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In this study we present the test-retest reliability of pre-intervention EEG/ERP (electroencephalogram/eventrelated potentials) data across four recording intervals separated by a washout period (18–22 days). POz-recording-reference EEG/ERP (28 sites, average reference) were recorded from thirty-two healthy male participants. Participants were randomly allocated into diﬀerent intervention sequences, each with four intervention
regimens: 10 mg vortioxetine, 20 mg vortioxetine, 15 mg escitalopram and Placebo. We report classical EEG
spectra: δ (1–4 Hz), θ (4–8 Hz), α (8–12 Hz), β (12–30 Hz), γ1 (30–45 Hz) and γ2 (45–80 Hz) of resting state and
vigilance-controlled, and of auditory steady state response, as well as ERP components N100, P200 and P300 in
auditory oddball task and error related negativity (ERN) and error positivity (Pe) in hybrid ﬂanker task.
Reliability was quantiﬁed using intra-class correlation coeﬃcient (ICC). We found that θ, α and β of continuous
EEG were highly reliable (ICCs ≥ 0.84). Evoked power of other tasks demonstrated larger variability and less
reliability compared to the absolute power of continuous EEG. Furthermore, reliabilities of ERP measures were
lower compared to those of the EEG spectra. We saw fair to excellent reliability of the amplitude of the components such as Pe (0.60–0.82) and P300 (0.55–0.80). Moreover, blood tests conﬁrmed that there was no
measurable drug carry-over from the previous intervention. The results support that EEG/ERP is reliable across
four recording intervals, thus it can be used to assess the eﬀect of diﬀerent doses and types of drugs with CNS
eﬀects.

1. Introduction
Electroencephalography (EEG) provides a noninvasive method to
measure electrical activity of the brain with high temporal resolution.
The technique has shown great potential in clinical practice to monitor
and access the intervention eﬀects in diagnoses such as depression
(Mulert et al., 2007; Tenke et al., 2011), Alzheimer (Brassen and Adler,
2003; Yener et al., 2007) and attention-deﬁcit/hyperactivity disorder
(ADHD) (Loo et al., 2000).
With the increased use of EEG and ERP in clinical practice, a systematic investigation of EEG and ERP reliability becomes more important, especially for commonly-used paradigms (e.g. resting state EEG
⁎

and an auditory oddball task). Previous studies have investigated the
reliability of EEG and ERP in various paradigms including resting state
EEG with eyes-closed (Corsi-Cabrera et al., 2007) and eyes-opened
(Williams et al., 2005), ERP components in an auditory oddball task
(Williams et al., 2005), a working memory task (McEvoy et al., 2000)
and a Sternberg task (Cassidy et al., 2012). These studies showed that a
fair reliability of EEG and ERP could be obtained but that reliability
could also be aﬀected by various factors. For example, the reliability of
EEG is aﬀected by the epoch length of resting EEG (Gudmundsson et al.,
2007), recording intervals (Sandman and Patterson, 2000), diﬀerent
reference schemes (Towers and Allen, 2009), and diﬀerent aspects of
the same EEG indicator (Tenke et al., 2018). In the study of Towers and
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Spearman-Brown-corrected coeﬃcients (Cassidy et al., 2012;
Hämmerer et al., 2013; Walhovd and Fjell, 2002). Furthermore, there
exist various types of Intra-class correlation coeﬃcients (ICC) (Mcgraw
and Wong, 1996) and previous studies have investigated the test-retest
reliability by using diﬀerent ICC measures. For instance, researchers
have used a one-way random model of ICC (Gudmundsson et al., 2007),
a two-way mixed model with absolute agreement (Brunner et al., 2013;
Hämmerer et al., 2013) and a two-way mixed model with consistency
(Rentzsch et al., 2008). When assessing EEG reliability between sessions, we deﬁne reliability as having both accuracy (i.e. no systematic
bias) and precision (i.e. small variance caused by subject variability).
We will therefore favor the ICC for absolute agreement over correlation
coeﬃcients or ICC for consistency, since the latter two only measure
precision and will overestimate the reliability in presence of systematic
biases.
Since the present study aims at assessing the reliability of EEG/ERP
parameters, it can serve as a reference for investigating intervention
eﬀects. Therefore, we included spontaneous EEG, auditory steady state
response, auditory oddball and hybrid ﬂanker Go/Nogo tasks which are
common measures in human cognition and executive function. In the
present study, we incorporated the baseline data from four diﬀerent
sessions of an intervention study into one model. The carry-over drug
eﬀect from the previous session was evaluated through blood tests. The
interventions included two diﬀerent dosing levels of vortioxetine, one
dosing level of escitalopram and placebo. The reliability of baseline
data across diﬀerent doses and types of antidepressants was evaluated
through a linear mixed model with unstructured covariance matrix and
was quantiﬁed by absolute agreement ICC. We hypothesized that: 1.
The ICC of EEG and ERP measures will show at least moderate testretest reliability across four recording intervals. 2. The power spectrum
of continuous EEG will exhibit higher test-retest reliability than peakpicking ERP measures. 3. Amplitude measures will have higher testretest reliability compared to peak latency measures.

Allen (2009), diﬀerent reference schemes including online reference,
re-referencing to linked-mastoids and average were compared for the
reliability of frontal α asymmetry. Their results showed that linkedmastoids demonstrated greater reliability than other reference schemes,
while other reference schemes still exhibited excellent split-half reliability (> 0.9). Diﬀerent spectral parameters were compared, and
showed that both absolute and relative power are reliable parameters
(Fernandez et al., 1993). In a recent study, researchers assessed the
temporal stability of diﬀerent aspects of posterior EEG α over twelve
years (Tenke et al., 2018). They suggested that lower reliability of net α
(eyes closed-plus-open) and α asymmetry might result from additive
errors when separating the α estimates. For ERP studies, there is accumulating evidence showing that ERP amplitudes have higher reliability than ERP peak-latency measures (Cassidy et al., 2012; Walhovd
and Fjell, 2002; Weinberg and Hajcak, 2011), which might be a result
of the considerable variations in peak-latency detection. These variations could be due to individual diﬀerences in information processing
eﬃciency, or induced by the appearance time of the peak amplitude,
thus lowering the test-retest reliability. Since the replication of results is
not always guaranteed within the ﬁeld, it is essential to assess the reliability of EEG and ERP measurements.
Among all the factors that could aﬀect reliability, the number of
recording sessions bring the biggest challenge to clinical application as
it is almost impossible to maintain consistency between or within
subjects. So far, a number of studies have investigated the reliability of
EEG and ERP over both shorter (days: (McEvoy et al., 2000); weeks:
(Cassidy et al., 2012; Hämmerer et al., 2013; Huﬀmeijer et al., 2014))
and longer recording intervals (months: (Brunner et al., 2013; Näpﬂin
et al., 2007); years: (Sandman and Patterson, 2000; Tenke et al., 2018)).
Sandman and Patterson (2000), evaluated ERP reliability in the paradigm of a dual rare-event over a three-year period and found that ERP
measurements of adjacent years (e.g. Year 1 & 2) are more similar than
ERP measurements of nonadjacent years (Year 1 & 3). Meanwhile, the
test-retest reliability of resting EEG was not aﬀected by the recording
intervals (Corsi-Cabrera et al., 2007). One might argue that this inconsistency could be a result of diﬀerent lengths of time (3 years vs.
9 months) during which the results were evaluated. Another possibility
could be that diﬀerent quantiﬁcations were investigated, i.e. EEG vs
ERP. It could be possible that measures of EEG are more reliable than
ERP measures, thus manifesting higher reliability over time. In the
study of Williams et al. (2005), they reported high to excellent reliability for EEG power while only fair to excellent reliability for ERP
measures. Furthermore, it is unclear how EEG and ERP vary across
multiple recording intervals since only a few studies have reported the
reliability across more than two sessions (Corsi-Cabrera et al., 2007;
Kinoshita et al., 1996; Sandman and Patterson, 2000). In order to address this issue, the current study included four-time points to assess the
reliability of both EEG and ERP measures.
In addition to recording intervals, the age of the participants is also
known to contribute to the variations in ERP reliability (Alperin et al.,
2014). Older adults show higher reliability of the P3 amplitude at the
fronto-central site (Cz) while young adults have higher reliability at the
centro-parietal area site (Pz) (Walhovd and Fjell, 2002). Hämmerer
et al. (2013) suggested that age diﬀerences might be a result of diﬀerent
people's signal-to-noise ratio (SNRs), with children and older adults
having lower SNRs than other age groups. Despite these variations, ERP
measures still exhibit moderate to high reliability when evaluated with
varying recording intervals and when participants of diﬀerent age
groups are selected (Hämmerer et al., 2013; Walhovd and Fjell, 2002).
Therefore, age was used as a covariate throughout all our analyses.
Besides the signal itself, methodological diﬀerences in the statistical
analysis have also led to discrepancies in test-retest reliability in EEG/
ERP studies. Diﬀerent statistical methods have been adopted by studies
that investigated the correlations between diﬀerent recording sessions,
and the test-retest reliability within sessions, such as ICC
(Gudmundsson et al., 2007), Pearson's r (Walhovd and Fjell, 2002) and

2. Method
The study was conducted at the clinical site of Biotrial, Rennes,
France. The research protocol was approved by the local ethics committee (reference No. 15835A).
2.1. Participants
Participants were recruited in this study through advertisements
and were screened by a trained investigator. To minimize the variability, women were excluded to eliminate the menstrual cycle as a
covariate. Thirty-two healthy male participants were enrolled in the
study and were compensated for participation. Enrolled participants
were aged 22 to 45 years (mean age 33.1 ± 6.8), their body mass index
(BMI) ranged from 19.5 to 27.9 kg/m2 (mean BMI 23.9 kg/m2 ± 2.24),
94% of participants were Caucasian and 6% were African American.
Exclusion criteria included use of psychoactive medication, drug or
alcohol abuse, severe drug allergy or hypersensitivity and history of any
medical, psychiatric, and neurological (such as immunological, cardiovascular, respiratory, metabolic neurological, or psychiatric) disease.
Informed consent was obtained from all the participants before the
study. All participants conducted the experiment except for one participant who has missing baseline data for three tasks (auditory steady
state response (ASSR), auditory oddball and hybrid ﬂanker task) in the
3rd session. All the collected data were included and analyzed.
2.2. Experimental protocol
This was an interventional, randomized, double-blind, placebocontrolled and four-way crossover study. The four included intervention regimens were: 10 mg vortioxetine (A), 20 mg vortioxetine (B),
15 mg escitalopram (C) and Placebo (D). Each participant was
31
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from them. Stimuli consisted of one of the following letter strings
(BBBBB, DDDDD, VVVVV, UUUUU, BBDBB, DDBDD, UUVUU, or
VVUVV) and were presented on a computer screen for 300 ms in randomized order. Participants were required to focus on the center letter
and to press a button whether it was a B or a U (Go condition), and to
withhold a button press upon appearance of a D or V (NoGo condition).
Each condition consisted of 420 trials. There were 840 trials overall.
Strings with congruent letters made up 40% of presentations, while
strings with diﬀerent letters were shown in 60% of all trials. Each trial
was followed by 750 ms for stimulus onset asynchrony (SOA) and
500 ms for feedback in response to the participants' performance: ‘true’
(i.e. correct and in time), ‘faster’ (i.e. correct but out of time) or ‘false’.
The deadline for response time was 300 ms after stimulus onset. The ISI
was 800 ms (randomized between 600 and 1000 ms). Test duration was
approximately 45 min.

randomly allocated into one sequence group (ABDC, BCAD, CDBA or
DACB) with 8 participants in each group and was investigated under all
intervention regimens separated by a washout period (20–22 days1,
median of all between sessions were 21 days) (Fig. 1). Bioanalysis was
conducted before the administration of the next intervention to assess
the leftover eﬀects from the previous intervention. Within each session,
an EEG battery was recorded on Day −1 (pre-intervention), Day 1 (the
1st day after intervention) and Day 3 (the 3rd day after intervention).
The EEG battery included continuous EEG with resting and with vigilance-controlled, ASSR, auditory oddball and hybrid ﬂanker tasks. Since
the main purpose of this study was to assess the test-retest reliability,
only the EEG recording of the four pre-interventions was considered in
the subsequent analysis.
2.3. EEG battery

2.4. Electrophysiological recording

A previous study of antidepressants on rodents has shown a dissociation marker on diﬀerent treatments, especially on the γ band
(Leiser et al., 2014). Moreover, ERP components like P300 and ERN
provide physiological measures associated with attentional engagement
(Olbrich and Arns, 2013) and early error processing (Olvet and Hajcak,
2009a). The initiative of this study is whether the similar ﬁndings could
be replicated in humans, as well as how antidepressants would aﬀect
human cognition and executive function. Therefore, we included
spontaneous EEG, auditory steady state response, auditory oddball and
hybrid ﬂanker Go/Nogo tasks.

All participants were seated on a comfortable armchair in a quiet
room. During data acquisition, participants were instructed to keep
their eyes closed during continuous EEG, auditory oddball, and ASSR
recordings. Participants conducted hybrid ﬂanker task with open eyes
and were told to refrain from eyes blinking and movement. EEG was
recorded from 28 scalp sites using a 10–20 electrode system, with a
sample rate of 400 Hz (Comet EEG system, Grass Technologies, West
Warwick, RI, USA). AFz served as the ground and POz served as the
reference electrode. In order to remove ocular and muscle artifacts
electrooculography (EOG) and electromyogram (EMG) were recorded
at bipolar channels. Impedances across all electrodes were maintained
at < 5 kΩ.

2.3.1. Continuous EEG
Continuous EEG data were acquired under two conditions: resting
and vigilance-controlled. Participants were instructed to relax, keep
their eyes closed and stay awake in both conditions. They were instructed to keep pressing two buttons using their thumbs of each hand
under the vigilance-controlled condition. A sound would play if the
participant let go of the button. Each condition was recorded at least
3 min.

2.5. Preprocessing of all data
Eye-blink and other ocular corrections were conducted for all the
collected data by the ocular artifact reduction option of NeuroScan 4.1
software. It computes a linear regression of covariance between EEG
and EOG, and then performs a point-by-point proportional subtraction
of the blinks (Semlitsch et al., 1986). The data were further processed in
Matlab 2012a (The Matworks, Inc., Natick, MA, USA).

2.3.2. Auditory steady state response (ASSR)
Participants were presented with a 40 Hz impulse trains sound at
89 dB binaurally through a headset (Sennheiser HD 25-1 II pro)
(McFadden et al., 2014; Van Deursen et al., 2011). Each train was
composed of 20 biphasic 1 ms clicks, and each click was followed by
silences lasting 24 ms. There was a silent period of 700 ms after each
train. These trains were repeated for 5 min.

2.5.1. Data preprocessing for spectral analysis
A zero-phase digital IIR Butterworth bandpass ﬁlter was applied to
all data. The cut-oﬀ frequencies of the ﬁlter were 1 and 80 Hz, with an
order of 2. In addition, a 50 Hz notch ﬁlter with the order of 6 was
applied. All data (including continuous EEG, ASSR, auditory oddball
and hybrid ﬂanker tasks) were re-referenced to the average electrode
for later time-frequency analysis. Continuous EEG was cleaned by cutting sections of noisy EEG from the signal by manual inspection.

2.3.3. Auditory oddball
The auditory oddball paradigm consisted of two acoustic stimuli
with diﬀerent frequencies. Participants were presented with a series of
standard tones (500 Hz) and deviant tones (2000 Hz) binaurally
through a headset (Sennheiser HD 25-1 II pro). They were asked to
count the deviant sounds. To make sure participants performed the
task, the presentations of deviant and standard tones were diﬀerent in
sessions. Each session consisted of on average of 35 deviants (randomized between 30 and 40) and 198 standards (randomized between
170 and 226). Deviant tones made up 15% of the presentations. The
sound level for each tone was 85 dB, with duration of 100 ms and interstimulus-interval (ISI) of on average 1550 ms (randomized between
1200 and 1900 ms). The test lasted approximately 7 min.

2.5.2. Data preprocessing for ERP analysis
A zero-phase digital IIR Butterworth bandpass ﬁlter was applied to
auditory oddball and hybrid ﬂanker tasks. The cut-oﬀ frequencies of the
ﬁlter were 0.1 and 30 Hz, with an order of 2. ERP data were re-referenced to the averages of linked mastoid electrodes (Segalowitz et al.,
2010; Weinberg and Hajcak, 2011; Williams et al., 2005).
2.6. Data analysis
2.6.1. Time-frequency analysis of all data
Since EEG data have non-stationary characteristic, all data were
analyzed using a wavelet transform as this has a better time-frequency
resolution than the more common Fourier transform (Akin, 2002). The
continuous wavelet transform was applied using the complex Morlet
wavelet as a mother wavelet function with a bandwidth of 10 Hz and a
center frequency of 1 Hz. The scales for the mother wavelet were
chosen to match frequencies ranging from 1 to 80 Hz with a 0.5 Hz

2.3.4. Hybrid ﬂanker go/Nogo
Participants performed a hybrid ﬂanker Go/Nogo paradigm
(Ruchsow et al., 2006, 2005) with a monitor approximately 100 cm
1
There was one outlier (91 days) in the last washout period due to recording
cancellation. This recording was rescheduled after all participants were recorded.
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Fig. 1. Overall study design. Three interventions (A, B, C) and
one placebo (D) were included in the study. Each participant
was randomly allocated to one session sequence including
ABDC, BCAD, CDBA and DACB. There were washout periods
(median intervals were 21 days) between two sessions, and
pharmacokinetic assessments were conducted to assess the
carry-over drug eﬀect from the previous intervention. Three
EEG recordings were conducted within each session, including Day −1, Day 1 and Day 3. In this study, only the data
from Day −1 was analyzed.

liquid chromatography with tandem mass spectrometric detection. The
purpose of these assessments was to ensure that previous intervention
was completely washed out so that it would not interfere with the
current intervention administration.

between-scale frequency interval. In the current study we worked on
absolute power only, thus, the absolute values of the obtained wavelet
coeﬃcients were used for the following analysis: First, the wavelet
coeﬃcients were divided into the following standardized bands: δ
(1–4 Hz), θ (4–8 Hz), α (8–12 Hz), β (12–30 Hz), γ1 (30–45 Hz) and γ2
(45–80 Hz). Then, the γ band was divided into two bands to deal with
artifacts from muscle activity. Next, the wavelet coeﬃcients were
averaged over time and summed within each frequency band.
We applied diﬀerent approaches for the continuous EEG and all the
other tasks. The wavelet transform was applied on the noise-free continuous EEG data without segmentation, including resting state and
vigilance-controlled. All other tasks were segmented prior to time-frequency analysis and then evoked power was calculated for each task.
ASSR and auditory oddball were segmented into stimulus-locked
epochs of 500 ms according to the onset of the stimulus. For the auditory oddball task, evoked power was calculated for standards and deviants separately. The hybrid ﬂanker task was segmented from 0 to
400 ms according to the onset of error response.
The spectral analysis focused on three midline sites (Fz, Cz, Pz),
therefore, the values represent the absolute values contained in each
frequency band at these channels. Data were log-transformed prior to
statistical analysis.

2.8. Statistics
The statistics were divided into two parts and performed in SPSS
version 24 (IBM Corp., Armonk, NY). First, all EEG and ERP measures
were analyzed with a linear mixed model (restricted maximum likelihood estimation) using an unstructured covariance matrix with assigned sequence (ABDC, BCAD, CDBA or DACB) and pre-intervention
recordings of each session (BL1, BL2, BL3, BL4) as ﬁxed factors. This
was done in order to investigate if there was an eﬀect of session or
assigned sequence on our measurements. Participant served as a
random variable to account for the correlation between measurements
from the same patient. An unstructured covariance matrix was employed to make minimal assumption on the covariance structure meaning we relax the assumption of homogeneity of variance by
modeling a diﬀerent variance at each session and allow the correlation
to vary between pairs of sessions. The structure of the covariance matrix
used in the mixed models was decided upon inspection of the model ﬁt.
Using likelihood ratio tests, we found a signiﬁcantly worse ﬁt for the
compound symmetry structure (i.e. assuming constant variance over
time and constant correlation between any two timepoints) compared
to a compound symmetry structure for some of the power measures of
resting EEG and some of the ERP measures of ﬂanker hybrid task.
Therefore, an unstructured covariance matrix was employed. In all
mixed models, age was included as covariate. Main eﬀects of session
and sequence were tested using F-tests. In post hoc analyses, regression
coeﬃcients of the diﬀerent levels of the main eﬀects were compared
using Wald tests with Tukey contrasts. This was performed using the
module EM Means for Linear Mixed Model in SPSS. Neither the p-values
from the F-tests nor the post hoc analyses were adjusted for multiple
comparisons in order to not reduce power. In this fashion we are
maximizing our chance to detect any session or sequence eﬀect despite
detecting possible false positives. Second we assessed the reliability of
our measurement using the intra-class correlation (ICC) with absolute
agreement (Brunner et al., 2013; Hämmerer et al., 2013). Single measure ICC (A, 1) was calculated by a two-way mixed random model
(Mcgraw and Wong, 1996), where participant served as random variable and session served as ﬁxed variable. ICC of adjacent time points,
BL1 & BL2, BL2 & BL3 and BL3 & BL4 are reported. In accordance with
the classiﬁcation of ICC levels in a previous study (Rentzsch et al.,
2008), ICC < 0.39 would be considered poor, 0.4–0.59 fair, 0.6–0.75
good and > 0.75 would be considered excellent. Overall, time variances are reported in the supplement and were computed by the
structure of compound symmetry. To provide a synthetic measure of the
ICC over time, we computed “average ICCs” using a mixed model with a
compound symmetry covariance matrix instead of an unstructured
covariance matrix. This enables us to provide a graphical representation

2.6.2. Grand average analysis of ERP data
In the auditory oddball task, EEG data were segmented into stimulus-locked epochs of 1000 ms (including a 200 ms pre-stimulus
baseline) according to the onset of the sounds. Averaging was performed for standards and deviants separately. Epochs were rejected if
the voltage in EOG channels, Fp1, Fp2 exceeded ± 75 μV. Based on
prior studies investigating auditory oddball key components (Kemp
et al., 2010; Poyraz et al., 2017), both peak latency and amplitude
(baseline to peak) were determined on midline channels (Fz, Cz, Pz).
The selected components and the corresponding latency windows for
peak identiﬁcation included: standard: N100 (80–140 ms), P200
(140–270 ms); deviant: N100 (80–140 ms) and P300 (270–550 ms). All
epochs were manually inspected for other artifacts. A similar approach
was applied to the hybrid ﬂanker task. The main interest of the hybrid
ﬂanker task was the false positive response (Ruchsow et al., 2006,
2005), thus only responses of error commission were reported. EEG
data were then segmented into response-locked epochs of 600 ms (including 200 ms pre-response baseline) according to the onset of error
response. ERN (0–250) was analyzed at sites in the fronto-central area
(Fz, Cz) and Pe (100–350) was analyzed at sites in the centro-parietal
area (Cz, Pz) (Falkenstein et al., 2000). The number of accepted epochs
is shown in Table 1.
2.7. Blood sampling
The blood samples (2 mL for each regimen) were analyzed for the
plasma concentrations of vortioxetine and escitalopram. Plasma concentrations were determined by using protein precipitation followed by
33
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Table 1
The number of accepted epochs for diﬀerent tasks.
Task

Condition

Auditory oddball
Hybrid Flanker

Notes.

a

Standard
Deviant
Error

BL1
180 ± 23(117–212)
31 ± 5(22–38)
85 ± 35(28–180)

a

BL2

BL3

BL4

p values

169 ± 37(101–227)
30 ± 7(16–40)
70 ± 28(8–133)

167 ± 27(97–215)
29 ± 6(12–38)
67 ± 36(8–183)

174 ± 34(80–227)
30 ± 7(15–40)
72 ± 31(3–141)

F (3,92) = 1.884, p = .138
F (3,92) = 1.270, p = .289
F (3,92) = 3.981, p = .01

The minimum and maximum of epochs are provided in the brackets. The mean and standard deviation are reported.

controlled task, γ1 at the central site exhibited a signiﬁcant main eﬀect
of session (F (3, 31) = 3.41, p = .029). Post hoc analyses revealed that
absolute γ1 power at the ﬁrst recording session BL1 was larger than the
last session BL4 (17.83 vs 16.39 μV, p = .006). No other signiﬁcant
eﬀect was found.

of the ICC as a function of the percentage of accepted trials of across
time (Fig. 8).
3. Results
Blood tests were performed to assess the carry-over drug eﬀect of
previous interventions. The blood concentration of the previous treatment, Cmax for all participants across sessions was below 5%, which was
considered as complete washout.

3.3. Evoked power of ASSR, auditory oddball and hybrid ﬂanker task
Fig. 3 shows the absolute evoked power for ASSR, auditory oddball
and hybrid ﬂanker tasks for all four recording sessions. Compared to the
absolute power of continuous EEG, evoked power demonstrated more
variations between sessions. Speciﬁcally, the absolute evoked power at
the ﬁrst recording (BL1) contributed the most to the signiﬁcance.
For the ASSR task, no sequence eﬀect was found for all frequency
bands. Signiﬁcant main eﬀects of session were found for δ and γ1 at the
frontal site (F (3, 31) = 3.919, p = .018; F (3, 31) = 3.567, p = .025,
Fig. 3a). Post hoc analyses revealed that a smaller absolute δ power was
observed at BL1 compared to BL3 and BL4 (1.35 vs. 1.51 μV, p = .02;
1.35 vs. 1.58 μV, p = .004), and larger γ1 was observed at BL1 compared to BL3 and BL4 (1.91 vs. 1.79 μV, p = .02; 1.91 vs. 1.84 μV,
p = .03). Similarly, δ at the parietal site indicated a signiﬁcant session
eﬀect (F (3, 31) = 3.179, p = .038), showing that the absolute δ power
at BL1 was smaller than BL4 (0.61 vs. 0.83 μV, p = .014). Moreover, θ
and α at the central site exhibited signiﬁcant session eﬀects (F (3,
31) = 4.352, p = .011; F (3, 31) = 3.409, p = .03). The absolute θ
power of BL1 was the smallest compared to other recording sessions (p
values < .05) and the absolute α of BL1 and BL2 were smaller than
that of BL4 (1.13 vs. 1.30 μV, p = .03; 1.08 vs. 1.30 μV, p = .013).

3.1. Behavioral results
In the hybrid ﬂanker Nogo trials, participants demonstrated a mean
false positive alarm rate of 21% (SD: 7.8) for BL1, 17% ( ± 7.3) for BL2,
16% ( ± 9.1) for BL3 and 18% ( ± 7.7) for BL4. A linear mixed model
revealed that there were no signiﬁcant eﬀects for session and assigned
sequence in error rate (p values > .05). Considering the mean reaction
time, participants demonstrated a mean false positive reaction time of
283 ms ( ± 18) for BL1, 282 ms ( ± 22) for BL2, 276 ms ( ± 17) for BL3
and 274 ms ( ± 22) for BL4. There were no signiﬁcant eﬀects of session
and assigned sequence in Nogo reaction time (p values > .05).
3.2. Absolute power of resting EEG
Since there was no segmentation for continuous EEG, spectra were
used for presentation instead of time-frequency plots (Fig. 2). There
were no signiﬁcant eﬀects of session and assigned sequence in resting
condition for all frequency bands (p values > .05). In the vigilance-

Fig. 2. Spectral results for continuous EEG including conditions of resting state and vigilance-controlled. Three midline electrodes (Fz, Cz and Pz) are shown for each
condition. Four recording sessions (BL1, BL2, BL3 and BL4) are shown in diﬀerent colors.
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Fig. 3. Time-frequency results for ASSR, auditory oddball and hybrid ﬂanker tasks. Only results at electrode Fz are shown here since most of the signiﬁcant results
were found on this electrode. Four recording sessions (BL1, BL2, BL3 and BL4) are shown in columns. Log-scale is shown for the frequency range.

3.4. Amplitude and latency analysis of auditory oddball and hybrid ﬂanker
tasks

There was no signiﬁcant eﬀect of session for β and γ2 bands (p values > .05).
For the standard tones in the auditory oddball task, signiﬁcant
session eﬀects of the frontal and the parietal sites were observed in the δ
band (F (3, 31) = 5.651, p = .003; F (3, 31) = 3.844, p = .02; Fig. 3b).
Post hoc analyses revealed that the absolute frontal δ power of BL1 was
the smallest (p values < .05), while absolute parietal δ power was the
largest among all recording sessions (p values < .05). No other signiﬁcant eﬀect was found. For the deviant tones in the auditory oddball
task, absolute frontal δ power showed a signiﬁcant session eﬀect (F (3,
31) = 3.111, p = .04), indicating that the absolute frontal δ of BL2 was
larger than BL3 and BL4 (2.54 vs. 2.37 μV, p = .02; 2.54 vs. 2.34 μV,
p = .011). Notably, absolute θ power of BL1 was signiﬁcantly smaller
than BL2 (2.54 vs. 2.71 μV, p = .02; 2.13 vs. 2.32 μV, p = .005), indicated by a signiﬁcant main session eﬀect at frontal and parietal sites
(F (3, 31) = 3.327, p = .032; F (3, 31) = 3.185, p = .038). Moreover,
absolute frontal θ power of BL1 was smaller than BL4 (2.54 vs. 2.73 μV,
p = .02). No sequence eﬀect was found (p values < .05).
There were no session eﬀects in the bands of δ, α and γ1 for the error
response of the hybrid ﬂanker task. A signiﬁcant session eﬀect was
observed for the absolute θ power at the central site (F (3, 31) = 3.52,
p = .027), due to smaller absolute θ during the ﬁrst two recording
sessions than BL3 (Fig. 3c). Signiﬁcant main eﬀects of session were
found for β and γ2 at fronto-central sites. Post hoc analyses indicated
that absolute frontal β and γ2 powers of BL1 were the smallest (F (3,
31) = 3.679, p = .023; F (3, 31) = 3.219, p = .036) among other recording sessions. Absolute central β, γ1 and γ2 powers of BL1 were
smaller than BL3 (F (3, 31) = 3.297, p = .033; F (3, 31) = 4.804,
p = .007; F (3, 31) = 3.640, p = .023). Moreover, absolute γ2 of BL1 at
the central site was smaller than BL4. Sequence eﬀects were observed in
γ2 at the frontal site (F (3, 24) = 4.381, p = .014), due to the greatest
power observed in the sequence of ABDC among others.

Table 1 shows the number of accepted epochs for both auditory
oddball and hybrid ﬂanker tasks. The results of a linear mixed model
indicated that there was a signiﬁcant session eﬀect (F (3,92) = 3.981,
p = .01) for the number of accepted epochs in the hybrid ﬂanker task.
BL1 demonstrated a signiﬁcant higher number in accepted epochs than
BL2 (p = .043), and BL3 (p = .014). No session eﬀect was observed for
the auditory oddball task (p values > .05).
Fig. 4 shows the mean ERP waveform for auditory oddball and
hybrid ﬂanker tasks for all four recording sessions. For the standard
ERPs in the auditory oddball task, fronto-central N100 amplitude exhibited a signiﬁcant session eﬀect (F (3, 31) = 5.21, p = .005; F (3,
31) = 6.93, p = .001, Fig. 4). BL1 and BL2 showed larger fronto-central
N100 amplitude than BL3 and BL4 (p values < .05). No session eﬀect
was found for fronto-central N100 latency. However, parietal N100
latency indicated a signiﬁcant session eﬀect (F (3, 31) = 3.36,
p = .034), showing that BL1 had longer latency than all other recording
sessions (p values ≤ .052). There was no session eﬀect on the P200
amplitude. No assigned sequence eﬀect was found for standard ERPs.
For the deviant ERPs in the auditory oddball task, there were no signiﬁcant eﬀects of session and assigned sequence on the N100 amplitude. The central N100 latency was shortest for the last recording (BL4,
p values < .05), as suggested by a signiﬁcant session eﬀect (F (3,
31) = 3.26, p = .034). The fronto-central P300 amplitude seemed not
to be aﬀected by session or assigned sequence (Fig. 4). However, a
signiﬁcant session eﬀect was also found for the parietal P300 latency (F
(3, 31) = 4.13, p = .014), showing that a shorter P300 latency was
observed at BL1 compared to BL4 (310 vs. 325 ms, p = .009).
For the error ERPs in the hybrid ﬂanker task, there were no signiﬁcant eﬀects of session and assigned sequence for ERN and Pe
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Fig. 4. The grand-averaged ERP waveforms for the auditory oddball (epoched by the stimuli) and hybrid ﬂanker task (epoched by the error response). Three midline
electrodes (Fz, Cz and Pz) are shown for each task/component. Four recording sessions (BL1, BL2, BL3 and BL4) are shown in diﬀerent colors.

recording sessions, where the reliability varied from poor to excellent
(0.37–0.83). The ICCs of the α band demonstrated poor to fair levels of
reliability in the ASSR task (0.19–0.56).
For the standard tones of the auditory oddball task, midline β and γ1
revealed fair to excellent levels of reliability for both adjacent sessions
and across time (0.44–0.85). The ICCs of the δ, θ and α bands exhibited
larger variation between sessions compared to the β and γ1 bands, in
the range of poor to excellent (0.29–0.84). Compared to other frequency bands, midline γ2 of standard tones showed less robust reliability with poor to good levels of ICC (0.36–0.62). In general, deviant
tones were less robust compared to standard tones. The ICCs of δ were
in the range of good to excellent (0.63–0.83). Midline θ had poor to
excellent reliability (0.34–0.82) while the ICCs of other bands were in
the range of poor to good (0.08–0.75).
For the error response of the hybrid ﬂanker task, midline θ tended to
exhibit the best reliability among other bands for both adjacent sessions
and across time (0.50–0.85). The ICCs of α were fair to good (0.47–73)
while the ICCs of δ showed more variability, in the range of poor to
excellent (0.24–0.80). Midline β, γ1 and γ2 bands demonstrated similar
reliability, in the range of poor to good levels of reliability (0.25–74).

amplitudes (see Fig. 4). However, session eﬀects were observed for the
latency measures. The fronto-central ERN latency exhibited a signiﬁcant session eﬀect (F (3, 31) = 3.78, p = .02; F (3, 31) = 6.91,
p = .001), showing that a longer ERN latency was observed at BL1 than
at BL3 and BL4 (p values < .05). The centro-parietal Pe latency was
longer at BL1 and BL2 than BL3 and BL4 (p values < .05), as indicated
by a signiﬁcant session eﬀect (F (3, 31) = 29.34, p < .001; F (3,
31) = 22.66, p < .001).
3.5. Test-retest reliability
3.5.1. Absolute power of resting EEG
Between session ICCs for continuous EEG (both resting state and
vigilance-controlled) are presented in Fig. 5. The test-retest reliabilities
were similar in both conditions. The ICCs of adjacent sessions showed
excellent test-retest reliability (0.84–0.97) in the frequency bands of θ,
α and β. Midline δ and γ1 bands were less robust but still indicated good
to excellent levels of reliability (0.62–0.87). ICCs for midline γ2 exhibited the least reliability among all other bands (0.30–0.66). Across
time, ICC showed similar results to adjacent time points. Midline θ, α
and β had excellent reliability (0.86–0.93) while δ and γ1 bands showed
good to excellent reliability (0.66–0.82). Compared to adjacent time
points, γ2 ICC across time performed worse with poor to fair levels of
reliability (0.37–0.52).

3.5.3. Amplitude and latency analysis of ERP task
Between session ICCs for peak amplitude and latency measures of
the auditory oddball and hybrid ﬂanker tasks are presented in Fig. 7.
Generally, amplitude and latency analysis of ERP showed lower reliability compared to the power spectrum analysis of ERP data. Furthermore, latency measures were less stable than amplitude measures.
For standard ERPs in the auditory oddball task, the fronto-central
N100 amplitude showed good to excellent reliability for adjacent sessions and across time (ICC > 0.70), and the parietal N100 amplitude
demonstrated poor to fair levels of reliability (0.39–0.53). The P200
amplitude exhibited similar reliability, with good to excellent levels of
reliability at fronto-central sites (0.65–0.83) and less stable performance at parietal site (0.49–0.68). Latency measures exhibited more
variations from session to session. The ICCs of the N100 latency were in

3.5.2. Evoked power of ASSR, auditory oddball and hybrid ﬂanker task
Between session ICCs for evoked power of ASSR, auditory oddball
and hybrid ﬂanker tasks are presented in Fig. 6. Across time ICC showed
similar results to adjacent time points.
For the ASSR task, midline γ1 –which contains the stimulation frequency- exhibited good to excellent reliability for both adjacent sessions and across time (0.66–0.86), except for the fair ICC measured
between the last two sessions at the frontal site (0.57). The ICCs of δ, β
and γ1 were less robust but still indicative of fair to good levels of reliability (0.44–0.76). Midline θ exhibited larger variations in diﬀerent
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Fig. 5. Intra-class correlation coeﬃcient (ICC) for continuous EEG across four sessions. ICCs of adjacent time and across four-time points are reported. Test-retest
reliability is estimated by the single measure ICC (A, 1). The mean and conﬁdent intervals for ICCs are shown in the ﬁgure.

the range of fair to excellent (0.43–0.89), except for the ICC of ﬁrst two
sessions, which showed only poor reliability (0.28). The ICCs of the
P200 latency were in the range of poor and fair (−0.48–0.49).
Compared to standard tones, the fronto-central N100 amplitude of

deviant tones exhibited lower reliability, with the ICC range of poor to
fair (0.18–0.45). The parietal N100 amplitude showed poor reliability
(−0.05–0.19). The midline P300 amplitude yielded fair to excellent
reliability for adjacent sessions and across time (0.55–0.80). Compared
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Fig. 6. Intra-class correlation coeﬃcient (ICC) for ASSR, auditory oddball and hybrid ﬂanker tasks across four sessions. ICCs of adjacent time and across four-time
points are reported. Test-retest reliability is estimated by the single measure ICC (A, 1). The mean and conﬁdent intervals for ICCs are shown in the ﬁgure.

i.e. the ﬁrst 25% (or 50% and 75%) of the total accepted trials. The
number of accepted epochs for diﬀerent percentages is shown in
Table 2. Mean amplitude, which was calculated using the same window
as peak amplitude, was included here for comparison to peak amplitude.
As expected, reliability increased with increasing percentage of accepted trials. Peak amplitude demonstrated comparable results with
mean amplitude for all components. Latency measures were more
susceptible to changes of percentage compared to peak amplitude and
mean amplitude measures.
For the ERPs in the auditory oddball task, the ICCs increased with
increasing percentage of accepted trials. Hence, it could be possible that
increasing the number of accepted trials could increase the test-retest
reliability. The grand average (100%) exhibited the highest reliability
for almost all components, except for the N1 latency evoked by deviant
tones, where the ICCs for grand average were lower than that of the ﬁrst
75% of accepted trials.
For the error ERPs in the hybrid ﬂanker task, the results for the ERN
and Pe measures are similar. They were less aﬀected by the increasing
percentage of accepted trials. The ICCs increased slightly with increasing percentage of accepted trials up to the ﬁrst 50%, but then
remained at the same level of reliability as the grand average.

to the standard ERPs, the latency measures for deviant ERPs demonstrated less variations between sessions but were still indicative of poor
to good levels of reliability (N100: −0.10–0.57; P300: 0.19–0.63).
For the error ERPs in the hybrid ﬂanker task, the fronto-central ERN
amplitude demonstrated poor to good levels of reliability for adjacent
sessions (0.12–0.61) and poor reliability across time (0.32–0.38). The
centro-parietal Pe tented to exhibited higher reliability compared to
ERN, with the ICC ranging of good to excellent for both adjacent time
points and across time (0.60–0.82). Latency measures showed less reliability compared to amplitude measures. The ICCs of ERN latency
were poor (0.12–0.35) while Pe latencies were poor to good
(0.19–0.71).

3.5.4. Exploratory analysis: test-retest reliability with increasing percentage
of accepted trials
Across time ICCs for the auditory oddball and hybrid ﬂanker tasks
for an increasing percentage of accepted trials are presented in Fig. 8
(see Supplementary materials for adjacent time points). Four percentages were assessed with 25% as an increment: 25%, 50%, 75% and
100%. Percentages were calculated relative to the total amount of accepted trials individually. Then the corresponding number of trials
would be successively selected from the total amount of accepted trials,
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Fig. 7. Intra-class correlation coeﬃcient (ICC) for peak amplitude and latency measures of auditory oddball and hybrid ﬂanker tasks across four sessions. ICCs of
adjacent time and across four-time points are reported. Test-retest reliability is estimated by the single measure ICC (A, 1). The mean and conﬁdent intervals for ICCs
are shown in the ﬁgure.

4. Discussion

compared diﬀerent qEEG features such as power spectral parameters,
entropy, complexity and coherence measures and suggested that power
spectral analysis exhibits higher reliability than others types of analysis.
This was conﬁrmed by our results, and indicates that power spectral
analysis of continuous EEG is reliable over time and is suﬃcient for
clinical use.

In this study, we examined the test-retest reliability of an EEG
battery over four recording intervals. The EEG battery was comprised of
continuous EEG (resting state and vigilance-controlled), ASSR as well as
an auditory oddball paradigm and a hybrid ﬂanker task. A linear mixed
model with unstructured covariance matrix was used to identify any
signiﬁcant eﬀect of recording session or the assigned intervention sequence. The test-retest reliability was quantiﬁed by an absolute
agreement type of ICC. For healthy participants, the results demonstrated that the EEG battery was found to be reliable over four sessions.
The absolute power of continuous EEG showed excellent reliability in θ,
α and β (ICC > 0.84). Evoked power for ERP tasks demonstrated itself
to be less stable compared to the absolute power of continuous EEG.
The absolute evoked power of ASSR showed fair reliability in δ, β, γ1
and γ2 bands. For the auditory oddball task, the β band exhibited fair
reliability (ICC > 0.51) in both standard and deviant conditions. The
ICCs of θ in the hybrid ﬂanker task were the most stable among all the
frequency bands. While the ERP components showed lower reliability
than the power spectral analysis, they still showed good test-retest reliability at their maximal sites. The P300 amplitude obtained from the
auditory oddball paradigm had consistently fair to excellent reliability
at the central sites (ICC = 0.55–0.80) as well as the amplitude of the
midline P2 (ICC = 0.49–0.83). The centro-parietal Pe amplitude obtained from the hybrid ﬂanker task also exhibited good to excellent
reliability (ICC = 0.60–0.82). Compared to amplitude measures, peak
latency measures showed poor to good reliability with greater variability, thus they are less reliable compared to other measures. A
washout period and pharmacokinetic assessment were included to
avoid a carry-over drug eﬀect from the previous intervention.

4.2. The reliability of ERP measures was aﬀected by various factors
Our results showed that ERP measures exhibited more variation and
are less stable compared to continuous EEG. According to previous
results, there are many factors that could cause the variability of ERP
measures. They include the number of averaged trials (Larson et al.,
2010) and the scoring methods (Brunner et al., 2013). Larson et al.
(2010) investigated the inﬂuence of the number of averaged trials on
error-related ERP components, and showed that adding trials increases
the test-retest reliability for both the amplitude and latency measures.
This was conﬁrmed by our exploratory analysis. The results highlighted
that increasing the percentage of accepted trials improved the testretest reliability. For the ERPs in the auditory oddball task, the ﬁrst 75%
of accepted trials produced a comparable reliability to the grand
average. Particularly for the latency measures, the increasing trend
indicated that an increasing number of accepted trials improved the
reliability. Except for the N1 latency of deviant tones, the ICCs of the
grand average had lower reliabilities than the corresponding ICCs based
on the ﬁrst 75% of accepted trials. This result was mainly due to the
high reliability of the ﬁrst 75% of accepted trials at BL1-BL2 (Fig. S1).
We surmised that fatigue/impatience due to the unfamiliarity of the
task might be a possible reason. Participants could be tired or lose
motivation during the last 25% of the accepted trials. Since this phenomenon didn't extend to the subsequent sessions, the result reiterated
the importance of guiding the participants in a proper way so that they
can be more comfortable with the experiments during the ﬁrst recording session. For the error ERPs in the hybrid ﬂanker task, the reliability of diﬀerent percentages was similar, especially for percentages
above the ﬁrst 25%. This ﬁnding supports previous ﬁndings by Olvet
and Hajcak (2009b), in which they reported that stable ERN and Pe can

4.1. The absolute power analysis of continuous EEG is highly reliable
The observed excellent test-retest reliability of continuous EEG in
the power analysis is consistent with previous studies (Corsi-Cabrera
et al., 2007; Gudmundsson et al., 2007; McEvoy et al., 2000; Williams
et al., 2005). In the study of Gudmundsson et al. (2007), researchers
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Fig. 8. Intra-class correlation coeﬃcient (ICC) with increasing percentage of accepted trials of across time for ERP tasks (please refer to the Supplementary materials
for adjacent time points). Four percentages of accepted epochs are assessed: 25%, 50%, 75% and 100%. Test-retest reliability is estimated by the single measure ICC
(A, 1). The mean and conﬁdent intervals for ICCs are shown in the ﬁgure.
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Table 2
The number of accepted epochs for diﬀerent percentages.
Task

Percentage

Auditory oddball

25%
50%
75%
100%

Hybrid Flanker

Notes.

a

25%
50%
75%
100%

Condition
Standard
Deviant
Standard
Deviant
Standard
Deviant
Standard
Deviant
Error

BL1
a

44 ± 7(30–53)
8 ± 1(6–10)
87 ± 13(59–106)
15 ± 2(11–19)
130 ± 20(88–159)
23 ± 3(17–29)
180 ± 23(117–212)
31 ± 5(22–38)
22 ± 9(7–45)
43 ± 18(14–90)
64 ± 26(21–135)
85 ± 35(28–180)

BL2

BL3

BL4

39 ± 9(25–57)
7 ± 2(4–10)
78 ± 19(51–114)
14 ± 4(8–20)
116 ± 28(76–170)
21 ± 5(12−30)
169 ± 37(101–227)
30 ± 7(16–40)
18 ± 7(2–34)
35 ± 14(4–67)
53 ± 21(6–100)
70 ± 28(8–133)

40 ± 8(24–54)
7 ± 2(3−10)
79 ± 16(49–108)
14 ± 3(6–19)
119 ± 24(73–161)
21 ± 5(9–29)
167 ± 27(97–215)
29 ± 6(12–38)
17 ± 9(2–46)
34 ± 18(4–92)
51 ± 28(6–138)
67 ± 36(8–183)

41 ± 8(20–57)
7 ± 2(4–10)
81 ± 17(40–114)
14 ± 3(8–20)
122 ± 25(60–170)
21 ± 5(11−30)
174 ± 34(80–227)
30 ± 7(15–40)
18 ± 8(1–36)
36 ± 16(2–71)
54 ± 23(3–106)
72 ± 31(3–141)

The minimum and maximum of epochs are provided in the brackets. The mean and standard deviation are reported.

4.4. Limitations

be obtained with 6 and 2 error trials, correspondingly. Our data extended the results by presenting similar reliability when the number of
accepted trials was increased. Moreover, we found that the reliability of
ERP measures is aﬀected by the size of the components. Smaller-sized
components such as N100 and ERN exhibit lower reliability relative to
larger-sized components, such as P300 and Pe (Fig. 7). This discrepancy
could be caused by the diﬀerence in SNRs existing in diﬀerent sizes of
ERP components (Luck, 2005). Increasing the number of averaged trials
and a better control of artifacts could increase the SNR for ERP components, thereby leading to a higher reliability.
Furthermore, we found that amplitude measures are more stable
than latency measures, which is consistent with previous ﬁndings
(Cassidy et al., 2012). The scoring method could play an important role
in causing the discrepancies between ERP parameters, in which amplitude seems to be less susceptible to diﬀerent scoring methods (Olvet
and Hajcak, 2009a; Weinberg and Hajcak, 2011) than latency (Brunner
et al., 2013). Brunner et al. (2013) compared the reliability of conventional peak measures and of the fractional area approach (FA) for
the measures of independent component analysis (ICA). Their results
suggested that the FA approach leads to an increase in the reliability of
latency measures between two recording sessions, especially for the late
components. On the other hand, Olvet and Hajcak (2009a) found similar reliabilities using both the area and peak measures, which indicate that the reliability of amplitude measurements is aﬀected by
diﬀerent scoring methods to a lesser degree. In the present study, only
peak-picking analysis was implemented, and thus it was diﬃcult to
capture the best method for the reliability of latency measures. Further
investigation is needed to improve the reliability of latency measures in
general.

There are some considerations that need to be taken into account
before an interpretation and further generalization of our results can be
made. First, to reduce the variability of our data, we excluded women in
our recruited population. Even though the eﬀect of menstrual cycle was
not the main interest in the current study, it could result in lower reliabilities based on previous ﬁndings (O'Reilly et al., 2004; Walpurger
et al., 2004). Moreover, Bazanova et al. (2017) demonstrated how the α
amplitude suppression could change in diﬀerent phases of the menstrual cycle, but the eﬀects of diﬀerent phases and the relation between
phases and the reliability of EEG (or ERP) remain unclear. Hence, the
presented results should be carefully interpreted since menstrual cycle
could inﬂuence the test-retest reliability. Although there was previous
evidence showing that the test-retest reliability is highly comparable for
both genders (Tenke et al., 2018), future studies must address whether
test-retest reliability changes across genders, e.g. with the menstrual
phases.
In addition, the mixed model showed a signiﬁcant eﬀect of assigned
sequence. We believe that this might be caused by the spurious age
diﬀerences within the diﬀerent sequence groups (F (3, 31) = 4.057,
p < .05), since unfortunately age was not taken into account when the
participants were randomized. This could cause low EEG/ERP reliability since age does have an impact on EEG/ERP (Hämmerer et al.,
2013). However, we cannot be certain due to the relatively small
sample size of the present study (eight participants per intervention
sequence).
Another related issue is that of the low number of accepted trials of
error ERPs at BL4 which was observed for one participant (Table 1, the
minimum is 3). This participant contributed the lowest number of accepted trials (the second lowest is 12) in all sessions. This was the case
due to low committed errors instead of a noisy signal (i.e. non-physiological signal). We didn't exclude the participant for two main reasons: ﬁrst, this study is a clinical trial and thus it is important to report
the actual data. Second, in the study of Olvet and Hajcak (2009b), they
demonstrated that stable error ERPs could be measured with a
minimum of six error trials, even two trials for the component Pe. Olvet
and Hajcak (2009a) extended the results by comparing the reliability of
high versus low number of error trials, and demonstrated similar testretest reliability between groups. Therefore, it could be possible that the
reported reliability for EPRs is underestimated but we don't believe the
exclusion of this single participant's data would improve the reliability
signiﬁcantly.
Finally, carry-over drug eﬀects might have existed in our dataset
even though blood tests conﬁrmed that there was a complete washout.
This is because while during later baseline measurements, blood tests
can eliminate the presence of previous interventions in the bloodstream
(BL2, BL3, BL4), it cannot completely rule out the indirect inﬂuence a
previous treatment had on a participant's subsequent test performance.

4.3. Statistical methodology
To date, EEG/ERP reliability studies have mainly been conducted
over two recording sessions, while more than two sessions are involved
in most pharmacological studies. It is important to evaluate how EEG
changes across longer periods of time and across multiple sessions. The
reason for choosing a linear mixed model for the present analysis is that
it can evaluate diﬀerent recording sessions through an unstructured
covariance matrix, an approach which is assumption-free on the covariance matrix, given the fact that we cannot be sure whether EEG/ERP
parameters decay, increase or remain stable between the diﬀerent recordings. This approach is adequate for assessing multiple recordings.
We used the ICC coeﬃcients to quantify the reliability between subsequent recording sessions instead of the Pearson correlation coeﬃcient
since the latter is not a proper measure of reliability (see Chapter 1, (Lin
et al., 2012)).
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5. Conclusions
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