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Abstract

Stress is a prevalent bodily response universally experienced and significantly affects a per-

son’s mental and cognitive state. The P300 response is a commonly observed brain behav-

iour that provides insight into a person’s cognitive state. Previous works have documented

the effects of stress on the P300 behaviour; however, only a few have explored the perfor-

mance in a mobile and naturalistic experimental setup. Our study examined the effects of

stress on the human brain’s P300 behaviour through a height exposure experiment that

incorporates complex visual, vestibular, and proprioceptive stimuli. A more complex sensory

environment could produce translatable findings toward real-world behaviour and benefit

emerging technologies such as brain-computer interfaces. Seventeen participants experi-

enced our experiment that elicited the stress response through physical and virtual height

exposure. We found two unique groups within our participants that exhibited contrasting

behavioural performance and P300 target reaction response when exposed to stressors

(from walking at heights). One group performed worse when exposed to heights and exhib-

ited a significant decrease in parietal P300 peak amplitude and increased beta and gamma

power. On the other hand, the group less affected by stress exhibited a change in their N170

peak amplitude and alpha/mu rhythm desynchronisation. The findings of our study suggest

that a more individualised approach to assessing a person’s behaviour performance under

stress can aid in understanding P300 performance when experiencing stress.

Introduction

The human stress response is an essential survival mechanism closely tied to our ability to per-

ceive and react to potential oncoming danger [1, 2]. The homeostatic balance of stress levels

can significantly impact a person’s cognitive and physical abilities [3, 4]. Stress is characterised

and modeled by the Russell-circumplex model as an increase in arousal (cognitive activity)

and a negative valence (unpleasant/unhappy state) [5, 6]. Past researchers have theorised the

relationship between stress on the brain’s cognitive ability and performance. Some studies
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[7–9] suggested that the bodily stress response negatively affects the brain’s cognitive func-

tions. These studies found that the stress-induced glucocorticoid release and catecholamine

effects can hinder or impair decision-making [7] and memory recollection [8]. Conversely,

other studies [10–13] have found that stress enhances cognitive performance. These studies

found a correlation between stress-induced glucocorticoid release and improved cognitive

behaviours such as decision-making [13] and dual-tasking performance [11]. These works

yield seemingly contradictory results, yet both findings seem intuitively plausible. Other expla-

nations for the variance could be differences between sample groups, study methodologies,

and the effectiveness of the stress elicitation paradigm. This factor could have caused the vary-

ing findings. Another popular theory is Yerkes-Dodson (YD) law [14, 15]. The YD law dictates

that stress/arousal has a parabolic relation to cognitive performance. A person will experience

low performance at either extremity at lower (bored or drowsy) and higher (panic and intense

anxiety) arousal levels while having an optimal performance at a middle arousal level [15]. A

person’s arousal level has been found to be linked to a cognitive response to urgent and sudden

events such as threat perception [16].

Researchers have further explored the effects of stress on cognitive function by measuring

the brain’s P300 response using Electroencephalograph (EEG). The P300 or P3 wave is an

Event-related potential (ERP) component indicated through parietocentral positivity when

measured through EEG [17]. Brain-computer interface (BCI) systems commonly choose the

P300 paradigm because it is highly reliable, with flexible stimuli and a distinct signal peak for

classification [18, 19]. Previous studies that explored the relationship between stress and the

P300 response have also found varying results for the effect of stress on the P300 amplitude

Table 1. Certain studies have reported a decrease in ERP P300 amplitude for multiple different

paradigms such as oddball [20–22], Go/No-Go [23], Dot Probe task [3], and Flanker task [24].

However, other studies have found varying effects with stress, either increasing [25, 26] or pro-

ducing no change [27] in P300 amplitude. Kamp et al. [20] rationalised this contradiction by

questioning the effectiveness of eliciting the stress response. Their study ultimately found that

P300 amplitude decreases during an Oddball task when stress is induced through the Trier

Social Stress Test (TSST). Thus the effects of stress on the P300 response still need to be

clarified.

Traditional EEG research tends to minimise EEG signal noise through subjects maintaining

a stationary seated or standing position with minimal background auditory noise, constant

lighting, and consistent emotional behaviour (baseline to calm subjects) [28]. The shift

between the real world and the laboratory is a dramatic multifactorial change in the paradigm.

One commonality observed in the previous studies is the use of stationary means for eliciting

the stress response, such as Stroop Tasks [27], Paced Auditory Serial Addition Test (PASAT)

Table 1. A table outlining the varying results of different studies and the conflicting results for the relation between P300 amplitude and stress.

Ref Stressor task P300 Task Sample Size Stress Effect

Kamp et al. (2021) [20] TSST Oddball 63 # P300 Amplitude

Ceballos et al. (2012) [21] PASAT Oddball 75 # P300 Amplitude

Granovsky et al. (1998) [22] Word Triggers Oddball 14 # P300 Amplitude

Dierolf et al. (2017) [23] SECPT Go/NoGo 39 # P300 Amplitude

Jiang et al. (2017) [3] TSST Dot Probe Task 62 # P300 Amplitude

Mingming et al. (2018) [24] Mental Arithmetic Task Flanker Task 17 # P300 Amplitude

Dierolf et al. (2018) [25] TSST Go/NoGo 49 " P300 Amplitude

Mingming et al. (2020) [26] Mental Arithmetic Task Flanker Task 20 " P300 Amplitude

Garcia et al. (2019) [27] Stroop Task BCI Speller 7 - P300 Amplitude

https://doi.org/10.1371/journal.pone.0301052.t001
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[21], Socially Evaluated Cold Pressor Task (SECPT) [23], Mental Arithmetic Task [24, 26] and

TSST [3, 20]. While these methods are effective, they lack real-world factors such as complex

visual environments, vestibular stimuli, and proprioceptive feedback.

Our work aims to investigate further the relationship between stress (the perception of

threat) and P300 response in a mobile naturalistic experiment environment. Our studies differ

from previous works using an ambulatory stress elicitation paradigm. Therefore, we selected

walking at heights/acrophobia as the stress elicitation method. Acrophobia is a multisensory

approach to eliciting a stress response that has been consistent across age and demographics

[29, 30]. Inducing stress through walking at heights provides more realistic and translatable

research to real-world behaviour. This height experiment design leverages the advantages of

head-mounted Virtual Reality (VR) [31, 32], virtual height environment [4], immersion back-

ground noise [33–35], and a novel physically elevated platform (see Fig 1) [36, 37].

Our experiment consists of two 2.4m physical walking platforms: a platform on the ground

(0.02m elevation) and a physically elevated platform (0.65m elevation). Within virtual reality,

the participant will experience three different virtual heights, on the ground (0.02m), slightly

elevated (0.65m), and at extreme virtual height (150m). 17 participants experienced four

experimental conditions (see Fig 1): Ground-Ground (GG) -physically on the ground and vir-

tually on the ground, Platform-Ground (PG) -physically on the elevated platform and virtually

on the ground, Platform-Platform (PP)—physically on the elevated platform and virtually on

the elevated platform, and Platform-Height (PH)- physically on the elevated platform and vir-

tually on an extremely height level. These four conditions were designed to form four levels of

stress, with GG being the lower extremity, PH the upper extremity, and PG/PP being the mid-

dle levels. Participants would perform four walks on each condition and perform twenty-five

Oddball (with haptic reaction input) trials between each walk (see Fig 2). The participants

wore a wireless high-density 64-channels EEG scalp cap and performed the elevated walking

trials with an attached safety harness. We compared each condition to measure the self-assess-

ment manikin questionnaire responses, target stimuli reaction time, and EEG data.

Our intra-participant (N = 17) results found no significant difference in P300 amplitude

between conditions. However, after performing a median split based on the reaction time dif-

ference in high stress (PH)—low stress (GG) condition, we found two groups (Group 1 N = 9

and Group 2 N = 8) with contrasting performance and ERP results. Group 1, when exposed to

heights, exhibited decreased target stimuli reaction time and P3 amplitude. Conversely, Group

2 exhibited increased reactionary performance with no change in P3 amplitude. Furthermore,

we found a significant variation across stress levels in the Event-Related Spectral Perturbation

(ERSP) for Group 1, while Group 2 remained consistent across different stress levels. Based on

Fig 1. The Experimental set up (both physical and virtual) and the equipment used for each condition with the

respective elevation written in red.

https://doi.org/10.1371/journal.pone.0301052.g001
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our findings and our understanding of the YD law, we conclude that the effect of stress on the

P300 response may be related to the participants’ perceived effort in the task. Participants who

performed worse on the task had a lower amplitude P300 response when stressed. Therefore,

the reactionary performance may indicate whether stress will decrease a person’s P300

amplitude.

Methodology

Experimental design

Physical space. The main novelty of our experimental design is the elevated physical plat-

form. The platform provided physical height and haptic feedback when walking. This physical

platform has improved the participant’s immersion and can reliably elicit a stress response [36,

38]. We set two requirements when designing this platform. The participant’s safety was the

first requirement, and the second was to introduce a sense of fear from the awareness of physi-

cal elevation. To ensure participant safety, we lined the corners and edges with protective foam

and installed a harnessed fall arrest system (to prevent fall-related injuries). The platform’s

height (0.65 m) was set to the maximum allowable height based on the height of the rail, safety

line, and harness system. We progressively designed the platform and rated the design to sup-

port up to 150 kg (experimental exclusion criteria restricted this to 95 kg); this was set through

the failure of a previous iteration to support the specific weight.

The second concern was creating a sense of danger/fear on the platform. We introduced a

small amount of instability through metal plates on the bottom of the platform. A surface foam

Fig 2. (A) The timeline for each condition and the trials per condition. (B) An outline of a single walking trial (the laboratory pictures were taken

before pandemic restrictions). The ground and elevated walking platform have the same walking layout as illustrated. (C) An outline of a single Oddball

trial with the respective stimuli time periods at the bottom.

https://doi.org/10.1371/journal.pone.0301052.g002
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layer was introduced to add further postural instability when walking on the elevated platform.

We found that instability factors added difficulty to walking, which increased the participant’s

anxiety levels. The ground platform consisted of a separate board with matched dimensions to

the elevated platform. This correspondence ensured consistent gait behaviour during the

experiment. The elevated (0.65 m height) and ground (0.02 m height) platforms had the exact

walking space dimensions of 2.4 m long and 0.3 m wide.

Virtual space. We designed the Virtual Environment (VE) to correspond strongly with

the experimental setup. The VE was developed using the Unity game engine. The physical

plank’s dimensions, orientation, and position were measured through the Optitrack motion

capture (mocap) system (12 flex13 cameras) and mapped in virtual space. The usage of mocap

ensured the accurate translation between the physical and virtual space. A calibration process

was developed using the HTC Vive controllers, which capture any offset movement and vibra-

tions of the physical platform and adjust the VE accordingly.

We chose to set the VE in an urban environment because the buildings and the overall city

provided the participants with a believable environment for the virtual height. The buildings

emphasised the sense of height by scaling the surrounding buildings. The high-quality VE was

rendered through the HTC Vive Pro VR HMD, and a high-power GPU with sufficient pro-

cessing was used (NVIDIA GTX1080 GPU, Core i7). A wireless adapter was added to improve

the safety and mobility of the participants.

The participants used a virtual avatar as the medium for virtual embodiment. The avatar

used inverse kinematics (FinalIK by RootMotion [39]) and a six-point body tracking system

(one HMD, one waist tracker, two hand trackers, and two feet trackers) using HTC Vive track-

ers. The avatar improved the participant’s spatial awareness of the VE and their sense of pres-

ence. Ambient urban environment noise was played in the background as the auditory stimuli.

Experiment protocol

Walking trials. This experiment tested four conditions; each consisted of a combination

of the physical (ground and elevated platform) and virtual (ground, elevated platform, and

extreme height) independent variables. Fig 1 outlines each condition for this experiment; the

conditions are GG, PG, PP, and PH. Every participant experienced the four conditions in a

randomised sequence (Fig 2A). Due to timing constraints of the physical setup, the physical

ground platform (GG) was randomised separately from the elevated platform (PG, PP, and

PH). Each experimental condition consisted of 5 trials (1 baseline walk and 4 walking trials

with 25 Oddball trials tasks). One walking trial constituted the trip from the starting position

to the end and the return walks back to the start (see Fig 2B). Participants were instructed to

walk in their natural gait. During the return trip for a non-baseline walk, the participant would

perform 25 oddball trials in the middle of the platform.

Oddball paradigm. We selected visual oddball as the P300 task due to the reliability and

simplicity of implementation. The oddball task consisted of a serialized sequence of images

consisting of green (non-target) and blue (target) circles at a 1:4 target to the non-target ratio

(see Fig 2C). The participant will complete 550 trials of the oddball task (3x50 trials baseline

and 4x4x25 trials during each condition). All oddball trials were completed in a stationary

position. The participants reacted to the target stimuli through a key press on the remote con-

troller. All events were synchronized through a lab streaming layer (LSL) server. The same

standing oddball task was performed after the experiment, along with a post-experiment ques-

tionnaire. The participants were given 3 minutes (minimum) resting periods between each

condition; the participants may extend the rest time based on need. See Fig 2A for the timeline

of the experiment.
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The interval timings for the Oddball stimuli were decided based on previous visual oddball

and rapid serial visual presentation p300 paradigms. The Sellers et al. [40] study assessed P300

performance at various intervals and target:non-target scenarios. The study found optimal

P300 performance occurs when adequately long (interval> 350ms) stimuli reveal/hidden

intervals and easily discernible images. We explored various ISI from previous works [41–44].

We selected the interval of 800ms stimuli to reveal and 400ms hidden with a block interval of

1000ms. We chose colour variation as an easily discernible target/non-target difference. Before

the experimental conditions, the participants were trained on 50 training trials of the oddball

task while seated (on the computer monitor) and standing (in VR).

During the conditions, the participants were continuously encouraged to wear the VR

HMD throughout the experiment. This provided a continual sense of presence in the VE. The

participants would step onto the physical platform in a VR calibration area and then be shown

the appropriate scene for the condition. The participant would also be clipped onto the safety

harness during the elevated walking conditions. During rest breaks, participants were encour-

aged to close their eyes to prevent eye strain and provided the option to remove the VR HMD

if they felt severe discomfort. During the experiment, we maintained social distancing proto-

cols and sanitised all equipment.

Measurements

Self-Assessment Manikin. We used a Self-Assessment Manikin (SAM) questionnaire to

assess the arousal level of the participant after each walking trial. The valance and dominance

scores were not collected due to the timing constraints of the experiment. We only collected

arousal ratings based on pilot testing to minimise the time between walking trials. We selected

the arousal component based on the close relationship between cognitive activity (affective

arousal) and threat perception [16]. At the end of each trial, the participants would be verbally

asked to rate their current arousal level based on the SAM figures, which score from 1–9 [45].

The participants were shown the SAM questionnaire figures before the experimental condi-

tions. The SAM analysis involved separating the data by condition and averaging. The arousal

level provides a reliable indicator of whether or not the participant has perceive a threat and

provides an indication of stress from the threat perception [37, 46].

Reaction time. The participant’s reaction times to the stimuli were collected through the

key-press remote controller. This key-press event was collected through an LSL key input

stream that would synchronise the key-press events to the EEG data. During the data analysis,

the RTs were calculated by the difference in latency between the stimuli appearing and the par-

ticipant’s key-press event. We filtered out trials with incorrect reaction events (multiple or

non-target images) and RT outside of the reasonable range (300ms<RT<1200ms) [47]. Addi-

tionally, we correlated the RT and SAM results to explore potential trends for how stress affects

RT performance.

Electroencephalograph

Apparatus. The participant’s scalp voltage was recorded through a 64-channel (addition-

ally, with 1 FCz reference and 1 ground electrode) actiCAP active electrodes cap encoded by

the Liveamp EEG system. The Liveamp system was chosen due to the amplifier’s portability, as

it is a wireless system that can support high-density channel arrays. All electrode channels

were gelled to have an impedance below 10 kO (recommended impedance for active electrodes

is 25 kO and traditional passive electrodes are 5kO). The EEG data were collected at a 500 Hz

sampling rate with all 64 channels active, and events were synchronised through LSL.
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Preprocessing. The EEG data preprocessing aimed to clean line noise, muscle movement,

eye blinking, and other walking-based artifacts. Our preprocessing pipeline was based on

Mokoto’s pipeline [48], Singh et al. [49], and Do et al. [50]. The data were processed on Matlab

using functions based on the EEGLab toolbox by the Swartz Center for Computational Neuro-

science [51]. The walking artefacts were reduced through Artifact Subspace Reconstructions

(ASR) [52]. We re-referenced the data to the common average across the electrode channels.

To avoid a rank deficiency problem, we re-added the FCz reference electrode. The ASR func-

tion reconstructed high noise portions of the EEG data with amplitudes of the ‘cleanest’ or

lower noise portions. We then used the Adaptive Mixture Independent Component Analysis

(AMICA) algorithm to compute the components within the EEG data and remove non-brain

components such as eye blink and muscle artifacts. The data with the removed component is

back-projected and analysed at a channel-based level. The EEG data was filtered to remove the

head movement, walking, and complex stimuli artefacts.

The pipeline contained the following steps:

1. Bandpass finite-impulse response (FIR) filter 1–50Hz for Anti-Aliasing and removing high

and low-frequency noise,

2. Down-Sample data to 250Hz to reduce computational time,

3. Clean line noise,

4. Apply ASR,

5. Replace removed channels by interpolating from neighbouring channels,

6. Add current reference back to the data and Re-reference data to signal common average,

7. Compute ICA weights and Spheres through AMICA,

8. Dipole fit components,

9. Classify components (IC labeling), and

10. Remove any IC components where the brain classification is not dominant, residual vari-

ance>0.15, and dipoles that are outside the brain model.

P300 event-related potential and Event-Related Spectral Perturbation feature extrac-

tion. The EEG data were epoched around the target stimuli event. The epoch was extracted

800ms (1200ms for the ERSP results) after the onset of the target stimuli with a baseline period

of -400—0ms. These periods were determined by the stimuli display time (800ms) and the in-

between stimuli time (-400ms) as shown in Fig 2C. Previous literature [17, 22, 53] indicated

that the midline frontal to parietal electrodes were appropriate with a P300 detection window

of 300–500ms. Based on grand average topography (parietal activation shown in topography

results, Fig 7), ERP visual inspection, and prior literature (Table 1), we selected the Pz elec-

trode for analysis of the P300 peak activity (compared to other midline electrodes used for

P300 response, Cz and Fz).

We assess three critical EEG data metrics to determine the effect of stress on cognitive per-

formance. Firstly, the EEG topography of activation. The topography provides insights into

whether the P300 wave is correctly stimulated. We assessed the topography at 300—500ms

(the typical onset period for a P300 peak [54]) and compared the average across each group.

The P300 response is typically characterised by activation in the parietal region on a scalp

topography.
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The second metric is the ERP response. This result is a plot of the electrode amplitude over

the time domain. To extract the ERP response, collated the epoched EEG data and eliminated

any outlier, missed, or incorrect trial. We removed trials where the participant failed to react

or the RT was outside the reasonable range (300ms<RT<1200ms, 1200ms is the ISI). The

P300 signal peaks were detected by finding the ERP’s local maxima between the typical P300

peak period of 300—500ms [54]. We removed any trials with the P3 peak occurring after the

participant’s RT response. After outlier/mistrial removal, we averaged the trials for each condi-

tion and compared them across conditions. This results in a total trial count of 5917 (out of

6800) or 348.06±49.13 trials (out of 400) per participant. The distribution of trials between the

two groups was: 331.44±61.03 (out of 400) per participant for Group 1 and 366.75±22.49 (out

of 400) per participant for Group 2.

As highlighted in Table 1, the previous research has mixed results on stress’s effect on P300

behaviour. The ERP comparison allows the observation of the N170, P2, N2, and P300 peaks.

The P300 peaks were correlated with the SAM ratings to observe if there is a direct relationship

between stress and P300 amplitude.

The last metric is the Event-Related Spectral Perturbation (ERSP). The ERSP response mea-

sures change in frequency spectral behaviour over time. The spectral behaviour can provide

insights into potential reasoning for behavioural change between conditions. The brain has

five main frequency oscillation types that we can observe (after preprocessing filters, the fre-

quency range is 1–50 Hz), Delta (1–4 Hz), Theta (4–8 Hz), Alpha (8–12Hz), Beta (13–30Hz),

and low Gamma (30–50 Hz) [55]. The typical P300 ERSP response (from previous literature

[56]) is characterised by the alpha and theta synchronisation during the onset (before) of the

P300 peak and a gradual alpha and beta desynchronisation during the P300 peak. We extracted

the ERSP response through the newtimef function provided by EEGLab. We selected a larger

epoch window (-400 to 1200ms) to observe better the spectral behaviour after the onset of the

P300 peak. The data window was set to 300 frames with the baseline set to the period -400 to

0ms. The time-frequency decomposition was calculated using Fast Fourier Transform (FFT)

and Hanning window tapering. To compare the ERSP responses, we used the comparison

function within newtimef to compute the difference between the conditions.

Participants

The UTS human research ethics committee approved this human research experiment. The

application ETH18–3098 was reviewed and approved by the committee. All participants pro-

vided written informed consent and received 60 Australian dollars in compensation for their

participation (regardless of outcome or termination). We recruited 20 adults (5 women and 15

men) between the ages of 21 to 35. The mean age was 26, and the variance was 4.70. The key

exclusion criteria were:

• an inability to understand the experimental instructions (language and cognitive ability),

• existing medical conditions, such as

• neurological and cardiovascular disorder,

• diagnosed mental health issues (depression, anxiety, or chronic stress),

• sensory (visual, vestibular, or auditory) dysfunction, and

• gait (unable to perform unassisted walking) disorders.

• weighs more than 95 kg (participant safety).
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The data analysis only included a dataset of 17 participants. One participant’s (man) data

were excluded due to incomplete data from hardware failure. Another participant (man) felt

overwhelmed by the height exposure and did not complete the PH condition. One more

participant (man) was excluded due to failure to complete the oddball task for one

condition.

Dividing participants into groups

Fig 3 shows the results for the difference in the RT average between the conditions GG and PH
(PH-GG) for each participant. Based on the results, we observe two distinctive outcomes when

the participants are in a stressful environment. Upon further examination of the participant’s

behaviour and previous works relating to changes in RT [55], it became clear that certain indi-

vidualised factors must contribute to the variance in behaviours when experiencing stress. To

further explore the contrasting RT behaviour, we performed median split [57, 58] on the sam-

ple based on the difference in RT in the conditions GG and PH (as seen in Fig 3). As outlined

by Iacobucci et al. [58] and other EEG studies [59], the use of the artificial categorisation

through the median split was to separate the distinctively different participants (slower RT

when stressed vs faster RT when stressed). Group 1 consisted of the participants who per-

formed worse (slower RT) when exposed to the stressor, while Group 2 showed improvement/

unaffected RT performance regardless of the condition. This participant grouping was used

for the EEG-related datasets. Table 2 presents the demographic details of the two groups. A

limitation of this approach is the confounding factors that may be unrelated to stress, such as

the participant’s engagement in the task, fatigue levels, and learning effect. While all partici-

pants did successfully complete the study with moderate to good target identification accuracy

(Group 1 with 331.44±61.03 successful trials and Group 2 with 366.75±22.49 successful trials,

400 total trials), the inclusion of more comprehensive measurements for fatigue and user

engagement can better reducing the confounding factors of this method.

Fig 3. This figure shows the average RT difference between the conditions GG and PH(PH-GG) for each participant. The horizontal blue line

represents the median value. The two groups categorized in this study can be observed, with Group 1 being the participants with a slower RT when

elevated (positive difference) and Group 2 with a faster RT (negative difference).

https://doi.org/10.1371/journal.pone.0301052.g003
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Statistical analysis

The normality of the data was determined by a one-sample Kolmogorov-Smirnov test (com-

pared against the cumulative distribution function). The RT, SAM, and frequency power band

data were not normally distributed. For these metrics, we applied a Friedman’s test with a post

hoc Tukey-Kramer HSD (honestly significant difference) test for pairwise comparison. We

used a two-tailed Wilcoxon rank-sum test for the between-group analysis. The RT, P300, and

SAM correlation R and P-value were calculated using the Spearman test since the data was

non-parametric and monotonic. The EEG topography data was calculated through a one-way

ANOVA with the Tukey-Kramer HSD test for each channel between conditions.

The statistical results for the ERP were calculated using Friedman’s test with the post hoc

Tukey-Kramer HSD (honestly significant difference) test, which compared each data point

between the participants and conditions [60]. The significance criteria were set at α< 0.05,

and we only considered periods larger than 20ms as significant. For the ERSP response signifi-

cance mask was calculated through bootstrap permutation (α< 0.05) when compared to the

baseline; the p values were false discovery rate (FDR) corrected. The significance stars for the

figures are *p<0.05, **p<0.01, and ***p<0.001.

Results

Self Assessment Manikin

Fig 4 shows a plot of the SAM results for all participants, Group 1 and Group 2. The SAM

response of all participants (GG M = 1.33 and SD = 0.92, PG M = 2.31 and SD = 1.60, PP
M = 2.53 and SD = 1.53, and PH M = 4.95 and SD = 2.25) found significant difference between

the four conditions (χ2(3,67) = 37.88, p<0.001). The post hoc Tukey test found a significant

difference when comparing the GG condition to the PP condition (p = 0.047) and the PH con-

dition (p<0.001). We also found a significant difference between PH compared to the PG
(p = 0.002) and PP (p = 0.002). No other significant differences were found (p>0.057).

Table 2. The two groups from the Reaction Time (RT) and their demographic information.

Group N Sex Mean Age Variance Age

1 9 6 men 3 women 25.00 4.64

2 8 6 men 2 women 26.63 5.15

https://doi.org/10.1371/journal.pone.0301052.t002

Fig 4. The average with standard error bars for the SAM responses for each condition across all participants, Group 1, and Group 2. Significance

Star P-values *p<0.05, **p<0.01, and ***p<0.001.

https://doi.org/10.1371/journal.pone.0301052.g004
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The SAM response for Group 1 (GG M = 1.53 and SD = 1.25, PG M = 2.60 and SD = 1.76,

PP M = 3.09 and SD = 1.78, and PH M = 5.73 and SD = 2.36), we found a significant difference

between the four conditions (χ2(3,35) = 22.41, p<0.001). The post hoc Tukey test found a sig-

nificant difference between the PH condition and the other conditions GG (p<0.001), PG
(p<0.05), and PP (p = 0.04). No other significant differences were found (p>0.148).

The SAM response for Group 2 (GG M = 1.10 and SD = 0.19, PG M = 1.98 and SD = 1.45,

PP M = 1.90 and SD = 0.94, and PH M = 4.08 and SD = 1.90), we found a significant difference

between the four conditions (χ2(3,31) = 15.61, p = 0.001). The post hoc Tukey test found a sig-

nificant difference between the PH condition and the GG conditions (p<0.001). No other sig-

nificant differences were found (p>0.062).

When comparing the SAM rating between groups, we found no significant difference

between the groups for every condition (W>98.50, Z<1.64 and p>0.102).

Reaction time

Fig 5 presents a violin plot of the RT results of all participants, Group 1, and Group 2. The RT

for all participants (GG M = 497.40ms SD = 48.09, PG M = 499.82ms SD = 54.12, PP
M = 494.16ms SD = 46.19, and PH M = 495.93ms SD = 39.94) found no significant difference

between the four conditions (χ2(3,67) = 1.02, p = 0.796). The post hoc Tukey test found no sig-

nificant difference when comparing the four conditions (p>0.789).

The RT for Group 1 (GG M = 474.24ms and SD = 48.92, PG M = 492.71ms and SD = 67.68,

PP M = 485.95ms and SD = 57.42, and PH M = 493.22ms and SD = 49.11), we found a signifi-

cant difference between the four conditions (χ2(3,35) = 11.53, p = 0.009). The post hoc Tukey

test found a significant difference between the PH condition and the GG condition (p = 0.006).

No other significant differences were found (p>0.082).

The RT for Group 2 (GG M = 523.45ms and SD = 32.93, PG M = 507.82ms and SD = 36.34,

PP M = 503.40ms and SD = 30.40, and PH M = 498.97ms and SD = 29.50), we found a signifi-

cant difference between the four conditions (χ2(3,31) = 8.55, p = 0.036). The post hoc Tukey

test found no significant difference between each condition (p>0.057).

When comparing the RT results between groups, we found a significant difference between

Group 1 and Group 2 for the GG (W = 60, Z = -1.97, p = 0.048) conditions. No difference was

found in the other conditions (W>69.00, Z<-1.11 and p>0.269).

Fig 5. Participant’s average target image RT (0ms = start of visual stimuli) for each condition across all participants, Group 1, and Group 2.

Significance Star P-values *p<0.05, **p<0.01, and ***p<0.001.

https://doi.org/10.1371/journal.pone.0301052.g005
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Correlation SAM-RT

Fig 6 illustrates the correlation between the SAM rating (arousal/stress) and RT for all partici-

pants, Group 1, and Group 2. No significant correlation was found in all participants

(R = 0.15, P = 0.2378) and Group 2 (R = -0.06, P = 0.761). A significant correlation was found

in Group 1 (R = 0.36, P = 0.030). The trend suggests that the RT will also increase as SAM

increases, reflecting decreased performance.

Topography and Event-Related Potential (ERP)

Fig 7 depicts the topography of each condition between 300ms to 500ms for Group 1 and 2.

The topography confirms that the P300 task activates the brain’s parietal region. We did not

Fig 6. Participant’s RT and SAM correlation plot by the average value of each subject. R Value is on the top left of each figure (Spearman test).

Significance Star P-values *p<0.05, **p<0.01, and ***p<0.001.

https://doi.org/10.1371/journal.pone.0301052.g006

Fig 7. The grand average EEG Scalp Map topography for each condition averaged between 300ms to 500ms (0ms at the start of target stimuli).

https://doi.org/10.1371/journal.pone.0301052.g007
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observe any significant difference between conditions, suggesting that the region of activation

is not significantly changed between different experimental conditions (F(3,35)<1.58,

p>0.213).

Fig 8 presents the ERP response from the Pz channel. When comparing the ERP response

for all the participants, we observed a significance around the N170 peak during the 192ms—

216ms period. We found a significant difference between the four conditions (χ2(3,67) =

14.44, p = 0.002). The post hoc Tukey test found a significant increase in N170 amplitude for

the PH condition compared to PG (p = 0.005) and PP (p = 0.040). No other significant differ-

ences were found (p>0.310).

For the ERP responses of Group 1, we found a significance around the P300 peak during

the 412ms—456ms period. We found a significant difference between the four conditions

(χ2(3,35) = 11.40, p = 0.001). The post hoc Tukey test found a significant decrease in P300

amplitude for the PH condition when compared to the GG condition (p = 0.006). We also

observed a decrease in during PG condition when compared to the GG condition (p = 0.030).

No other significant differences were found (p>0.126).

For the ERP responses of Group 2, we found a significance around the N170 peak during

the 196ms—220ms period. We found a significant difference between the four conditions

(χ2(3,31) = 13.20, p = 0.004). The post hoc Tukey test found a significant increase in N170

amplitude for the PH condition compared to PG (p = 0.006) and PP (p = 0.011). No other sig-

nificant differences were found (p>0.144).

Correlation P300 peak amplitude—SAM

Fig 9 illustrates the correlation between the SAM rating (arousal/stress) and P300 peak ampli-

tude for all participants, Group 1, and Group 2. We found a significant correlation when com-

paring all the participants (R = -0.24, P = 0.046). We did not observe any significant

correlation when splitting the data into Group 1 (R = -0.27, P = 0.113) and Group 2 (R = -0.31,

P = 0.080).

Event-Related Spectral Perturbation (ERSP)

Fig 10 shows the Pz channel ERSP response between Group 1 and Group 2. Fig 11 illustrates

the comparison between conditions for both participant groups. In Group 1, during the P300

Fig 8. The grand average Pz channel ERP response epoched (-400ms to 800ms) around the target stimuli (0ms) for each condition across all

participants, Group 1, and Group 2. The color bars indicate the confidence interval of 95%, and the gray bars show the significant difference between

at least two conditions.

https://doi.org/10.1371/journal.pone.0301052.g008
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period (300ms—500ms), we can observe a desynchronisation of the delta and theta band.

When comparing PH to GG and PP during (300ms—500ms) and after (500ms—1000ms) the

P300 period, we observe a synchronisation of the beta and gamma bands. Interestingly, the

beta and gamma activity is not observed when comparing PH to PG. For Group 2, we do not

observe the synchronisation of the beta and gamma bands. After the P300 period (500ms—

1000ms), an alpha and mu (8–13 Hz [61]) synchronisation can be observed when comparing

PH to the other conditions (GG, PG, and PP).

Fig 9. Participant’s P300 peak amplitude and SAM correlation plot by the average value of each subject. The R-Value is on the top left of each

figure (Spearman test). Significance Star P-values *p<0.05, **p<0.01, and ***p<0.001.

https://doi.org/10.1371/journal.pone.0301052.g009

Fig 10. The grand average ERSP response for the PZ channel for each group and condition. The ERSP plots are masked using a significance mask

with the criteria of α< 0.05 and FDR correction.

https://doi.org/10.1371/journal.pone.0301052.g010
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Discussion

Validity of stress and P300 response

The efficacy of the stress elicitation paradigm is a key component in ensuring the validity of

the effects of stress on cognitive performance [4]. The SAM results for All Participants (Group

1 + Group 2) and Group 1 and Group 2 separately (Fig 4) indicate a significant increase in rat-

ing as the virtual and physical height increases. This result indicates that the PH condition is

the most stressful, PP and PG condition at medium levels, and GG is the least stressful.

The second factor is the reliability of the oddball paradigm in producing a P300 wave

response. The P300 wave is distinct in its parietal region activation and distinct ERP wave peak

[62]. The EEG scalp topography (Fig 7) corroborates this result as a parietal activation can be

observed in all the experiment conditions and baselines. The P300 waveform can also be

observed in the ERP responses in Fig 8. The waveform conforms to the traditional shape with

clearly identifiable N170, P2, N2, and P300 peaks [54] within all the conditions.

Relation between stress and P300

No significance could be found when observing the RT and P300 ERP responses on the sample

group level (all Participants). However, we find two starkly different behaviours if we observe

the data from the group-level perspective. As outlined in the SAM results, both Group 1 and

Group 2 experience a stress response during the PH condition (when compared to GG). Nei-

ther group rated the conditions differently when comparing Group 1 and Group 2, suggesting

that both groups experience similar subjective stress responses. Both groups also demonstrate

a P300 wave from the ERP and topography. The only inter-group difference is the RT perfor-

mance for the condition GG. This would suggest that Group 1 has a faster RT than Group 2

when not under stress. This RT would then decline as the height increases.

Interestingly, during the stressful condition (PH), Group 1’s performance significantly dete-

riorates. Conversely, Group 2’s performance improves when in walking at heights. The corre-

lation of SAM to the RT data provides a clue into the relationship between the experienced

stress response and RT performance for each Group. Group 1 found a strong correlation (see

Fig 6) between the SAM and RT data. Based on the linear fitting, it can be observed that the

participants would gradually perform worse as the stress level increased. Group 2 did not

Fig 11. Analysis of ERSP response for the PZ channel by comparing each condition in a pairwise manner. Each ERSP represents the difference

between two conditions (condition 1—condition 2). The ERSP plots are masked using a significance mask with the α< 0.05 criteria.

https://doi.org/10.1371/journal.pone.0301052.g011
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demonstrate any correlation between SAM and RT, which suggests that their reactionary per-

formance was less affected by stress.

The ERP response and P300 peak data corroborate the findings of the RT data for both

Group 1 and Group 2. It is evident that Group 1’s P300 peak amplitude significantly decreases

when experiencing the stress response. This outcome signifies that stress indeed decreases the

amplitude of the P300 peak, which affirms the theory that stress decreases P300 amplitude

[20]. However, Group 2 displays a distinct consistency level in ERP and P300 amplitude for

the oddball task, which contends stress does not affect the P300 amplitude [27]. Incidentally,

either Group’s results correlate with past literature, as previously emphasised in Table 1.

Previous studies such as Jiang et al. [3] and Mingming et al. [24] reasoned that Group 1’s

ERP behaviour is due to the stress response acting as a distracter which reduces the partici-

pant’s attention resources, engaged. This explanation is consistent with established work by

Gray et al. [63] and Giraudet et al. [64] that affirms the relation between P300 amplitude and

attention. On the other hand, this rationale does not explain the seemingly contradicting

results of Group 2, which correlated with other studies [25–27]. The studies that support

Group 2 rationalise that stress increases an individual’s alertness, improving performance and

increasing or maintaining consistent P300 peak amplitude.

Both of these explanations are further upheld by the ERSP results (Fig 10). Group 2 exhib-

ited a remarkably consistent spectral behaviour that is typical of normal P300 behaviour. This

consistency would suggest an undisrupted mental state [27]. The same consistency is not

observed in Group 1. The ERSP response illustrates a change in spectral activity with the Beta

power significantly increasing (Pz) during the PH condition. Based on prior research, an

increase in Beta power may indicate a change in mental activity and resource allocation [65].

Schmidt et al. [66] propose that frontal-central beta is closely linked to memory resource allo-

cation and thought processing. This finding may indicate a change in the neurological pathway

for target recognition when experiencing stressors, in which Group 1 would rely more heavily

on memory and mental resources than Group 2.

In summary, we found two groups exhibited seemingly contradictory P300 behaviours

when experiencing height exposure. An elementary approach would be to dismiss the results

of a group and support the other. However, the validity of past works and results from this

experiment does not provide sufficient evidence to dismiss either behaviour. Both behaviours

exhibited could be better explained by exploring the factors of contrast between the two

groups. Factors, including fatigue, workload, and participant task engagement levels, may have

contributed to the difference in behaviour between the two groups.

The effectiveness of stress elicitation method

In order to rationalize both behaviours, we must analyze and identify the potential circum-

stances in which either behaviour might occur. Kamp et al. [20] identified two factors that may

influence the experience of stress and P300 behaviour. Kamp et al. [20] proposed one factor:

the stressor’s effectiveness in inducing adequate stress levels. The paper suggested that TSST

may have been more effective at eliciting stress; thus, decreasing P300 amplitude is the more

likely behaviour. However, in the case of the Dierolf et al. [25] study, TSST yields a contradic-

tory result (increase in P300 amplitude). Hypothetically, there is a difference between Groups

1 and 2 due to the effectiveness of the stressor. In that case, there should be an observable and

significant difference in the SAM response between conditions and groups. This was not

found in Fig 4, since both Group 1 and Group 2 exhibited signs of stress. Nevertheless, there is

a subjectivity to the experience of stress. Group 1 and Group 2 participants can vary in stress/

arousal while in stressful conditions.
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Another factor is the participant’s demographics, precisely age and sex [20, 67, 68]. Both

age and sex can significantly affect the perception of stress and P300 amplitude. Table 2 pres-

ents the age and sex distribution between the two groups. We found no notable difference in

demographics. Therefore, the participant demographics are unlikely to explain the difference

between Group 1 and Group 2.

Understanding Yerkes-Dodson law and participant’s performance during

the experiment

We propose to explain the difference between Group 1 and Group 2 through concepts derived

from the YD law. Researchers [69] found that the difficulty and complexity of a task affect the

shape of the YD curve. Difficult tasks that require more cognitive resources will require less/

low stress to reach optimal performance and then gradually decrease as stress increases. Sim-

pler or easier tasks that can be performed more autonomously tend to remain stable as stress

increases gradually and require much higher/extreme stress stimuli to cause a drop in perfor-

mance. Based on the YD law, we propose two hypothetical explanations.

One explanation is that Group 1 and Group 2 have a subjectively different experience of

stress [70]. Then, Group 2 may have experienced a less adverse experience of the stress

response; thus, they were at the near-optimal performance level and yet to suffer the perfor-

mance decrease. This trend can be observed by the improved performance (faster RT) in the

PH condition and the consistent ERP and ERSP response. Conversely, Group 1 may have

experienced a negative stress experience, thus passing the optimum levels with increased stress,

decreasing performance and P300 amplitude (similar to the correlation in Fig 6). This behav-

iour is similar to the ‘eustress’(low-stress) and ‘distress’(high-stress) groups proposed by Bak

et al. [70]. Their work suggests that subjects experiencing distress can exhibit behavioural and

neurological recession to task performance response, while the eustress may not exhibit

change (or even better performance). This hypothetical is plausible, but this explanation is dif-

ficult to prove due to the lack of significant difference between SAM scores and valance

metrics.

Another explanation could be that the stress has affected the participant’s perception of the

task’s difficulty and mental resource allocation, thus causing the division between Group 1 and

Group 2. A similar concept was explored by Sellers et al. [40], who found that the degree of dif-

ficulty (exerted effort) of the P300 task would affect the P300 amplitude (higher difficulty

caused decreased amplitude). Based on the ERP and ERSP results, it seems that Group 1 has

allocated more mental resources (Beta increase) and struggled to complete the task under

stress (less attention resource shown by the decreased P300 amplitude [3, 24]).

In contrast, Group 2 seems unaffected by stress and did not exhibit a difference in RT and

P300 peak amplitude behaviour. Therefore, the participant’s ability to cope with stress when

performing the P300 task can affect the outcome of the P300 response. One theory to the cop-

ing mechanism could be indicated through the increase in the N170 peak for the Group 2 par-

ticipants during the PH. As suggested by Bauer et al. [71] and the findings of Kropotov’s study

[72], the N170 behaviour is closely related to personal memory for visual stimuli recognition

(also tied closely to threat perception). The increase in N170 peak amplitude could suggest that

the Group 2 participants, when exposed to stressors, are more cognitively active or remain

focused (or even perform better under stress). In the case of Group 1, the change in brain

dynamics signifies poorer/decreased cognitive performance and higher susceptibility to stress.

Thus, they are more likely to decrease RT performance when exposed to stressors.

Suppose we assume all the participants remained well-engaged with the experiment and

had similar fatigue levels. In that case, both explanations can reconcile the conflict in previous
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works as we have found both results to be true in different subjects. The results better support

the second explanation. This explanation suggests we can use RT performance and brain

behaviour to gauge and estimate a participant’s susceptibility to stress and the expected change

in their cognitive performance. Our strategy differs from previous research in that it metricises

and classifies individual behaviour types rather than suggests a population-based trend. We

can observe how stress affects people individually by metricizing the beta powers and P300

peak behaviours.

Limitations

Group sample size

Overall, this experiment contains a low sample size and thus may not accurately reflect the

population’s behaviour. The target sample for this study has initially been forty participants.

However, due to the length of the experiment (2–3 hours) and the restrictions during the

COVID pandemic, we were only able to recruit twenty participants and further excluded three

due to technical (hardware failure), behaviour (not correctly completing the oddball task), and

early termination (the PH conditions being too stressful). The seventeen participants were

split into two groups, reducing the sample size. Hence, we do not want to speculate on the pop-

ulation claims but primarily assess the difference between Group 1 and Group 2. In the future,

we hope to collect a larger sample group with broader demographics to validate the results

better.

Unbalanced factors

Another fundamental limitation is the unbalanced size, condition order, and demographics of

Groups 1 and 2. Ultimately, this split grouping was a data-driven discovery during analysis.

The size, condition order, and demographics were not matched. Unfortunately, this group

split could not have been anticipated as prior studies yielded a singular behaviour, and pilot

testing did not show this divergent behaviour. The unbalanced nature may hide factors such as

fatigue, habituation, and demographic effects from our data analysis. Future studies should

consider classifying participant behaviour and ensuring counterbalancing of conditions.

Conclusion

Our study’s findings conclude that the participant’s susceptibility to stress dictates the P300

behaviour when exposed to a stressor. This explanation of individual differences within the

participant group could reconcile the division within the literature on the P300 behaviour dur-

ing the stress response. When observing the RT and P300 amplitude results, we found two

groups exhibiting contrasting behaviours that correlate to previous studies. By observing the

difference between the two groups, we can reconcile the conflicting reports of previous works.

While we did not find any difference between the participant’s demographics, we did find a

significant change in the beta and gamma power within Group 1 that does not occur in Group

2. We speculate that there is an individualized difference in the P300 response when in a stress-

ful condition. When under stress, certain people may experience increased effort or difficulty

during the P300 task. Future works should consider including measurements for factors such

as participant engagement and fatigue to isolate the factors that may affect a person’s P300

response. Additionally, measurements including RT performance, P300 peak amplitudes, and

beta/gamma power can provide an indication of the emotional and cognitive state of the per-

son when exposed to stressors.
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Supporting information

S1 Questionnaire. The SAM questionnaire sheet that was used during the experiment.

(PDF)

Author Contributions

Conceptualization: Howe Yuan Zhu, Hsiang-Ting Chen, Chin-Teng Lin.

Data curation: Howe Yuan Zhu.

Formal analysis: Howe Yuan Zhu.

Funding acquisition: Chin-Teng Lin.

Investigation: Howe Yuan Zhu, Hsiang-Ting Chen, Chin-Teng Lin.

Methodology: Howe Yuan Zhu, Hsiang-Ting Chen.

Project administration: Howe Yuan Zhu.

Supervision: Hsiang-Ting Chen, Chin-Teng Lin.

Visualization: Howe Yuan Zhu.

Writing – original draft: Howe Yuan Zhu.

Writing – review & editing: Howe Yuan Zhu, Hsiang-Ting Chen, Chin-Teng Lin.

References
1. Chrousos GP. Stress and disorders of the stress system. Nature Reviews Endocrinology. 2009; 5

(7):374–381. https://doi.org/10.1038/nrendo.2009.106 PMID: 19488073

2. Li L, Liu Y, Li YJ. Frozen by stress: Stress increases scope insensitivity. PLOS ONE. 2019; 14(10):

e0223489. https://doi.org/10.1371/journal.pone.0223489 PMID: 31584993

3. Jiang C, Buchanan TW, Yao Z, Zhang K, Wu J, Zhang L. Acute Psychological Stress Disrupts Atten-

tional Bias to Threat-Related Stimuli. Scientific Reports. 2017; 7(1). https://doi.org/10.1038/s41598-

017-14138-w PMID: 29097660

4. Peterson SM, Furuichi E, Ferris DP. Effects of virtual reality high heights exposure during beam-walking

on physiological stress and cognitive loading. Plos One. 2018; 13(7). https://doi.org/10.1371/journal.

pone.0200306 PMID: 29979750

5. Russell JA. A circumplex model of affect. Journal of Personality and Social Psychology. 1980; 39

(6):1161–1178. https://doi.org/10.1037/h0077714

6. Sawangjai P, Hompoonsup S, Leelaarporn P, Kongwudhikunakorn S, Wilaiprasitporn T. Consumer

Grade EEG Measuring Sensors as Research Tools: A Review. IEEE Sensors Journal. 2020; 20

(8):3996–4024. https://doi.org/10.1109/JSEN.2019.2962874

7. Pabst S, Brand M, Wolf OT. Stress and decision making: A few minutes make all the difference. Beha-

vioural Brain Research. 2013; 250:39–45. https://doi.org/10.1016/j.bbr.2013.04.046 PMID: 23643690

8. McEwen BS, Sapolsky RM. Stress and cognitive function. Current Opinion in Neurobiology. 1995; 5

(2):205–216. https://doi.org/10.1016/0959-4388(95)80028-X PMID: 7620309

9. Starcke K, Brand M. Decision making under stress: A selective review. Neuroscience & Biobehavioral

Reviews. 2012; 36(4):1228–1248. https://doi.org/10.1016/j.neubiorev.2012.02.003 PMID: 22342781

10. de Kloet ER, Oitzl MS, Joels M. Stress and cognition: are corticosteroids good or bad guys? Trends in

Neurosciences. 1999; 22(10):422–426. https://doi.org/10.1016/S0166-2236(99)01438-1 PMID:

10481183

11. Beste C, Yildiz A, Meissner TW, Wolf OT. Stress improves task processing efficiency in dual-tasks.

Behavioural Brain Research. 2013; 252:260–265. https://doi.org/10.1016/j.bbr.2013.06.013 PMID:

23769959

12. Langer K, Hagedorn B, Stock LM, Otto T, Wolf OT, Jentsch VL. Acute stress improves the effectivity of

cognitive emotion regulation in men. Scientific Reports. 2020; 10(1). https://doi.org/10.1038/s41598-

020-68137-5 PMID: 32665617

PLOS ONE Understanding the effects of stress on the P300 response

PLOS ONE | https://doi.org/10.1371/journal.pone.0301052 April 17, 2024 19 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301052.s001
https://doi.org/10.1038/nrendo.2009.106
http://www.ncbi.nlm.nih.gov/pubmed/19488073
https://doi.org/10.1371/journal.pone.0223489
http://www.ncbi.nlm.nih.gov/pubmed/31584993
https://doi.org/10.1038/s41598-017-14138-w
https://doi.org/10.1038/s41598-017-14138-w
http://www.ncbi.nlm.nih.gov/pubmed/29097660
https://doi.org/10.1371/journal.pone.0200306
https://doi.org/10.1371/journal.pone.0200306
http://www.ncbi.nlm.nih.gov/pubmed/29979750
https://doi.org/10.1037/h0077714
https://doi.org/10.1109/JSEN.2019.2962874
https://doi.org/10.1016/j.bbr.2013.04.046
http://www.ncbi.nlm.nih.gov/pubmed/23643690
https://doi.org/10.1016/0959-4388(95)80028-X
http://www.ncbi.nlm.nih.gov/pubmed/7620309
https://doi.org/10.1016/j.neubiorev.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22342781
https://doi.org/10.1016/S0166-2236(99)01438-1
http://www.ncbi.nlm.nih.gov/pubmed/10481183
https://doi.org/10.1016/j.bbr.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/23769959
https://doi.org/10.1038/s41598-020-68137-5
https://doi.org/10.1038/s41598-020-68137-5
http://www.ncbi.nlm.nih.gov/pubmed/32665617
https://doi.org/10.1371/journal.pone.0301052


13. Morgado P, Sousa N, Cerqueira JJ. The impact of stress in decision making in the context of uncer-

tainty. Journal of Neuroscience Research. 2014; 93(6):839–847. https://doi.org/10.1002/jnr.23521

PMID: 25483118

14. Lazarus RS, Deese J, Osler SF. The effects of psychological stress upon performance. Psychological

Bulletin. 1952; 49(4):293–317. https://doi.org/10.1037/h0061145 PMID: 12983450

15. Teigen KH. Yerkes-Dodson: A Law for all Seasons. Theory & Psychology. 1994; 4(4):525–547. https://

doi.org/10.1177/0959354394044004

16. Storbeck J, Clore GL. Affective arousal as information: How affective arousal influences judgments,

learning, and memory. Social and personality psychology compass. 2008; 2(5):1824–1843. https://doi.

org/10.1111/j.1751-9004.2008.00138.x PMID: 25067943

17. Picton TW. The P300 Wave of the Human Event-Related Potential. Journal of Clinical Neurophysiology.

1992; 9(4). https://doi.org/10.1097/00004691-199210000-00002 PMID: 1464675

18. Comerchero MD, Polich J. P3a and P3b from typical auditory and visual stimuli. Clinical Neurophysiol-

ogy. 1999; 110(1):24–30. https://doi.org/10.1016/S0168-5597(98)00033-1 PMID: 10348317

19. van Dinteren R, Arns M, Jongsma MLA, Kessels RPC. P300 Development across the Lifespan: A Sys-

tematic Review and Meta-Analysis. PLoS ONE. 2014; 9(2):e87347. https://doi.org/10.1371/journal.

pone.0087347 PMID: 24551055

20. Kamp SM, Forester G, Vatheuer CC, Domes G. Stress effects on the oddball P300 and N2 in males

and females. Biological Psychology. 2021; 162:108095. https://doi.org/10.1016/j.biopsycho.2021.

108095 PMID: 33872742

21. Ceballos NA, Giuliano RJ, Wicha NYy, Graham R. Acute Stress and Event-Related Potential Correlates

of Attention to Alcohol Images in Social Drinkers. Journal of Studies on Alcohol and Drugs. 2012; 73

(5):761–771. https://doi.org/10.15288/jsad.2012.73.761 PMID: 22846240

22. Granovsky Y, Sprecher E, Hemli J, Yarnitsky D. P300 and stress in mild head injury patients. Electroen-

cephalography and Clinical Neurophysiology/Evoked Potentials Section. 1998; 108(6):554–559.

https://doi.org/10.1016/S0168-5597(98)00036-7 PMID: 9872426

23. Dierolf A.M., Fechtner J., Böhnke R., Wolf O.T., Naumann E. (2017). Influence of acute stress on

response inhibition in healthy men: An ERP study. Psychophysiology, 54: 684–695. https://doi.org/10.

1111/psyp.12826 PMID: 28168718

24. Qi M, Gao H, Liu G. The effect of mild acute psychological stress on attention processing: an ERP

study. Experimental Brain Research. 2018; 236(7):2061–2071. https://doi.org/10.1007/s00221-018-

5283-6 PMID: 29748696

25. Dierolf AM, Schoofs D, Hessas EM, Falkenstein M, Otto T, Paul M, et al. Good to be stressed? Improved

response inhibition and error processing after acute stress in young and older men. Neuropsychologia.

2018; 119:434–447. https://doi.org/10.1016/j.neuropsychologia.2018.08.020 PMID: 30171874

26. Qi M, Gao H. Acute psychological stress promotes general alertness and attentional control processes:

An ERP study. Psychophysiology. 2020; 57(4). https://doi.org/10.1111/psyp.13521 PMID: 31898811

27. Garcia L, Zak M, Grenier C, Hanrio S, Henry D, Randriamanantena R, et al. Is Stress State an Important

Factor in the BCI-P300 Speller Performance? Advances in Computational Intelligence Lecture Notes in

Computer Science. 2019; p. 442–454. https://doi.org/10.1007/978-3-030-20521-8_37

28. Tangermann M, Muller KR, Aertsen A, Birbaumer N, Braun C, Brunner C, et al. Review of the BCI Com-

petition IV. Frontiers in Neuroscience. 2012; 6:55. https://doi.org/10.3389/fnins.2012.00055 PMID:

22811657

29. Brown LA, Polych MA, Doan JB. The effect of anxiety on the regulation of upright standing among youn-

ger and older adults. Gait & Posture. 2006; 24(4):397–405. https://doi.org/10.1016/j.gaitpost.2005.04.

013 PMID: 17055728

30. Baker BL, Cohen DC, Saunders JT. Self-directed desensitization for acrophobia. Behaviour Research

and Therapy. 1973; 11(1):79–89. https://doi.org/10.1016/0005-7967(73)90071-5 PMID: 4781961

31. Cortes CAT, Lin CT, Do TTN, Chen HT. An EEG-based Experiment on VR Sickness and Postural Insta-

bility While Walking in Virtual Environments. In: IEEE Conference Virtual Reality and 3D User Interfaces

(VR); 2023. p. 8.

32. Freeman D, Evans N, Lister R, Antley A, Dunn G, Slater M. Height, social comparison, and paranoia:

An immersive virtual reality experimental study. Psychiatry Research. 2014; 218(3):348–352. https://

doi.org/10.1016/j.psychres.2013.12.014 PMID: 24924485

33. Wu R, Chen HT. The Effect of Visual and Auditory Modality Mismatching between Distraction and

Warning on Pedestrian Street Crossing Behavior. In: IEEE International Symposium on Mixed and Aug-

mented Reality (ISMAR); 2023. p. 8.

34. Wu R, Wang H, Dayoub F, Chen HT. Segment Beyond View: Handling Partially Missing Modality for

Audio-Visual Semantic Segmentation. In: AAAI 2024; 2023.

PLOS ONE Understanding the effects of stress on the P300 response

PLOS ONE | https://doi.org/10.1371/journal.pone.0301052 April 17, 2024 20 / 22

https://doi.org/10.1002/jnr.23521
http://www.ncbi.nlm.nih.gov/pubmed/25483118
https://doi.org/10.1037/h0061145
http://www.ncbi.nlm.nih.gov/pubmed/12983450
https://doi.org/10.1177/0959354394044004
https://doi.org/10.1177/0959354394044004
https://doi.org/10.1111/j.1751-9004.2008.00138.x
https://doi.org/10.1111/j.1751-9004.2008.00138.x
http://www.ncbi.nlm.nih.gov/pubmed/25067943
https://doi.org/10.1097/00004691-199210000-00002
http://www.ncbi.nlm.nih.gov/pubmed/1464675
https://doi.org/10.1016/S0168-5597(98)00033-1
http://www.ncbi.nlm.nih.gov/pubmed/10348317
https://doi.org/10.1371/journal.pone.0087347
https://doi.org/10.1371/journal.pone.0087347
http://www.ncbi.nlm.nih.gov/pubmed/24551055
https://doi.org/10.1016/j.biopsycho.2021.108095
https://doi.org/10.1016/j.biopsycho.2021.108095
http://www.ncbi.nlm.nih.gov/pubmed/33872742
https://doi.org/10.15288/jsad.2012.73.761
http://www.ncbi.nlm.nih.gov/pubmed/22846240
https://doi.org/10.1016/S0168-5597(98)00036-7
http://www.ncbi.nlm.nih.gov/pubmed/9872426
https://doi.org/10.1111/psyp.12826
https://doi.org/10.1111/psyp.12826
http://www.ncbi.nlm.nih.gov/pubmed/28168718
https://doi.org/10.1007/s00221-018-5283-6
https://doi.org/10.1007/s00221-018-5283-6
http://www.ncbi.nlm.nih.gov/pubmed/29748696
https://doi.org/10.1016/j.neuropsychologia.2018.08.020
http://www.ncbi.nlm.nih.gov/pubmed/30171874
https://doi.org/10.1111/psyp.13521
http://www.ncbi.nlm.nih.gov/pubmed/31898811
https://doi.org/10.1007/978-3-030-20521-8_37
https://doi.org/10.3389/fnins.2012.00055
http://www.ncbi.nlm.nih.gov/pubmed/22811657
https://doi.org/10.1016/j.gaitpost.2005.04.013
https://doi.org/10.1016/j.gaitpost.2005.04.013
http://www.ncbi.nlm.nih.gov/pubmed/17055728
https://doi.org/10.1016/0005-7967(73)90071-5
http://www.ncbi.nlm.nih.gov/pubmed/4781961
https://doi.org/10.1016/j.psychres.2013.12.014
https://doi.org/10.1016/j.psychres.2013.12.014
http://www.ncbi.nlm.nih.gov/pubmed/24924485
https://doi.org/10.1371/journal.pone.0301052


35. Brooks FP. What’s real about virtual reality? IEEE Computer Graphics and Applications. 1999; 19

(6):16–27. https://doi.org/10.1109/38.799723

36. Zhu HY, Chen HT, Lin CT. The Effects of a Stressful Physical Environment During Virtual Reality Height

Exposure. In: 2021 IEEE Conference on Virtual Reality and 3D User Interfaces Abstracts and Work-

shops (VRW); 2021. p. 468–469.

37. Zhu HY, Magsino EM, Hamim SM, Lin CT, Chen HT. A Drone Nearly Hit Me! A Reflection on the

Human Factors of Drone Collisions. In: Extended Abstracts of the 2021 CHI Conference on Human Fac-

tors in Computing Systems. ACM; 2021. p. 1–6. Available from: https://doi.org/10.1145/3411763.

3451614.

38. Meehan M, Insko B, Whitton M, Brooks FP. Physiological Measures of Presence in Stressful Virtual

Environments. ACM Trans Graph. 2002; 21(3):645–652. https://doi.org/10.1145/566654.566630

39. RootMotion. RootMotion; 2020. Home-RootMotion Available: http://root-motion.com/. [Accessed: 24-

Aug- 2020]. Available from: http://root-motion.com/.

40. Sellers EW, Krusienski DJ, Mcfarland DJ, Vaughan TM, Wolpaw JR. A P300 event-related potential

brain–computer interface (BCI): The effects of matrix size and inter stimulus interval on performance.

Biological Psychology. 2006; 73(3):242–252. https://doi.org/10.1016/j.biopsycho.2006.04.007 PMID:

16860920

41. Wang L, Kuroiwa Y, Kamitani T, Takahashi T, Suzuki Y, Hasegawa O. Effect of interstimulus interval on

visual P300 in Parkinson’s disease. Journal of Neurology, Neurosurgery & Psychiatry. 1999; 67

(4):497–503. https://doi.org/10.1136/jnnp.67.4.497 PMID: 10486398

42. Kaliukhovich DA, Vogels R. Neurons in Macaque Inferior Temporal Cortex Show No Surprise Response

to Deviants in Visual Oddball Sequences. Journal of Neuroscience. 2014; 34(38):12801–12815. https://

doi.org/10.1523/JNEUROSCI.2154-14.2014 PMID: 25232116

43. Li F, Yi C, Jiang Y, Liao Y, Si Y, Dai J, et al. Different Contexts in the Oddball Paradigm Induce Distinct

Brain Networks in Generating the P300. Frontiers in Human Neuroscience. 2019; 12. https://doi.org/10.

3389/fnhum.2018.00520 PMID: 30666193
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