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Abstract— The study of meditation, its benefits and effects on the brain are a growing field of study. Mindfulness Meditation can be defined
as a mechanism which brings attention to the present experience. This form of meditation is thought to impact mood, reduce anxiety and
increase overall well-being. In terms of physiology, many studies have reported meditation training has beneficial effects on brain structure
and function. The present work proposes a method for characterising meditation states in comparison to a resting state. In order to achieve
this objective it was necessary to develop methods for pre processing, relevant feature identification, analysis and extraction. The extracted
features comprised band power of the beta, alpha, theta and delta bands, of each channel and by functional area; connectivity measured
using coherence between two pairs of electrodes and synchronisation measured using phase locking values. An SVM model was used to
classify time intervals of the recording into meditation or resting state, based on the extracted features. Principal component analysis was
performed prior to classification for dimensionality reduction. The results obtained show that there is an increase in alpha power and a slight
increase in theta power during meditation. It was also observed that there was a higher coherence between electrodes during meditation and
increased EEG synchrony in the meditation versus control condition. Principal component analysis reduced the total number of features
to ten, maintaining 97.6 % of total variance and using the SVM cubic model classifier an accuracy of 82 % was obtained when classifying
the data into meditation or resting state. In order to reach more significant conclusions it would be necessary to study a higher number of
subjects across several sessions and preferentially with different levels of meditation experience.
Keywords— Mindfulness Meditation, focalized attention, open monitoring, resting state, EEG, functional connectivity, networks, neurophysiology, coherence, neurofeedback, frequency bands, alpha band, theta band, mean amplitude, feature extraction, power spectral
density, phase lock value, SVM classifier, PCA

1.

P ROBLEM AND M OTIVATION

The aim of this project is the characterization of meditation states, Focalized Attention and Open Monitoring, from
a multi channel Electroencephalogram, by finding characteristics that distinguish these states from the baseline resting
states, Eyes Open and Eyes Closed.
The objective is to use the concepts learned throughout the
course together with methods found in the literature in order
to develop an algorithm characterise the different states. This
algorithm comprises pre processing of the signal and feature
identification, including spectral and time frequency analysis.

2.
2.1.

BACKGROUND AND RELATED WORK
Meditation and Benefits

Meditation has its origin in Buddhist tradition, having over time, generated interest in the fields of neuroscience and psychotherapy [1]. The many types of meditation that can be
considered include concentration meditation, which teaches
one to focus on their mind, being the basis for other meditation forms , heart-centred meditation, involving quieting the
mind, transcendental meditation, walking meditation,tai chi
and qigong, and finally, mindfulness meditation.[2]

Mindfulness Meditation (MM) interventions are receiving
growing attention as an important group of practices presenting clinical benefits and neurobiological changes [3]. For
this reason, MM therapies have already been formally studied and applied in several clinical conditions, using different
techniques. [4]
Mindfulness can be described as a self-regulatory mechanism which monitors attention and orients it towards present
experience without judgement.[1] Techniques used to develop this skill focus on how to regulate attention, which may
be subdivided in focused attention (FA) on a chosen object or
open monitoring (OM) of present experience. While focused
attention involves maintaining selective attention towards a
certain object while appealing to self-monitoring towards intrusive, negative thoughts and distractions, open monitoring
focuses on active monitoring, accepting internal and external sensation in order to promote a state of non-judgemental
awareness. [5]
Besides having a huge influence on mood improvement, anxiety reduction and generalized well-being, meditation can
also present a very positive effect regarding certain medical conditions. For instance, according to [6], it may hold
a positive impact on relieving emotional distress related to
challenges of treatment and/or fears of disability or mortality, mainly with cancer patients. Additionally, since practitioners of mindfulness meditation possess reduced physiological arousal and distraction from vague thoughts, MM has
proven to be helpful in treatment of attention deficit hype1
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ractivity disorder (ADHD).[7] Other studies report a significant impact on inflammatory responsiveness [8], clinical
symptoms of the gastrointestinal disorders irritable bowel
syndrome (IBS) and inflammatory bowel disease (IBD) and
on the expression of genes related to inflammation and the
body’s response to stress. [2]
Many studies support these beliefs and report the effect of
MM on the brain structure and function, with observed changes such as increased regional cortical thickness, grey matter
densities (responsible for the release of chemical or electrical
signals in response to the nervous system’s electrical impulses [2]), white matter connectivity, reorganization of cognitive resources, and the default mode network connectivity. [9]
Interestingly, meditation has been associated with the neuronal plasticity over time, meaning that several studies report
that the benefits are associated with the amount of practise
a person has undertaken, with greater changes, particularly
in the activity and connectivity in attention-related regions
of the brain, being observed in the long-term practitioners,
when comparing when novices. [10] [2]
Besides these contributions, and the effort of many health
professionals, meditation as a formal practice suitable as
the clinical application is not yet widely established and
even though many studies demonstrate positive effects related with meditation, there are still many questions and doubts
regarding the reliability of them, being this field really new
and unexplored. It is then suggested that a clearer understanding of meditation activity and its benefits must be reviewed before meditation could be adopted as a recommendable
practice for a clinical purpose. [8]

2.2.

Electroencephalography

Many techniques are currently used for studying the effects
of MM on the brain, being the Electroencephalogram (EEG)
one of the main used, since the EEG signals are sensitive
to meditation changes, using, besides many others, spectral
analysis, coherence and synchrony techniques. [4]
An electroencephalogram (EEG) measures electronic currents in the brain through the use of electrodes and conductive gel. [11] It records the brain activities as a fluctuating
electric potential [12]. It is a non-stationary and non-linear
biological signal, obtained through the positioning of electrodes on the scalp, in order to obtain a graphic display of
the difference in voltage between two different regions of the
brain in function of time. [13]
Multiple electrodes are placed at different points of interest
in the scalp, through which the tiny fluctuating voltage at the
measurement electrode is compared with the one at the reference electrode, registering the difference between them. [8]
There is an International System, known as the International 10-20 System, for the placement of the electrodes in the
scalp, represented in Figure 1 (left).

Fig. 1: On the left: International 10-20 System for placement of the
electrodes, used to record an EEG, in the scalp. On the right: 10-10
System. Retrieved from [14].

.

The specific landmarks used for the measuring and positioning of the electrodes are the lines that join nasion to inion,
where the Z (zero) electrodes are placed at intervals of 10,
20, 20, 20, 20 and 10 %, the line that joins pre-auricular areas,
where electrodes are also placed considering the same intervals, the skull circumference, measured above the ears, the
bridge of the nose and the occipital point. At last, the electrodes that don’t belong to any of these reference lines can
be placed in different ways, depending on the way their position is measured. In the figure, the letters F, C, P, O and
T stand for frontal, central, parietal, occipital and temporal,
respectively. The electrodes placed on the right hemisphere
have even numbers and the ones placed on the left hemisphere have odd numbers.[15]
For an improvement on the spatial resolution, a 10-10 system
can be used for placing the electrodes, as represented in Figure 1 (right). However, it is more difficult to use, due to the
increased number of electrodes.
Each wave observed indicates a particular brain and body
experience.[11] There are four main rhythms detected in an
EEG, each one corresponding to a certain range of frequencies [13]:
• Delta waves, which have a frequency range between 0.5
and 4 Hz, are the slowest and also the ones that present
higher amplitude and are usually recorded during sleep
stages;
• Theta waves, ranging between 4 and 7 Hz, are still
considered slow activity rhythms, also appearing during
sleep stages (mostly initial phases);
• Alpha waves, characterized by a frequency of around
7 to 15 Hz is the rhythm which is more often detected
in normal relaxed adults, being mostly detected in posterior regions of the scalp. The increase of these waves
in one hemisphere indicated that the other is becoming
more alert and ware compared to the first; [11]
• Beta waves are characterized by a frequency range betweenn 15 Hz and 30 Hz, representing the fast activity,
being more evident on the frontal lobe. Usually, these
are consequence of anxiousness or alert situations.
2
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2.3.

Electroencephalography and MM

Due to the fact that EEG signals are sensitive to meditation
changes [4], the identification and characterization of these
waves through, for example, spectral power and coherence
analysis, allows to identify and characterize different meditation states, as well as perform a comparison analysis between
meditating and non-meditating states, based on the activity of
the different waves.[7]

2.3.1.

Change in wave bands power

One common result being reported is the change in wave
bands power during meditation. Still, different types of meditation practices have shown unique frequency patterns, with
some articles associating mindfulness with increase alpha
power and others linking a specific practise of focused attention increased gamma activity and idiosyncratic meditation
with decreased alpha and beta.
Even the functional meaning of alpha band synchronization
has been largely debated resulting in some authors agreeing
that it reflects the ‘de-activation’ of cortical areas as a signifier of the brain ‘idling’, meaning that it is suggested that meditation results in a greater cortical de-activation than during
an eyes closed resting state. [16] However, other authors distinguish ‘outer- directed’ and ‘inner-directed’ attention, with
‘outer-directed’ attention being associated with alpha desynchronisation and ‘inner-directed’ attention, also referred to as
‘intention,’ with increases in alpha power. According to this
theory, the increased alpha power observed during MM is an
evidence that alpha synchronization is a signifier of increased
processing in these various attention modalities as a response
to an internally generated stimuli. [16]
Regarding the theta band, its activity has been widely connected to many types of cognitive activity. Also, its common
presence along with alpha synchronization during mindfulness supports the hypothesis of increased alpha power during signifying internalized attention rather than the brain
‘idling’, since theta synchronization is also seen as a marker of executive functioning. These conclusions taken from
different studies suggest that mindfulness constitutes a state
of enhanced internally-directed attention. [16]
The interpretations of the significance of beta band are mixed since, even tough it has been many times proposed to
reflect a reduction in cortical activity, beta activity has also
been observed with increasing cognitive task demands. [16]
In other studies, gamma band synchrony has been identified
as a unifying mechanism in human cognitive activity, with an
increasing during meditation in expert meditators. However,
other studies suggest that this gamma activity is mostly related to muscle artifact. Concerning, delta band, usually no
significative changes are observed. [4]

2.3.2.

Asymmetry

One topic that is also currently explored is the asymmetry,
i.e. the difference between left and right side activity, as a
measure of stress level. [11]
Despite the fact that there are no strong evidences yet, one
hypotheses is that mindfulness meditation can significantly
decrease negative emotions through an increase of alpha
band wavelengths in the right hemisphere, resulting in greater left hemispheric activity. This because stress regulation
emotions correlate with more activity in the left hemisphere
while negative emotions correlate with more activity in the
right hemisphere. One aspect worth remembering is that higher alpha wave amplitudes indicate lower activity. [11]

2.3.3.

Functional connections

The effect of mindfulness training interventions on executive
control has also been studied through the possible strengthening of functional connections between dorsolateral prefrontal cortex (dlPFC), a region of the executive control network—and frontoparietal regions that coordinate executive
function. [17] In a more general approach, several studies on
electroencephalographic functional connectivity (EEG-FC)
showed that various meditation techniques induce EEG-FC
changes, with increased state coherence in the theta–alpha
range, along bilateral frontal and frontal-posterior axes. [18]

2.3.4.

Classifiers

One interesting field which is strongly explored is the possibility of using classifiers to automatically distinguish between states, for example, meditation and control conditions.
For this purpose, the study and extract of features present
in the EEG signal during meditation is a growing field and
many approaches are being used, including the mean signal
amplitude or coherence between EEG channels. [4]

3.
3.1.

A PPROACH AND UNIQUENESS
Materials

The data provided for the realisation of this project consisted
on an EEG recording of one session (duration 57 minutes) of
meditation (.edf file) from an experienced subject and the respective annotations of events (.txt and .xml files). Regarding
the EEG recording, the electrodes were placed on the subjects’ scalp according to the international 10-20 system and
a total of twenty channels were recorded: Fp1 F7 F3 T3 C3
T5 P3 O1 Fz Cz Pz Oz Fp2 F8 F4 T4 C4 T6 P4 and O2. The
annotation files provide information for the identification of
five different states: eyes open, eyes closed, focalized attention, open monitoring and none, the latter being for events
that are not relevant for this work.

3
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3.2.
3.2.1.

Methods
Visualization of the EEG and Pre-processing

The first step was to perform a visual inspection to the signal, using the EDF Browser software. Recurring to the software tool the baseline was removed, a bandpass filter (Butterworth filter, with cut-off frequencies of 0.5Hz and 30Hz)
and a notch filter to remove the 50 Hz power line interference
were applied to better visualize the signal. The software was
also used to identify time intervals of the signal that did not
contain any artifacts, as well as for identifying time intervals
for each state which didn’t show artifact occurrence. These
pre-processing steps were also carried out in MATLAB, with
addition of an Independent Component Analysis (ICA) in order to remove artifacts.

3.2.2.

Processing

Band Power
The Power Spectral Density (PSD) was estimated at different
electrode sites, during both meditating and non-meditating
states. As mentioned in the introduction section, increased
alpha amplitude/power indicates lower activity in that region,
and vice-versa. Additionally, knowing that more activity in
the left hemisphere is mainly correlated with a better state
of mind, the estimations were carried out with the goal of
comparing the power of the different waves on both hemispheres of the brain. That being said, two electrodes placed on
the distinct functional regions of the brain (Frontal, Parietal, Temporal and Occipital), one on each hemisphere, were
chosen to estimate the power spectral density. The electrodes
chosen were F3 and F4, P3 and P4, T3 and T4, C3 and C4,
as well as O1 and O2. The method used to estimate the PSD
was Welch’s PSD estimate, through which the signal is divided into segments, the periodogram is computed for each of
these segments and finally an average of these is computed.
Furthermore, in order to retain an overview of the power of
the different waves across all regions of the scalp, a topographic image was obtained. This step allowed for a better understanding of the distribution of the different waves
along distinct functional regions. The analysis was carried
out, again, for intervals during meditation, as well as before
and after.
Additionally, the Alpha Relative Band Power was estimated
throughout the intervals chosen for resting states, before and
after meditation, as well as during meditation itself, during
focalized attention and open monitoring. This estimation was
carried out for the six functional regions of the scalp: Temporal left and right, Parietal, Frontal, Central and Occipital. The
results were displayed in a histogram. To perform this estimation, the function eeg_perc, used for the analysis described above, was adapted in order to return the alpha band power alone. The procedure involved assessing the alpha band
power for each electrode within one of the six functional regions, averaging the results according to the number of elec-

trodes placed on that specific region. MATLAB’s function
bar was used in order to obtain the bars indicating the respective relative alpha band powers.
Coherence
The function func_coherence.m from [19] was used to compute coherence for the pairs of electrodes. The cross spectrum is calculated using Welch’s averaged, modified periodogram method of spectral estimation. MATLAB’s function
heatmap was used to represent the coherence matrix obtained.
Moreover, in order to better understand the coherence existent between electrode pairs within the range of alpha and
theta waves, as reported by [18], the same process described
above was applied to the signals, after applying a band pass
filter with cut off frequencies of 4 and 15 Hz, which corresponds to the range of frequencies characteristic of theta (4-7
Hz) and alpha (7-15 Hz) bands.
Using the coherence values obtained, a brain functional network was plotted for a more direct visualisation of the results.
This method of displaying the results allows to better understand the connectivity between different electrodes and brain
functional areas. The function used to plot the brain network
was f_PlotEEG_BrainNetwork.m retrieved from [19].
Phase Lock Value
The phase lock value was computed as a measure of synchrony for different band and between each pair of electrodes in a resting state and in a meditation state. The function
eegPLV.m from [20] was used.
Dimensionality Reduction
One of the most important phases in any classification system is to find an informative, and as reduced as possible, set
of features with good discriminatory power. It is then extremely important to use techniques that can introduce lowdimensional feature representation with a high discriminatory power. One of the most common approaches to this problem is Principal Component Analaysis (PCA). [21]. PCA is
a linear transformation technique to reduce the dimensions
of a data set by projecting it onto a dimensional subspace, in
this case, the data set is composed of features. Considering
that initially a total os 256 features was obtained, PCA was
performed for dimensionality reduction of the feature matrix.

3.3.

Proposed solution

In order to differentiate between meditating and nonmeditating state, an SVM classifier was computed.
The classifier chosen was a Support Vector Machine (SVM)
to classify meditation and non-meditation states. The SVM
algorithm was performed resourcing to MATLAB’s Classification Learner App, using a 10-fold cross validation and wit-
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hout using the PCA available on the App (since it had been
done previously).
The objective of the support vector machine algorithm is to
find a hyperplane in an N-dimensional space(N — the number of features) that distinctly classifies the data points. In
this case the data is intended to be separated into meditation
or resting state. To separate these two classes there may be
more than one possible hyperplane, the objective is to choose the plane that maximizes the margin distance, that is, the
maximum distance between data points from two classes.
Fig. 3: 10 seconds of channels before and after ICA

4.

R ESULTS AND CONTRIBUTIONS

4.1.

Visualization of the EEG and Pre-processing

The filters applied and the resulting signals visualized using
EDF Browser are represented below. From this step two intervals of time without artifacts were retrieved for each one
of the stages marked in the events annotation file (Eyes Open,
Eyes Closed, Focalized Attention and Open Monitoring).
The application of the notch filter and of the pass band filter described in the methods section resulted in a reduction
of the overall noise and interference present in the signal.
Using ICA it was also possible to remove some of the eye artifacts present throughout the signal, as can be seen in Figure
3.

The high amplitude and noise of the signal before pre processing seen in Figure 4 is mainly due to the 50 Hz interference.
The signals obtained are very similar to the ones obtained
using EDF Browser, as could be expected.

Fig. 4: 10 seconds of channels before and after pre processing

4.2.
4.2.1.

(a) Ten seconds of Raw ECG signal.

(b) Ten seconds of the ECG signal after removing the
powerline interference and applying a Butterworth
bandpass filter, from 0.5 Hz to 35 Hz, with order 15.

Fig. 2: ECG recording visualization and filtering using EDF
browser.

Processing
Band Power

The PSD was estimated for a 10 second window, within the
intervals chosen for each state (before, during and after meditation). The results are presented in Figure 5. It is possible
to observe, overall, an increased alpha power in all functional regions of the brain. The spectrums represented in red
correspond to the power observed from electrodes placed on
the right side of the brain, while blue ones correspond to the
left side.
There is an overall increase of alpha band activity on the right
hemisphere of the brain, which goes accordingly to what was
expected. As explained before, a higher alpha power indicates lower activity in that specific region, meaning, based on
the results obtained, that there is more activity on the left hemisphere. Given the fact that a higher activity in the left hemisphere is related mainly to positive emotions, these results
support the fact that meditation contributes to a more positive, calm state of mind. This increased alpha band power on
the right hemisphere was more focused on the central, occipital and parietal regions. On the other hand, according to
conclusions resulting from previous studies reported in several analysed articles, the increased activity on the left frontal
region was not as apparent.
5

MINDFULNESS MEDITATION CLASSIFICATION

(a) Comparison between F3 and F4 electrodes which
correspond to a limiar between frontal and temporal
left (F3) and right (F4) regions.

(b) Comparison between C3 and C4 electrodes which
correspond to left (C3) and right (C4) central regions.

The histogram shown in Figure 6 contains the information
regarding the relative alpha band power in six distinct functional brain regions (Temporal left and right, Parietal, Frontal, Central and Occiptal). The bars represented in light and
dark blue correspond to pre-meditating and post-meditating
states, respectively, while the green and purple represent the
power during a meditation state, for focused attention and
open monitoring, respectively. This power value corresponds
to an average of the power detected in the different electrodes in each region of the brain. For instance, the bars for the
parietal region correspond to the average power detected in
electrodes P3, P4 and Pz, during the interval selected for each
state.

Fig. 6: Alpha relative band power across the six scalp regions, for
the four considered stages - before meditation, focalized atention,
open monitoring and after meditation.

.

(c) Comparison between P3 and P4 electrodes which
correspond to left (P3) and right (P4) temporal
regions.

Figure 7 represents a topography distribution of the average
power of the four different frequency bands considered (beta,
alpha, theta and delta) during the pre-meditating, meditating
and post-meditating intervals selected. Each row of the figure
corresponds to a different state: the topographic distribution
of the different band powers for an eyes open pre-meditating
state is represented in the first row, during meditation on the
second and after meditation on the third. Each column represents the distribution of a certain band power during the three
states. The first column represents the distribution of the power of the waves which possess a higher frequency range,
beta waves, the second represents the distribution of alpha
waves, the third theta waves and, finally, the fourth, the lowest frequency range band, delta waves.

(d) Comparison between O1 and O2 electrodes which
correspond to left (O1) and right (O2) occipital
regions.

Fig. 5: Power Spectral Density (PSD), during 10 seconds of EEG
signal, for electrodes along the defined areas of the skull. The
different frequency bands are marked with vertical lines,
considering the delta band from 0.5-3 Hz, the theta band from 4-7
Hz, the alpha band from 7-10Hz and beta band from 15-30Hz.

Fig. 7: Topography distribution of the mean power for the four
considered bands, from left to right, beta, alpha, theta and delta, for
three stages - before, during and after meditation, where focalized
atention is considered.

.
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Regarding the distribution of beta waves, it is possible to see
an increased intensity in the temporal left region, mainly before meditation, but also after, which is in accordance to what
is observed in Figure 5 (d), which shows increased power
spectral density registered for electrode T3 (placed on the left
temporal region of the scalp). During meditation, beta band
activity presents a clear decrease in the temporal left region,
which may as well be observed in the power spectrum obtained for electrode T3 during meditation. Since beta wave
activity is usually correlated with more stressful situations,
as mentioned before, during and after a meditation episode,
it was expected and even desired to observe low or practically
no beta activity.
With respect to the topographic distribution of theta waves,
it is possible to observe an approximately homogeneous distribution, specially before and after meditation, containing a
slight increase in power in a small part of the frontal region.
During meditation there is a clear increase of delta waves, especially on the central and frontal regions of the brain. This
is coherent to what is observed in Figure 5, since the power spectrum in the theta band contains greater values in the
frontal region, mainly during meditation. Despite the lower
amplitude of the theta waves presented in Figure 5 (c), which
corresponds to the PSD registered for the electrodes placed
on the central region of the brain, it is still possible to notice their presence, specially when comparing to other regions,
where the activity is practically nonexistent.
Overall, based on these results, it is possible to infer both theta and alpha power increase during meditation. Despite alpha
waves being detected also prior to a meditation state, their
intensity is higher both during and after the practice of meditation. These findings go accordingly to some other study’s
reports. [4][18][7]

4.2.2.

Connectivity

Coherence
Since it is often proposed in literature that state coherence
changes are more observed in the theta-alpha range, as mentioned, we applied a bandpass filter in order to analize only
these frequencies. The results are present in Figure 8.
Since they are symmetric, only half of each matrix is shown,
for allowing an easier analysis, without repetitive pairs of
electrodes.
As expected, the diagonal of both matrix is 1 since it corresponds to the coherence of one electrode with itself. Also,
one relevant aspect to consider, is that closer electrodes in the
scalp present intrinsic higher coherence.
When considering the coherence only on the theta-alpha range, besides the general higher values, the changes between
pre meditation and focalized attention are also clearer. Once
again the diagonal of the matrix is 1, however, the higher values are now around 0.9, showing the higher coherence for

(a) Pre Meditation State (Eyes Opened)

(b) Meditation State (Focalized Attention)

Fig. 8: Coherence values for each pair of electrodes, pre and
during meditation, for all theta and alpha bands.

theta and alpha bands.
It is possible to observe that in both stages there are higher
values of coherence for pairs of electrodes that are placed
closer on the scalp and lower coherence for the reference
electrodes (CZ, PZ and OZ).
On the other hand, when comparing the pre meditation stage with the focalized attention, besides the overall increase
of coherence during meditation, it is clear that there is an
increased state coherence in the theta–alpha range between
electrodes that presented before low coherence. There is, for
instance, an increase from 0.3 to 0.6 in the coherence between F8 and C3, from 0.28 to 0.57 between F7 and F8 and
from 0.35 to 0.65 between F3 and F4. Actually, in general,
the coherence between electrodes along bilateral frontal and
frontal-posterior axes changes to almost the double of coherence, which is according to expected, according to several
authors, who proposed exactly an increase of coherence between non meditation and meditation stages in these regions.
As mentioned before, we also used the phase lock value in
order to characterise the connectivity within brain regions,
by measuring the synchrony for different bands and between
each pair of electrodes. It is considered that there is a
synchronization and increased connectivity between two
electrodes when the EEG signal in the two channels rises and
falls together more than a baseline value. On the other hand,
when it is less than the threshold, it is considered that there is
desynchronization and decreased connectivity. [20] The results obtained for each frequency band are shown in Figure 9.
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Once more, the results are according to the expected after
analyzing several bibliography. When comparing the alpha
PLV between resting and meditation, it is clear that the mean
number of electrodes pairs with PLV higher than the threshold is much higher (over 25) during meditation than in the
resting stage (above than 20), and presents less variance between results, supporting the theory that meditation leads to
a synchronization and increased connectivity regarding the
alpha band.

The first approach was to separate the data simply into Resting State and Meditation. It was also experimented to separate the data into Resting State, Focalized Attention and
Open Monitoring, to see if there were differences between
these two last states.
It was verified that some models classified all epochs as Meditation, for the first approach, or Focalized Attention state,
for the second approach. These models were not considered.
The model that provided a higher accuracy without classifying all epochs into the same class was Cubic SVM, having
a 82 % accuracy for the two class classification and a 59 % accuracy for the three class classification. The respectives classification matrix obtained are presented below.

Fig. 9: Box diagrams representing different the number of
electrodes pairs with a PLV higher than the threshold, for four the
frequency bands - beta, theta, alpha and delta - allowing the
characterization of connectivity between EEG electrodes, and
therefor brain regions.

Concerning the theta band, even though the variance is higher
during meditation, the mean number of electrodes pairs presenting a PLV higher than the threshold is also higher than in
the resting stage. Although the alpha band are usually considered more relevant for this topic and appear to present more
changes during meditation practises, the theta band changes
are also much refereed, including the increased synchronization and connectivity, meaning that once more our results
support these findings.

(a) For two classes: Resting State and
Meditation

On the other hand, for the beta and delta bands, the synchronization and connectivity actually decreased, in a more intense way for delta waves. These results are not surprising
since these bands are usually less relevant when extracting
meditation features and current literature does not agree on
the expected results for these frequencies, or, in the majority
of cases, reports no relevant changes.
(b) For three classes: Resting State,
Focalized Attention and Open Monitoring

4.2.3.

Classification
Fig. 10: Confusion Matrix obtained with using Cubic SVM Model

The initial feature matrix comprised 256 features to characterise each epoch, including band power of the beta, alpha, theta and delta frequency bands of each channel, alpha band power of the brain functional areas, coherence value for every
electrode pair, excluding the pairs present in the same functional area and the number of electrodes whose phase lock
value was above a certain threshold for the beta, alpha, theta
and delta frequency bands.
Performing PCA it was possible to reduce the 256 features to
10 features that preserved 97.6 % of the total variance of the
feature matrix. These 10 features were used for the Classification.

In Figure 10 it is possible to observe that, for the two class
classification, the majority of epochs is classified as Meditation and for the three class classification is the majority if
epochs is classified as Focalized Attention.It is important to
note that from the total of 106 epochs analysed, only 15 were
referred to Resting State and the majority referred to meditation, 91, being divided in 70 for Focalized Attention and 21
for Open Monitoring. Having this into account it is possible
to understand that the results obtained might not be as good
as if there was an even distribution of classes.
8
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5.

D ISCUSSIONS AND CONCLUSIONS

In conclusion, this study was aimed at examining EEG data
in order to characterise brain activity during a meditating state, in comparison with a baseline resting state of eyes closed
and eyes open. The analysis of the activity was based mainly
on comparing the power relative to each wave band, considering different regions of the scalp. Additionally, measures
of coherence and phase difference between electrode pairs
were also considered. To finalize, a classification based on
extracted features was carried out, in order to differentiate
meditating from non-meditating states.
Concerning the evidence gathered from the spectral analysis,
the main observations were increased alpha band both during
and after meditation, mainly in the parietal, central, occipital and temporal right functional regions. Despite not being
as evident, increased theta wave activity was also possible
to observe, mainly during focalized attention. Considering
the beta band, during meditation it was possible to conclude
the activity of the waves within this range is practically null,
while for a pre-meditating state a strong activity in the left
temporal lobe is present. Finally, for the delta band, a clear
decrease was observed during meditation, when comparing
to the previous state.
Regarding the coherence analysis, specially when only considering alpha and theta bands, an increase in the coherence between electrode pairs was registered during meditation
when compared to the previous eyes open resting state.
In terms of the classification accomplished, despite having
fewer information on resting states when compared to meditation, based on the data provided, a relatively good classification was obtained, with high accuracy and sensitivity
values. The model used to achieve this classification was a
Cubic Support Vector Machine (SVM).
Despite having reached results consistent with the analysed
literature, this study involved a few limitations, which should
be considered in future studies based on these goals. The first
has to do with the fact that, as mentioned in the Introduction,
the definition of meditation and meditation types is still an
open debate. This is mainly due to the fact that meditation
is a first person experience with no outcome measures to be
quantified, which constitutes a challenge in defining meditation in a way that can be broadly accepted.
Another limitation related to the fact that meditation is still a
recent topic is the difference in results reported by different
articles, which leads to uncertainty regarding how the measured quantities should vary and what should be observed.
The fact that there is no baseline to compare with is also an
obstacle to being critical with the results obtained.
The data available for this project consisted on one single
session from one subject. Having only a single set of data
to test the methods developed makes the assessment of the
results harder since there are no other data sets to compare
with. It also brings difficulty to the possibility of finding pat-

terns or measures that are affected by meditation. It is also
important to state that, even though the meditation type of
the subject is described as Mindfulness Meditation, there can
be several definitions to what it comprises. Hence, the fact
that is not clear what is considered Mindfulness Meditation
here and what is the subject focusing on also brings obstacles
when comparing the results obtained with other articles.
Several articles that do trials with more than one session also report that the changes observed depend on the number of
sessions that the subject does, on the duration and frequency
of meditation. It would be interesting to acquire several recordings of meditation sessions across a certain period of time to study the changes on brain response throughout the
sessions. It would also be interesting to record subjects with
different experience levels of meditation, so that one could
infer if a higher experience leads to more significant changes.
Regarding the classification performed with the data available, the main limitation was the uneven distribution of classes, making the probability that the classifier is biased towards one of the classes higher. This was also due to the fact
that part of the data related to Resting State had to be discarded due to artifacts. Future studies should ensure an equal recording of Resting State and Meditation State. Another study
also reported an improvement in classification when combining data from the EEG and respiratory measurements,[4]
which could also be something to consider in further work
on this topic.
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