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Abstract: 

Poor quality of sleep and the following health problems affecting daily life are in many cases caused 

by cognitive and physiological arousal resulted from a stressful event. Such stress detrimental to sleep 

may originate from psychosocial factors such as feelings of shame and social rejection. Our goal was 

to elucidate the impact of acute psychosocial stress occurring before bedtime on sleep macrostructure 

and the early night non-rapid eye movement sleep (NREMS). In addition, virtual reality solutions are 

emerging as options to simulate social threats in laboratory environments. We studied whether a 

virtual reality variation of a public speaking scenario was sufficient in producing a physiological stress 

response evident in heart rate variability (HRV) parameters. We compared two experimental groups of 

healthy young adults (n=34), which differed in the scenario completed within the virtual reality. The 

stress condition involved a public speaking simulation in front of an attentive virtual audience whereas 

the control condition involved listening to a neutral presentation in the same but empty virtual seminar 

room. The participants’ physiological responses were measured with a HRV monitor for 38 hours and 

the quality of sleep during the laboratory night following stress induction with electroencephalography 

(EEG). The examined early sleep period was divided into two separate cycles of NREMS, whose 

results were juxtaposed. For analysing frequency band activity during sleep, we processed the data 

from EEG with Fourier transformation to yield power spectral density values i.e. frequency activity 

values. Comparing the two conditions, we observed a distinct effect of stress both during the virtual 

public speaking scenario and in the subsequent early sleep in the participants from the stress group. 

We found a significant increase in heart rate and rising fluctuations in the LF/HF (HRV power 

spectrum high frequency/low frequency) ratio around the stress task period contrasting the results of 

the control condition, reflecting increased sympathetic tone in the stress group. In the following night, 

the percentage of stage N3 sleep significantly increased at the cost of N2 sleep during the first 

NREMS cycle in the stress condition, but this effect resolved in the second NREMS cycle where 

group differences were absent. As a key finding, the stress group exhibited higher beta frequency 

activity in proportion to delta activity throughout both cycles and sleep stages. This effect was 

significantly magnified in N3 sleep where the delta/beta activity ratio decreased in the stress group 

from cycle 1 to 2, indicating worsening quality of sleep as the night progressed. We reflected our 

results through a homeostatic point of view, where the increased high frequency beta activity at sleep 

onset and early sleep in the stress group might explain their increased N3 sleep duration in the first 

NREMS cycle. A stronger affinity for the important N3 sleep may be a sleep protective mechanism to 

counter the stress induced abnormally high frequency EEG activity at sleep onset and early sleep to 

ensure the restorative benefits of slow-wave activity. 
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Tiivistelmä: 

Heikko unenlaatu ja siitä johtuvat terveysongelmat ovat monesti stressaavista tilanteista johtuvien 

kognitiivisten ja fysiologisten reaktioiden aiheuttamia. Vastaavan unta häiritsevän stressin alkuperä 

saattaa olla psykososiaaliset tekijät kuten tunne häpeästä ja torjutuksi tulemisesta. Tutkimuksemme 

lähtökohtana oli tutkia ennen nukkumaanmenoa tapahtuvan akuutin psykososiaalisen stressin 

vaikutusta unen makrorakenteeseen sekä alkuyön non-REM-unen (NREMS) aivosähkökäyrään. 

Lisäksi, virtuaalitodellisuutta hyödyntävät ohjelmat ja laitteistot ovat viime vuosien aika yleistyneet eri 

laboratorioissa työkaluna simuloimaan haastavia sosiaalisia tilanteita. Protokollassa myös tutkimme, 

onko virtuaalitodellisuudessa yleisölle pidetty puhe riittävänä todentuntuinen tuottaakseen stressiin 

viittaavia fysiologisia muutoksia sydämen sykevälivaihtelun (HRV) parametreissa. Vertasimme kahta 

terveistä nuorista aikuisista koostuvaa koeryhmää (n=34), joiden protokollat erosivat 

virtuaalitodellisuustehtävän perusteella. Stressiryhmä piti puheen virtuaalisen puhujaa tarkkailevan 

yleisön edessä, missä vertailuryhmä kuunteli neutraalin esitelmän samassa, mutta tyhjässä 

virtuaalisessa seminaarihuoneessa. Osallistujien HRV arvoja seurattiin 38 tunnin ajan ja unen 

aivosähkökäyrän laatua mitattiin elektroenkefalografialla (EEG) stressitehtävän jälkeisenä 

laboratorioyönä. Alkuyön uni jaettiin kahteen eri NREM unta sisältävään sykliin, joiden tuloksia 

verrattiin toisiinsa. Unen eri taajuuksien tehotiheyksien arvot, eli aktiivisuudet, tuotettiin yön EEG 

mittauksista Fourier-muunnoksella. Ryhmävertailu paljasti, että stressiryhmän koehenkilöiden HRV 

arvoissa esiintyi puhetehtävän aikana stressireaktioita sekä sen jälkeisen yön unenlaatu oli alkuyöstä 

selvästi heikompaa. Tuloksissamme nähtiin selkeää sykkeen nousua sekä nousevaa heilahtelua LF/HF 

(HRV tehospektrin matalataajuus/korkeataajuus) suhdeluvussa puhetehtäväjakson aikana, jotka 

vertailtuna verrokkiryhmään heijastavat sympaattisen hermoston aktivoitumista stressiryhmässä. 

Tehtävän jälkeisenä yönä, stressiryhmän univaihe N3:n prosentuaalinen osuus ensimmäisessä NREMS 

syklissä kasvoi, missä vaihe N2:n osuus laski. Toisessa NREMS syklissä vastaavaa ryhmien välistä 

eroa ei enää havaittu. Tärkeänä löydöksenä unen tehospektritiheyksistä, stressiryhmän beta taajuuden 

aktiivisuus kasvoi enemmän suhteessa delta taajuuden aktiivisuuteen molemmissa sykleissä sekä 

univaiheissa. Tämä löydös oli erityisen voimakas unen N3 vaiheessa, missä delta/beta aktiivisuuksien 

suhdeluku laski siirryttäessä ensimmäisestä syklistä toiseen viitaten heikentyvään unenlaatuun yön 

edetessä. Tulkitsimme tuloksia homeostaattisesta näkökulmasta, missä korkean taajuuden beta 

aktiivisuus nukahtamisvaiheessa ja alkuyöllä saattaa selittää samanaikaisesti lisääntyneen N3 unen 

määrää ensimmäisessä NREMS syklissä. Vahvempi pyrkimys tärkeään N3 uneen on mahdollisesti 

unen hitaiden aaltojen parantavia vaikutuksia suojaava mekanismi, joka käynnistyy stressin 

aiheuttamien tavallista korkeampien EEG taajuuksien läsnäolleessa nukahtamisvaiheessa ja alkuyöstä. 
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1 Introduction 

1.1 Acute Psychosocial Stress 

1.1.1 What is stress? 

The phenomenon of stress is a multifaceted concept that in natural sciences can be 

summarized as a set of homeostatic behavioural and physiological responses to 

challenges that threaten the subjective and physical self of an individual (Goldstein & 

McEwen, 2002). For example, such challenges to oneself could be the fear of losing 

social status or strenuous exercise, respectively. In physiology, stress is primarily 

defined as the activation of the hypothalamic-pituitary-adrenal axis and the shift of 

dominance in the competing divisions, sympathetic and parasympathetic, of the 

autonomic nervous system (ANS) (e.g. Johnson et al., 1992; McEwen, 2007). 

Initiation of the physiological stress response has cardiovascular, immunological, and 

endocrinal consequences. They offer the individual ability to rapidly respond or 

prepare for unpredictable challenges, but also pose a risk of becoming maladaptive. 

Chronic arousal and exposure to stressors sustain the stress response, which mounts 

a health-threatening allostatic load over a prolonged period. In contrast, acute stress 

entails the same initial physiological response, but studies focus on the rapid post-

stressor recovery period back to baseline. In essence, studies on stress spread over 

vast areas of expertise, which each employs different hypotheses and protocols. One 

such area is the subjective experience of stress, or psychosocial stress, which is core to 

our study. Psychosocial stress has been previously thought to generate a consistent 

physiological and behavioural response regardless of its perceived source, but this 

view has been challenged. Dickerson (2004) argues that the response to psychosocial 

stress has emotional specificity. For instance, sadness and despair concomitant with 

losing a loved one cascades a unique response that is distinct from the response to 

shame and social rejection one might encounter during a public speech. We focus on 

the latter type of psychosocial stress. 

1.1.2 Psychosocial Stress Paradigms 

Psychosocial stress tasks, inducing emotions of shame and social rejection, are widely 

used as means to study the effects of stress in laboratory settings as their robustness 

is rooted in ethical and conventional grounds as well as in high ecological validity and 
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reliability. For instance, public speaking situations are ubiquitous in life and 

laboratory simulations have been shown to elicit acute stress reactions evident in 

physiological measures (Al’Absi et al., 1997; Cohen et al., 2000). However, the 

magnitude of the stress response is method-dependent. A comprehensive review by 

Dickerson & Kemeny (2004) defined the two most effective characteristics of a 

psychosocial stress task as the experiences of uncontrollability and social-evaluative 

threat, which are also supported by neuroimaging studies (Maier et al., 2006). One of 

the most well-known protocols to induce psychosocial stress is the Trier Social Stress 

Test (TSST) (Kirschbaum et al., 1993) which is used extensively in experimental 

studies on stress. The original version comprises two tasks: a simulated job interview 

scenario and an unexpected mental arithmetic calculation task in front of a strict 

evaluation panel. Alternatively, completing difficult mental arithmetic tasks only 

(Dedovic et al., 2005), listening to one’s out-of-tune karaoke singing (Wassing et al., 

2019) or engaging in a virtual dance competition (van Dammen et al., 2021) have also 

been utilized as acute psychosocial stressors. The core idea of psychosocial stress 

tasks is to artificially challenge the subject’s social self with an uncontrollable 

situation in which they’re being negatively and disproportionately judged by an 

evaluative other (Dickerson et al., 2004). If the stressor is potent enough, it may lead 

to distressing and negative subjective experiences which initiate self-preserving 

physiological responses. 

1.1.3 Virtual Reality Paradigms 

With the emergence of virtual reality (VR) technology, it has shown to be an effective 

asset in novel scientific paradigms. For instance, VR variations of the TSST have 

become increasingly popular (Helminen et al., 2019). In contrast to using human 

panelists to effectuate the social-evaluative threat, a notable asset of using the highly 

controllable and consistent VR environment is the absence of variation between 

sessions and in interactions between the participant and the virtual panelists. 

However, VR environments present an element of eeriness, coined the uncanny valley 

(Mori, 1970), that may cause the immersed subject to undesirably interpret their 

surrounding as disturbing and threatening. VR software typically experience 

problems with the uncanny valley effect with increasing realism of graphics and 

depending on the subject’s cultural background (MacDorman & Ishiguro, 2006). 

Interestingly, the believability of VR software and their sufficiency to simulate in-vivo 
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events arises primarily not from the realism of the graphics, but rather from the 

bodily presence felt in the artificial environment (Sanchez-Vivez and Slater, 2005; 

Diemer et al., 2015). Attributes that support the subject’s internalization of their 

virtual body are advanced head tracking and high frame rate, as well as immersive 

sound design and interactivity.  

As examples of psychosocial VR paradigms, one study reported a significant 

endocrinal response but no changes in heart rate (HR) as a result of a VR TSST 

stressor (Zimmer et al., 2019). Other studies with the same stressor have found both 

a significant endocrine response and the cardiovascular reactivity to change in the 

stress group (Jönsson et al., 2010; Fich et al., 2014; Shiban et al., 2016). Similarly, VR 

variations of public speaking scenarios have been found effective in producing a 

cardiovascular stress response (Kotlyar et al., 2008) also with a concomitant 

endocrinal response (Kothgassner et al., 2016). Some of these studies compared the 

VR stressor variation to an in-vivo variation and found the effectivity of VR 

convincing (Kothgassner et al., 2016; Shiban et al., 2016; Zimmer et al., 2019). VR 

variations of public speaking scenarios are mainly utilized in exposure therapy for 

anxiety (Meyerbröker & Emmelkamp, 2010) and literature examples with results 

relevant to acute stress research are at the time scarce. The Neomento VR software 

we use in our study as the stressor to simulate a public speaking scenario is currently 

used as exposure therapy for social anxiety and its efficiency has shown high potential 

in pilot studies (Streck et al. 2019), which argues for its ability to produce sufficient 

and stable VR immersion. 

1.2 Acute Psychosocial Stress and Cardiovascular Reactivity 

1.2.1 Heart Rate Variability 

A healthy heart in neutral conditions exhibits non-linear oscillations and dynamic 

beat-to-beat rhythms, which are modulated by the ANS (McCraty & Shaffer, 2015). 

Studies using receptor blockers on the ANS have revealed that the parasympathetic 

division is dominant in healthy individuals (vagal dominance) while sympathetic 

dominance (vagal withdrawal) is considered a component of the physiological stress 

response (Kim H et al., 2018). This interplay between the divisions is expressed with 

the concept of sympatho-vagal balance, which can be measured using heart rate 
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variability (HRV) metrics (Berntson et al., 1997; Vanderlei et al., 2009; Shaffer & 

Ginsberg, 2017).  

Root mean square of successive beat-to-beat interval differences (RMSSD) involves 

measuring the temporal fluctuations and patterns between adjacent heartbeats, 

which exhibit smaller millisecond values under stressful and unhealthy conditions. 

That is to say, stress may trigger a rigid heart rhythm to “lock in” lowering the 

adaptability of the system (Thayer & Stenberg, 2006). In the HRV signal power 

spectrum, low frequency (LF, 0.01-0.15 Hz) oscillations are mediated by both ANS 

divisions while high frequency (HF, 0.15-0.40 Hz) oscillations represent primarily 

parasympathetic activity, thus follows, the dominance of LF over HF is considered a 

biomarker of stress (McCraty & Shaffer, 2015, Kim H et al., 2018). Results are 

therefore often expressed as the LF/HF ratio, with higher values representing stress 

reactions, including the physiological response to psychosocial stress such as panic 

and worrying. However, it is worth noting, the use of LF/HF ratio to express 

sympatho-vagal balance in measuring any form of stress is extensively debated and 

controversial (Billman, 2013; von Rosenberg et al., 2017) yet it remains a standard 

parameter reported in recent meta-analyses from various fields (Benichou et al., 

2018; Koch et al., 2019; Schneider & Schwerdtfeger, 2020). Unique to the HRV 

monitor in our study, we also report the Relax-Stress Intensity (RSI) parameter 

which is based on a multivariate algorithmic model of human physiology (Firstbeat 

Technologies Ltd., 2014) yielding values between -100 (maximum stress) and +100 

(maximum relaxation) (Seipäjärvi et al., 2022). 

1.2.2 Heart Rate Variability and Psychosocial Stress 

The summary by McCraty et al. (2009) reckons HRV methods measuring 

cardiovascular reactivity as reliable and sensitive biomarkers for studying the 

physiological response resulting from psychosocial stress, even during sleep 

(Tobaldini et al., 2013) and supported by various neuroimaging studies (Thayer et al., 

2012). However, in the case of milder psychosocial stress, HRV metrics may also stay 

stable even though other biomarkers of stress (i.e. salivary cortisol) are present 

(Jönsson et al., 2010). In essence, we use the HR, RMSSD, LF/HF and RSI 

parameters to quantify whether our VR variation of a public speaking scenario is 
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sufficient in producing a physiological stress response evident in the changes of 

cardiovascular reactivity. 

1.3 Acute Psychosocial Stress and Sleep 

1.3.1 Sleep Overview 

Sleep is a uniquely active state in the brain distinct from wakefulness distinguishable 

by reduced muscle tone and transiently diminished awareness to the surrounding 

environment, exhibited in and necessitated for many animal species (Ogilvie, 2001; 

Siegel, 2008). In humans, an archetypal restorative night’s sleep unfolds in recurring 

cycles between two alternating types, non-rapid eye movement (NREMS) and rapid 

eye movement sleep (REMS), which both have their unique neuroanatomical and -

chemical signatures. NREMS can be further categorized in proportion to its depth, 

the N1 stage being the initial makeshift stage from waking, followed by a deeper N2 

stage which begins exhibiting slower but higher amplitude waves within 

Electroencephalography (EEG) recordings. Stage N2 also introduces important 

neural events specific to sleep such as sleep spindles and K-complexes. Sleep reaches 

its greatest depth in stage N3, also called slow-wave sleep (SWS), which combined 

with stage N2 dominates the first half of the night. REMS begins to appear and 

dominate towards the second half of the night, and it is characterized by muscle 

atonia, rapid eye movements, and paradoxical brain waves resembling waking 

activity. Notably, Goldstein and Walker (2014) call REMS “overnight therapy” and a 

wealth of research reinforces this idea. It is thought to be especially vulnerable to 

stress and reduction in REMS quality is strongly associated with abnormalities in 

emotional functioning, although a body of inconsistent results exists 

(Vandekerckhove & Cluydts, 2010; Kahn et al., 2013). With a focus on NREMS, 

further discussion on REMS is beyond the scope of this thesis. Sleep has been 

extensively reported to change with age (Landolt & Borbély, 2001; Ohayon et al., 

2004) and develop differently between genders (Landolt et al., 1996; Carrier et al., 

2001; Zhang & Wing, 2006; Luca et al., 2015), therefore controlling for these 

variables is recommended. 



12 
 

1.3.2 Presleep or Postsleep Stress 

Adequate sleep is necessary for both physical and mental well-being. Sleep 

disturbances go hand in hand with other stress-associated symptoms and mood 

disorders, such as burnout or anxiety (Eksted et al., 2006; Goldstein & Walker, 2014), 

and psychosocial stress has been shown to play a major role in their development 

(Kim E & Dimsdale, 2007; Vandekerckhove & Cluydts, 2010). Interestingly, a recent 

study by Beck et al. (2022) investigated whether the temporal placement of a stressful 

event plays a role in the negative effect on sleep. Two experimental stress groups and 

their separate control groups were compared in a 90 minute nap protocol where one 

stress group experienced a stressor before bedtime (presleep) and another 

anticipated a stressor after sleep (postsleep). They found that both groups 

experienced difficulty falling asleep, had reduced stage N3 sleep and exhibited 

increased beta frequency activity at the cost of delta activity, but the two groups 

differed in the part of sleep that was affected. The presleep group exhibited 

physiological arousal and had their early sleep altered while the postsleep group had 

no results for physiological arousal yet still showed altered sleep at the end of the 

sleep period. The reduced delta and increased beta frequency activities in NREMS are 

key as studies define them as power spectral density (PSD) indicators of poor sleep 

quality (Krystal & Edinger, 2008) and hyperarousal in the central nervous system 

(Perlis et al., 2001), also finding strong support in insomnia literature (Hall et al., 

2007; Maes et al., 2014; Wenrui et al., 2021). Delta activity is particularly important 

due to its richness in slow-waves which vitally contribute to the restorative properties 

of NREM sleep (Porkka-Heiskanen, 2013). In other words, Beck et al. (2022) 

concluded that the temporal placement of stress does matter. Eliminating future 

stress (i.e. knowing that no stressful events take place after sleep) promotes quicker 

recovery from cognitive arousal, while anticipating stress promotes rumination and 

worrying. In consequence, the impact of presleep stress is mediated by both cognitive 

and physiological arousal still active at sleep onset but attenuating throughout the 

night. On the other hand, postsleep stress involves a different mechanism mediated 

principally by persistent cognitive arousal devoid of the physiological component 

showing its impact in later sleep. Our study focuses specifically on how acute presleep 

stress influences early night sleep when future stress is not anticipated. 
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1.3.3 Sleep Macrostructure and PSD in Acute Psychosocial Stress Before Sleep 

The effects of acute presleep stress is currently an under-examined area and the 

existing studies have reported mixed results (Kim E & Dimsdale, 2007). Drawing 

conclusions from the previous research is difficult as the studies also vary in their 

stressor type, emphasis on sleep stage focus or sleep duration, and inclusion of EEG 

power spectral density (PSD) analysis. Regarding sleep macrostructure, prolonged 

sleep onset latency (SOL) has been frequently associated with cognitive arousal 

before sleep (Zoccola et al., 2009; Wyuts et al., 2012), in some cases with 

concomitant sleep stage distribution changes specifically in the first NREMS cycle 

(Levin et al., 2002; Vein et al., 2002; Ackermann et al., 2019, Beck et al., 2022). 

Conversely, a study with a psychosocial stressor involving an emotional failure 

experience found no changes in SOL and NREMS architecture but total sleep time 

(TST) and sleep efficiency (SE) decreased alongside a significant increase in wake 

after sleep onset (WASO) and a reduction in REMS (Vandekerckhove et al., 2011). A 

study by Kim S et al. (2020) reported a significant physiological stress response as a 

result of TSST but, unlike the aforementioned findings, did not lead to any 

macrostructure or PSD alterations in the following sleep episode. Considering other 

PSD results, two studies with a psychosocial stressor before a 90 minutes daytime 

nap, one study found a reduced delta (0.5–4.5 Hz) frequency activity with a 

simultaneously increased alpha (8–11 Hz) frequency activity in all EEG topography 

regions during the first 30 minutes of NREM sleep (Ackermann et al. 2019). The 

other found a similar reduction in delta activity but with an increase in beta (15 – 30 

Hz) activity instead (Beck et al., 2022). Comparably, reduced delta activity 

concomitant with an increased beta and sigma (9 – 16 Hz, notably sleep spindle 

range) activity has been reported for learning task-based cognitive arousal before 

sleep both in nap (Schmidt et al., 2006) and overnight studies (Morin et al., 2008; 

Wyuts et al., 2012). 

  



14 
 

1.4 Current Study and Hypotheses 

Our study aims to elucidate whether an experimentally induced psychosocial stress 

experience elicits changes in cardiovascular reactivity and whether it affects the 

subsequent NREM sleep in comparison to non-stressful control condition. We used 

the Neomento VR software to simulate a stressful public speaking scenario to induce 

distressing emotions of shame and social rejection. An attentive audience of dynamic 

avatars within the virtual seminar room effectuated the social-evaluative threat, while 

time-gated spontaneous questions on the speaker’s podium provided the experience 

of uncontrollability for the participant. The control scenario involved listening to a 

neutral presentation in a similar virtual seminar room but absent in any avatars. 

However, to limit the stress response to presleep only, the anticipation of further 

future stress was eliminated by informing participants before sleep that no more 

tasks will take place the following morning. Participants’ cardiovascular reactivity 

was monitored with a continuous 38h HRV recording for two nights, first at home 

and second at the laboratory, while sleep quality was evaluated with an EEG 

recording during the laboratory night.  

The current study has the following specific research question: 

1. Does a public speaking scenario (psychosocial stress task) in VR environment 

elicit changes in cardiovascular reactivity in healthy individuals?  

2. Does the acute psychosocial stress experience before bedtime alter the sleep 

macrostructure (i.e. duration of sleep and its stages) over the entire night and 

specifically during the first sleep cycles in comparison to the non-stressful 

control condition? 

3. Does acute psychosocial stress experience before bedtime lower the quality of 

early night NREM sleep i.e. alter the activity of different frequency bands 

during sleep? 
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Considering the presented literature, we hypothesize the following for our research 

questions: 

1. Our VR public speaking scenario is sufficient in eliciting psychosocial stress 

potent enough to alter cardiovascular reactivity. It is expected to result in an 

increased LF dominance over HF (increase in LF/HF ratio), elevated HR and 

lowered RMSSD and RSI values during and after the experiment. Participants 

were aware of the type of scenario ahead and, in consequence, anticipatory 

stress before the public speaking scenario is also expected. 

2. Changes in sleep macrostructure, we hypothesize SOL to be prolonged and the 

architecture of the early NREMS cycles to be altered in the stress condition, 

inclining towards redistribution of N2 and N3 stage lengths.  

3. The quality of early night sleep is expected to lower as a result of the stress 

induction, which should be evident in the PSD analysis as an increase in beta 

activity accompanied by a reduction in delta activity within both stages N2 and 

N3 sleep. Increases in alpha and sigma activities are also anticipated, albeit 

considered a secondary line of studied features. 
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2 Materials and Methods 

2.1 Ethical Approval and Participants 

The study was approved by the Helsinki University Hospital Ethics Committee, and 

all components of the study were conducted under the Declaration of Helsinki and its 

later amendments. The majority of participants were volunteers recruited via 

announcements in outside-curriculum student groups of the University of Helsinki 

and Aalto University, others were individual volunteers recruited via social media and 

personal contacts. Written informed consent was obtained from each participant 

before study participation and they received monetary compensation (€100) for the 

time allocated for the study. All participants were healthy, did not report any previous 

sleeping disorders, and were instructed to abstain from any cognition-altering 

medication and alcohol throughout the study. Additionally, the use of caffeine was 

restricted on the day of overnight measurement from 16:00 onwards and the 

following morning. The use of nicotine was restricted from 20:00 onwards. None of 

the participants were shift workers or reported taking naps regularly. They were 

instructed to keep a regular sleeping schedule 3 days before measurement night and 

naps were prohibited throughout the study. 

2.2 Experimental Study Protocol 

2.2.1 Overview 

Participants first began the study by filling out a digital form that included basic 

background and health information as well as the Pittsburgh Sleep Quality Index 

(PSQI; Buysse et al., 1989) questionnaire. Filling the preparatory form was not 

coordinated with the date of overnight measurement, thus the participants completed 

them remotely according to their schedule. Between 15.5.2021 – 31.1.2022 in the 

University of Helsinki facilities at Haartman Institute in Meilahti, we measured each 

participant separately in an approximately 38-hour study, events divided across three 

different days.  
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Figure 1: Visual depiction of study events. 

On Day 1, we introduced the participants to the study and gave information on the 

protocol, including whether they are part of the stress/control group or not, before 

signing the informed consent form. The HRV monitor was installed, and its use 

instructions were given. Participants were sent home and instructed to sleep freely, 

albeit to avoid staying up late. The duration of each preliminary meeting was 1 hour 

but not coordinated to occur at the same time of day for every participant. The 

average time for the meeting was 17.30. On Day 2, participants arrived at the 

laboratory at 20.00, had their HRV monitor checked, and were given private time to 

settle in. According to each designated group condition, the participants completed 

the VR scenarios in a separate VR laboratory located within a short walking distance 

from the sleep laboratory. We then gave participants 1 – 1.5 h to spend freely in the 

sleep laboratory premises before installation of the EEG devices. With the EEG cap 

on, participants slept the following night undisturbed in a separate measurement 

room from the research assistant and data collection computers. Bedtime and wake-

up were set roughly between 00:00 and 07:00 regardless of the participant’s previous 

circadian rhythm. On Day 3, the EEG cap was removed, and the participants allowed 

to wash off the electrolyte cream. Upon finishing the entire protocol, the HRV 

monitor was removed, and a brief questionnaire evaluating sleep quality and the VR 

scenario's emotional impact was completed.  
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Note: To limit the scope of this thesis, parts of the protocol were omitted in the 

analysis. On each day, participants also completed face recognition and time 

perception tasks on a laptop. Additionally, throughout the study, we collected skin 

conductance levels (Moodmetric Ring) as well as salivary cortisol concentrations with 

test tubes (Sarstedt Salivette Cortisol). 

2.2.2 Virtual Reality Task 

The control and stress conditions of this study were implemented through a group-

dependent scenario operated within Neomento VR software (Neomento GmbH, 

2021) with headset tracking via a separate device program (SteamVR, min. frame rate 

60 fps) and VR headset (HTC Vive Pro VR, Dual AMOLED 3.5" 2880×1600 pixel 90 

Hz screen, attached stereo headset and separate controllers). Before either scenario, 

all participants completed a device and program tutorial (avg. duration 4.7 min) in a 

neutral urban park scenario guided by the research assistant. 

The stress scenario consisted of an unprepared oral presentation held standing in 

front of an audience within a virtual seminar room. Before starting the scenario and 

artificially elevating the social-evaluative threat, we informed the participant about 

assessing and comparing their presentation with made-up criteria. The presentation 

was guided by time-gated slides (4 in total, avg. 2.3 min per slide) on the speaker’s 

podium containing unrehearsed personal questions of increasing emotional salience 

about the participant’s life, free time, and opinions. Each set of questions was 

presented individually, thus the participant was pressured to remain alert at each 

new slide contributing to the experience of uncontrollability during the scenario. We 

set the audience to intensely focus on the participant in the first half of the 

presentation but show signs of disinterest in the second half to avoid habituation to 

the virtual environment and maintain the social pressure on the speaker. 

In contrast, the control scenario consisted of listening to a pre-recorded presentation 

(duration 6 min) within an empty but similar virtual seminar room, its topic being a 

neutral “Mineral Types in Finnish Nature” composed of slides read aloud by a 

narrator. No emphasis was put on participant evaluation for the control scenario, and 

they were instructed to listen to the presentation freely but standing up. 
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Figure 2: Picture (A) shows a participant wearing the HTC Vive Pro headset immersed in the VR 
scenario. Picture (B) displays the Neomento VR seminar room within the public speaking stress 
scenario, with its audience showing moderate signs of disinterest towards the speaker. Picture B: 
Neomento GmbH. 

2.3 Measuring Methods 

2.3.1 Subjective Reports 

We asked all participants to evaluate their experience 1.5 hours after completing 

either VR scenario. The believability of the VR environment was evaluated on a scale 

of 1 (very unconvincing) to 7 (simulating a real experience) and the stressfulness of 

the VR scenario was evaluated on a scale of 1 (at ease) to 7 (extremely stressful). After 

the night at the laboratory, participants evaluated their sleep quality on a scale of 1 

(poor) to 4 (very good). Participants in the stress condition group also filled out a 

simple yes/no questionnaire about whether they felt judged, observed, embarrassed, 

or under social pressure during the public speaking scenario. 

2.3.2 HRV Measurement 

We measured each participant’s cardiovascular reactivity with an HRV monitor 

(Firstbeat Bodyguard 2) attached directly to the skin with two adhesive electrodes 

(Covidien Kendall H92SG ECG), one placed under the right collarbone and the 

second under the left costal arch. The participants were instructed to keep the 

A B
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monitor attached throughout the entire study and temporarily detach it only to avoid 

moisture in the sensors, such as during showering. However, in some cases, the 

monitor or individual electrodes were unintentionally detached during sleep or heavy 

workout but reattached with new adhesive electrodes as soon as noticed. Recording of 

data began immediately upon initial monitor attachment and continued until data 

extraction by the research assistant. Collected data was extracted using Firstbeat 

Lifestyle Assessment software. For our analysis, we extracted the mean values for 8 

different time windows (e.g. during experiment, presleep; seen in Figure 4 in the 

results section) for HR, RMSSD, HF, LF, and RSI parameters. The parameters HR 

and RMSSD may entail considerable individual biological variation between 

participants, albeit normalization of the values did not affect our results, thus the 

absolute values were used. 

2.3.3 EEG 64-Channel, EOG and EMG Sleep Recording 

We measured the laboratory night’s sleep using two 32-electrode sets (Brain Products 

actiCap snap) installed on the participant’s scalp with an EEG cap (Easycap Standard 

128Ch actiCAP snap) and conducting gel (Easycap V20 Electrolyte Crème). Three of 

the total 64 electrodes were dedicated to a special assignment. Electrode FT9 was 

attached to the upper right back trapezius muscle as the EMG while electrodes FT10 

and FP1 were used as EOG1 and EOG2 attached to the right cheek using skin 

adhesive and in the cap above the frontal lobe area, respectively. Fz was chosen as the 

reference electrode and Fpz as the ground electrode. All channels were measured at a 

500 Hz sampling rate and 2 ms sampling interval with BrainVision Recorder software 

on a Windows computer in a separate room. Impedances for all electrodes were set 

below 10 kΩ during installation. For signal transmission, we used an amplifier 

(BrainVision actiCHamp Plus) and a battery (BrainVision PowerUnit) fastened on the 

wall above the bed. 
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Figure 3: Picture (A) displays fully installed EEG devices and picture (B) an impedance check 
moments before commencing overnight measurement. Electrodes were only temporarily lit and 
switched off during the measurement. 

2.3.4 Scoring of EEG Sleep Data and Definition of NREMS Cycle 

Recorded EEG data from each participant’s laboratory night was visually scored in 

30-second epochs according to the rules presented in The AASM Manual for the 

Scoring of Sleep and Associated Events (American Academy of Sleep Medicine, 

Version 2.6, 2020). Scoring was carried out independently by two experienced 

members of the research group who did not participate in data collection and were 

blind to the group condition of each participant. Sleep onset was defined as the first 

of at least 10 consecutive epochs of any sleep stage following wake and SOL defined 

as the time between lights off and that first epoch. The first two NREMS cycles of the 

night were separated with a 90-minute sleep cycle rule. Each NREMS cycle lasted 90 

minutes with three modifying rules: (1) a REMS episode completing it before 90 

minutes, (2) wake followed with a REMS episode completing it before 90 minutes, 

and (3) N3 ongoing at the 90 minutes cut-off mark extending the cycle over 90 

minutes until the first N2, N1, REMS or wake epoch emerged. The first NREMS cycle 

began at sleep onset starting from N1 and the second cycle began with any NREMS 

stage after the first REMS episode or, in the case of not having an early REMS 

episode, directly after the 90 minutes cut-off mark subsequent to the first cycle. 

Several studies have separated NREMS cycles according to the duration of 

A B
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consecutive N3 sleep with REMS episodes or 12 minutes of consecutive N2 or N1 as 

the cut-off mark (Jenni & Carskadon, 2004; Wyuts et al., 2012; Maes et al., 2014). 

However, due to fragmented sleep and variance of sleep stage distributions in our 

data, we established sounder reliability with the 90-minute sleep cycle rule. 

2.4 Signal Processing 

2.4.1 PSD Analysis 

To compare the EEG frequency activity between the two early NREMS cycles, we 

completed a fast Fourier transformation for the recorded raw data. The PSD analysis 

was completed with Matlab R2021b (The Mathworks Inc., Novi, MI) using 

SLEEPplugin 1.0.0b (T.Makkonen, 2022, University of Helsinki). The pre-processed 

signal length was in 30-second epochs, as visually scored from the EEG data. Pre-

processing filters for high-pass with a cut-off at 0.5 Hz and low-pass with a cut-off at 

40 Hz were used. Window length for Fourier transform was set at 2000, four times 

the recording sampling rate of 500 Hz, and window overlap at 50%. Electrodes Fz, 

F3, C3, O1, Oz, O2, Cz, C4, and F4 were chosen for the analysis and were not 

discriminated by impedance values. We extracted mean PSD values for each electrode 

over each separate NREMS cycle in six frequency bands: delta (0.5 – 3 Hz), theta (4 – 

7 Hz), alpha (8 – 12.5 Hz), sigma (9 – 16 Hz), beta-lo (16 – 24 Hz) and beta-hi (25 – 

35 Hz). PSD values for epochs scored as stages N2 and N3 were extracted separately 

while epochs scored as stages N1 and wake were left out of the analysis.  

2.4.2 Data Standardization and Frequency Band Ratios 

Before further analysis, we standardized the PSD results due to negative values 

yielded by the transformation and errors caused by variance in impedance levels over 

time. We first shifted all data to positive by searching the minimum of the entire data 

and then adding its absolute value plus 1 to each case. The impact of impedance 

variance was attenuated by dividing each frequency’s new positive PSD value by the 

sum of all values within a participant, an adaptation of the formula by Niso et al. 

(2019): 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑆𝐷 =
𝑠𝑖𝑛𝑔𝑙𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑃𝑆𝐷

𝛴 𝑎𝑙𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑖𝑒𝑠 𝑃𝑆𝐷
100 
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Relative PSD informs us the percent of activity that each frequency band contributes 

to the total activity within a time window, in our case, in the first two NREMS cycles 

of the night. We summed values of nearby electrode positions into topographical 

regions (frontal Fz + F3 + F4, central Cz + C3 + C4, occipital Oz + O1 + O2) to reduce 

the complexity of the models used.  Finally, we calculated two frequency activity 

ratios to study the relational development of high and low frequencies between the 

NREMS cycles: 

(1) 𝐺𝑒𝑛𝑒𝑟𝑎𝑙 𝐸𝐸𝐺 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 =  
𝑀𝑒𝑎𝑛 (𝐷𝑒𝑙𝑡𝑎 + 𝑇ℎ𝑒𝑡𝑎)

𝑀𝑒𝑎𝑛(𝐴𝑙𝑝ℎ𝑎 + 𝑆𝑖𝑔𝑚𝑎 + 𝐵𝑒𝑡𝑎 𝑙𝑜𝑤 + 𝐵𝑒𝑡𝑎 ℎ𝑖𝑔ℎ)
 

(2) 𝐷𝑒𝑙𝑡𝑎/𝐵𝑒𝑡𝑎 𝑅𝑎𝑡𝑖𝑜 =
𝐷𝑒𝑙𝑡𝑎

𝑀𝑒𝑎𝑛(𝐵𝑒𝑡𝑎 𝑙𝑜𝑤 + 𝐵𝑒𝑡𝑎 ℎ𝑖𝑔ℎ)
 

Equation (1) describes the general EEG acceleration (GEA) across all measured 

frequencies by comparing activity within 0.5 – 7 Hz against 8 – 35 Hz, an adaptation 

of the formula by Muresanu et al. (2008) and Wyuts et al. (2012). Interpreting the 

GEA ratio may be counterintuitive as its reduction means greater acceleration in the 

EEG, which simply means dominance of high frequency activity over low frequency 

activity. Equation (2) describes a similar but more specific activity ratio between the 

lowest 0.5 – 3 Hz and highest 16 – 35 Hz frequency ranges only, an adaptation of the 

formula by Beck et al. (2022). 

2.5 Statistical Methods 

Statistical analysis was performed with IBM SPSS Statistics 28.0 (IBM Corp. 

Released 2021, Armonk, NY) on a Windows computer. We set the significance level at 

p<0.05, the trend level at 0.05<p<0.1, and the confidence interval at 95%. Table 1 

displays the statistical methods used for our analysis. Sample characteristics and 

subjective results were subjected to t-test and chi-squared test. We used one-way 

ANOVA to compare the sleep macrostructures between the two experimental groups, 

answering research question 2. Only significant and trend level results from one-way 

ANOVA were subjected to further one-way ANCOVA to control the manipulation of 

participant age on the results. We did not control the sleep macrostructure results 

with participant sex as there was no association between sex and group condition in 

the sample characteristics. For research questions 1 and 3, we used two separate RM 

ANCOVA models with group condition as their between-subjects factor. In Model A 
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for research question 1, we explored the stress induced changes in cardiovascular 

reactivity expressed in HRV parameters over two individual periods, the entire 

measurement period and the VR task period. The length of pre-, during- and post-

task periods were subjected to t-tests. For the sleep PSD analysis answering research 

question 3 in Model B, we explored the change of activity in different frequency 

bands between NREMS cycles 1 and 2 for frontal, central, and occipital regions 

separately for stages N2 and N3. Age and sex were used as covariates in both RM 

ANCOVA models. 

Table 1: Statistical methods used in data analysis. RM ANCOVA model in parentheses. 

Method 
Sample char. 
and subjective 

r. 

HRV 
parameters 

VR task 
periods 

Sleep 
macrostructure 

Sleep 

PSD analysis 

T-test x  x   

Chi-Square x     

One-way 
ANOVA 

   x  

One-way 
ANCOVA 

   x  

RM 
ANCOVA 

 x (A)   x (B) 

Between-
subjects 
factor 

Group Group Group Group Group 

Covariant  Age, Sex  Age Age, Sex 

Subjects 
excluded 

0 2 0 1 1 

Note: ANOVA = Analysis of variance, ANCOVA = Analysis of covariance, RM = Repeated measures 

 

All effect sizes are expressed as partial squared eta (ηp2). Violations of Mauchly's test 

of sphericity (all ε<.600), had their p values corrected with the Greenhouse-Geisser 

formula. All group comparisons met the homogeneity of variances assumption. Single 

outlier values exceeding mean ± 3SD were filtered out in each analysis. Two 

participants from the stress condition group had missing HRV data and were 

excluded from the analysis. Two participants, one from the control and another from 

the stress condition group, were partially excluded from sleep analyses due to EEG 

measurement error.  
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3 Results 

3.1 Sample Characteristics and Subjective reports 

Table 2 displays the age, sex, body mass index (BMI), PSQI, and subjective report 

results of our two experimental groups. The groups differed significantly by age (t32=-

2.089, p=0.45) but not by BMI (t32=1.057, p=.298) or PSQI results (t32=-1.056, 

p=.299). We found no association between sex and group condition (χ21,34=.471, 

p=.493). There was no association between group condition and believability of the 

VR environment (χ25,33=3.933, p=.559) while a higher rating for VR task stressfulness 

was significantly associated with the stress condition group (χ25,33=28.087, p<.001) 

as expected. This is in line with the results of the yes/no questionnaire we asked from 

the stress condition group: 84.2% felt observed, 62.3% felt social pressure, 47.4% felt 

embarrassed and 42.1% felt judged. Subjective sleep quality was rated similarly in 

both groups (χ22,34=1.100, p=.577). 

 

Table 2: Sample characteristics and subjective reports. Independent samples t-test for age and 
PSQI scores, Chi-Square test for sex and subjective reports. 

                               Condition  

 Stress (N=20) Control (N=14)  

Parameter M / N SD / % M / N SD / % p 

      

Age 26.64 3.20 24.25 3.39 .045 

Sex F=12, M=8 60/40 F=10, M=4 71/29 .493 

BMI 22.69 2.30 23.57 2.52 .298 

PSQI 8.45 2.63 7.57 1.99 .299 

VR believability 4.37 1.2 4.71 0.9 .559 

VR stressfulness 3.68 1.2 1.14 0.4 <.001 

Subj. sleep quality 3 0.6 2.9 0.5 .577 

Note: F=Female, M=Male, BMI = Body mass index, PSQI = Pittsburgh Sleep Quality Index 
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3.2 Cardiovascular Reactivity 

Research question 1: Using HRV methods, we studied the cardiovascular reactivity 

our participants displayed as a result of our two VR scenarios. Table 3 displays the 

group condition comparison results for the entire 38h measurement period and the 

experimental VR task period separately. 

Table 3: RM ANCOVA Model A results for HRV parameters over two separate periods with group 
condition as the between-subjects factor with age and sex covariates.  

                                                                             Period   

 Entire Measurement VR Task 

Parameter F p 
WSC p 

L/Q 
F p 

HR      

  Time 4.258 .003 .944 / <.001 0.937 .398 

    x Group 4.965 <.001  3.590 .034 

    x Sex 2.895 .024  0.785 .461 

    x Age 2.816 .028  1.022 .367 

      

RMSSD      

  Time 1.938 .114 .487 / .009 0.219 .780 

    x Group 0.509 .721  0.372 .668 

    x Sex 6.053 <.001  3.087 .060 

    x Age 3.021 .023  2.393 .107 

      

LF/HF      

  Time 3.597 .022 .311 / .009 2.606 .083 

    x Group 1.750 .171  6.622 .003 

    x Sex 4.218 .011  4.985 .010 

    x Age 3.205 .034  1.952 .152 

      

RSI      

  Time 2.768 .041 .503 / .004 0.431 .652 

    x Group 1.649 .179  0.267 .766 

    x Sex 1.493 .219  2.797 .070 

    x Age 1.547 .204  0.968 .386 

Note: HR = Heart rate, RMSSD = Root mean square of successive beat-to-beat interval differences, 
LF = Low frequency, HF = High frequency, RSI = Relax-Stress Intensity, WSC = Within-subject 
contrast, L = Linear, Q = Quadratic 



27 
 

3.2.1 Entire Measurement Period 

The entire HRV measurement period encompassed Day 1 presleep to Day 2 night-

time resulting in approximately 38 hours of monitoring and eight intervals, pictured 

in Figure 4. Group comparisons with Greenhouse-Geisser corrected results for the 

entire measurement period are displayed on the left side of Table 3. Ordinary for 

long HRV measurements with night and day variation, our within-subject contrasts 

displayed the parameter change as a function of time to be unarguably quadratic with 

strong effect sizes for all parameters: HR (F1,22=15.710, p=<.001, ηp2=.417), RMMSD 

(F1,23=8.156, p=.009, ηp2=.262), RSI (F1,23=10.561, p=.004, ηp2=.315) and LF/HF 

(F1,21=8.282, p=.009, ηp2=.283). 

Our experimental groups differed significantly only by HR in the entire measurement 

period (F4.186,92.096=4.965, p<.001, ηp2=.184), such that the stress group displayed 

noticeably elevated HR around the public speaking scenario depicted in Figure 4 A. 

Group condition comparison yielded no significant results for RMSSD, LF/HF and 

RSI parameters in the total 38 h measurement (all p>.170). We found a significant 

interaction with the sex covariant for HR (F4.186,92.096=2.895, p=.024, ηp2=.116), 

LF/HF (F2.728,57.284=4.218, p=.011, ηp2=.167) and RMSSD (F3.837,88.256=6.053, p<.001, 

ηp2=.208) parameters. This interaction was visually inspected and male participants 

displayed noticeably higher baseline HR and LF/HF values during the daytime, while 

female participants displayed smaller baseline values for RMSSD during presleep and 

night-time periods. Our measurements also showed strong interactions with the 

participant age covariant for HR (F4.186,92.096=2.816, p=.028, ηp2=.113), LF/HF 

(F2.728,57.284=3.205, p=.034, ηp2=.132) and RMSSD (F3.837,88.256=3.021, p=.023, 

ηp2=.116) parameters. Visual inspection revealed younger participants exhibited 

higher baseline HR throughout the study and higher baseline LF/HF values during 

the daytime. For RMSSD the situation was more mixed, but younger age was 

associated with lower RMSSD values during the daytime. 
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3.2.2 VR Task Period 

Our experimental groups diverged significantly in the total time allocated for the VR 

task (t32=-6.650, p<.001) as seen in Table 4. The stress condition group spent longer 

in the VR with more variation (9.15±1.18 min) compared to the control group 

(6.14±0.36 min; t24=-10.680, p<.001) as expected of the scenario type (i.e. 

improvising a presentation vs. listening to a pre-recorded presentation). However, as 

per human error during the data extraction, the stress group has unintentionally a 

longer post-experiment period (6.60±1.64 min) relative to the control group 

(4.50±1.29 min; t32=-4.009, p<.001). 

Table 4: Duration of individual measurement periods around the VR task and independent t-test 
results. 

                       Condition  

 Stress Control  

Period (min) M SD M SD p 

      

Pre-experiment 8.90 2.25 7.64 1.82 .093 

During experiment 9.15 1.18 6.14 0.36 <.001 

Post-experiment 6.60 1.64 4.50 1.29 <.001 

Total VR task 24.65 2.70 18.29 2.81 <.001 

Note: VR = Virtual reality 

 

We found the stress condition group to exhibit elevated HR and rising fluctuation in 

the LF/HF ratios before, during and after the VR task contrasting the measurements 

from the control group. This is evident in the significant interaction with group 

condition which arose for HR (F2,56=3.590, p=.034, ηp2=.114) and LF/HF 

(F2,56=6.622, p=.003, ηp2=.191) parameters as seen on the right side of Table 3 and 

highlighted in Figure 4 panels A and C. Results for RMSSD and RSI parameters 

during the VR task were non-significant (all p>.650) and showed no effect from our 

stress induction. The LF/HF ratio also displayed strong interaction with the sex 

covariant (F2,56=4.985, p=.010, ηp2=.151), where male participants again displayed 

larger values mirroring similar results from the entire measurement period.  
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*

A)

B)

Figure 4 1/2: Graphs depicting change of HRV parameters over the entire measurement period with 
experimental VR task period highlighted in red. Participants of the stress group display significantly 
elevated HR before, during and after the public speaking scenario (Panel A) while RMSSD remains stable 
between the group conditions throughout the study (Panel B). 
Error bars: 95% confidence interval. *p<0.05. HR = Heart rate, RMSSD = Root mean square of 
successive beat-to-beat interval differences 
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*

C)

D)

Figure 4 2/2: Graphs depicting change of HRV parameters over the entire measurement period with 
experimental VR task period highlighted in red. Erratic rising fluctuations of LF/HF values are seen in the stress 
group in the before, during and after the public speaking scenario (Panel C). The RSI parameter displays a 
slight reduction in response to stress during the public speaking scenario, but this was not statistically 
significant (Panel D).  
Error bars: 95% confidence interval. *p<0.05. LF = Low frequency, HF = High frequency, RSI = Relax-Stress 
Intensity 
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3.3 Sleep Macrostructure 

Research question 2: Table 5 displays the sleep macrostructure results of the entire 

night’s sleep and the architecture of the first two NREMS cycles. The results are 

based on the 30 second epochs scored as various sleep stages as visually evaluated 

from the raw EEG data and compared between the group conditions. 

Table 5: One-way ANOVA results for sleep macrostructure of the entire night and two of the first 
NREMS cycles. Results in parentheses display further One-way ANCOVA analysis with age 
covariant. 

                         Condition  

 Stress Control  

Parameter M SD M SD p 

Entire night      

    TST (min) 400.58 13.72 405.73 23.55 .432 

    Total N1 (%) 2.44 2.36 1.54 1.18 .212 

    Total N2 (%) 47.57 9.39 55.27 6.18 .014 (.092) 

    Total N3 (%) 23.93 4.57 21.62 6.23 .228 

    Total REM (%) 26.06 5.95 21.58 4.75 .030 (.174) 

    SE (%) 93.28 2.94 93.44 4.46 .903 

    SOL (min) 18.05 9.07 19.00 18.09 .841 

    WASO (min) 10.85 10.76 8.58 4.74 .480 

      

NREMS Cycle 1      

    Duration (min) 79.75 11.20 85.86 8.80 .098 (.247) 

    N1 (%) 3.79 2.51 3.42 3.10 .702 

    N2 (%) 40.02 14.78 54.96 16.11 .009 (.006) 

    N3 (%) 54.28 14.10 39.74 18.60 .014 (.005) 

    Wake (%) 1.91 2.99 1.89 2.44 .983 

      

NREMS Cycle 2      

    Duration (min) 62.90 19.44 67.00 11.46 .485 

    N1 (%) 1.18 1.65 1.03 1.15 .766 

    N2 (%) 52.32 23.21 57.60 15.54 .465 

    N3 (%) 43.52 23.45 38.38 15.11 .477 

    Wake (%) 2.98 3.38 3.00 2.94 .983 

Note: TST=Total sleep time, SE=Sleep efficiency, SOL=Sleep onset latency, WASO=Wake after 
sleep onset 
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3.3.1 Entire Night 

Over the entire night, participants of the control condition displayed a higher total N2 

percentage (55.27±6.18 %) in contrast to stress condition (47.57±9.39 %; ME 

F1,31=6.775, p=.014, ηp2=.179), but displayed an unpredicted reduction of total REMS 

percentage (21.58±4.75 %) compared to stress condition (26.06±5.95 %; ME 

F1,31=5.199, p=.030, ηp2=.144). However, controlling these results with participant 

age found trend level significances for the covariate and diminished the group 

differences both in total N2 percentage (F1,30=3.026, p=.092, ηp2=.092) and total 

REMS percentage (F1,30=1.943, p=.174, ηp2=.061) to non-significant levels. Total N3 

percentage of the night, TST, SE, SOL, and WASO were unaffected by our presleep 

stress induction (all p>0.20). The control condition group included an outlier 

participant with significant SOL (78 min) skewing the results (19±18.09 min) but 

filtering the outlier did not yield a significant group difference (14.46±6.50 min; ME 

F1,31=1.519, p=.227 ηp2=.047). 

3.3.2 NREMS Cycles 1 and 2 

The two experimental groups differed significantly in the architecture of the NREMS 

cycle 1, shown in Table 5. Participants in the control condition accumulated a higher 

percentage of stage N2 sleep (54.96±16.11 %) in contrast to the stress condition group 

(40.02±14.78 %; ME F1,32=7.815, p=.009, ηp2=.196), but at a cost of lower percentage 

N3 sleep (39.74±18.60 %) which the stress condition group exhibited noticeably more 

(54.28±14.10 %; ME F1,32=6.737, p=.014, ηp2=.174). Adjusting with participant age 

further illuminated the results as the covariant had a low effect (p>0.10) and group 

differences became clearer with stronger effect sizes for both stage N2 percent 

(F1,31=8.740, p=.006, ηp2=.220) and N3 percent (F1,31=9.248, p=.005, ηp2=.230). A 

slight trend toward reduced total cycle 1 duration was observed in the stress 

condition group (F1,32=2.900, p=0.098, ηp2=.083) but the effect stayed non-

significant when adjusted with the covariance of participant age (p>0.2). Sleep stage 

distribution had become stable upon reaching cycle 2 further in the night where 

group differences were no longer observed (all p>0.40). In other words, stage N2 

sleep increased at the cost of N3 from cycle 1 to 2 in the stress condition while the 

control condition displayed no change. 
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3.4 Sleep PSD Analysis 

Research question 3: To evaluate the participants’ sleep quality, we acquired PSD 

values from the raw EEG data using Fourier transformation and normalized them. 

Table 6 displays the results compared between the two experimental groups: 

whether they varied in the activities of different frequency bands in the early sleep. 

Table 6: RM ANCOVA Model B results for frequency band activities in N2 and N3 stages between 
NREMS cycles 1 and 2. The between-subject factor is defined as group condition with age and sex 
as covariates. 

 Stage N2 Stage N3 

Position Frequency F p F p 

      

Frontal 

Fz + F3 + F4 

delta 0.049 .826 3.184 .085 

theta 0.203 .656* 0.732 .399* 

alpha 1.629 .212 0.995 .327 

sigma 2.192 .149 3.885 .058 

beta-lo 1.576 .219 3.023 .093 

beta-hi 0.242 .627 3.706 .064 

 GEA 2.701 .111 4.404 .045 

 delta/beta 0.401 .531 4.608 .040 

      

Central 

Cz + C3 + C4 

delta 0.122 .730 1.949 .173 

theta 0.234 .632* 0.408 .528* 

alpha 1.947 .174 1.308 .262 

sigma 2.587 .119 3.805 .061 

beta-lo 2.423 .130 3.487 .072 

beta-hi 1.454 .238 7.729 .009 

 GEA 4.103 .052 4.464 .043 

 delta/beta 1.741 .197 5.441 .027 

      

Occipital 

Oz + O1 + O2 

delta 0.511 .480 3.041 .092 

theta 0.016 .902* 0.116 .735* 

alpha 1.417 .244 1.086 .306 

sigma 2.340 .137 2.108 .157 

beta-lo 3.014 .093 2.396 .132 

beta-hi 2.679 .112 5.754 .023 

 GEA 4.221 .049 3.649 .066 

 delta/beta 3.158 .086 4.268 .048 

Note: GEA = General EEG acceleration, *p<0.05 for age covariant interaction 
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3.4.1 Stage N2 Sleep 

The left side of Table 6 displays sleep PSD analysis results for stage N2 over the two 

NREMS cycles. Moving from cycle 1 to 2, both groups displayed a slight increase in 

delta activity albeit the stress condition suggested a lower baseline activity in both 

cycles, as depicted for the central region in Figure 5 panel A. Slight reductions in 

theta, beta-lo and –hi activities were observed in both groups but overall the stress 

condition displayed a higher baseline activity or higher activity upon completing cycle 

2, seen for theta and beta-hi in central region in Figure 5 panels B and C. Looking at 

each frequency and region individually, no group condition comparisons reached 

statistical significance during N2, the strongest trend found in the occipital region 

(F1,29=3.103, p=.093, ηp2=.094) beta-lo activity. The relationship between the stress 

condition and the growth of activity in high frequency bands proportional to low 

frequency bands did however become evident in the GEA ratio with a significant 

group difference in the occipital region (F1,29=4.221, p=.049, ηp2=.127) and strong 

trend in the central region (F1,29=4.103, p=.052, ηp2=.124). The more specific 

delta/beta activity ratio behaved similarly to the GEA ratio but reached only trend 

levels in the occipital region (F1,29=3.168, p=.086, ηp2=.098), depicted in Figure 6 

panels A-C below. 

3.4.2 Stage N3 Sleep 

The trend of high frequency activity being greater proportional to low frequency 

activity in the stress condition suggested at stage N2 became pronounced at all levels 

of analysis in the deeper stage N3 sleep, as seen in the right side of Table 6. 

However, visual inspection revealed the development of some frequency activities 

was partially opposite. In contrast to N2, delta activity in N3 decreased in both 

groups towards cycle 2 yet the stress group again displayed lower baseline activity. 

Theta band showed a similar decline in activity, but the stress condition displayed a 

slightly lower baseline activity opposite to results from N2, seen for central region in 

Figure 5 panels D and E. The most prominent group difference arose in the high 

frequency bands where participants of the stress condition displayed an increase in 

beta-lo and –hi activities while the control group exhibited the exact opposite, 

exemplified for beta-hi activity at central (F1,29=7.729, p=.009, ηp2=.210) in Figure 5 

panel F. 
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Individually, we found significant group condition interactions for beta-hi activity 

also at occipital (F1,29=5.754, p=.023, ηp2=.166) regions and a trend at frontal region. 

Strong trends were found for sigma activity at frontal (F1,29=3.885, p=.058, ηp2=.118) 

and central (F1,29=3.805, p=.061, ηp2=.116) regions and beta-lo at central (F1,29=3.487, 

p=.072, ηp2=.107) region. In both N3 and N2 sleep, the control condition group began 

at a higher baseline activity for sigma band in cycle 1 but lowered to the same levels or 

lower as the control group upon completing cycle 2. Consequently, analysis of the 

GEA ratio also yielded significant group condition differences in the frontal 

(F1,29=4.404, p=.045, ηp2=.132) and central (F1,29=4.464, p=.043, ηp2=.133) regions 

and a strong trend in the occipital (F1,29=3.649, p=.066, ηp2=.112) region, as the stress 

group displayed a noticeably stronger high frequency activity during N3 sleep upon 

completing the second NREMS cycle. The delta/beta ratio elucidated this 

development even further, for we identified clear group condition differences at all 

regions, the strongest interaction at central (F1,29=5.441, p=.027, ηp2=.158) region 

while also significant at frontal (F1,29=4.608, p=.040, ηp2=.137) and occipital 

(F1,29=4.268, p=.048, ηp2=.128) regions, as seen in Figure 6 panels D-F. As a side 

observation, theta band activity showed significant interaction with the participant 

age covariant in all regions in both stage N2 and N3 analyses. Visual inspection 

indicated that higher theta activity correlated with older participants. Results for 

alpha band activity in both sleep stages were non-significant (all p>.170). 
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A)
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F)

*

Figure 5: Graphs depicting change in delta, theta and beta-hi activity in the central region (Cz + C3 + C4) 
between NREMS cycles 1 and 2. Direction of delta activity development in N2 and N3 are opposing, albeit 
the stress condition displays lower baseline values in both stages (Panels A and D). Baseline values for 
theta activity is higher for stress condition during N2 sleep but evens out or is lower in N3 (Panels B and E). 
For beta-hi activity, stage N3 shows the greatest group difference where the stress condition has a 
distinctively opposing development upon completing cycle 2 compared to the control condition (Panels C and 
F). The non-stressed control group participants display a normal decline in beta-hi frequency activity as the 
night progresses whereas the stressed participants display an intrusion of beta-hi activity in later sleep. Error 
bars: 95% confidence interval. *p<0.05. 
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Figure 6: Graphs depicting change in delta/beta ratio in different topographical regions between 
NREMS cycles 1 and 2 measured during sleep stages N2 (Panels A-C) and N3 (Panels D-F). Both sleep 
stages share a similar frequency activity pattern, where the stress condition exhibits more high frequency 
activity in proportion to low frequency activity despite the overall increase in N2. The significant decrease 
in delta/beta ratio in the stress condition during N3 displays obstruction in slowing down EEG activity, 
which indicates worsening quality of sleep moving from cycle 1 to 2.  
Error bars: 95% confidence interval. *p<0.05. 
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4 Discussion 

4.1 Main Findings 

With our experimental paradigm involving two groups of different conditions, we 

investigated with HRV methods how cardiovascular reactivity changes as a result of a 

stressful virtual reality public speaking scenario, and whether the resulting acute 

psychosocial stress and its physiological components impact early NREM sleep the 

subsequent night.  

4.1.1 Cardiovascular Reactivity – Research Question 1 

The effectiveness of our VR stress task in inducing a physiological stress response was 

in part significant and in line with our hypotheses. Participants displayed significant 

HR elevation and rising fluctuations in LF/HF ratio before, during and after our 

public speaking scenario, yet it showed no effect in producing lower stress-indicative 

values in the RMSSD and RSI parameters as expected. The group differences for HR 

and LF/HF already exhibited before the VR scenario indicate a physiological 

response to anticipatory psychosocial stress in the stress condition. Our results for 

elevated HR during a stressful VR scenario concur with earlier findings (Kotlyar et 

al., 2008, Jönssön et al., 2010; Fich et al., 2014; Kothgassner et al., 2016; Shiban et 

al., 2016). The LF/HF parameter is not frequently reported in psychophysiological 

VR studies, but our results agree with other studies focused on psychosocial stress 

which have also found increases in LF/HF ratio during mentally stressful events 

(Hjortskov et al., 2004; Filaire et al., 2010; Endukuru et al., 2016; Mohammadi et al., 

2019). While the participants in the stress condition group reported the public speech 

scenario feeling more stressful and the majority expressing involvement of negative 

emotional elements (i.e. feeling of being judged), the change in cardiovascular 

reactivity reflected this only in two of the four HRV parameters studied. 

4.1.2 Sleep Macrostructure – Research Question 2 

In both sleep macrostructure and PSD analysis, we observed a distinct effect of stress 

on early NREM sleep. Regarding the sleep macrostructure, there was a significant 

sleep stage redistribution in the first NREMS cycle where the percentage of stage N3 

sleep increased at the cost of N2 in the stress condition. This effect however resolved 
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upon reaching the second NREMS cycle where group differences were no longer 

observed in either percentage of N2 or N3 sleep. This denotes that the individual 

cycle macrostructure changed only in the stress condition while percentages of N2 

and N3 sleep remained stable between the cycles in the control condition. Our results 

contradict some earlier findings (Levin et al., 2002; Vein et al., 2002; Beck et al., 

2022) which found the amount of N3 sleep to decrease as a result of stress induction 

but in part cohere with the study by Ackermann et al., 2019 who found trends for 

lower amounts of N2 sleep in the stress group while higher in the control group. In 

the longer timeframe, the sleep macrostructure of the entire night showed no group 

differences, including the length of SOL which, contrary to our results, previous 

literature frequently reports to prolong following stress induction (Levin et al., 2002; 

Vein et al., 2002; Zoccola et al., 2009; Wyuts et al., 2012; Ackermann et al., 2019; 

Beck et al., 2022). In essence, we found evidence for our hypotheses only in the 

NREM sleep stage redistribution. 

4.1.3 Sleep PSD – Research Question 3 

Sleep PSD analysis revealed that the participants in the stress condition group 

showed a significant decline in objective sleep quality from cycle 1 to 2 as their beta 

activity augmented in greater proportion to delta activity. This negative effect on 

sleep was strongest in the slow-wave dominated N3 sleep and grew larger towards the 

second NREMS cycle. The development of beta and delta activities was different in 

the control group where delta/beta ratio increased from cycle 1 to 2 and a higher 

baseline delta activity was observed throughout both the stages N2 and N3, indicating 

a better quality of sleep overall. Our results for reduced delta activity following 

psychosocial stress induction agrees with earlier reports (Ackermann et al. 2019) and 

especially with findings by Beck et al. (2022) who reported an increase in beta activity 

to coincide with the reduction in delta activity. Other studies using cognitive arousal 

tasks in place of a psychosocial stressor have also reported beta activity to increase 

simultaneously while activity in delta band diminished (Schmidt et al., 2006; Morin 

et al., 2008; Wyuts et al., 2012). However, it is worth noting that caution is advised 

when comparing results from daytime nap studies to overnight studies as circadian 

processes are at different phases and their effect on sleep macrostructure and quality 

may be substantial.  
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4.1.4 Sleep Homeostasis and Psychosocial Stress 

These results may be interpreted from a homeostatic perspective. The decrease in 

GEA and delta/beta ratio towards cycle 2 in our stress group reflects obstructed 

slowing down of EEG activity which, by inhibiting the restorative properties of 

NREMS, must be recovered with additional or later rebound sleep (Porkka-

Heiskanen, 2013). The importance of delta band activity, or slow-wave activity, 

during NREM sleep is highlighted because its decline becomes detrimental to an 

individual’s health and memory processes over time. According to the synaptic 

homeostasis hypothesis (SHY), high amplitude slow-waves during NREMS are 

required to keep the total synaptic strength under control via synaptic pruning and 

renormalization (Norimoto et al., 2018; Tononi & Chirelli, 2019) while also 

promoting long-term potentiation in important neural connections (Chauvette et al., 

2012). Adequate slow-wave activity each night to sustain brain plasticity is therefore 

vital for learning and mental well-being: a trade-off for the one-third we spend asleep 

in our lifetime (Tononi & Chirelli, 2014). On the other end of the spectrum, high 

frequency beta waves are associated with normal attention and cognitive function 

during the active waking period (Lopes da Silva, 1991) but their intrusion in N2 and 

N3 sleep we found in our stress group is indicative of low-quality sleep (Krystal & 

Edinger, 2008), psychological stress burden (Hall, 2007) and when prolonged, a 

pattern that is consistently found in primary insomnia (Perlis et al., 2001; Maes et al., 

2014; Wenrui et al., 2021).  

Compared to the non-stressed control condition, the stress group exhibited greater 

beta activity (i.e. greater EEG acceleration) already in cycle 1, including the first 

minutes of sleep, which may explain the simultaneous increase of N3 sleep in that 

period: a sleep protective homeostatic response to the abnormally high frequency 

activity at bedtime and sleep onset. In other words, despite the apparent overall 

reduction of sleep quality of the participants in the stress group, they did spend more 

time accumulating N3 sleep during cycle 1. Stage N3 sleep is naturally higher in slow-

wave activity compared to N2 sleep meaning that the stress group potentially gained 

more of its restorative benefits in that early period. The total sum of slow-wave 

activity for the entire night was nevertheless likely lower in the stress group due to 

beta activity intrusion, yet the homeostatic rebound through longer N3 sleep duration 

may have counteracted some of the negative effects of cognitive and physiological 
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arousal induced by our psychosocial stressor. This idea parallels the findings by 

Grønli et al. (2016) who suggest that increased beta activity during quiet wakefulness 

(i.e. bedtime) may be a tracker for sleep pressure accumulated in the brain, which 

also proposes to explain why chronically sleep-deprived insomnia patients exhibit 

elevated beta activity at sleep onset and during sleep. The stressful anticipation and 

experience of our public speaking scenario, also including the physiological stress 

response, may have caused temporary hyperarousal in the central nervous system 

and therefore greater synaptic demand than the relaxed control condition. A greater 

need for the restorative slow-wave activity would have therefore accumulated, which 

led to elevated beta activity signalling increased sleep pressure and the subsequent 

increase in N3 during early sleep. 

4.1.5 Secondary Findings 

Regarding the secondary line of findings, we found a significant interaction between 

theta band activity and participant age, which concurs with the suggestion that theta 

power in NREMS changes with age (Landolt et al., 1996; Carrier et al., 2001; Landolt 

& Borbély, 2001) our results for theta activity increasing with age reflecting findings 

by Luca et al., 2015. Finally, the control group exhibited higher baseline activity 

values in the sigma band in cycle 1 which attenuated to stress group levels or lower in 

cycle 2. This group difference may be explainable by sleep spindles, which are bursts 

of activity in the sigma frequency range (Purcell et al., 2017), but further discussion is 

beyond the scope of this thesis. 

4.2 Conclusions and Future Development 

The changes in cardiovascular reactivity and significant alterations in sleep 

macrostructure and quality as a result of our VR public speaking scenario indicate the 

efficacy of virtual stimuli in simulating social threats, rivalling their in-vivo 

counterparts as also suggested by others (Kothgassner et al., 2016; Shiban et al., 

2016; Zimmer et al., 2019). What is novel in our study is the use of a psychosocial 

stressor completed within a VR environment in an overnight sleep study protocol, as 

opposed to using an in-vivo psychosocial stressor such as the traditional TSST. As far 

as we are aware, a literature search with similar VR solutions returns only one sleep 

study by Beck et al., 2022, which was presented earlier and comprises a 90-minute 

nap instead of a full night. The low variance between VR scenario sessions through 
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easily accessible software also supports VR as a solution in resolving issues with 

reproducibility within and outside relevant research groups. We therefore advocate 

for their use and development as tools of psychosocial stressors in future laboratory 

settings. 

Our findings provide further evidence for previous findings that acute psychosocial 

stress before sleep alters early sleep macrostructure and negatively influences the 

frequency activities of NREMS. This adds to the current sleep research on acute 

stress which has so far presented mixed results. The overall EEG acceleration 

involving the intrusion of beta activity and a reduction of delta activity during N2 and 

N3 sleep in stress group individuals may explain their increased duration of early N3 

sleep as a homeostatic process. Potential future targets of research include studying 

the high-definition frequency architecture (e.g. count, density, amplitude) during 

bedtime, sleep onset and the first signs of N2 to elucidate whether abnormally active 

high frequency bands when readying for sleep and falling asleep results in a 

homeostatic defence. This sleep protective response may increase the duration of N3 

sleep to ensure adequate slow-wave activity for the night subsequent to cognitive 

arousal. Finally, our study focusing on shame and social rejection contributes to 

understanding different types of stressors and their emotional specificity, especially 

in the development of lifestyle-related sleep disturbances where intervention is 

possible. However, care should always be taken in concluding the direction of 

causation between stress and sleep in large populations as the complexity and varying 

duration of authentic everyday stressors and variance in sleep habits substantially 

complicate the matter. 

4.3 Strengths and Limitations 

A strength of this study is the inclusion of multiple HRV parameters which allowed a 

nuanced analysis of cardiovascular reactivity. The VR software and headset used in 

our protocol are products of extensive development and therefore reckoned reliable 

in satisfying the criteria (i.e. advanced head tracking, interactivity) of virtual reality 

immersion. As for limitations, participants slept their first night at the laboratory on 

the examination evening, thus the first night effect (Agnew et al., 1966; Mayeli et al., 

2022) was not eliminated within the protocol, albeit no direct comparison between 

home and laboratory night was made. Despite using sex as a covariant in our 
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analyses, we did not control for the menstrual cycle of female participants, which may 

affect sleep and other physiological parameters (Manber & Armitage, 1999; Baker & 

Driver 2007), potentially bringing about undisclosed variation in our results. 

Regarding the cardiac stress response, as Heathers (2014) points out, calculating the 

LF component from the HRV power spectrum requires a standardized minimum 5-

minute measurement window to display adequate resolution. In our case, this is not 

or narrowly fulfilled in the post-experiment period possibly leading to a spurious tilt 

in the LF/HF ratio. 
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