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or motor control, or they can be related to sleep, levels of
anxiety and relaxation, among others [1]. Neural oscillations
can be separated into different frequency bands: Delta (< 4
Hz), Theta (4-8 Hz), Alpha (8-12 Hz), Beta (12-35 Hz) and
Gamma (> 35 Hz) [2].
During sleep, brain activity oscillates between different
phases. These are characterized by different levels of brain
activity, neural oscillations, dreaming and awareness. The
main stages are REM (rapid eye movement) and Non-REM
sleep, which itself can be divided in 4 stages numbered from
1 to 4. More specifically, the brain goes through these phases
in cycles of c.a. 90 minutes called sleep cycles.
Stage 0, or wakefulness, occurs prior to sleep. The subject
is fully aware, conscious and coherent, and can perform
cognitive tasks. Stage 1 of Non-REM sleep, and it is characterized by a state of relaxed wakefulness. The second stage
of Non-REM sleep consists of light sleep. Physiological
signs of sleep can be observed, such as the lowering of
heart and breathing rate. Electrical phenomena are detected,
such as sleep spindles and K-complexes. Alpha waves are
suppressed, and theta rhythms are more prominent. Stage 3
and 4 are the deepest sleep stages and are characterized by
the prominence of delta wave oscillatory activity. REM sleep
is the “shallowest” sleep stage. This the stage where dreams
are most common and vivid, and it occurs every sleep cycle
but is more common in the late night and early morning.
Alpha waves are the dominant component of the different neural frequency bands, occurring primarily during a
wakeful, relaxed state [3]. They are generally suppressed
when performing various tasks, such as opening the eyes
or concentrating on a demanding puzzle. This happens due
to desynchronization of the alpha rhythm, and thus the phenomenon is termed event-related desynchronization (ERD).
Conversely, event-related synchronization (ERS) refers to an
increase in alpha amplitude, and has also been observed as
a response to certain tasks. The latter of the two responses
is proposed to be related with the inhibition of access to
semantic information in the brain, whereas the former is
related to the release from inhibition, and thus to information
selection [4].
Alpha waves are usually identifiable by a peak in the
power spectra of EEG signals, whose frequency varies from
person to person and throughout a person’s life. This peak
defines the individual alpha frequency, or IAF. On occasion,
an individual may instead present several peaks, in which
case the ‘center of mass’ frequency is generally considered.
The IAF separates the lower and upper alpha sub-bands.
Klimesch [1] proposes a method where the lower edge is
determined by the intersection point between the spectra of

Abstract— In this paper we characterized the evolution of
alpha neural oscillations across different sleep stages and
throughout the night. For this analysis, the EEG data was
extracted from different polysomnographic records, as well as
the respective annotations concerning the recorded sleep stages.
In particular, the datasets of 4 different subjects were considered: two healthy subjects, n1 and n2, and two patients with
sleep disorders, ins1 and rbd3, who had insomnia and REM
behaviour disorder, respectively. An EEMD+ICA decomposition
analysis was implemented for removal of artefacts inherent to
the EEG acquisition. However, the use of artefact-free data
was not essential in the aim of this project, considering that a
more comparative approach between different sleep stages and
individual was taken. Regarding the isolation of the alpha band,
three different methods were tested, with ‘Joana’s method’
being the one that one that was more consistently able to isolate
this band. Consequently, it was the chosen method for further
analysis. Moreover, in order to obtain better isolation of alpha
bands that present multiple peaks, a new method was proposed
– the Centroid Frequency method. This method outstanded the
three approaches already considered.
We concluded that, as indicated in the literature, there is a
decrease in alpha activity during sleep, particularly in REM
sleep. Alpha activity spikes when the subject briefly wakes
up during the night, in accordance with expectations. Analysis
within different subjects seemed to be in accordance with these
observations, but definite conclusions should only be taken with
a wider sample of subjects.
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I. PROBLEM AND MOTIVATION
The aim of this project is a characterization of alpha subbands evolution along the night, namely across the different
stages of sleep. The direct relationship between the opening
and closing of the eyes, for instance, and the presence
of alpha-wave activity in the EEG is already known and
well understood. However, the variation of the alpha rhythm
during sleep remains poorly explored. Therefore, in this
project, by studying the evolution of the alpha sub-bands
along the night in different subjects, we aim to widen the
comprehension of these neural oscillations, and in particular
of the ways in which they relate to the different sleep stages,
in terms of their power and central frequency.
II. INTRODUCTION
When analyzing the electrical activity of the brain using
Electroencephalography (EEG), these rhythmic voltage oscillations can be detected. They are called neural oscillations or
brain waves. They are associated with various processes such
as attention, concentration, memory, information processing
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III. METHODOLOGY

two EEG signals, one acquired with the eyes closed and the
other with the eyes open (see Figure 1). This intersection
point is assumed to be the transition frequency between the
alpha and theta bands. The upper alpha edge is then defined
as being 2 Hz above the IAF. If the intersection cannot be
obtained, the lower edge is defined as being 4 Hz below the
IAF, resulting an alpha band with a total width of 6 Hz.

For this project, we will be using EEG records from
polysomnographic data of three different subjects, namely
Subject n1 and n2 (healthy subjects), Subject ins1 (with
insomnia) and Subject rbd3 (with REM behaviour disorder).
This data was retrieved from the open source ’CAP Sleep
Database’, where each Sleep Stage is classified along each
epoch (a 30-second sequence of the EEG data), and associated to a particular Sleep-Stage Occurrence.
A. Pre-Processing
Being the EEG signal prone to the presence of artefacts
from various natures (e.g. eye blinking, eye movement,
movements during the night, etc), the impact of these artefacts in the subsequent analysis was first studied. With this in
view, a method that conjugates two different decomposition
techniques was implemented: EEMD (Empirical Ensemble
Mode Decomposition) and ICA (Independent Component
Analysis), adapted from [6]. EEMD was used for isolation of
signal components that seem to be associated with artefacts,
which are concatenated in a signal over which ICA analysis
is performed. In sequence, the elimination of particular
artefacts in each Independent Component is done manually.
A flowchart of this approach can be seen in figure 2, as
well as a visual demonstration of an artifact removal. As had
already been suggested in previous works, this method seems
to have a positive impact in the removal of these components,
however it takes a lot of computational and temporal cost.

Fig. 1: Illustrative power spectra of two EEG signals acquired in a
wakeful state, one with the eyes closed (dashed line) and the other
with the eyes open (solid line). The intersection point defines the
lower transition frequency (LTF) of the alpha band, separating it
from the theta band. Source: [1]

Joana Vaz Sousa [5] proposes another method, which only
requires a single signal. In this method, the IAF is identified
as the peak in the alpha band, and the upper and lower edges
are determined according to the following:

(

IAF − 2 1 − |IAF10−10| , IAF ≤ 10
(1)
LT F =
HT F − 4,
IAF > 10

B. Alpha Band and Alpha Parameters
The individual alpha frequency (IAF) was determined
from the cumulative power spectrum of all occurrences of
state S0 throughout the night. Since the limits of the alpha
band are dependent on the IAF, the band was determined
using the wakeful stage only, and then analyzed in all stages
within the same limits. The IAF was defined as the frequency
with the highest power density in the 5 Hz to 16 Hz range.
However, a method was later implemented to determine
the IAF for cases where the alpha band presents several
prominent peaks.
For the isolation of alpha band, three methods were explored: the standard 5 Hz to 12 Hz range, Klimesch’s adapted
alpha band definition [1], which defines the lower limit of the
alpha band (LTF) as LT F = IAF − 4 [Hz] and the upper
limit of the alpha band (HTF) as HT F = IAF + 2 [Hz],
and Joana Vaz Sousa’s method [5], described in Section II.
As mentioned earlier, a new method was proposed to handle cases where the alpha band presented several prominent
peaks. In this approach, the IAF is first determined by the
highest peak within the 5 Hz to 15 Hz range, and the LTF and
HTF are determined with Joana’s method. Then, the center
of mass (COM) is calculated and set as the new IAF. The
process then repeats, iterating until the COM is equal to the
IAF, thus ensuring that the final IAF is the centroid frequency
of the alpha band. This method is thus dubbed the Centroid
Frequency method. In practice, the algorithm stops once the

(
HT F =

LT
 IAF ≤ 10
 F + 4,
IAF + 2 1 − |IAF10−10| , IAF > 10

(2)

where LTF is the lower transition frequency, and HTF is the
higher transition frequency, i.e. the lower and upper edges
of the alpha band, respectively.
Across the different stages of sleep, the alpha sub-bands
vary in amplitude. As mentioned above, the alpha rhythm
is characteristic of wakefulness, and thus a suppression of
the alpha band is generally observed during sleep, with
the largest drop occurring for the upper alpha band. In
REM sleep, alpha power is further decreased, leading to
the suggestion that, as this sleep stage is highly associated
with dreaming, alpha activity is under ERD, just as when an
alert subject is performing a particular cognitively demanding
task [1]. Ergo, the vivid and random dream content of REM
sleep could be assumed to be related to the suppression of
the inhibitory functions of alpha rhythms, as the brain stops
inhibiting unwanted stimuli and freely performs random
associations that would be inhibited during wakefulness and
concentration.
However, the specifics of how the alpha band changes
throughout sleep, particularly in individual terms, remain
poorly understood.
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Fig. 2: Flow chart for the artefact-removal approach proposed. Image adapted from [7]. For the total of N existant EEG channels,
we have: (1) decomposition of the neural data using EEEMD; (2) The selected IMFs from the different channels, which are considered
to concentrate the artifacts, are concatenated; (3) ICA decomposition of the obtained signal is performed; (4) Artefact rejection; (5)
Reconstruction of the final EEG signal without artefacts. On the right it can be seen a Matlab implementation of the artefact removal
approach.

of EEMD that contain artefacts proved to be quite effective.
However, such approach would have required a lot of computational and temporal cost. As can be seen in table I, the
difference between the parameters associated with the alpha
bands was not significant, except for the band areas and,
consequently, the center of mass. As we are only performing
a comparative analysis, these will not impact significantly
our understanding of the data. Thus, we will always consider
artefact-present EEG signal.

difference between consecutive candidate IAFs is below a
certain tolerance.
C. Variation across sleep stages
For the spectrum of each stage or stage occurrence, we
determined the area of the the total alpha band and of
its sub-bands, which is a measure of their spectral power.
Additionally, we determined the alpha band’s center of mass
(COM), as this is a measure of the central frequency of
the band, and is crucial for the aforementioned Centroid
Frequency method.
To characterize the evolution of the alpha band throughout
the night, two similar approaches were taken. The first was
plotting the spectrogram in the alpha range. However, this
approach suffered from limitations in terms of visualization
and control of the frequency resolution. The second approach
was a method that determined the amplitude of the total,
lower, or upper alpha bands at every time point. The EEG
signal was first passed through a band-pass filter to extract
the desired alpha band, whose limits were determined with
either Joana’s method or the Centroid Frequency method.
Then, the upper and lower envelopes of the result were
calculated, and the amplitude of the band was inferred from
the difference between them. This amplitude signal was then
filtered with two different cut-off frequencies, to assess the
evolution of the amplitude of the alpha bands on long (15
minute) and short (30 second) time-scales.

B. Variation across sleep stages
One of the main goals of this project was to track changes
in alpha frequency neural oscillations over the course of
the night. As was mentioned in the introduction II, it was
expected that alpha frequencies would be most prominent
during wakefulness, and least prominent during later stages
such as REM sleep. The annotated sleep stages were plotted
for the full data. This enables us to analyze the obtained data
and observe its correlation with the sleep stages in figure 4.
In order to observe these changes, the amplitude of oscillations in frequencies between the LTF and the HTF was
plotted over time using Matlab’s spectrogram so that alpha
band changes could be detected. The obtained result can
be seen in figure 5 and one can easily tell that there are
alterations in the amplitude of neural oscillations in the alpha

IV. RESULTS AND ANALYSIS
A. Alpha band isolation
As stated earlier, in an initial phase, only data from subject
n1 will be used, since this subject has no known neurological
diseases.
For the initial characterization of the individual alpha
band, an average of all occurrences of the SLEEP-S0 state,
in a total of 8 occurrences, was made over the night.
As previously mentioned, the influence of the presence of
the artefacts was first studied, being the resulting artefactfree EEG signal illustrated in figure 3. The annulment of
small portions of activity sources from only a few modes

Fig. 3: Illustrative examples of artifact removal using the EEMD +
ICA technique with punctual selection of artifacts and consequent
cancellation, for (a) - second and (b) - eighth occurrences of the
sleep stage ‘SLEEP-S0’.
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TABLE I: Parameters obtained for the principal alpha parameters for subject n1, including Individual Alpha Frequency (IAF), Lower
Transition Frequency (LTF), Higher Transition Frequency (HTF), Area of the Alpha Band, Lower Alpha Band and Upper Alpha Band,
and Center of Mass of the Alpha Band (COM), for EEG data both with and without artefact removal, using three different methods for
alpha band definition (Standard, Klimesch (4_2) and Joana’s method).
Parameters with / without artefacts
Method

Standard
4_2
Joana

IAF
(Hz)

7.63

7.67

LTF
(Hz)
8
3.63
6.11

8
3.63
6.13

HTF
(Hz)
12
9.63
10.11

12
9.63
10.13

Alpha
(Band)
1879.60
4944.55
3253.17

1040.77
2855.57
2085.43

Lower
(Band)
0
3452.69
1551.50

Upper
(Band)

0
1868.04
1092.18

2317.64
1491.86
1701.68

1341.94
987.53
993.25

COM

9.60
6.51
7.79

9.35
6.83
7.78

Fig. 4: Hypnogram: Plot of annotated sleep stages over the course
of one night in subject n1.

Fig. 6: Alpha wave amplitude for subject n1 plotted for one night
of sleep with low pass filters with time windows of 15 minutes and
30 seconds.
Fig. 5: Spectrogram in the frequency range of LTF-HTF (6.110.1)Hz of EEG data of channel ‘C4A1’ over one night of subject
n1, with a temporal resolution of (a) 10 minutes and (b) 1 second

occurrence presented higher or lower levels of activity.
Sleep Stage S0
Over all occurrences of wakefulness in figure 7, we can
note high levels of alpha activity. As the area ratio was
calculated using S0, it is 100%. The COM and registered
peaks are all in the vicinity of the IAF.

frequency range. In earlier stages we can observe higher
levels of activity, and when the subject is undergoing REM
sleep we can notice lower activity in the 8-12 Hz frequencies,
as was expected.
In order to obtain better information about the phasic
variations in the amplitude of alpha waves, we plotted its
evolution over the course of the night and highlighted the
corresponding stages, shown in figure 6.
Some patterns emerge very clearly. Every time the subject
wakes up briefly, we can note large spikes in alpha activity,
and lower levels during sleep. Furthermore, REM-sleep is
clearly associated with a large depression in alpha activity,
as expected, with the presence of some small alpha bursts.
In addition to this analysis, the tonic activity of alpha
neural oscillations was assessed with recourse to the power
spectra of several sleep stage occurrences. This way we can
observe the variations in several parameters that describe
alpha activity over the different sleep stages. The area of the
alpha band was calculated, as well as its center of mass and
different registered peaks. The ratio of the area of the band
and its upper and lower portions in relation to these areas in
the stage 0 band was calculated to note whether a stage or

Sleep Stage S1
We can note in figure 7 a reduction in alpha activity in
stage 1, with around 50% of what was observable in stage 0.
There is also slightly more pronounced lower band activity,
and the COM is slightly reduced.
Sleep Stage S2
As expected, in figure 7 we can note a very significant
reduction in alpha wave activity in stage 2 of sleep, with
only 8% of the amount measured in stage 0. There is still
an observable peak, but it is quite reduced.
Sleep Stage S3 and S4
In 2007 there was a change in guidelines for labeling sleep
stages, and stage 3 and 4 were combined. In figure 7 it can
be observed that this was justified, as both of these present
similar levels of overall activity and alpha activity specifically. Stage 3 can be observed to have more activity overall.
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Fig. 7: EEG power spectrum and individual alpha parameters (peaks, center of mass, alpha band areas and ratio of area when compared
to stage 0 area) with upper and lower band identification found considering Joana’s method, for ’C4A1’ channel, for all sleep stages
(n1).

Lower band activity is more pronounced, but this could be
indicative of more pronounced theta activity bleeding into
the alpha range.
Sleep Stage REM
REM sleep was observed (figure 7) previously to have very
decreased levels of alpha activity, which can be observed
here, as alpha activity presents only 5% of what it was in
wakeful states. Most activity is present in the lower band,
possibly since part of it could also be considered to be in
the theta range. bursts and arousals.
C. Different Subject Comparison
1) Subject n2: In order to validate the obtained results,
the data from another healthy subject, n2, was analyzed, as
seen in figure 8.
Very similar patterns are observable. For one, much like
with subject n1, short stage 0 spikes are observable over
the night, and the rest of the sleep stages show lower levels

Fig. 8: Alpha wave amplitude for subject n2 plotted for one night
of sleep with low pass filters with time windows of 15 minutes and
30 seconds.
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Fig. 9: EEG power spectra of all occurrences of sleep stages 0 to 3 and individual alpha parameters (peaks, center of mass, alpha band
areas and ratio of area when compared to stage 0 area) with upper and lower band identification found with Joana’s method, for ‘C4A1’
channel, for subject “ins1" with insomnia.

of alpha activity. Overall, the conclusions taken from the
previous analysis are applicable to this subject.
2) Subject With Insomnia: After the analysis of healthy
subjects, one can attempt to draw conclusions about sleeprelated conditions from the evolution of alpha parameters
over a night’s sleep. Initially, an analysis of data obtained
from a patient with insomnia was performed. Initially, the
evolution of alpha wave amplitude was plotted similarly to
the plots obtained in the previous sections (figure 10).
Very different sleep patterns emerge. Sleep stage 4 is never
reached, and the overall duration of sleep is lower than
with previous patients, with 7 hours of overall sleep, with
a large period of wakefulness lasting 25 minutes occurring
at the 3h30 mark. Alpha activity during wakefulness is barely
higher than during sleep stages, with the exception of REM
sleep, which still shows a significant suppression of alpha
rhythm.
When analysing the tonic component using a Fourier
transform and Joana’s method to obtain the alpha bands in
the frequency spectrum, we can observe various alterations.
The power spectra of stages 0 to 3 are plotted in figure 9.
Alpha activity in stage 1 is substantially increased in
relation to stage 0, with an individual ratio of 130%, which
is very abnormal. Similarly, there is a notable spike in Beta
oscillations in stages 1 to 3. Alpha activity is suppressed
in stages 2 and 3 when compared to wakefulness, but
particularly in stage 2 it is still very increased in relation

Fig. 10: Alpha wave amplitude for subject “ins1" with insomnia,
plotted for one night of sleep with low pass filters with time windows
of 15 minutes and 30 seconds.

to normal levels, as the area ratio is 26%, much higher than
the 8% observed in subject n1.
Higher levels of alpha (and beta) activity in sleep may
suggest that not only is the subject undergoing lighter sleep,
but the brain is still functioning very similarly to how it does
during wakefulness, which may be part of the cause of the
patient’s insomnia.
3) Subject With REM Behavior Disorder: As was previously mentioned, subjects in REM sleep undergo sleep
6

Fig. 11: EEG power spectra of all occurrences of sleep stages 0 to 4 and REM and individual alpha parameters (peaks, center of mass,
alpha band areas and ratio of area when compared to stage 0 area) with upper and lower band identification found with Joana’s method,
for ‘C4A1’ channel, for subject “rbd3" with REM behavior disorder.

V. CONCLUSION AND FUTURE WORK
In this project the variation of the alpha band throughout
the night was studied in depth by considering different
parameters – the individual alpha frequency (IAF), the power
of the lower, upper and total alpha bands, and the ‘center of
mass’ frequency.
Three different methods were considered for the determination of these parameters. Joana’s method is an approach
that considers both variable peak frequency and sub-band
widths and has proven to be the one that better identifies the
alpha band. Thus, this strategy was chosen for the isolation
of the alpha band in the datasets studied in this project.
Moreover, another individual alpha band isolation method
was proposed, the Centroid Frequency method. This iterative
method, based on Joana’s method, revealed a better handling
of the cases where there are multiple prominent peaks.
From EEG data analysis of the healthy subject n1 we
conclude that alpha activity is depressed during sleep, particularly during REM sleep, where it is as low as 5% of
its level during wakefulness. Alpha activity spikes when the

paralysis, as the body does not move during this phase in
order to avoid causing harm.
REM behavior disorder is characterized by the malfunction of this mechanism, causing subjects to act out their
dreams physically, potentially risking injury to themselves
and their partners [8].
EEG data from a subject with this condition, “rbd3", was
analyzed. For a more quantitative analysis, the tonic activity
was plotted using Fourier analysis and Joana’s method, for
stages 0 to 4 and REM. Several differences can be noted in
the EEG power spectra in figure 11. During wakefulness
the largest changes are in non-alpha frequencies, as all
frequencies are very irregular, to the point where it is hard
to identify an alpha peak. In every other sleep stage, alpha
rhythms are very suppressed, significantly more than in
healthy subjects. In most stages there is barely an identifiable
alpha peak. In REM Sleep, alpha power area is a mere 1%
of its original value during wakefulness.
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subject briefly wakes up during the night.
Other subjects were also studied in order to compare the
obtained results. In another healthy subject, n2, the conclusions drawn from subject n1 hold. Regarding two subjects
with different sleep disorders, namely insomnia and REM
behavior disorder. It was concluded that there are substantial
alterations in the evolution of alpha power and amplitude
throughout the sleep cycle and the night in patients with these
sleep disorders, which we hypothesize to be related with the
patient’s condition. For a more definite conclusion, further
studies with a far broader sample size should be carried out.
For the analysis of results in this project we implemented
an artefact-removal method, which consists of the combination of two different decomposition techniques, EEMD+ICA.
As had already been suggested in previous works, this
method seems to have a positive impact in the removal of
these components. However, for the analysis that was done
in this project, we opted to keep the artefacts in the data,
since the changes in the different parameters acquired for
the alpha band were not significant when compared with
the computational and temporal cost associated with their
removal. Nevertheless, in the future it would be interesting
to consider signals whose artefacts are removed with this
technique, in particular if a more phasic analysis is being
done. This analysis would then enable a better detection
of neural activity bursts, since, in an artefact-rich signal,
artefacts may be misidentified as bursts.
Finally, it should be noted that in this project we opted to
analyze a particular EEG channel, ‘C4A1’, given that this is
the channel that is most commonly used for such analysis in
the literature. However, for a more complete characterization
of the alpha band variation within patients, it would still be
interesting to map the alpha band intensity across the whole
brain, particular in the occipital and parietal regions. For this
purpose, EEG data using a referential or average montage
should be used.
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