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Example patient clinical data        
The EEG examples given herein are taken from three patients studied by long-term video/EEG monitoring 
in the epilepsy monitoring unit as possible surgical candidates.  These patients illustrate some of the 
difficulties inherent in localizing seizures using scalp EEG recordings, and how the use of analysis 
techniques may improve the ability of scalp EEG recordings to localize the epileptic focus. 

EEG file sample424 
This patient was a 38 year old, right-handed man, with seizure onset at age 37, who continued to have 
several seizures per month, which were medically refractory.  The seizures had no aura.  They were 
characterized by staring, speech arrest, and impaired responsiveness, and he was confused and drowsy but 
not dysphasic afterwards.  His routine EEG showed right temporal sharp waves.  His MRI head scan 
showed multiple cavernous hemangiomas, with the largest (2.8 cm) in the right inferior posterior frontal 
lobe, and smaller ones in the left frontoparietal and right parietal regions.  His video/EEG monitoring 
showed interictal right temporal sharp waves, and two recorded seizures of apparent right temporal origin.  
A subtraction ictal-interictal SPECT scan coregistered to the MRI showed a predominant right frontal focus 
of activity in the same location as the right frontal cavernous hemangioma (with some activity also in the 
left frontal region).  Frequency spectral analysis (including PEFSA) of the initial seizure discharge showed 
right temporal activity, but analysis of a later epoch (4 seconds after seizure onset) showed right 
frontotemporal activity, with the higher frequency harmonic being more frontally-dominant.  Based on the 
MRI and SPECT results, the patient underwent resection of the right frontal cavernous hemangioma on 
April 3, 1998.  As of his last follow-up 23 months after surgery, he was seizure free. 
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The following are this patient’s MRI head scan and the subtraction ictal-interictal SPECT coregistered to 
the MRI, showing uptake of radioisotope in the right frontal region near the cavernous hemangioma and a 
less intense uptake of radioisotope in the left frontal region: 
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EEG file sample677 
This patient was a 34 year old, right-handed man with seizure onset at age 20.  His seizure frequency was 
several per week, and these were medically refractory.  His seizures consisted of an abdominal aura, 
staring, speech arrest, and impaired responsiveness, and he was amnestic and dysphasic with paraphasic 
speech errors afterwards.  His interictal EEG showed left temporal spikes and sharp waves.  His MRI head 
scan showed volume loss and increased signal in the left hippocampus consistent with left mesial temporal 
sclerosis.  His video/EEG monitoring showed interictal left temporal spikes and sharp waves, and three 
recorded seizures with initial left frontal activity which later spread to the left temporal region and, in one 
case, secondarily generalized.  A subtraction ictal-interictal SPECT scan coregistered to the MRI showed a 
left mesial temporal focus of activity.  Frequency spectral analysis (including PEFSA) of the initial seizure 
discharge showed left frontal-predominant activity, but analysis of a later epoch (15 seconds after seizure 
onset) showed activity which was more left temporally-dominant.  Based on the MRI and SPECT results, 
the patient was offered a left temporal lobectomy, but elected to try alternative medications first. 
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The following are this patient’s MRI head scan with outlines drawn around the hippocampal 
formations, and the subtraction ictal-interictal SPECT coregistered to the MRI, showing uptake of 
radioisotope in the left mesial temporal region: 
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EEG file sample664 
This patient was a 42 year old, right-handed man with seizure onset at age 37, when he suffered a 
generalized tonic-clonic seizure during sleep.  Subsequently an MRI head scan showed a right 
frontoparietal mass.  This was resected in April 94 (estimated 90% resection) with a pathological diagnosis 
of grade 2 oligoastrocytoma.  He had mild left hemiparesis postoperatively that improved.  He also 
received radiation therapy.  From 1994 to 1996 he had frequent generalized tonic-clonic seizures, about 
once per month, and more frequent simple partial (focal motor) seizures with head twitching to the left and 
sometimes left hand clonic jerking but no loss of consciousness.  His seizure frequency decreased 
somewhat from 1996-1998 on high-dose multiple antiepileptic drug therapy, but he still had partial seizures 
1-2 times per month.  His seizure frequency increased again in January 1999 and an EEG at that time 
showed multiple recorded subclinical electrographic seizures in the right paracentral region as well as a 
delta focus in the right anterior hemisphere, maximal right centrotemporal.  When evaluated in August 
1999, his neurologic examination was normal and his MRI head scan with triple dose contrast suggested an 
area of enhancement in the right precentral gyrus felt to be worrisome for early tumor recurrence.  
Video/EEG monitoring at that time showed interictal right paracentral sharp waves and slowing, and seven 
recorded seizures with initial right paracentral activity (C4) which would later spread to the frontal region 
and the F4 electrode; postictally there was prominent spiking at the C4 electrode.  A subtraction ictal-
interictal SPECT scan coregistered to the MRI showed an area of discordant uptake ictally in the posterior 
margin of the patient’s prior resection in the right frontal lobe.  Frequency spectral analysis of the initial 
seizure discharge showed right central-predominant activity, but later epochs of the seizure showed activity 
which involved also the right frontal and midline frontocentral electrodes.  Based on the MRI and SPECT 
results, the patient underwent resection of both the SPECT abnormality and the region of gadolinium 
enhancement.  The pathology again showed a grade 2 oligoastrocytoma.  He had a postoperative left 
hemiparesis that improved somewhat, and also had a single postoperative generalized tonic-clonic seizure.  
When seen in follow up in November 1999, he had had only a few brief focal motor seizures.  However, 
subsequently his seizures increased again in frequency and were associated with increased postictal left 
hemiparesis, and an MRI head scan in February 2000 again showed a nodule of recurrent tumor. 
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The following is this patient’s preoperative MRI head scan from August 1999 showing a linear area of 
contrast enhancement on the coronal image: 
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Time domain analysis         
Tools for time domain analysis include: (1) digital filters; (2) cursor analysis; (3) autocorrelation analysis; 
and (4) cross-correlation and time delay estimation analysis.  Digital filters are part of the basic EEG 
review software, but the ability to create custom digital filters may enhance the reviewer’s ability to 
interpret the EEG by more selectively filtering out artifacts or unwanted activity.  The most basic tool of 
time domain analysis is cursor analysis, which allows measurements to be made of the time delay between 
various waveforms manually marked with cursors. 

 A digital filter is a computer program or algorithm that can remove unwanted frequency 
components from a signal.  Just as for analog filters, they can be classified as low pass (also known as high 
frequency), high pass (also known as low frequency), band pass (also known as low and high frequency), 
or band stop (also known as notch) filters.  Digital filters have several advantages over analog filters.  First, 
they can be constructed and modified easily, since they are software programs rather than hardware 
devices.  Secondly, they can easily be made to have a relatively sharp frequency cut-off if desired (e.g., 
much sharper than the typical 6 db per octave roll-off of an analog filter).  Thirdly, if properly designed 
they need not introduce any time delay (phase shift) in the signal, as invariably happens with ordinary 
analog filters, and thus time relationships between different channels can be preserved even if different 
filters are used for each. 

 Most digital filters function by forming a linear combination (weighted average) of signal 
amplitudes at the current time and various past times.  The two types of commonly used digital filters are 
the finite impulse response (FIR) filter and the infinite impulse response (IIR) filter.  The FIR filter output 
is a linear combination only of the input signal at the current time and past times.  This type of filter has the 
property that its output necessarily becomes zero within a finite amount of time after the input signal goes 
to zero.  The IIR filter output is a linear combination of both the input signal at the current time and past 
times ("feed forward" data flow) and the output signal at past times ("feed back" data flow).  This type of 
filter has the property that its output may persist indefinitely in the absence of any further input, because the 
output signal itself is "fed back" into the filter.  IIR filters can be unstable and also have the undesirable 
property of noise buildup, since noise terms created by arithmetic round-off errors are fed back into the 
filter and amplified.  For these reasons, FIR filters are easier to design.  However, IIR filters may involve 
much fewer calculations and be significantly faster in operation than FIR filters having equivalent 
characteristics.  The built-in digital filters are typically IIR filters, but custom digital filters are FIR.  FIR 
filters are characterized by 4 parameters: 

1. The low frequency cut-off.  This is zero for a high frequency filter.  For a low frequency 
or band pass filter, this is the approximate frequency below which the signal is filtered or 
attenuated significantly. 

2. The high frequency cut-off.  This is zero for a low frequency filter.  For a high frequency 
or band pass filter, this is the approximate frequency above which the signal is filtered or 
attenuated significantly. 

3. The smoothness.  This is a number in the range 0-100 that determines the degree of 
damping of oscillations in the frequency response characteristic of the filter.  The greater 
the smoothness, the less prominent will be the oscillations and the smoother appearing 
will be the frequency response characteristic of the filter.  However, greater smoothness 
values also reduce the sharpness of the filter (see below).   

4. The sharpness (or filter order).  This is an integer number in the range 1-31 that 
determines the slope of the filter response characteristic in the transition region around 
the cut-off frequency.  The greater the sharpness, the greater the slope or “roll-off” of the 
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filter.  However, greater sharpness values lead to more oscillations in the frequency 
response characteristic (less smoothness).  Also, greater sharpness values mean greater 
execution time for the filter, which translates to slower review and paging speeds when 
the filter is being used.  

Autocorrelation analysis allows the dominant rhythmic components of a signal to be assessed.  The 
unnormalized autocorrelation function Rmm(τ) of channel m is a measure of the correlation between the 
values xm(t) in that channel starting at time t and the values xm(t+τ) in that same channel starting at time 
t+τ, expressed as a function of τ, and is defined as the sum of the products of xm(t)xm(t+τ) over the epoch.  
Rmm(0) is the signal’s variance (average power) over the epoch.  A normalized autocorrelation function 
ρmm(τ) = Rmm(τ)/Rmm(0) may also be defined.  This has a value between –1 and 1, where a value of 0 means 
no correlation and a value of 1 means perfectly correlated (and –1 means perfectly correlated but out-of-
phase).  The value ρmm(0), the normalized autocorrelation at τ = 0, is 1.  For a periodic signal, Rmm(τ) is an 
oscillatory function of τ, and visual inspection of this function generally demonstrates the dominant 
rhythmic component of the signal in channel m.  It is more difficult to visually determine the presence of 
rhythmic components with other frequencies than the dominant component by this method, and spectral 
analysis is preferable for this purpose. 

Cross-correlation analysis allows two different channels to be compared, allowing for small time 
differences between the two signals.  The unnormalized cross-correlation Rmn(τ) between channel m and 
channel n is a measure of the correlation between the values xm(t) in channel m starting at time t and the 
values xn(t+τ) in channel n starting at time t+τ, expressed as a function of τ, and is defined as the sum of 
the products of xm(t)xn(t+τ) over the epoch.  A normalized cross-correlation function ρmn(τ) = 
Rmn(τ)/[Rmm(0)Rnn(0)]1/2 may also be defined.  This also has a value between –1 and 1, where a value of 0 
means no correlation and a value of 1 means perfectly correlated (and –1 means perfectly correlated but 
out-of-phase).  Unlike the normalized autocorrelation function at τ = 0, in general the normalized cross-
correlation function ρmn(0) is not equal to 1.   For periodic signals in the two channels, Rmn(τ) is an 
oscillatory function of τ, and visual inspection of this function generally demonstrates the dominant 
rhythmic component of a common signal in both channels m and n.  Furthermore, the smallest time delay τ 
at which Rmn(τ) is maximum in absolute value may often be interpreted as the lead time (if τ < 0) or lag 
time (if τ > 0) between the signal in channel m and the signal in channel n. 

Time delay estimation (TDE) is an automated algorithm based upon cross-correlation analysis.  This 
algorithm detects the lag time τpeak of the peak of the normalized cross-correlation function ρmn(τ) that is 
closest to τ = 0 in the range –50 msec < τ < 50 msec, provided that ρmn(0) > 0.15 (i.e., provided that the 
normalized cross-correlation at a lag time of 0 is not negligible).  This is done for multiple successive 
epochs of data shifted in time by a small time increment ∆t (for example, 100 msec), and the values of 
ρmn(0) and τpeak are plotted as a function of the epoch start time.  This allows the consistency of 
interchannel time delays to be assessed over multiple successive epochs.  A lead or lag time range of ±50 
msec is chosen because physiologically relevant time delays are in this range, whereas larger time delays 
are more difficult to interpret. 

Time delay analysis of ictal discharges (done in approximate fashion using cursors, or more exactly using 
cross-correlation analysis or coherence analysis described in the next section) have been postulated to be 
useful in determining the location of an epileptic focus.  It has been hypothesized that the electrode whose 
signal shows the least time delay during a seizure (the channel that leads all other channels) is closest to the 
epileptic focus, and that timing information is sometimes more relevant in localization of seizures than 
amplitude information (namely, assuming that the maximum amplitude on a referential or Laplacian 
montage is near the focus).  This may be the case, for example, in a patient with a skull defect that is 
markedly affecting the amplitude of EEG activity recorded from electrodes in the vicinity of the defect.  
Estimated time delays during a seizure tend to be quite variable and inconsistent when multiple epochs are 
analyzed.  Thus, probably only if there are multiple time delay estimates that all point to the same channel 
leading the others should this be considered as clinically relevant information.  Amplitude information  
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(that is, determining which channel has the greatest amplitude in a referential or Laplacian montage) is 
most useful for localization in the majority of patients, but in a minority the timing information provided by 
cursor, cross-correlation, or coherence analysis may be useful.  In a similar manner, studies have tried to 
separate interictal generalized epileptic discharges into the categories of primary generalized vs. secondary 
bilateral synchrony based on the absence or presence of a “significant” time delay between channels.  
These studies, in addition to the variability problem described already, suffer from the difficulty of 
choosing a threshold of significance for the time delay, since in many patients with suspected secondary 
bilateral synchrony the time delay even between the left and right hemispheres is only of the order of 10-15 
msec, close to the limits of resolution of time delay estimation with typical sampling rates in the range 200-
250 Hz. 
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Defining and Applying a Custom Digital Filter 
A. Digital Filters can be applied by selecting the High Filter (Low Pass), Notch Filter, or Custom 

Filter drop-down menus located above the traces.  Click the filter or down arrow next to the filter 
to select the filter frequency.  

 

B. To see the list of available custom digital filters, click on the Custom Filters drop-down menu. 

C. To see the characteristics of a different filter, select the filter drop down and click on the 
frequency of the filter. 

D. To illustrate the use of the custom digital filter just created and how this can help interpret an ictal 
discharge, open the record sample664. This example is for the patient with a recurrent right 
frontoparietal tumor.   Set the filters off and select the average montage, Avg31.  Advance to the 
time 20:51:55.  This shows the onset of a seizure.  There is some muscle artifact in F8 and T8 
and T7, as well as electrode artifact in TP11. 

 

E. Click the High Filter drop down menu and select the 20 Hz filter.  After filtering the muscle 
artifact, the underlying cerebral activity may be seen more clearly.  However, this filter does not 
remove the electrode artifact in TP11. 
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F. Click the Display Options. Uncheck the box labeled “Low Filter as Time Constant”.  Click OK. 
Click the Time Constant menu to select 1.6 Hz.  This filter does remove the electrode artifact in 
TP11 as well as the myogenic artifact. 
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G. You may also create your own filter (Custom Filter).  To do this, click the Display Properties 
button in the toolbar, click the Filter Types tab, then click the Properties button next to Custom 
Filter.   

H. Type the name that you would like to use in the Name field (in this example we will enter 
CO:10_BW:20_S:50:31).  Set the Cutoff Frequency to 7, BandWidth to 14, Sharpness to 50 
and the Smoothness to 31.  Now press the Save button to save the Custom Filter and then press 
the OK button to return to the Display Options, then press the OK button to close the Display 
Options. 

 

I. Set the filters to off then Select the custom digital filter that you just created named 
CO:10_BW:20_S:50:31 (a 20 Hz high frequency filter) to activate the filter.  After filtering the 
muscle artifact, the underlying cerebral activity may be seen more clearly.  However, this filter 
does not remove the electrode artifact in TP11. 
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J. Now let’s create a digital filter as follows: 

Cutoff Frequency: 11 

BandWidth: 18 

Sharpness: 30 

Smoothness: 30 

K. When you apply this digital filter (a 2-20 Hz band pass filter) you will notice that this filter does 
remove the electrode artifact in TP11 as well as the myogenic artifact.  Note that the custom filter 
may be turned off by selecting (off) in the Custom Filter drop-down menu. 
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L. To permanently delete the digital filter just created, go to the Display Options, and select the 
Filter Types tab, then select Properties next to Custom Filters.  Select the digital filter that you 
would like to remove and press the Delete button.  
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Using Cursor Analysis to help localize Interictal Spikes 
B. Open the record sample424.  This example is for the patient with the right frontal cavernous 

hemangioma.  Set the filters to off and select the average reference montage, Avg31.  Advance to 
the time 5:43:46, which shows the interictal background activity, including a right frontotemporal 
spike discharge in the last second of the epoch. 

 

 

C. Using the Speed Drop-down, select 2-seconds. Then scroll to the epoch from 5:43:55-5:43:57 for 
analysis (showing the right frontotemporal spike). 
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D. Right-click on the peak of the interictal spike in channel F8 and select Insert Cursor. 
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E. To perform further analysis of the spike data including topographic mapping or dipole or other 
source modeling, right-click on the right side of the recording and select Insert Vertical 
Adornment.  For topographic mapping, select Voltage Plot. 
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 24

 

F. You can measure the time delay of multiple waveforms.  To do this right-click on the waveforms 
and select Insert Range.  To end the range, click the position in which you would like the range 
ended.  In this example the range ends at the peak of the interictal spike in channel T8.  To view 
the Delta for the range, right-click on the range and select Cursor Control | Properties….  The 
values of each cursor in the range are show compared to the original cursor. It will display that the 
peak of the spike at T8 is delayed by 15 msec compared to the peak of the spike at F8.  The cursor 
Delta is also shown in the bottom left-hand corner of the InsightII window. 
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G. The Voltage plot can be changed depending on the point of importance.  To change the voltage 
plot information, simply insert a cursor on the section of the trace in which you would like to 
generate a Voltage Plot.  The Voltage Plot will change automatically to the cursor that is selected.  
Use the right and left arrow keys to move forward or backward in the recording to generate a new 
voltage plot. 
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Using Auto-correlation Analysis to help localize A Seizure 
A. Open the record sample424.  This example is for the patient with the right frontal cavernous 

hemangioma.  Make sure filters are off and select the average reference montage, Avg31.  Move 
to the beginning of the first event of section 3 (13:52:35 on 20-Mar-98).  (This can also be done 
by dragging the scroll bar and noting the time displayed on the tool tip). Then advance to the time 
13:53:51.  This shows the onset of a seizure. 

 

B. Insert a 3 second range from 13:53:52 to 13:53:55.  To do this, right-click on time 13:53:52 and 
select Insert Range, then click on the time 13:53:55.  To position the cursors on the exact times 
click on the top of the cursor and use the left and right arrow keys on your keyboard to move the 
cursors.  (Note the delta activity in F8, T8, F10, and T10 which represents the seizure discharge.) 
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C. Right click on the right half of the EEG traces, select Insert Vertical Adornment, and then select 
Time Domain Analysis.   



 28

 

D. Un-check Normalize to have an un-normalized Auto Correlation.  Change the lag time to 1 
second, then click on the Data Ranges tab, and select Ranges as the Method.  Click the OK button 
to show the autocorrelation for this range. 
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E. An autocorrelation plot for each channel is displayed on the right half of the screen, while the 
original EEG is displayed on the left side.  This display shows the unnormalized autocorrelation 
as a function of the lag time τ in the range 0 to 1 sec.  Note that the ictal discharge in the right 
front temporal region has a predominant frequency of about 3 Hz (3 cycles over the 1000-msec 
time range analyzed).  The values shown on the right are the root-mean-square (rms) amplitudes 
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of the various channels over the epoch (defined as the square root of the total variance of the 
signal, Rxx(0), in channel x).  Note that the highest rms amplitudes are in the right frontotemporal 
channels (F8, T8, F10, and particularly T10), which would localize the seizure to this region by 
amplitude criteria. 

 

F. To change the lag time scale right click on the autocorrelation adornment and click Properties, 
enter the amount of lag time that you would like to use in seconds (i.e., .2) and then click the OK 
button.  For example, the following shows the unnormalized autocorrelation over a lag time of 
200 msec (.2 seconds). 
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Using evolution of Autocorrelation over time to help localize a seizure 
A. The autocorrelation function of a single epoch of a seizure (for example, at seizure onset) may 

help to determine the location of maximum activity, but since seizures are dynamic phenomena, it 
is often necessary to study multiple successive epochs during seizure evolution.  This may be 
helpful in determining the exact point in time at which the electrographic seizure discharge 
begins, as well as the time of spread to other ipsilateral or contralateral regions.  One way to see 
the evolution of the autocorrelation function is to display multiple successive epochs side by side 
on the screen; this allows all of the channels to be seen simultaneously.  As an example, open the 
record sample424.  This example is for the patient with a right frontal cavernous hemangioma.  
Set all the filters off and select the Avg31 montage.  Move to the time 13:53:51.  This shows the 
onset of a seizure. 
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B. Insert a 9 second range from 13:53:52 to 13:54:01.  To insert a range, right-click on the time that 
you would like to start your range (ie. 13:53:52) and select Insert Range, then click on the time 
that you would like to end your range (ie., 13:54:01). 
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C. Right click on the right half of the recording, select Insert Vertical Adornment | Time Domain 
Analysis.   

 

D. Select Epoch Analysis, enter 3 seconds for the epoch length and 1 second for the LagTime, 
uncheck Normalize, uncheck use msec. Then, click on the Data Ranges tab and select Ranges as 
the Method. 
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E. Click the OK button.  A series of four sets of unnormalized autocorrelation functions are 
displayed, including the 3-sec epoch and 3 successive epochs.   
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F. From these plots, it is clear that the initial ictal discharge with a frequency of about 3 Hz has the 
greatest amplitude in T10, and over time the discharge increases in amplitude and spreads to 
adjacent regions in the midline and right hemispheric channels while maintaining approximately 
the same frequency 
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Using Cross-correlation Analysis to help localize A Seizure 
A. Open the record sample424.  This example is for the patient with the right frontal cavernous 

hemangioma.  Set the filters to off and select the average reference montage, Avg31.  Advance to 
the time 13:53:51, which shows the onset of a seizure. 

 



 38

B. Select 3-second range from 13:53:52 to 13:53:55.  To insert a range, right-click on the time 
13:53:52 and select Insert Range, then click on the time 13:53:55.  (showing the initial ictal 
discharge.  Note the delta activity in F8, T8, F10, and T10, which represents the seizure 
discharge). 
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C. Right click on the right side of the recording.  Select Insert Vertical Adornment | Time Domain 
Analysis.  

 

D. Select Cross-Correlation, when a list of channels appears use the down arrow key to select the 
channel T10-Avg31.  Enter a lag time of .5 seconds and un-check Normalize, click the Data 
Ranges tab, select Ranges as the Method, then click the OK button.   
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E. A cross-correlation plot for each channel with the template channel T10-Avg31 is displayed on 
the right half of the adornment, while an autocorrelation plot for each channel is displayed on the 
left side.    This display shows the unnormalized cross-correlation as a function of the lag time τ 
in the range -500 to 500 msec.  Note that the ictal discharge in the right frontotemporal region has 
a predominant frequency of about 3 Hz (3 cycles over the 1000-msec time range analyzed).  The 
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values shown on the right of the autocorrelation plots are the root-mean-square (rms) amplitudes 
of the various channels over the epoch (defined as the square root of the total variance of the 
signal, Rxx(0), in channel x).  The values shown at the right of the cross-correlation plots are the 
normalized cross-correlation between each channel and the template channel at lag time τ = 0 
(range –1 to 1), and the product of this normalized cross-correlation and the square root of the 
total variance of the signal; positive values indicate channels which are in-phase with the 
template, and negative values channels which are out-of-phase.  For the template channel T10-
Avg31, the normalized correlation is of course 1.  Note that the highest absolute normalized 
cross-correlations with T10 are in C3, F8, T8, F10, and TP12. 
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F. To change the lag time scale, right-click on the cross-correlation adornement and select 
Properties, then enter the amount of time that you would like to use for the LagTime.  You can 
also switch from displaying unnormalized to normalized cross-correlations and back by checking 
and un-checking the Normalized checkbox.  When you click the OK button, your changes are 
activated.  For example, the following shows the normalized cross-correlation over a lag time of -
250 to 250 msec (.25 seconds). 
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G. You can now insert a cursor across the cross-correlation display.  To insert a cursor, right-click on 
the correlation and select Insert Cursor to measure the lead or lag time of the peak of the cross-
correlation in various channels.  The time is shown in seconds, thus the time at the cursor (in this 
case 10 msec) is shown.  This cursor has been positioned at the peak of the cross-correlation in 
channel P8, indicating that this channel appears to lag the template T10-Avg31 channel by about 
15 msec. 

 

H. You can measure the lag or lead times of the peaks of more than one channel using more than one 
cursor.  To start another cursor, right-click and select on the correlation and select Insert Cursor.  
In this case, position the second cursor at the peak of the cross-correlation (as nearly as can be 
determined) in the channel F4, which is at -.075 sec, indicating that this channel leads the 
template T10-Avg channel by about .075 sec (or 75 msec).  In this example, the channels that 
have a significant cross-correlation with the template all seem to be relatively synchronous, so 
that time delays provide little information about seizure onset location. 
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I. In order to assess the stability of the time delays over multiple successive epochs, the Cross 
Correlation Lag=0 tool may be used.  Open the record sample424.  This example is for the 
patient with the right frontal cavernous hemangioma.  Make sure filters are off and select the 
average reference montage, Avg31.  Move to the time 13:53:52, which shows the onset of a 
seizure.  Note the delta activity in F8, T8, F10, and T10 which represents the seizure discharge: 
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J. Right-click on the right side of the recording, select Insert Vertical Adornment | Time Domain 
Analysis.  Select Cross Correlation Lag=0.  Use the down arrow key to select the channel T10-
Avg31.   The sensitivity may be increased to 0.7 by entering it in the Threshold for significant 
field.  Enter 2 seconds for the Epoch length, .1 for the Epoch Shift, and 0 for the Lag Time. 
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K. The EEG is displayed on the left half of the screen, and the normalized cross-correlations at lag 
time 0 between each channel and the template channel T10 are displayed on the right half of the 
screen.  This right side display shows the normalized cross-correlations at lag time 0, ρmn(0), 
calculated for multiple 2-second epochs beginning at time t and plotted as a function of t, where t 
increases incrementally by 100 msec steps in these plots over the 10-second range from 13:53:52 
to 13:54:02.  For the template channel T10-Avg, the normalized cross-correlation is of course 1 
for all times t; for other channels, it is in the range –1 to 1.  The black line shown for each channel 
is the baseline corresponding to ρmn(0) = 0.  Positive cross-correlation values indicate that the 
channel is in-phase with the template channel T10-Avg at lag time 0, while negative cross-
correlation values indicate that it is out of phase.  Note that the most stable and highest positive 
normalized cross-correlations with T10 are in F8, T8, F10, and TP12. 
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L. You can change the length of the epoch cross-correlated, to do this, right-click on the correlation 
and select Properties.  The following shows the normalized cross-correlation at lag time 0 for 
multiple 3-second epochs with a time step of 200 msec.  Uncheck the Use msec checkbox to no 
show the adornment labels as a matter of milliseconds. 
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M. Insert a cursor at 1.8 seconds in the adornment.  To insert a cursor, right-click on the adornment 
and select Insert Cursor to measure the normalized cross-correlations at various times.  Right-
click on the top of the cursor and select Edit.. to modify the placement of the cursor., enter 1.8 as 
the Position, then click the OK button.  The time at the cursor (relative to the starting time 
13:53:52, in this case 1.8 sec) is shown at the bottom of the cursor. 



 51

 

N. The normalized cross-correlation values for each channel at this time can be shown on the right.  
To show the values of the normalized cross-correlation, right-click on the adornment and select 
Insert Vertical Adornment | TDA Table.  Then right-click on the section that was created next 
to the adornment and select Properties.  In the properties menu, check the Cxy_t: Value at 
Cursor Position checkbox, check the Normalize checkbox, then click the OK button.  Note the 
values for some channels (such as P8 and to some degree T8 and P10) were greater at the start of 
the seizure and decrease over time; the values in F8, T8, F10, TP12, and P10 remain greater than 
0.6, however, 1.8 seconds into the seizure.) 
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O. You can measure the cross-correlations at another time using more than one cursor.  To start 
another cursor, right-click on the correlation and select Insert Cursor.  In this case, position the 
second cursor at time 5.3 sec relative to the starting time, 13:53:52.  Note that the cross-
correlations at lag time 0 have further decreased in T8, P8, and F10 at 5.3 seconds into the 
seizure. 
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P. You can now calculate the Time Delay Estimates (TDE).  To change the Time Domain Analysis 
adornment, right-click on it and select Properties.  Then select Time Domain Estimations for the 
Output Type, 3 seconds for the Epoch Length, .2 seconds for the Epoch shift, and .2 seconds for 
the LagTime. .18 for the Threshold for significant corr, and then click the OK button.   

 

Q. The right side display now shows the estimated delay times, τpeak, at which the cross-correlation is 
a maximum, calculated for multiple 3-second epochs beginning at time t and plotted as a function 
of t, where t increases incrementally by 200 msec steps in these plots over the 10-second range 
from 13:53:52 to 13:54:02.  For the template channel T10-Avg31, the time delay estimate is of 
course 0 for all times t; for other channels, it is in the range –50 to 50 msec (calculated time 
delays greater than 50 msec are plotted as 50 msec, and delays less than –50 msec are plotted as –
50 msec).  The solid line shown for each channel is the baseline corresponding to τpeak = 0.  
Positive time delay estimates indicate that the channel is delayed with respect to the template 
T10-Avg, while negative time delay estimates indicate that it is leading the template channel.  A 
zero time delay estimate may occur in either of the following situations: a) if the peak cross-
correlation occurs at lag time 0; or b) if the cross-correlation at lag time 0 is less than 0.15 
(indicating that the channel is not significantly correlated with the template or is out-of-phase 
with the template at lag time 0).  Note that the most stable non-zero time delay estimates are in F8 
and T8, which appear to be leading the template channel T10 by a small amount (5 msec) – too 
small to be clinically significant.  TP12 appears to lag behind T10 by 5 msec for the first 2.5 sec 
of the seizure, and then becomes synchronous with T10 (again, not clinically significant).  P8 and 
P10 appear to initially lead T10, then after 3 seconds lag behind T10 by about 5 msec. 
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R. You can now insert and move a cursor across the time delay estimate display.  To do this, right-
click on the adornment and select Insert Cursor to measure both the normalized cross-
correlations and the time delays at various times.  The time at the cursor (relative to the starting 
time 13:53:52, in this case 1.7 sec) is shown at the bottom. 



 58

 

S. Then, right-click on the adornment and select Insert Vertical Adornment | TDA Table. 
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T. The normalized cross-correlation values at lag time 0 and the time delay estimates (in msec) for 
each channel at this time are shown on the right.  Note that at 1.8 sec after seizure onset, C4 leads 
T10 by 15 msec (but with a cross-correlation of only 0.31), F8 leads T10 by 5 msec, T8 is 
synchronous with T10, P8 lags T10 by 15 msec, F10 is synchronous with T10, TP12 lags T10 by 
5 msec, and P10 lags T10 by 10 msec. 
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U. You can measure the cross-correlations and time delay estimates at another time using more than 
one cursor.  To start another cursor, right click on the adornment and select Insert Cursor.  In 
this case, position the second cursor at time 5.3 sec relative to the starting time, 13:53:52.  Note 
that the time delay estimates for P8 and P10 have become negative (P8 and P10 leading T10) at 
5.3 seconds into the seizure. 
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Another Example Of Using Cross-correlation To Help Localize A Seizure 
To generate an example of a cross-correlation display and how this may be used to help localize 
an ictal discharge, open the record sample664. This example is for the patient with a recurrent 
right frontoparietal tumor.   Make sure to set the filters off and select the average reference 
montage, Avg31.  

A. Drag the horizontal scrollbar to advance to the time 20:51:55.  This shows the onset of a seizure. 

 



 63

B. Next, we will mark a 3 second range of EEG from 20:51:58 to 20:52:01 showing the ictal 
discharge 3 seconds after seizure onset (note the theta activity in C4 and adjacent electrodes F4, 
P4, FZ, and CZ which represents the seizure discharge). 
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C. Right-click on the right side of the recording, select Insert Vertical Adornment | Time Domain 
Analysis. 

 

D. Select the Cross-Correlation for the Output Type.  Then, when a list of channels appears, click 
channel C4-Avg31, enter a Lag time of .5 seconds, un-check Normalize, and un-check Use msec.  
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E. Next, click the Data Ranges tab, select Ranges for the Method, and then click the OK button. 

 

F. A cross-correlation plot for each channel with the template channel C4-Avg is displayed on the 
left half of the adornment, while an autocorrelation plot for each channel is displayed on the right 
side.  This display shows the unnormalized cross-correlation as a function of the lag time τ in the 
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range -500 to 500 msec.  Note that the ictal discharge in the midline and right central region has a 
predominant frequency of about 6 Hz (6 cycles over the 1000-msec time range analyzed).  Note 
that the highest absolute normalized cross-correlations with C4 are in CZ and P4. 
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G. You can change the lag time scale by right clicking on the correlation adornment and selecting 
Properties, then enter a LagTime in which you would like to use.  Also, you can switch from 
displaying unnormalized to normalized cross-correlations and back by un-checking or checking 
the Normalized checkbox.  You can also choose to have the adornment shown in millisends or 
seconds by checking and un-checking the Use msec checkbox.  Pressing OK activates these 
changes.  For example, the following shows the unnormalized cross-correlation over a lag time of 
-100 to 100 msec. 
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H. You can now insert a cursor to measure the lead or lag time of the peak of the cross-correlation in 
various channels.  To do this right-click on the cross-correlation display and select Insert Cursor.  
The time at the cursor (in this case , -.04 or -4 msec) is shown on the cursor (right-click on the 
cursor and select Edit to adjust exact cursor placement).  This cursor has been positioned at the 
peak of the cross-correlation in channel P4, indicating that this channel appears to lag the template 
C4 channel by about 4 msec. 
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I. You can measure the lag or lead times of the peaks of more than one channel using more than one 
cursor.  To insert another cursor, right-click on the adornment and select Insert Cursor.  In this 
case, position the second cursor at the peak of the cross-correlation (as nearly as can be 
determined) in the channel CZ, which is at 8 msec, indicating that this channel lags the template 
C4 channel by about 8 msec.  In the analysis of this epoch, the channels that have a significant 
cross-correlation with the template all seem to lag slightly behind the template channel, suggesting 
that the seizure focus may be closest to the C4 electrode (consistent with the maximum amplitude 
being at C4). 
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J. The consistency of the time delays may be evaluated during the evolution of the seizure looking at 
the cross-correlation displays of successive epochs.  For example, open the record sample664. 
This example is for the patient with a recurrent right frontoparietal tumor.  Set the filters off and 
select the average reference montage, Avg31.  Move to time 20:52:04, which shows the seizure 10 
sec after onset. 
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K. Select a 3 second range from 20:52:05 to 20:52:08.  This shows the 3-second epoch from that will 
be used for analysis (10 seconds after seizure onset.  Note the theta activity in many channels, 
particularly C4, F4, P4, FZ, and CZ, which represents the seizure discharge). 
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L. Right-click on the right side of the recording, select Insert Vertical Adornment | Time Domain 
Analysis. 

 

M. Select Cross-Correlation, select C4-Avg31 as the template channel and change the lag time scale 
to .05 sec, then click the OK button.   
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N. Cursors may then be placed at the peak of the cross-correlation in P8 and T8.  From this display, it 
may be seen that the time lag of P4 or CZ relative to C4 is negligible (their cross-correlation 
peaks are on the zero-lag-time axis).  The lag time of P8 is about 5 msec.  The time lag of T8 is 8 
msec.  Thus, cross-correlation analysis of this epoch suggests that the seizure focus is the right and 
midline centroparietal region.  This is consistent with the maximum amplitude of the ictal 
discharge being in C4. 
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O. Another way to assess the stability of the time delays over multiple successive epochs is to use the 
Cross-Correlation Lag=0 tool.  Open the record sample664. This example is for the patient with 
a recurrent right frontoparietal tumor.   Set the filters off and select the average reference montage, 
Avg31. Move to the time 20:51:55, which shows the onset of a seizure (note the theta activity in 
C4 and adjacent electrodes F4, P4, FZ, and CZ which represents the seizure discharge). 
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P. Right-click on the right half of the recording, select Insert Vertical Adornment | Time Domain 
Analysis. 

 

Q. Select the Cross-Correlation Lag=0, select the channel C4-Avg, set the Threshold for 
significant to 0.6, set the Epoch to 2 seconds, set the lag time to 0, de-select Use msec, then click 
the OK button. 
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R. The original epoch of EEG is displayed on the left half of the screen, and the normalized cross-
correlations at lag time 0 between each channel and the template channel C4-Avg are displayed on 
the right half of the screen.  This right side display shows the normalized cross-correlations at lag 
time 0, ρmn(0), calculated for multiple 2-second epochs beginning at time t and plotted as a 
function of t, where t increases incrementally by 100 msec steps in these plots over the 10-second 
range from 20:51:55 to 20:52:05.  For the template channel C4-Avg, the normalized cross-
correlation is of course 1 for all times t; for other channels, it is in the range –1 to 1.  The solid line 
shown for each channel is the baseline corresponding to ρmn(0) = 0.  Positive cross-correlation 
values indicate that the channel is in-phase with the template channel C4-Avg at lag time 0, while 
negative cross-correlation values indicate that it is out of phase.  Note that the most stable and 
highest positive normalized cross-correlations with C4 are in F4, P4, CZ, PZ, and P8. 
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S. You can change the length of the epoch cross-correlated.  To change the length of the epoch, right-
click on the adornment and select Properties, enter the length that you would like to use, then 
click the OK button.  For example, the following shows the normalized cross-correlation at lag 
time 0 for multiple 4-second epochs with a time step of 50 msec. 
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T. You can now insert a cursor to measure the normalized cross-correlations at various times.  To 
insert a cursor, right-click on the adornment and select Insert Cursor.  The time at the cursor 
(relative to the starting time 20:51:55, in this case 1.4 sec) is shown at the bottom. 

 

U. To show the normalized cross-correlation values, right-click on the adornment and select Insert 
Vertical Adornment | TDA Table.   
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V. Then, right click on the area that appears to the right of the cross-correlation adornment and select 
Properties.  When the properties windows appears, check the boxes for Cxy_t: Value at Cursor 
Position, and Normalize, then click the OK button. 
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W. The normalized cross-correlation values for each channel at this time are shown on the right.  Note 
that the values for some channels (such as CZ and PZ) were lower at the start of the seizure and 
increase over time, while the values for other channels (such as F4 and P8) decrease over time, 
and the value for P4 remains relatively stable; the values in CZ, PZ, P4, and P8 are greater than 
0.4 at 1.6 seconds into the seizure. 
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X. You can measure the cross-correlations at another time using more than one cursor.  To start 
another cursor, right-click on the correlation and select Insert Cursor.  In this case, position the 
second cursor at time 6.0 sec relative to the starting time, 20:51:55 (right-click on the top of the 
cursor to open the Edit dialog for precise placement).  Note that the cross-correlations at lag time 0 
have decreased in CZ, PZ, and P8 but have increased in T8 at 6.1 seconds into the seizure. 
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Y. You can now calculate the time delay estimates (TDE) by right-clicking on the adornment and 
selecting Properties.  Then select Time Delay Estimations , enter 3 seconds for the epoch length, 
select the channel C4-Avg31, enter .15 for the Threshold for significant corr, and 0.6 for the 
LagTime, then click the OK button.   
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Z. Positive time delay estimates indicate that the channel is delayed with respect to the template C4-
Avg31, while negative time delay estimates indicate that it is leading the template channel.  A zero 
time delay estimate may occur in either of the following situations:  

a. if the peak cross-correlation occurs at lag time 0; or  

b. if the cross-correlation at lag time 0 is less than 0.15 (indicating that the channel is not 
significantly correlated with the template or is out-of-phase with the template at lag time 
0).   

Note that from about 1.5 to 4 seconds after seizure onset, PZ, P4, and P8 appear to lead the 
template C4 by about 5 msec.  However, this time delay is unlikely to have clinical significance. 
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AA. You can now move a cursor across the time delay estimate display by right-clicking on the 
adornment and selecting Insert Cursor to measure both the normalized cross-correlations and the 
time delays at various times.  The time at the cursor (relative to the starting time 20:51:55, in this 
case 1.4 sec) is shown at the bottom. 
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BB. Right-click on the adornment and select Insert Vertical Adornment | TDA Table. 
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CC. The un-normalized cross-correlation values at lag time 0 and the time delay estimates (in msec) 
for each channel at this time are shown on the right.  Note that at 1.6 sec after seizure onset, PZ 
and O2 lead C4 by 20 msec, OZ leads C4 by 20 msec, P4 and P8 lead C4 by 5 msec, and CZ is 
synchronous with C4. 
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DD. You can measure the cross-correlations and time delay estimates at another time using more than 
one cursor.  To start another cursor, right click on the adornment and select Insert Cursor. In this 
case, position the second cursor at time 5.8 sec relative to the starting time, 20:51:55.  Note that 
CZ now lags C4 by 5 msec while PZ and P8 continue to lead by 5 msec at 5.8 seconds into the 
seizure, while P4 is synchronous with C4 and T8 leads C4 by 10 msec.  These time differences 
are probably not clinically significant. 
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Frequency domain analysis        
Tools for frequency domain analysis include: (1) frequency spectra and binned spectra; (2) compressed 
spectral arrays using FFT and Wigner algorithms; (3) phase-encoded frequency spectra; and (4) coherence 
and phase spectra and binned coherence spectra.  The most basic tool of frequency spectral analysis is the 
power spectrum fmm, which is the Fourier transform of the autocorrelation function Rmm of channel m.  The 
usual algorithm used for calculating the power spectrum is the Fast Fourier Transform (FFT) algorithm, 
which is an efficient computational method for calculating a discrete Fourier transform (a Fourier transform 
of a time-sampled signal). 

EEG spectral analysis has been used to assess the dominant background frequencies in normal and disease 
states such as dementia, cerebral infarction, cerebral neoplasms, and various toxic and metabolic disorders.  
For example, analyses of background activity in demented subjects (Wszolek et al, 1992) and in subjects 
taking antiepileptic medications (Herkes et al, 1993) have been performed.  Spectral analysis has also been 
used in intraoperative monitoring to assess changes in depth of anesthesia or cerebral ischemia.  Most 
abnormal conditions increase the amount of slow wave activity in the EEG, and may decrease the amount 
of faster frequency activity.  Quantitative measures that may be used include: 

the percentage power in the delta (0-4 Hz), theta (4-8 Hz), or delta + theta (0-8 Hz) bins 

the percentage power in the alpha (8-13 Hz), beta (13-50 Hz), or alpha + beta (8-50 Hz) bins, or various 
other power ratios (for example ratio of alpha to delta) 

the mean frequency in the entire spectrum or in a portion of the spectrum such as the alpha bin 

the “spectral edge” frequency (often taken to be the frequency below which 95% of the power in the entire 
spectrum occurs). 

 

Although spectral analysis can be applied only to one channel at a time, useful comparisons can be made 
between the spectra of recordings in different head regions.  As expected, focal brain lesions tend to 
produce focal changes in power spectra while diffuse processes produce generalized changes.  Quantitative 
measures of asymmetry can be calculated, such as the left-to-right ratio of power in the entire spectrum or 
in individual frequency bins such as alpha, delta, etc. 

Spectra of background EEG typically vary over time, and this variation may provide important information 
about changes in patient state, the occurrence of transient events, etc.  To represent the variation of spectra, 
computed power spectra of successive EEG epochs are calculated (a process known as time-frequency 
analysis).  These successive spectra may be stacked vertically for display (known as a compressed spectral 
array or CSA).  Because the frequency resolution of a spectrum is inversely related to the duration of the 
epoch of EEG analyzed (which is the temporal resolution of the CSA), there is always a trade-off between 
temporal and frequency resolution.  The conventional Fourier spectrum as implemented by the FFT (Fast 
Fourier Transform) algorithm provides good frequency resolution at the expense of time resolution.  The 
Wigner spectrum provides an optimal balance between time and frequency resolution and therefore may be 
better suited to a CSA display, although it requires significantly more computation time than the FFT 
algorithm. 

Power spectra may also be used to analyze transient cerebral events such as epileptic seizures.  The power 
spectrum of a partial complex seizure of temporal lobe origin, for example, tends to be complex with 
several frequency components (often a fundamental with one or more harmonics, i.e., nearly integral 
multiples of the fundamental frequency) whose amplitudes in various head regions may differ.  The 
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spectrum also evolves over time during the course of the seizure.  This may be represented visually by 
means of a CSA (using either the Fourier or Wigner spectrum). 

The following examples illustrate frequency-domain analysis.  In many examples, this is applied to the 
determination of the onset and classification or localization of epileptic seizures.  Because ictal discharges 
are typically rhythmic, quantitative analysis of the distribution of seizure activity over the electrode array is 
often best obtained in the frequency domain, as opposed to analysis of a single interictal epileptiform 
transient which is usually best accomplished in the time domain.   Typically frequency spectra of several 
epochs of the seizure are inspected.  Peaks in the frequency spectra are identified and their relative 
amplitudes assessed.  It is common during seizures to see more than one spectral peak.   The distribution of 
the peak spectral power or amplitude over the electrode array provides information about the localization of 
the epileptic focus in partial seizures.  In some cases, determining the localization of a higher-frequency 
harmonic peak is more useful clinically than the localization of a lower-frequency (fundamental) peak, 
even though the lower-frequency peak has greater amplitude.  This corresponds to the observation that the 
ictal discharge in the epileptogenic region often appears to be more complex in the time domain, with 
notched or pointed waveforms, or may have a noticeably higher frequency than the simultaneous activity in 
other head regions (such as the contralateral temporal lobe) where the activity is more sinusoidal or lower 
in frequency. 
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Using frequency spectra to help localize a seizure 
A. Open the record sample424.  This example is for the patient with the right frontal cavernous 

hemangioma.  Set the filters off and select the average reference montage, Avg31.  Move to the 
time 13:53:51, which shows the onset of a seizure. 
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B. Insert a range to mark the time 13:53:52 to 13:53:55 for analysis (showing the initial ictal 
discharge). Use the cursor status window in the lower-left corner for precise cursor placement by 
selecting each end of the range, then using the left-right cursor keys to move the selected cursor.  
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C. Right click on the recording, select Insert Vertical Adornment | Frequency Domain Analysis.  
Select the Power Spectrum tool. Select the Data Ranges tab, select Ranges from the Method drop-
down menu, and Visible from the Subset drop-down menu, and then click the OK button.  
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D. You can now insert a cursor across the frequency spectrum by right clicking on the spectrum and 
selecting Insert Cursor to measure the amplitudes and frequencies of various peaks.  The ictal 
discharge in this example represents frequencies between approximately 2 and 7 Hz.  Click on the 
cursor to move it.  The cursor displays the frequency at the cursor location (in this case 2.60 is 
shown, or 2.60 Hz).  
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E. You can measure the frequencies and amplitudes of multiple peaks in the spectrum using more 
than one cursor.  To start another cursor, right-click and select Insert Cursor, and click on the 
cursor to move it.  In this case, position the second cursor at 5.10 Hz (5.10).  Here, both the first 
and second selected frequency peaks at 2.60 and 5.10 Hz are localized to the right temporal 
region.  
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F. Note that the frequency scale may be changed from the default 0-30 Hz.  To change the frequency 
scale, right-click on the spectrum and select Properties, then click the Spectrum tab.  The 
minimum and maximum Hz can be changed on this screen by entering the values.   Pressing the 
OK button activates any changes made.  The originally placed cursors are kept when changes are 
made.  The following shows a 0-15 Hz frequency scale: 
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G. Other controls include the ability to select the data window utilized for the spectrum calculation 
(available by right-clicking on the spectrum and selecting Properties).  Some experimentation 
with different spectrums may help to bring out the peaks of the spectrum optimally. For example, 
you can select the Triangle window instead of the default Hamming in data window type.  In this 
example, the Raw Spectrum with the Triangle window was selected.  Press OK to apply the new 
spectrum. 
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Using binned spectra to help localize a seizure 
A. Open the record sample424.  This example is for the patient with a right frontal cavernous 

hemangioma.  Set the filters off and select the Laplacian montage, Laplacian3.  Move to the time 
13:53:51, which shows the onset of a seizure. 
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B. Mark a 3 second range from 13:53:52 to 13:53:55 for analysis (showing the initial ictal discharge). 
Use the cursor status window in the lower-left corner for precise cursor placement by selecting 
each end of the range, then using the left-right cursor keys to move the selected cursor. 
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C. Right-click on the right half of the recording and select Insert Vertical Adornment | Frequency 
Domain Analysis. 

 

D. Make sure that Power Spectrum is selected for the Output Type, and that Binned Analysis is 
selected for the Analysis Type.  Select the Data Ranges tab and select Method: Ranges and 
Subset: Visible then click the OK button.  A frequency spectrum of the selected epoch is 
displayed.  
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E. You can now move a range across the frequency spectrum to measure the amplitudes and 
frequencies pertaining to a range of frequencies (a bin).  To insert a range, right-click on the 
frequency spectrum and select Insert Range, click  to place the end of the range.  Right-click on 
the top of the cursor for the beginning of the range and select Edit, enter 1.46 for the Position and 
then press the OK button.  Right-click on the top of the cursor for the end of the range and select 
Edit, enter 4.00 for the Position and then press the OK button. 
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F. The rms amplitude within the selected frequency bin (SumAmp), the peak frequency within the 
selected bin (fPeak), and the mean frequency within the selected bin (fMean) can displayed for 
each channel.  To show these values, right-click on the frequency spectrum and select Insert 
Vertical Adornment | FDA Table.  
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G. Right-click on the FDA Table and select Properties, then check the boxes for fMean, SumAmp, 
and fPeak, then click the OK button. 
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H. To define additional frequency bins, continue to insert ranges to define in turn the lower and upper 
limits of frequency bins 2, 3, and 4.  Bins defined in this way may be contiguous (lower limit 
equal to upper limit of previous bin, by overlapping cursors) or not.  In this case, additional bins 
from 4.0-6.8 Hz, 6.8-10.0 Hz, and 16.0-24.0 Hz are defined.  Note particularly the 1.7-4.3 Hz bin 
and the 4.0-6.8 Hz bin, which both show maximum amplitude in T10 (16.9 and 9.0 respectively).  
This is comparable to the results shown for analysis of individual spectral peaks.  However, 
analysis of frequency bins is less susceptible to noise in the spectrum than analysis of individual 
peaks since amplitudes are integrated over an entire peak or several peaks.  The bins, of course, 
must be appropriately defined to include only the peak(s) of interest.  (In this example, the 16.0-
24.0 Hz bin contains primarily muscle artifact which is maximal at T7). 
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Another example of using frequency spectra to help localize a seizure 
A. The following is another example of spectral analysis of an ictal discharge.  Open the record 

sample677.  This example is for the patient with left mesial temporal sclerosis.  Set the filters off 
and select the average reference montage, Avg31.  Move to the time 10:32:23, which shows the 
onset of a seizure. 
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B. Insert a range to mark the 3-second epoch from 10:32:24-10:32:27 for analysis (showing the initial 
ictal discharge). 

  

 



 122

C. Right-click on the recording and select Insert Vertical Adornment | Frequency Domain 
Analysis. 

 

D. Select the Power Spectrum tool, then click on the Data Ranges tab. Select Ranges as the Method 
and Visible as the Subset, then click the OK button. 
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E. A frequency spectrum is displayed on the right half of the screen, while the original EEG is 
displayed on the left side.  This displays the total amplitude in the displayed spectrum for each 
channel. 
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F. You can now insert a cursor across the frequency spectrum.  To do this, right-click and select 
Insert Cursor.  Click on the cursor to drag it to a new position to measure the amplitudes and 
frequencies of various peaks.  You may also right-click on the top of the cursor and select Edit, to 
place the cursor to an exact position.  The ictal discharge in this example represents frequencies 
between 5 and 14 Hz.  The cursor shows the frequency at this cursor (in this case 4.70 or 4.70 Hz) 
is shown at the bottom of the cursor. 
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G. You can measure the frequencies and amplitudes of multiple peaks in the spectrum using more 
than one cursor.  To start another cursor, right click and select Insert Cursor.  Then click on the 
cursor to move it (or right-click on the caret at the top of the cursor, select Edit and enter the exact 
value).  In this case, position the second cursor at 10.15 Hz.  Here, the second selected frequency 
peak at 10.15 Hz is localized primarily to the midline frontal region (amplitude 3.8 at FZ), 
whereas the originally selected peak at 4.70 Hz was localized primarily to the left frontopolar 
region (amplitude 11.2 at FP1). 

 

 

H. To show the values of the cursors, right-click on the adornment and select Insert Vertical 
Adornment | FDA Table. 
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Another example of using binned spectra to help localize a seizure 
A. Open the record sample677.  This example is for the patient with left mesial temporal sclerosis.  

Set the filters off and select the Laplacian montage, Laplacian3.  Move to the time 10:32:23, 
which shows the onset of a seizure. 
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B. Insert a range to mark the 3-second epoch from 10:32:24 to 10:32:27 for analysis.  
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C. Right-click on the right side of the traces, select Insert Vertical Adornment | Frequency Domain 
Analysis. 

 

D. Select Power Spectrum then select Binned Analysis. 
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E. In the Bins window, click the New button, enter 4 for the Low Limit, and enter 6 for the Upper 
Limit.  Then click the Add button.  
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 134

F. Next, click the Data Ranges tab and select Ranges as the Method and Visible as the Subset, then 
click the OK button. 
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G. You can now view values of the bins.  To do this, right-click on the adornment and select Insert 
Vertical Adornment | FDA Table. 
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H. Right-click on the created table and select Properties. 
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I. Check the box for fPeak, and fMean, then click the OK button. 
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J. Move the range across the frequency spectrum by dragging the range bar at the top of the range to 
measure the amplitudes and frequencies pertaining to a range of frequencies (a bin).  The rms 
Average amplitude within the selected frequency bin (AvAmp), the peak frequency within the 
selected bin (fPeak), and the mean frequency within the selected bin (fMean) are displayed for 
each channel. 
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K. To define additional frequency bins, right click on the Frequency Domain Analysis Adornment 
and select Properties.  In the bins window, click the New button.  Bins defined in this way may 
be contiguous (lower limit equal to upper limit of previous bin) or not.  Enter the values Upper and 
Low limit (Hz) for the next bins to add.  For this example add the Upper limit of 12 and a Low 
limit of 9.  Click the Add button, then add the bins for 14-17Hz, 17-28hz, and then click the OK 
button to apply these bins.  This is comparable to the results shown above for analysis of 
individual spectral peaks.  However, analysis of frequency bins is less susceptible to noise in the 
spectrum than analysis of individual peaks since amplitudes are integrated over an entire peak or 
several peaks.  The bins, of course, must be appropriately defined to include only the peak(s) of 
interest. 
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Using binned frequency spectra with predefined bin profile 
A. As an alternative to defining the frequency bins with moving cursors, up to 10 frequency bins 

may be predefined and stored as a named profile.  The predefined bins may be overlapping or 
non-overlapping.  This is most useful for analysis of background activity, when multiple epochs 
are to be analyzed and summary statistics are to be generated. This example is for the patient with 
a right frontal cavernous hemangioma and shows how background activity frequency content may 
be quantified to assess the degree of slowing (which may be a medication effect).  Open the 
record sample424.  Set the sensitivity to 2uV set the filters off and select the Laplacian montage, 
Laplacian3.  Move to the time 10:02:59, which shows some background alpha activity. 
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B. Insert a range to mark the 5-second epoch from 10:03:00-10:03:05 for analysis. 
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C. To begin analysis of the selected epoch, right-click on the right half of the traces select the Insert 
Vertical Adornment | Frequency Domain Analysis. 

 

D. Select Binned Analysis for the Analysis type.  Select Load from File in the Bins area, locate the 
File: C:\Program Files\Persyst\Insight\FDABins.xml. 
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E. Click on the Data Ranges tab and select Ranges as the Method and Visible as the Subset. Then, 
click the OK button. 

 

F. A frequency spectrum of the selected epoch is displayed with cursors marking the lower and 
upper bin boundaries for each of the bins defined in the profile. 
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G.  To show the rms amplitude values (Amp) right-click on the analysis and select Insert Vertical 
Adornment | FDA Table. 
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H. Since the numbers are amplitudes (square root of integrated power in each bin), they sum via a 
squared law; that is, the amplitude in the ThAl bin is the square root of the sum of the amplitudes 
in the Theta and the Alpha bins (e.g., for channel O1, 1.62 + 4.22 = 4.52). 
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I. Right-click on the FDA Table and select Properties to add or remove displayed frequencies. 

 

J. In this example the AvgAmp (rms amplitudes), fMean (mean frequencies), and fPeak (peak 
frequencies) values are show for each bin. For the channel O1, this display indicates that the 
frequency within the range 8.0-13.0 Hz (Alpha bin) at which the amplitude is maximum is 10.0 
Hz; the same is true for the range 4.0-13.0 Hz.  Also, for the entire spectrum, the peak frequency 
for the O1 channel is 10.0 Hz. 
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K. In order to obtain reliable estimates of background frequencies, it is necessary to select multiple 
(usually 5 to 10) epochs containing background activity and analyze these using the same 
frequency bin profile.  Advance to the time 10:03:04.  Move the range to select the next epoch 
from 10:03:05-10:03:10.  You may do this while leaving the Adornment open, but you may wish 
to remove the FDA table to show more of the EEG traces by right-clicking on the table and 
selecting Delete (we will turn it back on again after marking additional EEG):  

 

(Multiple ranges can be marked and averaged together. To do so, hold down the Ctrl-key and click 
at the top of each cursor to select any number of ranges. Right-click on the Frequency adornment, 
select Properties, select the Data Ranges tab, and change the subset to Selected (e.g., Method: 
Ranges, Subset: Selected). 
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L. Next, advance to the next 5-second epoch from 10:03:10-10:03:15.  
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M. Next, advance to the next 5-second epoch epoch from 10:03:15-10:03:20.  A frequency spectrum 
of the next epoch is displayed with cursors marking the lower and upper bin boundaries for each 
of the 4 bins defined in the profile.  On the right of the spectrum, the rms amplitude values (Amp) 
are displayed for each frequency bin 
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Using evolution of spectra over time to help localize a seizure 
The frequency spectrum of a single epoch of a seizure (for example, at seizure onset) may help to 
determine the location of maximum activity, but since seizures are dynamic phenomena, it is often 
necessary to study multiple successive epochs during seizure evolution.  This may be helpful in 
determining the exact point in time at which the electrographic seizure discharge begins, as well as 
the time of spread to other ipsilateral or contralateral regions.  One way to see the evolution of the 
frequency spectrum is to display multiple successive epochs side by side on the screen; this allows 
all of the channels to be seen simultaneously. 

A. As an example, open the record sample424.  This example is for the patient with a right 
frontal cavernous hemangioma.  Set the filters off and select the Laplacian montage, 
Laplacian3.  Move to the time 13:53:51, which shows the onset of a seizure. 

 

B. Insert a range to mark the 3-second epoch from 13:53:52-13:53:55 for analysis (showing the 
initial ictal discharge).  

   



 157

 

C. Right click on the right half of the traces, select Insert Vertical Adornment | Frequency 
Domain Analysis. 
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D. Select Epoch Spectra and then select the Data Ranges Tab. Select Method: Ranges and 
Subset: Visible, then select OK. 
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E. A series of four spectra are displayed, including the selected 3-sec epoch and 3 successive 
epochs 2 seconds apart in time (thus, each epoch overlaps the next by 1 sec).  The numbers at 
the right of each spectrum represent the total amplitude in the displayed spectrum for each 
channel. 
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F. You can move a cursor across the spectra to mark various peaks.  To start another cursor, 
right-click on the adornment and select Insert Cursor.  In this example, position cursors over 
peaks (best seen in the third epoch) at 2.500, 5.167, 7.917, and 10.58 Hz. 
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G. To show the values of the cursors, right-click on the adornment and select Insert Vertical 
Adornment | FDA Table. 
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H. The evolution of the ictal discharge in amplitude (gradually increasing), frequency (relatively 
little change), and distribution (starting in the right temporal region at T10 and spreading to 
involve right frontal channels such as F4) can be appreciated from this display. 
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Using phase-encoded Fourier spectral analysis (PEFSA) to help localize seizures 
Fourier spectral analysis (typically using the FFT algorithm) characterizes a time-series signal (such as an 
epoch of EEG) as a Fourier series (a sum of sine and cosine waves at frequencies which are integral 
multiples of a lowest frequency f = 1/T where T is the epoch length in seconds).  For each frequency, both 
sine and cosine waves are necessary to represent the signal, and the relative amplitudes of the sine and 
cosine waves in the Fourier series determine the time relative to the start of the epoch at which a peak or 
zero-crossing occurs in the signal analyzed (which is called the phase of the signal).  Since both the sine 
and cosine waves have the same frequency, in displaying the spectrum it is a general practice to lump 
together the sine wave amplitude (S) and cosine wave amplitude (C) into one overall amplitude (A) or 
power (P), given by P = A2 = S2 + C2.   This, however, omits the phase information, and therefore 
conventional spectra consist of positive numbers only and convey no information about phase.  The phase 
angle φ may be defined from the sine and cosine wave amplitudes (S, C) by the formulas S = A sin φ and C 
= A cos φ.  Relative phase information (the difference in phase angles) is important when comparing 
different channels.  For example, it is important to know which channels are in phase (phase difference 
near 0°) or out of phase (phase difference near 180°) at a given frequency; for example, the location of 
phase reversals when using a bipolar montage determines the point of maximum amplitude of the EEG.  
Also, smaller degrees of phase difference are important in judging relative time differences between 
channels.  Most importantly, when displaying topographic maps of frequency-domain data, the phase 
information should be incorporated in order to perform any type of source estimation (such as estimating a 
single equivalent dipole generator), whether this is done by visual inspection of the topographic map or by 
mathematical analysis.  A PEFSA spectrum incorporates both amplitude (A) and phase (φ) information to 
produce a phase-encoded (positive or negative) potential.  The phase-encoded values are normally the 
cosine amplitudes, A cos φ, although the sine amplitudes, A sin φ, can instead be displayed.  There is 
arbitrariness about the phase angle for a multichannel spectrum.  Since only differences in phases between 
channels are important, any constant phase may be added to or subtracted from the phase angles of all 
channels at a given frequency without meaningful effect.  The PEFSA algorithm deals with the 
arbitrariness by selecting a constant phase correction applied to all channels so that the average phase angle 
for all channels becomes 0° after the correction.  In effect, on a graph of sine amplitude S vs. cosine 
amplitude C for all channels, an axis rotation is performed so that the new C-axis projects in the direction 
of channels of highest amplitude.  In this way, the cosine amplitudes on the new C-axis are maximized, and 
the sine amplitudes on the new S-axis (perpendicular to the C-axis) are minimized.  For example, in the 
following C-S plot, the new C-axis is at an angle -67° from the original C-axis and passes near the data 
value for the channel of maximum amplitude: 
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A. To generate an example of a PEFSA display and how this may be used to help localize an 
ictal discharge, open the record sample424. This example is for the patient with a right frontal 
cavernous hemangioma.   Set the filters off and select the average reference montage, Avg31. 
Move to the time 13:53:51, which shows the onset of a seizure. 
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B. Insert a range to mark the 3-second epoch from 13:53:52-13:53:55 for analysis (showing the 
initial ictal discharge). 
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C. Right click on the right half of the recording, select Insert Vertical Adornment | Frequency 
Domain Analysis.  

 

D. Select the PEFSA tool, select the Data Ranges tab, select Ranges as the Method and Visible 
as the Subset, then click the OK button. 
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E. A frequency spectrum is displayed on the right half of the screen.  The frequency spectrum 
shows two superimposed curves for each channel.  One of these is the conventional amplitude 
spectrum (always positive); the other is the phase-encoded spectrum (positive or negative). 
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F. You can now insert a cursor by right-clicking on the adornment and selecting Insert Cursor.  
The ictal discharge in this example represents frequencies between approximately 2 and 7 Hz.  
Move the cursor to the frequency 2.54 Hz, one can see that the maximum positivity is in the 
right temporal region (T10 = 6.0), and most of the right hemisphere has positive polarity, 
while most of the left hemisphere has a negative polarity with a maximum negativity at the 
vertex (CZ = -2.1). 

 

G. This can be seen by right clicking on the adornment and selecting Insert Vertical 
Adornment | FDA Table. 
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H. To show a topographic map, right click on the FDA Table and select Insert Vertical 
Adornment | Topograph. 
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I. Note that “positive” and “negative” are arbitrary in phase-encoded spectra, since in a 
sinusoidal signal values continually oscillate from positive to negative and back again.  The 
PEFSA algorithm arbitrarily assigns positive values to the channel(s) with highest absolute 
amplitude(s). 
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J. You can measure the frequencies, phase-encoded amplitudes, and phase angles of various 
peaks in the spectrum using more than one cursor.  Right click on the adornment and select 
Insert Cursor to insert a new cursor.  As the cursor moves, the phase-encoded amplitudes at 
each electrode position are shown on the electrode diagram on the right. In this case, position 
the second cursor at 5.21 Hz. At this frequency, one can see that the maximum positivity is in 
the right temporal region (T10 = 2.9), and most of the right hemisphere has positive polarity, 
while most of the left hemisphere has a negative polarity with a maximum negativity in the 
left posterior temporal region (P7 = -1.1). 
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K. The evolution and spread of the seizure may be demonstrated by looking at the spectra of 

successive epochs.  For example, open the record sample424. This example is for the patient 
with a right frontal cavernous hemangioma.  Set the filters off and select the average reference 
montage, Avg31.  Move to the time 13:53:51, which shows the seizure onset. 
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L. Insert a range to mark the 3 seconds of 13:53:56 to 13:53:59 (note the delta activity in F8, T8, 
F10, and T10 which represents the seizure discharge). 
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M. Right click on the right-half of the recording, select Insert Vertical Adornment | Frequency 
Domain Analysis. 

 

N. Select PEFSA as the Output Type, then click on the Data Ranges tab and select Ranges as the 
Method and Visible as the Subset, then click the OK button. 
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O. To insert a cursor, right-click on the adornment and select Insert Cursor.  Move the cursor 
across the frequency spectrum to mark a first peak at 2.38 Hz and a second peak at 4.880 Hz. 
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P. Right click on the adornment and select Insert Vertical Adornment | FDA Table to display 
the Frequency Domain Analysis values. 
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Q. Then, right click on the FDA Table and select Insert Vertical Adornment | Topograph to 
display a topographic map. 
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R. At the lower frequency, the maximum positivity is in the right temporal region (T10 = 7.4), 
but at the higher frequency it is in the right lateral frontal regions (F8 = 6.8).  
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Another example of using PEFSA to help localize a seizure 
To generate another example of a PEFSA display and how this may be used to help localize an 
ictal discharge, open the record sample677.  This example is for the patient with left mesial 
temporal sclerosis.  Set the filters off.  Select the Laplacian montage, Laplacian3. Move to the 
time 10:32:23, which shows the onset of a seizure 

 

A. Insert a range to mark the 3-second epoch from 10:32:24-10:32:27 for analysis (showing the initial 
ictal discharge). (note the theta activity in F9, T9, F7, FP1, F3, and FZ which represents the 
seizure discharge). 
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B. Right-click on the right half of the recording and select Insert Vertical Adornment | Frequency 
Domain Analysis. 

 

C. Select the PEFSA tool, then click the Data Ranges tab.  Select Ranges as the Method and Visible 
as the Subset, then click the OK button. 
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D. A frequency spectrum is displayed on the right half of the screen.  The frequency spectrum shows 
two superimposed curves for each channel.  One of these is the conventional amplitude spectrum 
(always positive); the other is the phase-encoded spectrum (positive or negative). 
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E. You can now move a cursor across the frequency spectrum. To insert a cursor, right-click on the 
adornment and select Insert Cursor to measure the frequencies of various peaks.  The ictal 
discharge in this example represents frequencies between approximately 3 and 11 Hz.  In this 
example, insert a cursor at 5.08Hz. 

 

F. To show an electrode diagram (showing the relative locations of the electrodes on the head) right 
click on the PEFSA adornment and select Insert Vertical Adornment | FDA Table to display the 
phase-encoded amplitudes (Amp), total (non-phase-encoded) amplitudes (OrgAmp), and new 
phase angles after rotation Dphase.   
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G. As the cursor moves, the phase-encoded amplitudes at each electrode position are shown on the 
electrode diagram on the right.  At the frequency 5.08 Hz, one can see that the maximum positivity 
is in the left frontopolar region (FP1 = 16.9), and the entire left frontal region has positive 
polarity, while both the left mid and posterior temporal regions and the right frontal region have a 
negative polarity with a maximum negativity at the left frontopolar region (FP2 = -9.3).  Note that 
“positive” and “negative” are arbitrary in phase-encoded spectra, since in a sinusoidal signal 
values continually oscillate from positive to negative and back again.  The PEFSA algorithm 
arbitrarily assigns positive values to the channel(s) with highest absolute amplitude(s).  To display 
a topographic map, right-click on the FDA table, select Insert Vertical Adornment | Topograph. 
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H. To insert another cursor, right-click on the adornment and select Insert Cursor.  As the cursor 
moves, the phase-encoded amplitudes at each electrode position are shown on the electrode 
diagram on the right. In this case, position the second cursor at 9.93 Hz. At this frequency, one can 
see that the maximum positivity is in the midline frontal region (FZ = 5.4), and the frontal 
electrodes bilaterally (F3, FZ, and F4) have positive polarity, while most of the rest of the head 
has a negative polarity with a maximum negativity in the left frontopolar region (FP1 = -3.8).  
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I. The evolution and spread of the seizure may be demonstrated by looking at the spectra of 
successive epochs.  For example, remove the adornments and ranges and advance to the time 
10:32:38, which shows the EEG 14 seconds after seizure onset. 
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J. Insert a range to mark the 3-second epoch from 10:32:39-10:32:42 for analysis (15 seconds after 
seizure onset).  (note the theta activity in F9, T9, TP11, F7, and T7 which represents the seizure 
discharge). 
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K. Right-click on the right half of the traces and select Insert Vertical Adornment | Frequency 
Domain Analysis. 

 

L. Select the PEFSA for the Output Type, then click the Data Ranges tab. 
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M. Select Ranges as the Method and Visible as the Subset, then click the OK button. 
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N. To insert a cursor on the PEFSA adornment right-click and select Insert Cursor.  Move the cursor 
across the frequency spectrum to mark a first peak at 6.000 Hz and insert another cursor to mark 
the second peak at 12.04 Hz. 
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O. At both frequencies, the maximum positivity is in the left temporal region (T9 = 13.5 at 6.000 Hz, 
8.7 at 12.04 Hz).  Right-click on the adornment and select Insert Vertical Adornment | FDA 
Table to display cursor readings. 
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P. To show a topographic map, right-click on the FDA Table and select Insert Vertical Adornment 
| Topograph. 
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Q. Further evolution and spread of the seizure may be demonstrated by looking at the spectra of a still 
later epoch.  Once again close adornments and remove the range, then advance to the time 
10:32:43, which shows the EEG 19 seconds after seizure onset. 
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R. Insert a range to mark the 3-second epoch from 10:32:44-10:32:47 for analysis (20 seconds after 
seizure onset).  Note the 5 Hz train of sharp waves in F9, T9, TP11, and F7 that represents the 
seizure discharge. 
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S. Right click on the right half of the recording and select Insert Vertical Adornment | Frequency 
Domain Analysis. 

 

T. Select PEFSA as the Output Type, then click on the Data Ranges tab. 
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U. Select Ranges as the Method and Visible as the Subset, then click the OK button. 
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V. Right-click on the adornment and select Insert Cursor.  Move the cursor across the frequency 
spectrum to mark a first peak at 5.133 Hz and then insert another cursor to mark the second peak 
at 9.651 Hz. 
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W. At 5.133 Hz frequency, the maximum positivity is in the left frontopolar region (FP1 = 19.1), 
while at 9.651 Hz, the maximum positivity is in the left mastoid region (TP11 = 5.6): Right click 
on the adornment and select Insert Vertical Adornment | FDA Table to display FDA values. 
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X. Right-click on the FDA Table and select Insert Vertical Adornment | Topograph to display the 
topographic map. 
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Using Coherence Analysis To Help Localize A Seizure 
The coherence between two signals is a measure of the degree of correlation between those signals at a 
particular frequency. Coherence is defined from the Fourier cross-spectrum between two signals.  These 
analysis tools calculate the magnitude-squared coherence between channel m and channel n, which is 
defined as |rmn|2 = |fmn|2/{fmmfnn}, where fmn is the complex Fourier cross-spectrum between channel m and 
channel n (the Fourier transform of channel m multiplied by the complex conjugate of the Fourier 
transform of channel n) and fmm and fnn are the Fourier power spectral values in channel m and channel n, 
respectively.  The coherence is a number between 0 and 1 that depends on frequency.  A high coherence 
between two channels at a particular frequency (for EEG analysis, typically greater than 0.7) indicates that 
the two channels have significant commonality at that frequency.  Coherence may be calculated at a single 
specified frequency, or average coherence may be calculated over a range of frequencies (a frequency bin). 

In addition to the coherence (calculated from the magnitude of the cross-spectrum), a phase angle φmn in the 
range -180° to +180° may be found from the complex cross-spectrum fmn.  This represents the relative 
amount by which channel n leads or lags channel m, expressed in degrees (where 360° indicates one 
complete cycle at the frequency of interest).  Phase angles may only be meaningfully calculated at a single 
specified frequency.  Phase angles of ±180° indicate that channel n is similar to channel m but inverted in 
polarity. This may occur, for example, when there is a tangential dipole generator whose field is negative at 
some electrodes and positive at others.  Small phase angles (in the range -60° to +60°) may occur when the 
signal in channel n is similar to that in channel m but delayed a small amount in time; channel n leads when 
the phase angle is negative or lags when it is positive.  To express the amount of lead or lag in time units 
(such as milliseconds), one can use the fact that one cycle (360°) at frequency f has a period of 1/f sec, or 
1000/f msec; thus the time (in msec) is given by (φmn /360°)(1000/f).   Phase angles in the range 120° to 
180° or -180° to -120° may similarly occur when the signal in channel n is similar to that in channel m but 
delayed in time and inverted in polarity.  Phase angles near ±90° are more difficult to interpret in terms of 
physiologic time delays.  Thus, this method of estimating time delays is most applicable when the 
following three conditions are satisfied: (1) the signal in the two channels being compared has a significant 
amplitude (so that one is not just analyzing low-amplitude “noise”); (2) the coherence between the channels 
is relatively large (greater than 0.7); and (3) the phase angle is within ±60° of either 0° or 180° as 
described.  In order to represent these factors graphically, two hybrid spectra may be calculated and 
displayed.  The first is the amplitude*coherence spectrum, defined as fmm

1/2|rmn|2; the second is the 
amplitude*coherence*cosine(phase) or “phase-dependent” spectrum, defined as fmm

1/2|rmn|2cos(φmn).  Peaks 
in the first spectrum indicate frequencies at which there is significant signal amplitude and interchannel 
coherence.  Peaks in the second spectrum (which may have positive or negative polarity) indicate also that 
the phase angle is near 0° (positive polarity) or 180° (negative polarity). 

Averaging the frequency spectra and cross-spectra over more than one epoch may significantly enhance the 
reliability of the estimates of coherence and phase angle (and therefore time delay).  This is reasonable to 
do if the EEG being analyzed is relatively stationary over several successive epochs. If the signal is not 
stationary, a single epoch may still be used since the analysis tools will segment the epoch into three 
overlapping sub-epochs and average the spectra for these three.  Note also that if the time delays calculated 
at more than one frequency are similar, then the time delay may be considered more reliable. 

Coherence between different brain regions has been studied in relation to brain development and cognitive 
processing in normal subjects, and as a measure of global brain dysfunction in pathologic states such as 
dementia and stroke.  It should be noted, however, that the estimates of coherence depend greatly upon the 
methodology of the study, particularly on the montage used for coherence calculation.  Coherence between 
channels in referential montages with a common reference electrode is generally greater than in bipolar 
montages (unless bipolar channels with a common electrode, like F3-C3 and C3-P3, are compared).  This is 
due to the contribution of the signal at the common reference electrode and due to volume conduction 
effects (whereby a signal from a common source affects multiple recording electrodes simultaneously).  
The use of a Laplacian montage often leads to the lowest coherence values because of elimination of a 
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common reference and suppression of “far field” (volume conducted) potentials by the Laplacian.  
However, some Laplacian estimates may artifactually increase the coherence, as well (Lagerlund et al, 
1995).  It should also be noted that some authors report the “magnitude” coherence |rmn| while others report 
the magnitude-squared coherence |rmn|2, and these are not directly comparable.  Coherences calculated for 
an entire frequency bin are usually more accurate than coherences calculated at a single frequency. 

Time delay estimates of ictal discharges derived from coherence analysis may be used to help determine 
the location of an epileptic focus in a similar way to those obtained from cursor and cross-correlation 
analysis.  One advantage of obtaining time delays from coherence analysis is that the time delay may be 
calculated for a specific frequency or range of frequencies of interest (e.g., the dominant frequency of the 
ictal discharge).    As for other methods of time delay analysis, estimated time delays during a seizure tend 
to be quite variable and inconsistent when multiple frequencies and epochs are analyzed.  Thus, probably 
only if there are consistent time delay estimates over a range of frequencies and epochs (all of which point 
to the same channel leading the others) should the estimate be considered as clinically relevant information. 

A. To generate an example of a coherence display and how this may be used to help localize an ictal 
discharge, open the record sample424. This example is for the patient with a right frontal 
cavernous hemangioma.   Set the filters off and select the average reference montage, Avg31.  
Move to the time 13:53:51, which shows the onset of a seizure. 
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B. Insert a Range to mark the 3-second epoch from 13:53:52-13:53:55 for analysis (showing the 
initial ictal discharge). 
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C. Right-click on the right half of the recording, select Insert Vertical Adornment | Frequency 
Domain Analysis. 

 

D. Select the Coherence Separated tool for the Output Type. Then, when a list of channels appears, 
use the drop-down menu to select the channel T10-Avg31.  Click on the Data Ranges tab and 
select Ranges as the Method and Visible as the Subset.  Click on the Shared Axes tab and de-select 
the Y checkbox for Common Scale.  Then click the OK button. 
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E. A frequency spectrum for the epoch is displayed in the left third of the screen.  Phase angles 
(range ±180°) for each channel compared to the template channel T10-Avg (marked with an 
asterisk) are displayed in the middle third of the screen.  Coherence values (range 0 to 1) for each 
channel compared to the template channel are displayed in the right third of the screen. 

F. You can now insert a cursor in the Adornment.  To insert a cursor, right-click on the adornment 
and select Insert Cursor to measure the frequencies of various peaks.  The ictal discharge in this 
example represents frequencies between approximately 2 and 7 Hz.  Place the cursor at 2.45 Hz.  
Within this range, the phase angles in the channels with high coherence are nearly constant 
(indicating a probably valid phase measurement), whereas outside this range the phases (and 
coherence values) vary in a chaotic fashion with frequency.  
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G. To show the values at the cursor, right-click on the adornment and select Insert Vertical 
Adornment | FDA Table. 
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H. You can measure the spectral amplitude, phase, and coherence of various peaks in the spectrum 
using more than one cursor.  In this case, position the second cursor at 5.0 Hz.  The phase angle at 
this frequency for F10-Avg (-5.3°) is very similar to that at 2.461 Hz (11.4°). 
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I. To illustrate the use of another coherence analysis tool, right click on the Coherence Separated 
window, select Properties. Select the Coherence Combined tool, select the channel T10-Avg, 
and select Superimpose.  Then, click the Shared Axes tab and re-select the Y checkbox for 
Common Scale, and press the OK button. 
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J. A set of combined spectra for the epoch is displayed on the right of the screen.  The spectra show 
three superimposed curves for each channel.  One of these is the conventional amplitude spectrum 
(always positive); the second is the amplitude*coherence spectrum (also always positive).  The 
third is the “phase-dependent” or amplitude*coherence*cosine(phase) spectrum (positive or 
negative): 
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K. You can now insert a cursor across the spectra by right-clicking and selecting Insert Cursor.  
Click on the cursor to drag it to a new position (or right-click on the top of the cursor and select 
Edit to place the cursor in an exact position).  The ictal discharge in this example represents 
frequencies between approximately 2 and 7 Hz.  Note by inspection of the phase-dependent 
spectrum that the left hemisphere and midline channels are out of phase with the right temporal 
channels at the peak frequency of the seizure discharge, 2.46 Hz.  This illustrates the visual impact 
of the phase-dependent spectrum, which shows at a glance over the entire frequency range which 
channels have a significant amplitude and coherence and are either nearly in phase (phase near 0°) 
or out of phase (phase near 180°) compared to the template channel: 
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L. You can measure the frequencies, spectral amplitudes, and other parameters of various peaks in 
the spectrum using the properties menu.  Right-click on the Coherence, select Insert Vertical 
Adornment, select FDA Table. 

 

M. This will generate a table of spectral amplitudes (Amp), relative phase angles (Phase), coherence 
(Coh), relative time delay in milliseconds (mSec), and amplitude*coherence*cosine(phase) or 
phase-dependent spectrum values (PDS) for each channel at the active cursor.  Note in this 
example that the phase angle (Phase) and time delay (mSec) of the template T10 channel is 0, the 
coherence (Coh) is 1.0, and the phase-dependent spectrum value is equal to the amplitude since all 
channel phases are measured with respect to the chosen template.  Also note that the phase angles 
of the left hemispheric and midline channels (except NZ) are near 180° as previously noted, while 
those of the right temporal channels are near 0°; the right parasagittal channels have phase angles 
near -90° (except P4 and O2, which are close to 180°).  Coherences are generally quite high (as is 
usual during an ictal discharge), except for electrodes TP11, FP1, NZ, FPZ, IZ, FP2, F4, C4, and 
P8.  Time delays are small among the right temporal channels, with T8 leading slightly (-9 msec 
compared to the template channel T10).  Note that this analysis not particularly supportive of a 
right frontal seizure o nset, since the coherence of right frontocentral electrodes is relatively low 
and the phase angles are near 90°. 
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N. Right-click on the adornment and select Insert Cursor to insert a new cursor.  Position the cursor 
at 5.060 Hz to display the amplitude, phase, and other parameters at this frequency.  Note again 
the near-180° phase angles of left hemisphere and midline channels, the near-0° phase angles of 
right temporal channels, and the significantly high coherence values in many channels.  The F8-
Avg channel now leads the template channel by 4 msec (which is not significant): 
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O. To illustrate the use of the binned coherence analysis tool, right-click on the Coherence-
Combined adornment, then select Properties.  Select the Binned Analysis as the Analysis Type, 
then click the OK button. 
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P. The spectra show three superimposed curves for each channel.  One of these is the conventional 
amplitude spectrum (always positive); the second is the amplitude*coherence spectrum (also 
always positive, shown as a red dashed curve).  The third is the “phase-dependent” or 
amplitude*coherence*cosine(phase) spectrum (positive or negative): 
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Q. You can now insert a range to measure the amplitudes and frequencies pertaining to a range of 
frequencies (a bin).  To insert a range, right-click on the adornment and select Insert Range.  

 

R. To define the lower and upper limit of the first frequency bin, move the cursor to 1.714 Hz and 
move the second cursor to 4.286Hz. 
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S. To display the values of the bins, right-click on the adornment and select Insert Vertical 
Adornment | FDA Table. 
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T. The average (arithmetic mean, not rms) amplitude within the selected frequency bin (Amp) and the 
average (mean) coherence within the selected bin (Coh) are displayed for each channel.  In 
addition, the mean (Mean), standard deviation (S.D.), minimum (MIN), and maximum (MAX) 
coherence between the template channel and each channel other than the template is shown, along 
with the number of channels excluding the template (N), the summed coherence (Xsum), and the 
summed squared coherence (X2sm) for channels other than the template.  This data may be useful 
for further statistical analysis (for example, for calculating the average and standard deviation of 
coherence between all possible pairs of channels): 
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U. To define additional frequency bins, right-click and select Insert Range.  Bins defined in this way 
may be contiguous (lower limit equal to upper limit of previous bin) or not.  In this case, create 
additional bins (ranges) from 4.3-6.8 Hz, 6.8-10.0 Hz, and 16.0-24.0 Hz. 

 

V. Note particularly the 1.7-4.3 Hz bin and the 4.3-6.8 Hz bin, which both show high coherence 
between the template channel and other right temporal electrodes including F8, T8, P8, F10, and 
TP12.  This is comparable to the results shown for coherence analysis of individual frequencies.  
However, analysis of frequency bins is less susceptible to noise in the spectrum than analysis of 
individual frequencies since values are integrated over an entire peak or several peaks.  The bins, 
of course, must be appropriately defined to include only the peak(s) of interest.  (In this example, 
the 16.0-24.0 Hz bin contains primarily muscle artifact which is maximal at T7.) 
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Another Example Of Using Coherence Analysis To Help Localize A Seizure 
To generate another example of a coherence display and how this may be used to help localize an 
ictal discharge, open the record sample664. This example is for the patient with a recurrent right 
frontoparietal tumor.   Set the filters off and select the average reference montage, Avg31.  Move 
to the time 20:51:55, which shows the onset of a seizure. 
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A. Insert a range to mark the 3-second epoch from 20:51:58-20:52:01 for analysis (showing the 
ictal discharge 3 seconds after seizure onset). (note the theta activity in C4 and adjacent 
electrodes F4, P4, FZ, and CZ which represents the seizure discharge). 
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B. Right-click on the right half of the recording, select Insert Vertical Adornment | Frequency 
Domain Analysis. 

 

C. Then select Coherence Separated, select C4-Avg31 from the Coherence Analysis Options 
drop-down menu.  Click the Data Ranges tab and select Ranges as the Method and Visible as 
the Subset.  Click the Shared Axes tab, and de-select Y as the Common Scale, then click the 
OK button. 
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D. The adornment will show 3 windows: a frequency spectrum for the epoch, phase angles 
(range ±180°) for each channel compared to the template channel C4-Avg31, and Coherence 
values (range 0 to 1) for each channel compared to the template channel are displayed in the 
right third of the screen. 

E. You can now insert a cursor on the adornment.  To insert a cursor right-click on the 
adornment and select Insert Cursor to measure the frequencies of various peaks. Note by 
inspection of the phase-dependent spectrum that almost all channels except F4, P4, F8, and 
T8 are out of phase with the template channel (C4) at the peak frequency of the seizure 
discharge, 5.8 Hz; also, all channels have a low amplitude compared to C4.  This illustrates 
the visual impact of the phase-dependent spectrum, which shows at a glance over the entire 
frequency range which channels have a significant amplitude and coherence and are either 
nearly in phase (phase near 0°) or out of phase (phase near 180°) compared to the template 
channel: 
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F. You can measure the frequencies, spectral amplitudes, and other parameters of various peaks 
at the cursor by showing the FDA Table.  To show these values, right-click on the adornment 
and select Insert Vertical Adornment | FDA Table.  
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G. The FDA table shows a table of spectral amplitudes (Amp), relative phase angles (Phase),  
and coherence (Coh) for each channel at the active cursor.  Note in this example that the 
phase angle (Phase) of the template C4 channel is 0, the coherence (Coh) is 1.0, and the 
phase-dependent spectrum value is equal to the amplitude since all channel phases are 
measured with respect to the chosen template.  Also note that the phase angles of channels 
other than the right frontocentroparietotemporal are near 180° as previously noted, while 
those of the right frontocentroparietotemporal channels (as well as CZ and PZ) are less than 
90° in absolute value.  Among the channels with smaller absolute phase angles, coherence 
varies from 0.1 for FP2 to 1.0 for CZ, F8, T8, and F10.  Absolute time delays are small in 
F4, P4, F8, T8, and F10, with P4 leading by -10 msec compared to the template channel C4. 
Time delay analysis is thus supportive of a right frontocentroparietotemporal seizure onset, 
while the maximum amplitude suggests an ictal generator near C4. 

H. To gather more information we can insert another cursor.  Positioning the new cursor at 8 Hz 
displays the amplitude, phase, and other parameters at this frequency.  This represents a much 
lower amplitude peak in the template C4-Avg channel.  P4 now leads the template channel by 
a negligible amount.  Other channels like IZ, O2, and P8 lead by larger amounts, but have a 
low coherence with C4 so that their time lead is probably not as reliable.  Thus, time delay 
analysis at this frequency would support a right centroparietal seizure generator. 

 

I. To illustrate the use of another coherence analysis tool, right-click on the Coherence-
Separate adornment and select Properties.  Then select Coherence-Combined, check the box 
for Superimpose and click the OK button. 



 254

 

J. A set of combined spectra for the epoch is displayed on the right of the screen.  The spectra 
show three curves for each channel.  One of these is the conventional amplitude spectrum 
(always positive) in the first window; the second is the amplitude*coherence spectrum (also 
always positive).  The third is the “phase-dependent” or amplitude*coherence*cosine(phase) 
spectrum (positive or negative): 
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K. You can now move a cursor across the spectra.  To insert a cursor, right-click on the 
adornment and select Insert Cursor to measure the frequencies of various peaks.  The ictal 
discharge in this example represents frequencies between approximately 4 and 20 Hz.  Note 
by inspection of the phase-dependent spectrum that almost all channels except F4, P4, F8, 
and T8 are out of phase with the template channel (C4) at the peak frequency of the seizure 
discharge, 5.87 Hz; also, all channels have a low amplitude compared to C4.  This illustrates 
the visual impact of the phase-dependent spectrum, which shows at a glance over the entire 
frequency range which channels have a significant amplitude and coherence and are either 
nearly in phase (phase near 0°) or out of phase (phase near 180°) compared to the template 
channel: 

 

L. You can measure the frequencies, spectral amplitudes, and other parameters of various peaks 
in the spectrum using more than one cursor.  Right-click on the adornment, select Insert 
Vertical Adornment | FDA Table to generate a table of spectral amplitudes (Amp), relative 
phase angles (Phase), coherence (Coh), relative time delay in milliseconds (mSec), and 
amplitude*coherence*cosine(phase) or phase-dependent spectrum values (PDS) for each 
channel at the active cursor. 
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M. Note in this example that the phase angle (Phase) and time delay (mSec) of the template C4 
channel is 0, the coherence (Coh) is 1.0, and the phase-dependent spectrum value is equal to 
the amplitude since all channel phases are measured with respect to the chosen template.  
Also note that the phase angles of channels other than the right frontocentroparietotemporal 
are near 180° as previously noted, while those of the right frontocentroparietotemporal 
channels (as well as CZ and PZ) are less than 90° in absolute value.  Among the channels 
with smaller absolute phase angles, coherence varies from 0.1 for FP2 to 1.0 for CZ, F8, T8, 
and F10.  Absolute time delays are small in F4, P4, F8, T8, and F10, with P4 leading by -10 
msec compared to the template channel C4. Time delay analysis is thus supportive of a right 
frontocentroparietotemporal seizure onset, while the maximum amplitude suggests an ictal 
generator near C4. 
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N. You can right-click on the adornment and select Insert Cursor to activate a new cursor.  
After positioning the new cursor at 8.05 Hz the amplitude, phase, and other parameters 
displays at this frequency.  This represents a much lower amplitude peak in the template C4-
Avg channel.  P4 now leads the template channel by a negligible amount.  Other channels like 
IZ, O2, and P8 lead by larger amounts, but have a low coherence with C4 so that their time 
lead is probably not as reliable.  Thus, time delay analysis at this frequency would support a 
right centroparietal seizure generator. 
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O. Right-click on the Coherence-combined adornment and select Delete to close it.  The 
consistency of the time delays may be evaluated during the evolution of the seizure looking at 
the coherence spectra of successive epochs, which may also be added to the average being 
accumulated.  For example, move to the time 20:52:04, which shows the seizure 10 sec after 
onset. 
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P. Insert a range to mark the 3-second epoch from 20:52:05-20:52:08 for analysis (10 seconds 
after seizure onset).  (note the theta activity in many channels, particularly C4, F4, P4, FZ, 
and CZ which represents the seizure discharge). 
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Q. Right-click on the right half of the recording and select Insert Vertical Adornment | 
Frequency Domain Analysis. 

 

R. Select Coherence Combined, select C4-Avg31 from the drop-down menu, and check the box 
for Superimpose.  Then, click on the Data Ranges tab and select Ranges as the Method and 
Visible as the Subset, then click the OK button. 
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S. In this example, we will insert 2 cursors. Right-click on the adornment and select Insert 
Cursor to insert a cursor.  Move one of the cursors to 7.3Hz and the other cursor to 10.19Hz. 
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T. Right click on the adornment and select Insert Vertical Adornment | FDA Table. 
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U. At the higher frequency, the time delay of P4 relative to C4 is negligible.  The lag time of F4 
is 11 msec, but its coherence with C4 is only 0.3, making the time delay of limited accuracy.  
The time lag of T8 is 4 msec (probably not significant), and it has a coherence of 0.9 with the 
C4 template channel.  Other nearby channels with significant coherence with C4 tend to be 
delayed (CZ 18 msec, PZ 7 msec, T8 4 msec, and P8 1 msec)  
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V. Look at the data at 7.301 Hz, it may be seen that at this frequency P4 leads C4 by 4 msec 
(probably not significant), though PZ leads C4 by 16 msec with a high coherence (1.0).  OZ 
leads C4 by 21 msec with a coherence of 0.8, and O2 leads C4 by 12 msec with a coherence 
of 0.9.  F4 is out-of-phase from C4, as are most of the left hemispheric and midline channels, 
while other channels that have a significant coherence with C4 tend to be relatively delayed 
compared to C4 (CZ by 3 msec, T8 by 9 msec, and P8 by 3 msec, for example). Thus time 
delay analysis of this epoch would suggest right (and to some degree midline) centro-parieto-
occipital generators. 

W. Additional epochs from the file sample664 may be similarly analyzed and added to the 
average using the Coherence-Combined adornment.  For example, analyze the 3-second 
epoch beginning at 20:52:08 with C4-Avg as the template channel.  Move the range to start at 
the time 20:52:08.  Then move the cursors in the adornment to mark a first peak at 8.60 Hz 
and a second peak at 11.78 Hz. 

 

X. At the higher frequency, P4 leads C4 by 4 msec (not significant).  The lag time of F4 is 18 
msec.  T8 leads C4 by 12 msec, and P8 leads C4 by 11 msec with a relatively low coherence 
(0.55).  CZ and PZ also lead C4 by 2 and 4 msec, respectively, but have relatively low 
coherence. 
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Y. After also analyzing the epoch at 20:52:11.  In the resulting display at the higher frequency, it 
may be seen that at this frequency P4 leads C4 by 1 msec (not significant).  Other channels 
have a low coherence with C4.  In general, averaging several epochs leads to lower coherence 
values in most channels, but coherence and phase values are more meaningful after averaging. 
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Z. Look at the data at 8.6 Hz, it may be seen that at this frequency P4 and C4 are synchronous.  
The only other channels with significant coherence are CZ and PZ.  PZ is synchronous with 
C4, and CZ is delayed by 7 msec (probably not significant).  F4 has a low coherence of 0.2 
but lags C4 by 37 msec.  Thus time delay analysis of the 4 averaged epochs would suggest 
right (and to some degree midline) centroparietal generators.  This is consistent with the 
maximum amplitude of the ictal discharge at C4, and consistent with the right frontoparietal 
location of the tumor. 

AA. It is also possible to look at the averaged data using a binned spectrum.  Right click on the 
adornment and select Properties.  Then, select Binned Analysis as the Analysis Type, then 
click the Load from File button, and select the FDABins.xml file, then click the OK button.  
A set of combined spectra for the averaged data is displayed on the right of the screen.  The 
spectra show three superimposed curves for each channel.  One of these is the conventional 
amplitude spectrum (always positive); the second is the amplitude*coherence spectrum (also 
always positive, shown as a red dashed curve).  The third is the “phase-dependent” or 
amplitude*coherence*cosine(phase) spectrum (positive or negative): 
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BB. You can now right-click on the adornment and select Insert Vertical Adornment | FDA 
Table to display the coherence results. 

 

CC. The average (arithmetic mean, not rms) amplitude within the selected frequency bin (Amp) 
and the average (mean) coherence within the selected bin (Coh), and summed coherence 
(Stat) are displayed for each channel.  This data may be useful for further statistical analysis 
(for example, for calculating the average and standard deviation of coherence between all 
possible pairs of channels): 
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Using binned Coherence with predefined bin profile 
A. As an alternative to defining the frequency bins with moving cursors for binned coherence 

analysis, you may define frequency bins that may be predefined and stored as a named profile.  
The predefined bins may be overlapping or non-overlapping.  This is most useful for analysis of 
background activity, when multiple epochs are to be analyzed and summary statistics are to be 
generated. This example is for the patient with a right frontal cavernous hemangioma and shows 
how background activity interchannel coherence may be quantified.  Open the record sample424.  
Set the filters off and select the Laplacian montage, Laplacian3. 

B. Move to the time 10:02:59, which shows some background alpha activity. 
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C. Insert a range to mark the 5-second epoch from 10:03:00-10:03:05 for analysis. 
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D. To begin analysis of the selected epoch, right-click on the right half of the recording select Insert 
Vertical Adornment | Frequency Domain Analysis. 

 

E. Select Power Spectrum for the Output Type and Binned Analysis for the Analysis Type.  Click the 
Load from File button to load the binned spectrum profile, choose the FDABins.xml file.  Click 
the Data Ranges tab, then select Ranges as the Method and Visible as the Subset, then click the 
OK button. 
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F. A set of combined spectra is displayed on the left of the screen with cursors marking the lower 
and upper bin boundaries for each of the bins defined in the profile. 
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G. To show the values on the right of the spectrum, right-click on the spectrum and select Insert 
Vertical Adornment | FDA Table. 
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H. The values for each channel are displayed for each frequency bin. 
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I. Advance to the next epoch and select the range 10:03:05-10:03:10, which also shows alpha 
activity: 
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J. Advance to the next epoch at 10:03:15-10:03:20 that also shows alpha activity: 
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Principal component analysis (PCA)       
 Principal component analysis (PCA) is a well-known statistical technique for reducing a large 
number of variables to fewer components that are maximally independent of one another and account for 
the maximal amount of variance in the original data.  Principal component analysis using the singular value 
decomposition (SVD) algorithm may be used to analyze an epoch of multichannel EEG into multiple 
linearly independent components or features; the original epoch of EEG may be reconstructed as a linear 
combination of the components.  The results of SVD includes the components, expressible as time series 
waveforms, and the factors that determine how much each component contributes to each EEG channel; 
these factors are called the “contribution” array or matrix.  The time series waveforms represent the 
temporal evolution of each component, while the contribution array represents the spatial distribution of 
each component. 

 In order for PCA to have clinical utility, it is important to try to recognize the components as 
clinically relevant waveforms.  The results of PCA may be displayed in various ways to promote this 
recognition.  First, the individual components may be displayed as time series waveforms so that their 
shape in the time domain may be assessed.  Second, spectral (Fourier) analysis of the individual 
components may be performed and their frequency spectra displayed as an alternative way to recognize 
their significance.  Third, the EEG may be reconstructed from just one component at a time and displayed 
as a conventional multichannel time series display (montage); this is often the best way of recognizing the 
significance of the various components.  Fourth, the contribution array may be displayed as a bar graph 
(one bar per component) for each channel of the EEG montage, with the heights of the bars indicating the 
contribution of each component to that channel; this allows one to see which component(s) make the most 
contribution to a given channel.  Fifth, the contribution array for a particular component may be displayed 
on an electrode diagram as the numeric values representing the contributions of that component to the 
various electrodes (channels); this allows one to see the spatial distribution of a component.  Sixth, the 
contribution array for a particular component may be submitted to the SURFER program to create a 
topographic (contour) map of that component.  The PCA software allows all of these methods to be 
employed, as needed.  Once a component has been recognized, it may be classified as an important feature 
of the EEG epoch (such as an ictal discharge in the case of seizure analysis) or as an artifact (such as ocular 
movement or electrocardiogram artifact) or as background activity (such as alpha or mu activity).  
Topographic maps of important features may be generated by this method, and such maps may also be the 
basis for more detailed source analysis algorithms (such as dipole localization). 

 Another use of PCA is for removal of unwanted waveforms.  By omitting some components from 
the linear combination, a new EEG can be reconstructed, differing from the original in useful ways.  For 
example, artifacts may be removed, or features such as alpha may be enhanced by suppressing the 
remainder of the EEG.  In a variation of this technique (Lagerlund et al, 1997), the factors that reconstruct 
the modified EEG from the original epoch are stored as a matrix S.  This matrix is applied to multichannel 
EEG at successive times to create a new EEG continuously in real time.  This matrix acts as a spatial filter 
with useful properties.  Note that S is calculated from one selected EEG epoch, but is applied to the EEG at 
other times; the SVD need not be repeated, saving computation time. 

 Spatial filtering is a useful method of removing artifacts or other unwanted features of an EEG 
while preserving or effectively enhancing other features.  In effect, the method uses the spatial distribution 
across channels of artifacts or other waveforms as a signature of the feature to be eliminated.  All 
waveforms having the same spatial distribution are canceled out, while waveforms distributed differently 
are preserved. The matrix S acts as a spatial filter, analogous in some respects to a digital temporal filter 
designed to remove some frequencies from the EEG while preserving others. 

 This method works well for eliminating artifacts or activity with relatively high amplitudes and 
with a spatial distribution that remains constant throughout the EEG.  Ocular movement and 
electrocardiogram artifact often have these characteristics.  The method works less well for artifacts of 
relatively low amplitude and changing spatial characteristics, such as electromyogram artifact and some 
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electrode artifacts; although elimination of these may not be achieved, a significant reduction may still be 
attained. 

 The major limitation of the PCA algorithm is that EEG activity that is similar to or greater in 
amplitude than some artifacts, and that has a similar spatial distribution, may be extracted into the same 
component waveforms as the artifacts, so that when these component waveforms are removed, the 
nonartifactual EEG activity is also removed.   Similarly when trying to map the topographic distribution of 
various components, a complete separation of components with different spatial distribution may not be 
achieved when the basic algorithm is applied.  One way to circumvent this is for the user to inspect the 
frequency spectra of the principal components and select a range of frequencies (or sometimes several 
nonoverlapping ranges) which should be emphasized or de-emphasized in applying the SVD algorithm.  
This may help the SVD procedure to separate different frequency components (that otherwise would have 
been combined into the same component) into different principal components.  In practice, the software 
allows the user to select one or more (up to four) frequency ranges using movable cursors, and then specify 
a multiplier or attenuation factor (using a logarithmic scale, in dB) which is applied to those frequency 
range(s) prior to performing the SVD.  In detail, the algorithm is as follows: 

1. Multiply the EEG time series for the multichannel epoch (after zero-padding to a number of time 
points which is a power of 2) by a raised-cosine window function, and then use the FFT algorithm 
to determine the complex (real and imaginary) spectrum of the EEG. 

2. Perform the SVD on the complex spectral values (essentially performing PCA in the frequency 
domain). 

3. Display the resulting frequency-domain principal components as amplitude spectra (which 
represent the frequency spectra of the time-domain principal components). 

4. Allow the user to select frequency range(s) to be modified while viewing the principal components 
spectra. 

5. Multiply those complex spectral values that fall within the specified frequency range(s) by the 
user-selected multiplier (converted from a positive or negative dB value to a real factor that is 
greater or less than 1.0) to enhance or attenuate them. 

6. Again perform the SVD, this time using the modified complex spectral values (essentially 
performing PCA in the frequency domain). 

7. Take the resulting principal components in the frequency domain and multiply those complex 
spectral values that fall within the specified frequency range(s) by the reciprocal of the user-
selected multiplier (essentially undoing the previous enhancement or attenuation), and display the 
results as revised amplitude spectra. 

8. Perform an inverse FFT on these frequency-domain principal components to convert them to time-
domain waveforms. 

9. Divide the resulting time-domain waveforms by the same raised-cosine window function used 
previously (essentially undoing the window function), and truncate to the original epoch length. 

10. The results are the time-series principal components that may be displayed and used to reconstruct 
an EEG in the usual way. 

The following examples illustrate principal component analysis and spatial filtering.  In many examples, 
this is applied to the determination of the onset and classification or localization of epileptic seizures.  The 
examples illustrate the topographic mapping of components representing an ictal discharge, spatial filtering 
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of artifacts that interfere with EEG interpretation, and use of the method of frequency-range enhancement 
or attenuation to attempt to achieve a more clinically-useful separation of components. 
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Using principal component analysis (PCA) to help localize a seizure 
A. Open the record sample424.  This example is for the patient with a right frontal cavernous 

hemangioma.  Set the filters off and select the average reference montage, Avg31.  Move to the 
time 13:53:51, which shows the onset of a seizure. 
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B. Insert a range to mark the 3-second epoch from 13:53:52-13:53:55 for analysis (showing the initial 
ictal discharge). 
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C. Right-click on the right half of the recording, select Insert Vertical Adornment | Principal 
Component Analysis. 

 

D. Select PC Spectra as the Output Type.  Click the Data Ranges tab and select Ranges as the 
Method and Visible as the Subset, then click the OK button. 
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E. The 31 principal component waveforms of the selected EEG epoch are displayed on the right half 
of the screen, while the original 31-channel EEG epoch is displayed on the left side.  The 



 291

components are ordered from largest to smallest.  Between the EEG and the principal component 
waveform display, bar graphs show the contributions of each component to each channel (upward 
bars for positive contributions, downward bars for negative). 
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F. To show the wavelengths of the Principal Components shown, right click on the contribution 
graph and select Insert Vertical Adornment | PC Waveform.  
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G. To show the Principal Components Topograph, right click on the component graph and select 
Insert Vertical Adornment | PC Topograph. 
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H. Right-click on the topograph and select properties.  Then, click on the Topograph tab, check the 
box for Electrodes, Values, and Opaque, then click the OK button. 
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I. This will show the contributions of the first component to each electrode (channel) shown.  This 
represents the distribution of the first component over the channels.  Note that the maximum 
negative contribution is in the right mid-temporal region (T10 = -781), and much of the left 
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hemisphere makes negative contributions.  However, the maximum positive contribution is in the 
left central area (C3 = 267), and the entire left hemisphere and midline region have positive 
contributions.  This display may be interpreted as a topographic map of the first component: 
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J. You may select to view multiple component topographs simultaneously.  To do this, right-click on 
the component graph and select Properties.  Then, in the Using of Principal Components area, 
select a number for the component that you would like displayed, click the ‘<’ button for each 
number that you select.  This will place that number in the ‘Used’ list, then click OK when you 
are done.  In this example, Components 1,2,3, and 4 were placed in the Used list. (You may also 
right click on the Principal Component and select Insert Cursor, then move the cursor to the 
number of the component that you would like to view) The second component, seems to represent 
a more symmetric bifrontal type of activity: (bifrontal negativity, maximal at FPZ, with positivity 
everywhere else, maximal at IZ): The remaining components have low amplitude, and most of 
these are probably artifact or background (non-ictal) activity 
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K. Move the range to mark the 3-second epoch from 13:53:56-13:53:59 for analysis (4 seconds after 
seizure onset). 
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L. To view the reconstructed EEG, right click on the Principal component, select Insert Vertical 
Adornment | reconstructed. Different components can be shown by moving the cursor to the 
desired location. The cursor moves through the component bar graph in the middle of the display 
as different components are selected.  The following shows the reconstructed EEG from the 
second component, which seems to represent primarily right frontotemporal activity: 
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M. Continuing the display of the various components, one may see that the third component 
represents more symmetric bifrontotemporal activity. 

 

N. Later components are low amplitude, and many represent artifact or non-ictal background activity.  
For example, the fifth component represents muscle activity in the left mid-temporal electrode: 
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Another example of using PCA to help localize a seizure 
A. Open the record sample677.  This example is for the patient with left mesial temporal sclerosis.  

Set the filters off and select the Laplacian montage, Laplacian3.  Move to the time 10:32:23.  This 
shows the onset of a seizure. 
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B. Insert a range to mark the the 3-second epoch from 10:32:24-10:32:27 for analysis (showing the 
initial ictal discharge). Note the theta activity in F9, T9, F7, FP1, F3, and FZ which represents the 
seizure discharge. 
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C. Right-click on the right half of the recording, select Insert Vertical Adornment | Principal 
Component Analysis. 

 

D. Select PC Waveform as the Output, then click on the Data Ranges tab.  Select Ranges as the 
method and Visible as the Subset, and then click the OK button. 
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E. The 31 principal component waveforms of the selected EEG epoch are displayed on the right half 
of the screen, while the original 31-channel EEG epoch is displayed on the left side.  The 
components are ordered from largest to smallest.  Between the EEG and the principal component 
waveform display, bar graphs show the contributions of each component to each channel (upward 
bars for positive contributions, downward bars for negative). 
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F. To see the frequency spectrum of the principal components, right click on the component graph 
and select Insert Vertical Adornment | PC Spectra. 
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G. To display the EEG reconstructed from the first component alone, right click on the component 
graph, select Insert Vertical Adornment | reconstructed. 
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H. This display shows that the first component represents the ictal discharge in the left 
frontotemporal region: 



 312

 



 313

I. To view an electrode diagram, right click on the component graph, select Insert Vertical 
Adornment | PC Topograph. 
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J. To show the values and electrodes, right-click on the topograph and select properties.  Click on 
the Topograph tab and check the boxes for electrodes and values, then click the OK button. 
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K. This represents the distribution of the first component over the channels.  Note that the maximum 
negative contribution is in the left frontopolar region (FP1 = 24), and the left frontal and inferior 
mid-temporal electrodes (together with the right mid and posterior temporal electrodes) make 
negative contributions.  However, the maximum positive contribution is in the right inferior lateral 
frontal region (F10 = 272), and the right and midline frontocentral and left centroparietotemporal 
regions have positive contributions.  This display may be interpreted as a topographic map of the 
first component: 
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L. Successive components may be viewed by moving the cursor to the next component number.  The 
cursor moves through the component bar graph in the middle of the display as different 
components are selected.  The following shows the reconstructed EEG from the second 
component, which seems to represent more right-sided activity: 
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M. The corresponding topographic contribution diagram for the second component is as follows; this 
shows a maximum positivity at O2 (261) and maximum negativity at FZ (-194): 
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N. Moving the cursor again, the following shows the reconstructed EEG from the third component, 
which seems to represent more symmetric bifrontopolar activity, which is out-of-phase in the right 
compared to the left hemisphere electrodes: 
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O. The corresponding topographic contribution diagram for the third component is as follows; this 
shows a maximum positivity at F3 (6.45) and maximum negativity at FP2 (-6.5): 
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P. The remaining components have low amplitude, and most of these are probably artifact or 
background (non-ictal) activity.  For example, the fourth component represents electrode artifact 
in the right occipital electrode: 
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Q. In most cases, the first principal component tends to represent an EEG waveform or activity that is 
easily distinguishable from the rest by inspection of the original EEG epoch and easily 
characterized as to its nature (background activity, artifact, transient, ictal discharge, etc.).  
However, the tendency is for successive components after the first to be less well demarcated and 
less easily characterized in a clinically-relevant sense, even though, mathematically speaking, each 
component is necessarily orthogonal (uncorrelated) with every other component.  The choice of 
orthogonal components is not unique; that is, it is always possible to find other sets of components 
that are also mutually orthogonal, and some of these other sets may be clinically more relevant 
than the set originally chosen by the SVD algorithm.  As noted previously, one way to circumvent 
this is for the user to inspect the frequency spectra of the principal components and select a range 
of frequencies (or sometimes several nonoverlapping ranges) which should be emphasized or de-
emphasized in applying the SVD algorithm.  In practice, the software allows the user to select one 
or more frequency ranges using movable cursors, and then specify a multiplier or attenuation 
factor (using a logarithmic scale, in dB) which is applied to those frequency range(s) prior to 
performing the SVD.  In the case of this patient, the second and third components both seem to 
represent ictal activity and seem to overlap in their distribution, though their frequency spectra are 
different.  The following illustrates the use of frequency-range enhancement to force a new 
orthogonalization of components. 
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Example of using PCA to follow the evolution and spread of a seizure 
A. The evolution and spread of the seizure may be demonstrated by looking at the principal 

component maps of successive epochs.  For example, once again open the record sample677. 
This example is for the patient with left mesial temporal sclerosis.  Set the filters off and select the 
Laplacian montage, Laplacian3. Move to the time 10:32:38, which is 14 seconds after seizure 
onset. 
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B. Insert a range to mark the 3-second epoch from 13:32:39-13:32:42 for analysis (15 seconds after 
seizure onset).  (note the repetitive sharp waves in F9, T9, TP11, and F7 that represents the 
seizure discharge). 
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C. Right-click on the right half of the recording, select Insert Vertical Adornment | Principal 
Component Analysis. 

 

D. Select PC Waveform as the Output and then click the Data Ranges tab. 
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E. Select Ranges as the Method and Visible as the Subset, then click the OK button to display a bar 
graph of the Principal Components. 
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F. The 31 principal component waveforms of the selected EEG epoch are displayed on the right half 
of the screen, while the original 31-channel EEG epoch is displayed on the left side.  The 
components are ordered from largest to smallest.  Between the EEG and the principal component 
waveform display, bar graphs show the contributions of each component to each channel (upward 
bars for positive contributions, downward bars for negative). 
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G. Successive components may be viewed by moving the cursor on the bar graph.  The cursor moves 
through the component bar graph in the middle of the display as different components are 
selected.  The following shows the reconstructed EEG from the second component, which 
represents the ictal discharge in the left frontotemporal region: 
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H. Right-click on the component bar graph and select Insert Vertical Adornment to change the 
display.  Selecting Topograph will change the right hand display to an electrode diagram with 
the contributions of the first component to each electrode (channel) shown.  This represents the 
distribution of the second component over the channels and may be interpreted as a topographic 
map of the second component; this confirms the left frontotemporal distribution of this 
component (left frontal and mid-temporal positivity, maximal at T9=4.38, with negativity in other 
regions, including the left posterior temporal region, maximal at TP11=--3.24): 

 



 329

I. Continuing the display of the various components, one may see that the third component 
represents more symmetric bifrontal activity.  Later components are low amplitude, and many 
represent artifact or non-ictal background activity.  For example, the fifth component 
reconstructed represents electrode artifact in the right occipital electrode: 
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J. To continue the analysis of the evolution and spread of the seizure, close the adornments and 
move to the time 10:32:43 (19 sec after seizure onset). 
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K. Insert a range to mark the 3-second epoch from 13:32:44-13:32:47 for analysis (20 seconds after 
seizure onset).  Note the repetitive sharp waves in F9, T9, TP11, and F7 that represent the seizure 
discharge. 
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L. Right-click on the right half of the recording and select Insert Vertical Adornment | Principal 
Component Analysis. 

 

M. Select Reconstructed as the Output, then click the Data Ranges tab. Select Ranges as the Method 
and Visible as the subset, then click the OK button. 
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N. The 31 principal component waveforms of the selected EEG epoch are displayed on the right half 
of the screen, while the original 31-channel EEG epoch is displayed on the left side.  The 
components are ordered from largest to smallest.  Between the EEG and the principal component 
waveform display, bar graphs show the contributions of each component to each channel (upward 
bars for positive contributions, downward bars for negative). The component number 1 is 
displayed on the cursor.  This display shows that the first component represents electrode artifact 
at P4 
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O. Successive components may be viewed by moving the cursor to the next component.  The cursor 
moves through the component bar graph in the middle of the display as different components are 
selected.  The following shows the reconstructed EEG from the second component, which 
represents the ictal discharge in the left frontotemporal region: 
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P. By right-clicking on the component bar graph, you may select Insert Vertical Adornment | PC 
Topograph to show the topograph for the contribution.  The corresponding topographic 
contribution diagram for the second component is displayed; this confirms the left frontotemporal 
distribution of this component (left frontal and mid-temporal negativity, maximal at FP1=-20.91, 
with positivity in most other regions, including the right frontal region, maximal at FP2=13.41): 
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Q. Continuing the display of the various components, one may see that the third component 
represents unusually distributed activity which is in-phase in the left and midline 
frontal/frontopolar region and out of phase in the inion and left inferolateral frontal region; this 
may represent ictal activity and artifact mixed together: 
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R. Continuing the display of the various components, one may see that component 4 represents more 
symmetric bifrontal activity, while later components are low amplitude, and probably represent 
artifact or non-ictal background activity: 
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Spatial filtering using PCA to remove ocular movement artifacts 
A. Open the record sample677.  This example is for the patient with left mesial temporal sclerosis 

and shows how to improve the ability to visualize and localize a seizure by first removing ocular 
movement artifacts.  Set the filters off and select the Laplacian montage, Laplacian3.  Move to 
the time 5:59:38, which shows some ocular movement artifacts most prominent in the FP1-Nav, 
NZ-N3, and FP2-Nav channels. 
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B. Insert a range to mark the 5-second epoch from 5:59:39-5:59:44 for analysis (showing the ocular 
movement artifacts).  
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C. Right-click on the right half of the recording and select Insert Vertical Adornment | Principal 
Component Analysis. 

 

D. Select PC Waveform as the Output, then click the Data Ranges tab.  Then select Ranges as the 
Method and Visible as the Subset.  Then click the OK button. 
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E. The 31 principal component waveforms of the selected EEG epoch are displayed on the right half 
of the screen, while the original 31-channel EEG epoch is displayed on the left side.  The 
components are ordered from largest to smallest.  Between the EEG and the principal component 
waveform display, bar graphs show the contributions of each component to each channel (upward 
bars for positive contributions, downward bars for negative). 
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F. To display the EEG reconstructed from the first component alone, right click on the component 
graph and select Insert Vertical Adornment | reconstructed.  This display shows that the first 
component represents ocular movement artifacts: 
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G. Another way to confirm the nature of component 1 is to look at its spatial distribution over the 
channels.  To show the topograph, right-click on the component bar graph, then select Insert 
Vertical Adornment | PC Topograph.  Right click on the topograph and select Properties. 

 

H. Click the Topograph tab and check the boxes for Eelectrods Values, and Opaque.  Click the OK 
button. 
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I. Note that the maximum negative contributions are in the bifrontopolar and nasion region (Fp1=-
5.36, FP2=-441), as expected for a vertical ocular movement artifact: 
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J. Successive components may be viewed by moving the cursor across the bar graph.   The cursor 
moves through the component bar graph in the middle of the display as different components are 
selected.  The following shows the reconstructed EEG from the second component, which 
represents F7 electrode artifact (which also appears in the F9-N3 channel since F7 is in the 
Laplacian calculation for F9):  
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Another example of spatial filtering with PCA to remove artifacts 
A. Open the record sample677.  This example is for the patient with left mesial temporal sclerosis 

and shows how to improve the ability to visualize and localize a seizure by first removing ocular 
movement artifacts.  Set the filters off and select the Laplacian montage, Laplacian3.  

B. Move to the time 10:32:04.  This shows some ocular movement artifacts most prominent in the 
FP1-Nav, NZ-N3, and FP2-Nav channels, as well as O2 electrode artifact: 
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C. Insert a range to mark the 4-second epoch from 10:32:05-10:32:09 for analysis (showing the 
artifacts).  
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D. Right-click on the right half of the recording and select Insert Vertical Adornment | Principal 
Component Analysis. 

 

E. Select PC Waveform as the Output, then click the Data Ranges tab.  Select Ranges as the Method 
and Visible as the Subset, then click the OK button. 
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F. The 31 principal component waveforms of the selected EEG epoch are displayed on the right half 
of the screen, while the original 31-channel EEG epoch is displayed on the left side.  The 
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components are ordered from largest to smallest.  Between the EEG and the principal component 
waveform display, bar graphs show the contributions of each component to each channel (upward 
bars for positive contributions, downward bars for negative). 
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G. To display the EEG reconstructed from the first component alone, right-click on the component 
graph and select Insert Vertical Adornment | Reconstructed.  The component number 1 is 
selected by the cursor on the component graph, which move moves to the first bar on the 
component graph in the middle of the display.  This display shows that the first component 
represents ocular movement artifacts: 
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H. Another way to confirm the nature of component 1 is to look at its spatial distribution over the 
channels.  Right-click on the component graph and select Insert Vertical Adornment | PC 
Topograph to display an electrode diagram with the contributions of the first component to each 
electrode (channel) shown.  To show the electrodes in the topograph, right-click on the topograph 
and select Properties, then click on the Topograph tab and select Electrodes, Values, and Opaque.  
Note that the maximum positive contributions are in the bifrontopolar and nasion region 
(Fp1=677, NZ=498, FP2=575), as expected for a vertical ocular movement artifact:  
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I. To view the next component, select and move the cursor to the second component.  The following 
shows the reconstructed EEG from the second component, which represents O2 electrode artifact 
(which also appears in the P4-Nav channel since O2 is in the Laplacian calculation for P4):  

 



 356

J. The remaining components may be similarly inspected.  To construct a spatial filter that removes 
the ocular movement and O2 electrode artifacts but preserves all other components, right-click on 
the contribution graph and select Properties. 

 

K. You may select specific components to use or ignore.  To use a component click on the number in 
the Unused column and click the < button to place it in the Used column (Note, multiple numbers 
may be selected while holding the Ctrl key).  Click the OK button when you are done.  This shows 
the EEG with the ocular movement (component 1 & 2) and O2 electrode artifacts removed: 



 357

 



 358

L. To save the spatial filter, right-click on the adornment and select Properties. 

 

M. Check the Apply when finished checkbox and enter the Montage name that you would like to use, 
for this example we will leave the Montage Name as Laplacian3PCA, then click the OK button. 
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N. Now, right-click on the adornment and select Delete to close it. 
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O. The new Montage Laplacian3PCA will automatically be applied. Remove the range and move to 
the time 13:32:38.  This shows a portion of a left frontotemporal seizure discharge (15 sec after 
seizure onset) in which ocular movement artifact and O2 electrode artifact are present which 
complicate the interpretation of the EEG: 
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P. In order to demonstrate that the effect of the spatial filter upon the distribution of other non-
filtered components (in particular, the ictal discharge) is minimal, as should be the case for an 
ideal filter, PEFSA can be done and compared with the results of PEFSA without spatial filtering.  
To do this, insert a range to mark the 3-second epoch from 10:32:39-10:32:42 for analysis.  Note 
the theta activity in F9, T9, TP11, F7, and T7 which represents the seizure discharge. 
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Q. Right-click on the right half of the recording and select Insert Vertical Adornment | Frequency 
Domain Analysis. 

 

R. Select PEFSA for the Output Type, then click on the Data Ranges tab.  Select Ranges as the 
Method and Visible as the Subset, then click the OK button. 
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S. The PEFSA adornment will be displayed on the right half of the screen. 
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T. Next, insert a cursor at 6 Hz and 12 Hz.  To insert a cursor, right click on the adornment and select 
Insert Cursor for each cursor that you would like to insert. 
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U. Next, right-click on the adornment and select Insert Vertical Adornment | FDA Topograph to 
show the topographic map. 
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V. You can show the electrodes for the topographic map.  To do this, right-click on the Topographic 
map and select Properties. 

 

W. Click on the Topograph tab and check Electrodes, Values, and Opaque.  Then click the OK 
button. 
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X. At both frequencies, the maximum positivity is in the left temporal region (T9 = 13.2 at 6.000 Hz, 
8.4 at 12.04 Hz). 
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