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Abstract. Mindfulness-Based Stress Reduction (MBSR), a widely-used
form of mindfulness-based meditation, has shown positive effects on re-
ducing psychological stress, and helping the immune system and a variety
of disorders. So far little is known as to how neurophysiological activity is
affected by MBSR and how it changes over time as a meditator becomes
more experienced with MBSR. In this study we investigated naive medi-
tators’ EEG activity during an eight-week MBSR program. We developed
easy-to-use and portable dry-sensor EEG devices and the participants
recorded data by themselves. We investigated the effect of concentra-
tion level on EEG power spectrum, and tracked how EEG changed over
time during the program. Significant results were found between EEG
and concentration, and between EEG and amount of experience. We dis-
cussed our findings in the context of EEG rhythmic activity in relation to
meditation. Our findings provided insight into developing a BCI system
to guide meditation practice.
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1 Introduction

There has been a growing awareness of the negative effects from long-term stress
and anxiety. Studies have shown chronic stress can lead to decreased health, and
increased propensity to illness [1–3]. Meditation has been widely accepted as
an effective and affordable way to manage stress without significant side-effects
[4–6].

An educationally-based program designed by Dr. Jon Kabat-Zinn, Mindfulness-
Based Stress Reduction (MBSR) focuses on training mindfulness practices, in-
cluding meditation and yoga, to relieve stress and help reduce chronic pain [7].
Its main concept is to bring attention to moment-by-moment experience with a
compassionate, nonjudgmental attitude. MBSR has been shown to have a pos-
itive effect on the immune system response [8, 9], and to reduce psychological
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distress of student subjects as well as their ruminative thoughts [10]. It has also
been employed extensively in hospitals and stress clinics.

In over 100 scientific articles about MBSR [11], most studies measured ef-
ficacy in terms of effect on the population of patients and the effect of the
training on their symptoms, and only few of them addressed the neural cor-
relates of MBSR. A related study by Lutz et al. [12] showed that long-term
meditation could induce short-term and long-term neural changes. For example,
long-term Buddhist practitioners self-induced high-amplitude gamma synchrony
during mental practice, and their ratio of gamma-band activity (25-42 Hz) to
slow oscillatory activity (4-13 Hz) was higher before, during and after medita-
tion than the controls. It was also shown that during meditation there was an
increase in both theta and alpha EEG patterns in long-term Acem meditation
[13]. A recent paper by Hözel et al. reported changes in gray matter concen-
tration after an eight-week MBSR program [16]. Despite all these efforts, little
is known about how engagement during meditation may affect EEG, and how
neurophysiological activity progresses as the meditator becomes more experi-
enced. To study this, EEG data collected from naive meditators are desired. For
naive subjects, it is preferred for them to practice in a group setting under the
direction of a qualified coach. Due to the high cost of EEG devices and the long
time to prepare a subject before EEG recording, the data collection is especially
hard since multiple subjects’ EEG has to be recorded simultaneously.

For this study, we designed and manufactured our own EEG devices that
were both easy to use and low cost. The device was housed in a comfortable
headband form factor with two dry sensors placed on the forehead, so subjects
could easily record on their own. It also came with an on-board memory and
Bluetooth so the EEG could be stored on the on-board memory during medita-
tion and later downloaded to a computer. In this way no computer was needed
during data acquisition so any electrical noise from computer was reduced. With
these devices, we recorded EEG from a group of naive subjects while they were
performing daily MBSR practice. Each subject obtained an EEG device and
either participated in group practice or practiced on their own.

2 Methods

2.1 Subjects

Nineteen subjects (5 females and 14 males, mean age 37 years) volunteered
for the experiment. No subjects had previous experience with MBSR or other
mindfulness-based meditation. None of the subjects had known psychiatric ill-
nesses or mental disabilities, and none used recreational drugs. Informed consent
was obtained from all participants in accordance with the guidelines and approval
of the NeuroSky Institutional Review Board.

After the program started, four subjects quit due to schedule conflicts. The
rest of the subjects recorded a various number of sessions. Among them, eight
subjects recorded at least half of the sessions, these eight subjects’ EEG data
were used for the data analysis.
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2.2 Experimental Paradigm

The MBSR was extensively described in [7]. A formal MBSR program consists
of eight weekly classes each lasting 2.5 hours, and one full day (6.5 hours) of re-
treat between the sixth and the seventh week of the program. Also, participants
practice 45 minutes of guided mindfulness exercises daily, including sitting med-
itation, body scan, and mindful yoga. They are also taught to do their everyday
activities such as eating, walking, or driving in a mindful way to facilitate the
concept of mindful living.

In our study, we designed a slightly shortened version of the regular MBSR
class for our data collection. The weekly classes were changed from 2.5 hours to
2 hours, and the retreat lasted for four hours instead of 6.5 hours. For the daily
practice, the duration was changed to 35 minutes and only guided sitting med-
itation was practiced, although all MBSR exercises were taught and practiced
during the weekly classes and the retreat. One of the authors of this article, Julie
Forbes, Ph.D., is a senior MBSR instructor, who guided the whole program and
recorded an instruction CD for the daily practice.

During each 35-minute daily session, the subjects followed the instruction
CD and went through five blocks of sitting meditation: breathing, hearing, body
sensations, emotions/thoughts, and choiceless awareness. More detailed informa-
tion about these sitting meditation methods can be found in [7]. The duration of
each block ranged from 4 to 6 minutes, and between every two successive blocks
there was a transition period lasting one to two minutes.

After each daily practice session, the subjects filled out a short questionnaire
in which they rated their level of concentration and level of mind-wandering on
a scale of one to five (five being highest). A high concentration rating indicated
that the subject was more engaged in the meditation, thus was more mindful
of their breathing, sensations, or thoughts. In this questionnaire they also wrote
down whether their eyes were closed and whether they were drowsy and/or
sleeping during each block.

After the whole program was finished, the subjects filled out a qualitative
total meditation outcome (TMO) questionnaire where they provided feedback
about the program, such as if they have experienced any change in concentration,
creativity and stress.

2.3 EEG Data Acquisition

EEG data were recorded while the subjects were performing daily meditation
practice. The subjects either practiced in their own home or joined the group
practice in a conference room in NeuroSky’s San Jose office with other subjects.
Under both situations they were instructed to stay away as much as possible
from any electrical devices such as power lines, computers, or fluorescent lights.

The EEG were recorded using NeuroSky’s prototype two-channel EEG sys-
tem. A picture of the EEG device is shown in Figure 1. The two channels are
located on the forehead of the subject, corresponding to FP1 and FP2 of the
International 10-20 system. The two sides of the ear clip attached to the left
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ear lobe served as the reference and the ground. The EEG was recorded with a
128Hz sampling rate at 12-bit precision.

Fig. 1. Two-channel dry-sensor EEG device. The EEG device is housed in a headband
form factor with two dry sensors placed at the inner side of the headband on the
forehead (FP1 and FP2). The EEG circuitry is located inside the black case at the
left side of the head. A power switch at the bottom of the case serves to turn on/off
the device. A mini-USB port, also at the bottom of the case, is for charging a lithium-
ion battery that provides power to the device. A blue light outside the case will start
to flash when the device is turned on; and it stays on continuously when the device
is communicating to a computer via Bluetooth connection. An on-board 8MB flash
memory inside the case can store up to 3.5 hours of EEG data.

During each daily session, the subjects followed the instruction CD to turn on
their EEG device, go through all five blocks of MBSR sitting practice, and then
turn the device off. The acquired EEG data were first stored in the device’s on-
board memory during practice and then downloaded to a computer via Bluetooth
connection afterwards. In this way no computer was needed by the subject during
the practice.

2.4 EEG Data Preprocessing

After the EEG data were downloaded to a computer, a set of software-based
filters were applied to the raw data, which included:

– An eightieth-order band-pass FIR digital filter between 0.3Hz and 60Hz to
remove the DC drift and high-frequency noise.

– An eightieth-order band-stop FIR digital filter between 58Hz and 62Hz to
further remove the 60Hz power line noise.
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Following these steps the EEG data were shifted to compensate for the delay
introduced by the filtering.

2.5 Eye Blink Removal

Even though during the practice most subjects’ eyes were kept closed, there was
still a considerable amount of artifacts caused by eye blinks or eye movements.
A Savitzky-Golay smoothing filter based eye blink removal procedure was used
to detect and remove these artifacts [17].

2.6 Frequency Decomposition

After eye blink removal, three minutes of EEG data in the middle of each med-
itation block were extracted from each daily session. They were further divided
into many four-second EEG traces, and our data analysis was based on these
traces. Namely, the power spectral density (PSD) of each of these traces was
calculated using Welch’s method [18], a widely-used PSD estimation method.
Then the logarithm of the PSD was derived for each four-second EEG trace for
the next step.

2.7 Mixed ANOVA

In this paper we not only study how EEG changes as a function of concentration
level during meditation, but also study how experience with meditation affects
EEG. We did this via a three-way mixed ANOVA (analysis of variance) with
repeated measures[19]. The dependent variable was the log EEG PSD; the inde-
pendent variables included the self-reported concentration level, the session ID
(starting from one), and the subject ID. Among them, the concentration level
and the session ID were both fixed effects, while the subject ID was treated as a
categorical variable and as a random effect. In this way the within-subject cor-
relation was accounted. All the main effects from the independent variables and
all the interactions between each pair of variables were included in the ANOVA
model.

Moreover, since EEG shows different patterns between eyes-open and eyes-
closed, and between awake and drowsy conditions, we only included the data for
analysis if: 1) the eyes were closed when the data were recorded; 2) the subject
was not drowsy and did not fall asleep. This information was available to us
from the questionnaires that the subjects filled after each daily session.

3 Results

3.1 Behavioral Results

The progress that the subjects made over the eight weeks was tracked by their
self ratings during the program. The correlation analysis between concentra-
tion level during meditation and amount of experience (indexed by session ID)
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showed no significant correlation between these two variables (correlation coeffi-
cient = 0.03, p=0.37). This result may suggest that overall the subjects did not
make significant progress after the eight-week training in terms of their ability
to engage in meditation. However, it is also possible that the subjects’ skills have
improved, so they were able to catch their mind-wandering moments more often,
thus their self-evaluation did not truly reflect their progress. Furthermore, in [16]
the authors reported significant progress after an eight-week MBSR program for
naive subjects. They used mindfulness scores to measure the subjects’s progress
and reported significantly increased scores on three (acting with awareness, ob-
serving, and non-judging) out of the five mindfulness scales.

In our experiment some subjects dropped out during the program or only
finished a small portion of the whole program. In the end ten subjects returned
their TMO questionnaires. Among them, eight people experienced different lev-
els of reduction in stress, anxiety and depression, and eight people reported
improved concentration or creativity on different level. Based on this feedback,
their general experience with MBSR was positive.

3.2 EEG Results

After the ANOVA procedure, p-values for all main and interaction effects were
calculated, which were used to decide the significance of each effect’s contribu-
tion. From ANOVA we also obtained the coefficients for the concentration level
and the session ID, which provided a quantitative measure of these two variable’s
effects on EEG.

Figure 2 shows the estimated coefficients for concentration level during med-
itation at each frequency across subjects. The ANOVA was based on Channel
FP1. A false discovery rate (FDR) control procedure [20] was used to correct for
multiple comparisons of the p-values. If the effect at a frequency is significant
under a 0.05 significance level, the corresponding estimated coefficient value is
displayed as a black circle in the figure, otherwise it is marked in gray.

In this way we studied the neural correlates of engagement in the MBSR med-
itation. A significantly positive coefficient value indicated that the EEG power
increased when the engagement level was higher, and a significantly negative co-
efficient indicated that the EEG power decreased with higher engagement level.
From Figure 2 the concentration level shows a significantly positive effect on
EEG below 10Hz (delta, theta, and low alpha bands) and above 29Hz (gamma
band), and a significantly negative effect between 13Hz to 22Hz (beta band).

We also tracked the change of EEG power over time by studying the esti-
mated coefficient for session ID across subjects using ANOVA. Figure 3 shows
the result. A FDR control procedure was also used during the statistical sig-
nificance test. Similarly, the coefficient value is shown as a black circle in the
figure only if the effect is significant. From this figure we see that the EEG power
increased between 6 to 14Hz (mainly alpha band) as the subjects became more
experienced with MBSR. Also the EEG power decreased between 16 to 44Hz
(beta and low gamma) as the subjects were more experienced. We also notice
this effect is much weaker than that of concentration level on EEG.
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Fig. 2. ANOVA’s estimated coefficients for concentration level during meditation on
Channel FP1. A false discovery rate (FDR) control procedure was used to correct for
multiple comparisons in the statistical significance test. If the effect is significant at a
frequency under a 0.05 significance level, the corresponding coefficient is shown as a
black circle in the figure, otherwise it is gray.
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Fig. 3. ANOVA’s estimated coefficients for session ID on Channel FP1. A false dis-
covery rate (FDR) control procedure was used to correct for multiple comparisons in
the statistical significance test. If the effect is significant at a frequency under a 0.05
significance level, the corresponding coefficient is shown as a black circle in the figure,
otherwise it is gray.
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4 Discussion

Subjects’ self-reported concentration level during mindfulness-based meditation
reflected how engaged they were during the practice. Subjects also reported
that they engaged better when there was less stress and when they were not
tired. Therefore a higher concentration during meditation would be related to
a more relaxed brain state. Since alpha (8–13Hz) activity in EEG is known to
be associated with relaxation and a lack of active cognitive processes [14, 15],
initial stages of meditation research focused primarily on alpha band effects.
Several investigators also proposed that EEG theta (4–7Hz) activity correlates
positively with the level of meditation experience [13]. In this study we found
that EEG in theta and low alpha domain both increased significantly as subjects
were more concentrated in the meditation task. A study by Takahashi et al. [21]
on twenty novice meditators also reported increased theta and alpha activity in
frontal areas during meditation. They further suggested that alpha and theta
waves were independently involved in mental processing during meditation. In
[13] the authors reported that EEG in these two bands increased in long-term
Acem meditators during meditation compared to rest condition. Our result is in
line with these studies.

In [13], a significant increase in delta power was reported in the temporal-
central region in the meditation condition compared to rest. However in that
study no significant difference in the frontal region in delta was found. In con-
trast, our result showed an increase of EEG power in delta band in the frontal
region when the subjects were more engaged in meditation. We also found sig-
nificant decrease of EEG power in beta domain, which is, again, in contrast
to [13] where no significant difference was found in EEG beta activity between
meditation and rest conditions for long-term Acem meditators.

In [12], it was shown that long-term Buddhist practitioners self-induce high-
amplitude gamma synchrony during mental practice. Although our study only
involved novice subjects, a similar result was found that EEG gamma activity
is positively correlated with concentration level during meditation. This is con-
sistent with [12]’s suggestion that the endogenous gamma-band synchrony may
reflect a change in the quality of moment-to-moment awareness.

Another interesting finding from this study is an increase in alpha and a
decrease in beta power as the subjects became more experienced with MBSR.
This change in EEG has a similar trend to when the concentration level was
higher. However, the EEG gamma activity decreased with experience, which is
in contrast to its increase with higher concentration level. We also note that the
effect of experience on EEG is much weaker than that of concentration in this
eight-week program, and an extended longitudinal study may help verify these
results.

The next step of this study would be to build an EEG-based meditation aid
system, which can be used to monitor one’s EEG during meditation, and to track
their progress over time. The EEG device contains only one active dry sensor on
the forehead, so it can be easily used by anyone at any place.
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5 Conclusion

MBSR has been widely used for stress management and has shown positive ef-
fects on psychological and physiological well-being. In this study we investigated
EEG power spectrum as a function of concentration and experience for a group
of naive subjects in an eight-week MBSR program. The EEG devices we used
were both low cost and easy to use so the participants were able to record data
by themselves. Significant effects were found between EEG and concentration
on meditation, and between EEG and experience. Based on these findings it is
possible to build a BCI system that a meditator can use to monitor and guide
his/her practice on an everyday basis.
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