INTERNATIONAL BRAIN

NEUROSCIENCE
RESEARCH ARTICLE

D. G. Ozkan et al. /Neuroscience 486 (2022) 46—61

RESEARCH ORGANIZATION

Observed and Performed Error Signals in Auditory Lexical Decisions

Duru G. Ozkan, *°* Mirjam Broersma, ° Harold Bekkering® and Sybrine Bultena>°
@ Department of Psychology, Sapienza University of Rome, Italy

® Donders Institute for Brain, Cognition and Behaviour, Radboud University Nijmegen, Netherlands
° Centre for Language Studies, Radboud University Nijmegen, Netherlands

Abstract—This study investigates the error processing components in the EEG signal of Performers and Obser-
vers using an auditory lexical decision task, in which participants heard spoken items and decided for each item if
it was a real word or not. Pairs of participants were tested in both the role of the Performer and the Observer. In the
literature, an Error Related Negativity (ERN)-Error Positivity (Pe) complex has been identified for performed (ERN-
Pe) and observed (0ERN-oPe) errors. While these effects have been widely studied for performance errors in
speeded decision tasks relying on visual input, relatively little is known about the performance monitoring signa-
tures in observed language processing based on auditory input. In the lexical decision task, native Dutch speak-
ers listened to real Dutch Words, Non-Words, and crucially, long Pseudowords that resembled words until the
final syllable and were shown to be error-prone in a pilot study, because they were responded to too soon. We
hypothesised that the errors in the task would result in a response locked ERN-Pe pattern both for the Performer
and for the Observer. Our hypothesis regarding the ERN was not supported, however a Pe-like effect, as well as a
P300 were present. Analyses to disentangle lexical and error processing similarly indicated a P300 for errors, and
the results furthermore pointed to differences between responses before and after word offset. The findings are
interpreted as marking attention during error processing during auditory word recognition.

This article is part of a Special Issue entitled: SI: Error Processing © 2021 The Author(s). Published by Elsevier Ltd on behalf of
IBRO. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Detection of errors is crucial for adaptive behaviours

processing. Detection of errors may therefore also be
more challenging than in tasks that rely on visual cues

(Falkenstein et al.,, 1991; Gehring, et al., 1993; Luu
et al.,, 2004; Koban et al., 2012; Cavanagh and Frank,
2014; Ullsperger et al., 2014a). The performance monitor-
ing system thought to be responsible for error detection
has been suggested to be social by nature; it does not
only detect errors of our own goal directed actions, but
also those of others (e.g., De Bruijn et al., 2007, 2011;
Navarro-Cebrian et al., 2016). Much work on performed
and observed errors is based on evidence from visual
stimuli, where errors are easily observable for Performers
and Observers alike (e.g., Miltner et al., 2004; Panasiti
et al., 2016; Joch et al., 2017). However, little is known
about monitoring the errors of our own and of others
within the auditory domain. In the present study, we focus
on error signals during auditory decision making, specifi-
cally in a lexical decision task. Auditory processing differs
in its nature from visual processing, as the signal unfolds
over time, which means that a prediction on accuracy is
more difficult and may need to be updated during word
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only. In this light, we address the question to what extent
error processing signatures are present for the auditory
modality for Performers and Observers during a lexical
decision task.

Subprocesses of one’s own performance monitoring
have been studied extensively using EEG (Luu et al.,
2004; De Bruijn and Von Rhein, 2012; Ullsperger et al.,
2014b). In the time domain, two event related potentials
(ERPs) have been identified to be related to error monitor-
ing processes: The Error Related Negativity (ERN) and
Error Positivity (Pe; Luck and Kappenman, 2011). The
ERN is a negative deflection peaking fronto-centrally
around ~100 ms after an error has been committed. It is
thought to be generated in the anterior cingulate cortex
(ACC), which is involved in cognitive control and adaptive
functions (Holroyd and Coles, 2002). The Pe is a positive
deflection that usually follows the ERN, with maximal
amplitude over the central-parietal area (Shalgi et al.,
2009; Wessel, 2012; Pezzetta et al., 2018), and is thought
to reflect error awareness, and context updating
(Nieuwenhuis et al., 2001). Typically, the ERN seems to
be present for errors made during speeded choice tasks,
such as in the Flanker and Go-No Go that usually require
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a button-press, as well as reach-to grasp tasks with
embodied virtual avatars (Riesel et al., 2013; Moreau
et al., 2020; Pavone et al., 2016), which involve the detec-
tion of a visual mismatch between the correct and incor-
rect response. Yet, the ERN effect is not limited to
visually detected errors involving motor cues. Although
relatively few ERN studies have been conducted outside
the action domain, it has been shown that the ERN and
Pe can also be elicited for internal monitoring of one’s
own speech (Masaki et al., 2001; Arnstein et al., 2011;
Ganushchak et al., 2011; Ries et al., 2011). Similar neural
signhatures have been observed for decisions based on
auditory processing; Sebastian-Gallés et al. (2006) have
demonstrated the occurrence of an ERN for erroneous
responses to an auditory lexical decision task, which
included non-words that differed from words by only a
subtle acoustic feature.

Monitoring of others’ actions has been widely studied in
the context of motor simulation (Keysers and Perrett, 2004;
Rizzolattiand Craighero, 2004; Kilner etal., 2007). The pro-
cess of motor simulation involves understanding the goal
and intention of an action, and whether it is performed cor-
rectly (Panasiti et al., 2017). Processing of others’ actions
shows more motor activation in case of errors compared to
correct responses (Aglioti et al., 2008; Koelewijn et al.,
2008). In keeping with the motor simulation account, pro-
cessing during the observation of others’ motorerrors yields
electrophysiological markers in the brain that are similar to
internal error monitoring, known as the observational ERN
(oERN) and observational Pe (oPe; Bediou et al., 2012;
Koban and Pourtois, 2014). The oERN has been shown to
have a longer latency and a smaller amplitude compared
to the classical ERN, for example during the observation of
Flanker task performance (Van Schie et al., 2004). In the
Van Schie paradigm, which showed an oERN effect, the
Observers were given explicitinformation regarding the cor-
rectresponse on a display separate from the Performers, in
order to avoid complicating the task of the Observer. This
may, however, not resemble authentic error observation.
Observers are nottypically provided with explicitinformation
of others’ performance, yet are able to detect a mismatch
between accurate and faulty behaviour by relying on their
internal monitoring system. In an effort to control for this,
Bates et al. (2005) conducted a Go/No Go task where the
Observers could see the same visual display as the per-
former. The oERNinthis study showed little delayincompar-
ison to the ERN of Performers, which the authors explained
by the fact that both participants were able to see the same
and thus shared the same mind-set.

It is important to note that observations or erroneous
actions do not always elicit oERN or oPe components.
A study by De Bruijn et al. (2007) showed participants
sequences of pictures that depicted everyday action
errors; when the final picture violated the expected pat-
tern, a P300 rather than an oERN was observed, possibly
due to the study’s design that did not involve an explicit
forced choice decision. The occurrence of a typical atten-
tion component can be explained by the idea that general
monitoring of unexpected events requires high levels of
attention (Polich, 2007).

In line with the idea that motor simulation may underly
the observed error monitoring (Bates et al., 2005), in the
studies conducted so far, visual processing was key to
detecting the error. The present study examines observa-
tional error processing in the auditory domain. We created
a setting to address the performance monitoring pro-
cesses involved in observation of language processing.
Language is a useful tool to address the question whether
observed errors are marked with the typical error process-
ing ERPs, fitting with the call to test performance monitor-
ing in more realistic settings (Wessel, 2014). We
investigated errors in auditory word recognition by means
of a lexical decision task, in which participants decided
whether a presented stimulus is a real word or not
(Goldinger, 1996). Crucially, in auditory perception, the
listener has to wait for the stimulus to unfold. Detecting
an auditory mistake is therefore typically contingent on
hearing the auditory presentation of the stimulus in full
or, at least, up until the word uniqueness point. Each word
has a uniqueness point from which they can unambigu-
ously be recognised; hearing more of the stimulus implies
that other options, so-called lexical competitors that are
activated upon hearing part of the word, are ruled out
and a single lexical candidate remains (Norris and
McQueen, 2008).

In this study, we created an auditory lexical decision
task that required the listener to make a speeded
decision on whether the stimuli they heard were Words
or Non-Words, and the Observer to be attentive to this
procedure. Typically, a lexical decision task is a
relatively simple task; to make the task more
challenging, the stimuli included not only real Words and
obvious Non-Words, but also Pseudowords that were
particularly intended to elicit errors. All Non-Words and
Pseudowords conformed to Dutch phonotactic
requirements, i.e., they were possible but non-existing
Dutch words. The obvious Non-Words were short and
were expected to elicit few errors (e.g. blij ‘happy’ —
blooi). The Pseudowords were long, and were not
revealed as Non-Words until the end of the auditory
presentation, after the listener would have predicted the
stimulus to be a real word (e.g. koffiezetapparaat ‘coffee
maker’ — koffiezetapparaatas). The late deviation point
was thus thought to lead word prediction processes
astray. Pseudowords were therefore expected to result
in some responses being given early due to the
prediction of it being a real word, and some to be given
after the completion of the item (Early: response given
before stimulus completion; Late: response given after
stimulus completion). We applied time pressure to
enhance the occurrence of earlier, and thus likely
erroneous, responses. Therefore, an analysis of Late
responses provided an overview of when the items were
fully heard, while an Early response analysis focused on
the errors that were made due to incorrect lexical
completion (Astheimer and Sanders, 2011; MacGregor
et al., 2012; Gagnepain et al., 2012; Baart and Samuel,
2015). Furthermore, the ratio of Words to Non-Words
(the latter including Pseudowords) in the experiment
was 2:1, to bias participants towards giving yes-
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responses, thus enhancing the occurrence of errors on
the Pseudowords.

As per previous evidence (Sebastian-Gallés et al.,
2006), we hypothesised that the erroneous responses
(yes-responses to Pseudowords) in the present auditory
lexical decision task should be marked with a response-
locked ERN for Performers; additionally, we expected an
oERN for Observers. We further expected the ERN for
errors to be followed by stronger Pe and oPe for errors mark-
ing the subject’s awareness of the error. We thus hypothe-
sised that the oERN and oPe should be present when the
task requires the Observer to do the task themselves inter-
nally, while also observing their partner perform the auditory
lexical decision task, similar to Bates et al. (2005). This
would show the error monitoring mechanism is also shared
for the errors that are committed during observation in audi-
tory lexical decision. Indirectly, if oERN and oPE are pre-
sent, the role of motor simulation transpires for decision
making in the auditory modality. However, errors committed
on the Pseudowords may require more attention because
they take longer to process because of their resemblance
to real words up until near word offset, especially when
responses are made under time pressure. Therefore, as
an alternative to observational error monitoring, the dual
task requirement for the Observers could result in more
attention-driven components such as the P300 (akin to De
Bruijn et al., 2007).

EXPERIMENTAL PROCEDURES
Participants

Twenty pairs of participants were tested, whose only
native language was Dutch. Participants were between
the ages of 18-35 (Mage: 22.4, SD: 4.2; 28 females),
and recruited through the SONA system; 12 pairs knew
each other before the experiment. All forty participants
were right-handed, had normal or corrected-to-normal
vision, and did not have hearing problems, colour
blindness, dyslexia or neurological issues.

Materials

The lexical decision task included items of three different
types: Words (240), Non-Words (90), both of which
served as filler items, and word-like Pseudowords (30)
that served as target items, for the reason of being
error-prone. Given the two-part nature of the task, in
which participants once performed the task themselves
and once observed the performance of their partner,
two comparable sets of 360 experimental items were
created.

In total, 480 Dutch Words of varying word classes
(74% nouns, 11% verbs, and 15% adjectives) were
selected. A further 180 Non-words and 60 Pseudowords
conforming to Dutch phonotactic requirements were
created, which resulted in a total of 720 items for two
lists. Selected Words could either be short (1-6
syllables) or long (7—10 syllables). Non-Words varied in
length between 1 and 6 syllables, and Pseudowords
measured 7—-10 syllables. All Pseudowords were Nouns,

in agreement with the majority of Word items (more
than 70%). The items were divided over two lists.
Numbers of items per list are shown in Table 1.

Words had high lexical frequencies according to the
Dutch CELEX corpus (Baayen et al, 1995) and
SUBTLEX-NL (Keuleers, Brysbaert, and New, 2010).
None had active derivational suffixes (-heid, -teit, -isch, -
lijk, -ig) or were inflected word forms (e.g., plurals),
because these complicate the prediction of the word end-
ings. Furthermore, none were generic compounds,
reduced forms, names, taboo words, or emotionally
loaded words (Moors et al., 2013).

Pseudowords were created by changing the final
syllable of long words, such that they were comparable
to real words until the last syllable, to allow the
predictive process to complete the word before the end
was known. To do so, we either added a syllable at the
end of the word (e.g., koffiezetapparaat ‘coffee maker’
—koffiezetapparaatas), added one or more consonants
at the end of the last syllable (e.g.,
verantwoordelijkheidsgevoel, ‘feeling of responsibility’ —
verantwoordelijkheidsgevoelt), andfor replaced the
vowel or final consonant(s) in the last syllable
(scheikundelaboratorium  ‘chemisty  laboratory’ —
scheikundelaboratoriuf).

Obvious Non-Words were not identical to any existing
Dutch word and deviated from existing words early on.
They were created by changing a single sound (e.g.,
spek ‘bacon’ — spak), replacing several syllables or
combining parts from multiple words, resulting in
nonsense words (e.g., ‘kleuzelschetter’ or
‘abanteurenmaroon’). Words with strong phonological
similarity to German or English were also avoided, as
these were likely to be known by our participants. An
additional 8 Words were selected, and 4 Non-Words
created to form 6-item practice parts for both lists.

All Words, Pseudowords and Non-Words were
recorded by a female native Dutch speaker in a
soundproof booth. Recordings were segmented at word
boundaries to create audio files per item, which were
cut at the zero crossings right before stimulus onset and
after stimulus offset respectively (Avg. length 1100 ms;
Min. 342 ms, Max. 2302 ms) using PRAAT software
(Boersma and Weenink, 2019).

Procedure

Participants were asked to come to the lab in pairs and
were seated in a comfortable chair. After having signed
the consent forms, they were explained the procedure
and mounted with the EEG caps simultaneously by two
researchers. The session was composed of two tasks,
both of which involved an Observation and a
Performance part. The order of the Observer/Performer
roles was assigned randomly. Upon completion of the
first task, the participants changed roles, and were
presented with the second experimental list. After
completion of both tasks, they were asked to fill out a
post-experiment questionnaire. The full experiment
lasted 2 h. Each participant was compensated with €20
for their time.
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Table 1. Overview of Item Types per List

# Of Syllables Words Non-words Pseudowords Word Length
1 30 15 - Short
2 30 15 -

3 30 15 -

4 30 15 -

5 30 15 -

6 30 15 -

7 30 - 15 Long
8 10 - 5

9 10 - 5

10 10 - 5

TOTAL 240 90 30

Experimental Set-up

Participants sat facing each other, with a table placed
between them. The set-up included a touchscreen that
was embedded in a table, on which two response
buttons were presented, such that the Observer could
easily see the hands of the Performer. The performing
participant had both of their hands on planks placed on
either side over the touch screen, with their index
fingers hovering over the response buttons. To give a
response, they touched a green box on the right side of
the touch screen, if they thought what they had heard
was a real word, or a red box on the left side for a Non-
Word. Participants were encouraged to respond as soon
as possible, stressing that they did not need to wait until
the end of the item had been heard.

The task was run with Presentation® software
(Version 20.0, Neurobehavioral Systems, Inc., Berkeley,
CA, www.neurobs.com). The auditory stimuli were
delivered via speakers and presented in a
pseudorandomized order for each list. Same item types
(Words, Non-words, Pseudowords) were not repeated
more than five times in a row, and no consecutive items
had the same number of syllables. The task
lasted ~ 25 min delivered in five blocks, interrupted by
short breaks. Each block included 72 items. In order not
to create noticeable patterns, the number of different
item types per block was not counterbalanced.

Auditory Lexical Decision Task

The Performer’s task was to decide whether the item
they heard was a real word or not and respond
accordingly using the buttons presented on the
touchscreen. The Observer’s task was to pay attention
to the auditory item, as well as the Performer’s response
on the touch screen (green for ‘word’, red for ‘not a
word’). Additionally, both partners had to keep track of
the number of incorrect responses to ensure the errors
were being attended to. After each block, participants
were asked to write down their estimates on how many
errors they thought they had observed or committed in
the preceding block, depending on their role; and not to
worry about the exact number. This was done to ensure
the Observer's attention throughout the session.
Response hands were kept the same across rounds to
make it simpler for the Observer to discriminate the
Performer’s response on the touch screen.

Each trial started with a 300 ms fixation cross and the
response buttons presented on a screen. Then, an
auditory item was presented via speakers. Participants
could respond during or after the item had been
completed. In an attempt to increase the number of
errors, a tight stimulus-dependent response deadline
was set. As determined by behavioural pilot sessions
(see Suppl. Materials: Fig. 1), the time out duration was
set to 400 ms after the offset of the auditory stimulus
(see e.g., Ernestus and Cutler, 2015). For responses
within the time limit, a white inter-stimulus-interval screen
was presented for 1000—1200 ms before the next sound
file was played. If the response was given more than
400 ms after the offset of the item, the ISI was followed
by a message (‘Sneller A.U.B.!I’ — Faster please!) that told
participants to respond faster (see Fig. 1). Participants
were not given feedback regarding their or their partner’s
performance.

EEG recordings and preprocessing

The EEG recordings were made using BrainVision
Recorder and two Brain Products ActiCaps. Each cap
had 32 electrodes including the external ocular and
reference electrodes. The signals were acquired from
27 channels: FP2, F4, F8, FC6, C4, T8, CP2, CP6, 02,
P4, Cz, Pz, Oz, O1, P3, CP5, CP1, T7, C3, FC1, FCz,
FC2, Fz, FC5, F7, F3, Fp1. Reference electrodes were
applied to the left (digital reference) and right (physical
reference) mastoids. All electrodes were algebraically
re-referenced offline to the average of both mastoid
electrodes. The Horizontal Electro-Oculogram (HEOG)
was recorded bilaterally, and the Vertical (VEOG) with
electrodes positioned above and below the left eye. The
signal was recorded with an online band-pass filter
(0.01-250 Hz) with a sampling rate of 500 Hz.
Impedances were maintained under 5 KQ by applying
gel (ElectroGel) to all electrodes.

All preprocessing of the EEG data was carried out
using FieldTrip, an open source toolbox (Donders
Institute, Nijmegen; Oostenveld et al., 2011) in MATLAB
(The MathWorks, Inc.). Removal of visual artefacts was
done in two steps. First, a blind source separation
method, the Independent Component Analysis (ICA;
Jung et al., 2000), was applied to remove the components
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that are related to eye movements.
Trials with response times more

— FORRTs LONGER THAN 400 ms —

o+ AFTER SOUND OFFSET than two standard deviations away
from the mean were removed from

(300 ms) i both behavioural and EEG analy-
P (UNTIL FASTER sis, matched between the Perform-

RESPONSE) 1S1 (1000 - 1200 ms) PLEASE! ers and the Observers. This

1 A 4 removed a further average of 0.9

| : (1000 ms) trials (SD = 1.16) from each condi-

SOUND 1 i 151 (500) tion that was analysed. Then, all tri-

ONSET  souND L - als were visually inspected for

OFFSET residual eye blinks and other arte-

facts, which removed an average
of 14.8 trials per participant

EARLY _
RESPONSE (SD = 8.43).
——————— >

LATE Design and analysis
RESPONSE g y

The dependent variables in this
Fig. 1. Sequence of one trial. Each trial started with a presentation of the buttons and fixation cross

for 300 ms, followed by the sound presentation. Responses could be given either during (Early study - included -behavioural and
response) or after (Late response) the sound. Upon response, the buttons disappeared from the EEG measures based_ on tas_k
screen, and a blank interval screen was presented. Duration of the sound files varied between 394  performance (described in
and 2468 ms. Note: The blank screen after the response was jittered, and so was the interval afterthe ~ separate sections below), which
‘Faster Please!” message. When the response was within the time limits and the ‘Faster Please!’ \ygre analysed for effects of
message was not presented; the first blank screen was the only jitter between trials. accuracy (correct/error).

Performer's and Observer's data

RESPONSE TIME were analysed separately. Across

A all analyses, the Performer’s
A correct ftrials (yes-responses to
real Words) were compared to
'i' S N V4 the  erroneous trials  (yes-
\3/ i/ responses to Pseudowords). No-
responses to Words were not
used as errors because they
V might include a differential
\ processing compared to yes-
response to Words, which could
1200 confound the results if averaged
with the yes-response to
Pseudowords. Similarly, correct
No-responses to Pseudowords
were not used in order not to
B confound the correct responses
to Words. Note that Flanker tasks

have selectively analysed
performance on incongruent trials

‘ (e.g., Danielmeier et al., 2009).
For each participant, the number
of error responses was matched
with an equal number of randomly
selected correct responses. These
correct responses were selected
LONG WORD SHORT WORD NON-WORD PSEUDOWORD based on being comparable to

the erroneous Pseudowords in
Fig. 2. Behavioural data: (A) Error rates for each type of stimuli (B) RTs to each type of stimuli. Note  terms of length. This meant that
that time O represents the sound offset. Negative reaction times represent the responses that were
given before the sound offset. Long words were between 7 and 10 syllables long, whereas short word from the fotal set of 240 Words of
ranged between 1 and 6 syllables.
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Fig. 3. (A) ERP waveforms time-locked to responses for each group; the red line represents error trials on Pseudowords (yes response to
Pseudowords), the green line shows correct trials on Words (yes response to Words). The y-axis shows —10 to 10 uV, negative down; the x-axis
shows a 200 ms pre-response period; time 0 indicates the response time. Red boxes indicate the time windows of interest for ERN, oERN Pe, oPe,
and for the P300. (*) indicates the statistical significance. Note that the baseline correction was done using a 200 ms interval before the Stimulus
Onset, therefore the pre-response interval on the figure does not reflect the baseline. (B) Scalp distributions: error — correct.
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Words (7—10 syllables) was considered for analysis (see
Table 1). For sake of the ERP analyses, a minimum of
6 trials were averaged over per condition! (Olvet and
Hajcak, 2009; Pontifex et al., 2010).

T-tests were used to compare the responses
between correct (yes to Real-words) and error trials
(yes to Pseudowords). In order for both of the
participants in a pair to be assigned to each role
within a two-hour session, the number of items was
limited to 360 per list. This meant that several other
comparisons beyond the main hypothesis (including
those between item types) were not possible due to
the relatively small number of target items per list. An
overview of analysis parameters used for these
potentials in the literature can be found in the Suppl.
Materials (see Table 8 and 9).

Behavioural analyses

The behavioural data were analysed in terms of error
rates and Reponse Times (RTs). In line with studies on
auditory language processing (e.g., Ernestus and Cuitler,
2015), we measured RTs from word offset, as the late
deviation point in Pseudowords meant that lexical deci-
sions could only be properly made once the item had
been presented in full. 7 participants were excluded from
analyses due to an insufficient number of erroneous trials
(see Suppl. Materials Table 7 for an overview of the num-
ber of trials, and trials that were removed due to too long
RTs). Furthermore, we have separately analysed
responses that were made earlier and later than the
sound offset. Earlier responses were made due to our
manipulation of the time limit, so that more errors were
made.

ERP analyses

The ERPs were calculated as mean amplitudes, time-
locked to the Performer's response. These were
obtained by segmenting the signal into epochs of
1000 ms length (—200 ms to +800 ms, relative to the
performer’'s response time; see Fig. 4), which were
band-pass filtered offline (0.1-30Hz). Baseline
correction was done using the time window from 200
milliseconds before the presentation of the auditory
stimulus, which was well before the response onset
(Beyersmann et al., 2019).

Statistical analyses on response-locked ERPs were
performed with Matlab. Based on the ERN, Pe and P3a/
b literature, analyses are focused on FCz and Pz
electrodes (Danielmeier et al., 2009; Clayson et al.,
2013; Comerchero and Polich, 1999; De Bruijn et al.,
2007). Response-locked negativities were defined as
the mean amplitude on FCz (Clayson et al., 2013) in
two time windows: the 0—150 ms window for ERN in Per-
formers (Danielmeier et al., 2009; Kaczkurkin, 2013,
Wessel and Ullsperger, 2011; Endrass et al., 2008;

! During the revisions, we noticed that one participant was included
to the analyses with 5 trials, instead of the 6 trial minimum.

Zambrano-Vazquez and Allen, 2014); and the 100-
300 ms window for oERN in Observers (Pavone et al.,
2016; Pezzetta et al., 2018). The time window of interest
for Pe was defined as the mean amplitude at FCz in the
time window immediately following the (0)ERN: 150-
250 ms post-response time for Performers (Bediou
et al., 2012) and between 300 and 450 ms for Observers.
Furthermore, a third time window was analysed at FCz for
the Performers between 250 and 400 ms, due to a differ-
ence that was visible in the ERP waveform. This explora-
tory analysis was done to detect a potentially significant
effect. Upon the inspection of the topographical distribu-
tion, we also analysed the P3b, a subcomponent of
P300 and typically a marker for attention allocation, which
was determined as the mean amplitude in the 300—
500 ms post-response time window at Pz (Comerchero
and Polich, 1999; Polich, 2007; Volpe et al., 2007; De
Bruijn, 2007). The P300 time window was equal for Per-
formers and Observers; we expected the attention alloca-
tion to occur simultaneously for both in relation to
response processing, as the participants’ task was to
pay attention to the response.

RESULTS
Overview of task performance (EEG)

Response times were analysed relative to the stimulus
offset; negative response times indicated the response
was made before the sound offset, and positive
response times indicated that the response was made
after the sound offset. Overall, participants were 91%
accurate on 360 trials. On average, there were ~ 2
errors (SD = 1.95) out of 60 Long Words (4%); ~6
errors (SD = 3.55) out of 180 Short Words (3.60%),
~10 errors (SD =7) out of 90 Non-Words (11%),
and ~13 errors (SD =7) out of 30 Pseudowords
(44%). Error responses (M = 137 ms; SD = 205 ms)
were executed faster than correct responses
(M = 209 ms; SD = 116 ms (t(39) = —3.85,
p < 0.001). Overall, RTs to Pseudowords (M = 74 ms,
SD = 313) were comparable with RTs to Long Words
(M = 88ms, SD = 218). Correct responses to (Long)
Words were made after word offset at 64.65ms
(SD = 249.75), while erroneous responses to
Pseudowords were typically made before word offset, at
—108.71ms  (SD = 251.70).  Participants’ guess
accuracy difference scores for own errors were
computed by subtracting “own” estimates from the
actual numbers of errors, and the partners’ guess
accuracy difference scores were computed by
subtracting “partner” estimates from the actual numbers
of errors. These estimates were calculated from the
guesses they made at each break. Performers on
average estimated their errors more accurately (0.02
more than actual errors SDs = 10.60), than Observers
(2.64 more than actual errors SDs = 14.50; see Suppl.
Material Table 1 for full details on the calculation of the
difference scores). It must be noted that the average
difference score for the Observers reflects variable
overestimations and underestimations of actual errors.

»
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Event related potentials

Seven of the 40 participants were excluded from analyses
due to having fewer than 5 error trials on Pseudowords.
On average, there were 15 error trials (SD = 6.64) for
Pseudowords, therefore a matching number of correct
trials was subselected. Overall, the results showed
similar ERP patterns for Performers and Observers,
albeit not the typical biphasic ERN-Pe complex (Fig. 4;
Suppl. Materials Table 2).

Performer

No negative peaks were observed in either correct or
error trials, and no significant difference between error
and correct responses was observed for Performers in
the window of the standard ERN peak (0-150 ms: £(32)
= 1.99, p = .055). Contrary to expectation, mean
amplitudes indicated that errors vyielded numerically
smaller negativities than correct responses
(Mggror = —3.74 uV, SD = 7.89, Mcorrect = —5.82 1V,
SD = 6.52). In the Pe window at FCz, erroneous ftrials
showed significantly less negative amplitudes than

correct responses  (150-250 ms:  #(32) = —2.74,
p = 0.01; Megor = —2.21 pV, SD = 7.18,
Mecorect = —5.59 1V,  SD = 5.71), indicating the

expected positivity. Upon visual inspection of the ERP
waveforms, an additional window of analysis at the 250—
400 ms interval was included, where error trials were
significantly less negative in amplitude compared to
correct trials in FCz (Performer: {32) = 3.03,
p = 0.048; Mgror = —0.18 pV, SD = 7.44,
Mcorrect = —3.44 nV, SD = 5.95). For the P3b window,
the ERP waveform in the Pz electrode was significantly
more positive for the error trials than correct trials (300—
500 ms: #(32) = 3.70, p = .0008; Megqor = 4.45pV,
SD = 5.65, Mcorrect = 1.11 1V, SD = 4.16), indicating a
P3b effect.

Observer

In the observed-ERN window, error trials were
significantly more positive in amplitude compared to
correct responses as can be seen at FCz in Fig. 4,
(100-300 ms: #32) = 3.76, p = 0.0007;
Mewor = 1921V, SD =5.75, Mcorrect = —2.04 pV,
SD = 4.68), opposite to the classic oERN. In the oPe
window at FCz, errors showed significantly more
positive waveforms compared to correct trials (300—
400 ms: 1(32) = 4.24, p = .0002; Megmor = 2.99pV,
SD = 6.96, Mcorect = —2.21 1V, SD = 5.85). Similarly
to the Performers, a significant P3b effect at Pz in
erroneous trials was present for the Observers (300—
500ms: £(32) = 4.11, p = 0.0003; Mgqor = 5.63 pnV,
SD = 5.65, Mcorrect = 1.36 1V, SD = 4.16).

Early Responses

To further control for the times at which responses were
made, post hoc analyses were done on subselected
responses that were given earlier and later than the
sound offset separately (Fig. 4, Early responses; Fig. 5,
Late responses). Participants that had fewer than 5

trials per category were not included in the analyses;
this meant that for the Early responses 20/40 and for
the Late responses 16/40 participants were included in
the analyses. For the Early response analyses on
remaining participants, there were approximately 13
error trials on average per Performer (and therefore
Observer) (SD = 6.81), and for Late responses there
were 8 trials (SD = 4.32) (Fig. 6).

Performer: No significant difference was observed in
the standard ERN window (0-150ms: {(19) = 1.40,
p = .18; Mgwor = —=7.71 pV, SD = 7.98,
Mcorrect = —9.55 nV, SD = 6.12). In the Pe window and
beyond, ERP amplitudes of errors were significantly less
negative compared to correct trials at FCz (150-250 ms:
t(19) = —2.25, p = .037; Mgror = —4.24 pV,
SD = 8.21, Mcorrect = —7.651V, SD =6.76; 250-
400 ms: £(19) = 3.60, p = .002; Megyor = —3.01pV,
SD = 6.48, Mcorrect = —6.80 nV, SD = 6.08). In the
P3b window at Pz, errors in Pseudowords had a
significantly more positive amplitude compared to
correct trials on Words (300-500 ms: £#(19) = 2.89,
p = 0.009; Mgror = 3.68 1V, SD = 5.59,
Mcorrect = 0.33 pV, SD = 5.13).

Observer: There were no significant differences in the
oERN window, in the oPe window, or in the P3b window

(FCz,  100-300ms:  {19) = 0.769,  p = 0.45;
Menor = —0.33 1V,  SD = 4.35, Mcgorreet = —0.89 pV,
SD = 417; 300-400ms:  #(19) = 1.74, p = .09;
Meror = 116 0V,  SD = 5.99,  Mcorrect = —0.65 pV,

SD = 3.99; Pz, 300-500ms: #19) = 1.39, p = .11;
Mgror = 4.11 nV, SD = 4.11, Mcorrect = 2.39 1V,
SD = 3.46). An overview for the Early Responses can
be found in Suppl. Material Table 3.

Late responses

Performer. Error amplitudes were significantly less
negative compared to correct trials on FCz in the ERN
and Pe windows (0-150ms: {(15) = 3.86, p = 0.002;
Mgwor = —0.01pV, SD = 6.86, Mcorect = —7.21 1V,
SD = 6.56; 150-250 ms: {(15)=- 2.80, p = 0.0134;
Mgwor = —0.02 0V, SD =7.14, Mcorect = —5.82 1V,
SD = 5.21). No significant differences were found in the
250-400 ms window on FCz (#(15): 1.90, p = .08;
Mgwor = —1.34 pV, SD = 5.54, Meancorrect = —4.45 1V,
SD = 5.55) or in the P3b window on Pz (300-500 ms: ¢
(15): 147, p=.26; Mgy = 4181V, SD = 7.02,
Mcorrect = 0.07 pV, SD = 4.5).

Observer: Contrary to the Performers, no significant
differences were found for the Observers in any of the
time windows of interest (FCz, 100-300 ms: {(16)

=191, p=008 Mg =374V, SD=7.39,
Mcorrect = 0.07 iV,  SD = 4.80;  300-400 ms {(16)
=150, p=.16; Mg =391V, SD =751,

Mcorrect = 1.32 1V, SD = 4.81; Pz, 300-500 ms: £(16)
=1.9, p = 0.07; Megror = 8.19 1V, SD = 8.14,
Mcorrect = 3.79 nV, SD = 4.85). An overview for the
Early Responses can be found in Suppl. Material
Table 4.

In sum, the behavioural results showed that
Pseudowords yielded most errors, which were
predominantly due to premature responses and usually
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noticed by Performers and, to lesser extent, Observers.
The overall ERP analyses on mean amplitudes showed

less negative waveforms for errors compared to correct
responses, which were significantly different for
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Performers in the Pe and a subsequent window, and for
both ERN and Pe windows for Observers. A P3b effect
for errors was Vvisible for both Performers and
Observers. When the data were split by response
latency, early responses for Performers showed smaller
negativities for errors in the Pe window and beyond, in
combination with a P3b. Late responses for Performers
showed smaller negativities in the ERN and Pe
windows, but no subsequent effects or a P3b. Late
responses in the Observer data yielded no effects
whatsoever. Overall, it can be noted that effects in the
window directly following the response (ERN) were
generally absent; such effects only surfaced when
measured in slightly later time windows that allowed for
more word processing, such as the oERN or the ERN
for late responses. Later error monitoring responses (Pe
and beyond) and P3b were present across the board,
albeit not for Observers when the responses were split
in early and late responses. Based on these results, it
seems as if lexical processing may have partly
overlapped with error monitoring. To look into this issue
in more depth, we have subsequently performed
analyses that took the point at which Pseudowords
deviated from real words into account, in an effort to
disentangle lexical and error processing.

Deviation analysis

In order to have an overview of the influence of the word
processing itself, the analyses were repeated from the
deviation point as the time0. This was done to have an
indication of whether the response-locked ERP
waveform (reflecting error processing) overlapped with
lexical processing. We repeated the analysis from the
deviation point of the Pseudowords in the present
paradigm (Friedrich et al., 2006). For a comparison with
correct responses, the deviation point from the Pseu-
dowords was then matched to an arbitrary deviation point
200 ms before the sound offset in Words. The deviation
points of the Pseudowords varied due to the number of
different manipulations that were added in the creation
of these items.

The topography shows a significant positivity centred
in the mid-parietal regions for errors in Pseudowords
compared to the correct responses to Words at the
200-500 ms interval in both groups (Performer: FCz, t
(29) = 6.3, p = .0000007, Pz, #(29) = 7.15,
p = .00000007.; Observer: FCz, t(31) = 5.31,
p = .000009., Pz, {(31) = 5.49, p = 0.000001). We only
found a positive peak following the Pseudowords but not
any negative peaks. An overview of the deviation
analyses can be found in Suppl. Material Table 5.

DISCUSSION

In this study, we aimed to detect error-related EEG
activity in an auditory lexical decision task, both for
performance errors (i.e. ERN-Pe, in the Performer role),
and for observed errors (i.e. oERN-0oPe, in the Observer
role). Innovatively, we investigated whether similarities
in the error processing signatures between performed

and observed errors exist in the auditory domain. The
task was designed in a way to allow us to compare
correct response signals (yes response to Words) to
error signals elicited by the incorrect prediction (yes
response to Pseudowords) of the stimuli. We
manipulated the target stimuli (Pseudowords), which
included a deviation from regular long words at the end
of the item and expected that the incorrect prediction of
the auditorily presented item would lead to erroneous
responses. The manipulation worked: most errors were
present on Pseudowords. We also observed similar
ERP responses for Performers and Observers. Contrary
to previous findings, our hypothesis that the ERN should
be present in the ERP waveform in performed and
observed errors was not supported, however, we found
a Pe-like waveform, as well as a P300 that can either
reflect attention to response errors or attention to the
deviant stimuli.

For the Performers and Observers, we observed
similar patterns in the ERP waveform in response to
both error and correct trials. The overall results showed
no ERN for either Performers, or Observers in the
auditory modality, contrary to classic ERN studies
(Holroyd and Coles, 2002). While Performers showed
no effect in the ERN time window, Observers showed
the opposite pattern to what was expected, i.e., less neg-
ative amplitudes to the errors. This is in contrast to the
ERN effect in a previous auditory lexical decision task,
based on correct and incorrect vowel pronunciations
(Sebastian-Gallés et al., 2006). Similarly, we did not find
an oERN for the Observers, contrary to Van Schie et al.
(2004), but again observed that error trials were signifi-
cantly more positive than correct trials.

The absence of ERN effects may be due to the way
we designed the task, and the timing of the response
deadline in particular. The response deadline was set at
400 ms following stimulus offset, as this manipulation
was necessary to ensure erroneous responses. This
deadline is compatible with the time it takes to activate
the meaning of a word, as indicated by the renowned
N400 component, which peaks around 250-400 after
stimulus onset and is considered an index of full lexical
access (Kutas and Federmeier, 2011). Although lexical
processing should have been completed by the time par-
ticipants had to give their response, processing in the
auditory modality may have been more demanding, espe-
cially in the case of long word-like stimuli. However, an
additional post-hoc analysis we carried out to check
whether ERN effects were present for filler items that
were short (1-6 syllables) and which were typically
responded to after word offset (M = 239.41 ms,
SD = 102.30) suggests that word length, or the extent
to which lexical items were processed in full, cannot
explain the absence of error monitoring effects. This com-
parison between error trials on Non-Words and correct
responses to short Words showed a P300 effect for the
Performers, but no significant effects in the ERN and Pe
time windows were found (see Suppl. Materials: ii. Control
analysis of the short items; Table 6 and Fig. 2). Neverthe-
less, these findings could tentatively be interpreted to
suggest a lack of similarity between error processing in
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the visual and auditory domains. Previous studies that
compared language processing in the auditory modality
to the visual modality have shown that the N400 typically
lasts longer in the former, which has been explained by
the fact that presentation of an auditory signal unfolds
over time (Kutas and Van Petten, 1994; Kutas and
Federmeier, 2011). Yet, previous evidence for error mon-
itoring effects in an auditory lexical decision task
(Sebastian-Gallés et al., 2006) suggests auditory lexical
decisions, as such, are not are responsible for the pattern
of results observed in the present study. We do note that
error percentages were much higher in the study by
Sebastian-Gallés et al. (more than 60% errors on a total
of 120 target Non-Words), which means that the relatively
small number of trials in our task may have prevented the
detection of error related activity in an auditory setting.
Regardless of the power issues, we believe that the lack
of significant differences in the present study in the (0)
ERN window between correct and error trials, for long tar-
getitems as well as short filler items, is more likely to have
been due to limited processing time allowed in our task,
for both the stimuli itself, and the observation of perfor-
mance. The absence of an early error detection compo-
nent (i.e., ERN) could suggest that lexical processing
was still ongoing as the response was being processed.
Such an interpretation implies that the two processes
involved, lexical processing of the auditory stimulus and
error processing of the response, cannot be properly dis-
entangled in the present design.Fig. 3.

Although we did not find an ERN-Pe complex in its
canonical form, we did find a positive peak in the 150—
250 ms interval similar to Pe for the Performers’ errors,
suggesting that error monitoring may have been present
at a slightly later stage. In the error monitoring literature,
the Pe in the visual domain has previously been
observed in the absence of the negative ERN peak
(Gibbons et al., 2011; Di Gregorio et al., 2018), although
the process of error detection had typically been compli-
cated in such studies. Another difference to the typical
Pe concerns the second positive peak that surfaced in
the 250—400 ms window (see Suppl. Materials B. i.),
which we have included in the analyses post hoc. We
are unaware of other studies that have found a second
response-locked positivity, but the Pe has previously
been likened to a P3 effect, which in a prior study has
been observed to consist of multiple positive peaks (P3i
and P3ii) across the midline in stimulus-locked analyses
of an Eriksen-Flanker task (Davies, Segalowitz, Dywan,
and Pailing, 2001). In the absence of alternative explana-
tions, we tentatively interpret the observed positivity as a
Pe-like effect. Pe has been reported to be dependent on
the detection of an erroneous action (Panasiti et al.,,
2016), error awareness (Nieuwenhuis et al., 2011), or
the conscious evaluation of errors as part of a monitoring
system (Di Gregorio et al., 2018). Such an interpretation
is fitting with our data. Based on overall guess accuracies
regarding the number of errors, we can claim that the
errors were well attended to by Performers, which indi-
cates error awareness and could explain the Pe-like
waveform. Yet, standard deviations for the guess accura-
cies were relatively high (see Suppl. Material: Table 1),

which implies that errors for Pseudowords may not
always have been attended to. This holds in particular
for the guesses by Observers; where guesses by Per-
formers in most cases deviated no more than 5 items from
the actual number of errors, guesses by Observers
showed relatively large overestimations as well as under-
estimations: in a majority of cases guesses and actual
numbers differed by more than 10 items (on a total of
360 items). Nonetheless, the Pe-like finding is robust in
that it consistently appeared in both Early (both groups)
and Late (only the Performers) response results.

A central finding in our results was the auditory P3b
(Comerchero and Polich, 1999; Polich, 2007; Volpe
et al., 2007). As a subcomponent of P300, P3b is elicited
by attention allocation to deviant stimuli. Previously, in a
study where participants observed everyday action errors,
a posterior P300 has been found in the absence of ERN
for more lifelike action errors (De Bruijn et al., 2007).
Despite substantial differences in task design, we have
found a similar pattern of P3b. As argued above, it is pos-
sible that the time pressure associated with the response
deadline of 400 ms made prompt error detection a chal-
lenge. It may have been too short to observe error moni-
toring signatures in the auditory lexical decision task, or
ERP effects may have been masked by an overlap of lex-
ical processing and error processing signals. The promi-
nence of P300 effects in several analyses implies that
attentional processing overruled error monitoring. Such
an explanation is supported by the notion that language
processing in the auditory domain, in contrast to the visual
domain, demands full attention of the listener from the
beginning until the end of the stimulus, as a participant
has no control over the stimulus input. Linguistic process-
ing of visual stimuli allows for more control, as the partic-
ipant is able to maintain fixations on a deviant word
ending for as long as it is presented (Kutas and
Federmeier, 2011). Furthermore, the fact that Observers
were not explicitly informed about response accuracy
meant that Observers were not only (i) internally deciding
whether the stimulus was a word or not, but also (ii)
whether their partner had made the correct decision. In
the present study, The combination of online internal pro-
cessing of long word-like stimuli combined with the obser-
vation of button presses may have resulted in a rather
demanding dual task, which arguably could have resulted
in a higher cognitive load than for the observation of Flan-
ker task performance, where stimuli remain on screen
until the response is given (cf. Bates et al., 2005). We
therefore interpret the significant large positive deflection
in the parietal region following the erroneous responses of
both Performers and Observers to be a response-locked
P3b effect, as a sign of attention allocation arising from
the fact that the participants were explicitly instructed to
keep track of the error responses. However, the deviation
point-locked analysis for Pseudowords compared to
Words showed a positivity that was temporally wide-
spread for the Pseudowords. Despite the arbitrary nature
of this analyses that should be interpreted with caution,
we cannot rule out that this P3b effect may additionally
have been caused by attention to deviant stimuli. It must
be noted that the P3b effect was not present in all condi-
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tions; the Early responses for in the Performer group indi-
cated a P3b for errors, similar to the overall results, but no
such effect was present for the Observers. In contrast, the
Late responses showed no P3b effects in either group.
This might be because separation of these two types of
responses has less statistical power, so the results of
these analyses should be interpreted with caution.

CONCLUSIONS AND FUTURE DIRECTIONS

In this study, we aimed to integrate the EEG error-related
brain responses during action observation (Van Schie
et al.,, 2004; De Bruijn et al., 2011; De Bruijn and Von
Rhein, 2012; Pezzetta et al., 2018), with EEG responses
associated with auditory lexical error processing
(Sebastian-Galles et al., 2006). As a first attempt in inves-
tigating observational error processing in auditory lexical
decisions, we showed that the errors in our task result
in a Pe-like signal, thought to mark error awareness,
despite the absence of an ERN. Furthermore, a stronger
P3b effect was elicited for attention allocation to response
errors (on Pseudowords) compared to correct trials (on
Words). As expected, the Observers’ signal has shown
similar patterns to that of the Performers’, suggesting that
error processing of observed errors is processed similarly
to one’s own errors, also in the auditory domain concern-
ing lexical decisions.

We addressed the question whether the error
monitoring processes is present in other modalities than
the purely visual paradigm. Our task, admittedly, still
involved visual error detection to some extent, but can
be considered a first step to addressing the complexities
in performance monitoring in during lexical decision
making and the observed performance in the auditory
domain. A follow up study that additionally allows for a
comparison with passively listened to stimuli could help
disentangle lexical processing (stimulus-locked) from the
error processing signals (response-locked).
Furthermore, in an attempt to decrease the assumed
cognitive load for the Observer in an auditory task, it
would be an option to manipulate the latency of stimuli.
They could be presented to the Performers with delay,
such that Observers hear the stimuli a little before the
Performers, which would allow for more time to process
the item and judge their partners’ performance on the
task. Future studies could also address the question of
whether stimulus related effects differ between item
categories. More generally, the investigation of error
processing in the auditory modality could benefit from
time-frequency and source analysis in order to
determine the involvement of performance monitoring
processes at a more detailed level (Cohen et al., 2008).

Ultimately, this study can be considered as an
exploration on how much the error monitoring processes
are present in an observed auditory lexical decision
task. Importantly though, while the error signals in the
performance monitoring literature have a consistent
latency, the influence of lexico-semantic processing on
error processing mechanisms should be addressed in
more detail with further studies.
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