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Raw EEG

An EEG or ERP waveform can be decomposed into a set of 
sinusoids of difference frequencies, phases, and amplitudes. 

You could perfectly reproduce this entire waveform by 
summing together a set of sinusoids.
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Fourier Analysis

Joseph Fourier

ANY waveform, no matter how complex, can be recreated by summing together a set 
of sinusoids. The Fourier transform tells you the amplitudes, phases, and frequencies 
of the sinusoids you would need to reconstruct a given complex waveform.
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The Fourier transform shows the amplitudes and phases of the sinusoids that 
we’d need to sum together to recreate our original ERP waveform.

(Phase is not usually shown.)

(Phase, too!)
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The inverse Fourier transform simply sums together the sinusoids shown in the 
Frequency Domain plot to recreate the original Time Domain waveform.

(Phase, too!)
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Any time-domain waveform has a unique frequency-domain equivalent.
There is one and only one set of sinusoids that can perfectly recreate 

the original waveform. You need only one amplitude and phase for 
each frequency.
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Fundamental Principle #1
• Power at a frequency in a Fourier transform does not 

mean that an oscillation was present at that frequency
• Power at a frequency means that a sinusoid at that 

frequency, when added to other sinusoids at other 
frequencies, can create an equivalent waveform

It does not mean that the biological signal consists of the sum 
of these sinusoids
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ANY time-domain waveform has a unique frequency-domain equivalent.
The fact that we have a certain amplitude at 8 Hz in the Fourier 

transform doesn’t mean that there are 8 Hz oscillations in the ERP

Fundamental Principle #1
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But the peak at 75 Hz in this 
Fourier transform does reflect a 

75 Hz oscillation in the ERP.
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4 Classes of Filters
• Low-pass filter

- Remove high frequencies, pass low frequencies
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4 Classes of Filters
• Low-pass filter

- Remove high frequencies, pass low frequencies
• High-pass filter

- Remove low frequencies, pass high frequencies

EEG
Unfiltered

EEG
Filtered 
@ 0.1Hz



4 Classes of Filters
• Low-pass filter

- Remove high frequencies, pass low frequencies
• High-pass filter

- Remove low frequencies, pass high frequencies
• Band-pass filter

- Remove low and high frequencies, pass intermediate band
- Same as sequential application of low-pass and high-pass filters

• Notch filter
- Remove narrow band of frequencies (e.g., 50 Hz or 60 Hz)



Gain: Multiplication factor for adjusting the amplitude of each frequency
Rolloff: Slope of the filter at its steepest point (dB/octave)

Proportion of signal at 
each frequency that will 
pass through the filter
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Fundamental Principle #2: Precision in the frequency 
domain is inversely related to precision in the time domain

Filtering increases our precision in the frequency 
domain by giving us a narrower band of frequencies. 

But when we increase our frequency-domain precision 
this way, we’re actually losing temporal resolution. 
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Low-pass filters blur the onset and offset 
times of the ERP waveform. In this 

example of a 12 Hz low-pass filter, you can 
see that the onset time is shifted leftward 
and the offset time is shifted rightward.



High-pass filter distortion
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High-pass filters subtract out a blurred 
version of the original waveform. 

In this example of a 2.5 Hz high-pass 
filter, you can see that the positive 
peaks of the original waveform are 

preceded and followed by artifactual 
negative peaks in the filtered waveform.
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A frequency response function with a very steep slope induces artifactual 
oscillations in the data.



Darren Tanner Kara Morgan-Short



Recommendations
for cognitive research in adults

When you’re reading an ERP paper, one of the first things you should look 
at is the filter settings. If they’re in the red range, the filters may have 

distorted the data so badly that the conclusions are invalid.

High-pass cutoff Low-pass cutoffHigh-pass 
cutoff

Low-pass 
cutoff

Don’t worry ≤ 0.1 Hz ≥ 20 Hz

Worry a little 0.1-0.5 Hz 10-20 Hz

Worry a lot* > 0.5 Hz < 10 Hz

*Especially when slope is > 12 dB/octave
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http://mitpress.mit.edu/books/analyzing-
neural-time-series-data https://www.mikexcohen.com/#courses



Bastiaansen, M., Mazaheri, A., & Jensen, O. (2012). Beyond ERPs: Oscillatory neuronal dynamics. In S. J. Luck & 
E. S. Kappenman (Eds.), The Oxford Handbook of ERP Components (pp. 31–49). Oxford University Press.
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Bastiaansen et al. (2012)

On each trial, the stimulus elicits two alpha-
band bursts. The first burst is phase-locked 

to the stimulus. On every trial, we get 
positive peaks at consistent times and 

negative peaks at consistent times. 
When we average the trials together, we 

can see the alpha burst in the average, with 
the same positive and negative peaks.
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Bastiaansen et al. (2012)

The second alpha burst doesn’t have a 
consistent phase from trial to trial. Where we 

have a positive peak in the first epoch, we have 
a negative peak in the second, and no peak at 

all in the third. 
These oscillations therefore cancel out in the 

average, which makes it look as if there was no 
stimulus-related brain activity during this period.
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Time-frequency analysis makes phase-random oscillations visible by 
estimating the amplitude independent of the phase.

Fourier analysis tells us the amplitude at each frequency, independently of 
the phase, but it gets rid of time. 

Time-frequency analysis gives us a blend of time and frequency information.
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Fundamental Principle #2: Precision in the frequency 
domain is inversely related to precision in the time domain

In time-frequency analysis, we give up some precision in time and 
some precision in frequency so that we can have a little of each.



Time-Frequency Analysis
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Frequency

Instead of using infinite-duration sine waves, 
we reconstruct a time-domain waveform by 

summing together a set of wavelets. 
Each wavelet is created by taking the sine 

wave and windowing it, often with a Gaussian 
windowing function.

We’ve lost some frequency 
resolution. In the frequency 

domain, the wavelet contains 
a somewhat broad range of 
frequencies around 10 Hz.



Time-Frequency Analysis

You can see how a single-trial of our simulated EEG 
data could be fit by combining a several 10 Hz wavelets.



0 1000 ms

Single-Trial EEG Epochs

0 1000 ms

Time-Frequency Transforms

10 Hz
20 Hz
30 Hz
40 Hz

0 µV

10 µV

Fr
eq

ue
nc

y

Time Time

The X axis represents time, 
just as in the original EEG 
epochs. But now the Y axis 
represents frequency. The 

color at each location in this 
two-dimensional space 

represents the magnitude of 
a given frequency at a given 

time.
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Fundamental Principle #1: Power at a frequency in a 
time-frequency transform does not mean that an 

oscillation was present at that frequency
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Rule of Thumb: In most cases, a broad band of power is 
not a true oscillation, but a narrow band of power does 
reflect a true oscillation

Probably a real 
oscillation
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Adrian & Matthews (1934)

Alpha is also briefly suppressed following a task-relevant stimulus

No attention

No attention



Bacigalupo, F., & Luck, S. J. (2019). Lateralized suppression of alpha-band EEG activity 
as a mechanism of target processing. The Journal of Neuroscience, 39, 900–917.



Task: Find item of 
attended color and report 
whether it has a gap on 
the top or the bottom

Bacigalupo & Luck (2019)

Subjects maintained 
fixation centrally and used 

covert attention to 
perceive the target

N2pc
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Bacigalupo & Luck (2019)

Task: Find item of 
attended color and report 
whether it has a gap on 
the top or the bottom

Subjects maintained 
fixation centrally and used 

covert attention to 
perceive the target



Key Background 
Issues

Epoching & Baseline 
Correction

This video was made possible by NIH grant 
R25MH080794 and is shared under the terms of a 

Creative Commons license (CC BY-SA 4.0)

https://creativecommons.org/licenses/by-sa/4.0/


Stimulus

Response

Stimulus

Response

Stimulus Stimulus

Response Response

Usually, we’re interested in looking at the ERP related to the 
stimuli, so the stimulus is time zero in our ERP averages. 

Before we make our averages, we have to pull out the single-
trial EEG epochs for each stimulus.

A typical epoch would 200 ms prior to stimulus onset and 
extend for 1000 ms, ending 800 ms after stimulus onset. 
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Sometimes we like to look at response-locked 
activity, in which case each epoch might go from 
500 ms before each response to 500 ms after.
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The EEG is riding on top of non-neural slow potentials. This voltage offset changes 
slowly over time, and it can be huge.

If we didn’t somehow subtract out the offset, our measures of ERP amplitudes would 
be incredibly distorted. If we didn’t subtract out this offset, we’d have enormous 

unexplained variance, and nothing would ever be statistically significant.
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Baseline Correction Procedure
Goal: Subtract estimate of offset voltage from the waveform

Mean prestimulus voltage is usually a reasonable estimate
Subtract this value from each point in the waveform

Offset due to 
skin potentials, 

etc.
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Baseline Correction Procedure
Goal: Subtract estimate of offset voltage from the waveform

Mean prestimulus voltage is usually a reasonable estimate
Subtract this value from each point in the waveform

“Noise Blip”

Entire waveform shifted down (negative) 
because of positive noise blip

Noise or overlap in the baseline period will be propagated to the entire waveform
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Overlap
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Stimulus

The last part of the waveform from the current stimulus will be present during the 
prestimulus baseline period of the next stimulus.

When we do our baseline correction, the overlap distorts our estimate of the offset, and 
we end up massively overcorrecting. The whole waveform gets shifted downward.
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Non-Differential 
Overlap

Overlap is not usually a problem unless it differs between conditions
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Overlap
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If you see a steeper tilt during the baseline period in one condition than in 
another, you should be concerned. 

And if you see effects that begin right around time zero and last for 
hundreds of milliseconds, you should be concerned.


