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ARTICLE INFO ABSTRACT

Keywords: Financial constraints usually hinder students, especially those in low-middle income countries (LMICs), from
MBSR seeking mental health interventions. Hence, it is necessary to identify effective, affordable and sustainable
EEG

counter-stress measures for college students in the LMICs context. This study examines the sustained effects of
mindfulness practice on the psychological outcomes and brain activity of students, especially when they are
exposed to stressful situations. Here, we combined psychological and electrophysiological methods (EEG) to
investigate the sustained effects of an 8-week-long standardized Mindfulness-Based Stress Reduction (MBSR)
intervention on the brain activity of college students. We found that the Test group showed a decrease in negative
emotional states after the intervention, compared to the no statistically significant result of the Control group, as
indicated by the Perceived Stress Scale (PSS) (33% reduction in the negative score) and Depression, Anxiety,
Stress Scale (DASS-42) scores (nearly 40% reduction of three subscale scores). Spectral analysis of EEG data
showed that this intervention is longitudinally associated with increased frontal and occipital lobe alpha band
power. Additionally, the increase in alpha power is more prevalent when the Test group was being stress-induced
by cognitive tasks, suggesting that practicing MBSR might enhance the practitioners’ tolerance of negative
emotional states. In conclusion, MBSR intervention led to a sustained reduction of negative emotional states as
measured by both psychological and electrophysiological metrics, which supports the adoption of MBSR as an
effective and sustainable stress-countering approach for students in LMICs.

Stress reduction
Cognitive tasks

1. Introduction etal., 2014; Lupien et al., 2009; McEwen, 2000). Therefore, considering

a coping stress strategy with high effectiveness and affordability is

In low-middle income countries (LMICs), several studies reported the
high prevalence of mental health issues among university students, up to
55% (Dessauvagie et al., 2021; Pham et al., 2019; Pham Tien et al.,
2020). With the intensive impact of COVID-19, nearly 44.6% of students
reported having experienced adverse psychological effects during the
pandemic (Chinna et al., 2021). Consequently, these stressful experi-
ences could influence brain structures, cognition, and behavior, which
profoundly affect working motivation and emotional regulation (Li
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essential for LMICs students.

One potential stress alleviation strategy is the Mindfulness-Based
Stress Reduction (MBSR), a psychological therapy that offers intensive
meditation practice to guide participants to cope with acute stress and
decrease distraction (Kabat-Zinn, 2003; Virgili, 2015). With the avail-
ability of its curriculum and online adaptation by the Palouse Mindful-
ness, MBSR represents a low-cost stress alleviation therapy (Knight
et al., 2015; Miller et al., 1995). This therapy has demonstrated positive
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efficacy in alleviating psychological and physical conditions in different
populations (Anh et al., 2020; Chi et al., 2018). For students of diverse
ages, mindfulness-based therapies were shown to be reliable and effec-
tive in reducing negative emotional states (Zenner et al., 2014). None of
such psychological effects have been thoroughly validated in the LMICs
context, where mental health issues rapidly increase amidst the negative
economic and social impacts of the COVID-19 pandemic while facing a
lack of intervention programs. Hence, it is uncertain whether the
adaptation of MBSR might be feasible and effective considering the so-
cial and cultural differences between developed and developing coun-
tries. Therefore, it is important to validate if MBSR could potentially
serve as a low-cost and effective stress-reducing strategy for students in
LMICs.

Previous studies have not fully addressed whether MBSR-associated
psychological effects could be sustained and what might be the neural
correlates of these effects. Concomitantly, it is currently unclear whether
the overall psychological effects of MBSR could link with the practi-
tioner’s ability to control their stress and anxiety levels when exposed to
immediate stress stimuli. To address these inquiries, combining psy-
chological questionnaires with real-time brain activity monitoring
techniques could allow us to further understand the effect of MBSR.
Electroencephalogram (EEG) is one such technique that has been widely
applied to monitor the neural oscillation of distinct brainwaves such as
alpha wave. An increase in alpha band power in the prefrontal and
frontal lobe during mediation or eyes closed states has supported the
effectiveness of the MBSR program on stress reduction and self-
awareness enhancement (Aftanas and Golocheikine, 2001; Cahn and
Polich, 2006; Gao et al., 2016; Morais et al., 2021; Moynihan et al.,
2013). Although most studies successfully demonstrated the immediate
and short-term effect of the MBSR program, the sustained impact of this
intervention on neural activity has not been shown. Most longitudinal
studies reported that questionnaires and brain activity outcomes return
to the baseline (pre-MBSR) values (Bennett and Dorjee, 2016; Gouda
et al., 2016; McIndoo et al., 2016; Moynihan et al., 2013). Recently,
utilizing electrophysiological measures (i.e., ECG, EEG, and EDA),
Morais et al. has found that MBSR is associated with an increase of alpha
power in the prefrontal cortex during and after the intervention, but no
significant similar increase was observed at other brain areas and
especially, at two months post the training course (Morais et al., 2021).
Additionally, these results are hindered by the lack of a control group,
thus giving less power to the conclusion that the change in prefrontal
alpha power might be associated with mindfulness training. In light of
these findings, it is necessary to design the EEG study to clarify the
short-term and sustained effects of MBSR on brain activity of students,
especially when exposed to immediate stress conditions. These un-
derstandings will certainly shed light on the mechanism of MBSR’s
effectiveness.

The present study aims to validate the feasibility and explore the
potential sustained effect of the MBSR program in reducing the negative
emotional states of a college student population in a low-middle income
country (herein: Vietnam). A Control group is included to separate
MBSR-associated effects from those due to subjects’ increasing famil-
iarity with the experimental design across the course of the study. We
hypothesized that MBSR intervention could effectively lower subjective
stress perception and induce changes in brain activity right after the
intervention and in a 2-month follow-up. Furthermore, by integrating
stress-induced tasks during EEG acquisition, we examine whether the
MBSR program helps students retain higher alpha power, which repre-
sents stress alleviation and relaxation states, during short-term stress
conditions.

2. Methods
2.1. Participant recruitment

Forty-nine students with an age range from 18 to 22 years old were
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initially recruited (35 females; mean age = 19.9 + 0.75 years and 14
males; mean age = 20.0 £+ 0.6 years). All participants had normal or
corrected-to-normal vision and were neurologically healthy (Associa-
tion, 2013). Additionally, the participants who scored from severe to
extremely high score on the Depression Anxiety and Stress Scale
(Depression > 21, Anxiety > 15, and Stress > 26) were excluded. After
signing the consent form, subjects were randomly assigned into two
groups: Test group — practice MBSR (N = 25) and Control group - do not
practice MBSR (N = 24). In the final measurement session (Sustained
measurement), the total number of remaining subjects was 41 subjects
(N = 20 for the Test group and N = 21 for the Control group). This study
was approved by the Ethics Committee of the School of Biomedical
Engineering, International University, Ho Chi Minh City Vietnam Na-
tional University.

2.2. The intervention: MBSR program

The MBSR program includes 8-week practices strictly following the
Palouse Mindfulness course (Palouse). This course was derived from the
Jon Kabat-Zinn program (Kabat-Zinn, 2003) under the guidance of
certified mindfulness coaches. The curriculum and training materials of
the course were translated into Vietnamese to optimize the effectiveness
of the training process. The course objective is to raise self-awareness of
well-being and resilience for all students with negative emotional states.
Participants were required to attend at least six out of eight lessons and
one meditation retreat day. They attended weekly 1.5 h-long classes and
a 7-h retreat day, all under instructions from the Palouse Mindfulness
certified coaches.

2.3. The overall design of data collection

The experiment includes three main data collection sessions. The
first data collection, called the pre-MBSR measurement, occurred right
after recruitment (Fig. 1A). The post-MBSR measurement was conducted
immediately after the MBSR intervention (Fig. 1A). The last one, called
Sustained measurement, happened two months after the previous MBSR
session (Fig. 1A). The structure of these measurements is similar for all
subjects. At each session (Fig. 1B), subjects were asked to complete two
questionnaire packages (See Section 2.4.) and perform two Stress-
induced tasks (See Section 2.5.) while their EEG signals (See Section
2.6.) were collected. All questionnaires and stress-inducing tasks were
delivered via the Omniscience platform (EMOTIV Inc., Australia). A
survey was conducted at the Sustained measurement to track the
continuation of meditation practice of the Test group.

2.4. Questionnaires

2.4.1. Perceived Stress Scale (PSS)

The PSS includes 10 questions about the unpredictable, uncontrol-
lable, and overloaded situations respondents encountered during the
previous month. Four positively phrased items are referred to as
“Perceived Coping” or “Perceived Self-Efficacy,” while six negatively
phrased items are referred to as “Perceived Distress.” The PSS score is
calculated by summing the reverse scores of the positive items and the
score of negative items. Higher scores imply higher levels of perceived
stress in a range of 040 total scores (Maroufizadeh et al., 2018; Roberti
et al., 2006).

2.4.2. Depression, Anxiety and Stress Scale (DASS-42)

The DASS-42 measures the negative emotional states, namely
depression, anxiety, and stress. With 42 items, three subscales such as
“Stress,” “Anxiety,” and “Depression” are defined with 14 numbered
questions in the form. The score for each category is summed up to be
classified from O to 42. Five severity labels — “normal,” “mild,” “mod-
erate,” “severe” and “extremely severe” are used to describe the meaning
of each subscales’ scores (Crawford and Henry, 2003; Lovibond and
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Fig. 1. General experimental procedure.

Lovibond, 1996).

Both PSS and DASS-42 questionnaires were translated into the native
language of the subjects, revised and finalized by a Vietnamese neuro-
scientist and a Vietnamese psychologist before being used. Considering
that the main scope of our study is measuring the changes in negative
emotions after MBSR training, the contents and length of these two
questionnaires were most suitable, as both DASS-42 and PSS were
confirmed to be valid and reliable in both clinical and non-clinical
samples including the Vietnamese population, and have been widely
used in previous MBSR studies (Crawford and Henry, 2003; Jovanovic
and Gavrilov-Jerkovié¢, 2015).

2.5. Cognitive tasks

2.5.1. Mental arithmetic (MA) task

Mental arithmetic tasks act as artificial stressors to trigger acute
mental stress (Li-Mei Liao and Carey, 2015; Ushiyama et al., 1991). The
tasks include one trial stage and three main stages (i.e., Stages A-C).
Each stage includes three rounds with different difficulty levels (Fig. 2).
The calculations in this task include addition, subtraction, and multi-
plication. The trial stage is set at the easiest level, which consists of
adding or subtracting one digit, for participants to get used to the task
and the keyboard. The difficulty level is designed in the order of
hard-medium-easy for each stage. The calculation in the hard level ap-
plies all the mentioned operations, while the medium and easy levels
require from one to two operations of addition or subtraction in one
digit. After finishing one round, subjects were asked to evaluate the
difficulty of the tasks and their stress level while doing the calculations.

2.5.2. Color Stroop task

Stroop color task is utilized as an artificial stressor (Li-Mei Liao and
Carey, 2015; Svetlak et al., 2010). The task consists of three rounds; each
round has a time limit of approximately 60 s (Fig. 3). There will be four
different colors (yellow, red, purple, green) in this task, which were
translated into Vietnamese. Each color corresponds to a single key on the
keyboard, which are I-L, respectively. The participants are required to
remember the color related to the key. When a word appears on the
screen, the participants need to press the key corresponding to the color

REST REST

Trial Stage A

of that word but not the meaning of the word. The speed of displaying
each word is increased after each round; therefore, the time response for
one displayed word is reduced.

2.6. Electroencephalogram (EEG) recording and analysis

2.6.1. EEG and EOG signal acquisition

The Alice 5 Polysomnography recording system was utilized in
conjunction with Alice Sleepware software or Sleepware G3 software
(Philips, Respironics Inc., Pittsburgh, PA) to collect raw EEG signals. All
recording parameters are kept the same for three measurement sessions
except for the sampling rate (i.e., which is set to be 500 Hz for Pre-
measurement, and 200 Hz for Post- and Sustained measurements). It is
worth noting that this difference in sampling rate between Pre- and Post-
, Sustained measurement sessions would not have an effect on EEG
analysis as all raw EEG data in Pre-measurement was down-sampled to
200 Hz prior to the analysis. We selected two channels located at the
prefrontal (Fpl/Fp2) and four at the frontal (F3/F4 and F7/F8) cortices,
as these areas are associated with stress-related states (Al-Shargie et al.,
2016). Also, two temporal channels (T5/T6) and two occipital channels
(01/02) were selected since the included stress tasks in our study were
expected to mainly affect temporal and occipital cortices (Wang and
Sourina, 2013). Thus, the overall EEG setup comprised 10 Ag/AgCl
electrodes with the ground electrode Fpz, and these were re-referenced
to mastoid electrodes (M1/M2). EOG signal was recorded from two
electrodes located at the tail of the eyes to detect horizontal eye
movement. The impedance of all electrodes was kept below 5 kQ.

2.6.2. EEG preprocessing

The continuous raw EEG data of pre-measurement was firstly down-
sampled to the sampling rate of 200 Hz to ensure consistency among all
three recording sessions (i.e., Pre-, Post-, and Sustained measurements).
The down-sampling process was assisted with the MNE-Python pack-
age’s resampling function (i.e., mne.filter.resample), which uses the
Fourier method with the improvement of edge padding and frequency-
domain windowing (Gramfort et al., 2013; Virtanen et al., 2020).
Next, the raw EEG data were subjected to an empirical mode decom-
position (EMD) based preprocessing pipeline to remove high-frequency

30s (90s, timed) 30s

REST
30s

Stage B
(60s, timed)

Stage C
(30s, untimed)

Fig. 2. Design of the mental arithmetic task.
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Fig. 3. Experimental design of the Stroop color task.

noises (e.g., electromyography (EMG) induced and powerline interfer-
ence noises) (Zhang et al., 2008). EMD is a data-driven signal decom-
position method, of which the underlying notion of instantaneous
frequency provides insights into the time-frequency feature of the signal
(Huang et al., 1998). EMD decomposes the signal into intrinsic mode
functions (IMFs). In this study, an enhanced version of EMD, referred to
as masking EMD (Deering and Kaiser, 2005), was used to resolve the
inherent mode-mixing problem in the original EMD (Deering and Kaiser,
2005; Nguyen et al., 2019; Tsai et al., 2018).

The procedure for EEG signal preprocessing using an open-source
Python EMD package is described as follows (Quinn et al., 2021).
Firstly, the EEG signal was decomposed sequentially by EMD with an
initial masking signal of frequency at 50 Hz to a maximum of ten
(N = 10) intrinsic mode functions (IMF) (Supplementary Fig. S1A, B).
Secondly, the Hilbert transform was applied to each IMF to obtain the
frequency distribution of each IMF (Supplementary Fig. S1C). Each IMF
can be distinctively characterized by its frequency range and power.
Thirdly, the first mode characterized by high-frequency components
(which usually contain power interference and EMG noise) and the last
three modes dominated by low-frequency components were removed.
The signal was then reconstructed from the remaining IMFs.

2.6.3. EEG Power Spectral Density (PSD)

Power Spectral Density (PSD) is a widely used feature for EEG signal
analysis as it can provide insights into brain activation. Since the pre-
vious studies suggested that increasing alpha and/or theta power, esti-
mated from PSD, are often observed during meditation compared with
control conditions (Aftanas and Golocheikine, 2001; Fan et al., 2014a;
Takahashi et al., 2005; Tang et al., 2009). Hence, including PSD is
relevant in the context of this study to evaluate the sustained effect of
MBSR. The procedure for PSD calculations can be described as follows.
The clean data underwent a Fast Fourier transform (FFT) with 4-s
Hanning windows and 50% overlap. For each channel, spectral power
(uv?) for all task and rest conditions was computed for the following
bands: theta (4-7 Hz), alpha (8-13 Hz), and beta (15-30 Hz). To mini-
mize the inter-individual differences in absolute power, which can be
potentially caused by technical variability of each measurement session,
we normalized the spectral power of three bands by the baseline spectra
similar to previous EEG studies (Bian et al., 2014; Papagiannopoulou
and Lagopoulos, 2016; Sammler et al., 2007; Zhao et al., 2018). Spe-
cifically, the relative power (RP) for each channel and band was then
obtained by dividing the spectral power of that band by the total spectral
power between 4 and 40 Hz as in Eq. (1):

Power(f,
Power(4Hz,

f;)

40Hz)’ M

Relative Power(f;, f,) =

where f; (lower bound) and f, (upper bound) represent the cut-off fre-
quencies for each band of interest. For example, for the alpha band, the
f; and f; are 8 and 13 Hz, respectively.

2.7. Statistical analysis

Statistical analyses were only conducted on participants who
completed all data collections (final total subjects n =41). We per-
formed the statistical results in GraphPad Prism 8.0 software to analyze
statistics in three stages in two groups. In the analyzes described below,
the significant results were demonstrated when the p-value was < 0.05.
We specified the star representing the p-value reported in APA style,
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according to: .033 (*), .002 (**), < 0.001 (***) and < 0.0001 (****) for
all figures. The statistical results were plotted as the column graphs.

Two-way ANOVA with Sidék correction for multiple comparisons
was applied for the psychological self-evaluation and performance re-
sults of the two stress-inducing cognitive tasks.

For EEG band power, the relative power value that differs more than
two folds of the standard deviation from the group mean in each elec-
trode in multiple frequency bands was first excluded from the analysis.
Given this outliers exclusion and missing data, the linear mixed-effects
model with Sidak correction was used to examine group differences
(Bates et al., 2015). Linear mixed-effect models are appropriate to pro-
cess longitudinal data with missing values (Magezi, 2015; Overall and
Tonidandel, 2006). The Greenhouse-Geisser correction was used for
violations of sphericity. It is important to note that interactions not
involving groups are not reported.

We also applied linear regression in scatter plots to understand the
correlation between two variables, which are Stress vs. Difficulty and
PSD features vs. questionnaires. Then, the two-sample t-test is utilized to
determine the differences between slopes in two subject groups.

3. Results
3.1. MBSR intervention reduces stress, anxiety, and depression scores

In the previous studies, the MBSR was shown to effectively reduce
the stress levels in several subject groups such as Social Anxiety Disorder
patients (Faucher et al., 2016), and university students (Galante et al.,
2018), and employees (Janssen et al., 2018). However, it is unclear if a
student group in the LMICs context could also benefit from MBSR. Here
we utilized the PSS and the Stress score in the DASS-42 scale to assess the
subjective stress perception of student participants. Our result demon-
strated that right after the intervention (post-MBSR measurement), only
the Test group’s DASS stress score was found to decrease (p = 0.002,
30%, Fig. 5A), while no change in PSS scores was noticed in post-MBSR
measurement (Fig. 4). Interestingly, the Test group’s stress score for
both measures substantially decreased when comparing between
pre-MBSR measurement score and the Sustained measurement score
(p = 0.002, 33%, Fig. 4A and p < 0.001, 50%, Fig. 5A for PSS negative
score and DASS stress score, respectively). The combined PSS sum score
of the Test group was also reduced by 25% (p < 0.001) in the Sustained
measurement (Fig. 4C). On the contrary, the DASS stress score and PSS
negative score of the Control group remained unchanged over time
(Fig. 5A and Fig. 4A). The PSS’s positive score (i.e., the “Perceived
Coping” items) also did not show any change in both groups (Fig. 4B).
Note that the p-values of all multiple comparisons in PSS and DASS
scores between three measurement sessions of both Control and Test
group can be found in Supplementary Table 1.

To understand whether MBSR could influence other mental health
issues, we analyzed the Depression and Anxiety scores from the DASS-42
scales. In general, the Control group had a stable subscale score over
time. Interestingly, in the Sustained measurement, the Anxiety and
Depression subscales of the Test group were reduced by almost 40%
from the initial scores (p = 0.002, Fig. 5B and 5C), though no change in
this score is observed between the pre-MBSR and post-MBSR measure-
ment (Fig. 5B and 5C). It remains unclear whether the slow effect of
MBSR on anxiety and depression levels (Fig. 5) should be attributed to
the training course or the continuation of mediation practice after
course completion (Supplementary Fig. S2).
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Fig. 4. The change in score of the Perceived Stress Scale (PSS) questionnaire in three data measurements (Pre: pre-MBSR, Post: post-MBSR or Sustained) for both
Control group (n = 21) and Test group (n = 20). A) Negative score, B) Positive score, C) Total score. Each bar represents Mean + SEM.
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Fig. 5. The change in score of the three subscales score of the Depression, Anxiety and Stress Scale (DASS-42) questionnaire in three data measurements for both
Control group (n = 21) and Test group (n = 20). A) Stress, B) Anxiety, C) Depression. Each bar represents Mean + SEM.

3.2. Investigating brain activity response to stress-induced tasks

3.2.1. Validating the stress-inducing effect of the Mental Arithmetic (MA)
and Stroop tasks

Since one of the main goals of MBSR training is to improve the
participants’ ability to cope with their negative emotions, we hypothe-
size that MBSR could influence brain activity in response to stress
(Carroll et al., 2021; Johns et al., 2016; Katahira et al., 2018). To vali-
date this hypothesis, we first designed a set of stress-induced tasks,
including the Mental Arithmetic (MA) tasks and the Stroop tasks. We
arranged the tasks in the order of hard-medium-easy repetitively during
three-stage MA tasks performance, while the Stroop tasks speed up the
reaction after each round (Al-shargie et al., 2016; Jun and Smitha, 2016)

Comparing different difficulty levels of the MA tasks, we found that
the difficulty and stress rating of the subjects is aligned with our
experimental design (p < 0.001, Supplementary Fig. S3). Specifically,
these difficulty and stress ratings reduced significantly from timed
rounds to untimed rounds in both groups at all three measurements
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(Supplementary Fig. S3).

The Control group’s difficulty and stress perception scores toward
the MA tasks were reduced at several task rounds between pre-MBSR
and Sustained measurement, specifically on hard and medium rounds
(Fig. 6A ii and Fig. 6B). In contrast, the perception of the Test group
toward these two metrics remained largely stable over time. On the
other hand, at the easy level, both groups did not report any consider-
able difference except for the reduction in stress perception of the
Control group in Round 6 (p = 0.033, Fig. 6B vi). Note that the p-values
of difficulty and stress level in each round are summarized in Supple-
mentary Table 2. These findings could be attributed to the increasing
familiarity with the tasks of the Control group, which resulted in the
reduction of mean reaction time (p = 0.033, Supplementary Fig. S4A)
and higher accuracy (Supplementary Fig. S5A).

Overall, increasing difficulty perception of the tasks is positively
correlated with higher stress sentiment among the subjects of both
experimental groups across all three measurements (p < 0.001, R?
~ 0.372-0.667, Fig. 7). Additionally, when comparing the linear



A. An et al. IBRO Neuroscience Reports 12 (2022) 399-410

A
! Difficulty_Round 1,4,7 I Difficulty_Round 2,5,8 I Difficulty_Round 3,6,9
y u y
8= 8- | —| 8-
5 6 6
z 1N z z
N 3 3+
a § a a
\
\
\
X X X X
Q‘G Qoe\’s\ozb Q‘Q oe \(\06 Q‘z Qog\’.b\oeb Q‘e oe\.‘i\oeb
& & & &
B i Stress level_Round 1 ii Stress level_Round 2 ii Stress level_Round 3
* *kk *% *%
109 — 109 —mm | e | 10
8- 8 8-
° ° °
® & 3 6
o s 2 K
2 I\ 2 2
AN £ g
b7 § n »
\
\
v Stress level_Round 4 v vi Stress level_Round 6
*k*
107 ™ ok 109 ——
— —
8+ 8
H E 2
2 N o 64 2 64
2 1N 2 2
o \ e e
3 § B 3
\ .
\
X X X X
Q‘qub 6\(&6 Q@Qog ,5\&6 Q&Qoe é’\o@b Q‘Q'Qoe é\(&b
& & & &
4 4 &> &>
vii Stress level_ Round 7 Vil Stress level_ Round 8 X Stress level_Round 9
10 109 — 10
8- 8- 8-
° ® ®
R 3 6 3 6
[ 0 0
0 0 0
e g 4 g 4
» b »
2_
o N 11 K £ BN
X X
Q‘e QOQ .&eb Q‘e Qog .&zb
2 2
> >

[ Control 3 Test

Fig. 6. Self-reported evaluation of difficulty (A) and stress (B) in different task levels in three data measurements for both Control group (n = 21) and Test group
(n = 20). Rounds 1, 4, 7; rounds 2, 5, 8; and rounds 3, 6, 9 are defined as difficult, medium, and easy levels, respectively. Each bar represents Mean + SEM.

404



A. An et al.

IBRO Neuroscience Reports 12 (2022) 399-410

Pre_MBSR Post_ MBSR Sustained_MBSR
10 y=0.5211x + 2.1521 . 101 y=04554x + 1.2016 01 05757x+ 1.1891
R?= 0.3715 ° R?=0.3428 R?= 0.5002
8 p-value <.001 8 p-value < .001 ° 8 p-value < .001
— . — L[] —
] ° X [ o 0% o 5 D .
i>’ 6 E 6 ¢ ° i>-’ 6 . . o M o
0 $ %] 7} . . o
7] 0 7] ° [} °
L4 : Q4 Sal,o 04 ° °®e
] =0.5391x + 1.8006 O ° . B Lee 08 .
¢ J R?= 0.4869 y§0877x+ 12485 . T °8 ® y=06388x+06759
2 ° | . oo 2 R2= 0.5608 290 R2= 0.667
-value < . [ I ] - e <
i} A p : ot T, L, Pale<.ool N iH -0 !o-. pvalue < 001
0 2 4 6 8 10 0 2 4 - 8 10 0 2 4 6 8 10
Difficulty Difficulty Difficulty

Fig. 7. The relationship between Stress and Difficulty after performing the Mental Arithmetic tasks in three data measurements for both Control group (black dots,

n = 21) and Test group (green dots, n = 20).

regression slopes of the two groups, the self-reported evaluations did not
show differences between the stress level and difficulty perceptions of all
subjects (p > 0.05) (Fig. 7). Therefore, both groups reported equivalent
perceptions about difficulty and stress levels corresponding to the tasks.
In conclusion, these findings confirm that the stress-induced tasks suc-
cessfully generated stress sensation, especially at higher difficulty levels
for both the Control and Test groups.

Regarding the Stroop color tasks, the mean reaction time of Round 1
tended to reduce in all subjects of both groups, while similar metrics of
the last two rounds were stable over time. Meanwhile, the Control group
increased accuracy (p = 0.002) at all three measurements in the Stroop
tasks, indicating that they got accustomed to the tasks (Supplementary
Fig. S4B, S5B).

3.3. Electroencephalography

3.3.1. Power Spectral Density (PSD)

As the previous EEG studies on mindfulness have shown that medi-
tation was associated with increased alpha power and theta power in
both healthy individuals and in patient groups (Fan et al., 2014a, 2014bj;
Lomas et al., 2015; Takahashi et al., 2005; Tang et al., 2009), we hy-
pothesized that the Sustained effect of participating in MBSR training
would be characterized by the increase in power of alpha and theta
oscillations. To test this hypothesis, we performed the PSD calculation
based on preprocessed EEG data, then compared the relative power of
oscillations (e.g., alpha, beta, and theta) during task performing and
resting phases between the Control and Test groups. The initial analysis
of relative power in 22 individual phases (i.e., 9 rounds of mental
arithmetic tasks, 3 rounds of Stroop tasks, and 10 rests) indicated no
difference (p > 0.05) between the two groups. We then averaged the
relative power of all rounds of mental arithmetic tasks, all rounds of
Stroop tasks, and all rest sections related to each task to perform sta-
tistical analysis. Thus, the results of statistical analysis are reported for
the following conditions: Mental Arithmetic Tasks, Mental Arithmetic
Rest (i.e., averaged value of six resting phases in-between each round of
mental arithmetic tasks), Stroop Tasks, and Stroop Rest (i.e., averaged
four resting phases in-between each round of Stroop tasks). The p-values
of all multiple comparisons between PSD values of three measurement
sessions of both Control and Test group are summarized in Supple-
mentary Tables 3 and 4, respectively.

3.3.2. MBSR intervention is associated with a sustained increase in alpha
band power

Test group’s relative alpha power was distinctively characterized by
significant increases in the frontal, temporal and occipital areas right
after and 8-week after the intervention (i.e., post-MBSR measurement
and Sustained measurement) (Fig. 8). No change was observed for the
Control group. There were also no noticeable differences in alpha power
between two groups over time when applied One-way ANOVA. The
increase in the relative alpha power of the Test group can be revealed
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spatially in the topographic map (Fig. 8A). Specifically, in the frontal
area, relative alpha power for the Test group showed robust increases at
both post-MBSR (p = 0.033, Fig. 8B i, v, at Fpl and F7 channels) and
Sustained measurement (p = 0.002, Fig. 8B ii, at F3 channel) when
compared with pre-measurement. A similar rise in alpha band power
was also found in the temporal cortex, which was present in both post-
MBSR measurement (p = 0.033, Fig. 8B iii and p < 0.001, Fig. 8B vi)
and Sustained measurement (p = 0.002, Fig. 8B iii and p = 0.033,
Fig. 8B vi). At the occipital area, the alpha power after intervention for
the Test group was also higher at both post-MBSR and Sustained mea-
surement for the O1 electrode (Fig. 8B iv, vii, ix) or only post-MBSR
measurement for the O2 electrode (Fig. 8B viii and xi). Overall, the
MBSR training led to a global strengthening in alpha band power at both
rest and task stages. To estimate the correlation between changes in
alpha band power and changes in subjective stress perception, we
applied linear regression in the delta values (i.e., post — pre) of alpha
power at each channel and delta values of each questionnaire subscale.
We found that the Test group has a significant correlation between the
delta values of alpha power of temporal and occipital lobes with the
delta values of the DASS results, especially in the Anxiety and Depres-
sion subscales after completing the MBSR course (Supplementary
Table 5, p < 0.05 and R? = 0.305), implying that the change in alpha
power at these brain regions might be a neural representation of the
psychological improvement.

3.3.3. Lower beta power was observed after the intervention

Theta and beta activities were also lower for the Test group in post-
and Sustained measurements (Fig. 9A), but these changes were not
prevalent and distinctive as those in alpha power. In particular, the
relative beta power of the Test group in Mental Arithmetic Rest and
Stroop Tasks at the O1 position was reduced eight weeks after inter-
vention (Sustained measurement, p = 0.002, p = 0.033, respectively)
(Fig. 9B i and iii). Surprisingly, both the Control and Test groups had
lower beta relative power during Stroop Tasks at the T5 position
(p = 0.002, Fig. 9B ii), implying that this reduction might be indepen-
dent of the MBSR training. With regards to relative theta power, the
statistical analysis only revealed one decrease at the T5 position for the
Test group during Mental Arithmetic Rest right after intervention (post-
measurement) (p = 0.033), but then followed by an increase in Sus-
tained measurement (p = 0.033) (Fig. 9B iv), indicating that this effect
of MBSR on theta band power is not long-lasting. Overall, Supplemen-
tary Fig. S6 summarizes the effect of MBSR practice on brain activity
during rest and task stages. Here, it was evident that MBSR practice is
associated with sustained stronger alpha power at rest stages (Supple-
mentary Fig. S6A, B) and during mental arithmetic task performance but
not during Stroop task (Supplementary Fig. S6B). Compared to the in-
crease in relative alpha power, the decrease in beta and theta is less
pervasive and not particularly distinctive for MBSR intervention.
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4. Discussion
4.1. MBSR training led to a sustained reduction in negative emotion states

The overall negative emotional states were steeply reduced in the
Test group post-intervention in the DASS-42 Stress subscale (Fig. 5A).
These results are consistent with previous studies that demonstrated
stress reduction in either university students or other populations
(cancer patients and the elderly) via PSS or DASS-42 scales (Aftanas and
Golocheikine, 2001; Fan et al., 2014b; Matousek et al., 2011; McIndoo
et al., 2016; Morais et al., 2021; Moynihan et al., 2013; Song and
Lindquist, 2015). Despite the disruption caused by the COVID-19
outbreak during the last two weeks of the MBSR program, the MBSR
program still brings out the robust effect on stress reduction.

This study was also one of the first longitudinal studies that showed
the sustained effects of MBSR on stress, depression, and anxiety reduc-
tion (Fig. 4 and Fig. 5). In previous works, the PSS or DASS scores mostly
returned to baseline in the follow-up measurement (McIndoo et al.,
2016; Morais et al., 2021; Moynihan et al., 2013), which might occur
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due to the difference in subject groups or practice environment. It was
rather intriguing to notice that most of these MBSR-induced positive
psychological impacts were more evident in the 2-month follow-up
rather than immediately after the intervention, implying such a pro-
gram would be more profoundly beneficial if subjects continue to
implement the skills and knowledge taught during the course. The ma-
jority of Test group subjects in our study maintained their meditation
sessions (Supplementary Fig. S2), resulting in the sustained psycholog-
ical effect of MBSR and highlighting the high feasibility of this
intervention.

4.2. Mindfulness practice primarily induced higher alpha band power

We found a significant increase in alpha power for the Test group in
frontal, temporal, and occipital cortices in both hemispheres post-
intervention (Fig. 8). This finding is in line with several previous
studies which reported the increase in alpha synchronization associated
with mindfulness compared with pre-intervention (Morais et al., 2021).
The alpha band power is indicative of the state of stress reduction and
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relaxation (Seo and Lee, 2010). This increase in alpha power
post-intervention of the Test group, especially in the prefrontal and
frontal area, might reflect the improvement of internal processing,
suggesting the enhanced ability to direct attention internally, with a
decrease in thought dispersion (Cooper et al., 2006).

As shown in Fig. 9A and Supplementary Fig. S6, changes in beta
power are not typically distinctive for the Test group, as there was the T5
electrode of the Control group showed a significant main effect or
interaction. These changes in beta power might be misinterpreted as
sustained effects of MBSR training if the Control group was not included,
as there were in similar MBSR studies (Morais et al., 2021). Longitudinal
reduction of beta-band power has been associated with previously re-
ported mindfulness training (Saggar et al., 2012). However, there was a
discrepancy among EEG studies on mindfulness regarding changes in
beta oscillations, and the interpretation of the functional significance of
beta is also mixed (Lomas et al., 2015). We suspected that changes in
both Test and Control groups might reflect the participants’ familiarity
with included cognitive tasks, since beta oscillations are typically
associated with the sensorimotor processing (Brovelli et al., 2004).
While both the brain response and the negative emotion scales exhibited
similar trends after MBSR practices for only the Test group, a concom-
itantly significant correlation between these measurements was found in
both subject groups (Supplementary Table 1). No difference in the de-
gree of correlation was detected. Therefore, MBSR potentially did not
affect the intrinsic relationship between psychological measurements
and their corresponding neural representative.

4.3. Limitations

While the current study shows several promising results, few limi-
tations are presented. Firstly, the relatively small-scale study (n = 49, in
one university) could potentially limit the statistical analysis. Addi-
tionally, the MBSR session requires 8-week consecutive practice;
therefore, participants, such as full-time employees, might drop out due
to a limited time budget. One potential strategy to maintain the par-
ticipants’ commitment is to utilize shortened versions of MBSR, which
were successfully implemented on subject groups such as pharmacy
students and demonstrated clear psychological improvement (Hindman
etal., 2015; McIndoo et al., 2016; O’Driscoll et al., 2019). An official and
validated version of a shortened MBSR program is, however, not avail-
able; hence, their implementation is rather challenging.

5. Conclusion

Academic pressure tends to affect the mental health of college stu-
dents negatively. This study aims to clarify an effective MBSR program
for college students by assessing the sustained efficacy of the interven-
tion on stress alleviation and brain activity when responding to short-
term stress conditions. Our results indicated that MBSR effectively
reduced stress scores in the Test group after completing the MBSR
training, whereas the similar measure of the Control group remained
stable (Fig. 5A). Even two months after the training, subjects in the Test
group exhibited lower negative emotional states, especially in the
Anxiety and Depression scores (Fig. 4 and Fig. 5). The stress reduction
effect in the Test group was accompanied by an increase in frontal,
temporal and occipital alpha power (Fig. 8) when subjects were exposed
to short-term stress stimulations at both post and Sustained measure-
ments. In conclusion, the sustained effects of MBSR were successfully
demonstrated based on the reduction of subjective stress perception
score and the ability to maintain high alpha power while coping with
stress-stimuli.
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