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Figure 5 (previous page). (A) Distribution of displacement per block. Shown is the
displacement at each percentile. Higher displacement values indicate more movement.
Error bars represent 95% confidence intervals. The magenta line indicates the global
threshold (mean of all individual thresholds) of what was considered as relative rest.
The boxplot inset shows displacement per block. Blue: rapid oddball; red: sporadic
oddball. The central black line indicates the median, the bottom and top edges indicate
the 25th and 75th percentile. Whiskers indicate the most extreme data points not
considered outliers, which, in turn, are indicated by a black dot. Outliers were defined
as data points deviating more than 1.5 times the interquartile range from the bottom or
top edges. (B) Time course of movement data. The upper panel shows the amount of
movement over time for each participant.The movement has been categorized for each
participant based on their displacement mean and standard deviation from all three
rapid blocks. The brightest color indicates movement within one standard deviation
plus the participant-specific mean. The darker colors represent increments of the
standard deviation added to the mean. This plot has been smoothed with a moving
median over 10 seconds. The lower panel shows the grand average of the movement
categorization. The average is only shown between 11:00 AM and 16:00 PM where data
from most participants (∼ 7) were available at the same time. Due to different start
and end times, the recordings do not perfectly overlap.

Discussion

We adapted a lab-based paradigm for real-world situations to investigate selective

auditory attention in an everyday context using mobile ear-EEG. The auditory oddball

ran in the background while participants worked in a normal office environment. The

aim of this work was to demonstrate the feasibility of EEG long-term recordings in

everyday scenarios to study auditory attention and auditory perception. Behaviourally,

participants were able to discriminate between target and non-target sounds while going

about their regular office routines. Similarly, the observed differences in P3 amplitude

imply differences in brain responses to target and standard stimuli during office work.

With rare exceptions, hardware and software proved durable and reliably

measured brain activity for six hours. Gyroscope data allowed us to trace the

participants’ activity on a coarse level. Despite periods of movement, participants spent

most of their day at relative rest (∼ 75%), suggesting limited influence of large

movement on EEG signal quality. All participants reported that the sporadic oddball

did not interfere notably with their office activities. Few misses show that participants
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performed the sporadic oddball adequately, even while focusing on their work. All

participants reported that the setup was comfortable to wear throughout the day,

though they felt relieved when the equipment was removed at the end of the day.

Reactions times and misses were higher in the sporadic than in the rapid oddball.

These results mirror dual-task studies, where participants are instructed to perform a

primary and a secondary task, such as watching a movie while performing an oddball

task (e.g., Willard, Johnson, & Rosenfeld, 1994). In the sporadic oddball participants

similarly followed their work routine while performing the oddball task. Participants

are slower and make more mistakes in dual-task conditions than when performing only

a single task (e.g., Karatekin, Couperus, & Marcus, 2004). Our results therefore confirm

our hypothesis and suggest that performing an experimental task beyond the lab may

generally be conceived of as dual-task situations where participants dynamically

regulate their allocation of resources between the experimental task and their

self-chosen other task. In future studies, an independent measure of how strongly the

participants are engaged in either task may help to assess trade-off effects.

Unlike classical lab experiments, beyond-the-lab studies in everyday life have to

deal with numerous uncontrolled factors, for example, the natural soundscape, social

encounters, and the individuals’ choice of the current activity. These factors influence

auditory perception in everyday situations. The loss of experimental control is therefore

inevitable and makes each recording unique. Here we analysed reaction times and

response accuracy using GLMMs to capture variance at the inter- and intra-participant

level and to test hypotheses. However, our model ignored uncontrolled factors. In

future studies, gaining a fuller understanding of auditory perception in everyday

situations requires that we characterize these influences and include them in the

analysis. Ultimately, a multi-modal approach will be necessary to gather information

about the participants’ current state and their surroundings using a multitude of

sensors, as implemented in lab-based mobile applications (Gramann et al., 2014).

Consequently, multivariate statistics beyond those we employed here are required to

interpret these datasets comprehensively.
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The ERP analysis demonstrated higher P3 amplitudes for target than for standard

tones (Polich, 2007) in both the rapid and the sporadic oddball, replicating previous

work using ear-EEG (Debener et al., 2015; Denk et al., 2018). Here we have extended

the results of Debener and colleagues (2015) who had participants wear cEEGrids for a

whole day, but only recorded data in the mornings and in the afternoons. In between,

the cEEGrid was affixed to participants’ ear but not connected to an amplifier. In the

present study, in contrast, brain activity was recorded continuously during a whole day.

Hence, the present study showed that cEEGrids, coupled with reliable equipment,

cannot only be worn but also measure brain activity for a whole day.

Recordings beyond the lab come with technical and methodological challenges.

Experimental paradigms designed for the lab cannot necessarily be transplanted beyond

the lab, especially when we are interested in "natural behaviour". Instead, we need to

find a compromise between naturalness and sufficient experimental control. In the

present study, the rapid oddball was adapted in such a way that it could be performed

while working. The time interval between tones was substantially increased to reduce

interference with office activities. This change did indeed make it feasible to perform

this task while doing office work, but it also diminished the habituation to the standard

tone which occurs when the tones are presented in quick succession. In a conventional

rapid oddball, this habituation makes detection of deviant target tones automatic and

effortless (Polich, 2007). In the sporadic oddball the detection of the target tones may

not have been automatic due to the long time intervals between tones. Both standard

and target tones were isolated events that stood out against the current soundscape.

Each tone had to be compared to some internal copy of the target sound (memory

trace). In other words, standard tones potentially demanded more cognitive evaluation

in the sporadic than in the rapid oddball. This difference may be reflected in the

seemingly higher amplitudes for the standard tone in the sporadic task compared to the

rapid one. This points to the important caveat that repeated presentation of a stimulus

in classical lab studies may alter our perception and may not generalise to the varied

soundscapes we encounter in daily life.
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The present paradigm artificially imposed the relevance of tones by assigning

standard and target tones. Analysis of brain responses to auditory stimuli that are

ecologically meaningful to participants, such as their personal ringtones or their names

(Perrin et al., 2005; Roye, Schröger, Jacobsen, & Gruber, 2010) may increase ecological

validity even further. Such stimuli could serve as targets whereas other ringtones or

names of strangers could serve as standards. The P3 response to one’s own name could

then be contrasted with other names. By recording over several days using transparent

EEG (Bleichner & Debener, 2017) it may even be possible to rely entirely on responses

to naturally occurring events.

Acquisition of behavioral data could be improved as well. Participants had longer

reaction times to targets in the sporadic than in the rapid oddball, since during the

sporadic oddball they were engaged in other tasks as well. This difference is informative

insofar as it reflects the time participants needed to stop their current activity (e.g.,

typing on the keyboard or using the mouse) and press the display of the smartphone.

To measure reaction times with less interference in their current activity, a double eye

blink or a voice command could be used in the future.

Conclusion

We recorded ear-EEG data for six hours during an office day. Our results

demonstrated that it is feasible to study auditory attention using mobile ear-EEG,

highlighting the potential of beyond-the-lab experimentation. We discuss the technical,

procedural and methodological pitfalls of adapting classical laboratory paradigms to a

real-world context. This study helps to pave the way for a fuller understanding of

auditory perception in everyday contexts. Our work adds to the growing number of

studies that show the general feasibility of beyond-the-lab EEG recordings (e.g.,

Debener et al., 2012; Ladouce, Donaldson, Dudchenko, & Ietswaart, 2019; Scanlon et

al., 2019; Wascher et al., 2016), but more work is required to use the richness of this

methodology.
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Supplementary material

A B

Supplementary Figure 1 . Complete experimental setup. (A) cEEGrids were connected
to the amplifier, the amplifier was taped to the headphones, and the headphones were
connected to the smartphone via an audio cable. A power bank (not visible) was
connected to the smartphone and both were stored in an arm-pouch. The smartphone
both recorded data and presented the sounds. (B) Participant wearing the setup. The
headphones were worn around the neck and the smartphone was attached to the arm.
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Supplementary Figure 2 . Grand average of channel ERPs shown in the cEEGrid layout
including electrode labels. Standard tones are blue and target tones are red. DRL:
Driven-right-leg; R: Reference electrode. Top: Grand average ERPs from the rapid
oddball. Bottom: Grand averaged ERPs from the sporadic oddball.
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Supplementary Figure 3 . Grand average of EEG spectra for the rest session in the
sporadic oddball shown in the cEEGrid layout including electrode labels. Blue: eyes
closed; red: eyes open; DRL: Driven-right-leg, R: reference electrode.
Note on data processing: The data from the rest session of the sporadic oddball was low-pass
filtered at 40 Hz (filter order 166) and high-pass filtered at 1 Hz (filter order 1650). The same
pre-processing pipeline as the ERP analysis was applied (except the filters). For this analysis,
the data from the rest session served as eyes closed condition and the data from the
calibration phase in the beginning of a block served as eyes open condition. Both conditions
had a duration of one minute. From each of those conditions, consecutive windows comprising
1024 samples with an overlap of 60 samples were extracted and Hanning windowed. These
windows were submitted to a fast Fourier transform (Pwelch as implemented in Matlab) and
subsequently averaged and log-normalized (10*log10). Note that both conditions originated
from different time points in the experiment that are 80 minutes apart, reducing their
comparability; however, the rest session only served as a data sanity check and was not
statistically evaluated.
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Supplementary Table 1
GLMMs for reaction times

Fixed Effects Model Summary
ß SE t-value p-value

Intercept 0.91 0.06 14.40 <.001
Oddball Variant -0.39 0.05 -8.08 <.001

Random Effects

Name Standard
Deviation Correlation

Participant Intercept 0.07
Slope 0.07 -0.80

Note: GLMM was fitted with an inverse Gaussian distribution and an inverse link.
Coefficients, standard errors, and standard deviations are not back-transformed. The intercept
is the predicted mean reaction time in seconds−1 for the rapid oddball; the beta for oddball
variant represents the predicted mean change (on the link scale!) when moving from the rapid
to the sporadic oddball.

Supplementary Table 2
Model comparison for reaction times

AIC BIC log-likelihood χ2 df p
F: Gaussian, L: Identity 4088.9 4121.8 -2038.5
F: Gaussian, L: Log 4081.5 4114.4 -2034.8 0 0 ns
F: Gaussian, L: Inverse 4080.1 4112.9 -2034.0 0 0 ns
F: Gamma, L: Identity 1290.4 1323.2 -639.2 0 0 ns
F: Gamma, L: Log 1287.0 1319.8 -637.5 0 0 ns
F: Gamma, L: Inverse 1285.1 1317.9 -636.5 0 0 ns
F: Inverse Gaussian, L: Identity 700.9 733.7 -344.43 3388.1 0 <.001
F: Inverse Gaussian, L: Log 697.3 730.2 -342.7 3384.2 0 <.001
F: Inverse Gaussian, L: Inverse 695.1 728.0 -341.6 3385.0 0 <.001

Note: F = Family; L = Link function; ns = non-significant
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Supplementary Table 3
GLMM for response accuracy

Fixed Effects Model Summary
ß SE z-value p-value

Intercept -3.31 0.43 -7.61 <.001
Oddball Variant 1.15 0.39 2.99 <.01

Random Effects

Name Standard
Deviation Correlation

Participant Intercept 1.10
Slope 0.88 -0.88

Note: GLMM was fitted with a binomial distribution and a logit link function. Coefficients,
standard errors, and standard deviations are not back-transformed and represent the
predicted log odds of missing a target. The intercept is the predicted mean log odds of
missing for the rapid oddball; the beta for oddball variant is the predicted mean change in log
odds when moving from the rapid to the sporadic oddball.
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Supplementary Table 4
LMM for P3 amplitudes rapid oddball

Fixed Effects Model Summary
ß SE t-value p-value

Intercept 1.07 0.22 4.84 <.01
Type of tone 1.75 0.31 5.56 <.001

Random Effects

Name Standard
Deviation

Participant Intercept 0.51
Slope 0.59

Note: The intercept is the predicted mean ERP amplitude (µV) for the standard tone. The
beta for type of tone is the predicted mean change in ERP amplitude when moving from the
standard tone to the target tone (i.e., the difference in amplitude between the tones).

Supplementary Table 5
LMM for P3 amplitudes sporadic oddball

Fixed Effects Model Summary
ß SE t-value p-value

Intercept 1.63 0.27 5.93 <.001
Type of tone 1.20 0.33 3.64 <.01

Random Effects

Name Standard
Deviation

Participant Intercept 0.62
Slope 0.32

Note: The intercept is the predicted mean ERP amplitude (µV) for the standard tone. The
beta for type of tone is the predicted mean change in ERP amplitude when moving from the
standard tone to the target tone (i.e., the difference in amplitude between the tones).
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Supplementary Figure 4 . Absolute values of angular acceleration per condition and
gyrospcope axis. The central black line indicates the median, the bottom and top edges
indicate the 25th and 75th percentile. Whiskers indicate the most extreme data points
not considered outliers, which, in turn, are indicated by a black dot. Outliers were
defined as data points deviating more than 1.5 times the interquartile range from the
bottom or top edges.
Note on statistics: These data were submitted to a two-way repeated measures ANOVA with
the factors condition (rapid/sporadic) and axis (yaw, pitch, roll). A significant main effect of
condition, F(1,7) = 125.95, p < .001, η2 = .88, and axis, F(2,14) = 38.76, p < .001, η2 = .35,
was found. The interaction was also significant, F(2,14) = 49.47, p < .001, η2

G = .27. Post-hoc
tests revealed that in the sporadic condition, both pitch and roll significantly differed from
yaw (p < .01). Furthermore, the corresponding axes from both conditions also differed
significantly from each other (all p < .001).
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