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Abstract

Attention allows individuals to prioritize and effectively process relevant information while
ignoring task-irrelevant distractions. It plays a critical role in task performance, learning and
creativity. This study examines how varying levels of workload influence auditory attention,
cognitive resource allocation, and the experience of flow. Thirteen participants engaged in a
game-based electroencephalographic study designed to induce states of mental underload,
overload and flow. To assess available attentional resources, an implicit auditory oddball task
was integrated as a secondary task. Spatiotemporal cluster analyses revealed significant
differences in event-related potentials when comparing flow and overload to underload.
Multivariate pattern analysis successfully decoded all three conditions above chance level,
particularly in centroparietal regions. Subjective measures, including the NASA Task Load
Index and Flow Short Scale, along with behavioral performance metrics, confirmed the

effective induction of flow and distinct levels of workload. Notably, participants demonstrated
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significantly higher performance and subjectively perceived valence during the flow condition
compared to the overload condition, albeit with similar levels of neural engagement. Our results
support the notion that experiencing flow may act as a "shielding mechanism," enhancing the
effective allocation of attentional resources to the game and improving task engagement and

performance efficiency.

Keywords: flow, electroencephalography (EEG), mental workload, implicit oddball,

game-based paradigm, multivariate pattern analysis (MVPA)

1 Introduction

The pleasurable experience of flow is facilitated by a balance between individual skill and the
challenge of the task, which effectively utilizes cognitive resources (Nakamura &
Csikszentmihalyi, 2014). Flow is described as a state of deep immersion wherein the individual
becomes entirely absorbed in the task at hand, while maintaining high levels of concentration
and focus (Csikszentmihalyi, 1988, 2014). Although the neural signatures of flow have been
increasingly studied in recent years (e.g., Kotler et al., 2022; van der Linden et al., 2021), its
understanding remains limited.

Intensely focused attention on the primary task is proposed to be a co-occurring factor
in experiencing flow, however, it is unclear whether this attention is effortless or effortful.
Studies have reported that the experienced workload by subjects during flow is low, although
(neuro)physiological correlates associated with flow are indicative of both resource-demanding
high-effort and low-effort, bottom-up attention coupled to the reward system (for review see
Alameda et al., 2022). The contrast between experience and neurophysiological response during
flow could be explained by the phenomenon of loss of (self-)awareness (Jackson et al., 2008;
Sadlo, 2016). In other words, flow may act as a shielding mechanism against perceiving
demanding processes (i.e., high workload) and impressions (i.e., distractors) as cognitively and
emotionally draining. Instead, flow facilitates feelings of positive valence and reward.

While most studies, both psychological (Ellis et al., 1994; Engeser & Rheinberg, 2008;
Keller & Bless, 2008; Schaffer & Fang, 2016; Tse et al., 2022) and neuroscientific (Goldberg
et al., 2006; Huskey et al., 2018; Ju & Wallraven, 2019; Klasen et al., 2012; Peifer et al., 2014;
Raichle et al., 2001; Sadlo, 2016; Ulrich et al., 2016; Ulrich et al., 2014; Yoshida et al., 2014),
agree that flow is highly dependent on the balance between task difficulty and individual skill
level, the design of the task itself plays an influential role in the emergence of flow. Designing
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flow-inducing paradigms while maintaining replicability and comparability is challenging, as
experiencing flow may vary greatly depending on task design (Alameda et al., 2022) and
individual differences (Asakawa, 2010; Manzano et al., 2013; Ullén et al., 2012). The task must
be seen as important, challenging but achievable, with immediate feedback, performed in a
familiar environment, and performed for an extended period of time without interruption.

Game-based paradigms offer a powerful tool for understanding and assessing cognitive
processes by providing an engaging and intuitive framework that more closely mirrors real-
world decision making and behavior than traditional laboratory experiments (Allen et al., 2024).
The immersive nature of games not only enhances ecological validity, but also harnesses
intrinsic motivation, allowing researchers to study complex phenomena such as attention or
workload in dynamic and context-rich environments (for a detailed review see Engeser &
Rheinberg, 2008; Keller & Bless, 2008; Khoshnoud et al., 2020). Building on these strengths,
such paradigms excel at inducing and maintaining flow by providing continuous engagement,
autonomy, and control, with adjustable difficulty.

Many studies have attempted to capture flow through subjective post hoc assessments
via questionnaires (Ellis et al., 1994; Schaffer & Fang, 2016; Tse et al., 2022). While subjective
questionnaires can provide confirmation of the presence of flow, they do not allow for an ad hoc
assessment. Asking a person if they are in flow often ends the state. A common approach is to
record behavioral and neurophysiological measures such as electroencephalography (EEG)
during flow experiences. To capture the neurophysiological correlates of flow experienced in a
primary task, attentional re-allocation is assessed using a secondary task (Bombeke et al., 2018;
Huskey et al., 2018; Maclin et al., 2011; Nufiez Castellar et al., 2019). These dual-task
paradigms offer the advantage of discerning between the internal flow state and the external
task conditions that facilitate the experience of flow (Khoshnoud et al., 2020).

To reduce interference of the secondary task with the primary task, many studies utilize
different sensory modalities per task, e.g., visual input for the primary task and auditory input
for the secondary task. One such task is the auditory oddball paradigm, in which a frequent
sound is played and randomly interspersed with one or more different rare “oddball” sounds at
irregular intervals (Squires et al., 1975). Auditory event-related potentials (ERPs), such as the
P300 wave, have been associated with the attentional resources allocated to the oddball sound
(Luck, 2014; Polich, 2007). The participants’ task is typically to react to these oddball sounds

immediately in some way while maintaining focus on the primary task (Bombeke et al., 2018;
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Huskey et al., 2018; Nufiez Castellar et al., 2019). An immediate, overt response to the
secondary task requires a relatively high number of cognitive resources and may incur
additional switching costs. Moreover, it is difficult to discriminate whether the secondary task
merely assessed the flow state or was integrated into the task challenge itself. In a study by
Maclin et al. (2011), the auditory oddball was administered in a more indirect manner, as
participants were instructed to silently count the oddball sounds and report the total at the end
of each run. This was done to ensure that participants remained consistently engaged with the
auditory task without requiring an overt response. In other words, interference from the
secondary task was minimized, allowing uninterrupted engagement with the primary task and
maintaining its integrity, while also facilitating the emergence of a flow state.

Building on this study, we aimed to use a similar dual-task paradigm to investigate how
attentional allocation is influenced by varied levels of mental workload and flow experience.
We recorded EEG during a primary game-based task to induce different workload states
(underload, flow and overload), while simultaneously presenting an auditory oddball task.
Participants indirectly attended to the oddball stimuli by silently counting them, without any
overt motor response. We investigated differences in attentional allocation in mass-univariate
spatio-temporal permutation-based clustering analyses of evoked potentials, as well as in a
multivariate subject-wise approach to decode the different mental workload states time-point
by time-point using supervised machine learning.

We expected subjective and behavioral measures to reflect differences between the flow
condition and the over- and underload conditions. Specifically, it was hypothesized that reports
of subjective flow experience and primary task performance would be significantly higher in
the flow condition compared to the other conditions. More importantly, we expected to find
differences in auditory ERPs between the difficulty levels of the primary task. We assumed that
the underload condition would not affect the auditory ERPs, as the primary task would not
require many cognitive resources or high attentional task switching costs. For the flow and
overload conditions, it was hypothesized that both would impact the amplitude of the P300
component of the ERPs, since both were expected to lead to high attentional demands in the
primary task. We were particularly interested in whether a significant difference could be found
between these two conditions, as flow is a state associated with positive valence and
performance improvements, in contrast to mental overload.

Finally, we were interested in whether ergonomic positions commonly implemented in
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office workplaces (i.e., standing and sitting) would influence flow experience. Previous studies
found mixed results of ergonomic position on factors influencing flow experience, including
reports of no effect on cognitive performance (Russell et al., 2016), a positive effect on task
engagement (Finch et al., 2017) and workload (Ghesmaty Sangachin et al., 2016), and mixed
effects on productivity outcomes (Karakolis & Callaghan, 2014). Therefore, we tested both

positions in a counterbalanced within-subjects design.

2 Methods

2.1 Participants

15 participants were recruited for the study. Two were excluded due to technical errors during
the recording sessions, leaving data from 13 participants for the analyses (Mg g,= 27.73 + 3.82;
range: 20 to 35 years; 7 female, 6 male). Prior to being invited to the laboratory, participants
were screened for exclusion criteria using an online survey. All participants had to have normal
or corrected-to-normal vision, adequate language skills, be right-handed and report no history
of mental, neurological, or cardiovascular disease or use of centrally acting substances. They
signed a written informed consent before starting the experiments and received financial
compensation after completion. The study was conducted in accordance with the tenets of the
Declaration of Helsinki and approved by the local ethics committee of the Medical Faculty of

the University of Tiibingen, Germany (ID: 827/2020BO1).

2.2 Experimental procedure
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Figure 1

Experimental procedure
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Note. Each participant completed two experimental sessions in different ergonomic positions
(sitting or standing). Each experimental session consisted of a pre-experimental training and
familiarization phase followed by nine experimental blocks. Each block entailed a dual-task
setup during which participants performed a primary game-based task that was presented in
three difficulty levels (underload, overload, and flow) and a secondary silent auditory oddball
counting task. Each block was completed by reporting the oddball count and completing the
Flow Short Scale and NASA-TLX. Abbreviations: ISI: Inter-stimulus interval;, NASA-TLX:
NASA Task Load Index

After giving written informed consent, participants were equipped with a 32-channel gel-based
EEG cap and electrooculography (EOG) electrodes (for details, see section 2.4.2). Each

participant completed two experimental sessions one week apart at the same time of day, one
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in a standing position and one in a sitting position (see Figure 1). The order of ergonomic
positions was counterbalanced across participants. The experiment commenced with a training
and familiarization phase (for details, see section 2.3). This was followed by nine experimental
blocks of approximately six minutes each, randomized across participants. During a block,
participants were engaged in a primary task consisting of a computer game while
simultaneously performing an auditory oddball counting task. Two sinusoidal sounds (350 Hz
and 650 Hz) were presented at jittered inter-stimulus intervals (2-2.4 s) via speakers at an output
volume of 45-50 decibels. Prior to the experimental blocks, participants were familiarized with
both sounds of the secondary task and informed which sound was their target sound for silent
counting (i.e., the oddball). The choice of target sound was counterbalanced across participants
and the target sound was presented 20% of the time. Participants were instructed to count its
occurrences over the course of an experimental block. Each block varied in the difficulty of the
primary task to induce one of the three mental workload conditions (underload, overload, and

flow; for details, see section 2.3).

2.3 Game design

The game was designed as a two-dimensional arcade-style platformer utilizing the pygame
library (Pygame Community) and assets by O’Reilly (Eramo, 2021; see Figure 2). The game
ran at 60 frames per second with background music at 30-39 decibels. Participants used
keyboard input to control a character and collect diamonds while avoiding enemies. The
landscape allowed screen wrapping, meaning that objects that left the screen at one edge
reappeared at the opposite edge. Gravity made objects fall to lower levels, though the bottom
corners were connected to the top corners to prevent accumulation at the bottom.

Participants were instructed to score as many points as possible and received feedback
on their performance via a bar that filled up at the top of the screen. In addition, the player’s
character could lose points for penalized actions (e.g., contact with an enemy character or losing
a diamond to an enemy; see Figure 2). Performance was calculated as a relative score based on
points gained and lost.

The number of spawning enemy characters was used to induce different difficulty
levels. To induce an underload difficulty level, the spawn rate of enemies was set to 45 seconds
per enemy with a maximum of three entities at once. For overload, the spawn rate was set to

one second with a maximum of 180 entities. These levels were established in a behavioral pilot
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study (N =10, Mgg4.= 26.5 & 2.58; range: 20 to 29 years; 7 female, 3 male; 9 right-handed; for
details see Appendix Table A10). To induce a flow experience, the difficulty level was adapted
during gameplay to each participant individually. Prior to the experimental blocks, participants
played the game and indicated which enemy spawn rate they found enjoyable. They could
adjust the spawn rate themselves via button presses indicating “less time” or “more time” until
the next enemy appeared. During the experimental blocks, the flow condition level started with
a spawning rate of two seconds less than indicated by the participant. To consider the variable
performance abilities of participants, two additional rules were implemented in the flow
condition: 1) The maximum number of enemy entities could not exceed five to ensure that the
flow condition would not exponentially increase in terms of challenge; 2) regardless of the
current spawn rate, if the screen was empty for six seconds, an enemy would spawn to avoid

underload in case of a rapid increase in skill of the participant relative to the challenge.
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Figure 2

Screenshots of the game task

Hightmare Fighter

Note. A: The game’s layout with the performance indicator filling up in green at the top of the
screen. B: The hero character. C: An enemy character. D: A red diamond that could be collected

for points.

2.4 Data acquisition

2.4.1 Behavioral and subjective data

After each experimental block, participants were asked to indicate the counted oddballs during
the block. False positives and misses were not distinguished, hence the question was not used
to evaluate the sensitivity/specificity of behavioral performance and instead primarily
functioned to reiterate the importance for participants to stay engaged in the secondary task as
well. Additionally, they filled in two questionnaires: the NASA Task Load Index (NASA-TLX;
Hart & Staveland, 1988), which assesses perceived mental load on a scale ranging from 0 to
100, and the Flow Short Scale (FSS; Rheinberg et al., 2003), which measures overall skill level
and the balance between challenge and skill level to estimate the subjective flow experience.

The FSS consists of 13 items, of which ten are answered on a 7-point Likert scale (1: “not at
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all”, 7: “very much”) and three are indexed on a 9-point scale (1: “easy/low/too low”, 9:

“difficult/high/too high”).

2.4.2 Neurophysiological data

We recorded scalp EEG potentials using the international 10-20 system with 32 electrodes
(actiCAP, Brainproducts GmbH, Germany). The FCz was used as a common reference and the
EEG was grounded to the Fpz (for detailed layout see Appendix Figure Al). The electrode
impedance was kept below 20 kQ at the beginning of each session. In addition to the EEG
signals, EOG and electrocardiographic (ECG) signals were recorded (BrainAmp, Brainproducts
GmbH, Germany). To measure eye movements, four Ag/AgCl EOG electrodes were placed
above and below the left eye (vertical, blinking) and on the outer canthi of both eyes (horizontal,
saccades). To measure cardiac activity using the Einthoven technique, three Ag/AgCl
electrodes were placed on the left clavicle, sternum and left elbow (ground). The data were
digitized at 250 Hz, high pass filtered with a time constant of 10 s and stored for off-line

analysis using BrainVision Recorder software (BrainProducts GmbH, Germany).

2.5 Analyses

All analyses were performed in python™.

2.5.1 Behavioral and subjective data

A repeated-measures ANOVA (rmANOVA) was used to evaluate the main and interaction
effects of the within-subjects factors difficulty level (underload, flow, overload) and ergonomic
position (standing, sitting). The effect was evaluated by subjective scales (NASA-TLX, FSS)
and the relative game score as measure of participants’ performance (see section 2.3). Further,
the relative difference between the counted and real number of oddballs was used as
performance measure for the secondary task. P-values were corrected according to Greenhouse-
Geisser. Post-hoc analysis consisted of multiple pairwise comparisons with Tukey's HSD
(Honestly Significant Difference) test. The significance threshold was set to a < .05 after

correcting for family-wise error rate.

2.5.2 Processing of the EEG Data

The EEG signals were de-trended and bandpass filtered using a fourth-order infinite impulse

response Butterworth filter with the cut-off frequencies 0.2 and 20.0 Hz. Afterwards, signals
10
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were segmented into epochs of 1 s using the onset of the sound of interest. A 200 ms baseline
interval before the onset was included. The FASTER pipeline of Nolan et al. (2010),
incorporating independent component analysis (ICA) as implemented in mne-python
version 1.6.1 (Gramfort et al., 2014), was applied to the epoched data to remove both
physiological (cardiac, ocular and muscle-related) and non-physiological (power interference)
artefacts (Chaumon et al., 2015; Hipp & Siegel, 2013; Lee et al., 1999). Only channels and
epochs that passed a threshold-based rejection (threshold channels: 5 standard deviations; SD;
threshold epochs: 3 SD) were used in the ICA and further analysis. ICA was performed
automatically using the EOG and ECG channels for correlation-based artefact detection, signal
kurtosis for high-amplitude offsets, hurst for non-biological artefacts, power gradient for
residual white noise, and median gradient for muscle-related artefacts (Nolan et al., 2010). After
cleaning the signals, epochs were baseline corrected by subtracting the mean amplitude of the
time interval before the sound onset (200 ms) and bad channels were interpolated per epoch
using a spline interpolation (Gramfort et al., 2014; Nolan et al., 2010). Finally, the scalp sensor
signals were processed using current source density (CSD) analysis, estimated through the
surface Laplacian method. This reference-independent approach enhances the spatial resolution
of the data compared to traditional scalp potential analysis (Kayser & Tenke, 2015; Yao et al.,
2019).

2.5.2.1 Mass-univariate Analysis of Event-related Potentials

To identify differences in ERPs between the experimental conditions in a univariate group-level
statistic, one-sided non-parametric permutation-based clustering (Maris & Oostenveld, 2007)
with a rmANOVA and the two factors difficulty level and ergonomic position was performed.
Post-hoc testing was performed using a two-sided t-test permutation-based clustering per
contrast of interest. Clusters were identified as adjacent EEG channels and time points using a

cluster-level and group-level threshold of a < .05.

2.5.2.2 Multivariate Pattern Analysis of Event-related Potentials

In the final analysis, we enhanced the sensitivity to distinguish between the conditions, thereby,
increasing the statistical power (Holdgraf et al., 2017; Kriegeskorte & Douglas, 2019), by
employing a subject-wise multivariate pattern analysis (MVPA). MVPA is particularly
powerful for investigating how the brain encodes information, as it captures the
multidimensional nature of neurophysiological data and effectively addresses the inter-
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individual variability in both anatomical and functional brain patterns (Marsicano et al., 2024).
For this analysis, the epoched data were downsampled to 100 Hz, and the conditions to be
decoded (referred to as classes in the MVPA) were divided into training and testing sets. A 5-
fold stratified repeated cross-validation with 20 iterations was performed, resulting in a total of
100 folds per time point.

To allow plausible neurophysiological interpretation of the decoded patterns, we chose
a linear model for supervised machine learning. This choice allows for inverse computations of
the model coefficients by transforming the decoding weights back into activation patterns,
which makes it possible to interpret how the brain encodes information (Haufe et al., 2014).
We selected a Linear Discriminant Analysis (LDA) with the Least squares solution as a solver
and an automatic shrinkage using the Ledoit-Wolf lemma (as implemented in scikit-learn
version 1.4.1). A dummy classifier with a stratified classification strategy estimated an
empirical baseline. The decoding was conducted on a time-point-by-time-point basis using the
sliding estimator from mne-python version 1.6.1 (Gramfort et al., 2014).

The Area Under the Receiver Operating Characteristic Curve (AUC) quantified
accuracy for the two-class classification (one for each contrast), while a weighted F1 score was
applied for the three-class classification. Decoding performance was statistically evaluated by
bootstrapping the classification scores of the folds in a Monte Carlo Simulation (5000
iterations) and computing the bootstrapped mean and its 95 % confidence interval (CI;
Cumming, 2014). Classification time intervals were considered significant if the lower CI of
the LDA performance exceeded the upper CI of the dummy classifier for at least 200
consecutive milliseconds.

The decoding coefficients of the classification models were transformed into
interpretable patterns (Haufe et al., 2014), averaged across participants, and visualized on
topographic maps. To ensure that patterns were meaningful and generalised across participants,
we applied a spatiotemporal mask using univariate bootstrapped means and confidence
intervals (5000 iterations). Only patterns at electrode positions where the evoked response to
the oddball sounds of one condition differed from the other two conditions were visualised. The
visualized patterns provide information on how the values in the sensors contribute to the
prediction of a class label. When interpreting the patterns, it should be noted that the pattern
values reflect the contribution to the classification, rather than the direction and strength of the

underlying evoked responses (Haufe et al., 2014). For the binary decoding patterns, positive

12
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values indicate that the particular region contributes to the selection of the second class, whereas
negative values at a particular location are less informative. In a three-class classification,
positive pattern values indicate a higher probability that a data sample will be classified in the
target class, while negative pattern values decrease this probability, suggesting that activation
in the respective sensor is more likely to be associated with the remaining classes. The closer
the assigned patterns are to zero, which represents the decision boundary of the classifier, the
less confident the model is in its prediction. To examine the relationship between evoked
response amplitudes and significant patterns, bootstrapped means and their confidence intervals
of the conditions in each significant pattern electrode region were extracted for the time point

of maximal classification performance.
3 Results

3.1 Behavioral and Subjective Results

A significant main effect of difficulty level on the relative score (i.e., performance in the

primary task; F(2,24) = 241.14,p < .001,1712, = .95) was found (see Figure 3). This effect

was significant between all conditions (for details see Appendix Table A2 & Table A3). No
significant main or interaction effects of ergonomic position were observed. A significant
interaction was found for the number of counted oddballs relative to the correct number (i.e.,
performance in the secondary task; F(2,24) = 3.67,p = 0.05,1,> = 0.23). Tukey’s HSD
showed that highly significant differences were found between both underload and overload
conditions compared with flow conditions, respectively. Specifically, standing had a positive
effect on performance in the secondary task during the flow condition, while sitting had a
positive effect on task performance during underload and overload. The pairwise comparisons
show that the flow conditions (both sitting and standing) are associated with worse performance
in the secondary task compared to both overload and underload conditions. There were no
significant differences between overload and underload conditions, or between the sitting and
standing conditions within overload and underload groups (see Figure 3; for details see
Appendix Table A6 & Table A7).

For the subjective measures, a significant main effect of difficulty level on the NASA-

TLX was found (F(2,24) =52.78,p <.001,n; = .85). Pairwise comparisons showed

significant differences between all workload conditions for the NASA-TLX score (see Figure 3;
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for details see Appendix Table A8 & Table A9). Finally, the rmANOVA for the FSS also
showed a significant main effect of difficulty level (F(2,24) = 66.78,p < .001,77,2, = .85).
Tukey's HSD showed that for FSS, only the difference between the flow condition and the other
conditions was significant (for details see Appendix Table A6 & Table A7).

Figure 3

Task Performance Measures and Subjective Experiences
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Note. Group means of A) relative game score, B) difference of counted oddballs and real
number for each ergonomic position, C) FSS, and D) NASA-TLX are plotted for each difficulty
level in the primary task. Black lines indicate standard errors. Significant differences are
indicated with asterisks (**: p < .01, ***: p <.001, ****: p <.0001). Abbreviations: Pyon:

points won during the game; p;,s;: points lost during the game; SE: standard error
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3.2 Mass-univariate Analysis of Event-related Potentials

In the permutation-based cluster analysis, we found a significant main effect of difficulty level
(Pr_statistic < 0.001) on ERPs locked to the onset of the oddball sound. The significant
spatiotemporal cluster covering 16 electrodes over centro-parietal regions emerged after 184 ms
and lasted until the end of the analysis time interval (1,000 ms; see Figure 4A). We did not
observe a significant effect of the ergonomic position, nor observe the two main effects
interacting.

The post-hoc z-statistic clustering revealed a significant difference between the
conditions flow and underload (p;_gtaristic < 0.001) as well as overload and underload
(Pe—statistic < 0.001). The spatiotemporal cluster discriminating between flow and underload
comprised 14 sensors located over centro-parietal regions. ERPs in these sensors started to
differ after 232 ms with overall more negative values during the flow compared to underload
condition. The cluster lasted until 1,000 ms after sound onset. The second significant contrast
overload-underload revealed a spatiotemporal cluster that started at 220 ms and lasted until
868 ms after sound onset. It showed a significant difference in the evoked potentials with more
negative values in the overload condition within the time intervals in 12 electrodes located over
parietal, central and centro-frontal regions, similar to the flow-underload cluster. No significant
clusters were found when contrasting flow and overload, indicating no differences in the evoked

potentials between conditions.
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Figure 4
Permutation-based spatiotemporal clusters of the auditory oddball ERPs in the rmANOVA and

pairwise comparisons

Main Effect Difficulty Level, 16 Sensors (p < 0.001)
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Note. A) Spatiotemporal F-test cluster for the main effect difficulty level with signals
corresponding to auditory ERPs of each difficulty level and ergonomic position, averaged over
significant electrodes. Spatiotemporal dependent t-test cluster for pairwise comparisons of
auditory ERPs corresponding to the B) flow and underload condition, and C) overload and
underload condition, respectively. The color bar indicates the magnitude of the test statistic.
Electrodes of significant clusters are marked with white circles. The left panels show the
topographic map of the test statistics with F-values and t-values averaged over a significant
time window after stimulus onset. The right panels display averaged signals over significant
electrodes per condition and corresponding contrast over time after stimulus onset (time point
zero). The orange highlighted area indicates a significant difference between conditions in this

time window. Abbreviations: F: flow; O: overload; U: underload; Si: sitting; St: standing
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3.3 Multivariate Pattern Analysis of Event-related Potentials

Results of the temporal decoding are summarized in Table 1 and Figure 5. The decoding
contrast underload-flow, and the three-class decoding began to show above-chance level
classification between conditions approximately 250 ms after the onset of the oddball stimulus.
This was followed by the underload-overload, and finally, flow—overload contrast (see Table
1). For most contrasts, classification remained above chance level until the end of the 1-second
analysis window, except for the flow-overload contrast. We were able to significantly
distinguish flow states from overload only during a narrow time window of approximately 260
ms (496-758 ms post-stimulus onset). The peak classification scores across all decoding
contrasts were observed within a similar time frame, ranging between 556 and 576 ms after
stimulus onset. The highest classification accuracy was achieved for decoding underload and
flow, with a peak AUC score of 57.5 %CI[56.45; 58.59] and mean AUC score of
55.12 %CI[54.03; 56.19]. In contrast, the lowest classification accuracy was found in the flow-
overload decoding, with a peak AUC score of 53.17 %CI[52.04; 54.26] and mean AUC score
of 52.51 %CI[51.4; 53.61]. Comparing mean classification scores and confidence intervals
relative to the chance level (upper CI of the dummy classifier) over the significant time window,
we observed significantly lower performance for the three-class (Diff: 3.32 %CI[2.52; 4.12])
and flow-overload (Diff: 2.23 %CI[1.12; 3.33]) decoding compared to both the underload-flow
(Diff: 5.14 [4.06; 6.21]) and underload-overload (Diff: 5.03 [3.93; 6.11]) decodings. There was
no difference in the performance between the three-class and flow-overload decodings, as well

as the underload-flow and underload-overload decoding (see Figure SA).

Table 1

Statistics of the LDA Classification Scores as well as Dummy Classifier per Decoding Contrast

Decoding Time Range Max Score Time Max  Mean Score SD Score Dummy
Contrast  [Duration] (ms) [%CI] (ms) [%CI] [%CI] [%CI]

underload 263 — 1000 57.5 576 55.12 1.48 49.84
— flow [737] [56.45; 58.59] [54.03; 56.19] [1.49;1.47]  [49.71;49.98]
underload 384 —1000 56.62 566 54.7 1.09 49.49
—overload [616] [55.49; 57.67] [53.59;55.78] [1.1;1.09] [49.31; 49.67]
flow 495 — 758 53.17 556 52.51 0.48 50.17
—overload [262] [52.04; 54.26] [51.4; 53.61] [0.47;0.48]  [50.05; 50.28]
three class 243 — 1000 37.94 576 36.09 1.05 31.9

[757] [37.07; 38.79] [35.3; 36.89] [1.04; 1.06]  [31.07;32.77]
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Note. Time range with start, end, and duration in milliseconds of the significant time interval, as well as maximum
(Max), mean, and standard deviation (SD) of the Linear Discriminant Analysis (LDA) classification score during
the significant time interval are shown for each decoding contrast. Classification intervals were significant if the

lower CI of the mean LDA performance exceeded the upper CI of the dummy classifier for a minimum of 200

consecutive milliseconds.

3.3.1 Spatial Distribution of the Patterns from the Temporal Decoding

Interpretable coefficient patterns were averaged across participants and visualized on
topographic maps (see Figure 5). The temporal evolution of the decoding patterns over the
analyzed time window is provided in the Appendix in Figure A4 for the binary decoding and
Figure AS for the three-class decoding. The three-class decoding allowed us to derive class-
specific patterns when comparing the class of interest to all remaining classes. Figure 5B shows
the significant patterns per class of the three-class decoding averaged across participants and
the significant decoding time interval. Figure 5C depicts the significant decoding patterns per
class at the time point of maximum classification performance averaged across participants.
Predictive patterns were observed in electrodes positioned over the centro-parietal, mid-frontal,
and left temporo-parietal regions. Figure 5B and 5C illustrate that activation patterns in
electrodes located over parieto-central regions were most indicative of the underload condition.
A negative frontal pattern showed that activation in the Fz electrode was more associated with
the other two classes. Activation patterns over the left temporo-parietal region (TP9) as well as
over a very focal parietal area (Pz) contributed to the choice of the overload condition. Decoding
of flow states was visible by the absence of activation patterns at electrodes overlying parietal
regions, localized around the CP1 electrode. Evoked responses in the parietal electrodes,
identified as the region of interest for decoding, showed the strongest positive amplitudes during
underload (centro-parietal sensors), followed by overload (Pz), with the smallest deflections

occurring during flow (CP1) at the time of peak classification performance (see Figure 5D).
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Figure 5
Classification results for the binary (contrasts) and three-class MVPA-based LDA
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Note. A) Average LDA classification performance and respective confidence intervals (CI)
across folds and subjects in relation to the estimated chance level (upper CI of the dummy
classifier performance) for the time interval of the oddball ERP. B) Averaged and C) maximum
pattern coefficients of the significant time intervals for three-class decoding extracted from the
trained LDA models. D) Evoked responses per condition in the electrodes of the pattern regions.
Classification intervals were deemed significant if the lower CI of the LDA performance
exceeded the upper CI of the dummy classifier for a minimum of 200 consecutive milliseconds.
Significant time points are highlighted with colored circles. Star icon indicates the peak (max)
of the classification score across all significant time points. Positive pattern values increase the
likelihood of classifying the observed condition, while negative values in spatial patterns
decrease this likelihood. Cento-parietal region of interest includes electrodes at the positions

CP1, CP2, P3, Pz, and P4.
4 Discussion

The current study investigated how varying levels of mental workload influence attentional
allocation and auditory evoked brain responses, with a particular focus on the flow state. In
flow research, studies have yet to provide a comprehensive understanding of the neural
signatures and cognitive resource demands during flow experiences (e.g., Kotler et al., 2022;
van der Linden et al., 2021). To address this research question, we induced the experience of

flow in a dual-task paradigm with varying levels of mental workload (underload, flow, and
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overload) using EEG. Participants engaged in a primary game task while simultaneously
performing an auditory implicit (silent counting) oddball task, which allowed to assess their
available attentional resources. By integrating subjective measures of workload and flow with
electrophysiological and behavioral data, we aimed to explore the interaction between workload
conditions and the allocation of cognitive resources during task engagement and performance.
We further explored whether ergonomic positions commonly implemented in office workplaces

(i.e., standing and sitting) affect the experience of flow and allocation of attention.

4.1 Modulated P300 Indicates Attention Allocation, Unspecific to Flow

First, we examined how varying workload levels and ergonomic positions influenced ERPs
elicited by the oddball sound in the secondary task using a mass-univariate group-level analysis
(Maris & Oostenveld, 2007). Our findings confirmed the hypothesis that attention to the
secondary task was modulated by the difficulty of the primary game task. The ergonomic
position had no measurable effect on the event-related responses. Specifically, we observed
significant differences in current densities during the flow and overload conditions compared
to underload, with reduced centro-parietal CSD amplitudes likely reflecting the P300
component (see Figure 4). These findings of a decreased parietal P300 amplitude are in line
with prior dual-task studies (Nufiez Castellar et al., 2019). Notably, reduced P300 amplitudes
were observed during both overload and flow, with no significant differences between
conditions (see also Nufiez Castellar et al., 2019 for similar results). Attenuation of P300 has
been shown to be modulated by states of high workload (Maclin et al., 2011; Nufiez Castellar
et al., 2019; Polich, 2007). Our spatiotemporal clustering results suggest that both flow and
overload experiences prioritize the primary game task, with less attentional re-allocation to the
implicit secondary task. This alignment of electrophysiological responses for flow and overload
supports the theory that flow involves resource-intensive attention processes much like high-
effort scenarios (Alameda et al., 2022). Interestingly, while participants reported the subjective
enjoyment and reward associated with flow (see Figure 3), we found no significant
spatiotemporal cluster between flow and overload. Despite the subjective differences, both
states may engage similar cognitive resources at the neurophysiological level.

In conclusion, our findings suggest that the attenuation of the P300 component in
response to the secondary task stimulus reflects reduced attention allocation. This phenomenon

may be attributed to the highly attentionally demanding primary task. Importantly, while the
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modulation of P300 offers insight into aspects of workload during flow, it is not sufficient as
an electrophysiological signature to differentiate flow from overload with a mass-univariate
group-level analysis. Given the subtle yet meaningful differences in subjective experience

between these states, further analysis is warranted.

4.2 Temporal Decoding of Flow States with Multivariate Pattern Analysis

To further investigate a flow-specific neuronal signature and differentiate between all three
workload conditions, we employed a subject-wise MVPA. This data-driven approach offers a
key advantage by accounting for individual variability in the functional and anatomical origins
of electrophysiological signatures (Holdgraf et al., 2017; Kriegeskorte & Douglas, 2019;
Marsicano et al., 2024), making it particularly suited for investigating flow experiences. By
applying MVPA, we were able to reveal significant differences in neuronal responses to the
auditory oddballs between flow and both underload and overload conditions, advancing our
understanding of how these states are encoded in the brain. Aligned with our mass-univariate
analysis, the MVPA results further corroborated that flow and overload states are the most
difficult to distinguish, particularly when examining modulations in auditory ERPs. This was
evidenced by the lowest mean accuracy and shortest time interval of above-chance-level
classification (see Table 1 and Figure 5A).

Examining the temporal evolution of the binary and three-class decoding, above chance
level classifications started approximately 250 ms after the oddball sound onsets and lasted until
the end of the analysis time window in most decoding contrasts (see Figure SA as well as
Appendix Figure A4 & Figure AS5). The time intervals that allowed significant classifications
between conditions were similar to the spatiotemporal clusters identified in the mass-univariate
analysis. Notably, the significant distinction of classes was achieved through late components
of auditory ERPs, likely reflecting top-down, rather than bottom-up, processes related to the
dual-task paradigm (Debener et al., 2002; Polich, 2007).

In line with our results in the spatiotemporal cluster analysis, the P300 component
elicited by the oddball sound was identified as the main region of interest for the decoding and
allowed to discriminate the different states (see Figure 5SA). Contrary to the mass-univariate
analysis, we observed a stepwise differentiation between all three conditions. Modulation of
activity in electrodes overlying centro-parietal regions was highest during underload, followed

by overload, and was almost absent during the experience of flow (see Figure 5B, C and D).
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Taken together, the spatiotemporal clusters and MVPA decoding patterns provide convergent
evidence that the experience of flow functions similarly to a shielding mechanism. These results
suggest that during flow attention is focused on the primary task and shielded from less
prioritized stimuli, such as the auditory oddball in the secondary task.

Contrary to previous findings (Nufiez Castellar et al., 2019), activation patterns in
fronto-central regions did not allow to differentiate between the three states in our study (see
Appendix Figure A6 and Table Al). Instead, our results suggest that activity in these regions is
linked to top-down modulation and attentional control (Herrmann & Knight, 2001), which are
similarly engaged in all three conditions. This top-down prefrontal control is likely necessary
to perform the subprocesses associated with an overt response to a secondary task, which
include task switching, attention allocation, stimulus processing, working memory information
updating and response selection.

Finally, activation patterns in electrodes overlying temporo-parietal regions contributed
to the choice of the overload class (see Figure 5B & C, as well as Figure A5 & Figure A6).
These higher evoked potentials in response to the oddball sound during overload may be
explained by disengagement from the primary task due to its high difficulty level and a shift of
attention towards the secondary task. This interpretation is further corroborated by behavioral
results. Overload resulted in significantly worse performance in the primary task compared to
both flow and underload. However, pairwise comparisons indicated that performance in the

secondary task was not different in overload compared to underload (see Figure 3).

4.3 Behavioral and Subjective Results Support Flow Experience Manipulation

Subjective questionnaire results confirmed that participants experienced flow during the
respective condition of the primary task and varying levels of mental load during all difficulty
levels (see Figure 3C & D). Furthermore, experiencing flow correlated with the highest
performance in the primary task albeit not the highest subjective workload. This was expected
as the flow experience is associated with an immersed focus on task-relevant stimuli and
feelings of enjoyment during task performance. Notably, we observed an inverted U-shape in
our performance measure (see Figure 3A) paralleling reported arousal measures during flow
(Peifer et al., 2014; Ulrich et al., 2016) and reported subjective flow experience (see Figure 3C
and Alameda et al., 2022).
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4.4 [Ergonomic Position Affects Secondary Task Only

We did not find significant differences between ergonomic positions in the primary task nor
subjective measures. Regarding the secondary task, a significant interaction was found between
the difficulty level in the primary task and ergonomic position for the performance measure,
i.e., the difference between counted oddballs and the correct number. Specifically, performance
was positively affected by the standing position in the flow condition, whereas the opposite
effect was shown for under- and overload (see Figure 3B). This interaction indicates that
standing has a positive effect on the secondary task performance during flow. Consistent with
our findings, previous studies have reported positive effects of standing on task engagement
(Finch et al., 2017), and mouse behavior during computer desk work (Ghesmaty Sangachin et
al., 2016). However, it is notable that the participants in the latter study also perceived the
standing condition to be more demanding in terms of the workload (Ghesmaty Sangachin et al.,
2016). To conclude, the ergonomic position only affected behavioral performance in the
secondary task. Since we did not investigate individual preferences for an ergonomic position,
future studies could explore whether the preferred ergonomic position influences behavioral

performance in both tasks as well as the electrophysiological responses in the dual task.

4.5 Flow as Attention-Shielding Mechanism

Integrating the findings from electrophysiological and behavioral responses, we identified an
attentional shielding mechanism during the experience of flow. This was evident in the absence
of evoked responses in the parietal regions to the auditory stimuli of the secondary task.
Although similar evoked responses were observed for flow and overload in the spatiotemporal
clustering, the MVPA successfully discriminated between the two conditions based on the
involvement of activity in parietal regions. We conclude that, in a state of flow, top-down
control processes strongly prioritize the primary task, effectively shielding it from other stimuli.
This shielding effect facilitated the phenomenon of being fully tuned in. Our behavioral and
subjective findings confirmed that flow was perceived as less effortful than overload and as
highly pleasurable, enabling high performance with an experience of subjective pleasantness

and positive valence.
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4.6 Limitations and Future Work

The relatively small sample size of the presented study may have limited our ability to fully
capture the nuances of the electrophysiological effects, particularly regarding the ergonomic
positions. As expected, differences in perceived pleasantness and easiness across mental
workload conditions were reflected in the subjective ratings. While the primary objective of the
current study was to identify spatiotemporal correlates of flow states in the time domain,
additional insights can be gained by extending the analysis to the oscillatory domain.
Investigating oscillatory power and lateralization will allow us to explore neuronal dynamics
related to workload (Gevins et al., 1995), engagement (Pope et al., 1995), and emotion
processing (Smith et al., 2017). This complementary approach can provide a more
comprehensive understanding of the neuronal mechanisms underlying flow and other cognitive
dynamics, enriching our findings from the time-domain analysis. Additionally, while our
primary focus was on the interpretability and electrophysiological insights gained from the
MVPA, a key next step is to optimize the machine learning pipeline, including feature
engineering, to enhance classification performance in brain-computer interface (BCI)

applications for detecting flow states.

4.7 Implications

This study has significant implications for the implicit identification of flow states using EEG,
which can be applied in BCI technologies for real-world scenarios. By leveraging implicit flow
monitoring, it is possible to provide real-time feedback when the flow state is reached, without
interrupting the individual’s experience. Additionally, this approach supports the fostering of
flow-inducing factors in environments by continuously monitoring both the flow state and
relevant variables. Importantly, flow can be achieved without the subjective experience of
overload, characterized by perceived high workload, physical stress to the limit of exhaustion,
and reduced positive valence. Understanding this protective function holds considerable
promise for educational design, workplace productivity, and mental health, offering
opportunities to create environments that promote cognitive functioning and well-being. Our
findings demonstrate that flow can be distinguished through evoked potentials, enabling
individuals to manage attention and working memory resources effectively without constantly

reacting to external stimuli.
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5 Conclusion

By developing a flow-inducing game-based dual-task paradigm and assessing auditory
attention allocation using ERPs, we measured flow experience implicitly without interfering
with the task. To our knowledge, this study is the first to apply multivariate pattern analysis to
differentiate flow from other states of mental workload. By identifying an activation pattern
specific to flow, the work represents a significant milestone in the research on the
electrophysiological basis of flow. We successfully distinguished the flow state from states of
cognitive over- and underload based on EEG measures alone. Supported by subjective and
behavioral results, our EEG-based measurements highlight that the experience of flow is an
attention-focusing mechanism associated with positive valence and greatly enhanced
performance compared to other workload conditions. The results contribute to the holistic
understanding of flow, and our complementary approach pioneers the study of mental states
characterized by strong inter-individual variations such as flow. The implications of implicitly
evaluating flow experiences are particularly relevant for BCIs in applied contexts that benefit

from maintaining high attentional focus, performance, and perceived low cognitive load.
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