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Previous research with speech and non-speech stimuli suggested that in audiovisual
perception, visual information starting prior to the onset of corresponding sound can
provide visual cues, and form a prediction about the upcoming auditory sound. This
prediction leads to audiovisual (AV) interaction. Auditory and visual perception interact
and induce suppression and speeding up of the early auditory event-related potentials
(ERPs) such as N1 and P2. To investigate AV interaction, previous research examined
N1 and P2 amplitudes and latencies in response to audio only (AO), video only (VO),
audiovisual, and control (CO) stimuli, and compared AV with auditory perception based
on four AV interaction models (AV vs. AO+VO, AV-VO vs. AO, AV-VO vs. AO-CO, AV
vs. AO). The current study addresses how different models of AV interaction express
N1 and P2 suppression in music perception. Furthermore, the current study took one
step further and examined whether previous musical experience, which can potentially
lead to higher N1 and P2 amplitudes in auditory perception, influenced AV interaction
in different models. Musicians and non-musicians were presented the recordings (AO,
AV, VO) of a keyboard /C4/ key being played, as well as CO stimuli. Results showed
that AV interaction models differ in their expression of N1 and P2 amplitude and
latency suppression. The calculation of model (AV-VO vs. AO) and (AV-VO vs. AO-
CO) has consequences for the resulting N1 and P2 difference waves. Furthermore,
while musicians, compared to non-musicians, showed higher N1 amplitude in auditory
perception, suppression of amplitudes and latencies for N1 and P2 was similar for the two
groups across the AV models. Collectively, these results suggest that when visual cues
from finger and hand movements predict the upcoming sound in AV music perception,
suppression of early ERPs is similar for musicians and non-musicians. Notably, the
calculation differences across models do not lead to the same pattern of results for
N1 and P2, demonstrating that the four models are not interchangeable and are not
directly comparable.

Keywords: musicians and non-musicians, event-related potential (ERP), music perception, audiovisual perception,
auditory perception
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1. INTRODUCTION

In audiovisual (AV) perception, studies on speech have
established that seeing a talker’s face can facilitate reaction time
and intelligibility, compared to unimodal auditory perception
(Besle et al., 2004; Schwartz et al., 2004; Remez, 2005; Campbell,
2007; Paris et al., 2013; van Wassenhove, 2013; Karas et al., 2019).
Similarly, in AV music perception, visual information from finger
and hand movements while playing a musical instrument can
enhance music perception (Maes et al., 2014). Visual information
naturally starts before the auditory signal, and recent research
shows that this visual information can also work as temporal
(Paris et al., 2017), spatial (Senkowski et al., 2007a; Stekelenburg
and Vroomen, 2012), and content (Doehrmann and Naumer,
2008) cues that provide predictions about an upcoming sound.

Previous electrophysiological evidence indicates that
when visual information predicts a corresponding sound
in AV perception, auditory and visual perception interact.
AV interaction leads to a suppression in early event-related
potentials (ERPs) such as N1 and P2 amplitudes and latencies
(e.g., Klucharev et al, 2003; Van Wassenhove et al., 2005;
Stekelenburg and Vroomen, 2007). N1 and P2 are both auditory
evoked responses and are sensitive to changes in the physical
attributes of auditory stimuli (Nédtinen and Winkler, 1999;
Tremblay et al., 2006), however, they have different underlying
processes in AV perception (Van Wassenhove et al, 2005;
Stekelenburg and Vroomen, 2007, 2012; Arnal et al, 2009;
Paris et al., 2016a,b, 2017). N1, a negative component occurring
around 100 ms after the stimulus onset, is sensitive to general
attributes of the stimuli such as predictability of the upcoming
sound based on the visual cues (Arnal et al., 2009; Paris et al,,
2016a, 2017), spatial information (Stekelenburg and Vroomen,
2012), and temporal information (e.g., Senkowski et al., 2007b;
Paris et al., 2017). For example, one study (Libesman et al., 2020)
showed that in response to AV stimulus such as clapping hands,
visual predictive information can affect the sensitivity of the
auditory N1 amplitude to sound pressure level. Furthermore, P2,
a positive component occurring around 200 ms after the stimulus
onset, is sensitive to the content congruency and the integration
between the visual information and perceived auditory signal
(Van Wassenhove et al., 2005; Arnal et al., 2009; Paris et al.,
2016b). In sum, in AV perception, while both N1 and P2 show
AV interaction, N1 is more sensitive to the predictiveness of
the visual cues, and P2 is more sensitive to the integration of
auditory and visual information (e.g., Paris et al., 2016a, 2017).

Previous research has shown that suppression of N1 and P2
amplitudes and latencies in AV perception is not limited to
speech (Oray et al., 2002; Stekelenburg and Vroomen, 2007, 2012;
Paris et al,, 2016a, 2017). Stekelenburg and Vroomen (2007)
showed that AV interaction at N1 and P2 can be observed with
non-speech stimuli, such as clapping hands. AV interaction in
response to non-speech, as well as speech, can occur at N1 as
long as the visual cues lead to a prediction of what and when the
auditory sound is coming (Paris et al., 2017).

Other research has shown that AV interaction does not always
lead to suppression in N1 and/or P2 amplitudes and latencies
(e.g., Oray et al, 2002; Miki et al., 2004; Alsius et al., 2014;

Baart, 2016; Paris et al., 2017). A meta-analysis of 20 different
AV perception studies with speech stimuli (/ba/) (Baart, 2016)
suggested that variability in N1 and P2 results across different
studies may be dependent on factors such as experimental
task and design. Moreover, Sorati and Behne (2019) showed
that previous AV experience such as musical training can
affect N1 suppression. That is to say, in response to a speech
syllable /ba/, musicians showed more N1 amplitude suppression
in AV perception compared to the auditory condition, while
non-musicians did not show this pattern. Regardless of the
musical background, P2 amplitude and latency were lower in
AV perception, compared to auditory perception. These results
suggest that a lack of suppression in N1 and/or P2 amplitudes
and latencies in some studies might be dependent on factors
such as experimental design and the participants’ previous
AV experience.

To examine the interaction of auditory and visual perception
in electrophysiological studies, quantitative designs have been
developed based on EEG signals evoked in response to audio
only (AO), video only (VO), and AV stimuli. In one such design,
illustrated in model (1) (Besle et al., 2009), AV interaction was
estimated based on N1 and P2 amplitudes and latencies evoked
by AV stimuli compared with a summation of evoked AO and
VO signals. The underlying approach to AV interaction in model
(1), which is also known as the “additive model” (e.g., Besle et al.,
2004), is that if auditory and visual information were processed
independently in AV perception, the neural activity induced
by the AV stimulus should equal the sum of the responses
separately elicited by the AO and VO stimuli. Any differences,
superadditivity or subadditivity, in N1 and P2 amplitudes and
latencies between signals evoked by AV stimuli compared with
the summation of responses evoked by AO and VO stimuli,
should be attributed to AV interaction between processing of
auditory and visual information in AV perception (Besle et al.,
2004, 2009; Talsma and Woldorff, 2005; Van Wassenhove et al.,
2005; Pilling, 2009; Giard and Besle, 2010).

AV vs. AO+VO (1)

As a variation of the additive model approach for AV interaction,
other studies (Arnal et al, 2009; Stekelenburg and Vroomen,
2012; Alsius et al., 2014; Baart et al., 2014; Paris et al., 2016a,
2017) have applied model (2) in which the difference waveform
resulting from subtracting the VO from the AV waveform
is compared with the AO waveform. While model (1) and
(2) have a similar underlying additive approach, model (1)
evaluates the relationship between the evoked signals in response
to two AV conditions, AV and AO+VO, whereas model (2)
evaluates the relationship between two auditory conditions, AO
and AV-VO. Baart (2016) examined 20 different experiments
on AV interaction with speech stimuli applying model (2),
and results suggested that despite variations in suppression of
N1 and P2 amplitudes and latencies, on average they were
lower in AV-VO compared to the AO condition, a pattern
of results which is similar to observations applying model (1)
(e.g., Besle et al., 2004).

AV-VOvs. AO (2)
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A possible caveat of model (2) led to the derivation of a new
model from the additive approach. Stekelenburg and Vroomen
(2007) argued that applying model (2) for examining AV
interaction might lead to spurious AV interaction effects. For
example, common activity, such as an anticipatory slow wave
potential which may arise before each unimodal or bimodal
stimulus and continue even after the stimulus onset, can be found
in all conditions. While this common neural activity evoked
in response to all stimuli types will also be present in the AO
condition, they will be subtracted out in AV-VO. Therefore, to
balance this spurious effect, as illustrated in model (3), they
included an additional stimulus in the experiment: control (CO).
The CO stimulus was a gray background with no sound which
did not have any dynamic visual or auditory information. In
this way, by subtracting CO from the AO waveform (AO-CO),
the common neural activity evoked in response to AO will be
subtracted out.

AV-VO vs. AO-CO (3)

Another model is based on a comparison between AV and AO.
Although a direct comparison of AV and AO can lead to sensory
confounds since these stimuli are in different modalities (Luck,
2014), based on a meta-analysis of studies applying model (2),
Baart (2016) suggested that, first, there is no reason to assume
additive models lead to the spurious AV interaction effects
accounted for by model (3) since common neural activity present
in response to all stimuli types disappear after high-pass filtering
(> 1 Hz) (Huhn et al., 2009). Baart (2016) further suggested
that the calculated results for N1 and P2 amplitude and latency
suppression based on model (2) is similar to model (4).

AVvs. AO (4)

Research has shown that previous AV experience, such as musical
training, can enhance auditory processing through experience-
based neural plasticity and enhance N1 and P2 amplitudes
(Shahin et al., 2003, 2005; Kuriki et al., 2006; Baumann et al.,
2008; Virtala et al., 2014; Maslennikova et al., 2015; Rigoulot et al.,
2015; Sanju and Kumar, 2016, but also see Liitkenhoner et al.,
2006). For example, Pantev et al. (2001) showed that musicians
have higher early amplitudes in response to an auditory piano
stimulus, compared to non-musicians. Studies (Shahin et al.,
2003, 2005; Baumann et al., 2008; Maslennikova et al., 2015) have
also shown that musicians have higher N1 and P2 amplitudes
in response to both music and speech stimuli (Musacchia et al.,
2008) compared to non-musicians.

Practicing a musical instrument can also enhance integration
across sensory modalities (Zatorre et al, 2007; Strait and
Kraus, 2014), and shape AV perception (Haslinger et al., 2005;
Musacchia et al., 2008; Petrini et al., 2009a; Lee and Noppeney,
2011; Paraskevopoulos et al., 2012; Maes et al., 2014; Proverbio
etal,, 2016). For example, in behavioral and fMRI studies, Petrini
et al. (2009a,b, 2011) have shown that drummers, compared
to non-musicians, are more sensitive to AV synchrony in a
drumming point-light task and showed decreased neural activity.
Moreover, previous studies showed that musicians have increased

intracerebral functional connectivity in theta, alpha and beta
bands (e.g., Kithnis et al., 2014), which are essential for processing
speech (Gisladottir et al., 2018), and music (Doelling et al,
2019). Sorati and Behne (2019) suggested that participants’
previous musical experience can enhance N1 suppression and
alpha desynchronization in response to AV speech. For AV
music perception Sorati and Behne (2019) observed more beta
suppression for musicians compared to non-musicians, despite
no group difference for N1 or P2 based on model (2). Given the
calculation differences across the four AV interaction models, the
AV model applied to N1 and P2 measures may have consequences
for evidence of AV interaction. Furthermore, based on model
(2), Baart (2016) suggested that the N1 and P2 amplitudes
and latencies in response to AO would correlate with those in
AV perception. With this basis, an open question is whether
musicians, who are broadly shown to have enhanced N1 and P2
amplitudes in response to auditory music perception (e.g., Shahin
et al., 2003; Baumann et al., 2008) also show correlation between
AO and AV-VO and, if so, whether they show more suppression
of N1 and P2 amplitudes and latencies in AV music perception,
compared to non-musicians.

The current study investigates differences between the four AV
interaction models (1,2,3,4) by examining the suppression of N1
and P2 amplitudes and latencies in AV perception, compared to
auditory perception. Previous studies indicate that when visual
information predicts a corresponding sound in AV perception,
auditory and visual perception interact. AV interaction leads to
a suppression in early event potentials such as N1 and P2 (e.g.,
Van Wassenhove et al., 2005). Further research (e.g., Besle et al.,
2004) suggested that any difference in N1 and P2 amplitudes
and latencies between AV evoked waveforms compared to the
mere summation of AO and VO waveforms can be attributed
to AV interaction (model 1). Others (e.g., Paris et al., 2016a)
compared AO waveforms and AV-VO waveforms (model 2).
Moreover, Stekelenburg and Vroomen (2007) subtracted CO
waveform from the AO waveform and then compared it to the
AV-VO difference wave to avoid the spurious interaction effects
due to common neural activity evoked in response to all of the
stimuli (model 3). Finally, a meta-analysis for AV speech (Baart,
2016) suggested that even a mere comparison between AO and
AV condition can also show the effect of AV interaction (model
4). All of these models originated from the additive model for
AV perception and have been used vastly in previous research
with speech and non-speech stimuli (e.g., Besle et al., 2004;
Stekelenburg and Vroomen, 2007; Baart, 2016) as they express
the same pattern of results (amplitude and latency suppression
at N1 and P2 in AV perception) (e.g., Besle et al., 2004; Baart,
2016). However, the four models differ fundamentally in what
they are comparing (sensory confounds); while model 1 is a
comparison of two AV waveforms (AV and AO+VO), models 2
and 3 compare two auditory waveforms (e.g., AV-VO and AO),
and model 4 is a comparison of an AV and an auditory waveform.

Baart (2016) further suggested a positive correlation between
the magnitude of amplitudes and latencies in response to AO,
and the size of amplitude and latency suppression at N1 and P2
in AV perception. While previous research (e.g., Shahin et al,,
2005) showed that musicians, compared to non-musicians, have
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higher N1 and P2 amplitudes in response to auditory music, and
also have enhanced N1 suppression in response to AV speech
perception (Sorati and Behne, 2019), a remaining question is
whether the potentially enhanced AO N1 and P2 amplitudes
due to musical experience leads to more suppression of N1 and
P2 amplitudes in AV perception? Thus, for the current study,
each of the four AV interaction models will be investigated with
musical experience as a case in point. First, musicians and non-
musicians will be compared based on N1 and P2 amplitudes and
latencies in response to AO music stimuli (C4 on keyboard).
Then, suppression of N1 and P2 amplitudes and latencies for
musicians and non-musicians will be compared based on each
of the four AV interaction models (1, 2, 3, and 4), to examine if
musicians’ potentially higher AO N1 and P2 amplitudes lead to
more suppression of N1 and P2 amplitudes and latencies in AV
music perception.

2. MATERIALS AND METHODS

This study was based on data recorded as part of a larger project
to investigate the effect of musical experience on auditory and AV
speech (Sorati and Behne, 2019) and music (Sorati and Behne,
2020) perception by comparing musicians and non-musicians’
EEG data in response to audio, video and audio-video stimuli.

2.1. Participants

Forty adults (19 females) age 19-33 years (Table 1) participated
in the experiment, of which 19 were musicians and 21 were
non-musicians. Recordings from one additional male musician
were excluded from the study due to technical issues. All
participants were right-handed (based on a variant of the
Edinburgh Handedness Inventory, Oldfield, 1971), had normal to
corrected visual accuracy (Snellen test), had a pure tone auditory
threshold of 15 dB HL for 250-4,000 Hz (British Society of
Audiology, 2004), and Norwegian as their first language. None
reported a history of neuropsychological disorders.

The musicians were students in Musicology or Music
Performance studies at the Norwegian University of Science and
Technology (NTNU) for which admission requires theoretical
and practical evaluations. Musicians had advanced skills in
at least one musical instrument (piano, keyboard, violin,
guitar, saxophone, or percussion), and all reported practicing
and regularly performing in public during the experiments
timeframe. Musicians with singing and dancing training were
excluded from this study to isolate the musical experience
to instrumental training (e.g., Karpati et al., 2017). Based on
previous research examining the effect of musical background
on auditory perception (Pantev et al., 2001; Kiihnis et al., 2013),
variation in musical instruments among the musicians is not
expected to influence the results in the current study, since
perception is enhanced by general effects of musical experience,
rather than instrument-specific mechanisms. However, taking
into consideration that instrument specific expertise is known to
influence the underlying predictive processing among musicians
(Heggli et al., 2019), musicians were recruited who had keyboard
or piano in common as their main or secondary instrument.
Musicians began formal musical training at the mean age of 8

and had been playing their musical instrument at least for 8
years. They reported their interest in music as, on average, 9 on
a 10-point scale (1 was “not interesting at all” and 10 was “very
interesting”) and none reported absolute pitch perception.

The non-musicians were also students at NTNU, however,
none were students of music. Non-musicians had a maximum 1
year of weekly musical training which is mandatory in Norwegian
elementary schools. They reported their interest in music as 5 out
of 10 on average.

Before the experiment, all participants provided written
consent according to the Norwegian Center for Research Data,
and were given an honorarium after the experiment.

2.2. Stimuli Materials

Stimulus materials were developed from an AV recording
of an instrumentalists right hand playing middle C4 on a
keyboard, recorded in an IAC sound-attenuated studio (IAC
acoustics, Hampshire, UK) in the NTNU Speech Laboratory at
the Department of Psychology. First, using a Sony PMW-EX1R
camera (30 fps) mounted on a tripod, an audio-video recording
was made of an instrumentalist’s right hand positioned on a
keyboard (Evolution MK-449C, UK), with the left side of the
thumb playing the middle C4 (261.6 Hz) key. The recorded audio
track was replaced with a MIDI C4 note produced in GarageBand
(10.0.3). Then, the AV material was exported in H.264 format
with an MP4 container in Adobe Premiere Pro CS54.5. This
formed the basis for the four stimuli illustrated in Figure 1: audio
only (AO), which consisted of a 700 ms-long C4 audio track with
a gray video background; video only (VO), which was the original
video from the finger-hand movement on the keyboard playing
the C4 key with no audio; audiovisual (AV), which was the audio
with the video recording; and a control (CO), which had a gray
background with no audio.

2.3. Procedure

The experiment was carried out in an IAC sound-attenuated
studio at the NTNU Speech Laboratory. The studio was dimly
lit during the experiment and to minimize head movements,
participants positioned their head on a chinrest. Videos were
presented at eye level on a 40" LCD flat panel display (Samsung
SyncMaster 400DX-2) with a resolution of 1152 x 648. The
display was approximately 190 cm away from the participant,
so that the physical size of the video on the display was similar
to the actual size of a real MIDI keyboard. The audio was
presented at approximately 65 dB pressure level through ER1-
14B insert earphones via an HB7 Headphone Buffer (Tucker-
Davis Technologies, US).

The audio and video presentation delay were recorded for all
stimulus conditions (AO, VO, AV, and CO) with an audio-visual
delay test toolbox connected with the EEG system (Electrical
Geodesics, Oregon, US). Delay for the video signal, 57 ms (2
ms jitter), and delay for the audio signal 50 ms (12 ms jitter)
were compensated later in the analysis.

Participants were instructed to relax and limit their eye
movements during the experiment. The experiment included
non-target trials (ca. 90%) and target trials (ca. 10%). A non-
target trial included an AO, VO, AV, or CO stimulus and were the
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TABLE 1 | Means and standard deviations (in parentheses) for participants based on information provided as questionnaire responses.

Age Gender Interest Listening to Age starting an Years of musical Practice
in music music per week instrument experience per week
Musicians 23 yrs (3 yrs) 9 females, 9(1)/10 19 hr (13 hr) 8 yrs (2 yrs) 16 yrs (5 hr) 15 hr (11 hr)
10 males
Non-musicians 23 yrs (3 yrs) 10 females, 5(2)/10 5hr (5 hr) - < 1 year -
11 males
S e
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FIGURE 1 | The trial timeline for four stimuli: audio only (AQ), video only (VO), audiovisual (AV), and control (CO). All of the stimuli start with a 500 ms fixation cross and

2336+ ————

800 Time (ms)

[200\ 100\ 0] =

basis for later analyses. Non-target trials for the four conditions
are illustrated in Figure 1. For example, a trial for the AV
condition lasted 1036 ms (31 frames) and started with a 500 ms
fixation cross at the location where the finger touched the C4 key.
Afterward, a still image (first frame of the video) with a random
interval [0, 100, 200] ms was presented before the video started.
The first detectable finger movement frame (the video onset)
started 165 ms before the auditory onset. Each trial ended with
the last frame of the video, presented for 800 ms.

The role of target trials was to engage the participants, by
pushing a button on a response pad 200 (Electrical Geodesics,
USA), during the experiment. Since attention enhances activity
in the sensory cortices corresponding to the modality of the
stimulus, targets in each condition were the same modality as
stimuli in that condition. As such, targets in the AO condition
included a 120 ms beep (500 Hz) with two onset variations: 200

or 400 ms after the audio onset. Targets in the VO condition had a
120 ms white dot each time occurring above or below the C4 key,
and targets in the AV condition was a synchronized beep (500
Hz) with a white dot (120 ms). Targets in the CO condition were
a black dot (120 ms) on a gray background. Participants were
asked to complete five practice trials to become familiar with the
response box and experimental task.

For each of the four conditions, 246 non-target trials and 96
target trials were included, for a total of 1,080 trials pseudo-
randomized across four blocks. In total the experiment took
about an hour with a 3-min break after each block and 8 short
pauses within each block.

2.4. EEG Recordings

Before the experimental session started, to select the best fit from
the adult EGI EEG capsizes, the head size was measured for
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TABLE 2 | Percentage of correct responses with standard deviations in parentheses, for musicians and non-musicians in response to target trials in the audio only, video

only, audiovisual, and control conditions.

Audio only (AO) Video only (VO) Audiovisual (AV) Control (CO) Average
Musicians 95% (1) 95% (1) 96% (1) 94% (1) 95% (2)
Non-musicians 93% (1) 95% (1) 94% (1) 94% (1) 94% (3)

each participant based on their nasion-inion and preauricular
distance. The cap was placed with Cz at the midpoint of
the nasion.

EEG data were recorded using a 128-channel dense array
EEG system connected to a Net Amps 300 amplifier (Electrical
Geodesics, Oregon, US). Data were recorded at a 1,000 Hz
sampling rate with no online filters, with Cz as the default
reference electrode. Psychtoolbox (Pelli and Vision, 1997) and
Net Station (5.2.0.2) were used for presenting the trials and
recording the responses. Impedances were kept below 100€2.

2.5. Data Analyses

Eeg recordings were interpolated to the 10-20 system (Jasper,
1958) and then imported into Matlab R2015b with EEGLAB
(v15) extension (Delorme and Makeig, 2004). In EEGLAB
a high-pass filter (0.5, 12 dB/octave) and a low-pass filter
(48 Hz, 12 dB/octave) were applied and bad channels were
removed. The remaining channels were re-referenced oftline
to the average reference. Independent component analysis was
applied to remove stereotypical eye blinks, and EEG recordings
were segmented starting 200 ms before and ending 500 ms after
audio stimulus onsets (700 ms epochs).

Similar segmentation (from —200 to 500 ms), relative to the
audio onset in the AO and AV trials, was applied for VO and
CO trials. Baseline correction was performed from —200 to 0 ms.
While multisensory effects are less evident for P1 (e.g., Stevenson
et al., 2012), and P3 is sensitive to attention resources in an
“odd ball” paradigm (Polich, 2007), N1-P2 reflects multisensory
effects (e.g., Stekelenburg and Vroomen, 2007; Baart, 2016), and
are attributed to previous musical experience (e.g., Shahin et al.,
2003, 2005), and therefore was chosen for examining the AV
interaction effect in each of the AV models. N1 was scored as
the highest peak amplitude in a window of 75-120 ms and
P2 in a window of 120-225 ms. Cz reflect activity originating
from auditory-related brain regions (Bosnyak et al., 2004), has
been vastly used in previous AV perception research (e.g., Baart,
2016), and therefore was chosen for further analyses. Based solely
on non-target trials, to exclude the motor components due to
responses in target trials (Luck, 2014), the average ERPs for each
condition (AO, VO, AV, and CO) were calculated separately for
musicians and non-musicians.

Previous research has shown that musicians have enhanced
auditory processing which leads to increased N1 and P2
amplitudes (e.g., Shahin et al, 2003, 2005). Moreover, Baart
(2016) suggested that the magnitude of amplitude and latency
suppression of N1 and P2 in AV perception correlates with AO
amplitudes and latencies. Therefore, the first analysis focused on

the difference between musicians and non-musicians’ N1 and P2
amplitudes and latencies in the AO condition.

For further analyses, to determine the effect of visual cues
predicting the upcoming auditory signal in AV perception,
compared to the auditory perception, four AV interaction models
have been proposed. For model (1) (AV vs. AO+VO), AO and
VO waveforms were added (AO+VO) to compare with the AV
condition. For model (2) (AV-VO vs. AO), VO waveforms were
subtracted from the AV waveforms (AV-VO) to remove the
contribution of the visual signal from the ERPs for comparison
with the AO condition. For model (3) (AV-VO vs. AO-CO), VO
waveforms were subtracted from AV waveforms (AV-VO), and
CO waveforms were subtracted from the AO waveforms (AO-
CO) to compare auditory conditions. Finally, for model (4) (AV
vs. AO), the AV waveforms were compared with AO waveforms.

First, for the AO condition, a one-way analysis of variance
(ANOVA) was conducted with SPSS (v. 25) to examine statistical
significance (¢ = 0.05) between musicians and non-musicians in
AO N1 and P2 amplitudes and latencies. Then, each of the four
AV models was evaluated in a two-way ANOVA with background
(musicians vs. non-musicians) as a between-participant variable,
component expression of the model (e.g., for model (1), AV
and AO+VO) as a within-participant variable, and N1 and P2
amplitudes and latencies as dependent variables.

Note that, in the two-way ANOVA for each AV model, for the
main effect of background, data from two modality conditions
are collapsed (e.g., for model (1) AV averaged together with
AO+VO). The main effect of background is therefore not a
meaningful comparison between musicians and non-musicians
and is not directly addressed. F and p-values are presented in
Table 4 for assessment.

3. RESULTS

As summarized in Table 2, musicians detected 95% of target
trials on average, non-musicians detected 94% of the target
trials indicating that during the experiment, both musicians
and non-musicians similarly focused on the stimuli. Consistent
with previous behavioral research (e.g., Strait et al., 2010) visual
inspection of the means and variance for musicians, compared
to non-musicians, showed a slightly higher percentage of correct
responses in the detection task for the AO and AV conditions,
however, the groups were similar in the VO and CO conditions.

3.1. Audio-Only Condition

Musicians and non-musicians were compared based on their
N1 and P2 amplitudes and latencies in the non-target trials in
the AO condition (Figure 2). A one-way ANOVA for AO N1
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amplitude showed a significant difference between musicians
and non-musicians [F(; 35y = 5.25,p = 0.02], and as Table 3
shows, on average N1 was 0.55 11V higher for musicians than for
non-musicians. For the AO condition no group difference was
observed for N1 latency [F(; 35y = 0.62,p = 0.43], P2 amplitude
[F(1,38) = 0.07,p = 0.77], or P2 latency [F(; 3g) = 3.2,p = 0.08].

3.2. Audio-Visual Interaction

To compare musicians and non-musicians when the visual cues
predict the upcoming musical audio signal, two-way ANOVAs
were conducted based on non-target trials for each model, as
Table 4 shows. Figures 2, 3 and Table 5 show the results of the
four different models, for musicians and non-musicians.

3.2.1. Model (1): AV vs. AO+VO

As shown in Table4, for the main effect of component
expression, N1 amplitude [F(;, 35) = 14.14,p = 0.001, n* = 0.27]
was significantly lower for AV than AO+VO, however, for N1
latency [F(;, 35y = 0.95,p = 0.33, n* = 0.02] results showed
no significant difference between AV and AO+VO. Moreover,
while P2 amplitude [F(; 35 = 13.08,p = 0.001, 7% = 0.25] was
lower for AV than for AO+VO, P2 latency [F(; 35y = 0.44,p =
0.5,7% = 0.01] showed no significant difference between the two
component expressions.

No significant interaction was observed between the effect
of component expression and background for N1 amplitude
[F(l, 38) = 048,p = 0.49, 7]2 = 001], N1 latency [F(1,38) =
0.11,p = 0.73,9* = 0.003], P2 amplitude [F(;, 35 = 0.1,p =
0.74,n> = 0.003], or P2 latency [F 35 = 1.55p
0.22,7> = 0.03].

3.2.2. Model (2): AV-VO vs. AO

Results (Table 4) from the main effect of component expression
showed lower N1 amplitude [F(; 35y = 11.15,p = 0.002, n? =
0.22], N1 latency, [F(;, 35y = 11,p = 0.002,7* = 0.22], and P2
amplitude [F(; 33 = 19.82,p = 0.00007,7> = 0.34] in AV-
VO compared to the AO. However, the results for P2 latency
[Fa, 33 = 245p = 0.12, n* = 0.06] showed no significant
difference between the two component expressions.

Furthermore, the results (Table4) showed no significant
interaction between the effect of component expression and
background for N1 amplitude [F(; 33y = 0.01,p = 0.89, n =
0.0004], N1 latency [F 35 = 0.55,p = 0.46,n> = 0.01], P2
amplitude [F(; 35 = 0.98,p = 0.32,5? = 0.02], and P2 latency
[Fq1, 38) = 0.19,p = 0.66, > = 0.005].

To investigate if AO N1 amplitude, which was enhanced in
musicians, contributes to the N1 suppression effect in AV-VO,
a Pearson correlation coeflicient was computed and showed a
significant correlation between AO N1 amplitudes and AV-VO
N1 amplitudes for musicians [r = 0.70,n = 19,p = 0.001], and
non-musicians [r = 0.62,n = 21, p = 0.002].

3.2.3. Model (3): AV-VO vs. AO-CO

Results (Table4) showed lower N1 amplitude [Fj, 3g)
23.65,p = 0.00002,7> = 0.38], N1 latency [F(j, 35 = 6.02,p =
0.01,7> = 0.13], in AV-VO compared to AO-CO, however,
results from P2 amplitude [F(;, 35 = 2.23,p = 0.14,n* = 0.05],

and P2 latency [F(j, 33y = 2.76,p = 0.1,7%> = 0.06] showed no
significant difference between the two component expression.

Furthermore, the interaction (Table 4) between the effect of
component expression and background was not significant for
N1 amplitude [F; 35 = 043,p = 05L,n* = 0.01], N1
latency [F(; 35 = 0.16,p = 0.68,n> = 0.004], P2 amplitude
[Fu,38 = 0.002,p = 0.96,n> = 0.00004], and P2 latency
(a1, 38) = 1.89,p = 0.17,* = 0.04].

3.2.4. Model (4): AV vs. AO

While the results (Table4) from NI amplitude [F(; 35 =
0.98,p = 0.32,n> = 0.02] showed no significant difference
between AV and AO component expression, results showed
lower N1 latency [F(; 35 = 7.44,p = 0.01, n* = 0.16], and
P2 amplitude [F(y 3 = 22.38,p = 0.00003,n2 = 0.37]
in AV compared to the AO component expression. P2 latency
[F,38) = 0.1,p = 0.75, n? = 0.003] results showed no significant
difference between component expressions either.

Moreover, the results (Table4) showed no significant
interaction between the effect of component expression and
background for N1 amplitude [F(; 35 = 0.08,p = 0.76, n? =
0.002], N1 latency [Fy, 35 = 0.67,p = 0.41,7% = 0.01], P2
amplitude [F(j 35 = 2.01,p = 0.16,n> = 0.05], or P2 latency
(1, 38) = 0.51,p = 0.47, > = 0.01].

In summary, in auditory perception musicians showed a
higher N1 amplitude than non-musicians. In AV perception
the pattern of results for musicians and non-musicians was
consistent for each of the four models, however, N1 and P2
results varied across the models. For model (1), both N1 and P2
amplitudes were lower in AV compared to AO+VO. In model
(2), N1 amplitude and latency and P2 amplitude were lower in
AV-VO compared to AO, P2 latency did not show a significant
difference. In model (3), N1 amplitude and latency were lower
in AV-VO compared to AO-CO, while P2 amplitude and latency
showed no difference. In model (4), N1 latency and P2 amplitude
were lower in AV compared to AO, while N1 amplitude and P2
latency did not show this pattern.

4. DISCUSSION

The current study first aimed to examine the expression of AV
interaction models through N1 and P2 in AV music perception,
based on the visual finger and hand movements predicting audio
music. Results showed that calculation differences across AV
interaction models did not lead to the same pattern of results
for N1 and P2 amplitude and latency suppression. Previous
research (Baart, 2016) suggested that AV interaction at N1 and
P2 amplitudes and latencies are positively correlated with the
magnitude of N1 and P2 amplitudes and latencies in auditory
music. To test this, musicians and non-musicians were first
compared based on N1 and P2 amplitudes and latencies in
response to auditory music. Then, for each of the four AV
interaction models (1), (2), (3), (4), musicians and non-musicians
were compared based on N1 and P2 amplitudes and latencies, to
examine if potentially enhanced auditory N1 and P2 amplitudes
in musicians leads to more suppression of N1 and P2 amplitudes
and latencies in AV perception. Although musicians, compared
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FIGURE 2 | Grand averaged waveforms for musicians and non-musicians for model (1) AV vs. AO+VO, (2) AV-VO vs. AO, (3) AV-VO vs. AO-CO, and (4) AV vs.

AO at Cz.
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TABLE 3 | Means and standard deviations in parentheses for N1 and P2 amplitudes and latencies for musicians and non-musicians in the component expressions AO,

AO-CO, AV, AV-VO, and AO+VO.

Component expression N1 amplitude (xV)

N1 latency (ms) P2 amplitude (xV) P2 latency (ms)

AO —2.20 (0.60) 96 (7) 1.48 (1.50) 142 (7)
AO-CO —2.54 (1.01) 97 (6) 1.11(1.75) 141 (8)
Musicians AV —2.10(1.18) 91 (14) 0.57 (1.09) 141 (B)
AV-VO —1.86 (0.87) 90 (12) 0.86 (0.86) 140 (5)
AO+VO —2.46 (0.78) 93 (13) 117 (1.78) 140 (5)
AO —1.65(0.88) 93 (14) 1.38(0.74) 147 (10)
AO-CO —1.80 (0.99) 88 (14) 1.21(0.74) 150 (10)
Non-musicians AV —1.45(0.90) 83 (18) 0.90 (0.81) 150 (14)
AV-VO —1.27 (0.77) 83 (15) 0.98 (0.89) 145 (11)
AO+VO —1.98 (1.18) 87 (18) 1.38(1.02) 152 (13)
TABLE 4 | Summary of F-values for the four AV interaction models.
N1 P2
AV model Amplitude (©V) Latency (ms) Amplitude (©V) Latency (ms)
Component expression 14.14* 0.95 13.08* 0.44
AV vs. AO+VO Background 5.79* 3.61 0.92 18.44*
Component expression x Background 0.49 0.11 0.10 1.65
Component expression 11.15* 11.00* 19.82** 2.45
AV-VO vs. AO Background 10.00* 7.52% 0.001 5.10*
Component expression x Background 0.01 0.55 0.98 0.19
Component expression 23.65** 6.02* 2.23 2.76
AV-VO vs. AO-CO Background 9.62* 6.58* 0.21 9.12*
Component expression x Background 0.43 0.16 0.002 1.89
Component expression 0.98 7.44* 22.38** 0.10
AV vs. AO Background 8.71* 2.56 0.17 8.01%
Component expression x Background 0.08 0.67 2.01 0.51

*p < 0.05 and **p < 0.0001.

to non-musicians, showed higher N1 amplitude in auditory
music perception, no difference was found between the two
groups in any of the AV interaction models.

4.1. Comparison of AV Interaction Models
Visual information which is naturally starting before the
auditory signal can provide visual cues and form a prediction
about the upcoming corresponding auditory signal. This
prediction leads to a decrease in N1 and P2 amplitudes and
latencies, both with speech (Besle et al., 2004; Van Wassenhove
et al., 2005; Arnal et al, 2009; Pilling, 2009; Baart et al,
2014; Baart, 2016; Paris et al., 2016b), and non-speech
stimuli (Vroomen and Stekelenburg, 2010; Stekelenburg and
Vroomen, 2012; Paris et al., 2017). In line with these studies,
here, in AV, when the visual cues from finger and hand
movements predict the upcoming musical sound, compared
to the auditory music perception, N1 amplitudes decreased in
models (1), (2), (3), and P2 amplitudes decreased in model (1),
(2), and (4).

Previous research (Van Wassenhove et al., 2005; Stekelenburg
and Vroomen, 2007, 2012; Arnal et al, 2009; Paris et al,

2016b, 2017) showed that N1 and P2 amplitude suppression
in AV perception have different underlying processes. N1
is modulated when the visual cues predict the upcoming
sound and is sensitive to visual predictability (Arnal et al.,
2009; Paris et al., 2017), and spatial properties (Stekelenburg
and Vroomen, 2012). However, P2 suppression reflects the
AV content congruency between the visual information and
perceived auditory signal (Van Wassenhove et al., 2005; Arnal
et al., 2009; Paris et al., 2016b). Moreover, previous research
(Stekelenburg and Vroomen, 2007; Baart, 2016) suggested
that based on model (3) (AV-VO vs. AO-CO) with non-
speech stimuli, P2 amplitude might show more suppression
than N1 amplitude. Moreover, Baart (2016) examined AV
interaction at N1 and P2 amplitudes with two models
(AV vs. AO, and AV-VO vs. AO) and also suggested that
while comparing AV and AO perception (AV vs. AO)
showed no difference between the amplitude at N1 and
P2, when comparing the AO with the visual waveform
subtracted from AV (AV-VO vs. AO), amplitude suppression
was smaller for N1 than P2. Baart (2016) argued that the
difference in amplitude suppression between N1 and P2 was
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FIGURE 3 | A comparison between musicians’ (M) and non-musicians’ (N) grand averaged waveforms at Cz for each of the AV interaction models (1-4) and the

topographical maps at N1 and P2.
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TABLE 5 | Summary of F-statistics, p-values, 1°, and power for musicians and non-musicians.

AV model Group ERP component Measurement F p e Power
N1 Amplitude (V) 4.81 0.04 0.21 0.54
- Latency (ms) 0.24 0.62 0.01 0.07
Musicians
po Amplitude (uV) 4.91 0.04 0.21 0.55
Latency (ms) 0.37 0.54 0.01 0.08
AV vs. AO+VO )
N1 Amplitude (uV) 9.83 0.005 0.33 0.84
n Latency (ms) 0.78 0.39 0.038 0.13
Non-Musicians
P2 Amplitude (uV) 10.44 0.004 0.34 0.86
Latency (ms) 1.27 0.27 0.06 0.18
N1 Amplitude (uV) 5.81 0.02 0.24 0.62
. Latency (ms) 4.65 0.04 0.20 0.58
Musicians
P2 Amplitude (V) 9.97 0.005 0.35 0.84
Latency (ms) 0.45 0.50 0.02 0.09
AV-VO vs. AO
NT Amplitude (uV) 5.56 0.02 0.21 0.61
- Latency (ms) 6.72 0.01 0.25 0.69
Non-Musicians )
po Amplitude (uV) 10.06 0.005 0.33 0.85
Latency (ms) 2.98 0.10 0.13 0.37
N1 Amplitude (uV) 16.72 0.001 0.48 0.97
o Latency (ms) 713 0.01 0.28 0.71
Musicians
po Amplitude (uV) 0.65 0.43 0.038 0.11
Latency (ms) 0.04 0.82 0.00 0.05
AV-VO vs. AO-CO
N1 Amplitude (V) 8.31 0.009 0.29 0.78
. Latency (ms) 1.56 0.22 0.07 220
Non-Musicians
po Amplitude (uV) 3.13 0.09 0.13 0.39
Latency (ms) 4.10 0.05 0.17 0.48
N Amplitude (uV) 0.16 0.68 0.00 0.06
= Latency (ms) 2.30 0.14 0.11 0.30
Musicians
P2 Amplitude (uV) 9.80 0.006 0.35 0.84
Latency (ms) 0.18 0.67 0.01 0.06
AV vs. AO
N1 Amplitude (uV) 1.32 0.26 0.06 0.19
. Latency (ms) 5.42 0.08 0.21 0.60
Non-Musicians
Po Amplitude (V) 23.44 0.00009 0.54 0.99
Latency (ms) 0.36 0.55 0.01 0.08

a result of the inclusion or exclusion of particular data in
the meta-analysis.

In line with these studies, the current results also showed
that AV interaction models do not express N1 and P2 amplitude
suppression in AV perception in the same way. Superposition
of waves leads to calculation differences across the four AV
interaction models for N1 and P2 amplitudes. As Figure 2 shows,
model (1) (AV vs. AO+VO) led to a suppression for both N1
and P2 amplitudes in AV interaction. The difference waves
in model (2) and (3) both reflect audio waveforms and use
the same component expression but nevertheless led to inverse
suppression magnitude for N1 and P2 amplitudes; the difference
lies in their second component expressions. In model (2) (AV-
VO vs. AO), subtracting the visual evoked signal from the AV
evoked signal (AV-VO) led to a higher N1 amplitude than for
AO N1 amplitude and a smaller AV-VO P2 amplitude than AO
P2 amplitude. Therefore, model (2) expressed less AV amplitude
suppression for N1 than P2. In model (3), subtracting the CO

evoked signal, which does not have typical ERP components,
from the AO evoked signal led to a slightly higher AO-CO N1
amplitude than AV-VO N1 amplitude, and a slightly lower AO-
CO P2 amplitude than AV-VO P2 amplitude. Therefore, these
calculations in model (3) led to less AV amplitude suppression
for P2 (which did not show significant suppression) than N1. In
model (4) (AV vs. VO), when comparing N1 and P2 amplitudes
in AV and AO, while N1 amplitude showed no significant
difference between AV and AO perception, AV P2 is suppressed
compared to the AO P2 amplitude. These findings suggest that
the calculation differences across four AV interaction models lead
to different results for N1 and P2 amplitudes.

All AV interaction models except model (1), in which N1
latency was non-significantly lower in AV compared to the
summation of auditory and visual waveforms, expressed N1
latency suppression in AV perception. While what lies behind
model (1) N1 latency results can only be speculated, this
finding is in line with Pilling (2009) in which, by applying
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model (1), no significant decrease had been found for NI
and P2 latencies in AV, compared to AO+VO. On the other
hand, none of the four AV interaction models led to P2
latency suppression in AV perception, compared to the auditory
perception (AO or AO-CO). A meta-analysis (Baart, 2016) of
AV speech perception showed that most of the studies found
lower P2 latency in AV compared to the auditory perception,
however, not having a latency decrease for P2 is not uncommon
(e.g., Pilling, 2009; Baart et al., 2014). Furthermore, while in
contrast with the current results of music, Stekelenburg and
Vroomen (2007) showed P2 latency suppression for non-speech
stimuli in AV perception, and Paris et al. (2017) did not report
any P2 latency suppression with non-speech-stimuli. Therefore,
although generally, AV interaction models express lower P2
latency in AV perception than auditory perception, having no
latency decrease in AV perception has been reported with speech
and non-speech stimuli.

Across the models, the current results from model (2) were
most consistent with previous findings, expressing N1 amplitude
and latency and P2 amplitude suppression in AV perception.
Previous research generally showed that N1 and P2 amplitudes
and latencies are lower in AV perception due to predictive
movements starting before the corresponding auditory signal,
compared to auditory perception. Although comparing auditory
and AV perception began with model (1), most research on
AV speech and non-speech perception used model (2) (e.g.,
Stekelenburg and Vroomen, 2007; Baart, 2016). In line with
previous findings, the current results from model (2) were more
consistent with previous research and expressed N1 amplitude
and latency and P2 amplitude suppression in AV perception.

4.2. Musicians and Non-musicians

Previous research has suggested that musicians have enhanced
auditory music perception compared to non-musicians (Pantev
et al., 2001; Shahin et al., 2003, 2005; Kuriki et al., 2006;
Baumann et al., 2008; Virtala et al.,, 2014; Maslennikova et al.,
2015; Rigoulot et al, 2015, for a review see, Sanju and
Kumar, 2016, but also see, Liitkenhoner et al., 2006). Current
results showed that musicians, compared to non-musicians, had
higher N1 amplitude in auditory music. P2 amplitude was not
significantly different between musicians and non-musicians,
even though P2 amplitude mean for musicians was slightly
higher. In line with current results, Baumann et al. (2008)
compared musicians and non-musicians based on their N1 and
P2 amplitudes in response to auditory music stimuli and showed
that musicians have increased N1 amplitude, however, they
found no difference between the two groups for P2 amplitude.
The intrinsic functional relevance of N1 enhanced amplitude
for musicians, compared to non-musicians, is still unclear
(e.g., Kithnis et al., 2014). Previous research has shown that
musicians’ enhanced N1 amplitude was associated with their
better performance in a discrimination task (Virtala et al., 2014),
and enhanced intracerebral beta oscillation, which is involved in
sensory processing (e.g., Haenschel et al., 2000), predictive timing
(Doelling and Poeppel, 2015), attentional shift (van Ede et al,,
2014), and auditory-motor interactions (Large and Snyder, 2009).
Moreover, Shahin et al. (2003) showed that musicians, compared

to non-musicians, have a higher P2 amplitude in response to
auditory music stimuli. In their later study (Shahin et al., 2005),
they showed that musicians have higher P2 and N1 amplitude,
even though the results for N1 amplitude were not significant,
compared to non-musicians. Although results differ in previous
research comparing musicians and non-musicians’ N1 and P2
amplitudes in response to music stimuli, research generally has
shown that musicians have enhanced amplitudes at both N1
and P2 or at least one of the components due to their previous
musical training.

Based on the suggestion by Baart (2016) that the magnitudes
of N1 and P2 amplitudes and latencies are positively correlated
between AO and AV perception, the difference in suppression of
N1 and P2 between musicians and non-musicians in auditory
music perception could be expected to be correlated with
a corresponding group difference in AV music perception.
Specifically, for AV music perception, greater suppression at
N1 and P2 would be expected for musicians compared to
non-musicians. Current results for music stimuli showed that
while both musicians and non-musicians showed a positive
correlation between auditory and AV perception (AO and AV-
VO), no difference was found between musicians and non-
musicians applying any of the AV interaction models. These
results for music stimuli imply that musicians’ enhanced auditory
perception, compared to non-musicians, does not necessarily
lead to enhanced AV perception.

The question then arising from the current results is
why musicians did not show enhanced suppression in early
components for AV music perception, when they had enhanced
auditory perception. In a study (Sorati and Behne, 2019) with
the same group of participants and using speech materials
with model (2) (AV-VO vs. AO), musicians showed more
N1 amplitude suppression than non-musicians. The difference
between the current N1 amplitude findings and those in Sorati
and Behne (2019) is plausibly explained by the use of music
stimuli vs. speech stimuli. Moreover, Stekelenburg and Vroomen
(2007) have suggested that N1 and P2 amplitude and latency
suppression in response to AV non-speech stimuli is more than
speech stimuli, since the predictability of visual cues before
the auditory sound in non-speech stimuli, such as finger and
hand movements when playing a musical instrument, might be
more than the predictability of facial articulatory movements
in AV speech. Therefore, an explanation for musicians and
non-musicians’ different results in response to speech and
music stimuli might be that for music stimuli, due to more
predictability of finger and hand movements, both musicians and
non-musicians predict the upcoming musical sound similarly.
However, for AV speech stimuli, as the articulatory movements
were not as explicit as finger and hand movements in AV
music, only musicians showed N1 amplitude suppression in AV
speech perception.

Findings for model (2) in the current study are based on Sorati
and Behne (2020) where, in addition to ERP analyses, inter-
trial phase coherence (ITPC) was also evaluated. ITPC measures
oscillatory activity which in low-frequency bands (< 30 Hz)
influence forging of early evoked potentials such as N1 and P2
(e.g., Edwards et al., 2009). Sorati and Behne (2020) showed
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that in response to music, ITPC differed for musicians and non-
musicians indicating differences (e.g., sensory-motor processing)
in their underlying mechanisms. These results indicate that
although previous studies (e.g., Sorati and Behne, 2020) showed
underlying differences between musicians and non-musicians,
these differences did not come through in the ERP results based
on any of the four AV interaction models.

5. CONCLUSIONS

Previous research has led to four AV models to examine the
interaction of auditory and visual perception when the visual
cues predict an upcoming auditory signal and lead to N1
and P2 suppression. However, a meta-analysis (Baart, 2016)
suggested that AV perception does not always lead to N1 and
P2 suppression. To examine variability in N1 and P2 across AV
perception research, the current study first aimed to determine
the influence of four AV interaction models extensively applied
in previous research on N1 and P2 suppression in AV music
perception. The current findings for AV music perception
indicate that the calculation differences across the models lead
to differences in the expressions of AV interaction through N1
and P2 amplitude and latency, as well as inverse suppression
magnitudes for N1 and P2.

The current study also tested the suggestion (Baart, 2016)
that the N1 and P2 suppression in AV and auditory perception
are positively correlated by comparing musicians and non-
musicians. In line with previous research (e.g., Baumann
et al., 2008), the current findings showed that in auditory
music perception, musicians, compared to non-musicians, have
enhanced N1 amplitude, however, in AV perception and similarly
in all of AV interaction models, musicians and non-musicians
showed similar N1 and P2 amplitudes and latencies suppression.
These findings indicate that when the visual cues from finger
and hand movements predict the upcoming musical sound in
AV music perception, musicians and non-musicians, regardless
of musicians’ enhanced auditory perception, show similar
suppression for early evoked potentials. These ERP results did
not reflect the difference between musicians and non-musicians
in underlying mechanisms such as sensory-motor processing.

REFERENCES

Alsius, A., Méttonen, R., Sams, M. E., Soto-Faraco, S., and Tiippana, K. (2014).
Effect of attentional load on audiovisual speech perception: evidence from
ERPs. Front. Psychol. 5:727. doi: 10.3389/fpsyg.2014.00727

Arnal, L. H., Morillon, B., Kell, C. A, and Giraud, A.-L. (2009). Dual neural
routing of visual facilitation in speech processing. J. Neurosci. 29, 13445-13453.
doi: 10.1523/JNEUROSCI.3194-09.2009

Baart, M. (2016). Quantifying lip-read-induced suppression and facilitation of the
auditory n1 and p2 reveals peak enhancements and delays. Psychophysiology 53,
1295-1306. doi: 10.1111/psyp.12683

Baart, M., Stekelenburg, J. J., and Vroomen, J. (2014). Electrophysiological
evidence for speech-specific audiovisual integration. Neuropsychologia 53,
115-121. doi: 10.1016/j.neuropsychologia.2013.11.011

Baumann, S., Meyer, M., and Jancke, L. (2008). Enhancement of auditory-
evoked potentials in musicians reflects an influence of expertise but not

This study also highlights the effect of four AV interaction
models on early evoked potentials and indicates that due to the
calculation differences across models they do not leave the same
pattern of results for N1 and P2. These results also indicate that
the four AV interaction models are not interchangeable and are
not directly comparable.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

This study, involving human participants, was reviewed and
approved by Norwegian Center for Research Data (NSD).
Participants provided their written informed consent to
participate in the study.

AUTHOR CONTRIBUTIONS

Both authors contributed extensively to the work presented in
this paper. MS and DB jointly conceived of the study and
sketched the design. MS carried out the practical implementation
of the project, carried out the EEG experiments and data analyses,
and drafted the full paper. DB supervised all stages of the
project. Both authors discussed the results and implications and
contributed to the manuscript.

ACKNOWLEDGMENTS

The authors would like to thank Anton Ottl for his contribution
to discussion on the topic, and thank all subjects whose
participation made this experiment possible.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyg.
2020.594434/full#supplementary-material

selective attention. J. Cogn. Neurosci. 20, 2238-2249. doi: 10.1162/jocn.2008.2
0157

Besle, J., Bertrand, O., and Giard, M.-H. (2009). Electrophysiological (EEG, SEEG,
MEG) evidence for multiple audiovisual interactions in the human auditory
cortex. Hear. Res. 258, 143-151. doi: 10.1016/j.heares.2009.06.016

Besle, J., Fort, A., Delpuech, C., and Giard, M.-H. (2004). Bimodal speech: early
suppressive visual effects in human auditory cortex. Eur. J. Neurosci. 20,
2225-2234. doi: 10.1111/j.1460-9568.2004.03670.x

Bosnyak, D. J., Eaton, R. A., and Roberts, L. E. (2004). Distributed auditory
cortical representations are modified when non-musicians are trained at pitch
discrimination with 40 hz amplitude modulated tones. Cereb. Cortex 14,
1088-1099. doi: 10.1093/cercor/bhh068

British Society of Audiology (2004). Recommended Procedure: Pure Tone Air
and Bone Conduction Threshold Audiometry with and Without Masking and
Determination of Uncomfortable Loudness Levels. Available online at: http://
www.thebsa.org.uk/docs/RecPro/PTA.pdf (accessed June 3, 2010).

Frontiers in Psychology | www.frontiersin.org

13

January 2021 | Volume 11 | Article 594434


https://www.frontiersin.org/articles/10.3389/fpsyg.2020.594434/full#supplementary-material
https://doi.org/10.3389/fpsyg.2014.00727
https://doi.org/10.1523/JNEUROSCI.3194-09.2009
https://doi.org/10.1111/psyp.12683
https://doi.org/10.1016/j.neuropsychologia.2013.11.011
https://doi.org/10.1162/jocn.2008.20157
https://doi.org/10.1016/j.heares.2009.06.016
https://doi.org/10.1111/j.1460-9568.2004.03670.x
https://doi.org/10.1093/cercor/bhh068
http://www.thebsa.org.uk/docs/RecPro/PTA.pdf
http://www.thebsa.org.uk/docs/RecPro/PTA.pdf
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Sorati and Behne

Considerations in Audio-Visual Interaction Models

Campbell, R.
and neural bases. Philos.
doi: 10.1098/rstb.2007.2155

Delorme, A., and Makeig, S. (2004). EEGlab: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis. J.
Neurosci. Methods 134, 9-21. doi: 10.1016/j.jneumeth.2003.10.009

Doehrmann, O., and Naumer, M. J. (2008). Semantics and the multisensory brain:
how meaning modulates processes of audio-visual integration. Brain Res. 1242,
136-150. doi: 10.1016/j.brainres.2008.03.071

Doelling, K. B., Assaneo, M. F., Bevilacqua, D., Pesaran, B., and Poeppel, D. (2019).
An oscillator model better predicts cortical entrainment to music. Proc. Natl.
Acad. Sci. U.S.A. 116, 10113-10121. doi: 10.1073/pnas.1816414116

Doelling, K. B., and Poeppel, D. (2015). Cortical entrainment to music and
its modulation by expertise. Proc. Natl. Acad. Sci. U.S.A. 112, E6233-E6242.
doi: 10.1073/pnas.1508431112

Edwards, E., Soltani, M., Kim, W, Dalal, S. S., Nagarajan, S. S., Berger, M. S,,
et al. (2009). Comparison of time-frequency responses and the event-related
potential to auditory speech stimuli in human cortex. J. Neurophysiol. 102,
377-386. doi: 10.1152/jn.90954.2008

Giard, M.-H., and Besle, J. (2010). “Methodological
electrophysiology of multisensory interactions in humans,” in Multisensory
Object Perception in the Primate Brain, eds J. Kaiser and M. Naumer (New York,
NY: Springer), 55-70. doi: 10.1007/978-1-4419-5615-6_4

Gisladottir, R. S., Bogels, S., and Levinson, S. C. (2018). Oscillatory brain responses
reflect anticipation during comprehension of speech acts in spoken dialog.
Front. Hum. Neurosci. 12:34. doi: 10.3389/fnhum.2018.00034

Haenschel, C., Baldeweg, T., Croft, R. J., Whittington, M., and Gruzelier, J.
(2000). Gamma and beta frequency oscillations in response to novel auditory
stimuli: a comparison of human electroencephalogram (EEG) data with in
vitro models. Proceedings of the National Academy of Sciences 97, 7645-7650.
doi: 10.1073/pnas.120162397

Haslinger, B., Erhard, P., Altenmiiller, E., Schroeder, U., Boecker, H., and
Ceballos-Baumann, A. O. (2005). Transmodal sensorimotor networks during
action observation in professional pianists. J. Cogn. Neurosci. 17, 282-293.
doi: 10.1162/0898929053124893

Heggli, O. A., Konvalinka, I., Kringelbach, M. L., and Vuust, P. (2019).
Musical interaction is influenced by underlying predictive models and musical
expertise. Sci. Rep. 9, 1-13. doi: 10.1038/541598-019-47471-3

Huhn, Z., Szirtes, G., Lorincz, A., and Csépe, V. (2009). Perception based method
for the investigation of audiovisual integration of speech. Neurosci. Lett. 465,
204-209. doi: 10.1016/j.neulet.2009.08.077

Jasper, H. H. (1958). The ten-twenty electrode system of the international
federation. Electroencephalogr. Clin. Neurophysiol. 10, 370-375.

Karas, P. J., Magnotti, J. F., Metzger, B. A, Zhu, L. L., Smith, K. B., Yoshor,
D., et al. (2019). The visual speech head start improves perception and
reduces superior temporal cortex responses to auditory speech. eLife 8:e48116.
doi: 10.7554/eLife.48116

Karpati, F. J., Giacosa, C., Foster, N. E,, Penhune, V. B, and Hyde, K. L. (2017).
Dance and music share gray matter structural correlates. Brain Res. 1657,
62-73. doi: 10.1016/j.brainres.2016.11.029

Klucharev, V., Métténen, R., and Sams, M.
indicators of phonetic and non-phonetic
during audiovisual speech perception. Cogn.
doi: 10.1016/j.cogbrainres.2003.09.004

Kiihnis, J., Elmer, S., and Jancke, L. (2014). Auditory evoked responses in musicians
during passive vowel listening are modulated by functional connectivity
between bilateral auditory-related brain regions. J. Cogn. Neurosci. 26,
2750-2761. doi: 10.1162/jocn_a_00674

Kiithnis, J., Elmer, S., Meyer, M., and Jincke, L. (2013). The encoding

and temporal speech cues in the auditory cortex of
professional musicians: an EEG study. Neuropsychologia 51, 1608-1618.
doi: 10.1016/j.neuropsychologia.2013.04.007

Kuriki, S., Kanda, S., and Hirata, Y. (2006). Effects of musical experience on
different components of MEG responses elicited by sequential piano-tones and
chords. J. Neurosci. 26, 4046-4053. doi: 10.1523/JNEUROSCI.3907-05.2006

Large, E., and Snyder, J. (2009). Pulse and meter as neural resonance.
Ann. N. Y. Acad. Sci. 1169, 46-57. doi: 10.1111/j.1749-6632.2009.0
4550.x

(2007). The processing of audio-visual speech: empirical
Trans. R. Soc. B Biol. Sci. 363, 1001-1010.

considerations:

(2003). Electrophysiological
multisensory
Brain  Res.

interactions
18, 65-75.

of vowels

Lee, H., and Noppeney, U. (2011). Long-term music training tunes how the brain
temporally binds signals from multiple senses. Proc. Natl. Acad. Sci. U.S.A. 108,
E1441-E1450. doi: 10.1073/pnas.1115267108

Libesman, S., Mannion, D. J., and Whitford, T. J. (2020). Seeing the intensity of a
sound-producing event modulates the amplitude of the initial auditory evoked
response. J. Cogn. Neurosci. 32, 426-434. doi: 10.1162/jocn_a_01486

Luck, S. J. (2014). An Introduction to the Event-Related Potential Technique.
London: MIT Press.

Liitkenhoner, B., Seither-Preisler, A., and Seither, S. (2006). Piano tones evoke
stronger magnetic fields than pure tones or noise, both in musicians and non-
musicians. Neuroimage 30, 927-937. doi: 10.1016/j.neuroimage.2005.10.034

Maes, P.-J., Leman, M., Palmer, C., and Wanderley, M. (2014). Action-based effects
on music perception. Front. Psychol. 4:1008. doi: 10.3389/fpsyg.2013.01008

Maslennikova, A., Varlamov, A., and Strelets, V. (2015). Characteristics of evoked
changes in EEG spectral power and evoked potentials on perception of musical
harmonies in musicians and nonmusicians. Neurosci. Behav. Physiol. 45, 78-83.
doi: 10.1007/s11055-014-0042-z

Miki, K., Watanabe, S., and Kakigi, R. (2004). Interaction between auditory
and visual stimulus relating to the vowel sounds in the auditory cortex
in humans: a magnetoencephalographic study. Neurosci. Lett. 357, 199-202.
doi: 10.1016/j.neulet.2003.12.082

Musacchia, G., Strait, D., and Kraus, N. (2008). Relationships between behavior,
brainstem and cortical encoding of seen and heard speech in musicians and
non-musicians. Hear. Res. 241, 34-42. doi: 10.1016/j.heares.2008.04.013

Naitinen, R., and Winkler, I. (1999). The concept of auditory stimulus
representation in  cognitive Psychol.  Bull.  125:826.
doi: 10.1037/0033-2909.125.6.826

Oldfield, R. C. (1971). The assessment and analysis of handedness: the edinburgh
inventory. Neuropsychologia 9, 97-113. doi: 10.1016/0028-3932(71)90067-4

Oray, S., Lu, Z.-L., and Dawson, M. E. (2002). Modification of sudden onset
auditory ERP by involuntary attention to visual stimuli. Int. J. Psychophysiol.
43,213-224. doi: 10.1016/S0167-8760(01)00174-X

Pantev, C., Roberts, L. E., Schulz, M., Engelien, A., and Ross, B. (2001).
Timbre-specific enhancement of auditory cortical representations in musicians.
Neuroreport 12, 169-174. doi: 10.1097/00001756-200101220-00041

Paraskevopoulos, E., Kuchenbuch, A., Herholz, S. C., and Pantev, C. (2012).
Musical expertise induces audiovisual integration of abstract congruency rules.
J. Neurosci. 32, 18196-18203. doi: 10.1523/J]NEUROSCI.1947-12.2012

Paris, T., Kim, J., and Davis, C. (2013). Visual speech form influences
the speed of auditory speech processing. Brain Lang. 126, 350-356.
doi: 10.1016/j.band1.2013.06.008

Paris, T., Kim, J., and Davis, C. (2016a). The processing of attended and predicted
sounds in time. J. Cogn. Neurosci. 28, 158-165. doi: 10.1162/jocn_a_00885

Paris, T., Kim, J., and Davis, C. (2016b). Using EEG and stimulus context
to probe the modelling of auditory-visual speech. Cortex 75, 220-230.
doi: 10.1016/j.cortex.2015.03.010

Paris, T., Kim, J, and Davis, C. (2017).
facilitate auditory processing at the nl. Neuroscience 343,
doi: 10.1016/j.neuroscience.2016.09.023

Pelli, D. G., and Vision, S. (1997). The videotoolbox software for visual
psychophysics: Transforming numbers into movies. Spatial Vis. 10, 437-442.
doi: 10.1163/156856897X00366

Petrini, K., Dahl, S., Rocchesso, D., Waadeland, C. H., Avanzini, F., Puce,
A., et al. (2009a). Multisensory integration of drumming actions: musical
expertise affects perceived audiovisual asynchrony. Exp. Brain Res. 198:339.
doi: 10.1007/500221-009-1817-2

Petrini, K., Pollick, F. E., Dahl, S., McAleer, P., McKay, L., Rocchesso, D.,
et al. (2011). Action expertise reduces brain activity for audiovisual matching
actions: an fmri study with expert drummers. Neuroimage 56, 1480-1492.
doi: 10.1016/j.neuroimage.2011.03.009

Petrini, K., Russell, M., and Pollick, F. (2009b). When knowing can replace
seeing in audiovisual integration of actions. Cognition 110, 432-439.
doi: 10.1016/j.cognition.2008.11.015

Pilling, M. (2009). Auditory event-related potentials (ERPs) in audiovisual
speech perception. J. Speech Lang. Hear. Res. 52, 1073-1081.
doi: 10.1044/1092-4388(2009/07-0276)

Polich, J. (2007). Updating p300: an integrative theory of p3a and p3b. Clin.
Neurophysiol. 118, 2128-2148. doi: 10.1016/j.clinph.2007.04.019

neuroscience.

Visual form predictions

157-164.

Frontiers in Psychology | www.frontiersin.org

14

January 2021 | Volume 11 | Article 594434


https://doi.org/10.1098/rstb.2007.2155
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.brainres.2008.03.071
https://doi.org/10.1073/pnas.1816414116
https://doi.org/10.1073/pnas.1508431112
https://doi.org/10.1152/jn.90954.2008
https://doi.org/10.1007/978-1-4419-5615-6_4
https://doi.org/10.3389/fnhum.2018.00034
https://doi.org/10.1073/pnas.120162397
https://doi.org/10.1162/0898929053124893
https://doi.org/10.1038/s41598-019-47471-3
https://doi.org/10.1016/j.neulet.2009.08.077
https://doi.org/10.7554/eLife.48116
https://doi.org/10.1016/j.brainres.2016.11.029
https://doi.org/10.1016/j.cogbrainres.2003.09.004
https://doi.org/10.1162/jocn_a_00674
https://doi.org/10.1016/j.neuropsychologia.2013.04.007
https://doi.org/10.1523/JNEUROSCI.3907-05.2006
https://doi.org/10.1111/j.1749-6632.2009.04550.x
https://doi.org/10.1073/pnas.1115267108
https://doi.org/10.1162/jocn_a_01486
https://doi.org/10.1016/j.neuroimage.2005.10.034
https://doi.org/10.3389/fpsyg.2013.01008
https://doi.org/10.1007/s11055-014-0042-z
https://doi.org/10.1016/j.neulet.2003.12.082
https://doi.org/10.1016/j.heares.2008.04.013
https://doi.org/10.1037/0033-2909.125.6.826
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/S0167-8760(01)00174-X
https://doi.org/10.1097/00001756-200101220-00041
https://doi.org/10.1523/JNEUROSCI.1947-12.2012
https://doi.org/10.1016/j.bandl.2013.06.008
https://doi.org/10.1162/jocn_a_00885
https://doi.org/10.1016/j.cortex.2015.03.010
https://doi.org/10.1016/j.neuroscience.2016.09.023
https://doi.org/10.1163/156856897X00366
https://doi.org/10.1007/s00221-009-1817-2
https://doi.org/10.1016/j.neuroimage.2011.03.009
https://doi.org/10.1016/j.cognition.2008.11.015
https://doi.org/10.1044/1092-4388(2009/07-0276)
https://doi.org/10.1016/j.clinph.2007.04.019
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Sorati and Behne

Considerations in Audio-Visual Interaction Models

Proverbio, A. M., Massetti, G., Rizzi, E., and Zani, A. (2016). Skilled musicians are
not subject to the Mcgurk effect. Sci. Rep. 6:30423. doi: 10.1038/srep30423

Remez, R. E. (2005). “Chapter 2: Perceptual organization of speech,” in The
Handbook of Speech Perception, eds D. B. Pisoni and R. E. Remez, 28-50.
doi: 10.1002/9780470757024

Rigoulot, S., Pell, M. D., and Armony, J. L. (2015). Time course of the influence of
musical expertise on the processing of vocal and musical sounds. Neuroscience
290, 175-184. doi: 10.1016/j.neuroscience.2015.01.033

Sanju, H. K, and Kumar, P. (2016). Enhanced auditory evoked potentials
in musicians: a review of recent findings. J. Otol. 11, 63-72.
doi: 10.1016/j.jot0.2016.04.002

Schwartz, J.-L., Berthommier, F., and Savariaux, C. (2004). Seeing to hear better:
evidence for early audio-visual interactions in speech identification. Cognition
93, B69-B78. doi: 10.1016/j.cognition.2004.01.006

Senkowski, D., Gomez-Ramirez, M., Lakatos, P., Wylie, G. R., Molholm, S,
Schroeder, C. E., et al. (2007a). Multisensory processing and oscillatory activity:
analyzing non-linear electrophysiological measures in humans and simians.
Exp. Brain Res. 177, 184-195. doi: 10.1007/500221-006-0664-7

Senkowski, D., Talsma, D., Grigutsch, M., Herrmann, C. S., and Woldorff, M. G.
(2007b). Good times for multisensory integration: effects of the precision of
temporal synchrony as revealed by gamma-band oscillations. Neuropsychologia
45, 561-571. doi: 10.1016/j.neuropsychologia.2006.01.013

Shahin, A., Bosnyak, D. J., Trainor, L. J., and Roberts, L. E. (2003). Enhancement
of neuroplastic p2 and nlc auditory evoked potentials in musicians. J. Neurosci.
23, 5545-5552. doi: 10.1523/JNEUROSCI.23-13-05545.2003

Shahin, A., Roberts, L. E., Pantev, C., Trainor, L. J., and Ross, B. (2005). Modulation
of p2 auditory-evoked responses by the spectral complexity of musical sounds.
Neuroreport 16, 1781-1785. doi: 10.1097/01.wnr.0000185017.29316.63

Sorati, M., and Behne, D. M. (2019). Musical expertise affects audiovisual
speech perception: Findings from event-related potentials and inter-trial phase
coherence. Front. Psychol. 10:2562. doi: 10.3389/fpsyg.2019.02562

Sorati, M., and Behne, D. M. (2020). Audiovisual modulation in music
perception for musicians and non-musicians. Front. Psychol. 11:1094.
doi: 10.3389/fpsyg.2020.01094

Stekelenburg, J., and Vroomen, J. (2012). Electrophysiological correlates of
predictive coding of auditory location in the perception of natural audiovisual
events. Front. Integr. Neurosci. 6:26. doi: 10.3389/fnint.2012.00026

Stekelenburg, J. J., and Vroomen, J. (2007). Neural correlates of multisensory
integration of ecologically valid audiovisual events. J. Cogn. Neurosci. 19,
1964-1973. doi: 10.1162/jocn.2007.19.12.1964

Stevenson, R. A., Bushmakin, M., Kim, S., Wallace, M. T., Puce, A., and James,
T. W. (2012). Inverse effectiveness and multisensory interactions in visual
event-related potentials with audiovisual speech. Brain Topogr. 25, 308-326.
doi: 10.1007/s10548-012-0220-7

Strait, D. L., and Kraus, N. (2014). Biological impact of auditory expertise across the
life span: musicians as a model of auditory learning. Hear. Res. 308, 109-121.
doi: 10.1016/j.heares.2013.08.004

Strait, D. L., Kraus, N., Parbery-Clark, A., and Ashley, R. (2010). Musical
experience shapes top-down auditory mechanisms: evidence from
masking and auditory attention performance. Hear. Res. 261, 22-29.
doi: 10.1016/j.heares.2009.12.021

Talsma, D., and Woldorff, M. G. (2005). Selective attention and multisensory
integration: multiple phases of effects on the evoked brain activity. J. Cogn.
Neurosci. 17, 1098-1114. doi: 10.1162/0898929054475172

Tremblay, K. L., Billings, C. J., Friesen, L. M., and Souza, P. E. (2006).
Neural representation of amplified speech sounds. Ear Hear. 27, 93-103.
doi: 10.1097/01.aud.0000202288.21315.bd

van Ede, F., Szebényi, S., and Maris, E. (2014). Attentional modulations
of somatosensory alpha, beta and gamma oscillations dissociate
between anticipation and stimulus processing. Neuroimage 97, 134-141.
doi: 10.1016/j.neuroimage.2014.04.047

van Wassenhove, V. (2013). Speech through ears and eyes: interfacing the senses
with the supramodal brain. Front. Psychol. 4:388. doi: 10.3389/fpsyg.2013.00388

Van Wassenhove, V., Grant, K. W., and Poeppel, D. (2005). Visual speech speeds
up the neural processing of auditory speech. Proc. Natl. Acad. Sci. U.S.A. 102,
1181-1186. doi: 10.1073/pnas.0408949102

Virtala, P., Huotilainen, M., Partanen, E., and Tervaniemi, M. (2014). Musicianship
facilitates the processing of western music chords-an ERP and behavioral
study. Neuropsychologia 61, 247-258. doi: 10.1016/j.neuropsychologia.2014.
06.028

Vroomen, J., and Stekelenburg, J. J. (2010). Visual anticipatory
information modulates multisensory interactions of artificial audiovisual
stimuli. J. Cogn. Neurosci. 22, 1583-1596. doi: 10.1162/jocn.2009.
21308

Zatorre, R. ], Chen, J. L., and Penhune, V. B. (2007). When the brain plays music:
auditory-motor interactions in music perception and production. Nat. Rev.
Neurosci. 8:547. doi: 10.1038/nrn2152

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Sorati and Behne. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

15

January 2021 | Volume 11 | Article 594434


https://doi.org/10.1038/srep30423
https://doi.org/10.1002/9780470757024
https://doi.org/10.1016/j.neuroscience.2015.01.033
https://doi.org/10.1016/j.joto.2016.04.002
https://doi.org/10.1016/j.cognition.2004.01.006
https://doi.org/10.1007/s00221-006-0664-7
https://doi.org/10.1016/j.neuropsychologia.2006.01.013
https://doi.org/10.1523/JNEUROSCI.23-13-05545.2003
https://doi.org/10.1097/01.wnr.0000185017.29316.63
https://doi.org/10.3389/fpsyg.2019.02562
https://doi.org/10.3389/fpsyg.2020.01094
https://doi.org/10.3389/fnint.2012.00026
https://doi.org/10.1162/jocn.2007.19.12.1964
https://doi.org/10.1007/s10548-012-0220-7
https://doi.org/10.1016/j.heares.2013.08.004
https://doi.org/10.1016/j.heares.2009.12.021
https://doi.org/10.1162/0898929054475172
https://doi.org/10.1097/01.aud.0000202288.21315.bd
https://doi.org/10.1016/j.neuroimage.2014.04.047
https://doi.org/10.3389/fpsyg.2013.00388
https://doi.org/10.1073/pnas.0408949102
https://doi.org/10.1016/j.neuropsychologia.2014.06.028
https://doi.org/10.1162/jocn.2009.21308
https://doi.org/10.1038/nrn2152
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

	Considerations in Audio-Visual Interaction Models: An ERP Study of Music Perception by Musicians and Non-musicians
	1. Introduction
	2. Materials and Methods
	2.1. Participants
	2.2. Stimuli Materials
	2.3. Procedure
	2.4. EEG Recordings
	2.5. Data Analyses

	3. Results
	3.1. Audio-Only Condition
	3.2. Audio-Visual Interaction
	3.2.1. Model (1): AV vs. AO+VO
	3.2.2. Model (2): AV-VO vs. AO
	3.2.3. Model (3): AV-VO vs. AO-CO
	3.2.4. Model (4): AV vs. AO


	4. Discussion
	4.1. Comparison of AV Interaction Models
	4.2. Musicians and Non-musicians

	5. Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


