvement across conditions). All staff
that collected data were blind to group assignment; one study coordinator (S.S.) was
informed of the treatment assignments in order to provide technical and other support during
the training. Randomization resulted in 32 participants assigned to MediTrain and 27
assigned to placebo control. With two time points and assuming a moderate repeated
measures correlation (r = 0.5) and a two-tailed test (a = .05), we calculated that /7= 30 per
group would yield 75%%6:47 to detect a change with a medium effect size (.5)*8. Over the
course of the study, 8 MediTrain participants and 7 controls voluntarily withdrew from the
study for various personal reasons (but not due to adverse events), resulting in complete pre-/
post-training data sets from 24 MediTrain participants (13F) and 20 placebo controls (12F).

We excluded two MediTrain participants’ data from all analyses due to obvious irregularities
in their software usage, resulting in a final as-treated sample of n=22 in MediTrain. Given
the likelihood that these participants were not accurately engaging in the MediTrain
treatment, we excluded them from all further analyses. We were also unable to recover
complete week-by-week training data from two MediTrain participants due to malfunctions
with the iPads (but we were able to confirm in the app that both had completed the required
number of sessions); data from these participants were not included in the training curve
correlations (Fig 1. and Fig. 2G). Two placebo control participants were excluded from
analysis of the vigilance task behavioral data because they were extreme outliers (i.e., > 2.5
SD above or below the mean), resulting in a final as-treated sample of 7= 22 in MediTrain
and 1= 18 in placebo for that task. For the Filter Task, one control participant did not
complete the task at post-training due to a software malfunction, resulting in a total sample
of n=22 in MediTrain and 7= 19 in placebo. For the Change Localization Task, one control
and two MediTrain participants did not complete the task at post-training due to a software
malfunction, resulting in a total sample of 7= 20 in MediTrain and /7= 19 in placebo.

Treatment Program.—All participants completed the intervention at home using an iPad
Mini 2 (iOS version 8.2) that was supplied by the UCSF Neuroscape Center. Each software
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program included self-contained instructional videos and practice modules. Participants
were provided access to a website containing instruction reminders, a calendar, and email
support throughout the treatment period. Each tablet was configured to transmit data
automatically to our secure Neuroscape server wirelessly as each session was completed,
allowing us to monitor compliance and data integrity in real time. Throughout the treatment
period, technical support for the iPads and all software was provided via email, phone, and
in-person contact, when needed.

Meditation Group.—The MediTrain program was designed as an integration of
meditation-based practices and approaches from plasticity-based, attention-training methods,
including quantifiable goals, feedback and adaptivity. Participants were instructed to engage
in the training in a quiet location, free of external auditory distractions, with headphones on
and eyes closed, and to attend to the sensations of their breath. Prior to the initial day of
treatment, the program required participants to listen to and/or read detailed instructions
about how to engage in the treatment and use the iPad (approximately 15min). Following
these technical instructions, participants listened to and/or read a short “lesson” about
mindful breathing practices (see Supplementary Information), written and narrated by Jack
Kornfield, an expert teacher of meditation and mindfulness. While focusing on their breath,
they were asked to monitor the quality of their attention and to be particularly aware of any
internal distracting thoughts that may arise. When these thoughts did occur, participants
were instructed to acknowledge the distraction, disengage from it, and shift their attention
back to their breath.

For the treatment, the length of the initial trial was set at 20 seconds, based on feedback and
results from pilot testing. At the end of each trial, participants were asked to report, via
button-press, whether their attention remained on their breath throughout the trial, or if their
attention was diverted, even once, by distracting thoughts (i.e., mind-wandering). If they
successfully attended to their breath without distraction for the entire trial, the duration of
the next trial was increased by 10%; if unsuccessful, the duration of the next trial is
decreased by 20% seconds. By adaptively modifying the duration of the trials based on this
criterion, we thresholded each participants’ ability to self-regulate internal attention.
Training sessions were linked, such that the next session begins at the level attained at the
end of the previous session, and participants started at the same level at which they ended on
subsequent training days. Participants are provided two types of feedback: 1) real-time
feedback — indicating whether the participant successfully detected or classified the target
and 2) punctuated feedback — participants advance through a series of “levels” that are
reported at the beginning and end of each run.

MediTrain training curves and slopes.—In order to correlate MediTrain app
performance improvements with cognitive outcome improvement, we calculated training
slopes. Training curves for each MediTrain participant are shown in Figure 1, with the final
meditation time achieved during the final session of each week plotted for all six weeks. We
were unable to obtain full weekly data for two participants due to device malfunctions. As
an index of how participants improved on MT, we calculated the improvement slope as the
final session meditation time minus the meditation time achieved at the end of their first day
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of training divided by 30 (the total number of sessions). We then performed correlations
between these slopes and RT Var on our primary outcome measure, the vigilance task
(Figure 2G).

Placebo Control Apps.—As described above, in Experiment 1 we identified a set of
three commercially available iOS apps that were matched to our MediTrain program in
terms of expectation of improvement on our cognitive outcome measures. Those apps were a
foreign language learning app (Duolingo; www.duolingo.com), a Tai Chi app (Tha Chi Step
by Step; www.imoblife.net), and a logic games app (100 Logic Games;
www.andreasabbatini.com/LogicGames.aspx). For Duolingo, participants were given a
choice of which foreign language they wanted to learn from those available on the app store.
Within the app, we set a 10 min training time per day. During training, the app takes users
through a series of modules that increase in difficulty and are only unlocked sequentially
following completion of an earlier module. Modules are organized topically (e.g., Food,
Animals, Phrases, etc) and each module contains listening, speaking, vocabulary, and
translation tasks and culminates with a topic quiz. At the end of each lesson the app provides
a progress report showing learning “streaks” and the accumulation of “lingots” (Duolingo
currency). These feedback features are meant to keep participants motivated. For Tai Chi,
users simply open the app and select from a series of modules that provide detailed and
easy-to-follow instructions on how to perform many basic, intermediate, and advanced Tai
Chi movements and is geared toward beginners with no Tai Chi experience. Each description
can be read or listened to and is accompanied by an animation. Users are instructed to then
practice the exercise themselves several times after each lesson. The logic games app is
comprised of a series of “puzzle sets” that revolve around a particular theme and which get
progressively more difficult as people advance. The puzzles are similar to the more well-
known Sudoku puzzles, but provide a more engaging experience with colorful icons, unique
rule sets for each theme, and increasing difficulty. For each puzzle, users are given a task
(e.g., plant trees according to specific rules), a time limit, and a number of hints that they can
unlock.

Because these apps were commercial apps and not designed to send data to our server, we
took additional steps to track compliance in the placebo control group. We wrote two custom
survey apps and installed them on each placebo iPad along with the placebo apps
themselves. Participants were instructed to open the check-in app, complete a couple of
questions about their alertness and nature of their training environment. When they
submitted the survey, it automatically sent the results, with a timestamp, to our server and it
also started a 30-minute timer on the iPad. The timer was to help the participants keep track
of their total training time. They were instructed to try to split their time equally among the
three apps. When the timer went off, the participants then opened the check-out app and
completed another set of questions pertaining to their impression of how they felt about their
training that day; the result and a timestamp were then sent to us, allowing us to monitor the
start and end training times for every session each participant completed. Participants were
instructed to spend approximately 10min with each app each training day (5 days per week
for 6 weeks). For Duolingo, the time was set internally in the app. For the other two apps,
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participants self-timed their training, but with the overall amount of time monitored by the
timer app.

Cognitive outcome measures.—We pre-selected one primary cognitive outcome
measure (sustained attention), two secondary cognitive outcome measures (distraction
filtering and working memory capacity) and an exploratory measure (working memory
fidelity; see Supplementary Information for results) to quantify the extent to which each
training task exhibited generalization, or transfer, of benefits. All participants were brought
back into the lab for cognitive testing and neural recordings 1-2 weeks following the
completion of their training regime.

Primary Behavioral Outcome: Sustained Attention.—Our primary outcome
measure was a modified version of a well-validated Vigilance Task (Figure 2A), the Test of
Variables of Attention (TOVA)#?, which provides an index of sustained attention. We have
used this task as an outcome measure in previous intervention studies from Neuroscape’+38.
The experiment was programmed in Presentation (http://neurobs.com) and the stimuli were
presented on a CRT monitor. For the present study, we adapted the task for use with EEG
recordings. In this task, participants maintain fixation on a central crosshairs and grey
squares are shown on a black background at the top or bottom of the field of view. To test
sustained attention, stimuli are presented frequently at the top of the screen and participants
are instructed to only respond to the infrequently occurring square in the bottom of the
screen. The target-to-non-target ratio is 1:4 (one target for every 4 non-targets), thus
requiring participants to sustain their attention over a long period. Participants completed 2
blocks of 125 trials with 25 targets per block, yielding 50 total targets.

Secondary Behavioral Outcome: Complex Visual Discrimination Amidst
Distractions.—We used the Filter Task® (Figure 6A) to assess another aspect of sustained
attention: complex visual discrimination amidst distractions. The version that we used was
modified to evaluate how well participants were able to ignore task-irrelevant
information®1:52, The experiment was programmed in MATLAB’s psychophysics toolbox
(http://psychtoolbox.org/) and the stimuli were presented on a CRT monitor. In this task,
participants must attend to an array of different numbers of items (either 1 or 3 red
rectangles) with or without the presence of 2 visual distractors (2 blue or green rectangles):
set size 1 no distractors (1 total item), set size 1 with distractors (3 total items), set size 3 no
distractors (3 total items), set size 3 with distractors (5 total items). Half of each of the trials
for each condition began with a cue indicating the participant should attend to either the left
or the right side of the screen. The procedure for each trial began with a 750 ms fixation
cross following by a right/left cue (200ms) and then a 300 ms blank ISI. Next, a sample set
from one of the four conditions was shown for 200ms followed by a 900 ms blank delay and
then a probe set containing the same number of red rectangles as in the sample in either the
same orientation or with a single rectangle of altered orientation (50% of each). The probe
screen remained visible until participants responded with a “Yes” or “No” button press
indicating whether or not one of the attended rectangles changed orientation. Participants
completed 8 blocks of 80 trials, yielding 160 trials per condition. Participants were
instructed to respond as fast as possible without sacrificing accuracy.
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Secondary Behavioral Outcome: Working Memory Capacity.—To assess working
memory capacity, all participants completed 60 trials of the Change Localization Task
(Figure 6D)°3. The experiment was programmed in E-Prime (https://pstnet.com/products/e-
prime/) and the stimuli were presented on a CRT monitor. The stimuli were colored squares
(0.7° x 0.7°) that were presented on a gray background. On each trial, the color of each of
the four squares was selected randomly without replacement from six possible colors. Each
square was presented at a random location within an imaginary circle with a 3° radius. On
each trial, participants were first presented with a fixation cross for 500ms, followed by an
array of four colored squares which remained visible for 100ms and was followed by a
900ms delay/retention interval where only the fixation cross was visible. The delay was
followed by a test array of four squares in which the color of three squares was unchanged
and the color of one square was different. Participants were instructed to select the square
that did change color. A mouse was used to make the selection, and thus we were not able to
reliably measure RTs in this experiment. This response was self-paced and trials were
separated by a 2,000-ms inter-trial interval. A “K score” was then calculated for each
participant (K = % correct X number of items in memory array), providing an index of their
overall working memory capacity before and after training.

Exploratory Behavioral Outcomes: Working Memory Fidelity.—We used a
delayed recognition paradigm designed to measure changes in participants’ ability to
maintain an accurate mental representation of items in working memory either in presence
or absence of distracting or interfering information. We have used versions of this task in
numerous previous studies®*®°, including one other cognitive training study’ where the
methods are described in detail. To summarize briefly, this paradigm consisted of four
different conditions that were presented in blocks: 1) no distraction (ND), 2) Ignore
distractor (distractor was present, but participants were informed that the distractor was to be
ignored), 3) Attend Distractor (participants were required to made a judgment about the
interfering stimulus), and a passive view (PV) control condition which did not have a
memory component and participants simply viewed face or scene stimuli after which they
were instructed to respond as quickly as possible to a left or right arrow with a left or right
button press. Each run was preceded by an instruction slide informing the participant which
condition they would be performing. Each trial began with the presentation of a face
displayed for 800 ms, followed by a delay period (3 s), the presentation of a face stimulus as
a distractor in the 1D and AD conditions (800 ms), a second delay period (3 s), and the
presentation of a face probe (1 s). The participants were instructed to make a match/
nonmatch button press response at the probe as quickly as possible, without sacrificing
accuracy. This was followed by a self-paced inter-trial interval (ITI). The experiment was
programmed in E-Prime (https://pstnet.com/products/e-prime/) and the stimuli were
presented on a CRT monitor. Results from this outcome are presented in Supplementary
Information.

Post-Intervention Survey of Training Expectancy.—In addition to using the results
from Experiment 1 to guide our choice of placebo control, we also sought to confirm that
expectations of improvements were matched in our actual training sample. Thus,
immediately following the completion of all experimental tasks on the participants’ post-
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training laboratory session, we ended by collected survey data about the participants’
expectations that their assigned intervention would improve their performance on each of the
outcome tasks (the procedure was the same as Experiment 1, but simply performed after the
end of the post-training experimental session). We did not find a significant difference in the
expectation of improving on any of our four outcome measures (see Supplementary Table 1
for means and statistics). These data confirmed that there was no significant difference
between the MediTrain and Placebo control groups in their expectations that they would
improve on each cognitive task.

EEG Recordings and Analyses.—We collected EEG data while participants performed
the vigilance task before and after the six-week treatment programs. We were unable to
collect EEG data from three participants at pre-training due to equipment malfunctions and
due to technical issues with photodiodes we were unable to time-lock the EEG to the event
onsets for several other participants (7= 4 at pre-training, /7= 4 at post-training). Further, we
excluded datasets where excessive noise led to 30% of target trials being rejected, with the
rejection criteria being anything greater than a +/- 100V voltage deflection within an epoch
56(1= 4 at pre-training, 7= 3 at post-training). In the MediTrain group, there were
ultimately 14 participants with usable EEG data at pre- intervention, and 21 participants at
post. In the placebo group, there were 16 participants with usable data at pre-intervention,
and 15 participants at post. Due to the longitudinal design of the experiment, the ANCOVA
could only be performed on participants who had usable data at both pre and post-
intervention. Thus, the MediTrain group had 12 participants that were included in the
analysis, and the placebo group had 12 participants. In order to ensure that this sub-sample
did not differ significantly from the full cohort, we performed an ANCOVA of post-
intervention RTVar for the vigilance task and found that participants with and without EEG
data did not differ significantly (F; 35= 0.021, p=0.88, Cohen’s d= 0.013, 95% CI: 66.7 to
83.4). Further, to ensure that this subset was representative of the larger samples, we
performed additional ANCOVASs of RTVar for the vigilance task in these participants and
found comparable effects: compared to placebo, MT showed lower RTVar at post-
intervention, when covarying for pre-training levels (F; »; = 4.9, p=0.037, Cohen’s d'=
0.76, 95% ClI: 65.5 to 86.5). Post-hoc within-group #tests showed that this effect is driven
by a decrease within MT (paired #;; =2.47, p=0.031, Cohen’s d=0.71, 95% CI: 1.3 to
22.8; pre mean = 69.8 ms, SE = 4.2 ms; post mean = 57.7 ms, SE = 5.0 ms), while placebo
did not change (paired ¢;; = -0.86, p=0.411, Cohen’s d=-0.25, 95% CI: -27.4 to 12.1,;
pre mean = 86.6 ms, SE = 9.6 ms; post mean = 94.2 ms, SE = 11.7 ms).

All EEG data were recorded and analyzed using identical methods to those used in
Experiment 3 (see below). Based on results from Experiment 3, we tested for differences at
post-training, while controlling for baseline values using an ANCOVA, for the following
measures:

1 Frontal Midline Theta Analysis. The results from Experiment 3 showed that
frontal midline theta (4-7 Hz) ITC from 200-300 ms after onset of infrequent
target stimuli was significantly correlated with RTvar in the vigilance task (Fig.
3C). Additionally, meditation engagement has been shown to increase theta-band
ITC in frontal midline electrode sites during a sustained attention task, and this
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change was accompanied by a change in RTvar31. There is a rich literature
associating frontal midline theta power with attentional control abilities3°, and
we have previously shown that this measure is sensitive to change in response to
cognitive interventions’:36. Thus, we investigated whether the average theta-band
ITC and power from 200-300 ms post-stimulus onset in a cluster of frontal
midline electrodes (FCz, Fz, FPz, AF3, AF4, and AFz) was modulated as a result
of the intervention in Experiment

2. P3b ERP Analysis. The P3b is hypothesized to reflect the allocation of attention
resources®’. Results from Experiment 3 demonstrated that the P3b AUC and
latency were significantly correlated with RTvar (Fig. 3A & B). Additionally,
prior studies have demonstrated that the P3b can be modulated by meditation
training3®. Thus, we examined whether the speed and quantity of attentional
resources deployed upon target stimulus detection, as indexed by the P3b latency
and AUC, respectively, were modulated by the MediTrain intervention. P3b AUC
was calculated at the Pz electrode from a time window of 250-500ms after
stimulus onset®8, and P3b latency was calculated as the time point within this
window when maximum voltage was reached. We also conducted a post-hoc
analysis to determine the test-retest reliability of the P3b latencies and found the
Intraclass Correlations to be high (ICC r»,= 0.7, p< 0.01; Supplementary Figure
5).

EEG Source Localization.—For the purposes of source localization, we collected a high-
resolution T1-MPRAGE structural MRI scan from each participant for whom we had a
complete EEG dataset (7= 12 per group). All MRIs were obtained on a Siemens 3 T
Magnetom Trio equipped with a 12-channel Matrix head coil using the following sequence
parameters: voxel size=1.0mm isotropic, TR = 2300ms, TE = 2.98 ms, Tl = 900ms, flip
angle = 9°. T1-weighted MRI data were processed using the FreeSurfer (http://
surfer.nmr.mgh.harvard.edu) morphometric analysis tools. Cortical surfaces were
reconstructed using a semi-automated procedure that has been described at length in
previous work>9-61,

We source localized each participant’s EEG data to their FreeSurfer cortical surface to
visualize where the signals of interest are arising from. To achieve this, we used the
openMEEG software52, implemented through the Brainstorm83 MATLAB toolbox, to
perform boundary element method (BEM) forward modeling. Once forward models were
constructed, we used SLORETA to estimate the sources of EEG activity recorded at the
scalp. Source estimations of the P3b were projected onto a 15000 vertex cortical surface
reconstruction. We computed the grand average of the source projected ERP collapsed
across both groups at the pre-intervention assessment, and visualized the cortical distribution
of the P3b ERP component at the latency at which the maximum amplitude occurs (350 ms).
Before computing the source estimation of the frontal midline theta ITC, we down-sampled
the cortical surface reconstruction to 2500 vertices to reduce the computational burden
during subsequent processing steps without significantly altering the spatial resolution of the
data. The ITC time series was computed by resolving 4—40 Hz activity using EEGLAB’s
fast Fourier transform on the source-projected EEG. Using this method, we were able to
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obtain the ITC time series at each cortical vertex in the source-reconstructed EEG data. We
then subtracted the mean ITC at each time point in the placebo group from the mean ITC in
the MediTrain group, and visualized this contrast at the latency at which the group contrast
is greatest (260 ms). Thus, using this technique, we were able to visualize the cortical
distribution of where there is an intervention-related effect on ITC. We did not use this same
procedure when visualizing the P3b, because the intervention-related effects on the P3b
amplitude were more diffuse than for frontal midline theta ITC. Thus, we only visualized the
source-projected topography of the P3b to demonstrate its parietal origins, rather than
visualizing intervention-related effects on this component.

Intervention Protocols.—After completing their in-lab cognitive and EEG testing
sessions, all participants were supplied with an iPad with their assigned training regime pre-
loaded. An experimenter who was not involved in data collection provided detailed
instructions for training; these instructions were also accessible to the participants at any
time via a customized website and a study coordinator was available by email or phone to
answer questions and troubleshoot the technology throughout the study. Both groups
engaged with their apps for 6 weeks, starting with 20min per day in weeks 1 and 2, 25min
per day in weeks 3 and 4, and ending with 30min per day in weeks 5 and 6. This gradual
increase in engagement time was meant to mimic the progression in a more traditional
meditation training. Because the placebo group engaged in off the shelf apps that did not
send data to our servers, we required the placebo control participants to submit a “check-in”
and “check-out” survey directly from their iPads. The purpose of the check-in/out was to
have a timestamp of when the participants began and ended their training to ensure
compliance. After 6 weeks of training, participants returned to the lab for another cognitive
testing session that was identical to the pre-treatment visit.

Statistical Methods.—All initial analyses were conducted by researchers blind to group
membership. All statistical tests were two-tailed, and each behavioral and neural measure
met the assumptions of normality for parametric statistics (testing using the Shapiro-Wilk
test). To test for training effects on our cognitive outcomes, we used an ANCOVA approach,
whereby the dependent variable is post-training performance with group (MediTrain vs
placebo) as the primary independent variable and pre-training performance on the same task
is included in the analysis as a continuous covariate. This approach is considered to be
preferable to analysis of gain scores or to repeated measures or mixed model ANOVASs when
post-test performance that is not conditional on pre-test performance is the primary outcome
in a test of a treatment or intervention®4.65. This is an approach we have used in previous
intervention studies’36. Given that our population was healthy young adults who tend
perform at near-ceiling levels on many cognitive tasks and because our primary hypothesis
was that MediTrain would improve sustained attention abilities, we focused on RTVar as our
primary metric, with additional secondary analyses of RT and a discrimination index (o)
All data met the assumptions required for parametric statistics and were screened for
outliers. For post-hoc analysis of the within-group changes following a significant main
effect in each ANCOVA, we performed two-tailed, paired-sample #tests on each group
separately to test for significant differences from pre- to post-training. Because these tests
were performed separately on independent outcome variables, and only one test for each
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group (MediTrain and placebo), we did not perform a statistical correction for multiple
comparisons. In order to derive Cohen’s deffect size scores that reflected the significant
group by time interactions, we computed change scores for RTvar from pre- to post-
treatment on all measures of interest. We also used these change scores to test for outliers,
defined as falling more than three SD beyond the group mean. On the vigilance task, change
scores for RTvar revealed two participants who qualified as outliers, with change scores
greater than four standard deviations for the rest of the group. As a result, we excluded two
control participants from the vigilance task analyses, in addition to the two MediTrain
participants who were excluded from all analyses based on analysis of training slopes,
described above. To test whether there was a relationship between the training curves and
changes in RTvar, we computed a slope for each MediTrain participant (final meditation
duration — initial meditation duration / 6 weeks of training) and calculated Pearson
correlations between the slopes and change in RTvar.

We used the same ANCOVA approach to test for training effects on our EEG outcome
measures, with post-intervention metrics set as dependent variables, and group (MediTrain
vs placebo) as the primary independent variable, with pre-intervention metrics set as a
continuous covariate. All of these data were screened for parametric assumptions, and any
outliers that were excluded from the behavioral analysis above were also excluded from the
EEG outcomes analyses. Group-wise post-hoc tests were performed in a manner analogous
to that used for behavioral data (described above).

Experiment 3: Selecting EEG Measures for Analysis.

To generate an a priori hypothesis of which neural measures we would expect to change with
treatment (Experiment 2), we analyzed EEG data from 73 healthy younger adults (19-32
years of age) while performing the vigilance task. These data were collected as part of other
experiments in our Center, and thus constitute an independent sample. No statistical methods
were used to pre-determine sample sizes. All data were processed using the same parameters
as the data from Experiment 3. Traditional ERP and spectral markers of attentional control
(i.e., P1/N1, P3b, frontal midline theta power and ITC, and posterior alpha
power):34.:35.37.66.67 \yere extracted from the data and correlated with RTvar on the
vigilance task. We found two neural markers, and two measurements from each of these,
were significantly correlated with RTV: 1) frontal midline theta inter-trial coherence (ITC)
and power and 2) P3b latency and area under the curve (AUC). Thus, these neural measures
were analyzed for intervention-related change in the MediTrain study (Expt 2 above).

EEG Recordings.—Neurophysiological data were recorded during cognitive outcome
testing using an active two head cap (Cortech Solutions) with a BioSemiActiveTwo 64-
channel EEG acquisition system in conjunction with BioSemiActiView software (Cortech
Solutions). Signals were amplified and digitized at 1024 Hz with a 16-bit resolution. Anti-
aliasing filters were used and data were band-pass filtered between 0.01-100 Hz during data
acquisition. For each EEG recording session, a 1 x 1-inch white box was flashed for 10 ms
at one of the corners on the stimulus presentation monitor at the start of each trial. A
photodiode (http://www.gtec.at/Products/Hardware-and-Accessories/g. TRIGbox-Specs-
Features) captured this change in luminance to facilitate precise time-locking of the neural
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activity associated with each sign event. During the experiment, these corners were covered
with tape to prevent participants from being distracted by the flashing light.

EEG Preprocessing.—Preprocessing was conducted using the EEGLAB software®8.
Noisy channels were identified upon initial visual inspection, were removed from the data,
and interpolated using a spherical spline interpolation, using the average signal of the
surrounding channels to reconstruct the data in the removed channel. The data were then
down-sampled to 1024 Hz to reduce the computational demand without losing any important
information in the data. A finite impulse response filter with a highpass cutoff of 1 Hz was
applied to remove drift, and then a low-pass filter at 40 Hz was applied to remove high
frequency noise. Ocular correction was performed by using ICA to isolate and remove
activity induced by eye-blinks and lateral eye movements from the signal. The data were
then re-referenced to the average signal of all channels. Epochs of —1000 ms to +1000 ms
were generated for each stimulus type for subsequent analyses. Epochs containing excessive
peak-to-peak deflections (100 pV) were removed.

Frontal Midline Theta Analysis.—Frontal midline inter-trial coherence (ITC) and power
have both been implicated in sustained attention abilities”-31:35.66 including correlating with
RTVar across the lifespan®’. ITC is a measure that reflects the extent to which
synchronization occurs from trial to trial in EEG at a particular frequency and latency®°. In
other words, it is a measure of electrophysiological response consistency. ITC is quantified
by the unit “phase locking value” (PLV), which ranges anywhere between 0 and 1, with a
value of 0 indicating that the phase synchrony is completely random, and a value of 1
indicating that the phase-locking is perfectly synchronized across trials. ITC is defined as:
ITC(f,t) = InYk = InF(f,t)|Fk(f,t)|. The spectral power and ITC time series were created by
resolving 4-40 Hz activity using a fast Fourier transform (FFT) in EEGLAB. We found that
frontal midline theta power and ITC (4-7 Hz) from 200-300 ms after onset of infrequent
target stimuli are both significantly correlated with RTVar in the vigilance task (Figures 3A
and 3B). We selected a cluster of frontal electrodes (FCz, Fz, FPz, AF3, AF4, and AFz)
based on previous literature that has used this same electrode cluster for frontal midline theta
analyses 8, and selected the 200-300 ms time window based on when frontal midline theta
reaches its peak power (247 ms). Thus, the 200-300 ms time window captures peak power
and with approximately +/- 50 ms on both ends. We did not use a larger time window to
avoid potentially introducing motor-related activity into the signal of interest, as average
response times occur at 358 ms.

ERP Analysis.—Event-related potentials (ERP) time-locked to target trials were generated
from the preprocessed EEG data recorded from participants while they performed the
vigilance task. ERPs were baseline corrected to the average voltage 200 milliseconds (ms)
preceding stimulus onset. Before artifact rejection, there were a total of 50 trials that
contained the target stimulus. The median number of trials that met the criteria for being
excluded from further analysis was 1, with no participant having more than 7 trials that
contained supra-threshold artifacts.

We found that the area under the curve (AUC) of the P3b ERP component elicited by rare
target stimuli is highly correlated with RTvar during vigilance task performance (Figure 3C).
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Infrequent target stimuli during visual sustained attention tasks has been shown to reliably
evoke strong P3b ERP components®6, which is hypothesized to reflect allocation of attention
resources, and has been shown to be modulated by meditation training3®. Thus, we focused
our ERP analysis on the P3b component in the Pz electrode, which is the location that the
P3b is commonly reported to reach its maximum amplitude’®. We computed the AUC and
the peak latency from a time window of 250-500ms after stimulus onset, which is a time
window commonly used to define the P3b’1. The P3b peak latency was calculated at the
time point at which maximum voltage was reached within this 250ms second window.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MediTrain Training Curves.
Each gray line represents data from an individual MediTrain participant (n7= 20) and the

bold green bar represents the average of all participants. On average, the group went from an
initial time of 20 sec to 47.5 sec at the end of the first week to a time of 346 sec at the
completion of the sixth week.
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Figure 2. Improvementsin Sustained Attention.
A) stimuli and protocol for the vigilance task; B) Response Time variability (RTVar) post-

treatment was significantly lower (ANCOVA F; 37= 6.4, p=0.016, Cohen’s o= —0.66, 95%
Cl: -17.8 to —2.0) in MediTrain (MT; n=22) compared to placebo (n= 18), with MediTrain
participants showing a significant decrease in RTVar from pre- (mean = 58.2ms, SE =
2.6ms) to post- (mean = 50.5ms, SE = 2.8ms; A = —7.98 ms, two-tailed paired ¢,; =-3.5, p=
0.002, 95% ClI: —12.7 to —-3.1), while control participants showed no significant difference in
RTVar from pre- (mean = 60.7 ms, SE = 4.6ms) to post- (mean = 61.8ms, SE = 4.2ms; A =
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1.1 ms, two-tailed paired ¢;7=0.29, p=0.78, 95% CI: -7.0 to 9.1). C) While RTs did not
differ between groups after treatment, only MediTrain participants were significantly faster
at post-treatment compared to baseline. D) Histograms of RT distributions for MediTrain at
pre (black) and post (gray) intervention and for E) Placebo at pre (black) and post (gray)
intervention. F) Change scores (post — pre) for RTVar for individual MediTrain (blue circles)
and placebo (red circles) participants. Shaded boxes represent 95% confidence intervals. G)
Scatterplot and best-fit line for the correlation between training slopes and change in RTVar
on the vigilance task in MediTrain participants. Error bars represent SE of the mean,
*ANCOVA p < 0.05, **two-tailed paired #test p< 0.01.
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Figure 3. Correlations between RTVar and neural markers of attention for Experiment 3.
A) In an independent sample of participants (7= 69) who completed a single EEG session,

RTvar during vigilance task performance was significantly correlated with the latency of the
P3b ERP at parietal electrode Pz (Pearson r57=0.280, p = 0.020), such that participants with
faster P3b latencies exhibited less variable RTs. B) RTvar was also negatively correlated
with the area under the curve (AUC) for P3b at parietal electrode Pz (Pearson rz7= —0.368,
p=0.002), such that participants with greater P3b AUC values exhibited less variable RTSs.
C) RTvar was also significantly correlated with frontal midline theta ITC from 200-300 ms
after onset of infrequent target stimuli (Pearson rg,= —0.365, p= 0.002), indicating that
participants with greater frontal midline theta ITC values tend to have less variable RTs. D)
We also found a correlation between RTVar and frontal midline theta power from 200-300
ms after onset of infrequent target stimuli (Pearson rz7=—0.270, p=0.025), indicating that
participants with greater frontal midline theta power tend to have less variable RTSs.
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Figure 4. Changesin mid-frontal theta I TC.
A) Time-frequency plot of the difference in theta-band ITC for MediTrain (7= 12) versus

placebo (n7=12) groups at post-intervention while completing the vigilance task; B) Change
scores (post — pre) for P3B latencies for individual MediTrain (blue circles) and placebo (red
circles) participants. Shaded boxes represent 95% confidence intervals. C) An ANCOVA of
Phase Locking Values (PLV; see Methods for details) revealed a significant difference in
post-intervention theta-band ITC, corrected for pre-intervention levels (ANCOVA F; 57 =
9.71, p=0.005, Cohen’s d=1.27, 95% CI: 0.33 to 0.42); PLV were computed for the time
window depicted by the dotted rectangle in A. *ANCOVA or one-sample #test p< 0.05. D)
Theta-band ITC differences between the MediTrain group and placebo group at the post-
intervention time point was source localized to medial and lateral prefrontal cortex.
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MediTrain

A) ERP waveforms from the Pz electrode during the vigilance task for MediTrain and

placebo at pre- and post-intervention; B) Change scores (post — pre) for theta ITC for

individual MediTrain (blue circles) and placebo (red circles) participants. Shaded boxes
represent 95% confidence intervals. C) An ANCOVA revealed a significant difference
between training groups in the post-intervention P3b peak latencies (~; »; = 15.4, p=0.001,
Cohen’s d=1.02, 95% CI: 328 to 353). Post-hoc analyses showed that participants in the
MediTrain group exhibited significantly faster P3b peaks (two-tailed paired ¢;; =3.083 , p=
0.010, Cohen’s d=0.89 95% ClI: 10.4 to 62.2) at post-intervention (mean = 319.8 ms, SE =
13.9 ms) than at pre (mean = 356.1 ms, SE = 15.2 ms), while placebo participants had
significantly slower P3b peaks (two-tailed paired #;; = -2.236 , p=0.047, Cohen’s d=
-0.65, 95% CI: —29.71 to —0.24) at post-intervention (mean = 360.7 ms, SE = 14.7 ms) than
at pre (mean = 345.7 ms, SE = 16.7 ms); D) Topographical distribution on P3b at peak
latency (350 ms) collapsed across all participants at pre. Error bars and shading represent SE

of the mean, **ANCOVA p < 0.01, *two-tailed paired #test p < 0.05.
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Figure 6. Improvementsin Visual Discrimination and Working Memory.
A) Visual discrimination and distractor filtering task stimuli and protocol; B) RTVar post-

treatment was significantly lower in MediTrain (MT) compared to placebo (F; 35=5.5, p =
0.024, Cohen’s d=-0.73, 95% CI: 0.2 to 0.3), with MediTrain participants showing a
significant decrease in RTVar from pre- (mean = 329 ms, SE = 3.1 ms) to post- (mean = 248
ms, SE = 2.9 ms; ¢»; =-5.7, p< 0.0001, 95% CI = -0.12 to —0.06), while control
participants showed no significant difference in RTVar from pre- (mean = 336 ms, SE= 3.0
ms) to post- (mean = 345 ms, SE=5.1 ms; ¢;9=-0.13, p=0.9, 95% CI: 0.079 to 0.069). C)
Change scores (post — pre) for Filter RTVar for individual MediTrain (blue circles) and
placebo (red circles) participants. Shaded boxes represent 95% confidence intervals. D)
Change Localization Task stimuli and protocol and E) An ANCOVA showed a significant
group difference in capacity (4-score: the number of items a participant is able to keep in
mind during a delay) at post-training (£ 35) = 4.4, p= 0.04, Cohen’s d= 0.66, 95% CI =
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0.006 to 0.35), with MediTrain participants showing a significant increase in & from pre-
(mean = 3.11, SE = 0.09) to post-training (mean = 3.3, SE = 0.08, paired-sample ;9= 3.4, p
=0.003, 95% CI = 0.067 to 0.28), while the placebo control group did not show a change in
k score from pre- (mean = 3.16, SE = 0.11) to post-training (mean = 3.15, SE=0.11, A=
-0.02, paired-sample ¢;4=-0.15, p=0.89, 95% CI = -0.16 to 0.14). F) Change scores (post
— pre) for CLT k-scores for individual MediTrain (blue circles) and placebo (red circles)
participants. Shaded boxes represent 95% confidence intervals. Error bars represent SE of
the mean, *ANCOVA p < 0.05, **paired-samples #test p< 0.01.
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