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Bacigalupo, F., & Luck, S. J. (2018). Event-related potential 
components as measures of aversive conditioning in humans. 

Psychophysiology, 55, e13015.



Skin Conductance Response

For decades, researchers have studied aversive conditioning using the 
skin conductance response, which is related to the sweaty palms you 

get when you’re nervous.



Hajcak et al. (2012, Oxford Handbook of ERP Components) 
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The Late Positive Potential (LPP)

The LPP is elicited by emotionally 
arousing stimuli, whether they’re positive 
or negative. An LPP would therefore be 

expected for stimuli that have been 
associated with negative outcomes.





Baker, D. H., Vilidaite, G., Lygo, F. A., Smith, A. K., Flack, T. R., Gouws, A. D., & 
Andrews, T. J. (2020). Power contours: Optimising sample size and precision in 

experimental psychology and human neuroscience. ArXiv:1902.06122 [q-Bio, Stat].

Statistical power in ERP experiments 
depends on both the number of subjects 

and the number of trials per subject.





The problem with LCDs is that there is a delay between when the 
computer sends them the video signal and when the image actually 

appears on the screen.

We always measure the delay and shift the event codes accordingly. 





The aversive stimulus was a 
1.5-second white noise burst. 

This is referred to as the 
unconditioned stimulus or US. It 

was 100 decibels, which isn’t 
loud enough to damage the ears 

but was really unpleasant.



One color was the conditioned 
stimulus or CS+, which was 

associated with the white noise 
burst. 

When the CS+ was presented, 
it had a 50% chance of being 

followed by the noise burst 2.5 
seconds after the onset of the 

CS+. These are CS+/US+ 
trials.

On the other 50% of CS+ 
trials, no noise burst was 

presented. These are CS+/US-
trials.



Counterbalancing
Subject 1: CS+ = Blue
Subject 2: CS+ = Green
Subject 3: CS+ = Yellow
Subject 4: CS+ = Blue…

The other two colors were 
associated with the absence of 
the noise burst and were called 

CS- stimuli. 
We counterbalanced which 

color was CS+ and which colors 
were CS-.

The CS- stimuli were never 
followed by a noise burst.
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How many electrodes do you need?

In many studies, all of the analyses focus 
on just one or two electrodes. It is usually 
a good idea to have enough electrodes to 

cover the scalp, you might miss an 
interesting but unexpected effect

In most cases, 12 electrode sites would be 
the minimum recommended, and there is 
not usually a significant benefit to having 

more than 64 electrodes.



Each electrode is just a little pellet of metal encased in plastic.
The electrode pellet doesn’t directly contact the skin. Instead, a 
conductive gel makes the connection between the skin and the 
electrode. This results in a more stable connection that isn’t as 

easily disrupted by small head movements.



https://pressrelease.brainproducts.com/r-net-2/

Some systems use a sponge soaked with saline as the 
conductor. This makes the electrodes faster to apply. 

However, the data are usually noisier.



https://www.cgxsystems.com/

Dry electrodes are popular for 
real-world applications, like 
brain-computer interfaces. 

The data quality is too poor for 
most laboratory research.



Event Codes

Filter, Amplify, 
Digitize

Stimulation
Computer

https://www.brainproducts.com/productdetails.php?id=4

In a typical laboratory system, the outputs of the electrodes are sent to a 
device that filters and amplifies the voltages and then turns the analog 

voltages into discrete digital values. 
In some systems, each electrode has a built-in preamplifier. These are called 

active electrodes, and they produce better data quality.



Digitizing the EEG
Fz

Cz

Pz
Sample period = 4 ms
Sampling rate = 250 Hz
Sampling period = 4 ms
Sampling rate = 250 Hz

A sampling rate of between 250 and 1000 Hz is high enough for most cognitive 
and affective processes. Some sensory studies need a sampling rate as high 

as 10,000 Hz.

The sampling rate must be more than twice as high as the highest frequency in 
the data to avoid “aliasing”. An antialiasing filter is used to remove the high 

frequencies prior to digitization.





Epidermis

Electrode Pellet

Electrode Gel

DermisSweat
Gland

Abrasions

Electrode Impedance
Electrode impedance is the extent 

to which the flow of current 
between the electrode pellet and 
the living skin is impeded by the 

layer of dead skin cells and oils on 
the surface of the skin

If the impedance is too high, this 
results in more low-frequency noise 

from skin potentials. High impedance 
does not reduce the size of the signal.



Kappenman, E. S., & Luck, S. J. (2010). The effects of electrode impedance on data 
quality and statistical significance in ERP recordings. Psychophysiology, 47, 888–904.
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From Malmivuo, J. & Plonsey, R. (1995)

Mastoid



Absolute Voltage-
Potential for current to flow from one 
site to the average of the whole head
Voltage(A→B) = A - B

Voltage-
Potential for current 
to flow from one 
location to another



Active, Reference, & Ground Electrodes

Voltage is measured between ACTIVE 
and GROUND (A - G)

Voltage is measured between 
REFERENCE and GROUND (R - G)

Output is the difference:
(A - G) - (R - G) = A - R

A – R is the voltage between ACTIVE 
and REFERENCE

Ground location does not matter

Reference location is vitally important!
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N170 with Different Reference Sites
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From Malmivuo, J. & Plonsey, R. (1995)

Mastoid



What to Use as the Reference?

Equivalent
Current
Dipole
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In an ideal world, we’d have our 
reference electrode somewhere on 

the zero line.
To know where the zero line is, we’d 

need to know the location and 
orientation of all the generator 

dipoles. 
In practice there is no way to find an 

electrically neutral location for the 
reference electrode.

Bottom line: no matter where the 
reference is located, it is picking up a 

real signal that is then inverted via 
the referencing process.Recorded Voltage = Active - Reference
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The main value in continuing to use these sites as the reference is that 
consistency makes it easier to compare the results across studies.
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The average across ALL electrode sites can 
be used as the reference



Mastoid

Some EEG systems  
compute (A - G) - (R - G) 

in software
(single-ended recording)



Tanaka, J. W., & Curran, T. (2001). A neural basis for expert object recognition. 
Psychological Science, 12, 43–47.

The data can be algebraically re-referenced offline
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The corneo-retinal standing potential creates a dipolar voltage field

+ –

+
–

The Electrooculogram (EOG)
There is a standing electrical potential 
between the front and back chambers 

of the eye, with positive at the front 
and negative at the back.

This dipole creates a strong voltage 
field that spreads to the scalp.

The magnitude of the dipole remains 
constant over time, but as the eyes 

rotate, this produces a change in the 
distribution of the voltage field over the 

scalp.



When the eyes blink, the 
movement of the eyelids 
over the eyes changes 
the resistance, which in 

turn causes a brief 
change in the magnitude 

of the EOG over the 
scalp.
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Lins, Picton, Berg, & Scherg (1993)

Noncephalic reference

Rogalska et al. (2019, Open Physics)

Bipolar Vertical EOG (VEOG) = Lower – Upper

A blink can produce 20 to 40 microvolts at sites like Fz, Cz, and Pz.
The blink voltage is negative under the eyes and positive over the eyes.
Researchers often take advantage of this by computing a bipolar vertical 

EOG signal, which is lower minus upper. 
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VEOG-Upper
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Bipolar Vertical EOG (VEOG) = Lower – Upper

+

Rogalska et al. (2019, Open Physics)

+ –

+
–

If the eyes rotate downward, the voltage becomes positive below the eyes. 
If the eyes rotate upward, the voltage becomes positive above the eyes.
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Rogalska et al. (2019, Open Physics)

Bipolar Horizontal EOG (HEOG) = Left – Right

+ – – +

A leftward rotation produces a positive voltage over the left side of the head 
and a negative voltage over the right side of the head. A rightward rotation 

produces the opposite polarity.
A bipolar HEOG signal (HEOG-Left minus HEOG-Right) doubles the signal 

and eliminates most brain activity.
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It is important to deal with artifacts that are large enough to add significant 
random variation to the data. 

If the EEG contains huge crazy artifacts, more trials must be averaged together 
to produce a stable, reliable ERP waveform.
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Lins, Picton, Berg, & Scherg (1993)

It is important to deal artifacts that are not random and may cause a 
systematic confound in the data. 

For example, subjects in tend to blink more for rare oddball stimuli than for 
frequent standards.
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Moving the eyes toward 

the target produces a 
contralateral negativity, 

just like the N2pc



Dealing with Artifacts

+

https://www.sr-research.com/eyelink-brainproducts-integration

Blink 
During 

ITI{

Researchers often try to minimize the occurrence 
of the artifacts.

Subjects might be told to blink only at certain 
times, like the ITI. 

Subjects might be instructed to maintain their gaze 
on a central fixation point, and an eye tracker may 

be used to ensure compliance.



Artifact rejection: Trials containing artifacts are excluded from the averages.



Artifact correction: The artifactual voltage is estimated (usually with 
independent component analysis) and subtracted from the EEG at each 

electrode site. This works particularly well for blinks.

Uncorrected

Corrected





Even when artifact 
correction is used for blinks 

and/or eye movements, 
rejection is often used for 

other miscellaneous 
artifacts.

In studies that do not use artifact correction, but rely solely on rejection, a 
larger percentage of trials is rejected. That’s OK as long as enough valid 

trials are available for averaging.
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https://erpinfo.org/order-of-steps



Hajcak et al. (2012, Oxford Handbook of ERP Components) 

The Late Positive Potential (LPP)

Prediction: the CS+ will elicit a large late positive 
potential (which reflects emotional arousal)
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Rogalska et al. (2019, Open Physics)
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Stimulus Stimulus Stimulus Stimulus

One average for CS+ trials / One average for CS- trials
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CS+ CS- CS+ minus CS-You might think you could just 
look at the waveforms and 
scalp distributions and see 

that this is where the effect is. 
But it can be dangerous to 

use what you see in the data 
to determine how you 

analyze the data.
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Conditions A and B were 
created by randomly 
sampling EEG epochs 

from a single condition 
of a real experiment

Luck & Gaspelin (2017)

Any differences between 
the waveforms for A and B 
reflect random trial-to-trial 

variations in the EEG 
(“bogus” differences)

“Bogus But Significant” =
Due Solely to Noise =

Type I error
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Any differences between the 
waveforms for A and B reflect 
random trial-by-trial variations 

(bogus differences)
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Main effect of condition: p = .051
Condition x hemisphere interaction: 

p = .011

Mean amplitude from 150-250 ms 
(C3/C4/P3/P4)

Main effect of condition: p = .026

Luck & Gaspelin (2017)
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Any differences between the 
waveforms for A and B reflect 
random trial-by-trial variations 

(bogus differences)

Conditions A and B were created 
by randomly sampling EEG epochs 
from a single condition of a real 

experiment

There are so many time points and 
electrode sites that you will almost 

always be able to find a bogus-
but-significant effect somewhere
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Ideally, the researchers will have chosen their time windows and electrode 
sites before seeing the data, on the basis of prior research. Felix chose to 

measure the LPP from 350 to 650 milliseconds at the Pz electrode site 
because that’s where other studies have found similar LPP effects.

When you’re reading 
an ERP paper, you 
should look at how 
they decided which 

time points and 
electrode sites to 

analyze. 



Luck, S. J., & Gaspelin, N. (2017). How to get statistically significant effects in any 
ERP experiment (and why you shouldn’t). Psychophysiology, 54, 146–157.
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Main effect of condition: p = .051
Condition x hemisphere interaction: 

p = .011

7 Main Effects and Interactions
Condition main effect

Hemisphere main effect
Anterior-to-Posterior main effect

Condition x Hemisphere
Condition x Anterior-to-Posterior

Hemisphere x Anterior-to-Posterior
Condition x Hemisphere x Anterior-to-Posterior

Luck & Gaspelin (2017)30% false positive rate if all effects are actually null!



If you have an ANOVA with F factors, the number of p values is F2-1
and the probability that at least one will be significant by chance @ 1 – .95F2-1

Luck & Gaspelin (2017)



Cramer, A. O. J., van Ravenzwaaij, D., Matzke, D., Steingroever, H., Wetzels, R., 
Grasman, R. P. P. P., Waldorp, L. J., & Wagenmakers, E.-J. (2015). Hidden 

multiplicity in exploratory multiway ANOVA: Prevalence and remedies. 
Psychonomic Bulletin & Review, 23, 640–647.


