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Abstract

Working memory capacity (WMC) can predict conflict control ability. Measures of both abilities are impaired by anxiety,
which is often inversely linked with mindfulness. It has been shown that a combination of high mindfulness and low
anxiety is associated with better conflict control and WMC. The current study explored the electrophysiology related to
such behavioral differences. Two experimental groups, one with high mindfulness and low anxiety (HMLA) and one with low
mindfulness and high anxiety (LMHA), performed a color Stroop task and a change detection task, both with simultaneous
electroencephalogram (EEG) recording. An advanced EEG analytical approach, Hilbert–Huang transform (HHT) analysis, was
employed. This is regarded as a robust method to analyze non-linear and non-stationary signals. Lower delta activity at
posterior temporal and occipital regions was seen in the HMLA group for the Stroop conflict conditions and might be
generally associated with higher accuracy in this group and indicative of higher attentiveness. Higher accuracy rates and
WMC were seen in the HMLA group and might be specifically associated with the higher alpha activity observed in
prefrontal cortex, fronto-central and centro-parietal regions in this group. Future studies should explore how mindfulness
and anxiety can independently affect these cognitive functions and their associated neurophysiology.
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Introduction

There is increasing interest in how mindfulness may alleviate
levels of anxiety, which in turn, is often linked to impair-
ments in executive functions such as conflict control and
working memory (WM). Our previous study (Jaiswal et al.,
2018) has shown that people with high mindfulness and low
anxiety (HMLA) have better conflict control and WM capacity

(WMC) than those with low mindfulness and high anxiety
(LMHA). However, the electrophysiological mechanisms that
might be associated with such difference in performance
remained unknown. The current study aimed to explore the
electrophysiological basis of this behavioral difference using
an advanced electroencephalogram (EEG) analytical approach,
Hilbert–Huang transform analysis (HHT) (Huang et al., 1998).
HHT is regarded as a robust method to analyze non-linear
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and non-stationary signals such as those obtained via EEG
recording (Stam, 2005). Additionally, it also provides information
about instantaneous frequency and offers a high temporal
resolution.

Mindfulness and anxiety are two inversely linked traits
(Coffey and Hartman, 2008), which are often reported to
modulate executive functions. Trait mindfulness has been
defined as an innate characteristic of an individual in directing
one’s attention to the present moment while adopting a non-
judgmental perspective toward experiences (Kabat-Zinn, 1990;
Baer et al., 2006). Trait anxiety can be regarded as affective
disposition that interferes with top–down processing of cogni-
tive control (Eysenck and Calvo, 1992; Eysenck et al., 2007). There
is empirical evidence from mediational (Coffey and Hartman,
2008; Arch and Craske, 2010; Desrosiers et al., 2013), behavioral
(Jaiswal et al., 2018), neurophysiological (Mocaiber et al., 2009;
Brown et al., 2013) and neuroimaging (Etkin et al., 2004; Frewen
et al., 2010; Way et al., 2010) studies of an inverse relationship
between trait mindfulness and trait anxiety. It is suggested that
both traits may be mediated by the emotion regulation system
(worry, reappraisal, non-acceptance and rumination) through
which they may interact in an antagonistic manner (Greeson
and Brantley, 2009; Holzel et al., 2013).

According to attentional control theory (Eysenck et al., 2007),
through modulating the influence of bottom-up stimuli, anxiety
can impair the efficiency of conflict control (Miyake et al.,
2000) required to perform a goal-directed action. Additionally,
Klein and Boals (2001) suggested that responses to threatening
situations in daily life may lead to lower WMC, as individuals
under stress allocate part of their mental resources to curb
unpleasant feelings which interfere with other goal-driven tasks.
Therefore, it can be inferred that anxiety can impair conflict
control, and also WMC, while mindfulness as a trait might
inhibit such impairment, potentially by reducing the anxiety
level. A previous study showed that, irrespective of whether an
individual practiced meditation, trait mindfulness could predict
the ability to monitor conflict (Moore and Malinowski, 2009).
Additionally, there are two independent studies where medita-
tors showed more efficient conflict monitoring than a control
group, with one study employing an attentional network test
(Jo et al., 2016) and the other a color Stroop task (CST) (Teper
and Inzlicht, 2013). In a longitudinal study, Jha et al. (2010) found
that with individuals with a high practice time of mindfulness
training showed higher verbal WMC. Meditators are often
reported to exhibit an elevated level of trait mindfulness (Kiken
et al., 2015) and reduced anxiety symptoms due to meditation
practice (Lau et al., 2006; Hofmann et al., 2010). Therefore, it is
proposed that an elevated level of trait mindfulness and/or a
reduced level of anxiety may facilitate conflict control and WMC.

Conflict control is the ability to regulate cognition and action
flexibly to achieve internal goals (Miller and Cohen, 2001; Miyake
and Friedman, 2012). One of the simplest ways to measure this
is using a CST (Stroop, 1935), which, unlike some other conflict
tasks, has the advantage of not involving any affect modulation
(e.g. (Becker et al., 2001; Dresler et al., 2009)). Attentional control
theory (Eysenck et al., 2007) suggests that if a non-affective
stimulus can serve as an effective distractor, findings can be
better generalized to develop a theory around factors that may
have causal or correlational effects on behavior.

It has been suggested that conflict control in conjunction
with WM (the ability to maintain target information over
time) plays an important role in the operation of executive
functions (Miyake et al., 2000). It has been also demonstrated that
individual differences in WMC are predictive of levels of Stroop

interference (Kane and Engle, 2003). To explore WMC, operation
span (Unsworth et al., 2005) and change detection tasks (CDTs)
(Luck and Vogel, 1997) are frequently used paradigms and mea-
sure verbal and visuospatial WM, respectively. Several studies
have investigated verbal WM in relation to both mindfulness
(Jha et al., 2010; Mrazek et al., 2013) and anxiety (Darke, 1988;
MacLeod and Donnellan, 1993; Schmader and Johns, 2003).
However, only a few studies have explored visuospatial WM
in relation to anxiety (Moriya and Sugiura, 2012; Moriya, 2016;
Figueira et al., 2017), and to our knowledge, no study has been
carried out with respect to mindfulness.

Some studies demonstrate that conflict control and WMC are
regulated by common brain regions with the prefrontal cortex
principal among these (MacDonald et al., 2000; Fan et al., 2003;
Bishop, 2009). Anterior cingulate cortex has also been linked
with various forms of conflict monitoring (Bush et al., 2000; Fan
et al., 2003; Botvinick et al., 2004), and posterior parietal lobe
has also been associated with WMC (Berryhill and Olson, 2008;
Tseng et al., 2012).

Electrophysiologically, conflict control has mainly been
linked with theta band oscillations reported to be generated
by the anterior cingulate cortex or medial frontal cortex
(Womelsdorf et al., 2010; Nigbur et al., 2011; Cavanagh and Frank,
2014). However, reports also suggest that, irrespective of origin,
an enhanced theta effect (Hanslmayr et al., 2008; Brittain et al.,
2012; Jo et al., 2017) is distributed throughout the frontal and
neighboring regions (Kahana et al., 1999; Tang et al., 2013; Zhao
et al., 2015). Additionally, conflict control has also been linked
with reduced beta oscillation power (Wang et al., 2014; Zhao et al.,
2015). Such beta suppression has been suggested to reflect the
top-down inhibition of pre-potent responses (Swann et al., 2012;
Lo et al., 2013). Moreover, delta and alpha oscillations are also
quite frequently observed in cognitive processes (Knyazev, 2007).
Therefore, the current study evaluated the electrophysiological
differences in conflict control between HMLA and LMHA groups,
throughout the physiological frequency bands (delta, theta,
alpha, beta, and gamma).

In WM tasks, alpha oscillations are reported to be the
dominant frequency component (Jensen et al., 2002; Busch and
Herrmann, 2003; Fukuda et al., 2015) that can temporally separate
encoding, retention and retrieval periods (Sternberg, 1966; Luck
and Vogel, 1997). Busch and Hermann (2003) suggested that
object encoding and retention phases are generally influenced
by object-load, while the retrieval phase is mainly regulated by
feature-load. In the current study, WM was measured using the
CDT (Luck and Vogel, 1997), wherein all objects were identical in
shape, but varied in a single feature (color). The CDT employed
here was predicted to result in modulation of alpha oscillations
during the retrieval phase. Change detection is also suggested to
be linked with two related yet independent processes; reactive
allocation of attention, represented by correct change trials,
and goal-directed allocation of attention, shown by correct
no-change trials (Pessoa and Ungerleider, 2004). Therefore, to
investigate change detection with a comparable attentional
state, the contrast of correct change and correct no-change
trials was investigated. This comparison excludes the possibility
of the contamination often associated with the comparison
of ‘detected or correct’ and ‘undetected or incorrect’ trials
(Ress et al., 2000; Pessoa et al., 2002). To estimate the neural
correlates of differences in WMC between HMLA and LMHA
groups, modulation of alpha oscillations was explored during
the retrieval phase. Additionally, several WM studies using
different paradigms and populations have addressed a role
of gamma oscillations in this process (Howard et al., 2003;
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Table 1. Demographic and trait information of participants

MAAS scores STAI-T scores Sample size Mean age (years)

High mindfulness-low anxiety (HMLA) 74.7 ± 3.3 33.7 ± 3.9 N = 27 (14 Females) 21.2 ± 1.4
Low mindfulness-high anxiety (LMHA) 44.5 ± 7.5 60.0 ± 4.8 N = 29 (15 Females) 20.8 ± 1.9

MAAS: Mindful Attention Awareness Scale (MAAS) (Brown & Ryan, 2003) STAI-Trait: State Trait Anxiety Inventory (STAI-T) (Spielberger et al., 1970) All values are means
± standard deviations.

Fig. 1. Schematic time frame of cognitive tasks. (A) CST: a fixation cross was

presented for 500 ms at the center of the screen 1. This was followed by

display of the target stimulus for 200 ms. The targets presented were Chinese

characters for different colors [red ( ), green ( ), blue ( ) or yellow ( )] either

with same ink color as its meaning (congruent) or with ink different from the

meaning (incongruent). The maximum response period was 1000 ms, which

terminated at the time limit or when a key was pressed. This was followed by

a 1000 ms inter-trial interval. Responses were collected through keys (‘d’, ‘f’,

‘k’ and ‘l’) labeled with the colors. (B) CDT: a central fixation was displayed for

1000 ms, followed by the memory array. This was one of three set sizes, with

2, 4 or 8 randomly arranged colored squares presented for 100 ms using a pool

of highly discriminable colors for the squares (red, blue, violet, green, yellow,

black and white). There followed a retention interval of 800 ms and subsequent

presentation of a test array for 2000 ms. The participants had to respond by

pressing the corresponding keys assigned ‘1’ if the test array differed or ‘2’ if

it was the same as the initial stimulus.

Jokisch and Jensen, 2007; Roux et al., 2012; Lundqvist et al., 2016).
Consequently, the current study also explored how gamma
oscillations might reflect the differences between the groups
and set sizes effects in the CDT.

Brain oscillations can indicate distinct cognitive processes
(Fellinger et al., 2011) which are often altered by various affective
states or traits. The current study explored the time-frequency
characteristics of the oscillations recorded during the cognitive
tasks to investigate the cognitive effects of trait mindfulness and
trait anxiety. To analyze the time-frequency spectrum of these
cognitive process-related oscillations, HHT analysis (Huang et
al., 1998) was employed. Based on the previously mentioned
studies, we expected to observe characteristic high theta and
low beta power in the CST and dynamic alpha power in both
groups. More importantly, we explored the entire spectrum from
delta to gamma for the CST to investigate any group differences
that might account for higher accuracy rates observed in a
HMLA group compared to a LMHA group. In the CDT, principally
alpha frequency with additional beta-gamma frequencies were
explored to also investigate if they showed any change as a
function of set sizes or differences between groups.

Methods
Participants

Participants were recruited based on their mindfulness and
anxiety scores. People with any prior experience of mindfulness
through Zen, Tai Chi, Qi Gong or Yoga were excluded. Prospective
participants undergoing psychiatric treatment, pharmacological
treatment or with any neurological disease were not recruited.
Two groups of participants were recruited; HMLA and LMHA
(for details see Supplementary Text, ST1), initially with 30 indi-
viduals in each group. Four participants were excluded, one due
to having a WMC more than 2 SD higher than the group mean,
and three due to technical issues during their EEG recordings (for
demographic information, see Table 1).

All the participants had normal vision or corrected-to-
normal vision. Each participant gave written informed consent
in accordance with the Declaration of Helsinki before partici-
pating in the experiment. All the experimental procedures were
approved by the Institutional Review Board of National Taiwan
University, Taipei, Taiwan.

Task procedure

The two cognitive tasks, CST and CDT, were performed by all
the participants with simultaneous EEG recording. Tasks were
administered in a counterbalanced order across participants in
both groups with a break of at least 2–5 min between the pre-
sentations of each. Participants were either monetarily compen-
sated or assigned course credits after completion of the tasks.

For the CST, participants had to identify the color of the
target and disregard the meaning of the stimulus. There were 72
practice trials and a total of 432 trials in the formal experiment,
with a 2:1 ratio of congruent to incongruent trials. For the CDT,
participants were instructed to detect if the memory and test
arrays were different or identical. There were 36 trials and 288
trials during practice and formal sessions, respectively. There
were an equal number of change and no-change trials, and the
change occurred with equal frequency in the left and right visual
field. A total of 96 trials were presented for each set size in the
task (for details see Figure 1).

Analysis
Behavioral analyses

All the statistical analyses for behavioral data were identical to
Jaiswal et al. (2018). Detailed explanation and statistical parame-
ters can be found in the supplementary information (ST2).

EEG acquisition and analysis

EEG recording parameters. EEG data were acquired using
36-channel Ag/AgCl electrodes mounted in an elastic cap
(Electrocap International) according to the International 10–20

https://academic.oup.com/scan/article-lookup/doi/10.1093/scan/nsz038#supplementary-data
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Table 2. Color Stroop task behavioral data summary

Color Stroop Task Median Accuracy (%) Reaction Times ± SEM (ms)

Congruent Incongruent Congruent Incongruent

HMLA group 97.57 94.44 341.39 ± 11.47 442.44 ± 18.86
LMHA group 94.1 90.28 365.86 ± 17.95 455.52 ± 22.74
Statistical estimate -2.728$ -3.021$ -1.13@ -0.439@
p-value∗ 0.006 0.006 0.264 0.662

$Non-parametric estimate of Mann-Whitney U test z-value.
@Parametric estimate of twosample test t-value.
∗p-values reported here are after Holm–Bonferroni corrections.

System (FP1, FP2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T3,
C3, Cz, C4, T4, TP7, CP3, CPZ, CP4, TP8, T5, P3, Pz, P4, T6, O1, Oz,
O2, HEOL, HEOR, VEOU, VEOL, A1, A2), offline referenced to the
left and right mastoid. The impedances of all EEG electrodes
were kept below 5 kΩ, and data were recorded with a Neuroscan
amplifier (Nuamps) and Neuroscan 4.5 Software with a sampling
rate of 1000 Hz and a bandwidth of DC-260 Hz.

After epoching of each trial, vertical eye movements were
removed by independent component analysis (Jung et al., 2000)
using the script in EEGLAB (Delorme and Makeig, 2004). HHT
analysis was conducted with in-house MATLAB (MathWorks)
scripts comprising ensemble empirical mode decomposition
(EEMD) package algorithms proposed by Wu and Huang (2009)
(these scripts can be obtained from the corresponding author
upon request). A conceptual description of HHT and EEMD has
been provided in supplementary item ST3.

First, the EEG signal was decomposed into a fixed number of
intrinsic mode functions (IMFs) by EEMD algorithms. Secondly,
the Hilbert transform was calculated for each IMF to acquire
the instantaneous frequencies. The resultant frequency bands
obtained were delta (0.9–3.5 Hz), theta (3.5–7 Hz), alpha (7–14 Hz),
beta (14–28 Hz) and gamma (28–56 Hz). The methodological and
theoretical basis for determining the range of these frequency
bands have been provided in supplementary item ST4. SPM12
for MEG/EEG (Wellcome Department of Cognitive Neurology,
London, UK1) was used to perform further data processing and
data analysis.

For statistical analyses, a two-tailed cluster-based non-
parametric permutation (CBnPP) test was conducted (Maris and
Oostenveld, 2007; Groppe et al., 2011; Liang et al., 2014) on the
multichannel HHT spectra (channels × frequency × time points).
The neighboring distance between two EEG sensors was defined
as 60 mm, and 2000 permutations were performed for each test.
CBnPP is a powerful approach to detect significant effects, and
particularly clustered effects, in EEG data. This approach is less
conservative in comparison with Bonferroni or false discovery
rate correction yet can protect against multiple comparison
errors.

EEG analysis: CST

The HHT time-frequency spectrum was plotted for the CST
from 100 ms before and 800 ms following stimulus onset.
A range of frequencies from 0.9 to 56 Hz was explored to
analyze differences in conflict processes within and between
groups. Five comparisons across the scalp for time–frequency
distributions were made for this task. Two paired t-tests were

1 https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

performed to test for differences in EEG activity between
incongruent trials and congruent trials for both groups. Two
independent t-tests were conducted to investigate differences
in EEG activity between the two groups on incongruent and con-
gruent trials. Finally, another independent t-test was performed
on differences in the power of incongruent and congruent
trials between the two groups. This set of comparisons tested
whether one or both groups differed under different congruency
conditions.

EEG analysis: CDT

An overall analysis was performed using the sum of change and
no-change trials in both groups to see the effect of set sizes and
groups on the alpha to gamma frequencies (7–56 Hz). The HHT
time–frequency spectrum was plotted for the CDT from 100 ms
before and 500 ms following the onset of the test array. Primarily,
alpha frequencies (7–14 Hz) were explored to assess within- and
between-group differences as a consequence of set sizes. The
power of change and no-change trials were attributed as the
primary electrophysiological index of change detection (Pessoa
and Ungerleider, 2004), across all comparisons.

A total of three categories of comparisons across the scalp
for time–frequency distributions were made. In categories 1
and 2, two paired t-tests were performed to demonstrate the
contrast in EEG activity between change and no-change tri-
als for both groups on each set size separately. To assess the
contrast between the two groups, two independent t-tests were
performed on the difference of power between change and
no-change trials for set sizes 4 and 8, respectively. In category
3, employing the difference in power of change and no-change
trials, two paired t-tests were performed to test differences
in EEG activity for set size 8 compared to set size 4 for both
groups. To test the between-group differences, an independent
t-test was performed on the difference of power between set
sizes 8 and 4 in addition to differences in power of change and
no-change trials. This set of comparisons provided an overview
of whether or not one or both groups differed under different set
size conditions.

Results
Behavioral results

On the CST, the HMLA group showed a significantly higher accu-
racy rate (p < 0.05) than the LMHA group for both the congruent
and incongruent conditions. A descriptive summary of conflict
task performance is shown in Table 2.

On the CDT, the HMLA group showed a higher accuracy rate
and WMC than the LMHA group, significantly so for set size 4

https://academic.oup.com/scan/article-lookup/doi/10.1093/scan/nsz038#supplementary-data
https://academic.oup.com/scan/article-lookup/doi/10.1093/scan/nsz038#supplementary-data
www.fil.ion.ucl.ac.uk/spm/software/spm12/
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Table 3. Results of validation and control analyses

Change Detection Task Mean Accuracy ± SEM (%) Pashler’s K (Kp) ± SEM

Set 4 Set 8 Set 4 Set 8

HMLA group 88.81 ± 1.06 69.83 ± 1.16 3.435 ± 0.071 3.664 ± 0.206
LMHA group 82.26 ± 1.54 66.24 ± 1.35 2.962 ± 0.092 3.186 ± 0.249
t-value 3.461 2.002 4.012 1.467
p-value* 0.003 0.1 < 0.001 0.148

∗p-values reported here are after Holm–Bonferroni corrections.

(P < 0.05) and marginally for set size 8 (P < 0.15). A descriptive
summary of CDT performance is given in Table 3.

Time–frequency HHT spectrum results

Color Stroop task. Data from all trials were time-locked to the
target onset (the target was always presented for a fixed interval
of 200 ms, represented by the target offset point) and contrast
between incongruent and congruent trials was performed for
both groups. Significantly higher theta power was seen for the
incongruent than for the congruent condition in both groups
from 200 ms after target offset until ∼500 ms across all electrodes
(P < 0.05, CBnPP). Transient (∼100 ms) higher alpha activity was
seen in the fronto-central areas in both groups (P < 0.05, CBnPP).
This was followed by later suppression of alpha activity 300 ms
after target offset in both groups across all electrodes. There
was also significantly lower activity in beta oscillations for all
electrodes for both groups 300 ms after target offset (P < 0.05,
CBnPP). There was also unexpected significantly lower delta
activity throughout the trials in the HMLA group only (P < 0.05,
CBnPP) (Figure 2A and B).

When the differences of power for the incongruent and
congruent trials were compared, a significant difference
between the two groups was seen for delta oscillations. The
HMLA group showed lower delta activity than the LMHA group
initially from 100 ms prior to the target onset in posterior
temporal and occipital areas that was sustained and later
extended to temporo-parietal areas until 700 ms after the
target onset (P < 0.05, CBnPP) (Figure 2C). There were no group
differences observed for either oscillation bands or periods when
compared for congruent and incongruent conditions separately
(P > 0.05, CBnPP) (see Supplementary Figure S2A and B).

Change detection task. The overall analysis showed the predom-
inance of alpha activity in the LMHA group only in the retrieval
phase. However, there was no effect of gamma oscillations
observed across set sizes and groups (see Supplementary
Figure S3). Primarily, the analysis was carried out with data for
all trials time-locked to the onset of the test array. For category 1
comparisons, on set size 4 of the task, the contrast between
change and no-change trials did not show any significant
difference in alpha activity for either group (P > 0.05, CBnPP)
(Figure 3A and 3B). There was also no difference between the
two groups when the difference in power between change, and
no-change trials was compared (P > 0.05, CBnPP) (Figure 3C).

For category 2 comparisons, on set size 8, the contrast
between change and no-change trials did not show any
significant difference in alpha activity for either group (P > 0.05,
CBnPP) (Figure 4A and B). When the difference in power from
change to no-change trials was compared, the HMLA group
showed higher alpha activity beginning at the onset of the test

array for the right fronto-central area that gradually expanded
to right centro-parietal, fronto-central midline and right parietal
areas as well as left fronto-central areas. This increase in alpha
activity disappeared 400 ms after the onset of the test array
(P < 0.05, CBnPP) (Figure 4C).

For category 3 comparisons, the contrast between set size
8 and set size 4 on differences in power between change and
no-change trials showed a significant difference in alpha activity
in the HMLA group (P < 0.05, CBnPP), but not in the LMHA group
(P > 0.05, CBnPP) (Figure 5A and B). In the HMLA group, alpha
activity for set size 8 was significantly higher than for set size
4 beginning 100 ms before onset of the test array at the right
fronto-central area and subsequently spreading to the fronto-
central midline to the left frontal region (P < 0.05 CBnPP). This
increase in alpha activity was no longer significant 200 ms after
the onset of the test array. Furthermore, the contrast between
groups for the difference in power for set sizes 8 and 4 using
subtracted power of change trials and no-change trials, showed
that the HMLA group had higher alpha activity than the LMHA
group beginning 100 ms prior to onset of the test array at the
right fronto-central area. This gradually expanded to bilateral
fronto-central, centro-parietal and fronto-central midline areas
(P < 0.05, CBnPP) and was no longer significant 300 ms after onset
of the test array (P > 0.05, CBnPP) (Figure 5C).

Discussion
As reported previously differences in both the CST and the
CDT were seen for the LMHA and HMLA groups (Jaiswal
et al., 2018). The differences seen here in the neurophysiology
of the groups during task performance may explain the mecha-
nisms underlying these differences. Higher accuracy on the CST
observed in the HMLA group might have been due to lower delta
(0.9–1.8 Hz) activity. Additionally, higher accuracy and higher
WMC on the CDT in this group might be associated with higher
alpha power (7–14 Hz). However, no role of gamma oscillations
(28–56 Hz) was observed in the current WM task (for more details
see Supplementary information, ST5). The neural dynamics of
the observed brain oscillations on the two cognitive tasks are
discussed below.

Neural dynamics of conflict control

HHT analysis of the EEG data showed characteristic higher theta
(3.5–7 Hz) and lower beta (14–28 Hz) oscillations for the contrast
between incongruent and congruent conditions in both groups.
This is consistent with several previous studies (Hanslmayr
et al., 2008; Wang et al., 2014; Zhao et al., 2015; Jo et al., 2017),
adding more evidence for the emergence of theta and beta
frequencies as a consequence of conflict monitoring. The
appearance of a transient elevation of alpha (7–14 Hz) and theta

https://academic.oup.com/scan/article-lookup/doi/10.1093/scan/nsz038#supplementary-data
https://academic.oup.com/scan/article-lookup/doi/10.1093/scan/nsz038#supplementary-data
https://academic.oup.com/scan/article-lookup/doi/10.1093/scan/nsz038#supplementary-data
https://academic.oup.com/scan/article-lookup/doi/10.1093/scan/nsz038#supplementary-data
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Fig. 2. HHT time–frequency spectrum of the CST EEG. Data for analysis from all trials were time-locked to the target onset (the target was always presented for a fixed

interval of 200 ms). A contrast between incongruent and congruent trials was carried out for the HMLA (A) and LMHA (2B) groups and a contrast between the two

groups were also performed for the difference in power between incongruent trials and congruent trials (2C). (The white circles indicate the regions of significance,

P < 0.05 CBnPP).

activity and subsequent suppression of alpha activity is in line
with initial high alpha power being associated with inhibition of
the motor response and/or increasing the signal-to-noise ratio
(Klimesch, 1999; Hummel et al., 2002). Simultaneously elevated
theta may indicate a conflict that might be resolved (Hanslmayr
et al., 2008; Cavanagh et al., 2009). Subsequent alpha suppression
may relate to the release of inhibition processes (Knyazev,
2007) and facilitation of correct responses. The observation
of topographically widespread alpha desynchronization is in

line with this being seen in almost any kind of cognitive task
that requires maintenance of general attentional resources
(Pfurtscheller and Lopes da Silva, 1999).

There was, surprisingly, significant lower delta (0.9–1.8 Hz)
activity in the HMLA group than the LMHA group for the CST,
mainly over posterior temporal, temporo-parietal and occipital
areas. This lower delta activity did not seem to be cognitive
task specific, as it was evident even before the target onset.
This might reflect a more alert attentive state (Steriade et al.,
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Fig. 3. HHT time–frequency spectrum of CDT EEG data for set size 4. Analysis was

carried out with data for all trials time-locked to the onset of the test array. For

category 1 comparisons, on set size 4 of the task, the contrast between change

and no change trials was performed for HMLA (A) and LMHA (B) groups and a

contrast between the two groups were also performed on difference in power

between change trials and no change trials (C).

Fig. 4. HHT time–frequency spectrum of CDT EEG data for set size 8. Analysis was

carried out with data for all trials time-locked to the onset of the test array. For

category 2 comparisons, on set size 8 of the task, the contrast between change

and no change trials was performed for HMLA (A) and LMHA (B) groups and a

contrast between the two groups were also performed on difference in power

between change trials and no change trials (C). (The white circles indicate the

regions of significance, P < 0.05 CBnPP).

1993; Constantinople and Bruno, 2011) and might have facilitated
better behavioral performance on the CST. An alternative expla-
nation might be related to salience detection and impulsivity
(Knyazev, 2007). A recent study showed that individuals who had
weaker coupling between salience and visual networks showed
successful resistance of tempting distractors (Steimke et al.,
2017). It has also been suggested that the salience network plays
an important role in the maintenance of attentional control in
mindful people (Malinowski, 2013). It might be that the lower
delta activity observed in the HMLA group during performance of
the task might not be specific to the Stroop task. Rather it may be
a general effect in this group individuals related to suppression
of distractibility and the tendency to automatically read the color
words.

Neural dynamics related to WMC

The contrasts between change and no-change conditions
showed the time window where most the prevalent difference
in alpha activity (7–14 Hz) was observed. This was immediately

Fig. 5. HHT time–frequency spectrum of CDT on difference of power from set

size 8 to set size 4. Analysis was carried out with data for all trials time-locked

to the onset of the test array. For category 3 comparisons, the contrast between

set size 8 and set size 4 for differences in power between change and no change

trials was performed for HMLA (A) and LMHA (B) groups. Furthermore, a contrast

between the two groups was also performed on difference in power between

change trials and no change trials as well as difference in set size 8 and set size

4 (C). (The white circles indicate the regions of significance, P < 0.05 CBnPP).

after onset of the test array and remained for up to 400 ms,
for within and between-group comparisons. There were no
within-group differences in alpha activity for the contrast of
change and no-change conditions for both set sizes. However,
the HMLA group showed higher alpha activity than LMHA group
for the difference in power of the two trial types. Furthermore,
subtracted power of the lower set size from that of the higher
size showed that only the HMLA group had within as well as
between group differences in alpha activity. Thus, the higher
accuracy and WMC for both set sizes in the HMLA group
may potentially be associated with such higher alpha power
in this group. This suggests that under higher WM load, the
HMLA group may allocate higher mental resources, while the
LMHA group might be performing close to the ceiling at a lower
memory load. Therefore, in the harder condition (higher memory
load), the LMHA group might not have resources available
to allocate and so show poorer performance than the HMLA
group. The current observations are in agreement with the
report by Dong et al. (2015) that higher alpha activity might
be associated with higher WM for the HMLA group. However,
it should be noted that Dong et al. (2015) employed a different
paradigm (an n-back task) and observed the low WM group
showed much stronger alpha desynchronization than the high
WM group.

According to the traditional alpha-inhibition hypothesis
(Klimesch, 1996; Pfurtscheller, 2003) alpha suppression in
a given topographical area follows in response to relevant
sensory stimuli (Palva and Palva, 2007). In accordance with this
hypothesis, a previous WM study (Gevins et al., 1997) showed
a decrease in alpha activity with an increase in WM load. This
is quite contrary to both the current study and some previous
studies (Krause et al., 1996; Jensen et al., 2002; Tuladhar et al., 2007)
where high alpha activity was observed to be associated with an
increase in memory load. This difference might be explained by
the fact that Gevins et al. (1997) employed an n-back task that
might encompass temporally overlapping operations required
in encoding, scanning of memorized items, responding and
‘deleting’ items previously held in memory. This is quite distinct
from a paradigm such as the CDT where encoding, retention and
retrieval phases are temporally separated (Jensen et al., 2002).
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The current observation of higher alpha (7–14 Hz) activity in
the HMLA group may be reconciled with the traditional alpha-
inhibition hypothesis by an alternative explanation given by
Klimesch (1999). It was proposed that alpha activity denotes
inhibited brain activity in the region where it is seen in a similar
pattern to when brain areas are not active in a relaxed state.
Thus, during such an inhibited state the brain resources may
be available to be allocated for retention of memory items by
preventing the flow of non-essential information for the task
into these areas (Klimesch, 1999; Jensen et al., 2002; Knyazev,
2007). In the current study, the HMLA group showed higher alpha
activity than the LMHA group during performance of the CDT,
indicating that the HMLA group might have been in a more
relaxed or mindful state even when under a high WM load, and
this might have led to better performance in this group.

Although the primary source of alpha activity in humans
is centered on parietal regions, prefrontal alpha activity has
been suggested to play an important role in the regulation of
executive functions including WM (Sauseng et al., 2005; Hsu
et al., 2014). The higher alpha activity in prefrontal areas
observed in the HMLA group, and possibly indicating a
relationship with higher WM, is in line with previous reports
(Goldman-Rakic, 1996; Sauseng et al., 2005), suggesting better
top-down processing through enhanced alpha activity during
the WM task. The topographical distribution of alpha activity
in the current research partially echoes findings from an fMRI
study (Pessoa and Ungerleider, 2004) that showed activation
of frontal gyrus, anterior cingulate cortex, and anterior parietal
sulcus during change detection. In the current study, more alpha
activity in the HMLA group than the LMHA group was observed
in fronto-central, central and centro-parietal areas in addition
to the PFC region. Thus, considering the alternative explanation
of the alpha-inhibition hypothesis, it can be inferred that the
HMLA group, showing higher alpha activity in the above brain
areas, might have been in a more relaxed or mindful state than
the LMHA group. This might have led to the allocation of these
brain areas for successful maintenance and retrieval of memory
items (Jensen et al., 2002) in addition to the simultaneous
enhancement of the neural signal to noise ratio (Klimesch, 1999;
Hummel et al., 2002).

Limitations and future directions

One important limitation of the current study is the way the two
experimental groups were created by combining mindfulness
and anxiety scores such that the principal contributions of each
to behavioral or neurophysiological differences could not be
teased apart. Additionally, while the current study encompassed
mindfulness and anxiety, it did not involve manipulation of
either. Therefore, future studies should explore how interven-
tions involving mindfulness or manipulation of anxiety state
can modulate behavioral performance and the associated neural
correlates of such performance.

Conclusions
The previously shown behavioral differences between two
groups with HMLA and LMHA in accuracy rate on a CST, and
different accuracy rates and WMC on a CDT, could be accounted
for by the variation in delta and alpha electrophysiological
activities. The higher accuracy rate on the CST in the HMLA
group might be generally linked to lower delta activity in
posterior temporal and occipital areas, indicating a more

attentive state in this group. The higher accuracy rate and WMC
in the HMLA group might be specifically linked to enhanced
alpha activity in PFC, fronto-central and centro-parietal regions
during the retrieval phase and indicating active allocation of
brain resources in this group. Thus, the findings indicate that
high mindful, low anxious people may possess better conflict
ability, which may be generally due to lower delta activity,
whereas they may have higher WMC specifically associated
with higher alpha activity. Future studies should explore the
specific predictions regarding the topography and directionality
of changes in power pertaining to the groups and tasks.
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