BrainMaster Coherence Calculation and Training


Coherence Calculation and Training using the BrainMaster

This report explains the calculation of the coherence between two EEG signals, and explains how the BrainMaster EEG system computes this coherence in real-time for neurofeedback training using the quadrature filtering method.  For details on quadrature filtering, see report 531-010.

The BrainMaster calculates the EEG coherence within each band (alpha, theta, etc) as the cross-spectral power normalized to the total spectral power in that band.  It is calculated as a function of time, and ranges from 0.0 to 1.0.  This is similar to the commonly used Pearson correlation coefficient, but it is computed in the frequency domain, within the digital filters.  It thus provides a very fast and accurate response, and reflects the amount of similarity in frequency content between the two channels.  

Note that due to this approach to coherence calculation, there is no “windowing” issue that arises when the Pearson coefficient is used.  Instead, the time span of the estimate is determined by the characteristic time constant of the filters, which is a function of the filter passband width, and the type of filter rolloff.  Note that the BrainMaster uses either a user-selectable third-order or sixth-order Butterworth type rolloff in its digital filters, and the passband width is user-selectable, from 0.5 Hz to 10 Hz.

If the two channels have exactly the same signal in a given band, the coherence will be 1.0.  If they are entirely different, the coherence will be 0.0.  However, a coherence of 0.0 in the real world is relatively rare.  In the same manner that a Pearson correlation between unrelated signals will typically have a value between 0.2 and 0.4, signifying a small amount of random correlation, the coherence between two arbitrary EEG signals will also typically fall within this range, even when there is no significant neurological connection between them.  When there is a significant connection between two EEG signals, a coherence value between 0.6 and 0.8 will generally be seen.

Note that when coherence is used, it is important to have different reference electrodes for the two channels.  If a common reference is used, any signal that is on the reference will appear to be common to the two channels, and a misleadingly large coherence will be measured.  For example, for an accurate measurement of the coherence between the left and right sensorimotor areas, leads such as the following might be used:

Left channel:    C3 referred to A1

Right channel:  C4 referred to A2

Ground:            Fz

If a general left-right hemispheric coherence is desired, the following leads might be used:

Left channel:    Fp1 referred to O1

Right channel:  Fp2 referred to O2

Ground:            Cz

Note that the choice of leads, and the interpretation and use of coherence in the BrainMaster, including coherence training, is up to the knowledge and discretion of the practitioner.  We provide no specific recommendations regarding clinical use of this measurement.

The technical explanation of the coherence calculation is as follows:

In general, a sinusoidal  signal can be written as:

y(t) = Aycos(wt) + Bysin(wt)

Where “w” is the angular frequency in radians per second.  This represents a constant sinewave with any amplitude or phase.  The amplitude and phase of the signal are determined by the values of A and B.  If A and B are constant, then the signal will have a constant amplitude and phase, being a continual, endless sinewave.

If the signal is time-varying, it can be written as:

y(t) = Ay(t)cos(wt) + By(t)sin(wt)

The modulation produces “passbands” that give the signal its time-varying properties.   If A(t) and B(t) are sufficiently quickly changing, this equation can represent an arbitrary band-limited signal, not just a sinewave.  The time variation of the A(t) and B(t) components can provide a considerable amount of variability, and the ability to accurately reflect a signal such as the complex alpha wave in the EEG, as a rapidly changing function of time.  This is the method used in the BrainMaster quadrature filters.

Note that the values of A(t) and B(t) are computed within a quadrature filter, according to the Fourier principle, as described in the explanation of this filter (531-010).

Once we have values for A and B for any signal, we can calculate many useful values for it.  This is in addition to having the ability to compute and display the waveform itself.

The amount of power (in microvolts2) in an EEG signal is given by:

Ey2 =   Ay2 + By2 
The same way we can calculate the spectral power in a signal (for any frequency component), we can calculate the “cross spectral power” for a pair of signals.

The amount of power shared by two EEG signals can be given by the “cross-power”:

Eyz2 =  Ayz2 + Byz2 

Where Ayz2 = ayaz     and     Byz2  = bybz
Using this notation, one form of the equation for the coherence between two signals is:

Cyz =                    2 Eyz2
                         __________

                           Ey2 + Ez2
This can be said to be “The cross-spectrum divided by the sum of the autospectra”.

It is easy to compute this coherence using the coefficients from the quadrature filter.  

In terms of the filter outputs, this becomes:

C(y,z) =                2 (ayaz + bybz)

                      _____________________

                        (ay2 + by2) + (az2 + bz2)

Thus, we simply compute the “cross coefficients” of the filters, and then divide it by the sum of the power out of the two filters.  This calculation can be made on every sample of EEG, providing a real-time, running value for coherence between the two channels.  Note again that the coherence is a function of time, the same way that the values of A(t) and B(t) are functions of time, that can change rapidly, depending on the quadrature filter bandwidth and rolloff characteristics.

This coherence is like a correlation coefficient, that shows the degree of correlation between the signals.  If they are very similar in frequency content, they will have a coherence value near 1.0, and if they are different, they will have a low coherence near 0.0. 

From the equation, it is clear that the coherence of two identical signals will always be 1.0.  It is also seen that two signals that are otherwise identical, will have lower coherence if one of them adds any “out of band” signals that are not coherent with the signals.  For example, a pair of 10 Hz, 10 uV sinewaves will have a coherence of 1.0.  But if one of them adds, say, 10 uV of a 20 Hz sinewave, then the coherence will go down proportionately (to 0.67, in this case, because the signals are 2/3 identical)

In the BrainMaster coherence is calculated and displayed for all 8 components (delta, theta, alpha, lobeta, beta, hibeta, gamma, and user).   In addition a threshold can be set between 0.01 and 0.99 for training.  The operator can select any or all of the 8 components for sound feedback, hence coherence training.  In addition, the coherence can be shown on the summary screen, and read from the Excel spreadsheet that contains the minute-by-minute statistics.

In EEG, a coherence of between 0.0 and 0.4 is not considered significant, because random signals can have a small amount of coherence.  However, coherence values above 0.5 and especially exceeding 0.6, are significant for EEG training.  In exceptional cases, coherence of 0.8 and above may be seen, but this is unusual for EEG.  In practical uptraining, the user should be working to achieve coherence values in excess of 0.6.  The BrainMaster provides coherence thresholding for this purpose, and sound feedback to assist the trainee.  When any of the 8 EEG components that is “enabled” (selected for display or sound feedback) exceeds its threshold, a MIDI sound is provided, allowing the trainee to learn to produce this coherence in the selected channels and component band.

It is also possible to downtrain coherence in the BrainMaster, by selecting this option.  In this case, the sounds will come when a component is below its threshold, thus leading the trainee to keep the coherence low in the pair of channels.
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