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Abstract: Event-related potentials (ERPs) constitute a useful and cost-effective method to assess the neural underpinnings of multiple
cognitive processes. ERPs have been used to track changes in cognitive processes in longitudinal and clinical studies. However, few studies
have assessed their test-retest reliability (i.e., their consistency across time). Therefore, in the current study, we aimed to assess the test-
retest reliability of ERPs (P100, N100, P200, N200, P3b, lateralized readiness potentials) across three tasks. In two assessments separated by
approximately 4 months, ERPs were recorded in 26 healthy participants, during two oddball tasks (motor and counting) and a stimulus-
response compatibility paradigm. Pearson’s correlations and intraclass correlations were used to assess the test-retest reliability of ERPs.
Correlations between ERPs elicited by the three tasks were assessed with Pearson’s correflations. Our analyses revealed moderate to very
strong test-retest reliability for most ERP components across the three tasks. Test-retest reliability did not differ between the motor and
counting oddball tasks. Most ERPs were also correlated across paradigms. Therefore, these results confirm that ERPs have the potential to be
reliable markers to serve as robust assessment tools in longitudinal or clinical studies.
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Event-related potentials (ERPs) are obtained through the
time-locked averaging of a continuous electroencephalo-
gram (EEG) recording. From this averaged ERP signal,
one can derive specific components, which represent the
electrical brain response to a given cognitive occurrence
(Luck, 2005). ERPs allow a very precise temporal tracking
of the electrocortical brain activity, which in turn allows
high sensitivity to the rapid information processing stream.
Given their use to track cognitive processes in longitudinal
(Fruehwirt et al., 2018; Wachinger et al., 2018) or clinical
studies (Houston & Schlienz, 2018; Morand-Beaulieu
et al., 2018), the test-retest reliability of ERPs must be
established. Test-retest reliability refers to the consistency
of a measure or an instrument over time. Thus, if we were
to assess an informant with an instrument that has good
test-retest reliability at different time points, that instru-
ment would yield similar scores at all time points. In the
context of ERP research, an ERP component with good
test-retest reliability would have constant amplitude and
latency over time.
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The oddball task is one of the most frequently used tasks
in ERP research (Kutas et al., 2012). This task involves the
presentation of a stream of standard stimuli, which is dis-
rupted at times by the presentation of a deviant stimulus.
This procedure is known to elicit the P300 (or P3b), which
is one of the most studied ERP components. The P3b has
a maximal amplitude over parietal electrodes and has
generators distributed across the cortex, including notably
the parietal, temporal, and posterior cingulate cortices
(Bledowski et al, 2004; Morgan et al, 2016; Polich,
2007). Some versions of the oddball task require a button
press when deviant stimuli are presented while others
require a silent count of deviant stimuli. Investigating ERPs
in both versions of the task allows us to isolate the effect of
button-pressing on components of interest (e.g., the P3b).
However, the literature regarding the effects of button-
pressing on ERP components in oddball tasks remains
inconsistent (Ford et al., 2000; Kayser et al., 2010; Kok,
1988; Salisbury et al., 2001; Wronka et al., 2008). Such
comparison of both oddball task variants has been used in
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clinical studies. For instance, following cognitive-behavioral
therapy, individuals with Tourette syndrome or body-
focused repetitive behaviors were found to have increased
P3b amplitude during a counting oddball task, but not
during its motor counterpart (Morand-Beaulieu et al.,
2016). It was thus hypothesized that motor-related ERPs
associated with motor responses could mask the treatment
effects that were seen in the counting oddball task. Another
explanation could be that both versions of the task differ in
terms of test-retest reliability, thus affecting the capacity to
detect treatment effects on ERPs. Understanding whether
test-retest reliability differs across these two tasks is there-
fore relevant for such experiments involving repeated
assessments.

Non-clinical studies have separately reported good test-
retest reliability for motor (Hall et al., 2006; Sandman &
Patterson, 2000; Segalowitz & Barnes, 1993; Williams
et al., 2005) and counting oddball tasks (Walhovd & Fjell,
2002), as well as oddball tasks combining motor responses
and silent count of deviant stimuli (Kinoshita et al., 1996;
Maeda et al., 1995). However, no study has ever compared
the test-retest reliability of these two variants of the oddball
task in a head-to-head comparison.

To date, only a few studies performed such assessment
of test-retest reliability of ERPs across various tasks within
the same group of individuals. A study assessed the P3b
across modalities in visual and auditory oddball tasks and
reported good test-retest reliability for both procedures
(Mathalon et al, 2000). Another study found that the
P100 and N100 peak amplitudes elicited by a motor
oddball task and a Sternberg task showed good and similar
4-month test-retest reliability (Cassidy et al., 2012). The
P100 and N10O are two ERPs reflecting early attentional
processes (Luck, 2005). In tasks using visual stimuli, they
are mostly generated by the middle occipital and fusiform
gyri (Herrmann & Knight, 2001; Martinez et al., 1999).

Here, we decided to add another experimental paradigm
to our multi-task assessment: the stimulus-response com-
patibility (SRC) paradigm. This type of task assesses cogni-
tive control by presenting stimuli whose position or
orientation is either compatible or incompatible with the
response to be given. Reaction times are generally longer
when a stimulus’ attributes are incompatible with the
required response: a phenomenon called the Simon effect
(Simon & Wolf, 1963). SRC paradigms elicit an N200 and
a P3b, but they also allow to study lateralized readiness
potentials (LRP), which are associated with movement
preparation (Luck, 2005). In this type of task, the N200
indexes conflict monitoring and inhibitory processes (Fol-
stein & Van Petten, 2008) and is mostly generated by the
anterior cingulate cortex (Huster et al, 2010; Parvaz
et al., 2014). In other tasks involving cognitive control such
as the Go/No-Go task and the Continuous Performance
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Test (CPT), where participants must press a button for
one or several types of stimuli but inhibit their response
when a specific stimulus is presented (Conners et al.,
2018), the N200 and the P3b were found to have moderate
to excellent test-retest reliability (Brunner et al, 2013;
Fallgatter et al., 2002; Hammerer et al., 2013; Segalowitz
et al., 2010). ERPs elicited by SRC paradigms offer a similar
evaluation of the brain correlates of cognitive control but
their test-retest reliability remains to be established.

Measuring ERPs in three different paradigms also allows
to assessing how ERPs are correlated across tasks. To our
knowledge, there have been very few assessments of corre-
lations between ERPs elicited by different cognitive tasks.
For instance, Riesel et al. (2013) reported that error-related
components measured in Flanker, Stroop, and Go/No-Go
tasks showed high correlations. Our dataset has the
potential to further improve the knowledge about cross-task
correlations of ERPs.

Therefore, the current study aimed to fill some gaps in
the literature. By comparing ERPs in two different visual
oddball tasks, our first aim was to assess whether motor
responses impacted their test-retest reliability. It was
hypothesized that test-retest reliability would not differ
between both versions of the oddball task. Secondly, we
also aimed to assess the test-retest reliability of several
ERPs elicited by the SRC task. According to previous stud-
ies of test-retest reliability in analogous cognitive control
tasks, we hypothesized that ERPs elicited by the SRC task
would show good test-retest reliability. A third goal was to
evaluate how ERPs across the three tasks were correlated.
We hypothesized that ERPs would be correlated across
tasks, especially for both variants of the oddball task.
Finally, this study aimed to assess whether motor responses
contribute to the P3b amplitude. It was expected that the
P3b peak would be larger in the counting than the motor
oddbeall task.

Methods

Participants

Thirty-five right-handed healthy participants were recruited
to take part in this project. Inclusion criteria were: (i) right-
hand dominant; (ii) age 18-65 years; and (iii) good or
corrected vision and normal color perception. Exclusion
criteria consisted of: (i) history of neurological or psychiatric
disorder; (ii) presence of head injury in the last year; (iii)
psychiatric medication uptake; and (iv) misuse of alcohol
or drugs. After the first assessment (T1), one participant
was excluded because of psychiatric medication uptake
and another was excluded because of impaired color per-
ception. Seven other participants dropped out and did not
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return for the second assessment. Therefore, the final group
comprised of 26 participants' (10 females, Mg = 37 years,
SD = 11.3) who returned to the laboratory for the second
assessment (T2) after approximately 4 months (M = 133.3
days, SD = 23.4 days). Their socio-demographic character-
istics are displayed in Table 1. This study was approved
by the ethics committee of the Institut universitaire en
santé mentale de Montréal (#2012-029) and informed con-
sent was obtained from all participants prior to their partic-
ipation in the study.

Procedure

Before the EEG recording at the first assessment, depres-
sion and anxiety symptoms were respectively assessed with
the Beck Depression Inventory (BDI; Beck et al., 1961) and
the Beck Anxiety Inventory (BAIL Beck et al., 1988). General
intelligence was assessed with the Raven’s Progressive
Matrices (RPM; Raven, 1938). The RPM is a test of non-
verbal reasoning and consists of 60 geometrics patterns
presented as matrices with a missing piece. Participants
are presented with several response choices and must select
the right one to fill in the missing piece. Also, visual acuity
and color perception were respectively assessed with the
Snellen Chart (Snellen, 1862) and the Ishihara test
(Ishihara, 1917).

Participants were then seated in a dimly lit room in a
front of a computer screen (Viewsonic SVGA 17" monitor,
1,280 x 1,024 resolution) on which stimuli were presented.
They first performed an oddball task, followed by the SRC
task, and then by another oddball task. The order of presen-
tation of the counting and the motor tasks was counterbal-
anced across participants and assessments.

Stimulus-Response Compatibility Task

Left- and right-pointing colored arrows (186 x 150 pixels)
were randomly presented on a white background, during
a single block. Arrows were presented for 200 ms, with
an interstimulus interval (fixation cross) randomly ranging
from 1,500 to 1,800 ms. Participants responded on a key-
board, by pressing either the left arrow key with the left
index finger or the right arrow key with the right index fin-
ger. In the compatible condition (100 blue arrows; RGB (O,
0, 255)), participants pressed the arrow key corresponding
to the direction of the arrow presented on the computer
screen. In the incompatible condition (100 black arrows;
RGB (0, 0, 0)), participants pressed the arrow key corre-
sponding to the opposite direction of the arrow presented
on the computer screen. In the No-Go condition (50 red

3
Table 1. Sociodemographic data
Mean SD
Age 37 1.3
Sex (M:W) 16:10 N/A
Intelligence (RPM percentile) 78 22.1
Handedness (R:L) 26:0 N/A
EHI score 88.7% 16.3%
Color perception (Ishihara) 10.5 0.6
Visual acuity (Snellen) 85.8% 22.0%
Anxiety (BAI) 3 3.9
Depression (BDI) 3 4.0

Note. SD = Standard Deviation; BDI = Beck Depression Inventory; BAI =
Beck Anxiety Inventory; EHI = Edinburgh Handedness Inventory; RPM =
Raven’s Progressive Matrices.

arrows; RGB (255, 0, 0)), participants were instructed to
give no response. Arrows’ direction was equally distributed
across the condition. The response window started with
stimulus onset and ended with the offset of the fixation
Cross.

Visual Counting Oddball Task

In this task, black (RGB (0, 0, 0)) Arial letters (X and O;
19 x 21 pixels) were randomly presented on a white back-
ground during a single block. Stimulus duration was 100
ms, with an interstimulus interval (fixation cross) randomly
ranging from 1,500 to 1,700 ms. The letters “O” and “X”
were respectively the standard and deviant stimuli. There
were 200 trials in total: 160 standard trials and 40 deviant
trials. In this task, participants were asked to count the
number of deviant stimuli and to report the exact number
at the end of the task.

Visual Oddball Task With Motor Responses

This task used the same stimuli and parameters as the
visual counting oddball task, but participants were asked
to press the left arrow key with their left index finger when
standard stimuli were presented and to press the right
arrow key with their right index finger when deviant stimuli
were presented. The response window started with stimulus
onset and ended with the offset of the fixation cross.

Electrophysiological Recordings
and Signal Extraction

The electroencephalogram (EEG) was recorded while
participants performed the three experimental tasks, at
both the first and the second assessments. These assess-
ments were separated by a 4-month interval. The EEG

T These 26 participants constituted the control group in an earlier publication from our research group, where their EEG data collected during the
SRC task were compared to that of a group with Tourette syndrome (Morand-Beaulieu et al., 2018). The EEG data collected during both oddball

tasks have not been published elsewhere.
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signals were recorded from 62 Ag/AgCl electrodes
mounted in a lycra cap (Electrode Arrays, El Paso, TX,
USA), placed according to the standard EEG guidelines
(American EEG Society, 1994), and referenced to the nose.
EEG was recorded through IWave (InstEP Systems,
Montreal, QC, Canada) with a digital amplifier (Sensorium
Inc., Charlotte, VT, USA). EEG was sampled continuously
at 500 Hz and recorded with an analog high-pass filter of
0.01 Hz and a low-pass filter of 100 Hz. Impedance was
kept below 5 KO with an electrolyte gel (JNetDirect
Biosciences, Herndon, VA). Additional electrodes were
placed at the outer canthus of each eye and below and
above the left eye to correct ocular artifacts. Stimuli presen-
tation was monitored by presentation (Neurobehavioral
Systems, Albany, CA, USA).

Raw EEG signals from each task were corrected offline
for ocular artifacts with the Gratton algorithm, which is a
regression-based method using the duration and amplitude
of eyeblinks to correct eyeblink artifacts (Gratton et al.,
1983). EEG was averaged time-locked to stimulus onset
(and to response onset in the SRC task). For both the
SRC and the motor oddball tasks, only trials with correct
responses were included in the averaged ERP. Averaged
data were digitally filtered with a 101-tap FIR filter designed
with a Hamming window (0.3-30 Hz bandpass). The
minimum stopband attenuation was 54 dB and the transi-
tion region width was 16.5 Hz. Clippings due to amplifier
saturation and remaining epochs exceeding 100 pV were
removed. In the SRC task, approximately 6% of the trials
were excluded because of incorrect answers or artifacts
(other than ocular artifacts). In the motor and counting
oddball tasks, 9% and 4% of the trials were respectively
removed (see Electronic Supplementary Material, ESM 1,
Table E1 for the number of trials per condition).

In both oddball tasks, the following ERPs were assessed:
P100 (60-110 ms), N100 (110-180 ms), P200 (130-
240 ms), N200 (180-300 ms), and P3b (250-550 ms).
The difference waveform (deviants minus standards) was
also calculated and the difference waveform P3b was
assessed in the same time window. In the SRC task, the
N200 (150-300 ms) and P3b (250-550 ms) were assessed.
For each ERP in each task, the maximum peak and its
latency were assessed. Following Cassidy et al. (2012), the
mean amplitude and the area under the curve of the P3b
were also assessed during both oddball tasks. In order to
limit the number of comparisons, ERPs were assessed at
midline electrodes where the grand average mean of T1
and T2 amplitudes was maximal, except for the N100
and P100 which were assessed at lateral parieto-occipital
electrodes (PO7/PO8) (Cassidy et al., 2012). Electrodes
used for analyses are depicted in Figure 1.

The LRPs were computed through a double subtraction
of electrodes C3 and C4 as proposed by Coles (1989):
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Figure 1. Layout of the 62-channel EEG cap. Electrodes that were
used to assess test-retest reliability are shown with their label.

Mean (C4_C3)left hand +Mean (C3 _C4)right hand
2

LRP =
(1)

LRP peaks and onsets were measured from 150 to 900
ms relative to stimulus onset for stimulus-locked LRP
(SLRP) and from —500 to O ms relative to response onset
for response-locked LRP (rLRP). sLRP and rLRP onsets
were calculated with the relative criterion method
(Smulders et al., 1996), which was set at 20%.

For ERP and LRP analyses, we only included participants
for which we could reliably identify a peak in the time win-
dow of interest. Therefore, for some components presented
in Tables 2, 3, and 4, the included #» is smaller than 26.
Scalp topographies were computed in EEGLAB (Delorme
& Makeig, 2004), using the topoplot function with the
“maxmin” parameter for map limits. Thus, colors on indi-
vidual scalp topographies represent the lower and upper
amplitude limits at a given time point and do not represent
the same amplitude value across scalp topographies.

Statistical Analyses

Task performance (RT and accuracy) was assessed with
one-way analysis of variance (ANOVAs), with two within-
subjects factors: Time (T1/T2) and Condition (SRC task:
compatible/incompatible/No-Go; motor oddball task:
standard/deviant). A paired t-test was used to assess if
the number of deviant stimuli identified by participants dif-
fered between sessions.

© 2021 Hogrefe Publishing
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Table 2. Test-retest reliability of the counting oddball task

ERP  Electrode Measure Condition n Mean T1 SD  Mean T2 SD t r r 95% Cl ICC  ICC 95% CI
P100 PO8 Peak amplitude Standard 22 4.1 3.1 4.3 29 -0.76 .90***  .76-.96 .90*** 77-.96
Deviant 25 4.2 3.3 4.0 3.6 0.49 .84***  66-.92 .84***  68-.93
Peak latency Standard 22 85.6 11.3 87.2 1.1 =074 57%* .20-.80 .58** .22-.80
Deviant 25 85.3 9.2 87.8 8.7 —1.36 .4b* .05-.70 .44% .08-.71
N100 PO7 Peak amplitude Standard 24 -21 1.7 —2.6 1.8 1767 .75%**  49-88 .73***  48-88
Deviant 24 —6.4 3.6 -7.0 3.6 1.42 .83***  63-.92 .82%**  64-.92
Peak latency Standard 24 1427 175 1457 18.8 —0.93 .62** .28-.81 .62***  31-.82
Deviant 24 1455 135 147.8 147 —1.20 .78** 54-90 .77***  56-.89
P200 POz Peak amplitude Standard 20 4.2 3.7 4.2 3.5 —0.07 .76***  47-90 .77***  50-.90
Peak latency Standard 20  199.0 37.4  195.4 37.0 0.31 .01"°  —.43-.44 01" —.46-.45
N200 FCz Peak amplitude Deviant 26 -3.9 4.4 -3.6 58 —0.38 .69***  41-85 .67***  .39-84
Peak latency Deviant 26 246.3 26.7  253.0 25.6 —1.23 .44%* .06-.70 .43* .07-.70
P3b  CPz Peak amplitude Deviant 26 16.1 5.7 15.4 6.3 092 .80***  59-90 .80***  .61-.91
Mean amplitude Deviant 26 8.7 3.9 8.1 44 114 78%**%  5B-.89 .77***  55-.89
AUC Deviant 26 2,702.4 1,116.6 2,515.6 1,249.6 1.20 .78***  56-.89 .77***  56-.89
Peak latency Deviant 26  391.5 41.3  395.0 46.5 —0.51  .B9***  41-85 .70***  43-.85
Diff peak amplitude Deviant 26 13.6 4.0 12.7 45 1.35  .B4***  33-.82 .63***  .33-.81
Diff mean amplitude Deviant 26 6.3 2.8 5.2 3.0 1770 41% .03-.68 .39* .04-.67
Diff AUC Deviant 26 2,035.6 738.2 1,746.2 772.0  2.07* .56** 22-.77 .B3** 19-.75
Diff peak latency Deviant 26 397.1 39.3 3938 52.7 048 .75%**  50-.88 .72***  47-87

Note. AUC = area under the curve; Diff = difference; ns = not significant. Tp < .1; *p < .05; **p < .01; ***p < .001.

Table 3. Test-retest reliability of the motor oddball task

ERP  Electrode Measure Condition n Mean T1 SD Mean T2  SD t r r 95% Cl ICC ICC 95% Cl
P100 PO8 Peak amplitude Standard 22 3.8 2.7 4.3 2.9 —1.49 88*xx  72-95  87***  71-94
Deviant 23 4.8 3.5 4.9 4.0 -0.27 .80***  57-91  .80***  .58-.91
Peak latency Standard 22 85.4 8.3 87.6 9.5 —1.56 J1xRx 40-87  .69%**  40-.86
Deviant 23 85.1 9.0 88.0 8.8 —1.24 23" —20-58 .22"° —19-57
N100 PO7 Peak amplitude Standard 23 -3.6 2.5 -3.7 2.3 0.27 B9***  38-.85 .70***  41-.86
Deviant 26 -7 5.2 -7.8 4.6 1.09 J9x*x  57-90 .78***  57-90
Peak latency Standard 23  145.8 17.2  143.8 17.3 0.63 B1** .26-.81  .B2** .28-.82
Deviant 26 140.5 10.0 1451 12.9 —2.61* .72*%**  45-86 .65***  .33-.83
P200 POz Peak amplitude Standard 19 5.0 4.7 5.3 3.8 —-0.38 J9F*x - 51-91  78***  51-91
Peak latency Standard 19  215.6 16.6  209.1 295 082 -.068" —.48-.40 -.05" —.50-.41
N200 FCz Peak amplitude Deviant 26 -3.8 5.6 —5.6 5.7 2.3b* .78***  56-.89 .75%**  49-.88
Peak latency Deviant 26  237.5 221 2416 23.9 -0.89 48* A1-72  48*%* 13-.73
P3b  CPz Peak amplitude Deviant 26 18.1 8.7 17.4 7.7 0.61 75%*%*%  B0-.88 .74***  51-88
Mean amplitude Deviant 26 10.2 6.3 9.6 5.6 0.78 .80***  59-90  .80***  .60-.90
AUC Deviant 26 3,129.9 1,820.6 2,978.8 1,588.7 0.70 .80***  59-90  .79***  59-.90
Peak latency Deviant 26  380.9 54.2 3945 605 —1.821  .78%*x  56-89 76***  53-.89
Diff peak amplitude Deviant 26 10.6 5.4 10.7 58 —-0.28 J2xxx - 45-86  72%**%  47-.87
Diff mean amplitude Deviant 26 4.8 3.7 4.5 40 0.56 JO**x 42-85  71***%  45-86
Diff AUC Deviant 26 1,570.2 1,044.1 1,5455 1,092.4 0.15 TNxRRx 44-86 0 71F*% 45-.86
Diff peak latency Deviant 26 391.1 61.1  407.4 49.5 —1.43 4B* .09-71  44%* .09-.70

Note. AUC = area under the curve; Diff = difference; ns = not significant. Tp < .1; *p < .05; **p < .01; ***p < .001.
Across the different ERPs, tasks, and conditions, 66 ERP  Kolmogorov-Smirnov (K-S) test. Given that the K-S test
metrics were assessed at both T1 and T2, for a total of 132.  did not reach the significance threshold for almost every

The normality of data distribution was assessed with the ~ ERP metric (94%), test-retest reliability was assessed with
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Table 4. Test-retest reliability of the SRC task

ERP  Electrode Measure Condition n Mean T1 SD Mean T2 SD t r r 95% ClI ICC ICC 95% ClI
N200 FCz Peak amplitude  Comp 26 -3.1 3.3 —4.2 3.7 —1.31 76***  52-88 .73***  47-.87
Incomp 26 -3.4 4.0 —4.0 3.9  1.24  .83***  64-.92 .83***  66-.92
No-Go 26 -3.3 3.6 —4.1 3.3 117 70%** 42-.85  .B8*** 41-.84
Peak latency Comp 26 209.1 28.7 215.6 29.2  2.24*% .B62** .30-.81 .61***  .31-.80
Incomp 26 2228 22.7 217.2 26.6 1.33 .B7** .23-.78  .BB** .23-.77
No-Go 26 216.5 226 2113 26,56 1.65  .BB8** 24-.78 B7** .25-.78
P3b Pz Peak amplitude Comp 26 10.2 5.8 10.2 55 —1.12 .88***  74-94 88***  75-94
Pz Incomp 26 9.4 5.8 10.0 58 -0.78 .86***  70-.93 .86*** .71-.93
FCz No-Go 26 12.7 5.2 12.3 57 0.02 .8b***  68-.93 .85*** 70-.93
Pz Mean amplitude Comp 26 5.0 3.9 5.3 45 —1.23  .86*** .70-.93  .8b*** .70-.93
Pz Incomp 26 4.4 4.8 4.8 46 —0.94  .88***  74-94 B88***  75-94
FCz No-Go 26 6.1 4.0 5.7 45 075  81***  61-91 .81***  61-.91
Pz AUC Comp 26 1,578.3 1,108.5 1,7156.1  1,237.1 0.01  .87***  72-94 86***  .71-.93
Pz Incomp 26 1,444.4 1,338.4 1,584.2 1,257.9 —1.12  91***  80-.96 .90***  .80-.96
FCz No-Go 26 1,940.1  1,146.3 1,860.6 1,246.5 0.70 .84***  66-.92 .84***  67-92
Pz Peak latency Comp 26 3789 65.9 3946 60.7 —0.93 .36 —.03-.65 .36* —.02-.65
Pz Incomp 26 3754 745 3925 67.8 —1.26 .BO** N4=-74  BO** 16-74
FCz No-Go 26 4198 65.0 419.6 52.3 0.68  .72***  45-86 .73***  .48-.87
sLRP C¥ Peak amplitude  Comp 23 -2.2 0.9 —2.6 1.1 2.09* .48* .08-.74 .44% .07-71
Incomp 23 —2.6 1.2 -2.9 1.0 0.02 .66** .33-.84 .B4***  33-.83
Onset latency Comp 23 230.2 60.4  230.0 55.2 132 30" —.13-.63 .31f —.13-.64
Incomp 23 3335 58.2 3219 473  1.23  .B5** .32-.83 .B4***  32-.83
rLRP  C3 Peak amplitude Comp 23 -3.0 1.1 -3.3 1.2 1.26  .BY** .23-.80 .b8** 24-79
Incomp 23 -3.2 1.3 -3.8 1.8 2.51* 73***  45-87 .B5***  30-.84
Onset latency Comp 23 —233.4 54.7 —2459 441 096 .22 —-21-51 .22"  -.20-.57
Incomp 23 -252.8 52.2 —247.0 47.0 —0.73  71%*%*  41-86 .71***  44-87

Note. The shaded areas highlight the most important data. AUC = area under the curve; Comp = compatible; Diff = difference; Incomp = incompatible; sLRP
= stimulusflock.ed lateralized readiness potentials; rLRP = response-locked lateralized readiness potentials; SRC = stimulus-response compatibility; ns =
not significant. 'p < .1; *p < .05; **p < .01; ***p < .001.

Pearson’s correlations and intraclass correlation coeffi-
cients (ICC) to ensure consistency with previous reports
of test-retest reliability of ERPs (Cassidy et al., 2012;
Kinoshita et al., 1996; Maeda et al., 1995; Munsters et al.,
2019). The ICC is a measure that accounts for both the
consistency of a participant’s data and the change in the
average group data across assessments (Vaz et al., 2013).
The following settings were used in ICC analyses: two-
way mixed model, absolute agreement, single measures
(Koo & Li, 2016; Munsters et al., 2019). Thus, ICCs and
Pearson’s correlations were used as test-retest reliability
coefficients in the current study. They were interpreted as
follows: very weak (.00-.19), weak (.20-.39), moderate
(40-59), strong (.60-.79), and very strong (.80-1.00)
(Evans, 1996; Landis & Koch, 1977).

To compare the reliability coefficients from the motor
and the counting oddball tasks, we used the procedure of
Hittner et al. (2004), which is a modification of Dunn
and Clark’s (1971) z using a back-transformed average
Fisher (1921) Z procedure. This test is implemented in the
cocor (http://comparingcorrelations.org) online software

Journal of Psychophysiology (2021)

(Diedenhofen & Musch, 2015). Correlations were also per-
formed between ERP components elicited by the three
tasks. Finally, to assess whether P3b amplitude differed
across oddball task variants, we performed a repeated-
measures ANOVA with the within-subjects factor Time
(T1/T2) and Variant (Motor/Counting).

Results

Behavioral Data

In the counting oddball task, the number of deviant stimuli
identified by participants did not differ between assess-
ments, £(25) = —0.95, p = .35, d = .21 (Figure 2A). In
the motor oddball task, there was a better accuracy,
F(1, 25) = 43.10, p < .001, d = 1.47, as well as faster RT,
F(1, 25) = 55.01, p < .001, d = .87, for standard than for devi-
ant stimuli. However, there was no difference between
assessments for both accuracy, F(1, 25) = 2.66, p = .12, d =
30, and RT, F(1, 25) = 1.26, p = .27, d = .18, (Figure 2B).

© 2021 Hogrefe Publishing
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Figure 2. Behavioral performance. This figure shows violin plots of participants’ behavioral performance in each of the three experimental tasks.
(A) In the counting oddball task, the number of deviant stimuli identified did not differ across assessments. (B) In the motor oddball task,
participants showed better accuracy and faster RT for standard than deviant stimuli. (C) In the SRC task, participants showed better accuracy for
No-Go than compatible and incompatible stimuli. They also provided faster responses at T2 compared to T1.

In the SRC task, RT was slightly faster during the compatible
trials, F(1, 25) = 15.74, p = .001, d = .23. Participants were
also slightly faster at the second assessment, F(1, 25) =
6.37, p = .018, d = .27. There was a compatibility effect
regarding accuracy, F(2, 50) = 13.59, p < .001, npz =.352.
A Bonferroni post hoc test revealed that accuracy was
better in the No-Go than in the compatible and incompatible
conditions. There was however no significant difference
regarding accuracy across assessments, F(1, 25) = 0.37,
p =.55,d=.08 (Figure 2C). Correlations between behavioral
measures are reported in ESM 1.

Test-Retest Reliability of ERP
Components

Mean peak latency and amplitude as well as test-retest
reliability coefficients for the counting oddball task, motor
oddball task, and SRC task are respectively presented in
Tables 2, 3, and 4. In both oddball tasks, the P100 and
the N100 were elicited by standard and deviant stimuli.

© 2021 Hogrefe Publishing

The P200 was elicited by standard stimuli and the N200
and the P3b were elicited by deviant stimuli. Scalp topogra-
phies and butterfly plots depicting grand average ERPs
during the counting and the motor oddball tasks are
presented in Figure 3 and Figure 4, respectively.

In the counting oddball task, the peak amplitude of the
P100, the deviant N100O, and the P3b fell in the strong to
the very strong range, while the standard N100, the
N200, and P200 peak amplitudes showed moderate to
very strong reliability. Globally, peak latency measures
seemed to be somewhat less reliable than peak amplitude
measures. The latencies of the deviant N100 and the P3b
showed moderate to very strong reliability. However, for
other ERPs, the lower bound of the confidence interval fell
into the weak or very weak category.

The motor oddball task yielded a similar picture, where
the P100 amplitude showed strong to very strong test-retest
reliability, while the amplitude of the other ERPs showed
moderate to very strong reliability. Similar to the counting
oddball task, the latency was slightly less reliable. The
standard P100 and the P3b latencies fell in the moderate

Journal of Psychophysiology (2021)
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Figure 3. ERP waveforms during the counting oddball task. This figure presents the butterfly plots of the grand average ERP during the counting
oddball task, for each assessment and each condition as well as the difference between the deviant and standard conditions. All 62 channels are
depicted in light gray, excepted for the colored channels that were used to assess the following ERPs: P100 (PO8 - pink), N100 (PO7 - purple),
P200 (POz - beige), N200 (FCz - green), and P3b (CPz — blue). Scalp topographies corresponding to the peak latency of each ERP are also

depicted.

to the strong range, while the N100 latency showed weak
to very strong reliability. For the deviant N100, P200,
and N20O latencies, the lower bound of the confidence
interval fell into the very weak category.

In the SRC task, the N200 and the P3b were elicited
by the compatible, incompatible, and No-Go conditions.
In this task, the P3b peak amplitude, mean amplitude,
and area under the curve all showed strong to very strong
test-retest reliability in each condition. However, the P3b
latency was less reliable. Only the latency of the No-Go
P3b showed moderate to very strong reliability. Regarding
the N200 peak amplitude, test-retest reliability coefficients
were in the moderate to the very strong range. However,
the latency of the N200 seemed somewhat less reliable.
ERP waveforms for the SRC task are presented in
Figure 5.

Journal of Psychophysiology (2021)

Regarding LRPs elicited during the SRC task, reliability
coefficients for peak amplitude and incompatible onset sug-
gested moderate to strong reliability, but the confidence
intervals were very large, which calls for caution regarding
their interpretation. LRP waveforms are depicted in
Figure 6.

Comparison of Reliability Coefficients
Across Both Oddball Tasks

Test-retest reliability did not differ between the counting
and the motor oddball task. There was only a trend-level
difference suggesting greater test-retest reliability of the
P3b difference waveform peak latency in the counting odd-
ball task, compared to the motor oddball task, z = 1.90,

© 2021 Hogrefe Publishing
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Figure 4. ERP waveforms during the motor oddball task. This figure presents the butterfly plots of the grand average ERP during the motor
oddball task, for each assessment and each condition as well as the difference between the deviant and standard conditions. All 62 channels are
depicted in light gray, excepted for the colored channels that were used to assess the following ERPs: P100 (PO8 - pink), N100 (PO7 - purple),
P200 (POz - beige), N200 (FCz - green), and P3b (CPz - blue). Scalp topographies corresponding to the peak latency of each ERP are also

depicted.

p =.058. All other comparisons between test-retest reliabil-
ity coefficients from both tasks were nonsignificant, all p-
values > .1, suggesting comparable test-retest reliability in
the counting and motor oddball tasks.

Correlations Between Tasks

The full correlation matrix of all variables in the study is
shown in ESM 2, Table E2. Tables 5, 6, 7, 8, and 9 present
correlations between the P100, the N100, the P200, the
N200, and the P3b across tasks. The N100 and P100 peak
amplitudes were highly correlated between both oddball
tasks. Latencies of both components were also correlated,
except for the standard P100 at the first assessment. The
P200 peak amplitude and latency measured in both odd-
ball tasks were also correlated, though this correlation only

© 2021 Hogrefe Publishing

reached trend-level for the P200 latency at the first assess-
ment. The N200 peak amplitude was correlated between
all tasks. However, the N200 was not. The deviant P3b eli-
cited by the motor and the counting oddball tasks were also
correlated. Globally, the P3b (peak amplitude, mean ampli-
tude, area under the curve) measured in oddball tasks was
correlated to the P3b measured in the SRC task. However,
this was not the case for P3b latency.

Comparison of P3b Amplitude Between
Oddball Tasks

The P3b peak was larger in the motor than in the counting
oddball task, F(1, 25) = 5.50, p = .027. There was no main
effect or interaction involving the repeated assessment
factor.

Journal of Psychophysiology (2021)
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Stimulus-response compatibility task
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Figure 5. ERP waveforms during the stimulus-response compatibility task. This figure presents the butterfly plots of the grand average ERP
during the stimulus-response compatibility task, for each assessment and each condition. All 62 channels are depicted in light gray, excepted for
the colored channels that were used to assess the following ERPs: N200 (FCz - green), and P3b (Pz - red). Given the anteriorization of the P3b
during No-Go trials, the No-Go P3b was assessed at electrode FCz. Scalp topographies corresponding to the peak latency of each ERP are also

depicted.

Discussion

The main goal of this study was to compare the test-retest
reliability across counting and motor oddball tasks. We also
aimed at validating the test-retest reliability of the SRC
paradigm. Overall, our analyses revealed moderate to very
strong test-retest reliability for most ERP components.
Pearson’s correlations and intraclass correlations yielded
very similar reliability coefficients. Also, we aimed to look
at correlations between ERPs elicited by different tasks
and found that the peak amplitudes for the P100, N100,
N200, P200, and P3b were strongly correlated across
tasks.

Journal of Psychophysiology (2021)

In both oddball tasks, all components (P100, N100,
N200, P200, and P3b) showed the expected topographical
distribution, as can be seen in Figure 3 and Figure 4. The
P100, N100, and P200 were predominantly distributed
over parieto-occipital electrodes, the N200 was maximal
over frontal electrodes, and the P3b had a centro-parietal
topography. Our results regarding the test-retest reliability
of peak amplitude measures in oddball paradigms appear
to be in line with previous investigations, were moderate
to very strong reliability was reported for both counting
(Walhovd & Fjell, 2002) and motor (Cassidy et al., 2012;
Kinoshita et al, 1996; Sandman & Patterson, 2000;
Segalowitz & Barnes, 1993; Williams et al., 2005) oddball
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Figure 6. LRP waveforms during the stimulus-response compatibility task. This figure shows the grand average stimulus- and response-locked

LRPs for each assessment and condition.

Table 5. Correlations between the P100 and N100 elicited by motor and counting oddball tasks

Motor oddball

Peak amplitude

Peak latency

Counting oddball Standard Deviant Standard Deviant
P100 T1
Peak amplitude
Standard RS Relchh be** B1*
Deviant RN i3l 5g** LT
Peak latency
Standard .56** L4 .29 .26
Deviant B7x* 49 RN o0 I
P100 T2
Peak amplitude
Standard Lpiss .83xxx 45 48*
Deviant RV i .16 16
Peak latency
Standard .60** 407 s 54*
Deviant b4 42 B7x* 4B*
N100 T1
Peak amplitude
Standard J RS .32 —.06 -.29
Deviant A (S .01 .01
Peak latency
Standard -.35 .25 168 401
Deviant —.02 .07 .02 48*
N100 T2
Peak amplitude
Standard (BlgeE 48* 10 -.32
Deviant B1x* L .08 -.07
Peak latency
Standard —.16 —.24 N WAk
Deviant —.10 -.10 BgrAx oH/ TS

Note. The shaded areas highlight the most important data. T1 = first assessment; T2 = second assessment.
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Table 6. Correlations between the P200 elicited by motor and oddball tasks would not differ in regard to their test-retest
counting oddball tasks reliability. Therefore, while both paradigms may slightly

Motor oddball differ in terms of cognitive demands, our results suggest

Peak amplitude Peak latency  that they both should provide reliable ERPs in studies using

Counting oddball Standard Standard repeated assessments such as longitudinal or clinical
T studies.

Peak amplitude In the SRC task, the topographical distribution of the

Standard B68** 44 N200 and the P3b was similar to what we observed in both

Peak latency oddball tasks. The N200 was maximal over fronto-central

Standard .07 407 electrodes and the P3b was mostly distributed over centro-

T2 parietal electrodes. However, in the NoGo condition, we

Peak amplitude observed a shift of the P3b toward fronto-central electrodes,

Standard .50* -.08 which is a typical pattern in Go/NoGo tasks (Fallgatter et al.,

Peak latency 1997; Fallgatter & Strik, 1999). Test-retest reliability for

Standard .20 49* peak amplitude measures was in the moderate-to-strong

Note. The shaded areas highlight the most important data. T1 = first ~ range for the N20O and strong-to-very-strong range for

assessment; T2 = second assessment. 'p <.1; *p <.06; **p <.01. the P3b. While this is the first report of test-retest reliability

of ERPs elicited through this task, our results are consis-

tent with prior studies showing good reliability of peak
tasks. Peak latency measures were somewhat less reliable  amplitude measures in similar tasks involving cognitive con-
than peak amplitude measures, a finding that is also consis-  trol (Brunner et al., 2013; Fallgatter et al., 2002; Hammerer
tent with prior studies (Kinoshita et al., 1996; Walhovd & et al,, 2013; Segalowitz et al., 2010). Analogous to the
Fjell, 2002; Williams et al.,, 2005). Most importantly, we  pattern observed in oddball tasks, test-retest reliability was
confirmed our hypothesis that the motor and counting  somewhat reduced for latency measures, compared to peak

Table 7. Correlations between the N200 elicited by motor oddball, counting oddball, and stimulus-response compatibility tasks

T1
Motor oddball Counting oddball Stimulus-response compatibility
Peak amplitude Peak latency Peak amplitude Peak latency Peak amplitude Peak latency
Deviant Deviant Deviant Deviant ~ Compatible Incompatible No-Go Compatible Incompatible No-Go
Motor oddball
Peak amplitude
Deviant - - 76xx* -17 T BrEE .B3** BgrA* —.50** -.15 —.33f
Peak latency
Deviant - - -.351 4T -.07 -.15 -.21 36" .04 5gr*
Counting oddball
Peak amplitude
Deviant - - - - .63** .50* B1F* —.46% —.14 —.40%
Peak latency
Deviant - - - - .05 .02 .15 A2 12 341
T2
Motor oddball
Peak amplitude
Deviant - - 3% -.02 TExE* B4 BO** —.35 —.36" .37t
Peak latency
Deviant - - -.10 24 .00 —.06 -.18 33t A7 .29
Counting oddball
Peak amplitude
Deviant - - - - ThFRE BT BO** -.32 —.36f —.39"
Peak latency
Deviant - - - - .03 .06 19 .07 .08 .29

Note. Tp < .1; *p < .05; **p < .01; ***p < .001.
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amplitude. Recording EEG during an SRC task also offers
the possibility to assess LRPs. LRPs represent the preferen-
tial activation of one hemisphere relative to the other when a
motor response is being prepared (Coles, 1989; Freeman
et al.,, 2011; Roggeveen et al, 2007). To our knowledge,
the test-retest reliability of LRP measures has never been
studied. Our results showed that the LRP peak measure
shows some level of test-retest reliability, with however
large confidence intervals. Regarding onset latency, the
compatible LRP onset showed poor test-retest reliability
and thus only the incompatible onset was reliable. Since
the compatible LRP onset occurs earlier than the incom-
patible onset, this finding might be explained by more
intra-individual variability during earlier stages of motor
processing. Given that this is the first investigation of the
LRP test-retest reliability of LRPs and that our sample was
rather small, these results must be interpreted with caution.
Future research will be important to better pinpoint the
reliability of LRPs, especially since they have a potential
value as biomarkers of therapeutic improvement in clinical
practice (Morand-Beaulieu et al., 2018).

Interestingly, strong correlations were found between
components elicited by either version of the oddball task.
This suggests that both tasks are sensitive to similar pro-
cesses. Also, a smaller P3b amplitude was found in
response to the counting oddball task, compared to the
motor oddball task. Hill et al. (1995) also reported larger
P3b amplitude in response to a motor than to a counting
oddball task. However, our results are opposed to the find-
ings of Salisbury et al. (2001). In their study, they argued
that the motor variant of the oddball task required less
resource allocation than silent counting of deviant stimuli.
Yet, their participants were only asked to press a button
for deviant stimuli, while our experiment required a motor
response to standard and deviant stimuli. As previously
pointed by Steinhauer and Hill (1993), task load differen-
tially affects counting and motor oddball tasks. Therefore,
it is plausible that our counting oddball task requires more
cognitive resources such as working memory updating,
compared to our motor variant.

Limitations and Future Perspectives

One of the main limitations of the current study is its small
sample size. While it is comparable to other recent studies
assessing the test-retest reliability of ERPs (Brunner et al.,
2013; Cassidy et al,, 2012; Groves et al., 2018; Weinberg
& Hajcak, 2011), a larger sample would reduce the confi-
dence intervals and yield more precise and robust reliability
coefficients. Yet, ERP research is resource-demanding
and it is hard for individual research groups to collect large

© 2021 Hogrefe Publishing

samples. Therefore, meta-analyses of existing ERP data will
allow a better understanding of test-retest reliability. The
large age range of our sample constitutes another limita-
tion. However, this should not have significantly affected
our findings, since good test-retest reliability has been
found across the lifespan (Hammerer et al., 2013; Walhovd
& Fijell, 2002). A larger sample would also allow investigat-
ing the potential contribution of adult brain development on
the test-retest reliability of various ERPs.

While larger samples could help to enhance reliability
coefficients, other ERP scoring methods could possibly
increase reliability, especially for ERPs with low-reliability
coefficients. Methods such as principal (PCA) or indepen-
dent component analysis (ICA) allow the data-driven iden-
tification of components without a priori assumptions and
can distinguish spatially or temporally overlapping compo-
nents (Beauducel & Debener, 2003; Makeig et al., 1997).
For instance, PCA factor scores of the auditory P100,
N100, and P200 were shown to be more temporally
reliable than peak measures (Beauducel et al., 2000).
However, a study reported that ICA-derived NoGo P300
components showed comparable test-retest reliability with
the channel-derived NoGo P300 wave (Brunner et al.,
2013). Thus, we could speculate that similar levels of test-
retest reliability would be obtained had we used an ICA-
based decomposition of ERP waveforms.

Conclusions

Our results showed that reliability coefficients were very
similar in motor and counting oddball tasks. This suggests
that motor responses do not significantly confound the
test-retest reliability of the ERPs elicited during oddball
tasks. In addition, ERPs elicited during the SRC paradigm
have good test-retest reliability, especially for amplitude
measures. These results confirm that ERPs have the poten-
tial to constitute robust markers of brain function and are
well suited to serve as assessment tools in longitudinal or
clinical studies.
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