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Abstract
It is common knowledge among brain researchers that certain events, such as motor imagery, can elicit event-related synchronization/

desynchronization (ERD/ERS) of neurons in the brain, and that these phenomena manifest themselves in terms of band power changes in brain

signals. There are, however, also important phase related changes in the brain signals associated with ERD/ERS which we investigate here. We

quantify for the first time the ‘‘delta-phase’’ component of the Complex Band Power (CBP) features introduced in [G. Townsend, B. Graimann, G.

Pfurtscheller, A comparison of common spatial patterns with complex band power features in a four-class BCI Experiment, IEEE Trans. Biomed.

Eng. 53 (2006) 642–651] and [G. Townsend, Brain Computer Interfaces: Phase Features and Post Processing Issues, Ph.D. Thesis, 2006, p. 97].

Although this component, which makes explicit use of phase, is known from these earlier studies to provide improved classification results in a

brain–computer interface (BCI), this phenomenon has never been investigated purely in the context of a physiological phenomenon. The

importance of this study is to fill this gap in our knowledge by providing an analysis and quantification of this new feature so that an improved

understanding of its nature will allow further exploitation of this feature to further improve BCI systems. Given that the primary use of BCIs is as an

assistive technology for the disabled, the importance of this work to society cannot be overstated. Changes in band power in the context of ERD/

ERS have been investigated in the past using a visualization tool called an ERD/ERS map [B. Graimann, Movement-Related Patterns in ECoG and

EEG: Visualization and Detection, Ph.D. Thesis, 2003, p. 107]. We present and discuss here for the first time, an equivalent tool called the delta-

phase map used to visualize the occurrence of delta-phase in different frequency bands and over the time courses of motor imagery trials. In this

study, the delta-phase feature is shown to be proportional to frequency and is quantified and presented in that context for clarity. It was found that

the most prominent ERD activity occurring in the frequency bands studied here are correlated to the activity captured in the delta-phase maps. The

underlying nature of ERD/ERS is explored based on evidence provided by the delta-phase feature.

# 2008 Elsevier Ltd. All rights reserved.
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synchronization (ERS)
1. Introduction

The field of brain–computer interfaces (BCI) is gaining in

popularity, and there is a continuous increase in the number of

research groups focusing on this area [4,5]. With more

participation in the field, researchers are beginning to look

harder at ways to improve the limitations of this technology,

one of the most serious ones being the restricted data
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throughput achievable [6–8]. Although improvements remain

possible in all areas of the field from preprocessing to

classification, one of the best areas in which improvements in

classification accuracy can be made is by discovering new

features such as the Complex Band Power (CBP) features

discussed in Refs. [1] and [2]. CBP features consist of two

components, phase features and amplitude features. The latter

of these two components is a band power-like feature. During

motor imagery (or real movement), the particular area of the

brain associated with that activity exhibits a significant

decrease in the band power in a specific band or bands

followed by an increase upon termination of the imagery. The

former is referred to as an event-related desynchronization

(ERD) while the later is an event-related synchronization
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(ERS). As the names imply, these phenomena are attributed to

changes in the synchronization of neurons as they exhibit

oscillatory behaviour resulting from their participation in

feedback loops which interconnect them together. It is

noteworthy that despite the appearance of the term ‘‘synchro-

nization’’ directly in the name of this phenomenon, observa-

tions concerning ERD/ERS in all previous studies have never

observed this activity in terms of the phase of the signal, but

only in terms of changes in the amplitude of the neuronal signal.

Because the band power of a signal is simply the square of the

signal’s amplitude, the amplitude components of CBP features

behave the same as ERD/ERS activity. In the earlier studies of

CBP features, the delta-phase components were blindly used

(alongside the amplitude components), exploited to improve

classification results, but unfortunately never analyzed in

isolation to fully understand their behaviour.

Unlike band power, which is well understood and has been

extensively studied as a physiological phenomenon and

analyzed in many ways, delta-phase has not had this level of

attention devoted to its consideration. Before it becomes

possible to fully exploit the advantages of this phenomenon, it

is necessary to develop a clear understanding of how it behaves

and its correlation to motor imagery and traditional ERD/ERS.

This paper presents significant results in that regard, since until

now this has never been done. Another important contribution

of this paper to the field of BCI is to quantify for the first time

the delta-phase feature which in turn facilitates further

discussion and understanding of its nature. This is a necessary

step in developing this important feature for use in BCI

research. In turn, the importance of BCI research cannot be

overstated given its applications as an assistive technology to

the disabled. It is clear that phase and frequency are intimately

tied together, so we would expect to see a close paralleling in

the visualization of ERD/ERS maps and delta-phase maps, but

the earlier work in Ref. [1] clearly shows that they contain

separate information, since the classification results are

augmented when phase is included. Therefore, although the

delta-phase feature will be shown to be highly correlated with

ERD/ERS, it does not contain redundant information, but rather

additional information already previously shown to improve

BCI performance [2].

Methods using band power have been very successful

approaches to the accurate detection and recognition of brain

patterns in multi-channel EEG data associated with motor

imagery [9–11]. In Ref. [2], it was shown that when band power

is augmented with phase information, improved classification

results are realized. Given the success of band power in BCI

research coupled with the improvements made when phase

information is incorporated, it seemed reasonable to use band

power as a basis for comparison against the phase-related

feature that we will discuss here. Unlike in Ref. [2] where this

comparison was done in terms of achievable classification

accuracy of a BCI, in this context we consider each feature

(band power and delta-phase) as physiological phenomena to

be compared and contrasted.

Although phase information contained in EEG has appeared

implicitly in other kinds of features [12], it has never been
visualized explicitly before in the same way as band power. Of

the various methods used in the past to view band power over a

time course of motor imagery, the ERD/ERS map gives the

most consolidated view of the available data, and is ideally

suited as a visualization tool for this purpose. It is only natural

to extend the concept of an ERD/ERS map to the new delta-

phase map considered here. In using this new visualization tool,

a correlation is shown between ERD and delta-phase. Since the

data from [1] was already shown to produce good classification

results when CBP features were extracted and used, the same

data and features are now investigated with the goal of

determining why this was so, or in other words, to determine

what physiological phenomenon was being captured by the

features used.

In the original study, the delta-phase feature was derived by

calculating the difference in phase angle of two adjacent

samples. Clearly then, the dimensions of delta-phase are angle/

time, however this is simply frequency, although the earlier

work viewed it as a phase shift. In the original studies, there was

no need to quantify the delta-phase phenomenon, however in

this new study it must be quantified. Given that the dimensions

of the feature are that of frequency, it seems appropriate to

express it in units of hertz. Since there are 2p radians in a cycle,

and since the sampling rate used was 250 Hz, the original delta-

phase feature can be converted directly to hertz by multiplying

by 250/2p. This is the perspective taken in this study.

The loss in synchronization during ERD could be explained

by several possible collective behaviours of the neurons and

networks involved, and some possible suggestions are given

and explored in the discussion section of this paper. In all

previous studies on ERD/ERS, only amplitude was considered

but never phase. Delta-phase reveals some aspects of ERD/ERS

activity that band power alone does not, and this will be

demonstrated by the use of synthetic signals to provide a basis

with which to compare some real brain signals.

2. Methods

2.1. Experimental setup

The experimental paradigm described here was developed at

the Technical University of Graz, Austria, and the data recorded

was made publicly available on a number of websites for the

BCI 2005 competition. It has been analyzed by many

researchers and led to many other publications [1,2,13,14].

At the beginning of the paradigm, the presentation screen

was dark. At second 2, a cross appeared at the center of the

screen and simultaneously, an audio tone was sounded. From

second three to 4.25, a red arrow appeared, pointing either left,

right, downwards or upwards. Accordingly, this indicated the

imagination of left-hand movement, right-hand movement, foot

movement, or tongue movement respectively. Second 3 then

represents the trigger point for the onset of motor imagery and

appears in the plots included here as a significant point in the

time axis of the plots presented throughout the paper.

The test subjects were told to imagine the specified

movement as often as possible as soon as the arrow appeared



Fig. 1. The experimental paradigm begins with a blank screen. After 2 s a

fixation cross appears and an audio tone warns the subject to prepare. At second

three, where the reference trigger for the data occurs, an arrow appears on the

screen, the direction of which indicates which movement imagery the subject

should imagine as outlined above.

Fig. 2. The electrode montage worn by the subject consists of 60 electrodes.

Only the 15 electrodes outlined in black and their immediately adjacent

neighbours were used to derive the CBP features considered in this study.
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on the screen, until the fixation cross disappeared. The

sequence of events is described in Fig. 1. During each session,

every arrow appeared 10 times in a randomized sequence.

Although sixty EEG channels were recorded, only the

Laplacian derivations associated with the dark circled

electrodes (see Fig. 2) were considered in Refs. [1] and [2]

from which the data for the present study was taken. These were

referenced to the left mastoid with ground at the right mastoid.

All of the electrodes involved were suitable for Laplacian

filtering, each having four surrounding neighbour electrodes.

The recording was done by a 64 channel Synamp Neuroscan

machine. The recordings were band-pass filtered with a

broadband anti-aliasing filter from 1 Hz to 50 Hz and notch

filtered at 50 Hz. The recordings were digitized at 250 samples

per second.

Six to nine runs per subject were recorded during each

session. The subjects were given a 3–5 min break between each

run. Each run consisted of 10 trials of each of the four classes of

imagery described above yielding 40 trials in total per run. The

data from four subjects, s1, s2, s3 and s4, was analyzed, and the

results are presented and discussed here. All subjects were right

handed, and their ages were 34, 26, 22, and 26, respectively.

2.2. Feature extraction

To provide the phase information required for this analysis,

the same CBP features investigated in the earlier studies were

used here. A brief review of the derivation of CBP features is

now provided. Amplitude and phase features are extracted from

Laplacian filtered EEG signals [15] using a sliding Hamming

window of 256 ms to which an FFT was applied. At the

sampling rate of 250 Hz used for the recordings, this window is

then 64 samples wide. This window produces equally spaced

frequency bands of 250/64 = 3.9063 Hz, or approximately

4 Hz. This spacing of frequency band reveals important phase

information in this and the earlier studies. In this paper we do

not revisit the choice of the window size used for the estimation

of the time varying spectrum of EEG, since the results in Refs.

[1] and [2] clearly demonstrate that CBP features derived from

such a window lead to improved classification results. Here, our

goal is not to justify the derivation of CBP features, but rather to

explore how these phase and amplitude features are related to

one another and to the motor imagery tasks to understand how

they may be further exploited rather than blindly using them for

classification as in the past. In this study, we discover that there

is important phase information close to the predominate

frequency at which the ERD/ERS takes place, and using 4 Hz

bands reveals this activity adequately for this study.

The FFT transforms the original signal consisting of equally

spaced discrete time samples from the time domain into the

frequency domain and thereby yields complex coefficients

representing equally spaced discrete frequency samples. Any

frequency content not exactly coinciding with these discrete

frequency samples will be smeared across a number of

frequency samples, but will be primarily represented by the

nearest samples [16]. As a result, each sample effectively

primarily represents the frequency content in each frequency
range f � ð1=2Þw where w is the spacing of, or the width

between, the frequency samples. The subset of these

coefficients, S( f) representing the frequency bands of interest

mentioned below is then considered further in (1) and (2).

These equations denote how amplitude and phase information

is separated from the complex coefficients. The magnitude and

phase of the frequency bands corresponding to eight equally

spaced frequency bands were extracted directly as raw features.

These bands were 2–6 Hz, 6–10 Hz, 10–14 Hz, . . ., 25–29 Hz,

29–33 Hz. Note that if these bands appear inconsistent, it is due

to the fact that the actual spacing is, as indicated early,

approximately 3.9 Hz.

aðt; f Þ ¼ jXðt; f Þj f 2 Sð f Þ (1)

’ðt; f Þ ¼ tan�1 ImðXðt; f ÞÞ
ReðXðt; f ÞÞ : (2)

Raw phase and amplitude features were derived from the

values of the coefficients of the discrete Fourier transform of the

raw EEG. From the FFT performed, the instantaneous phase of

the signal in each band is taken by calculating the angle of the

complex vector for the corresponding frequency band in the
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FFT. Since we are interested in how quickly the phase angle is

changing and in what direction, we differentiate this result. The

differentiated signal forms a signal representing the change in

phase. This is done because the absolute phase without respect

to some reference is not meaningful. Eq. (3) describes this

process. Here Dt is the time corresponding to one sample. As a

final processing step, the phase and amplitude features were

then smoothed using a one second moving average FIR filter.

’0ðt; f Þ ¼ D’ðt; f Þ
Dt

¼ ’ðt; f Þ � ’ðt � 1; f Þ: (3)

It is known that the signals from electrodes C3 and C4 reveal

the most important signals [6] for the tasks in this experiment.

The amplitude component corresponds to traditional band

power features, and was used to produce modified ERD/ERS

maps.

The original definition of ERD/ERS given in [17] considers

only one frequency band at a time. In Ref. [3], the ERD/ERS

map was introduced to provide presentation of ERD/ERS in

many bands at the same time. The trouble with this approach is

that it preserves the original definition of ERD/ERS developed

for consideration of only one band at a time. The difficulty

arising is that activity in a band which contributes little to the

overall activity of an electrode is weighted the same as more

prominent activity and can be made to look perhaps even more

significant than more prominent activity given that its activity

remains scaled to produce a 100% baseline in the reference

period before the onset of motor imagery. As a result, a small

drop in the power of a band that already had little contribution

to the original ERD/ERS map can potentially overwhelm the

results. After considering this issue carefully, it was decided

that more useful information would be presented for this study

if the band power in the ERD/ERS maps was appropriately

scaled in each band not in terms of its own baseline activity, but

rather in terms of the baseline activity summed over all the

bands under consideration. As a result, a prominent ERD in an

unmodified map of �100% might instead appear as perhaps

�20% to account for that band not being the sole contributor to

the total energy represented in the map. On the other hand, a

band in which little activity is taking place no longer

overwhelms the results.

The delta-phase component was shown in a similar way to

provide the ‘‘delta-phase’’ maps shown here, however the

feature was scaled as discussed earlier to produce a frequency in

hertz, and then normalized by subtracting out the mean of the

frequency in the pre-trigger period so that the result captures

how much the frequency is increasing or decreasing in each

band once the motor imagery begins. Note that the information

produced by the FFT essentially reflects the original signal

filtered in each of the bands. The delta-phase feature then

effectively captures the change in frequency of this filtered

signal which could potentially change by anywhere between

�4 Hz and +4 Hz over the duration of a trial. (Note that

although the bands are only 4 Hz wide, the initial frequency

could be at either limit, therefore allowing the possibility a

change of up to 4 Hz in either direction.)
In the description above, the original delta-phase feature is

not only scaled to a frequency expressed in hertz, but also

‘‘normalized’’ based on the mean frequency prior to the trigger.

Similarly, based on the definition of ERD/ERS, the amplitude

information is also normalized in the same way so that the mean

of the total band power of the bands under consideration prior to

the trigger is considered to be 100%. To review, for clarity, the

delta-phase component is normalized to 0 Hz, and the

amplitude component is normalized to 100% of the total band

power in the bands of interest during the pre-trigger period.

2.3. Data measurements

For the purposes of this study, it was decided to focus only

on the left- and right-hand motor imagery since this has been

studied extensively in the context of ERD/ERS. As the goal of

this study is to see how delta-phase relates to this well-studied

feature, it was felt that it would be best to include only left- and

right-hand trials.

The original recordings were manually examined by an

expert EEG technologist who flagged each trial containing an

artifact. In the earlier study, the classification results were good

despite the artifacts, however in this study it was necessary to

average trials together to produce averaged time courses for

consideration. The perturbations in the features resulting from

these artifacts would lead to problems in the averaged time

courses, therefore all trials containing artifacts were excluded

from consideration. From the remaining trials, averaged

templates were produced for each subject and both imageries

were considered.

The electrodes containing the most predominant ERD

activity were selected from each of the left- and right-hand

motor imagery trials for each of the subjects. Modified ERD/

ERS and delta-phase maps were produced for all such

electrodes.

2.4. Models of ERD/ERS

We will now propose several models that can be explored to

determine what is happening during ERD/ERS activity. These

models will be analyzed using synthetic signals and compared

with real brain signals. Clearly, as the name implies, ERD/ERS

is associated with neurons being synchronized, loosing

synchronization, and eventually regaining synchronization.

However, what happens when synchronization is lost cannot be

revealed by examining only band power. The simplest

explanation or model for consideration is one in which the

neurons participating in the oscillation gradually begin to

participate less and less in the activity. Another model for

consideration is that the neurons continue to participate in

oscillatory activity, but do so at a faster and faster rate and

thereby move out of band producing a decrease in energy (drop

in band power) in the original frequency band. Conversely, the

opposite might happen, in which case the band power still falls

in the band under consideration, but this time as a result of a

decrease in frequency. As we shall see, the most favourable

model for consideration is one in which the activity of the



Fig. 3. Complex band power features extracted from a synthetic signal (top)

centered in frequency at the 10–14 Hz band. The signal decreases in amplitude

only, with no change in frequency, then increases to simulate a possible model

for ERD/ERS. The phase (bottom) and amplitude (middle) features are shown

for the six CBP features of interest. Features from the central band of interest

(10–14 Hz) appear as a solid line. Features in the upper and lower adjacent

bands (6–10 Hz and 14–18 Hz) appear as dotted and dashed lines, respectively.

Note that there is no appreciable change in delta-phase activity. The central

band shows the most significant decrease in amplitude with lesser decreases in

the adjacent bands.

Fig. 4. Similar to the previous figure, a synthetic signal is analyzed. This time,

ERD/ERS is simulated by a signal with constant amplitude that decreases in

frequency (by 2 Hz, down to 9.77 Hz) then returns to the base frequency

(middle of the central band, or 11.72 Hz). Here, all three bands show the same

delta-phase activity of �2 Hz during the simulated ERD. The amplitude in the

central band diminishes less than in the upper band (dashed line), while it

increases in the lower band (dotted line).
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neurons involved divide into two (or more) subassemblies

where some assemblies begin to oscillate faster and faster while

others oscillate slower and slower. In all of proposed models,

there are different effects captured by examining band power

and delta-phase. One final model for consideration is one in

which the neurons involved behave as described in the first and

simplest model, but in which the surrounding assemblies of

neurons oscillating at other frequencies begin to affect the

electrode as the main assembly being monitored diminishes in

amplitude. This may begin to have an effect on the recorded

signal gradually ‘‘pulling’’ the observed frequency further and

further away from what was the predominant signal prior to the

ERD. This effect concerning induced sensorimotor rhythms is

discussed further in [18]. A related idea is the concept of ‘‘focal

ERD/surround ERS’’ [19,20], however this should not be

confused with induced sensorimotor rhythms in general. In

focal ERD/surround ERS, the same frequency that is decreasing

in band power in the focal region is increasing in amplitude in

the surrounding regions. This phenomenon is not the effect

under discussion in the present work, but will become an

important consideration later in the conclusions.

2.5. Analysis of synthetic signals

For each of the models proposed above, appropriate

synthetic signals are analyzed using CBP features to deduce

how each of those models would react in terms of delta-phase

and band power changes. The purpose of this exercise is to

provide the reader with a basis for interpreting the results

derived from actual brain signals studied here. For each model,

an appropriate time course of amplitude and delta-phase is

shown. For clarity, only six features are shown, that is, the

amplitude feature of the single frequency band of concern

where the most prominent ERD/ERS occurs, and the

corresponding phase and amplitude features in the two adjacent

bands. Activity in the central band is shown by a solid line while

activity in the upper and lower adjacent bands is shown by

dotted and dashed lines, respectively.

Suppose that ERD was only the result of diminished activity

of an oscillating network. This case is captured in Fig. 3 below.

The next models are captured by Figs. 4 and 5 below. In

these models there is either an increase or decrease in the

frequency of oscillations.

In the most favourable model, there is activity at one

frequency represented by a network, half of which speeds up

while the other half slows down. The changes in frequency are

+2 Hz and �2 Hz respectively. Here the amplitude component

falls, and the central delta-phase component remains fairly flat

while the components in the upper and lower adjacent bands

rise and fall, respectively. This model appears in Fig. 6. In

Fig. 7, the same model with the additional effect that the

amplitude of the individual two frequency components is also

further diminished. The purpose for considering this modifica-

tion to the previous model in Fig. 6 is to try and more accurately

model the situation where the neurons break into several groups

rather than only two since the amplitudes of each group would

be further diminished by virtue of the fact that fewer neurons
are participating in each group. It is interesting to note that the

delta-phase behaviour is unaffected by this modification,

however, as expected, the amplitude component does reflect

this change.

Finally, we consider the model where amplitude of the

neuronal assembly being recorded simply diminishes with no

frequency changes, but surrounding assemblies begin to

influence the recording as this happens. To simulate this,

several runs were tested where a random collection of signals

near the base frequency of the ERD/ERS activity were

generated up to �2 Hz on either side. These signals were set at

constant, but much smaller amplitudes than the initial base

activity of the ERD/ERS. The base signal was then decreased in

amplitude, and then increased to model ERD/ERS activity to

see what influence the lower amplitude signals of the various



Fig. 5. This figure captures the opposite simulation to that shown in the previous

figure. Here the base frequency increases by 2 Hz during the simulated ERD/ERS.

As a result, the upper and lower amplitude features have traded places, and the

delta-phase features have reversed direction to show a +2 Hz change.

Fig. 6. As in the previous few figures, another model of ERD/ERS is considered

using a synthetic signal. This time the activity modeled consists of two signals

of equal amplitude which begin in at the central frequency of 11.72 Hz. One

signal increases in frequency as in the previous figure, while the other decreases

as in the figure prior to that. The changes are �2 Hz.The activity in the central

band shows the only appreciable change (a decrease) in amplitude, with little

effect in delta-phase. In the upper band, the delta-phase feature increases by

+2 Hz while it changes by �2 Hz in the lower band.

Fig. 7. The same simulation appears here as in the previous figure with the

addition of a decrease in amplitude of the signal. It is interesting to note that this

modification has no significant effect on the delta-phase behaviour. The

decrease in amplitude in the central band becomes more pronounced, however,

accompanied by slight decreases in the other bands.

Fig. 8. In this last model, the primary signal is similar to that in the first model

presented in Fig. 3, with the addition of a random collection of several signals of

constant frequency and lower, constant amplitude ranging between �2 Hz on

either side of the central (11.72 Hz) primary signal. As the primary signal

decreases in amplitude, these lower amplitude signals begin to affect the result.

Note that although the amplitude decreases in the central band, the increase is

not as prominent as in the first model. The delta-phase activity in the central

band seems to wander around more than in the other models, and similarly the

other delta-phase features, although showing the same general tread as in the

previous model, do not change as significantly, and wander around more. Many

simulations of this model were randomly generated all with similar results. This

is a typical example.
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other networks would have on the analysis. The result appears

in Fig. 8.

3. Results

3.1. Correlation of ERD/ERS and Delta-phase

In all cases the band showing the most predominant ERD

activity was the 10–14 Hz band. This is similar to previous

studies [1,21]. In most of the cases, the electrodes at which the

most predominant ERD activity existed were C3 for the right

trials and C4 for the left trials. For subject s3, the electrodes

were CH36 for left imagery and CH39 (also for s2) for right

imagery.

For all of the subjects and trials, the following phenomenon

was noted. In the 10–14 Hz band where the most predominant

ERD/ERS activity occurred, the delta-phase activity was fairly

flat, wandering around at 0 Hz. The most predominant delta-

phase activity, however, appeared in the adjacent bands. In the

next higher band, the frequency of the delta-phase feature rises

in lock-step with the ERD activity, while in the next lower band,

it falls. For subjects s1 and s4, who were particularly good

subjects producing very good classification results [1], the

frequency change is on the order of�2 Hz. Consistent with this

finding, the bands at which the most predominant delta-phase

activity occurs in the other subjects are also in these same

bands, however the changes are not as pronounced (below

�1 Hz) for the other subjects. In particular, the effect discussed

is demonstrated very poorly in subject s2. This subject also

showed very low classification rates compared with the other

subjects in other literature where this data was reported.
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Figs. 9 and 10 below capture the time-courses of the ERD and

delta-phase activities for the average left and right trials of

subjects s1 and s4, respectively. In both cases, the electrode from

which the signals are analyzed is indicated along with the

associated motor imagery (left or right). Activity at values near

the baseline has been suppressed from the maps for clarity. So in

these figures, white indicates that no activity is being shown.

Where other shades of grey appear, the lighter shades indicate

ERS activity or increased frequency in the case of the ERD/ERS

maps and delta-phase maps, respectively, while the darker shades

indicate ERD activity or decreased frequency correspondingly.

From the diagrams, it appears that ERD/ERS and delta-

phase are correlated. In order to quantify this correlation, the

correlation coefficient calculated from the data was computed.

This information is depicted below in Table 1.
Fig. 9. Time courses and visual maps for ERD/ERS and delta-phase activities in all t

for the motor imagery is at 3.0 s. Note that the smoothing filter produces a delay bet

more seconds. Left-hand motor imagery from electrode C4 appears here. Activity in

(14–18 Hz) and lower (6–10 Hz) adjacent bands are shown by dashed and dotted li

delta-phase activity in the upper and lower adjacent bands change by approximately

afterwards during the ERS.
3.2. Single trial analysis

The detailed results presented earlier concerning real brain

signals involved averaged results.

To develop further insight into CBP in the context of a single

trial, a typical trial was selected from the data. In Fig. 11, the

same analysis given above is applied to this exemplary trial.

The r values are given on the plot.

4. Discussion

A clear correlation between ERD/ERS and delta-phase was

demonstrated. Based on an examination of these features and

their behaviours, we have attempted to theorize about the nature

of ERD/ERS. If based only on the behaviour of the band power
he bands considered by complex band power features for subject s1. The trigger

ween the motor imagery and its effects on the features of approximately one or

the central (10–14 Hz) band is shown by a solid line, while activity in the upper

nes, respectively. The most prominent ERD activity is in the central band. The

+2 Hz and �2 Hz, respectively during the ERD and return back to the baseline



Fig. 10. Similar to Fig. 9, but for subject s4, right-hand motor imagery taken from electrode C3. This subject shows the highest correlation between delta-phase and

ERD/ERS. Interestingly, however, subject s1 had the highest classification results in previous studies.
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feature, the first ERD/ERS model would supported by real brain

signals, however there is no appreciable delta-phase activity in

any of the three bands in the figure, unlike that seen in the case of

a real brain signal. This is sufficient cause to dismiss this model.

In the next two models, the band power feature again models

a real ERD, however the delta-phase activity does not. In the
Table 1

The correlation coefficient between the delta-phase features in the upper (10–14 Hz)

band under consideration (14–18 Hz)

Subject r for left trials

Lower delta-phase Upper delta-phas

s1 0.99 0.94

s2 0.92 0.35

s3 0.97 0.94

s4 0.98 0.98

Subjects s1 and s4, who performed well in previous studies, show consistently hig
case of these models, all three delta-phase features rise together

or fall together but do not exhibit the behaviour of real brain

signals. Again, this model can be dismissed.

In the most favourable model, as with the real brain signals,

the amplitude component falls, and the three delta-phase

components behave as in the earlier plots produced from actual
and lower (6–10 Hz) adjacent bands compared with the ERD/ERS in the central

r for right trials

e Lower delta-phase Upper delta-phase

1.00 0.96

0.98 0.26

0.97 0.99

1.00 1.00

h levels or correlation between the features under investigation.



Fig. 11. Here, a similar analysis to the preceding figures is undertaken, this time

with a real brain signal. This was tested on many signal trials with similar

results, and a typical example from s1 has been chosen for discussion here. The

raw EEG is shown at the top then appears below that filtered in the band of

interest from 6 Hz to 18 Hz for clarity. The amplitude feature in the central band

shows the most significant decrease (ERD), accompanied by lesser decreases in

the adjacent bands. Little activity occurs in the central band for the delta-phase

feature, while the upper and lower bands exhibit a +2 Hz and �2 Hz change in

frequency respectively. These latter activities are correlated to the ERD/ERS in

the central band as is demonstrated by r (correlation) measures given in the

figure.
Fig. 12. Here, the 6–10 Hz band (which is actually 5.86–9.77 Hz) shows a PSD

largest in the high end of the band (grey line) just prior to onset of the ERD

activity. At the peak of the ERD activity (black line), the frequency of the

predominant activity has shifted towards the opposite (low) end of the band.

This is consistent with the behaviour of the delta-phase activity in the lower

adjacent band discussed earlier.
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subjects. When the model is also subjected to a decrease in the

amplitude of the two simulated subassemblies for the reasons

given earlier, the result matches real signals more closely yet.

In the case of the final model of ERD/ERS considered,

unlike the delta-phase components that existed in the previous

model that showed a high degree of symmetry (or actually

‘‘asymmetry’’ since these were mirrored earlier), the delta-

phase components here behave more distinctly from one

another which is perhaps to be expected since the surrounding

networks are presumably acting independently and their

behaviours should not be strongly correlated to the network

experiencing the ERD nor to one another. Although the

simulation therefore likely adequately captures the situation

proposed by the model, such behaviour does not correspond as

closely to the real brain signals we have seen as the previous

more favourable model does.

From the results, the second last model presented most

accurately accounts for the results observed in real brain

signals. The general averaged behaviour appears to support the

model in which the desynchronization results from some

portions of the network speeding up while other portions slow

down. The single trial example also provides evidence to

support this model.

In the final model, the different groups of surrounding

subassemblies would have to create a symmetrical shift in the

measured frequencies in the bands under consideration to
explain the observations. Furthermore, given the research

reported in [19,20], where regions surrounding the focus of an

ERD were actually found to increase in amplitude remaining in

the same band as the original ERD activity in the focal region,

there is strong evidence to suggest we should dismiss this

model, since it is inconsistent with the concept of ‘‘focal ERD/

surround ERS.’’ Finally, the high correlation between delta-

phase and ERD/ERS and especially as evident in the visual

similarity of the shapes of these correlated features in some of

the subjects suggest that the same network responsible for the

amplitude decrease is also responsible for the frequency

changes. If independent surrounding networks were responsible

for the frequency changes, it seems unlikely that the correlation

would be as great as it was observed to be.

In order to more fully substantiate the results discussed

above, the same real ERD activity shown in Fig. 11 was

analyzed using a window four times wider than that used to

derive the CBP features to provide increased frequency

resolution. Using this window, the changes in the power

spectral density (PSD) of the signal over the course of an ERD

was investigated. This was produced as a dynamic animation



Fig. 13. Here, the 14–18 Hz band (which is actually 13.67–17.57 Hz) shows a

PSD largest in the low end of the band (grey line) just prior to onset of the ERD

activity. At the peak of the ERD activity (black line), the frequency of the

predominant activity has shifted towards the opposite (high) end of the band.

This is consistent with the behaviour of the delta-phase activity in the upper

adjacent band discussed earlier.
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showing how the PSD changes over time from the onset of the

ERD to the maximum ERD activity. The first and final frames

of this animation are shown using superimposed grey and black

lines, respectively. Two such diagrams are used to capture the

activity in the upper and lower adjacent bands described earlier.

The increased frequency resolution provided four additional

points for each of these bands, and these points were connected

smoothly to extrapolate this data further. The results, which

appear in Figs. 12 and 13 below, are consistent with the results

in the rest of the paper and show an increase in frequency in the

upper adjacent band and a decrease in the lower adjacent band.

The central band (for which the diagram has not been included

here) shows no shift in frequency, but only a decrease in

amplitude, consistent with what was seen in that band earlier.

5. Conclusion

The delta-phase maps are a natural extension of ERD/ERS

maps and make it much easier to identify trends in delta-phase

activity.
Delta-phase, although originally thought of in terms of a

phase shift, can equally well be considered as a frequency

change, and in this paper we have quantified it in this way

resulting in a better understanding of the feature. This is not

surprising since phase and frequency are so intimately

related.

The evidence seems to weigh most heavily in favour of the

model which explains ERD/ERS activity as a change in the

oscillating frequency of the monitored network in which

subassemblies exist which begin to oscillate at different

frequencies near to the original frequency, but shifting away

from it more or less equally in both higher and lower directions

during the ERD and becoming resynchronized to the same

frequency following the ERD during the subsequent ERS.

Perhaps the most important contribution of this paper is the

high degree of correlation that has been demonstrated between

ERD/ERS and delta-phase. Knowledge of this correlation not

only provides valuable insight into the nature of ERD/ERS but

could provide an opportunity to validate motor imagery

induced ERD/ERS by considering not only band power, but

examining the associated delta-phase features to ensure that the

related band power changes are genuinely due to motor

imagery. In turn, this could lead to even better classification

results than those shown in the earlier studies.
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