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Abstract
Recently, it has been demonstrated that electromyographic (EMG) activity of auricular muscles in humans, especially the post-

auricular muscle (PAM), depends on the spatial location of auditory stimuli. This observation has only been shown using wet

electrodes placed directly on auricular muscles. To move towards a more applied, out-of-the-laboratory setting, this study

aims to investigate if similar results can be obtained using electrodes placed in custom-fitted earpieces. Furthermore, with

the exception of the ground electrode, only dry-contact electrodes were used to record EMG signals, which require little

to no skin preparation and can therefore be applied extremely fast. In two experiments, auditory stimuli were presented

to ten participants from different spatial directions. In experiment 1, stimuli were rapid onset naturalistic stimuli presented

in silence, and in experiment 2, the corresponding participant’s first name, presented in a “cocktail party” environment. In

both experiments, ipsilateral responses were significantly larger than contralateral responses. Furthermore, machine learning

models objectively decoded the direction of stimuli significantly above chance level on a single trial basis (PAM: ≈ 80%, in-ear:

≈ 69%). There were no significant differences when participants repeated the experiments after several weeks. This study

provides evidence that auricular muscle responses can be recorded reliably using an almost entirely dry-contact in-ear elec-

trode system. The location of the PAM, and the fact that in-ear electrodes can record comparable signals, would make hearing

aids interesting devices to record these auricular EMG signals and potentially utilize them as control signals in the future.
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Introduction
Recently, it has been demonstrated that electromyographic
(EMG) signals of auricular muscles, in particular the post-
auricular muscle (PAM), can indicate the direction of audi-
tory attention (Strauss et al., 2020), based on a vestigial
pinna-orienting system in humans (Hackley, 2015). A partic-
ularly robust EMG response was reported by Strauss et al.
(2020) when unexpected auditory stimuli with an abrupt
onset were presented while the participant performed a non-
listening related task: Several auricular muscles, most
notably the PAM, generated a transient EMG response
which was significantly larger on the ipsilateral auricular
muscle, that is, they indicated the (lateralized) direction of
the stimulus. These responses were distinctly different from
the often reported PAM response (PAMR), as their onset
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latency was ∼ 70ms, whereas the PAMR peaks at 12.5–15
ms (O’Beirne & Patuzzi, 1999). Note that we will use the
term PAMR exclusively for this fast, reflexive response.
Furthermore, EMG cross-talk from muscles involved in
head movements (Stekelenburg & Van Boxtel, 2002) and
extreme eye movements (Patuzzi & O’Beirne, 1999) were
ruled out as evoking the reported auricular muscle responses.

For many years, there has been an increased effort to
develop recording systems that acquire signals from elec-
trodes placed in or around the ear (Looney et al., 2011;
Manabe et al., 2013; Hoon Lee et al., 2014; Norton et al.,
2015; Debener et al., 2015; Pham et al., 2019; Valentin
et al., 2021). These systems are mainly used to record electro-
encephalographic (EEG) signals and, when used with con-
ductive gel, can achieve similar results as regular EEG
recordings from the scalp (Kidmose et al., 2012). Similarly,
in-ear electrode systems can be used to directly estimate
the eye gaze direction (Favre-Felix et al., 2017). When con-
sidering the acquisition and analysis of EMG signals using
these systems, it is often in the context of artifacts that
need to be removed (Kappel et al., 2017), seizure detection
(Zibrandtsen et al., 2018), or sleep disorders (Tabar et al.,
2020). In any of these cases, the EMG signals in question
originated from muscles rather far away from the ear, such
as the jaw muscles, while the specific investigation of auric-
ular muscles using in-ear recording system has been widely
unexplored.

An important direction of the research and development of
in-ear recording systems is the decoding of auditory attention
(by EEG or eye gaze), and integrating this information into
hearing aid systems (Fiedler et al., 2017; Bleichner et al.,
2016; Favre-Félix et al., 2019; Dasenbrock et al., 2021).

The possible synergy between these recording systems,
which are extremely close, if not directly on top of the
auricular muscles, and research into EMG responses of
auricular muscles is apparent. A key requirement for
using electrode recording systems in a real-life, out-of-
the-laboratory setting, is their ease of use and fast applica-
tion. Systems that require careful skin preparation and con-
ductive electrolyte gel to decrease electrode skin
impedance to an acceptable level usually require an addi-
tional person to apply the electrodes, and furthermore
suffer from impedance drifts over time due to drying of
the electrolyte gel. Due to these factors, specialized dry-
contact electrodes with custom fitted earpieces are an
important step towards an applied setting (Kappel &
Kidmose, 2018). Dry-contact electrodes naturally have
larger impedances than wet electrodes, for example, two
orders of magnitude larger (Kappel et al., 2019), which
would correspond to an impedance change from 5 kΩ to
0.5MΩ. This directly leads to another reason why studying
auricular muscles with these systems is beneficial: EMG
signals typically have considerably larger magnitudes
than EEG signals, making them more robust against the
higher noise floor associated with dry-contact electrodes.

This article aims to assess whether we can record transient
EMG responses from auricular muscles in response to tran-
sient auditory stimuli (stimuli with a short, abrupt onset),
using dry-contact electrodes placed in the ear (ear-canal
and concha) using customized earpieces, as well as on the
PAM directly. This assessment will first be performed
using naturalistic stimuli in silence, mostly reproducing the
exogenous attention paradigm described by Strauss et al.
(2020). Then, we will move towards a more applied, ecolog-
ically valid setting, by using the participant’s first names as
stimuli, while participants are instructed to attend several
audio streams in a noisy environment (a so-called “cocktail
party” environment). Furthermore, the feasibility of decoding
the direction of these stimuli based on the recorded responses
will be investigated. Lastly, analyzing different in-ear elec-
trode pairs will be important. Since none of them are
placed directly on top of an auricular muscle, we have no
a-priori knowledge about which electrode references are
most suitable. However, we can validate these against
results obtained from electrodes placed directly on the PAM.

Methods and Materials

Participants
Eleven normal-hearing participants were initially recruited,
however, one participant was excluded due to a recording
device malfunction. Ten participants were therefore included
in the analysis (four females, six males, 25.8 ± 2.2 years old).
Participants signed a consent form after a detailed explana-
tion of the experiment. The study was approved by the
responsible ethics committee (ethics commission at the
Ärztekammer des Saarlandes, Saarbrücken, Germany;
Identification Number: 76/16). In order to check reproduc-
ibility, experiments were repeated after 1 to 5 weeks (three
on average), referred to as first and second sessions, with
minor changes regarding stimulus intensities based on the
participant’s feedback.

Stimuli and Tasks
Participants were seated in a chair with their heads placed on
a chin rest to reduce head movements during the experi-
ments. Seven active loudspeakers (KH120A, Neumann,
Germany) were placed 1 m away from the participant’s
head, at head level, in a circle at 0◦ (in front of the partici-
pant), ±45◦, ±90◦, and ±120◦, where negative angles refer
to the left of the participant. In order to reduce sound reflec-
tions, curtains made out of heavy stage molton (900 gm−2)
were used to form a 3 × 3 × 3m cubicle within the room,
in which the setup was placed. The loudspeaker in front of
the participant (0◦) was hidden behind a screen, which was
placed 80 cm away from the participant’s eyes. Below the
screen, an eye tracker (EyeLink 1000 Plus, SR Research
Ltd, Canada) was placed to record eye movements and
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blinks during the experiments. Furthermore, a microphone
(Rode NTG-2, RØDE Microphones LLC, USA) facing the
participants was placed on their left side just outside of
their field of view. The setup is schematically displayed in
Figure 1.

Loudspeakers and auditory stimuli were calibrated using a
Brüel & Kjær Type 2250 Sound Level Meter. A dedicated
stimulation PC controlled both, the screen, as well as the
loudspeakers and microphone via an external USB sound
interface (Scarlett 18i20, Focusrite, UK), which was operat-
ing at 44.1 kHz. Two main experiments were conducted,
and the presentation order was balanced across participants.

Experiment 1. This experiment was following the protocol of
the exogenous attention experiment by Strauss et al. (2020),
that is, automatic, stimulus-driven attention to novel sounds
in a silent environment. Because we used a mostly dry-
contact in-ear system, it is important to use a paradigm that
has been validated using “gold standard” wet electrodes
and electrode positions. Furthermore, results will be com-
pared to the second experiment in this study, where partici-
pants were instructed to attend participant specific transient
stimuli, instead of ignoring them, in addition to attending
audio streams in a noisy environment.

Participants were instructed to carefully read an unenga-
ging text displayed on the screen in front of them at their
own pace so they would be able to answer questions about
its content afterwards, while ignoring randomly occurring
novel, naturalistic transient auditory stimuli. A brief descrip-
tion of these transients can be found in the supplementary
material (Supplemental Table 1). These stimuli were pre-
sented with an average interstimulus interval of 17.5 s (a
random jitter of up to ±2.5 s was added) from either one
of the loudspeakers behind the participant (±120◦). A total

of 30 different stimuli were used, each was presented once
from either of the aforementioned loudspeakers, resulting
in a total of 60 trials. The stimulus order was randomized
to avoid a time-dependent bias of stimulus direction.
However, the same audio file, and therefore, the same (ran-
domized) order was used across participants. All stimuli
were calibrated at 70 dB LCpeak in the first session, and
75 dB LCpeak in the second session.

The duration of this experiment was ∼ 23 min, as it was
dependent on the auditory stimulation and not on the partic-
ipant’s reading progress. Both the text on the screen and
audio presentation were controlled by a custom written
Matlab GUI. The displayed text ranged horizontally from
approximately −15◦ to +15◦ and vertically from +10◦

(top) to −5◦ (bottom) (values are approximates because par-
ticipants were able to adjust the height of the chin rest, but not
the text).

The main differences from this experiment to the exoge-
nous attention experiment by Strauss et al. (2020) are that
we (a) substantially increased the number of trials (from 9
to 30 per loudspeaker), (b) only utilized loudspeakers from
behind the participant (as they generated significantly
larger responses compared front loudspeakers), and (c)
manipulated the auditory stimuli waveforms to have very
sharp and uniform onsets. Summarizing, we reduced the sti-
mulus onset variability, increased the number of trials, and
focused on the back loudspeakers. This was done in anticipa-
tion of the lower signal quality achieved by the dry-contact
electrodes, as well as the fact that the in-ear electrodes are
considerably farther away from the PAM.

Experiment 2. The goal of the second experiment was to
examine transient responses of auricular muscles in a more
realistic, ecologically valid setting. To achieve this, two
main changes were introduced. For the first change, instead
of using generic, naturalistic transient stimuli, we used the
corresponding participant’s first name, which is expected to
be a highly salient keyword. The second change was,
instead of performing the experiment in silence (while
reading a text), the experiment was conducted in a noisy,
more realistic “cocktail party” environment.

Participants were instructed to listen to a ∼25-minutes
long radio podcast involving a host (female speaker) and
two guests (one male and one female speaker), exchanging
opinions on a certain topic. During the experiment, partici-
pants were looking at a fixation cross on the screen in front
of them.

The radio host was always presented from the frontal
loudspeaker (placed at 0◦, behind the screen). For six partic-
ipants, the male guest was presented from the right (+90◦)
loudspeaker and the female guest from the left (−90◦) one.
The placement of the guests was reversed for the remaining
four included participants. Continuous cafeteria noise was
presented from the loudspeakers placed at ±45◦ to increase
the listening effort required to attend the podcast.

Figure 1. General setup of the experiment. Seven active

loudspeakers were placed in a circle around the participant,

where one was hidden behind a screen.
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At several predetermined points during the podcast, a
fourth speaker (female voice) would directly address the par-
ticipant by their first name and ask a question relating to the
podcast. In order to ensure that participants paid attention to
the podcast and the respective questions, they were instructed
to give brief answers to each question during the experiment.

Because talking creates large EMG artifacts, a micro-
phone recorded the participants’ answers during this experi-
ment, which was used to identify and remove these artifacts
in the offline data processing stage. The questions were
always presented from one of the loudspeakers behind the
participants (±120◦), depending on the active speaker of
the radio podcast. They were always presented from the
opposing loudspeaker, that is, if the radio guest from the
left loudspeaker (−90◦) was active, the question would be
presented from the loudspeaker on the contralateral side at
+120◦, and vice versa. If the radio host (at 0◦) was talking,
the direction was randomized, but balanced between +120◦

and −120◦. It should be mentioned that there was practically
no instance when the host and guests talked at the same time.

A total of 31 questions were directed at the participants,
evenly balanced from the back left or right loudspeaker
(15/16). Ten of these questions were presented when the
host was active, and 10/11 when either one of the guests
were speaking. Note that since the direction of the guests
alternated between participants, so did the direction of the
questions.

Audio playback and simultaneous recording of the micro-
phone input was performed using a DAW software
(StudioOne 2, Presonus Audio Electronics, Inc., USA). The
questions, including the personalized first names of the par-
ticipants, were created using speech synthesis software
(Navigation Speech Tool, paragon semvox GmbH,
Germany). Stimulus intensities are listed in Table 1. Note
that the host loudspeaker was hidden behind a screen (0◦),
hence the increased intensity. The SNR was decreased in
the second session because participants reported that it was
too easy to follow the podcasts, and especially the guests,
during the experiment.

Data Acquisition
Data were recorded using two independent systems:

1. A wireless biopotential amplifier (Mobita, TMSi, The
Netherlands) was used to acquire signals from electrodes
placed in the participant’s ears (via custom-made ear-
pieces), as well as from the left and right PAMs. Each ear-
piece contained a total of six electrodes. Two electrodes
were additionally placed on each PAM and one
common ground electrode at the upper forehead (Fpz).
A picture of an inserted earpiece and attached PAM elec-
trodes is displayed in Figure 2. The Mobita system
sampled data at 2 kHz and used the average of all con-
nected channels as a common reference (i.e., the
average of up to 16 channels, 2 × 6 from the earpieces
and 2 × 2 from the PAM were used, see Figure 2 for
the corresponding locations). With the exception of the
common ground electrode, which was a disposable
pre-gelled Ag/AgCl electrode, all electrodes used in this
setup were actively shielded, passive iridium-oxide
(IrO2) dry-contact electrodes, that is, no electrolytic gel
was applied, with a diameter of 3.5 mm. See Kappel &
Kidmose (2018) and Kappel et al. (2019) for more
details on the electrodes and earpiece. The Mobita
system was remotely controlled by a dedicated laptop.

2. The second system consisted of a biosignal amplifier
(g.USBamp, g.tec, Austria) and an eye tracker
(EyeLink 1000 Plus, SR Research Ltd, Canada). This
amplifier recorded a variety of electrophysiological and

Table 1. Stimulus Intensities During Experiment 2.

Audio

stimulus

First session [dB

LAeq]

Second session [dB

LAeq]

Host 45 45

Guest 1 40 38 (−2)

Guest 2 40 38 (−2)

Noise 43 45 (+2)
Questions 50 50

Values in parentheses indicate changes with reference to the first session.

Figure 2. Top: Electrodes attached to the postauricular muscle

(PAM), as well as an inserted earpiece including the electrodes.

Bottom: Close-up of an earpiece with inserted electrodes. Two

electrodes are located at the upper part of the concha, while the

other electrodes are placed inside the ear canal or at the tragus/

anti-tragus.
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other biosignals which were not included in the current
analysis. However, data from the eye tracker (sampling
at 500Hz and up-sampled to 4.8 kHz) and g.USBamp
were integrated, synchronized and recorded by a
common Simulink model (The MathWorks, Inc, USA)
operating at 4.8 kHz. This system was controlled by
two linked, dedicated PCs.

Both recording systems received identical physical trigger
signals from a trigger box (g.Trigbox, g.tec, Austria), which
relays rectangular pulses send by the external USB audio inter-
face (which simultaneously sends the audio stimuli to the loud-
speakers) to both amplifiers, to mark important events during
the experiment as well as to synchronize data from the
Mobita amplifier (recording in-ear and PAM data) to the eye
tracker during offline processing. A flow diagram of both
recording systems is displayed in Supplemental Figure 1.

Signal Processing
Offline signal processing and statistical analyses were per-
formed using custom written scripts in Matlab 2020a (The
MathWorks, Inc, USA), Python 3.10.10, and IBM SPSS
Statistics 28 (IBM Corp, USA).

General Procedure
Because signals from the Mobita system were recorded
against an averaged reference, the first step was to
re-reference them. Bipolar EMG signals from the left and
right PAM, as well as all possible unilateral combinations
of electrodes within an earpiece, were calculated. Because
we had no prior knowledge about the best in-ear reference,
and because the signal quality of the same electrode position
can vary between participants, we defined best electrode
pairs for every participant and experiment, similar to Ala
et al. (2023). The metric for the current study was the
largest normalized amplitude in the corresponding averaged
ipsilateral waveform, and will be referred to as best in-ear ref-
erences throughout the article.

Re-referenced signals were zero-phase filtered using a fourth-
order Butterworth bandpass filter (10–900Hz) and a 50Hz IIR
comb filter. Next, RMS envelopes with a sliding window of a
length equivalent to 25ms were calculated. Specifically, we
used Matlab’s filtfilt(), butter(), iircomb(), and envelope() func-
tions with default parameters, if not mentioned otherwise.

Horizontal and vertical eye tracker data were converted
from pixel positions to visual angle (in degrees of arc).
Missing segments in the eye tracker data (due to eye
blinks) were linearly interpolated.

Single trials were then extracted from EMG and eye
tracker data using the recorded trigger signal. For experiment
1, the onset of every transient auditory stimulus served as a
reference point, while for experiment 2, the onsets of the indi-
vidual names were used to extract trials (onset in this context

is defined as the first nonzero sample of the audio file of the
corresponding transient/name). Trials were extracted from 3 s
prior to onset (baseline) to 3 s after onset (response). Single
trials of EMG signals were then normalized, similar to the
procedure described by Strauss et al. (2020), by first subtract-
ing the averaged baseline value, and then dividing by the
largest absolute value of the corresponding trial. This effec-
tively removes any (absolute) amplitude information and
emphasizes therefore the shape of the waveform. Single
trials are, after normalization, theoretically in the range
from −1 to +1. Ideally, in the presence of a transient auric-
ular response, the peak of the response would be set to +1,
while the rest of the trial should oscillate randomly and con-
verge to 0 after a sufficient number of trials have been aver-
aged. The main motivation for this normalization procedure
is the observation that the magnitude of these transient auric-
ular responses can vary greatly both between, but also within
participants, and averaging without normalization could
produce results that are dominated by only a few participants
or trials. Trials from EMG signals were then categorized into
ipsilateral and contralateral responses, depending on the ear
and direction of the auditory stimulus and used to calculate
participant-specific and grand averages.

Artifact Rejection
General Procedure. The impedance of dry-contact electrodes
can increase significantly during the measurement (e.g.,
movements of the participant could make electrodes lose
contact with the skin), thus making the signal go out of
range of the Mobita system. In this case, the device automat-
ically replaces the channel values with a large, coded value
(−52420076), until the channel is back in range. The transi-
tion to and from this coded value would lead to large, tran-
sient artifacts after bandpass filtering.

Therefore, if a channel was out of range for more than 5%,
the complete channel was discarded from further analysis of
the corresponding experiment. While 5% may seem low to
remove the complete channel, we were concerned with the
possibility that considerable parts of that channel may be
just barely below the Mobita’s threshold and could, therefore,
have a very low signal quality.

If less than 5% (and more than 0%, indicating a low signal
quality) were rejected by the Mobita amplifier, the signal was
linearly detrended, and samples that reached this value, as
well as all samples that were outside of ±2 standard devia-
tions from the signal mean, were removed and linearly inter-
polated to avoid the aforementioned filter artifacts. These
interpolated segments were excluded from the averaging
process in the later analysis stages. The two standard devia-
tions rule was added because we observed that reaching the
Mobita’s artifact threshold level was generally preceded
and followed by significant increases (or decreases) in
signal amplitude, probably indicating increasing impedances
or electrodes losing contact to the skin.
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Experiment 2. During experiment 2, participants were
instructed to talk briefly in order to answer questions directed
at them, leading to large EMG or movement-related artifacts.
To remove these segments, the recorded microphone input of
every participant was manually checked and a new trigger
signal was generated, marking whenever a participant
started and stopped talking.

This new trigger signal (microphone trigger), as well as
the audio file of the trigger signal for the experiment (audio
trigger), were imported into Matlab and downsampled to
the same sampling rate as the Mobita amplifier or eye
tracker (44.1 kHz to 2 kHz or 4.8 kHz, respectively). The
downsampled audio trigger was then used to synchronize
the recorded (EMG or eye tracker) data with the microphone
trigger. All segments from 1 s before a participant started
talking, to 5 s after a participant stopped talking were then
flagged and removed from further analysis.

Overall, for experiment 1, 5% of all single trials recorded
at the left, and 0% of all trials recorded at the right PAMwere
completely rejected. Regarding best in-ear references, 0% of
the left, and 0.7% of the right trials were rejected (best was
defined as generating the largest normalized amplitude for
each participant and session). For experiment 2, due to the
aforementioned procedure, the last part of the extracted
trials are flagged as artifacts up to ∼35%, because partici-
pants started to talk. However, considering only the time-
frame that is relevant for analyzing the transient response
(0–0.5 s), 10% of the trials recorded at the left, and 6% at
the right PAM were rejected. Regarding best in-ear refer-
ences, 5% of all trials were rejected on both channels.

Machine Learning-Based Classification of Stimulus
Direction
To assess whether we can objectively decode the direction of
transient stimuli and individual names based on single trials
recorded at the PAM or in-ear electrodes, we trained binary
machine learning models on the data obtained from both
experiments.

Feature Extraction. Bandpass and notch filtered trials prior to
calculating the RMS envelope (i.e., oscillatory data) were
used for feature extraction. Each trial was decomposed into
five frequency subbands from 15.6 to 500Hz, using a non-
subsampled octave filter bank. Specifically, we used
Matlab’s modwt and modwtmra functions, which implement
a zero-phase, wavelet-based filter bank. The zero-phase prop-
erty is especially important in order to keep the transient
response fixed in time across frequency bands.

Next, for each subband, we calculated the RMS-envelopes
with a length equivalent to 75ms to obtain smoothed
subband-envelopes. Then, we defined a baseline timeframe
as −1 to −2 s (prior to stimulus onset), and response time-
frames as 50–200ms for experiment 1, and 50–300ms for

experiment 2. Different response timeframes were chosen
because the transient responses of experiment 2 had a
longer latency than those from experiment 1. Finally, we cal-
culated the averaged values of the response timeframes and
subtracted the averaged values of the baseline timeframes
for baseline correction. Features were extracted from the
left and right PAM muscles, as well as the participant-
specific best left and right in-ear references.

Machine Learning Model. We utilized a bootstrap aggregated
ensemble classifier with 100 weak decision trees, which was
trained using features either from the left and right PAM, or
(best) left and right in-ear references, which means 10 fea-
tures were used to train the model (five from the right and
five from the left channel). Specifically, we used the
BaggingClassifier from scikit-learn 1.2.0 using Python
3.10.10, but did not tune hyperparameters in order to avoid
overfitting to the current dataset.

If the number of training data was not balanced (e.g., due
to rejected/out-of-range channels or trials), training weights
were adjusted to give a higher weight to the less represented
class. Furthermore, because we observed that training the
model on the same data repeatedly gave slightly different
results due to training parameter initialization, we repeatedly
trained each model and performed classification to obtain an
averaged score. In addition to that, in order to perform
approximate permutation tests to obtain data-driven, critical
thresholds for significant classification scores (Combrisson
& Jerbi, 2015) we decided to train models with randomly per-
muted labels. Every model was trained 430,000 times using
the true labels, and with 430,000 randomly permuted
labels. The approximate permutation test is based on the
null hypothesis that the stimulus direction does not affect
the recorded data, which would mean that the associated
labels are arbitrary, and therefore exchangeable (Nichols &
Holmes, 2002).

All models were trained using a leave-one-subject-out
(LOSO) cross validation scheme, that is, one classifier was
trained per participant (and experiment) using only data
from the other, remaining participants, to prevent overfitting
to individual participants and to find generalized models. On
average, for experiment 1, classifiers were trained with 1,053
observations, while classifiers using data from experiment 2
were trained with 514 observations. Classification was per-
formed on average with 117 or 59 observations, depending
on the experiment. A detailed breakdown of the number of
observations per participant can be found in Supplemental
Table 2.

Summarizing, we trained ensemble classifiers to decode
the direction of the transient auditory stimuli (experiment
1) and individual participant’s names (experiment 2).
Classifiers were trained separately for every participant,
using only training data from the other participants (LOSO
cross-validation). Features were extracted either from both
PAM muscles or from the in-ear electrode references.
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Results
The “Results” section will focus on three main parts. The first
part will present results based on the averaged responses,
which will begin with general observations and descriptive
statistics. Then, statistical inferences will be performed
using repeated measures analysis of variances (ANOVAs).
Several factors will be analyzed: lateralization (ipsi- or con-
tralateral), electrode reference (PAM or in-ear), session
effect (repetition of the experiment after a few weeks), and
experiment. Furthermore, a summary of which in-ear elec-
trodes were found to be the “best reference,” as mentioned
in the “Methods and Materials” section, will be included.

The second part will present the results of the machine
learning approach. Comparisons against chance levels will
be performed using the binomial cumulative distribution
(BCD), as well as approximate permutation tests
(Combrisson & Jerbi, 2015). Comparisons between different
factors (experiment, reference, and session), will be done
using a repeated measures ANOVA.

In the third part, we will present results obtained from the
eye tracker, aimed to rule out the possibility of the
oculo-auricular phenomenon being the cause for the recorded
responses.

Response Analysis
A visual overview of the averaged response waveforms of
experiment 1 is displayed in Figure 3, which was generated
using data from all included participants and both sessions.
The top left plot displays the averaged ipsilateral responses
of the PAM, as well as the in-ear references. The top right
plot shows the corresponding contralateral responses. The
grand averaged ipsilateral PAM response peaks slightly
later (102ms, compared to 96ms), but has a higher normal-
ized amplitude (0.28, compared to 0.23) than the grand aver-
aged response from the in-ear references. The contralateral
PAM response displays a considerably lower, almost nonex-
istent response (peaks at 123ms at 0.07). The small peak
before the major transient response, at ∼ 20ms, which is
present in both the ipsi- and contralateral response, is proba-
bly the PAMR. The bottom matrix plots show the averaged
responses per participant (each row corresponds to the
mean response of one participant, the normalized amplitude
is encoded in color). Matrix plots for the contralateral
responses are available in Supplemental Figure 2. Looking
closely at the ipsilateral PAM response of participant 5, we
can see a distinct peak before the main response (indicated
by a red arrow). This is likely the PAMR, and since no
other participant displays this, the small amplitude in the
grand averaged waveform can be attributed to the averaging
process. Supplemental Figure 3 shows the averaged wave-
form when split into left and right PAM/in-ear reference, as
well as split into first and second sessions. Similarly,
Supplemental Figures 4 and 5 show matrix plots for every

participant and session split into left and right ear for ipsi-
and contralateral responses.

For experiment 2, Figure 4 is the corresponding grand
average, that is, all participants and sessions are
included, with Supplemental Figure 2 also showing the
corresponding contralateral matrix plots. Grand aver-
aged ipsilateral PAM and in-ear waveforms peak
almost at the same time (164 and 165 ms), but display
a larger amplitude difference than the data from experi-
ment 1 (0.28 and 0.19). Supplementary Figures 6 to 8
split these data further into left/right and per participant
and session.

Considering the ipsilateral matrix plots for either experi-
ment, it appears that participants with a large PAM response
generally also have a large response recorded with in-ear
electrode references. In fact, Pearson correlation
coefficients between averaged PAM and in-ear
amplitudes are significantly positive for both experiments
(experiment 1: ρ = 0.862, p = 0.001; experiment 2:
ρ = 0.701, p = 0.024) Correlation coefficients and scatter
plots for all possible combinations, as well as for contralat-
eral responses, are available in Supplemental Figures 9 and
10.

In order to objectively compare ipsilateral to contralateral
responses, we calculated the mean values of the participant-
specific averages in the timeframe from 50 to 200ms of
experiment 1, and 50 to 300ms of experiment 2. These dif-
ferent timeframes are justified by the different peak latencies
in the grand averaged waveforms, which is as least partially
due to the different stimuli used in both experiments. In
experiment 1, stimuli had a very sharp and uniform onset.
In experiment 2, however, stimuli had a slower and partici-
pant specific onset, as they were the participant’s first
names (see Supplemental Figure 11 for a comparison of
onset latencies).

Statistical inference was first performed using repeated
measures ANOVAs with three factors. In addition to the
main factor of interest, lateralization (ipsi- or contralateral
response), we included the reference (PAM or in-ear), and
session (first or second). Due to the different timeframes
used for calculating the averages, repeated measures
ANOVAs were performed separately for each experiment
at this stage.

For experiment 1, no significant interaction effects were
observed. Considering lateralization, a significant main
effect was observed (F(1, 9) = 24.201, p < 0.001), indicat-
ing that ipsilateral responses were significantly larger than
contralateral responses. The only other significant main
effect was reference (F(1, 9) = 5.676, p = 0.041). Because
we would not expect a significant effect of reference on con-
tralateral responses, we performed pairwise post-hoc tests
based on the estimated marginal means. As expected, ipsilat-
eral PAM responses were significantly larger than ipsilateral
in-ear responses (t(9) = 2.390, p = 0.04). At the same time,
there was not enough evidence to indicate significant
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Figure 3. Grand averaged data of experiment 1. Top: Plots show the grand averaged waveform of the ipsilateral and contralateral

responses. All participants and sessions were included. Bottom: Each line corresponds to the averaged response for one participant (both

sessions included). Amplitude is encoded in color. Data labeled in-ear refer to individual best references of the in-ear electrodes. The red

arrow indicates a possible postauricular muscle response (PAMR) from participant 5. Supplemental Figure 3 provides averaged waveforms

split into left/right ear data, as well as first and second sessions. Supplemental Figures 4 and 5 also show data for each participant and session.

Figure 4. Grand averaged data of experiment 2. Top: Plots show the grand averaged waveform of the ipsilateral and contralateral

responses. All participants and sessions were included. Bottom: Each line corresponds to the averaged response for one participant (both

sessions included). Amplitude is encoded in color. Data labeled in-ear refer to individual best references of the in-ear electrodes.

Supplemental Figure 6 provides averaged waveforms split into left/right ear data, as well as first and second sessions. Supplemental Figures 7

and 8 also show data for each participant and session.
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differences between contralateral PAM and contralateral
in-ear responses ( t(9) = 1.2, p = 0.261).

For experiment 2, we did observe a statistically significant
interaction between lateralization and reference
(F(1, 8) = 9.587, p = 0.015). Using descriptive statistics,
the average of the ipsilateral responses of the PAM were
larger than responses from in-ear references. Contralateral
responses, on the other hand, displayed the opposite
picture: in-ear responses were larger than PAM responses.
This cross-over interaction is illustrated in Supplemental
Figure 12. Pairwise post-hoc tests based on the estimated
marginal means indicated no significant difference between
references (PAM vs. in-ear), neither for ipsi-, nor for contra-
lateral responses. However, for both references, ipsilateral
responses were significantly larger than contralateral
responses (PAM: t(8) = 4.597, p = 0.002; in-ear:
t(8) = 4.3, p = 0.003). This is also reflected by a significant
main effect of lateralization (F(1, 8) = 21.03, p = 0.002).
All other main effects were not statistically significant. An
overview of these data, including statistically significant
effects and pairwise comparisons, are displayed in Figure 5.

In order to compare results between experiments, we
extracted normalized peak values based on the averaged ipsi-
lateral waveforms of every participant and session of the
PAM reference. Boxplots displaying this data, collapsed
across sessions, are available in Supplemental Figure 13.
We analyzed these peak values using a repeated measures
ANOVA (two factors: experiment and session). There was
a significant interaction effect between experiment and
session (F(1, 6) = 6.126, p = 0.048), which can be
explained by the observation that during the first session,
data from experiment 2 were, on average, larger than from
experiment 1. Considering the second session, the difference
between experiments 1 and 2 was much smaller, with the
average of experiment 1 being slightly larger (see supple-
mentary Figure 14). However, none of the pairwise compar-
isons based on the estimated marginal means were
significantly different, and neither were any of the main

Figure 5. Overview of the normalized amplitude values for both

experiments and references, including significant effects and

pairwise comparisons from a repeated measures ANOVA.

Included factors were: lateralization (ipsi- or contralateral: Lat.),

reference (PAM or in-ear: Ref.), and session. Black dots indicate

the arithmetic means. Note that for experiment 1, values were

calculated by averaging in the timeframe from 50 to 200ms, and

for experiment 2 from 50 to 300ms. Abbreviations: ANOVA =
analysis of variance; PAM = postauricular muscle.

Figure 6. Summary and visualization of the best in-ear

references across all participants and sessions. Best references are

determined by the largest normalized amplitude in the participant

specific averages. Red lines indicate data from the right, green

from the left ear. Dotted circles mark electrodes on the other

side of the earpiece. (A) Each line represents the best reference

from experiment 1. (B) Each line represents the best reference

from experiment 2. (C) Best overall references, obtained from

the grand average. This was identical for both experiments. Most

best references are achieved by electrodes placed in the upper

part of the concha referenced against those placed at the tragus/

anti-tragus or in the ear canal. (D) Best reference position (red

line) and positions of the postauricular muscle (PAM) electrodes

(yellow circles). (E) Picture of the PAM for reference.

Figure 7. Grand average results of the classifiers when data

were collapsed to one per participant. The black dots indicate the

arithmetic means.
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Figure 9. Detected macrosaccades during experiment 2, organized depending on the stimulus direction. Top: Detected macrosaccades for

every participant and session. Since each line is the result of multiple trials, black dots may indicate more than one macrosaccade. Middle:

Histogram of detected macrosaccades of every trial from all participants and sessions. Bottom: Zoomed in version of the above histogram to

demonstrate that there is no increased number of macrosaccades following stimulus onset.

Figure 8. Detected macrosaccades during experiment 1, organized depending on the stimulus direction. Top: Detected macrosaccades for

every participant and session. Since each line is the result of multiple trials, black dots may indicate more than one macrosaccade. Middle:

Histogram of detected macrosaccades of every trial from all participants and sessions. Bottom: Zoomed in version of the above histogram to

demonstrate that there is no increased number of macrosaccades following stimulus onset.
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effects, indicating that there is not enough evidence to
suggest that the peak values obtained from experiment 1
are significantly different from those obtained from experi-
ment 2.

As mentioned previously in the “Methods and Materials”
section, we identified the best in-ear references on an individ-
ual basis, based on averaged waveforms. An overview these
results is presented in Figure 6. In Figure 6A, each line cor-
responds to the best reference of one participant/session from
experiment 1. Red lines refer to the right earpiece and green
to the left one. Figure 6B is the corresponding plot of exper-
iment 2, while Figure 6C shows the best overall reference for
all participants, which were the same for both experiments.
Most best references require one electrode in the upper part
of the concha, referenced to electrodes in the ear canal or
tragus/anti-tragus.

Machine Learning-Based Classification of Stimulus
Direction
General classification results of the LOSO cross-validation
scheme are displayed in Figure 7. Table 2 shows essentially
the same data, but splits the results further into first and
second sessions. Additionally, the table contains critical
values for significant classification thresholds based on the
BCD, as well as an empirical distribution generated by
approximate permutation tests (Nichols & Holmes, 2002;
Combrisson & Jerbi, 2015). All averaged classification
scores are above the critical thresholds for p < 0.05.
Considering the thresholds for p < 0.01, all PAM references
reach this, while most in-ear references fail to do so.
Individual results (for each participant and session), are dis-
played in Supplemental Figure 15, including individual
thresholds for statistically significant classification scores.
Supplemental Figures 16 and 17 show confusion matrices,
indicating only small differences in the classification scores
of both classes.

In order to compare classification scores against each other
(not against chance), we ran a repeated measures ANOVA
with three factors: experiment, reference, and session. No sig-
nificant interaction effects were observed. Furthermore,

neither experiment, nor session displayed a significant main
effect. The only significant main effect was reference,
(F(1, 8) = 13.697, p = 0.006), indicating that, on average,
classification scores using the PAM were significantly larger
than scores obtained from in-ear references. Even though
there was no significant interaction effect between experiment
and reference, we were still interested in assessing this effect
per experiment. Using pairwise post-hoc tests (based on
estimated marginal means), for both experiments, scores
using the PAM reference were larger than scores obtained
from the in-ear references (experiment 1: t(8) = 3.248,
p = 0.012; experiment 2: t(8) = 3.691, p = 0.006), which
is also displayed in Figure 7.

Lastly, we calculated Pearson correlation coefficients
between both sessions for every experiment and reference,
to check for test–retest reliability. For experiment 1,
results from the PAM were not significantly correlated
(ρ = 0.617, p = 0.077), whereas results from the in-ear ref-
erence were significantly correlated (ρ = 0.868, p = 0.001).
Considering experiment 2, only results from the PAM, but
not from the in-ear references were significantly correlated
(PAM: ρ = 0.680, p = 0.044; in-ear: ρ = 0.516, p = 0.155).
It should be noted that none of the correlation coefficients are
negative, even though not all were statistically significant.

Potential Motor Confounds
Figure 8 shows detected macrosaccades from experiment 1,
usually elicited while jumping to the next line during the
reading task, as well as time-resolved histograms. While
the number of macrosaccades is quite large (due to the
nature of the task during the experiment), there is no apparent
increase directly after stimulus onset that could be attributed
to the recorded transient EMG responses. Supplemental
Figure 18 expands on this, showing detected macrosaccades
for every single trial of all participants and sessions. Even on
a trial-by-trial basis, no systematic increase after stimulus
onset from either direction can be observed. The horizontal
gaze direction is shown either as a grand, or participant and
session specific average in Supplemental Figure 19. No tran-
sient horizontal eye deflections can be observed that would

Table 2. Averaged results and standard deviations of the classifiers.

Critical value for Critical value for

Correct overall Correct first session Correct second session p < 0.05 p < 0.01

Experiment 1 PAM 81.1% ± 12.4% 80.7% ± 11.6% 80.8% ± 16.5% 60 (64.1)% 65 (69.7)%

Experiment 2 PAM 79.5% ± 12.9% 80.6% ± 13.3% 78.3% ± 14.9% 64.5 (68.7)% 71 (75.5)%

Experiment 1 in-ear 68.8% ± 15.2% 67.9% ± 14.2% 69.7% ± 17.1% 60 (63.1)% 65 (68.0)%

Experiment 2 in-ear 68.3% ± 14.0% 67.9% ± 17.7% 70.3% ± 13.9% 64.5 (66.6)% 71 (73.4)%

Note that due to missing values the overall correct value is not necessarily the mean of the first and second sessions. Critical values were calculated by the BCD

using the appropriate number of observations (60 and 31). Critical values in parentheses were obtained by calculating the corresponding percentile of the

empirical distribution generated by approximate permutation tests using randomly permuted training labels.

Abbreviations: BCD = binomial cumulative distribution; PAM = postauricular muscle.
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correlate with the recorded EMG responses. Figure 9 and
Supplemental Figures 20 and 21 are the corresponding
results of experiment 2. Note that due to the task, attending
an auditory stream while looking at a fixation cross, the
macrosaccades occur only very sparsely. However, like in
the plots from experiment 1, no increases in either macrosac-
cades or gaze direction can be observed after stimulus onset.
Overall, there is no indication that there were systematic
macrosaccadic eye movements or eye deflections after stimu-
lus onset that would suggest the presence of the
oculo-auricular phenomenon.

Discussion
In the current study, we were able to record EMG responses
of auricular muscles as a response to novel, naturalistic,
unexpected sounds during a nonlistening related task (exper-
iment 1), and highly salient keywords in an ecologically
valid, “cocktail party” like setting (experiment 2).
Concurring with the results from Strauss et al. (2020), ipsilat-
eral responses obtained from the left and right PAMwere sig-
nificantly larger than contralateral responses, that is, the
lateralized direction of the stimuli modulated the physiolog-
ical response. Furthermore, signals obtained from in-ear elec-
trode references displayed the same lateralization effect,
albeit to a smaller, but still significant, degree. We were
therefore able to achieve the main goal of this study, to
confirm the feasibility to record transient, lateralized auricu-
lar EMG responses, using an almost entirely dry-contact
system utilizing in-ear electrodes.

Regarding the weaker in-ear responses, one simple expla-
nation may be that the in-ear electrodes are not placed
directly on the PAM. The available electrode positions in
the earpiece are not optimal with respect to proximity to
the PAM. As shown in Figure 6, most of the best in-ear ref-
erences are between electrodes place in the upper part of the
concha, which is slightly above (cranial to) the PAM, and
electrodes placed in the ear canal or at the tragus/anti-tragus,
which is a bit below (caudal to) the PAM. An increased
amount of electrodes, including electrodes placed closer to
the PAM, such as by Christensen et al. (2022), could poten-
tially maximize the recorded response from the earpiece.

Strauss et al. (2020) also demonstrated that additional
auricular muscles, such as the anterior and transverse auricu-
lar muscle (AAM and TAM), are co-activated during their
exogenous attention experiment, which mainly corresponds
to the current study’s experiment 1. Furthermore, co-activa-
tion of intrinsic and extrinsic auricular muscles can be
observed in non-listening related tasks, such as smiling or
nose wrinkling (Rüschenschmidt et al., 2022). Given the
central position of the in-ear electrodes, it seems possible
that they pick up activity from several auricular muscles,
both intrinsic and extrinsic, and are not exclusively recording
EMG from the PAM. Especially, the AAM and the M. helicis
major are located very close to the electrodes in the upper

concha, while the others are close to the M. tragicus, which
could therefore contribute to the measured response. The
only auricular muscle that probably did not contribute to
the response is the superior auricular muscle (SAM), as this
muscle shows no increased activity in response to transient
stimuli (Strauss et al., 2020). Disentangling the potential con-
tribution of various auricular muscles to the current findings
is an interesting direction for future work, however it may
require recording setups with a higher spatial selectivity.

Regarding spatial selectivity, in experiments conducted in
our laboratory, we have observed that bipolar EMG signals
obtained from wet Ag/AgCl electrodes placed directly on
the PAM, AAM, TAM, and SAM, are not the result of cross-
talk from each other, that is, the spatial selectivity of bipolar
electrode montages is sufficient for auricular muscles.
However, studies utilizing the same dry-contact in-ear elec-
trodes as used in the present study have shown to be suscep-
tible to EMG artifacts from large, nonauricular muscles
(Kappel et al., 2017; Zibrandtsen et al., 2018; Tabar et al.,
2020). This was also observed in the current study, and led
to rejecting data from experiment 2 during which participants
were talking, as the EMG generated when speaking was
clearly visible in signals obtained from the electrodes
placed in and around the ear. Overall, activity generated by
such movement can, however, be excluded as a possible con-
founding factor for the current results, since they do not
induce lateralized activity at the auricular muscles
(Rüschenschmidt et al., 2022).

Considering individually identified peaks measured at the
PAM, we were unable to identify a statistically significant
difference between experiment 1 and experiment 2. There
is, however, the confounding factor of the physical properties
of the stimuli used that needs to be considered. Comparing
the stimuli in experiment 2 (names of the participants) to
the ones used in experiment 1 from an acoustical point of
view, they had a much slower onset, were presented in a
noisy environment, and varied in their onset latency
between participants (see Supplemental Figure 11 for onset
latencies and variances). Additionally, only about half as
many trials were recorded during experiment 2 compared
to experiment 1 (60 in experiment 1 and 31 in experiment
2). Judging only by these parameters (stimulus variability
and number of stimuli), we would not have been surprised
if the results from experiment 1 would have yielded signifi-
cantly better results than experiment 2. This could lead us
to hypothesize that these physical properties of the stimuli
are perhaps not very restrictive in order to evoke robust, tran-
sient auricular EMG responses. This would in turn indicate
that a larger variety of stimuli can be used to generate these
responses, including more engaging ones (such as names)
in a more ecological experiment. Being able to evoke tran-
sient auricular EMG responses with a large variety of “non-
ideal” stimuli (in the sense of relatively slow, nonuniform
onsets) is a key factor when migrating these experiments
into a more applied, out-of-the-laboratory setting.
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We should also mention that, based on the grand average
of the normalized amplitudes, results of the current study are
comparable to Strauss et al. (2020), even though there are
several important factors that differentiate these studies. In
Strauss et al. (2020), considerably more participants were
included (28, compared to 10 in the current study), enabling
a much better statistical analysis. The low number of partic-
ipants is probably the biggest weakness of the current study.
On the other hand, all participants repeated the experiments,
and given that the results were stable (we did not observe sta-
tistically significant session effects), we can confirm the
reproducibility of the current results.

Another very important difference are the electrodes used.
Strauss et al. (2020) utilized wet electrodes with a diameter of
6 mm, compared to dry-contact electrodes with a 3.5-mm
diameter in the current study, in addition to the disposable
wet ground electrode. Apart from significantly higher imped-
ances, placing the smaller dry-contact electrodes requires
much more attention (while we were not able to measure
impedances in the current study, Kappel et al. (2019)
reports that the electrodes used have impedances approxi-
mately two orders of magnitude higher than comparable
wet electrodes). The active electrode has to be placed pre-
cisely above the PAM, otherwise, the recorded EMG signal
becomes weaker. Small electrodes are in this context much
more susceptible to misplacement, and therefore an addi-
tional source of variability. The in-ear electrodes are essen-
tially the complete opposite of this. Because they are
placed in a flexible earpiece, which is individually fitted to
each participant’s ear, there is basically no room for variabil-
ity when placing them. In fact, given a little training, partic-
ipants could easily place them themselves without any help.
Furthermore, since there is no skin preparation or electrolyte
gel involved, they can be removed and reapplied easily,
which constitutes another key factor for moving toward an
applied, out-of-the-laboratory setting.

Another challenge that needs to be addressed when record-
ing these responses is the variability within and between par-
ticipants. Attempting to average oscillatory data, as it is
common practice with EEG event-related-potentials, would
result in extremely small responses, as they are not suffi-
ciently stimulus locked. This is the reason why calculation
of the RMS-envelope is necessary, which on the other hand
leads to distortions of the response onset timing, which may
be an interesting point of analysis in the future. The variability
of the responses appears to be somewhat similar to the
PAMR, which can display considerable variability between
and within participants (Cody et al., 1969; Picton et al.,
1974), even though some can be attributed to noncontrolled
eye rotations (Patuzzi & O’Beirne, 1999). Future experiments
should focus on finding experiment and stimulus parameters
that maximize the occurrence and similarity of the oscillatory
responses (prior to smoothing by calculating the signal enve-
lope). Identifying such optimized stimuli would enable us to
achieve two goals: we would be able to drastically reduce

the required measurement time, which in turn could be used
to add other experimental manipulations, without exceedingly
increasing the experiment duration. On the other hand, if we
would be able to satisfactory average responses without
smoothing, it might reveal details of the EMG response that
are lost in current RMS-envelope approach, and could be
used to further investigate the properties and origins of the
vestigial pinna-orienting system in humans.

Classification results show that the direction of auditory
stimuli can be decoded significantly above chance level, for
both experiments, using both the PAM or in-ear electrodes.
The lack of performance differences between the first
and second sessions of either experiment, combined
with the LOSO cross-validation approach, demonstrates
the reproducibility and generalizability of the measured
responses. Considering the test–retest reliability, a non-
significant correlation, Pearson correlation coefficient
(ρ = 0.617, p = 0.077), between the first and second ses-
sions of the experiment 1 PAM scores is somewhat surpris-
ing. However, for eight out of 10 participants, both session
scores were significantly above chance level, which should
also be taken into consideration when assessing the reli-
ability of the approach. It should be noted that, as
opposed to the normalization procedure used for the wave-
form analysis, single trials prior to feature extraction were
only treated with a baseline correction, which attempts to
compensate the individual noise floor, thus preserving
amplitude information. This procedure is furthermore
strictly causal, that is, no information from later points in
time were used for feature extraction. Combining this
with the fact that we essentially used pretrained models
(due to LOSO), it should hypothetically be possible to
implement this decoding approach in near real-time
without participant-specific training (assuming the tran-
sient onsets are known). Classification scores being lower
when utilizing in-ear electrode references compared to
the PAM electrodes was an expected result, mainly based
on the results of the waveform analysis. The similar
results obtained from both experiments is somewhat sur-
prising for the same reasons as given for the normalized
waveforms. However, the large difference in training
samples (∼ 50%) is an even larger factor from a machine
learning point of view in the context of generalization,
which additionally emphasizes the robustness of the
responses from experiment 2.

There are certainly machine learning models, hyper-
parameters, and features that would increase the current
results, see, for example, Phinyomark et al. (2018) for
the effects of sampling frequency and feature selection.
Similarly, data-adapted filter banks can also be utilized
to further increase the classification score by optimizing
features (Strauss & Steidl, 2002). However, the point of
this analysis was more of a proof-of-concept that single
trials, even when recorded from suboptimally placed
in-ear electrodes and high impedances, hold utilizable
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information about the stimulus direction, supplementing
the grand average waveform plots.

As previously argued by Strauss et al. (2020), it is very
important to rule out motor confounds. Especially auricular
EMG activity that is associated with eye movements, such
as Wilson’s oculo-auricular phenomenon (Wilson, 1908),
which can be activated with lateral gaze deviations as small
as 20◦ in a few (17%) participants (Urban et al., 1993).
Jumping to the next line while reading during experiment 1
would require an eye movement of ∼ 30◦. This generated
TAM response in 47% of all participants by Urban et al.
(1993). However, Urban et al. (1993) also reported that in
most participants, auricular muscle activation was stronger
contralateral to the gaze direction. If this was the cause of
the results in the current study, we would expect contralateral
responses to be larger than ipsilateral responses, assuming
participants would look at the direction of the auditory stimu-
lus—which is not the case, neither in the current study, nor in
Strauss et al. (2020). It should also be noted that in Urban
et al. (1993), eye movements started from the central position
(0◦), whereas in experiment 1 these macrosaccades were
symmetric about 0◦ (+15◦ → −15◦). Furthermore, Gruters
et al. (2018) have demonstrated that saccadic eye movements
induce oscillatory movement of the eardrums. Considering
that dry-contact electrodes are sensitive to movement on
the skin, there could be the possibility that this movement
is influencing the electrodes placed in the ear canal.
However, these movements of the eardrums are generated
by ipsi-, as well as contralateral saccades. Therefore, it
appears to be unlikely that this phenomenon is a confounding
factor to the results of this study, as ipsilateral responses are
significantly larger than contralateral ones. Additionally,
responses obtained from the in-ear electrodes are very
similar to those recorded at the PAM (quantified by signifi-
cant Pearson correlation coefficients), which should not be
influenced by movements of the eardrums at all.

Another motor confound could be attributed to head rota-
tions. Stekelenburg & Van Boxtel (2002) found that rotation
of the head generated an ipsilateral EMG response at the
PAM. However, instructing the participant to look at a
mark in front of them removed this effect entirely. Strauss
et al. (2020) also demonstrated that using a chin rest and
instructing participants properly was sufficient to prevent
any stimulus-locked head movements, quantified the EMG
activity of the left and right sternocleidomastoid muscles
(which was indicative of head rotations by Stekelenburg &
Van Boxtel (2002)). Given that our setup is essentially the
same as in Strauss et al. (2020), it seems reasonable to
assume that head rotations were sufficiently suppressed as
well, preventing the effect observed by Stekelenburg &
Van Boxtel (2002). At the same time, results from the eye
tracker give no indication of any stimulus locked eye move-
ments, neither in the form of the frequency of macrosaccades
(see Figures 8 and 9), nor in the averaged eye position plots
(see Supplemental Figures 19 and 21). Therefore, it can be

concluded that the results from neither experiment were
due to eye nor head movements.

Conclusion
In the current study, we have demonstrated that auricular
EMG signals indicate the direction of auditory stimuli,
similar to Strauss et al. (2020). A major difference,
however, was that the current system almost entirely con-
sisted of dry-contact electrodes that were placed directly on
the PAM, as well as in custom-fitted earpieces (Kappel &
Kidmose, 2018).

With the paradigms used in the current study, we success-
fully recorded generally equivalent responses in a quiet envi-
ronment, but also in an ecologically valid, noisy
environment, in which the participant dynamically reacted
to a discussion. We were able to record robust responses in
both experiments, even though the stimuli used in experiment
2 varied significantly between participants, because each par-
ticipant had a different first name.

These are two key factors that are necessary to move
experiments into an applied, out-of-the-laboratory setting:
stimuli that occur in everyday scenarios need to be able to
evoke robust auricular EMG responses, and a fully dry,
withing-ear recording system that can be easily applied and
is unobtrusive to the participant. This points towards an
important direction for future studies: the ground electrode
should be integrated into the earpiece as another dry-contact
electrode, which would transform the setup into a fully dry,
completely within-ear setup.

Furthermore, the result that we are able to record these
responses in a more realistic setting, like experiment 2, and
not just in silence, is an important prerequisite when
attempting to investigate the roles and properties of the
vestigial pinna-orienting system in the context to, for
example, emotions, habituation, or the interaction with
the visual system.

While the direction of the stimuli was apparent in grand
average waveform plots, they could also objectively be
decoded by machine learning algorithms on single trials,
when classifiers were trained using a LOSO cross-
validation approach. Usually, auditory attention decoding
with sensors placed in or around the ear is performed based
on eye gaze estimation or EEG (Bleichner et al., 2016;
Favre-Felix et al., 2017; Holtze et al., 2022), with the
goal of integrating this technology into hearing aids
(Fiedler et al., 2017; Favre-Félix et al., 2019;
Dasenbrock et al., 2021). The results from this study,
where EMG-based classification results were stable when
participants repeated the experiments, combined with the
fact that custom-fitted earpieces are extremely easy to
apply, since dry-contact electrodes require no skin prepa-
ration, could potentially supplement this technology in
the future.

14 Trends in Hearing



Acknowledgments
We thank Christine Welsch for assistance with data collection.

Data Availability
Anonymized data that support the findings of this study are avail-
able upon reasonable request from the authors.

Declaration of Conflicting Interests
The authors declare no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding
The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was partially funded by the European Union and the state of
Saarland (European Regional Development Fund, ERDF), project
Center for Digital Neurotechnologies Saar – CDNS.

Ethical Approval
This study was conducted in accordance with the principles embod-
ied in the Declaration of Helsinki and in accordance with local stat-
utory requirements. Participants signed a consent form after a
detailed explanation of the experiment. The study was approved
by the responsible ethics committee (ethics commission at the
Ärztekammer des Saarlandes, Saarbrücken, Germany;
Identification Number: 76/16).

ORCID iDs
Andreas Schroeer https://orcid.org/0000-0002-7904-3622
Eline Borch Petersen https://orcid.org/0000-0001-9258-5795

Supplemental Material
Supplemental material for this article is available at online.

References
Ala, T. S., Alickovic, E., Cabrera, A. F., Whitmer, W. M., Hadley,

L. V., Rank, M. L., & Graversen, C. (2023). Alpha oscillations
during effortful continuous speech: From scalp EEG to ear-EEG.
IEEE Transactions on Biomedical Engineering, 70. https://doi.
org/10.1109/TBME.2022.3214428

Bleichner, M. G., Mirkovic, B., & Debener, S. (2016, December).
Identifying auditory attention with ear-EEG: CEEGrid versus
high-density cap-EEG comparison. Journal of Neural
Engineering, 13(6), 066004. https://doi.org/10.1088/
1741-2560/13/6/066004

Christensen, C. B., Lunner, T., Harte, J., Rank, M., & Kidmose, P.
(2022, February). Chirp-evoked auditory steady-state response:
The effect of repetition rate. IEEE Transactions on Biomedical
Engineering, 69(2), 689–699. https://doi.org/10.1109/TBME.
2021.3103332

Cody, D. T. R., Bickford, R. G., & Klass, D. W. (1969, January).
Averaged evoked myogenic responses in normal man.
International Audiology, 8(2-3), 391–397. https://doi.org/10.
3109/05384916909079084

Combrisson, E., & Jerbi, K. (2015). Exceeding chance level by
chance: The caveat of theoretical chance levels in brain signal

classification and statistical assessment of decoding accuracy.
Journal of Neuroscience Methods, 250, 126–136. Cutting-edge
EEG Methods. https://doi.org/10.1016/j.jneumeth.2015.01.010

Dasenbrock, S., Blum, S., Debener, S., Hohmann, V., & Kayser, H.
(2021, October). A step towards neuro-steered hearing aids:
Integrated portable setup for time-synchronized acoustic
stimuli presentation and EEG recording. Current Directions in
Biomedical Engineering, 7(2), 855–858. https://doi.org/10.
1515/cdbme-2021-2218

Debener, S., Emkes, R., De Vos, M., & Bleichner, M. (2015).
Unobtrusive ambulatory EEG using a smartphone and flexible
printed electrodes around the ear. Scientific Reports,
5(November). https://doi.org/10.1038/srep16743

Favre-Félix, A., Graversen, C., Bhuiyan, T. A., Skoglund, M. A.,
Rotger-Griful, S., Rank, M. L., & Lunner, T. (2019). Absolute
eye gaze estimation with biosensors in hearing aids. Frontiers
in Neuroscience, 13, 1294. https://doi.org/10.3389/fnins.2019.
01294

Favre-Felix, A., Graversen, C., Dau, T., & Lunner, T. (2017, July).
Real-time estimation of eye gaze by in-ear electrodes. In 2017
39th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC)
(pp. 4086–4089). IEEE. https://doi.org/10.1109/EMBC.2017.
8037754.

Fiedler, L., Wöstmann, M., Graversen, C., Brandmeyer, A., Lunner,
T., & Obleser, J. (2017). Single-channel in-ear-EEG detects the
focus of auditory attention to concurrent tone streams and mixed
speech. Journal of Neural Engineering, 14. https://doi.org/10.
1088/1741-2552/aa66dd

Gruters, K. G., Murphy, D. L. K., Jenson, C. D., Smith, D. W.,
Shera, C. A., & Groh, J. M. (2018). The eardrums move when
the eyes move: A multisensory effect on the mechanics of
hearing. Proceedings of the National Academy of Sciences,
115(6), E1309–E1318. https://doi.org/10.1073/pnas.
1717948115

Hackley, S. A. (2015, October). Evidence for a vestigial
pinna-orienting system in humans. Psychophysiology, 52(10),
1263–1270. https://doi.org/10.1111/psyp.12501

Holtze, B., Rosenkranz, M., Jaeger, M., Debener, S., &Mirkovic, B.
(2022, May). Ear-EEG measures of auditory attention to contin-
uous speech. Frontiers in Neuroscience, 16(0), 1–14. https://doi.
org/10.3389/fnins.2022.869426

Hoon Lee, J., Min Lee, S., Jin Byeon, H., Sook Hong, J., Suk Park,
K., & Lee, S. H. (2014, August). CNT/PDMS-based canal-typed
ear electrodes for inconspicuous EEG recording. Journal of
Neural Engineering, 11(4), 046014. https://doi.org/10.1088/
1741-2560/11/4/046014

Kappel, S. L., & Kidmose, P. (2018, July). Real-Life Dry-Contact
Ear-EEG. In 2018 40th Annual International Conference of
the IEEE Engineering in Medicine and Biology Society
(EMBC) (pp. 5470–5474). IEEE. https://doi.org/10.1109/
EMBC.2018.8513532.

Kappel, S. L., Looney, D., Mandic, D. P., & Kidmose, P. (2017,
December). Physiological artifacts in scalp EEG and ear-EEG.
Biomedical Engineering Online, 16(1), 103. https://doi.org/10.
1186/s12938-017-0391-2

Kappel, S. L., Rank, M. L., Toft, H. O., Andersen, M., & Kidmose,
P. (2019, January). Dry-contact electrode ear-EEG. IEEE
Transactions on Biomedical Engineering, 66(1), 150–158.
https://doi.org/10.1109/TBME.2018.2835778

Schroeer et al. 15

https://orcid.org/0000-0002-7904-3622
https://orcid.org/0000-0002-7904-3622
https://orcid.org/0000-0001-9258-5795
https://orcid.org/0000-0001-9258-5795
http://dx.doi.org/https://doi.org/10.1109/TBME.2022.3214428
http://dx.doi.org/https://doi.org/10.1109/TBME.2022.3214428
http://dx.doi.org/https://doi.org/10.1109/TBME.2022.3214428
http://dx.doi.org/https://doi.org/10.1088/1741-2560/13/6/066004
http://dx.doi.org/https://doi.org/10.1088/1741-2560/13/6/066004
http://dx.doi.org/https://doi.org/10.1088/1741-2560/13/6/066004
http://dx.doi.org/https://doi.org/10.1088/1741-2560/13/6/066004
http://dx.doi.org/https://doi.org/10.1109/TBME.2021.3103332
http://dx.doi.org/https://doi.org/10.1109/TBME.2021.3103332
http://dx.doi.org/https://doi.org/10.1109/TBME.2021.3103332
http://dx.doi.org/https://doi.org/10.3109/05384916909079084
http://dx.doi.org/https://doi.org/10.3109/05384916909079084
http://dx.doi.org/https://doi.org/10.3109/05384916909079084
http://dx.doi.org/https://doi.org/10.1016/j.jneumeth.2015.01.010
http://dx.doi.org/https://doi.org/10.1016/j.jneumeth.2015.01.010
http://dx.doi.org/https://doi.org/10.1515/cdbme-2021-2218
http://dx.doi.org/https://doi.org/10.1515/cdbme-2021-2218
http://dx.doi.org/https://doi.org/10.1515/cdbme-2021-2218
http://dx.doi.org/https://doi.org/10.1515/cdbme-2021-2218
http://dx.doi.org/https://doi.org/10.1515/cdbme-2021-2218
http://dx.doi.org/https://doi.org/10.1038/srep16743
http://dx.doi.org/https://doi.org/10.1038/srep16743
http://dx.doi.org/https://doi.org/10.3389/fnins.2019.01294
http://dx.doi.org/https://doi.org/10.3389/fnins.2019.01294
http://dx.doi.org/https://doi.org/10.3389/fnins.2019.01294
https://doi.org/10.1109/EMBC.2017.8037754
https://doi.org/10.1109/EMBC.2017.8037754
https://doi.org/10.1109/EMBC.2017.8037754
http://dx.doi.org/https://doi.org/10.1088/1741-2552/aa66dd
http://dx.doi.org/https://doi.org/10.1088/1741-2552/aa66dd
http://dx.doi.org/https://doi.org/10.1088/1741-2552/aa66dd
http://dx.doi.org/https://doi.org/10.1088/1741-2552/aa66dd
http://dx.doi.org/https://doi.org/10.1073/pnas.1717948115
http://dx.doi.org/https://doi.org/10.1073/pnas.1717948115
http://dx.doi.org/https://doi.org/10.1073/pnas.1717948115
http://dx.doi.org/https://doi.org/10.1111/psyp.12501
http://dx.doi.org/https://doi.org/10.1111/psyp.12501
http://dx.doi.org/https://doi.org/10.3389/fnins.2022.869426
http://dx.doi.org/https://doi.org/10.3389/fnins.2022.869426
http://dx.doi.org/https://doi.org/10.3389/fnins.2022.869426
http://dx.doi.org/https://doi.org/10.1088/1741-2560/11/4/046014
http://dx.doi.org/https://doi.org/10.1088/1741-2560/11/4/046014
http://dx.doi.org/https://doi.org/10.1088/1741-2560/11/4/046014
http://dx.doi.org/https://doi.org/10.1088/1741-2560/11/4/046014
https://doi.org/10.1109/EMBC.2018.8513532
https://doi.org/10.1109/EMBC.2018.8513532
https://doi.org/10.1109/EMBC.2018.8513532
http://dx.doi.org/https://doi.org/10.1186/s12938-017-0391-2
http://dx.doi.org/https://doi.org/10.1186/s12938-017-0391-2
http://dx.doi.org/https://doi.org/10.1186/s12938-017-0391-2
http://dx.doi.org/https://doi.org/10.1186/s12938-017-0391-2
http://dx.doi.org/https://doi.org/10.1186/s12938-017-0391-2
http://dx.doi.org/https://doi.org/10.1186/s12938-017-0391-2
http://dx.doi.org/https://doi.org/10.1109/TBME.2018.2835778
http://dx.doi.org/https://doi.org/10.1109/TBME.2018.2835778


Kidmose, P., Looney, D., & Mandic, D. P. (2012, August).
Auditory evoked responses from Ear-EEG recordings. In 2012
Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (pp. 586–589). IEEE. https://doi.
org/10.1109/EMBC.2012.6345999

Looney, D., Park, C., Kidmose, P., Rank, M. L., Ungstrup, M.,
Rosenkranz, K., & Mandic, D. P. (2011, August). An in-the-ear
platform for recording electroencephalogram. In 2011 Annual
International Conference of the IEEE Engineering in Medicine
and Biology Society (Vol. 1, pp. 6882–6885). IEEE. https://
doi.org/10.1109/IEMBS.2011.6091733

Manabe, H., Fukumoto, M., & Yagi, T. (2013, September).
Conductive rubber electrodes for earphone-based eye gesture
input interface. In Proceedings of the 2013 International
Symposium on Wearable Computers (pp. 33–40). New York,
NY, USA: ACM. https://doi.org/10.1145/2493988.2494329

Nichols, T. E., & Holmes, A. P. (2002). Nonparametric permutation
tests for functional neuroimaging: A primer with examples.
Human Brain Mapping, 15(1), 1–25. https://doi.org/https://doi.
org/10.1002/hbm.1058

Norton, J. J. S., Lee, D. S., Lee, J. W., Lee, W., Kwon, O., Won, P.,
& Rogers, J. A. (2015, March). Soft, curved electrode systems
capable of integration on the auricle as a persistent brain–com-
puter interface. Proceedings of the National Academy of
Sciences, 112(13), 3920–3925. https://doi.org/10.1073/pnas.
1424875112

O’Beirne, G. A., & Patuzzi, R. B. (1999). Basic properties of the
sound-evoked post-auricular muscle response (PAMR).
Hearing Research, 138(1-2), 115–132. https://doi.org/10.1016/
S0378-5955(99)00159-8

Patuzzi, R. B., & O’Beirne, G. A. (1999). Effects of eye rotation on
the sound-evoked post-auricular muscle response (PAMR).
Hearing Research, 138(1-2), 133–146. https://doi.org/10.1016/
S0378-5955(99)00160-4

Pham, N., Kim, T., Thayer, F. M., Nguyen, A., & Vu, T. (2019,
June). Earable—An Ear-Worn Biosignal Sensing Platform for
Cognitive State Monitoring and Human–Computer Interaction
(demo). In Proceedings of the 17th Annual International
Conference on Mobile Systems, Applications, and Services
(pp. 685–686). New York, NY, USA: ACM. https://doi.org/10.
1145/3307334.3328582.

Phinyomark, A., Khushaba, R. N., & Scheme, E. (2018). Feature
extraction and selection for myoelectric control based on wear-
able EMG sensors. Sensors (Switzerland), 18(5), 1–17. https://
doi.org/10.3390/s18051615

Picton, T., Hillyard, S., Krausz, H., & Galambos, R. (1974,
January). Human auditory evoked potentials. I: Evaluation of
components. Electroencephalography and Clinical
Neurophysiology, 36(3), 179–190. https://doi.org/10.1016/
0013-4694(74)90155-2

Rüschenschmidt, H., Volk, G. F., Anders, C., & Guntinas-Lichius,
O. (2022, January). Electromyography of extrinsic and intrinsic
ear muscles in healthy probands and patients with unilateral
postparalytic facial synkinesis. Diagnostics, 12(1), 121. https://
doi.org/10.3390/diagnostics12010121

Stekelenburg, J., & Van Boxtel, A. (2002, November). Pericranial
muscular, respiratory, and heart rate components of the orienting
response. Psychophysiology, 39(6), 707–722. https://doi.org/10.
1111/1469-8986.3960707

Strauss, D. J., Corona-Strauss, F. I., Schroeer, A., Flotho, P.,
Hannemann, R., & Hackley, S. A. (2020, July). Vestigial
auriculomotor activity indicates the direction of auditory
attention in humans. Elife, 9. https://doi.org/10.7554/eLife.
54536

Strauss, D. J., & Steidl, G (2002, November). Hybrid wavelet-
support vector classification of waveforms. Journal of
Computational and Applied Mathematics, 148(2), 375–400.
https://doi.org/10.1016/S0377-0427(02)00557-5

Tabar, Y. R., Mikkelsen, K. B., Rank, M. L., Christian Hemmsen,
M., & Kidmose, P. (2020, July). Muscle Activity Detection
during Sleep by Ear-EEG. In 2020 42nd Annual International
Conference of the IEEE Engineering in Medicine & Biology
Society (EMBC) (Vol. 2020-July, pp. 1007–1010). IEEE.
https://doi.org/10.1109/EMBC44109.2020.9176365.

Urban, P. P., Marczynski, U., & Hopf, H. C. (1993). The
oculo-auricular phenomenon. Brain, 116(3), 727–738. https://
doi.org/10.1093/brain/116.3.727

Valentin, O., Viallet, G., Delnavaz, A., Cretot-Richert, G.,
Ducharme, M., Monsarat-Chanon, H., & Voix, J. (2021,
April). Custom-fitted in- and around-the-ear sensors for unob-
trusive and on-the-go EEG acquisitions: Development and
validation. Sensors, 21(9), 2953. https://doi.org/10.3390/
s21092953

Wilson, S. A. K. (1908). A note on an associated movement of the
eyes and ears in man. Review of Neurology and Psychiatry, 6,
331–336.

Zibrandtsen, I. C., Kidmose, P., & Kjaer, T. W. (2018). Detection of
generalized tonic-clonic seizures from ear-EEG based on EMG
analysis. Seizure, 59, 54–59. https://doi.org/10.1016/j.seizure.
2018.05.001

16 Trends in Hearing

https://doi.org/10.1109/EMBC.2012.6345999
https://doi.org/10.1109/EMBC.2012.6345999
https://doi.org/10.1109/EMBC.2012.6345999
https://doi.org/10.1109/IEMBS.2011.6091733
https://doi.org/10.1109/IEMBS.2011.6091733
https://doi.org/10.1109/IEMBS.2011.6091733
https://doi.org/10.1145/2493988.2494329
https://doi.org/10.1145/2493988.2494329
http://dx.doi.org/https://doi.org/https://doi.org/10.1002/hbm.1058
http://dx.doi.org/https://doi.org/https://doi.org/10.1002/hbm.1058
http://dx.doi.org/https://doi.org/https://doi.org/10.1002/hbm.1058
http://dx.doi.org/https://doi.org/https://doi.org/10.1002/hbm.1058
http://dx.doi.org/https://doi.org/10.1073/pnas.1424875112
http://dx.doi.org/https://doi.org/10.1073/pnas.1424875112
http://dx.doi.org/https://doi.org/10.1073/pnas.1424875112
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00159-8
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00159-8
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00159-8
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00159-8
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00159-8
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00160-4
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00160-4
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00160-4
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00160-4
http://dx.doi.org/https://doi.org/10.1016/S0378-5955(99)00160-4
https://doi.org/10.1145/3307334.3328582
https://doi.org/10.1145/3307334.3328582
https://doi.org/10.1145/3307334.3328582
http://dx.doi.org/https://doi.org/10.3390/s18051615
http://dx.doi.org/https://doi.org/10.3390/s18051615
http://dx.doi.org/https://doi.org/10.3390/s18051615
http://dx.doi.org/https://doi.org/10.1016/0013-4694(74)90155-2
http://dx.doi.org/https://doi.org/10.1016/0013-4694(74)90155-2
http://dx.doi.org/https://doi.org/10.1016/0013-4694(74)90155-2
http://dx.doi.org/https://doi.org/10.1016/0013-4694(74)90155-2
http://dx.doi.org/https://doi.org/10.1016/0013-4694(74)90155-2
http://dx.doi.org/https://doi.org/10.3390/diagnostics12010121
http://dx.doi.org/https://doi.org/10.3390/diagnostics12010121
http://dx.doi.org/https://doi.org/10.3390/diagnostics12010121
http://dx.doi.org/https://doi.org/10.1111/1469-8986.3960707
http://dx.doi.org/https://doi.org/10.1111/1469-8986.3960707
http://dx.doi.org/https://doi.org/10.1111/1469-8986.3960707
http://dx.doi.org/https://doi.org/10.1111/1469-8986.3960707
http://dx.doi.org/https://doi.org/10.7554/eLife.54536
http://dx.doi.org/https://doi.org/10.7554/eLife.54536
http://dx.doi.org/https://doi.org/10.7554/eLife.54536
http://dx.doi.org/https://doi.org/10.1016/S0377-0427(02)00557-5
http://dx.doi.org/https://doi.org/10.1016/S0377-0427(02)00557-5
http://dx.doi.org/https://doi.org/10.1016/S0377-0427(02)00557-5
http://dx.doi.org/https://doi.org/10.1016/S0377-0427(02)00557-5
https://doi.org/10.1109/EMBC44109.2020.9176365
https://doi.org/10.1109/EMBC44109.2020.9176365
http://dx.doi.org/https://doi.org/10.1093/brain/116.3.727
http://dx.doi.org/https://doi.org/10.1093/brain/116.3.727
http://dx.doi.org/https://doi.org/10.1093/brain/116.3.727
http://dx.doi.org/https://doi.org/10.3390/s21092953
http://dx.doi.org/https://doi.org/10.3390/s21092953
http://dx.doi.org/https://doi.org/10.3390/s21092953
http://dx.doi.org/https://doi.org/10.1016/j.seizure.2018.05.001
http://dx.doi.org/https://doi.org/10.1016/j.seizure.2018.05.001
http://dx.doi.org/https://doi.org/10.1016/j.seizure.2018.05.001

	 Introduction
	 Methods and Materials
	 Participants
	 Stimuli and Tasks
	 Experiment 1
	 Experiment 2

	 Data Acquisition
	 Signal Processing
	 General Procedure
	 Artifact Rejection
	 General Procedure
	 Experiment 2

	 Machine Learning-Based Classification of Stimulus Direction
	 Feature Extraction
	 Machine Learning Model


	 Results
	 Response Analysis
	 Machine Learning-Based Classification of Stimulus Direction
	 Potential Motor Confounds

	 Discussion
	 Conclusion
	 Acknowledgments
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


