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Chapter 1:	 General Introduction

GENERAL INTRODUCTION

The present thesis describes the design and validation of a game-based biofeedback 

training intervention in Virtual Reality (VR), aimed at helping police officers to improve 

psychophysiological control during active decision making when stressors are present. 

Acute stressors lead to a plethora of physiological changes in the brain and body, 

including increased heart rate and decreased heart rate variability (HRV), and can have 

detrimental effects on acute action decisions, such as shooting decisions in police 

officers (Hashemi et al., 2019; Nieuwenhuys & Oudejans, 2011). Although biofeedback 

and breathing trainings have been successful in increasing HRV and although it 

is well known that HRV is positively linked to better cognitive performance and 

emotion regulation (De Witte et al., 2019; Lehrer et al., 2020; B. Yu et al., 2018), those 

trainings typically take place at rest (while sitting behind a computer). They bear the 

disadvantage that the skills do not transfer well to naturalistic situations that demand 

acute action under challenging and stressful situations (Parnandi & Gutierrez-Osuna, 

2017, 2019). In order to increase the chance of skill transfer we developed a game 

requiring police officers to control their psychophysiological state in a stressful and 

active action context. Below I will first explain the background for the need for this 

new intervention for police officers who often have to perform in stressful contexts. 

Next, I will detail the psychophysiological effects of stress and how those effects can be 

influenced through training, specifically by HRV training through biofeedback. Then I 

will move on to explain the potential of VR to develop an optimal training context. I will 

describe several stages of the intervention development and the lessons learned. The 

introduction section concludes with a description of the thesis layout. 

Police performance in stressful contexts

 When we feel threatened, stressed or scared, our body reacts with evolutionary 

engrained physiological response patters: The brain shifts into a state fostering 

immediate risk assessment (Blanchard et al., 2011; Zhang et al., 2022) and rapid 

defense mechanisms (Hermans et al., 2011), which promote attentional narrowing 

toward the threat (Rued et al., 2019) and habitual reflexes (Wirz et al., 2018). While 

highly beneficial for life-threatening situations that require immediate fight or flight, 

in stressful circumstances we are left with higher-order cognitive processes (such 

as executive control) impaired, our attention biased and our behavior somewhat 

inflexible (Lojowska et al., 2015; Maier et al., 2015; Wirz et al., 2018). Those are not the 

best circumstances for decision-making, since our body’s only concern is to escape 
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the threat (Hagenaars et al., 2014; Harrison et al., 2015), thus biasing us toward 

actions of self-preservation (Cornwell et al., 2017; Davies, 2017; Marenin, 2016). 

For most of us living in today’s western Europe, far from war theatres, our stress 

reactions are triggered by a vast variety of events, but the majority of those events 

are not actually life-threatening. Yet, those sometimes-useful stress reactions may 

have an impact, for instance when they make one more impulsive or more prone to 

choose immediate rewards instead of pursuing long term goals (Maier et al., 2015). 

Indeed, deficient stress regulation has enormous consequences for people’s lives, 

including their professional performance, their physical health, and their mental 

health (Gradus, 2017). Despite the fact that suboptimal stress management may not 

be directly life threatening for most people in modern societies, there are groups for 

which it can be life threatening, to themselves and others. This especially holds also 

for first responders, such as police officers, firefighters and paramedics.   

This thesis takes the specific case of police officers who, as other first responders, are 

facing a paradox: Their line of work puts them into situations eliciting strong stress 

responses, yet they are asked to act with extreme control, calm and benevolence (Graef, 

1990). Failing to behave with impeccable proportionality (i.e., using the correct amount 

of force and coercion required by the situation, but not more) can lead to excessive use 

of force, mistrust from civilians (Miethe et al., 2019), tarnished image of the profession 

(Worrall, 1999), and ultimately the death of innocents or of the officers themselves 

(Marenin, 2016). Excessive use of force is often reported when the officer is attempting 

to de-escalate a tensed situation (Ellrich et al., 2011).  Specifically, self-preservation stress 

reactions have been suggested to be linked to excessive use of force (Baldwin et al., 

2022; Nieuwenhuys et al., 2015). Thus, stress induction can negatively impact acute 

police performance, but it can also have longer term consequences for police officers 

themselves. This is reflected in the high prevalence of physical injuries (West et al., 2017), 

poor sleep quality (Fekedulegn et al., 2016) and stress-related mental health problems 

(Carleton et al., 2018; Leppma et al., 2017). Those negative conditions are worsened by 

the fact that police officers often have to deal with both pressure from the street and 

from the organization they belong to (Davenport, 1999; Graef, 1990; Van Der Velden et 

al., 2010). In light of all these challenges and the potential detrimental effects of stress 

responses on police performance and wellbeing, there is increasing interest in the 

following question: How do we train police officers to perform efficiently under stress?

Due to the specific conditions in which stress regulation has to happen in police work, 

training efforts have been undertaken by police academies to reduce the performance 

drop during stress induction. Indeed, it has been shown that when police officers were 
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performing shooting exercises, the performance dropped when a physical threat was 

introduced (e.g., electrical shocks and plastic bullets; Hashemi et al., 2019; Nieuwenhuys 

& Oudejans, 2011). It has additionally been shown that shooting training under threat 

mitigated these negative effects of threat on shooting performance, with training 

benefits potentially lasting several months (Nieuwenhuys & Oudejans, 2011; Oudejans, 

2008; Oudejans & Pijpers, 2009). However, these positive training results mostly applied 

to the precision of shots fired and did not hold for decisions to shoot or not. For instance, 

when making shooting decisions in response to armed opponents to be shot at, or 

unarmed citizens to be spared, the presence of acute threat led to a significant drop in 

police officers’ decision-making performance, reflected in more unarmed citizens being 

shot (Nieuwenhuys et al., 2015). Importantly, this drop in decision-making performance 

induced by the threat could not be overcome by training under threat. 

In light of the findings that stressful situations and exposure to threat elicit bodily 

responses that can bias our decision-making towards impulsive reactions (Baldwin 

et al., 2019; Hashemi et al., 2019; Morgado et al., 2015; R. Yu, 2016), we aimed to 

increase control over threat-induced psychophysiological reactions under threat. 

Before detailing the exact research questions, the following section provides an 

overview of important psychophysiological reactions under threat.

Psychophysiological effects of stressors and how to influence them
Threat response and switch to action 

As described by Roelofs & Dayan (2022), when facing a potential threat, immediate 

defensive reactions are supported by rapid reactions of the autonomic nervous 

system.  The sympathetic system—with noradrenaline as primary neurotransmitter—

promotes tachycardia (heart-rate acceleration), hyperventilation, increased muscle 

tone, blood pressure, sweating and pupil dilation, all reactions geared to generate 

rapid fight-or-flight reactions and to activate the cortisol responses. However, when 

threat is still at distance or it is not entirely clear yet what action to take, parallel 

activation of the cholinergically-driven parasympathetic system puts a break on 

the cardiac and motor system and causes us to freeze. Freezing is characterized by 

upregulation of both sympathetic and parasympathetic arousal, but dominance in 

the parasympathetic system results in a net bradycardia (heart-rate deceleration, 

hypoventilation and motor inhibition that is so typical for freezing; Hagenaars et 

al., 2014; Roelofs, 2017; Roelofs & Dayan, 2022). Important for the present thesis, 

parasympathetic dominance not only results in heart rate (HR) deceleration and 

hypoventilation, it also results in an increased heart rate variability (HRV). This occurs 
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potentially via vagally mediated mechanisms, including respiratory sinus arrythmia, 

which results in the acceleration of the HR during inhalation, and deceleration during 

exhalation (Hirsch & Bishop, 1981; Shaffer et al., 2014; Yasuma & Hayano, 2004).  

Interestingly, the increased parasympathetic activity seen during the state of freezing 

is fundamental to preparing the body for optimal action (Gladwin et al., 2016). The 

reduced heart rate is linked to gathering information for improved decision-making 

(Klaassen et al., 2021), among others by enhancing perception (de Voogd et al., 2022; 

Lojowska et al., 2015; Rösler & Gamer, 2019). Once we have made the decision, we 

see parasympathetic withdrawal and the already alerted sympathetic branch of the 

autonomic nervous system enables fast acting, notably with temporary increases 

in strength (Jerath et al., 2006). These defensive cascades can happen largely 

automatically, and adequate tuning may be essential for optimal coping with threat 

(Fragkaki et al., 2017; Niermann et al., 2019; Roelofs et al., 2023).

The increased sympathetic activity in the active fight-or-flight-state can be of 

paramount importance for survival when fast action has to be generated. However, 

when it is associated with reduced parasympathetic activity, a decrease in HRV can 

take place, which has been linked to impaired decision-making capacities (Forte 

et al., 2022; Ramírez et al., 2015).  Indeed, high HRV is suggested to be a proxy of 

ventromedial prefrontal cortex mediated activities that guide flexible control over 

behavior (Thayer et al., 2012).

Restoring balance in the autonomic nervous system

In order to bring back more parasympathetic influence in stressful encounters, breathing 

control is perhaps the most promising direction as it is less invasive than medication and 

direct vagus nerve stimulation (Ben-Menachem et al., 2015). Indeed, deep abdominal 

breathing stimulates vagal activity which results in increased HRV through respiratory 

sinus arrythmia (Yasuma & Hayano, 2004). This increase of breathing-related HRV can be 

measured by increases in HR during inhales, and slowing-down of the HR during exhales. 

After stress exposure, HRV has been consistently reported to decrease as a response to 

stressors (Johnsen et al., 2012; Pulopulos et al., 2018, 2020). Given that HRV is intimately 

tied to the psychophysiological sequelae of stressors and the balance of the sympathetic 

and parasympathetic nervous systems, increasing HRV has been suggested as an 

effective training target to mitigate stress reactions. Indeed, a large variety of studies 

suggest that improving HRV allows to increase cognitive control (Laborde et al., 2021), 

performance and decision-making under threat (Forte et al., 2021; Hansen et al., 2009), 

and more generally stress management (De Witte et al., 2019). 
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Biofeedback for HRV regulation

Several techniques can be employed to help modulate HRV, including breathing exercises, 

meditation and biofeedback. We selected biofeedback (BF), as it is well compatible 

with VR applications, allows to extract objective training data for in-action training and 

performs as well as breathing-based meditation techniques even in standard BF setups 

(van der Zwan et al., 2015). Additionally, it has been shown to be well applicable across a 

large variety of populations and disciplines (Goessl et al., 2017; Jiménez Morgan & Molina 

Mora, 2017; Lehrer et al., 2020; Lehrer & Gevirtz, 2014; Pizzoli et al., 2021). With this 

method, the physiological information—specifically HR—of the participants is analyzed 

in near real-time to provide them with information about their HRV (see figure 1.1). 

Thanks to breathing techniques (mainly deep abdominal breathing), the participants can 

then train to modulate HRV while being provided live information about their success 

rates. This type of closed loop BF training usually takes place by sitting still in front of a 

computer, while the HR data is recorded using a plethysmograph or other types of HR 

monitoring systems. Such HRV trainings have already been developed and implemented 

in the police curricula of the Netherlands, with limited benefits and mixed reception. The 

main critique on the current passive HRV training is that the breathing techniques taught 

in a calm classroom setup do not transfer to a stressful action context (van der Meulen 

et al., 2018; P. van der Velden et al., 2014). Finally, the current implementation has been 

reported to lack engagement elicitation. This negative appraisal is in line with findings 

suggesting the superiority of contextualized BF, especially in terms of skill transfer 

(Parnandi & Gutierrez-Osuna, 2017, 2019). 

To summarize, the aim of the current thesis was to investigate how HRV could be 

trained in ways that would promote transfer of the learned HRV control skill to real-

life stressful situations. To that end, we developed a VR game that included real-time 

biofeedback in a closed loop system (see Figure 1.1), that provided an active action 

context that elicited psychophysiological stress and was engaging. We started by 

validating potential VR training environments in terms of arousal elicitation and 

capacity to measure meaningful behaviors while training. We further tested the causal 
role of biofeedback presentation on psychophysiological control, and the transfer of 

such control skills in a police-relevant decision-making task. Additionally, we monitored 

the appraisal of the training by the participants to provide a more encompassing 

account of the mental processes involved in the training. The experiments described 

in this thesis were conducted in a population of police trainers rather than police 

students, as they could more expertly provide feedback on the training procedure 

and assess its benefits. Hence, we tested a total of 118 police trainers in two different 
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studies, in a VR environment that we designed specifically to train HRV through BF, in 

a stress-inducing action context with decision-making. The choice for VR was based on 

its immersive capacity and the enhanced engagement this elicits in the player. The rest 

of the current chapter details how the intervention was designed. 

Figure 1.1
The biofeedback loop.

Note. During a biofeedback (BF) training the user is put in a closed loop. The loop can be divided 
in three components. First, a BF parameter (A) is extracted from a physiological modality. In 
the study presented in chapter 4 of this thesis, the parameter is breathing (lower thoracic 
expansion) while in chapter 5 the parameter is heart rate. Second, the signal is processed (B) 
to evaluate if the current state of breathing pace and depth, or Heart-Rate-Variability (HRV) 
matches a predefined target state. This calculation results in a BF score that gets translated into 
a representation (C) consisting, in our case, of a manipulation of the players’ visual field in VR. 
Adapted from Brammer et al. (2021).

Intervention development

For the final design, we considered a “zombie-shooter” game dynamic as a suitable 

candidate. In short, the player was immersed in a VR environment and asked to 

shoot approaching zombie targets matching a radio description. Other zombies 

had to be left reaching the player unharmed. The game additionally reacted to the 
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player’s physiology by narrowing their field of view when the measured physiological 

state of the player was not indicative of relaxation.  This game format was selected 

since similar gaming formats involving zombies coming at the player from all 

sides have proven to be a reliable way to induce stress and a feeling of threat (Lin, 

2017; Reichenberger et al., 2017). Additionally, non-living targets alleviated ethical 

considerations around the risk of de-sensitization of police officers through repeated 

shoot/don’t shoot decisions in a realistic police training (Hinte, 1971; Williams & 

Clarke, 2019). Pragmatically, the rationale for this choice can be summarized by the 

idea that creating a real feeling of threat is more achievable by an unrealistic yet 

“believable” context than by a virtual simulation of reality. 

Engagement for an effective intervention

The lack of engagement reported in standard BF setups further highlights the often-

overlooked problem of defining the processes leading to behavioral improvements 

(Kazdin, 2011). For a training to be successful, the trainee must engage with it and 

understand its value. Poorly designed interventions can be unsuccessful as they 

don’t engage the trainee enough. This fact has been seen with the wearable sensors 

(used for BF) that are often dropped by the users shortly after purchase (Ledger 

& McCaffrey, 2014), and lack of engagement has also been found in game-based 

interventions (Scholten & Granic, 2019). This lack of engagement has been theorized to 

hinder behavioral change, specifically in BF learning processes (Weerdmeester et al., 

2020). Further, providing an engaging and relatable context for BF training could help 

the trainee to better understand how to apply the learned physiological regulation 

skill in real life. It has been shown that when physiological regulation is practiced in a 

relevant context, the attention given to arousal and its reappraisal by the participant 

is higher than when the skill is practiced in a neutral or relaxing setting (Driskell & 

Johnston, 1998). Training police officers to control their psychophysiological arousal 

in stressful encounters therefore requires an engaging and relatable context for the 

skill learned during training to transfer to real life.

A game for training police officers

In terms of design goals, the VR game had to: (1) create an engaging experience, (2) 
elicit psychophysiological stress, (3) provide an active decision-making context 
that feels relevant for police officers and (4) have an imbedded mechanic to 
provide feedback on the participant HRV. As explained in the previous paragraph, 

the choice of a VR game-based intervention solved naturally the first two requirements 

of the game, namely the engagement problem (Allcoat & von Mühlenen, 2018) and 



15

1

General Introduction

the stress induction reliability problem (Lin, 2017; Riva et al., 2019). Additionally, 

using a game-based environment facilitates the third requirement as a game allows 

the introduction of scientific paradigms in the game mechanic to provide relevant 

decision-making opportunities in game (e.g., shooting zombies can become a Go/

No-go task). The same holds for the last requirement, as a game provides easy 

opportunities for BF incorporation, for example by linking the field of vision of the 

player to their psychophysiological state. 

To drive the development of the VR game, a guiding model was developed (see Table 1.1). 

This model details the principle through which each psychological mechanism could be 

investigated in the VR environment, and is recommended for game-based interventions 

(Scholten & Granic, 2019). In the model, each psychological mechanism is mapped to an 

evidence-based technique commonly used to investigate such psychological mechanism. 

Those evidence-based techniques are translated into a game mechanic, which in turn 

allows to measure a proximal outcome of the player performance that directly maps to 

the original psychological mechanism investigated. Thus, the model ensured that each 

measurement performed on a player while immersed in the VR game related to relevant 

psychological mechanisms that we aimed to train or influence. 

Table 1.1 
Guiding model for the incorporation of evidence-based mechanisms and techniques in the VR game 
environment

Psychological 
mechanism

Evidence-based 
technique

Game mechanic In-game 
outcome

Envisioned 
long term goal

Psycho-
physiological 
regulation

Bio-feedback Width of the field of view 
linked to HRV score

Breathing/ HRV 
biofeedback 

score increase

Improved stress 
management in 

real contexts

Response 
inhibition

Go/No Go Hostile (Go) vs. Benign (No 
Go) zombies according to 

dispatch information

Decreased false 
alarms

Improved and 
less biased 

decision making 
in presence of 

stressors
Bias resistance Priming Benign zombies partial 

matching (body type, but 
not eye color) with dispatch 

target information

Fewer primed 
false alarms

Spatial 
attention

Target detection Targets coming from 
multiple sides

Fewer zombies 
reaching the 

player unspotted

Improved 
situational 
awareness

Note. The items of the last column (Envisioned long-term goal) are part of the model as they served 
as a rationale for the incorporation of the relative psychological mechanism in the game. Testing 
those effects in real-life policing contexts was however outside the scope of the present thesis.
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Additionally, and also in line with the design principles listed by Scholten & Granic 

(2019), we involved stakeholders in the creation of the training to ensure that it 

addressed the diverse needs and perspectives of the police. Some crucial features of 

the game, like the use of non-realistic targets to avoid unwanted transfer of behavior 

to real-life and the implementation of the BF as a “tunneled” vision impairment come 

from this collaboration. Another important feature that this early collaboration with 

the police stakeholders allowed is the extension of automated feedback from just 

the BF score to behavioral markers of decision making and spatial attention. Those 

extra feedback features, presented to the players at the end of each VR training 

round provided the player with more information to “chew on” until the following 

game session (See Figure 1.2). As those composite scores provided multifaceted 

feedback to the participant, they presented the additional benefit of diminishing the 

risk of having too simple of a metric to discriminate participants. Indeed, participants 

in a police center tend to compare their scores as professional self-efficacy is an 

important aspect of police officers’ feeling of self-worth (Love & Singer, 1988).

The elements of Table 1.1, are discussed in the following paragraphs. Since there 

were several psychological mechanisms for which our game is designed, several 

separate challenges were faced with the conceptualization and implementation 

of the game, as well as difficulties in translating the evidenced-based principles of 

scientific tasks into a novel, appealing and dynamic environment. 

Psychophysiological regulation. Psychophysiological regulation (see Table 1.1) is 

the central psychological mechanism on which the training focused. As mentioned 

earlier in this chapter, improving performance under stress in real-life policing 

contexts is thought to require a mitigation of the stress response. According to the 

recommendations of Hayano & Yuda, (2019), we focused on HRV as a marker of stress 

regulation and how this can be influenced by breathing. As detailed in chapters 3 

and 4 of this thesis, the psychophysiological regulation was achieved through the 

evidence-based technique of BF. It was initially implemented by rewarding slow 

abdominal breathing, which has been associated with increased HRV (Laborde, 2019). 

This was replaced in chapter 5 by directly rewarding breathing induced fluctuations 

in HR— also called respiratory sinus arrhythmia (RSA). This physiological marker is 

characterized by an acceleration in HR when the subject inhales, and a deceleration 

when the subject exhales, and has been suggested to be a more direct and reliable 

indicator of calmness (Hayano& Yuda, 2019). Studies have shown that this natural 

coupling between breathing and heart rate not only provides a feasible biofeedback 
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parameter, but that it is effective (Lehrer et al., 2020) and also correlates well with 

established HRV markers (Bornemann et al., 2016, 2019). 

Figure 1.2
Example of the scores presented at the end of each VR game session to the player.

Note. When presenting this score panel to the participants, the experimenter would detail it, by 
mentioning that the three control scores (Situation-control, Suspect-control, Self-control) are built 
by using the more fine-grained scores presented in the rightmost portion of the screen. The central 
graph represents the evolution of the HRV/respiration of the participant throughout a VR session.

Irrespective of the physiological marker used for BF, its game mechanic was the 

same (see Figure 1.3 for an example of its implementation in chapter 5). Namely, 

when the player approached the desired physiological state their vision in the game 

improved, while moving away from that state reduced their vision by darkening their 

peripheral vision up to the point where only a small portion of the central field of view 

was still visible. This visual impairment was implemented to mimic the commonly 

reported phenomenon of “tunneled vision” appearing under stress, which is very 

familiar to police officers (Baldwin et al., 2022; Dirkin, 1983; Klinger & Brunson, 2009). 

The game recorded the BF performance of each player during a VR session, thus 

allowing to calculate BF scores to estimate the evolution of their psychophysiological 

regulation capacity. Additionally, the game automatically calculated the BF score 

of a whole session. This proximal outcome of psychophysiological regulation was 

displayed to the player at the end of each VR session. We expect that providing a 

capacity to manage psychophysiological stress in an action context will enhance 

the chance of transfer to real policing contexts, which is our envisioned long-term 
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goal of the training. Skill transfer to different contexts has already been shown for 

neurofeedback training of the amygdala (Keynan et al., 2016) as well as HR-based 

BF in emotionally challenging (Peira et al., 2014) and stressful contexts (Parnandi & 

Gutierrez-Osuna, 2017, 2019).

Figure 1.3 
A BF training game for Heart-Rate Variability (HRV) control under high arousal.

Note. Implementation of the biofeedback (BF) as closed-loop peripheral vision modulation 
to reflect the negative consequences of attentional narrowing (tunnel vision) occurring as 
a consequence of the stress response. The quality of the vision was linked to the BF score, 
calculated from the Local power HRV; (A) A police trainer in the VR training; (B) Exemplary traces 
of inter-beat-intervals (IBI) and relative HRV when the participant’s HR is stable and does not 
fluctuate along with breathing. HRV is computed by measuring peak-to-through differences in 
IBIs, where larger fluctuations correspond to a higher HRV score; (C) IBIs and relative HRV traces 
when the participant’s HR is fluctuating along with deep breathing; (D) Low visibility, associated 
with small breathing induced HR fluctuations (poor control); (E) High visibility, associated with 
larger breathing-induced HRV fluctuations (good control).

Response Inhibition. Another important requirement for our training was that the 

physiological regulation had to happen in an active decision-making context. This 

allowed us to monitor and train specific psychological mechanisms that are known 

to suffer when facing stressors. Response inhibition is the ability to withhold a 

response that is triggered relatively automatically by context, habituation or training. 

In policing realities, this could translate in the capacity to refrain from excessive use 

of force when facing insults or other situations where force seems a trivial solution to 

the problem the officer faces (Staller et al., 2018). In the training, response inhibition 
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is implemented through a Go/No-go decision task, an evidence-based task where 

players must refrain from making a habitual response (shooting a target). Previous 

studies have shown that withholding such a response can be quite difficult, especially 

in high-stress situations where it may be a self-preservation attempt (Hashemi et al., 

2019; Nieuwenhuys et al., 2015). The ability to withhold a response is also linked to 

prefrontal cortex activity (Föcker et al., 2018), which is impaired by stress responses 

(Hermans et al., 2014). In terms of game mechanic, response inhibition was 

implemented by asking the player to only shoot at zombies matching a description 

provided to the player by radio dispatch information, thus sparing “benign” zombies. 

The game kept track of each decision made by the player, thus allowing to calculate 

the number of false alarms (benign zombies shot by the player) for each session. 

This proximal outcome of response inhibition was displayed to the player at the end 

of each VR session. As an envisioned long-term goal, we expect biofeedback training 

to help police officers by improving their decision-making capacities, as already 

illustrated by the positive effect of HRV BF delivered in close proximity to action 

moments (Andersen & Gustafsberg, 2016). 

Priming. Just as response inhibition, resisting biases is a psychological mechanism 

of crucial importance in a high-stress police encounter. Previous studies have shown 

that the radio dispatch information given to police officers prior to an encounter 

can bias their decisions towards excessive use of force (D. J. Johnson et al., 2018; 

Taylor, 2020). Priming is an evidence-based technique that was introduced in the 

VR game to measure and train (resistance to) dispatch induced bias. During a VR 

training session, the player faced several waves of zombie-like targets (see Figure 

1.4). Each zombie wave was preceded by a radio dispatch message detailing the eye-

color that hostile zombies would have (red, blue or yellow, a reliable identifier of the 

go targets) and the body type that these zombies were expected to have (small/large, 

male/female; an unreliable identifier of the go targets). This double-identifier feature 

for target identification allowed us to bias expectations. Throughout the VR session, 

while the dispatch information for target identification by eye-color was always 

correct, the information about the easier-to-identify body type became less reliable. 

This game mechanic allowed us to investigate to what extent dispatch information 

could bias the player towards shooting benign zombies (No-Go targets with the 

primed body type but the incorrect eye color) and whether this was associated to 

the physiological state of the player. The amount of priming-related mistakes of the 

player was recorded by the game, but this proximal outcome of bias resistance was 

not displayed to the player at the end of the VR session. 
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Figure 1.4 
Sample of zombie types encountered in the VR game.

Note. All the possible combinations of eye colors (red, blue, yellow) and body types (small/large, 
male/female) could be encountered in-game. 

Spatial Attention. The final psychological mechanism incorporated in the game was 

spatial attention. Psychophysiological stress alters attention in a variety of ways, from 

making us focus on more coarse visual features (Lojowska et al., 2015) and tunneling 

our vision (Dirkin, 1983) to distorting information processing and creating attentional 

biases (Aue & Okon-Singer, 2015). Since VR allows events to happen all around the 

player, it is a perfect environment to test how spatial attentional is allocated in the 

game. To that end, the time that a target spent in the field of vision of a player before 

being shot or reaching them (without being shot) was recorded. This metric provides 

insights on how many targets could approach the player without being spotted, and 

is particularly relevant for the officer’s safety, as policing action usually requires 

cautious monitoring of the environment. The number of zombies reaching the player 

undetected was used as a proximal outcome for spatial attention, and displayed to 

the player at the end of each VR session. We expect this training element of the game 

to enhance situational awareness of police officers, as indirectly suggested by the 

increased situational awareness witnessed in drivers confronted with a training that 

pushes the need for enhanced situational awareness (Walker et al., 2009).
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Early attempts at intervention development

As shown above, there were a number of problems to be tackled to head toward 

improving the policing performance in presence of stressors and achieve the goal of 

skill transfer in HRV training. Several design attempts were made before we reached 

the final solution that was described above. These early attempts are hereby shortly 

documented as they further explain the process leading to our rather unconventional 

choice of training police officers with a “zombie-shooter” game.

From a methodological standpoint, the choice of Virtual-Reality to generate a training 

context for physiological control was driven by the possibilities of immersion and 

control that the technology grants (Parsons, 2015). Indeed, the complaints of the 

Dutch police concerning the lack of relatability of standard BF environments could 

not be overcome without proper immersion. Helpfully, VR has been praised as a 

very efficient way to create environments that are both representative of real life 

and allowing control to the finest details (L. C. Miller et al., 2019). VR is moreover 

considered a reliable way to elicit genuine emotional responses (Parsons, 2015) and 

to boost learning through engagement (Allcoat & von Mühlenen, 2018; Weerdmeester 

et al., 2017, 2020). Ultimately, and of particular importance for the current thesis, VR 

environments have been shown to be reliable fear and stress elicitation paradigms 

(Lin, 2017; Reichenberger et al., 2017). 

For relatability and representativeness, in our first design attempt we tried to keep 

the VR environment as close as possible to realistic policing situations (see Figure 

1.5A and 1.5B). The idea was that content similarity between training and real life 

would enhance the chances of skill transfer (Oudejans, 2008). Our early design 

attempts therefore included an ongoing house robbery, domestic violence scenes 

and similar realistic situations. The complex nature of those scenarios required the 

implementation of numerous features such as dialogues and physical interactions. 

Since those expensive features far exceeded the limited budget at our disposal, the 

scenarios were then reduced to a “simple” building search, where the participant 

would have to search several apartments in a building to find an armed robber. The 

idea was to give to the whole game a “shoot/don’t shoot” dynamic, since a complex 

communication/handcuffing procedure was not manageable with the technology at 

our disposal. There, our problems (thoroughly listed in chapter 2) started. Indeed, 

this design was putting the participant at repeated risk of shooting innocent 

bystanders (which was not allowed by the police stakeholders for ethical reasons) 

and would interfere with taught police practices since many policing procedures had 
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to be overlooked in the scenario. Creating scenarios with a large number of possible 

actions at any given moment would become very hard to design and would not allow 

for reliable measures of behavior. 

Figure 1.5
Visuals of the earlier and current iterations of the VR game

Note. These visuals are screenshots taken from examples of playthrough moments of early 
and current versions of the VR game. We first investigated a building search scenario where 
the officer would have to (A) approach an apartment announced via radio dispatch as potential 
theatre of an ongoing burglary and (B) decide if the suspect had to be neutralized or not. In a 
later scenario version (C) the officer was asked to chase a getaway car. The final version of the 
game (D) was built around a zombie-shooter dynamic taking place in a poorly lit garage. Officers 
had to decide whether to shoot incoming zombies or not based on radio dispatch information.
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The building search idea was therefore abandoned in favor of a “car chase” scenario, 

where the player would have to pursue an escaping car (see Figure 1.5C). The scenario 

had the advantage of reducing the risk for innocents being killed (the roads were 

empty), but made it very difficult to provide behavioral metrics that could distinguish 

between good and bad decisions made by the participant. The additional problem 

encountered with the “car chase” scenario was that it required the driver to frequently 

look on the side and change the speed of the car, thus reinforcing a mismatch 

between the information provided from the vision and from the vestibular system, 

ultimately leading to nausea (Padmanaban et al., 2018). Ultimately, participants also 

reported that the whole scenario felt rather dull and not very engaging. Due to the 

severity of the nausea symptoms experienced in pilot testing, as well as the difficulty 

to create an experience that was both engaging and stress-inducing while staying 

true to police realities, the scenario was ultimately discontinued.

For the final, successful design we went back to the drawing board and concentrated on 

the key role of the training environment (see Figure 1.5D), which consisted of creating a 

game eliciting a genuine feeling of threat, stress and sense of being overwhelmed. Pure 

“realism” was therefore abandoned to favor the “believability” of the stress inducing 

scenario, as the game designers of our team recommended (see chapter 2). 

Thesis layout

The present thesis investigated how a VR game-based BF training could be used 

to help police officers train control over their psychophysiological stress response, 

and ultimately improve their decision-making performance when facing stressful 

situations. Chapter 2 is a theoretical article responding to L. C. Miller et al. (2019), 

who proposed a methodology to enhance the causal inference affordances of 

representative environments, thanks to VR. Our response focused on highlighting the 

boundaries and limitations of VR when used for scientific and training applications. 

Indeed, due to the relative novelty of the technology, many promises are made 

about its capacity to provide realistic, yet controllable, environments for scientific 

investigations (Baños et al., 1999; Blascovich et al., 2002; Cipresso et al., 2018; de la 

Rosa & Breidt, 2018; Pan & Hamilton, 2018; Parsons, 2015). Therefore, in chapter 2 we 

warn potential users for the complexity of developing realistic scenarios, and discuss 

the challenges of interpreting data that are measured in such complex environments, 

which can prove very hard to model. Hence, this chapter capitalizes on our initial 

experience in VR game design and highlights the main limitations considered and 

design principles followed when designing our VR game. 
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Just as designing a VR environment poses specific challenges, identifying and 

measuring suitable physiological markers for in-action biofeedback can prove 

very arduous. Chapter 3 goes beyond theory and details the challenges and 

considerations that we faced in developing our own BF training, illustrated with 

pilot data. Specifically, the chapter deals with how in-action BF signal analysis has 

to deal with several problems, like movement artifacts, that make the usual trade-

off between signal quality (requiring a delay of feedback presentation) and players’ 

sense of controllability (requiring feedback as fast as possible) even more complex. 

Although the BF signal discussed in this chapter and the next (chapter 4) is different 

from the BF signal used in chapter 5, most of the considerations detailed in this 

chapter are still applicable to chapter 5.

Chapter 4 is a first qualitative small N study that investigated the effect of training 

police trainers for multiple days with our VR game. The aim of this study was to 

carefully document the evolution of the training over a 1-month period, comprising 

10 training sessions. The results were used to determine the feasibility of biofeedback 

training in an active context, evaluate the likelihood of reaching a training plateau 

and monitor how the training was appraised and experienced by the participants. 

Many features of the experimental schedule and discoveries made in this explorative 

study were used to design the following study, a full-scale RCT.

Chapter 5 is the culmination of the thesis and tested the effectiveness of our VR 

game to train police officers in decision making in stressful situations. This chapter 

reports on a large-scale multi-day randomized control trial performed across many 

police centers in the Netherlands. In this study, the training schedules and design 

were based on the insights gathered in chapter 4. The BF target was adapted to 

HRV, to more directly reflect the psychophysiological state of the participant, and the 

transfer of the trained skill to a new police-relevant task outside VR was measured. 

This last study also included an exit questionnaire that allowed us to measure the 

degree of satisfaction the police trainers experienced in taking part in our training. 

The final chapter, the General Discussion, summarizes and discusses all the findings 

of the current thesis, such as the effectiveness of the training and the presence of 

skill transfer. The chapter further summarizes the strengths and limitations of the 

present research and makes suggestions for future research. Among the strengths 

are the capacity of the chosen study designs to investigate causal relationships 

between different elements of the training intervention, as well as the reliability of 

the engagement elicited among the players. Weaknesses are mostly related to the 



25

1

General Introduction

lack of relation between physiological and behavioral results. Lastly, considerations 

are provided on the most important lessons regarding intervention designs, the use 

of VR, and the challenges of defining actionable outcome measurements for policing.
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A Commentary on: Causal Inference in Generalizable Environments

Miller and colleagues (L. C. Miller et al., 2019) propose a novel and inspiring 

theoretical framework that merges systematic and representative experimental 

design. As such, the Systematic Representative Design (SRD) framework has the 

potential to move psychological science forward in a significant way. Essential to the 

authors’ proposition is the default control group (DCG), an experimental condition 

that leverages the possibilities of new technologies such as Virtual Reality (VR) in 

order to create a close approximation to “real-life,” but with the affordances of a 

tightly controlled experience. With this innovation, Miller and colleagues attempt to 

solve the incongruous needs, common in so many experimental designs, between 

generalizability (to everyday life) and experimental control (to claim causality). 

Although the SRD framework could potentially result in a real shift in the way 

psychological research is conducted, it provides far from an ‘off the shelf’ solution. 

In particular the use of new technologies such as VR brings with it a number of 

complications - of both practical and theoretical nature – that are not fully addressed 

in the target article. With this commentary, we aim to contribute to the discussion on 

improving experimental design and thus empirical psychological research in general, 

by drawing from our experience in designing digital, game and neurofeedback-based 

interventions for mental health and behavioral change. Furthermore, we will suggest 

that there are important process similarities between SRD and game design, as well 

as common practical pitfalls. We will outline these links and discuss their implications 

in order to potentially further strengthen the SRD framework, especially for applied 

research purposes. 

The potential of Systematic Representative Design

SRD is a promising framework that attempts to address, and provide solutions 

for, both causality and generalizability requirements in experimental design. This 

framework allows us to maintain a high level of experimental control in environments 

that are usually impossible to standardize without introducing a lot of noise in the 

measurements. Specifically, the strength and main novelty of the SRD approach is 

that it offers experimental control through a carefully constructed default control 

group (DCG) that serves as a highly controllable virtual substitute to reality. 

The first benefit of a highly controllable, yet generalizable, environment in SRD is the 

reduction of noise and biases in the data that are collected in the testing environment. 

Specifically, the authors of the target article suggest that VR, unlike the typically 
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austere psychology laboratory, allows for the design of an experimental environment 

that can mimic the natural, complex context in which behaviors of interest appear. 

In doing so, the VR experimental design limits some of the experimental biases (e.g., 

due to different motivations, semantic understanding, cultural or social expectations) 

that otherwise emerge from studying participants acting out-of-the ordinary in 

traditional lab contexts (e.g., Ceci, Kahan, & Braman, 2010). Moreover, in studies 

focusing on social interaction, the opportunity to use Virtual Agents (VA) in the VR 

setup helps researchers overcome the low internal validity and increased noise that 

is often introduced when human confederates are used (Kuhlen & Brennan, 2013). 

On top of improving the reliability of the data being collected compared to naturalistic 

settings by increasing the consistency of the environment, SRD also aims to focus 

more precisely on the motivational core of participants’ behaviors, keeping that core 

as consistent as possible across the full sample of participants. A large problem in 

“controlled” laboratory assessments comes from the range of unwanted individual 

differences that participants bring with them to a lab task (e.g., motivations, 

interpretations of the instructions, past experience with similar tasks, expectations, and 

so on). The SRD framework insists on taking these individual differences seriously and 

reducing the noise they introduce in experiments, by emphasizing the meaning of the 

action performed: Instead of relying on participants simply following task instructions, 

SRD experiments use contextualization (what is happening?) and interactive narrative 

(why is it happening and what should I do?) to prime participants to act consistently 

according to the role they are given. Thus, in participants’ experience, they behave more 

in accordance with their natural internal motivation rather than the external motivation 

of complying with the experimenter. They have a reason to act as they are asked to. 

Indeed, “providing a role”, has been shown to change behavior in simple setups like the 

ultimatum game, where being primed to imagine impersonating a banker significantly 

changed the way participants behaved (Lightner et al., 2017). In addition, the narrative 

context makes action matter to the participant. Stimuli become affectively salient and 

motivationally important as a result of these contextual enhancements (Parsons, 2015) 

for a review). In many research contexts, the increases in motivation and affective 

salience of stimuli should not only give rise to a better approximation of reality but 

also improve the reliability with which these effects are captured.

Drawbacks and challenges

Despite SRD being a sound framework from a theoretical perspective, there are 

important pitfalls that we anticipate researchers will face when they attempt to apply 
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the framework to their own experimental work. We experienced many of these same 

pitfalls in our own research, in which we strived to design a suitable VR environment 

for studying decision-making under stress in police officers. We will review a number 

of these pitfalls both from an implementation and an ethical perspective, but 

also provide specific examples from our own research that illustrate the concrete 

challenges. Suggestions for solutions that we have found to address these challenges 

will be explained in the “proposed solutions” section. 

Implementation concerns

One important aim of the SRD approach that is emphasized by the authors is the 

need for generalizability to everyday life. This concept resembles the more widespread 

concept of ecological validity, and will be used interchangeably in our discussions. 

Ecological validity can be defined as a combination of verisimilitude and veridicality 

(Franzen & Wilhelm, 1996). Verisimilitude is the level of believability or the extent to 

which an experimental task approximates the features of everyday life. Veridicality, in 

contrast, is the degree to which the performance of a participant in an experimental 

setup accurately predicts what that person would do in reality. 

Enhancing verisimilitude. Enhancing the verisimilitude in an experimental setup 

can be deceptively appealing, but may introduce several problems. In an SRD 

context, enhancing verisimilitude requires isolating a target behavior, identifying 

the “most frequent setting” in which that “behavior of interest” appears and also 

the “relevant script components”, and so forth. In other words, an SRD experiment 

working towards maximal verisimilitude may seem to aim at approximating a simple 

snapshot of reality - faithfully reproduced in VR and/or using by using VA. However, 

designing this type of VR environment leads to several problems of feasibility that 

need to be considered even before an SRD approach is taken, especially in VR. 

First, among the most common drawbacks of VR are nausea and motion sickness: Up 

to 80% of participants are impacted by these physical symptoms in VR experiments 

(Stanney et al., 2003). Most concerning for VR design using an SRD approach, nausea 

and motion sickness are most often a problem when the aim of the VR design is 

to elicit “natural behaviors.” More specifically, only a relatively small part of the 

population cannot physically tolerate VR that simply reacts to the natural movements 

of the player (e.g., an object grows bigger in order to appear closer when the user 

bends forward towards that object), but the proportion gets much larger when 

unpredictable or non-user-initiated artificial movement is experienced (e.g., a car 

hits a wall unexpectedly; e.g.,  Stanney & Hash, 1998). For example, car simulation 
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games in VR (like Project Cars, https://www.projectcarsgame.com/vr/) minimize this 

issue by providing wide tracks, a predictable trajectory, a reduced feeling of braking 

and frontward gaze fixation points. Considering the success of such games, VR could 

seem like a perfect environment to a researcher investigating, for example, reckless 

driving. The virtual environment allows for highly controlled measures to take place, 

and even very “risky” situations to be safely re-created. Yet, the nausea-reducing 

measures present in VR driving games cannot be used in most setups aiming to 

enhance verisimilitude, as exemplified by driving in a city: it happens in narrow 

tracks, frequent braking and the need to constantly monitor the surroundings, which 

results in gaze diversion from frontward fixation. Thus, with the current technology, 

enhanced verisimilitude increases unwanted nausea effects, which paradoxically, 

reduce the generalizability of the task, because nausea can be so unpleasant.

A second drawback with the pursuit of verisimilitude is the uncanny valley effect 

(Mori, 1970), which is the feeling of eeriness or revulsion experienced while 

interacting with robotic or virtual avatars that mimic human behavior almost, but 

not exactly, perfectly. In the pursuit of ecological validity, researchers tempted to 

faithfully reproduce a snapshot of reality have a higher risk to encounter this effect 

than researchers limiting themselves to simpler, less realistic, stimuli. Research on 

this uncanny valley effect lacks consistency regarding the prevalence and explanation 

of the effect (Cheetham, 2017; Lay et al., 2016; S. Wang & Rochat, 2017). However, 

it may be that the effect is related to a discrepancy between expectations raised 

by an anthropomorphic “entity” and its observed behavior (Złotowski et al., 2015). 

Therefore, in the current state of most available technologies, the uncanny valley 

effect can pose a severe threat to the ecological validity of a task, as participants who 

feel disturbed by the perceived un-realism of the experimental setup are less likely 

to behave naturally.

A last, more mundane, drawback regards the limited availability of adaptable 

and evolved VA and complex interactive environments whether in VR or not. 

Their development requires large financial investments and might require niche 

programming expertise. These high costs and long development times are often 

overlooked in grant proposals and research designs, whilst being of paramount 

importance for the success of any project aiming at using VA to enhance ecological 

validity. 

Aside from the implementation concerns, enhancing verisimilitude by approximating 

a snapshot of reality also brings with it analytic concerns: Given the complexity and 
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richness of VR environments, how valid are our conventional analytic methods? Most 

of the tests used in traditional laboratory experiments rely on specific assumptions 

that are easily violated in VR setups that attempt to simulate reality as closely as 

possible. Human behavior is complex, occurring at different levels of analysis 

(perception, attention, interpretation, action), and changing over time (i.e., moment-

to-moment). The methodological challenge of capturing this complexity and dynamic 

nature is illustrated by Brehmer’s (1992) early research that attempted to re-create 

a generalizable, ecologically valid decision-making environment for firefighters. In 

his setup, a series of interdependent decisions had to be made in real-time in an 

environment that changed both spontaneously and as a consequence of earlier 

decisions. Since all the decisions made by a player were interdependent, the standard 

analytic strategy which aggregates all decisions across time and contexts was not 

feasible anymore because the assumption of independence was violated in this setup. 

This is why Brehmer’s focus had to move to the general tactics and strategies used 

by the firefighters to achieve their pursued goal rather than momentary decisions. 

The same could happen in SRD experiments: When broadly reproducing real-life 

situations in an SRD setup, actions and decisions will be embedded hierarchically, 

they will influence one another, and they will be contingent on prior actions and 

decisions. As a result, individual actions or decisions are not the correct unit of 

measurement and aggregating those measurements (decisions) violate most General 

Linear Model assumptions. More sophisticated hierarchical analysis approaches 

could be envisioned, but without a severe constraint on the participant’s action range 

those analyses would quickly grow out of hand. In other words, if an SRD experiment 

consists of a VR-based snapshot of reality, it is more like an interactive “video” of 

reality than a series of independent snapshots. Thus that design does not allow 

analyzing single action or decision moments in isolation. Taken together, the lack of 

independence of measurement points prevents fundamental mechanistic questions 

to be addressed adequately in such a high-fidelity reproduction of reality. 

Enhancing veridicality. Enhancing the veridicality of an experimental setup raises 

another set of concerns regarding the way the data can be analyzed. Since veridicality 

is defined as the degree of prediction of the experimental setup on participants’ 

everyday behavior, it seems meaningful to enhance veridicality by incorporating “real 

life” elements into a validated experimental setup. It actually is the only principled way 

to proceed at enhancing the prediction power of a laboratory setup on everyday life’s 

behavior. Yet, sadly enough, every element of “reality” added introduces proportional 

levels of complexity. No level of technological sophistication will solve this problem; 
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in creating a close to real-world environment, one gets the corresponding real-

world complexity for free. In a situation comparable to “real life”, behaviors can have 

wildly different explanations, or be due to the interaction of a large number of sub-

systems. Therefore, by making an experimental setup richer to enhance veridicality, 

the researcher might not be able to exclude potential alternative explanations of a 

measured effect, especially when trying to make an inference about the underlying 

mechanisms. Effects that are established in a controlled environment could also 

disappear altogether in this more complex environment. 

A concrete example from our own work might be important to clarify our point. In an 

early iteration of an experiment on decision making under stress for police officers, 

we attempted creating an ecologically valid version of the laboratory shooter task 

standardized by Gladwin, Hashemi, van Ast, & Roelofs (2016). This task requires (police) 

participants to perform several trials of shoot-don’t shoot decisions. The main effect 

we desired to reproduce from that task was a reaction time difference in shooting 

responses between high and low threat conditions, as found by Hashemi et al. (2019). 

Reaction times are measured as the latency between a target stimulus appearing 

on a screen and the recorded response from the participant. In the laboratory task 

the target stimuli appear instantaneously (an opponent with a gun or phone), thus 

allowing for a precise measurement of the time until a participant responds, with 

millisecond precision. In an ecologically valid VR setup however, even target stimuli 

with a seemingly sharp onset like someone opening a door or taking an item out of 

their pocket are not instantaneous enough for a precise reaction time measurement. 

In addition, the time duration of those very actions actually lasts much longer than 

the differences in reaction times that we wished to measure between conditions. As 

if that was not enough, since VR allows participants to look in any direction, target 

stimuli could be missed altogether. Hence, the effects of threat on response times 

observed in the laboratory task could disappear in the VR environment.

Also, when enhancing veridicality by adding “reality” to an established experimental 

setup, the problem of trial duration can also become a challenge. This concern can 

again be illustrated by our attempts to create an ecologically valid version of the 

shooter task mentioned above. In this task, participants were asked to perform 150 

trials of shoot-don’t shoot decision making. The task can be completed in about an 

hour and contains enough trials to reliably measure the within-condition effect (i.e., 

high versus low threat). In this set-up, it is virtually impossible to include contextual 

elements to make the decision similar to what police encounter in “real life”. To have 

an idea of what a more ecologically valid example could be and what would be the 
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implications for task duration, let us consider the task used by R. R. Johnson et al. 

(2014). In this task, deadly use of force decisions were inspired by real situations 

from police practice and trials lasted an average of two minutes. Transforming the 

shooter task by Gladwin and colleagues according to R. R. Johnson’s example, while 

keeping the same number of repetitions to reliably detect the effect, would make 

it last almost five hours (without breaks). Thus, because of feasibility reasons, the 

effects reported in Gladwin and colleagues’ actual experiment may not have been 

discovered, and could probably not be replicated, in a setup characterized by higher 

veridicality. This difference raises the question of the number of repetitions allowed 

by an SRD experiment relying on contextualization to elicit affective reactions, and 

therefore the effect size needed to reliably measure an effect with very few trials.

Ethical concerns

An extension to the implementation concerns we have outlined above are those 

related to what is ethically feasible in experimental setups. The effort to make an 

environment ecologically valid and able to elicit genuine behaviors of interest may 

raise a range of ethical concerns that may not apply to standardized, controlled 

studies. Specifically, as outlined by Pan & Hamilton (2018), there are several ethical 

risks that appear in immersive environments and interaction with VA: Enhanced 

personal disclosure can lead to privacy issues (Lucas et al., 2014; Rizzo et al., 2015), 

immersive environments could lead to changes in real-life behaviors through 

embodiment (Tajadura-Jiménez et al., 2017) and even false memories in children 

(Segovia & Bailenson, 2009).

As hinted by these studies, VR experiments could be considered to be emotionally 

charged environments because users are not only immersed in a story, with 

vivid graphics. It is also due to one’s whole body – including gaze, body posture, 

physiological arousal, and so on – being directly impacted on by this enclosed, 

immersed simulation. As a result, emotional experiences and associated cognitive 

impacts may have long-lasting effects. Those effects might linger far longer than the 

actual VR experience itself and generalize outside the context of the experiment. 

Consequently, these studies suggest the potential risk of accidentally creating 

traumatic experiences in VR experiments that simply aim to assess behavior. Clearly, 

the point of using VR in a study is to increase “immersion”, which in turn should elicit 

authentic emotional responses. If the responses are indeed authentic emotional 

experiences, they have the potential to impact the well-being of participants, as 

suggested by the use of VR for mood induction protocols (Baños et al., 2006), and 
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the potential of those induction procedures to be used in clinical contexts (Herrero 

et al., 2014).

Moreover, the use of VR as a therapeutic intervention tool is a strong indication that 

it requires extra attention to potential side effects. Indeed VR is a promising tool 

used in the treatment of several disorders such as Post Traumatic Stress Disorder 

(Rizzo & Shilling, 2017), complicated grief (Botella et al., 2008), eating disorder (de 

Carvalho et al., 2017), and sexual disorders (Fromberger et al., 2018). Most of the 

leading scientists in those fields advise the use of extra care in considering the ethical 

issues specifically linked to VR. A comprehensive example of ethical guidelines can be 

found in the article of Madary & Metzinger (2016), where potential implications of the 

use of VR are reviewed extensively. 

In our own work, we had similar issues around ethically designing an emotionally 

evocative task in VR, with high levels of ecological validity. In the previously 

described VR project, aimed at training decision making under stress for police 

officers, situations arose in which police participants could involuntarily shoot 

innocent bystanders. These situations seemed relatively benign and game-like to 

the VR simulation designers. However, our stakeholder, the Dutch Police Academy, 

quickly vetoed this training scenario because of the concern for triggering traumatic 

memories and the potential for desensitizing officers or reinforcing shooting 

behaviors that were against their training policies. Thus, it is important to keep these 

ethical considerations in mind from the start when designing VR tasks from an SRD 

perspective, to avoid creating unsuitable (and costly re-) designs.

Proposed solutions

To overcome the previously mentioned ethical and implementation challenges in 

the development of SRD experiments, we propose two main directions. The first is 

to extend the range of techniques proposed in the target article to experimental 

manipulations that include using powerful tools from neuroscience. We agree that 

techniques proposed by the authors like fMRI neurofeedback are a good start, but 

we see substantial additional advantages in terms of feasibility and opportunity 

for making causal claims from EEG neurofeedback applications, as well as brain 

stimulation techniques and other psychophysiological methods. Indeed, those 

techniques allow for a better use of VR capacities, by preserving the participant’s 

head movement freedom. The second direction that we propose is the application 

of game-based approaches to SRD paradigms. We argue that it may be important to 
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reconsider the importance of general verisimilitude and think about which specific 

elements of everyday life are necessary to claim generalizability. We suggest that less 

realistic game-based elements can often prove more effective in homing in on the 

core causal units necessary for generalizability claims. 

Extending the use of SRD to other methods 

One of the core promises of SRD is to allow for causal inferences by isolating 

mechanisms by testing the experimental condition against a default control group 

(DCG). Providing the experimental condition by modifying the DCG by changing parts 

of the VR environment or of the VA can be relatively straightforward for a certain 

number of applications (like changing the gender of an interacting virtual avatar). 

However, as previously mentioned, for more fundamental questions (e.g., such 

as investigating the neural underpinning of specific decision-making processes), 

difficulty can grow exponentially fast. This increased difficulty is mainly due to the 

need to exclude alternative explanations for observed effects and to make causality 

claims, which is what has historically driven experiments away from ecological validity 

(Burgess et al., 2006, for a narrative review). One interesting way to avoid or at least 

address these difficulties could come from the fields of neurofeedback, biofeedback 

and brain stimulation. Indeed, these techniques can provide a way to manipulate 

physiological parameters - and can therefore allow causal inferences - by being used 

to create an experimental condition without modifying the VR environment or VA 

behaviors. 

Miller and colleagues alluded to neurofeedback as a field of applications that would 

benefits from the SRD framework. We agree, but argue that this benefit could go 

both ways, as neurofeedback has been used not only for interventions, but also as 

a tool to perform experimental manipulations in fundamental research (Sitaram 

et al., 2017, for a review). Moreover, contrary to the authors’ suggestion that fMRI 

neurofeedback is ideal for incorporating into SRD designs, we suggest that there is a 

wide range of opportunities offered by the more VR-friendly EEG neurofeedback (as 

exemplified by the work of Vourvopoulos et al. 2019). This latter technique has already 

proven its potential in investigating fundamental neuroscientific questions, like the 

trainability of brain plasticity (Tomas Ros, Munneke, Ruge, Gruzelier, & Rothwell, 

2010), EEG biomarker’s connection to psychopathological symptoms (Tomas Ros, J. 

Baars, Lanius, & Vuilleumier, 2014), the normalization of scale-free dynamics in EEG 

in (T Ros et al., 2016) and research on stroke patients rehabilitation (Tomas Ros et 

al., 2017). Moreover, the spatial resolution of EEG neurofeedback has recently been 
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extended by using machine learning to extract deeper, non-cortical, signals like those 

from the amygdala (as elegantly shown by Keynan et al., 2019)

Specific brain activity could therefore be modulated either endogenously with 

neurofeedback or externally with brain-stimulation techniques, in controlled SRD 

setups. These possibilities would remove the chore of providing an experimental 

condition from the VR environment design. In other words, in such an experiment 

the VR and VA components would be constant across the control and experimental 

group, and the experimental manipulation would happen in terms of brain training 

or stimulation only. Experimenters could therefore perform targeted mechanistic 

manipulation of brain activity on participants interacting with a generalizable 

environment. If the VR environment was built in such a way that it was, indeed, 

reliably eliciting the behavior of interest, it would allow direct claims to be made 

regarding the implication of specific brain activity patterns in everyday functioning. 

One example could be studying the effect of disrupting (or training) posterior alpha 

oscillations, which has been linked to visual attention (Rihs et al., 2007) in ecologically 

valid VR contexts. This could allow researchers to link the phase-amplitude coupling 

of the alpha-gamma waves (Pascucci et al., 2018) to behaviors generalizable to 

“real life”, which could in turn prove very useful to better understand the neural 

underpinning of the daily attentional processes.

Finally, the range of techniques used to create the experimental condition in SRD 

could be further expanded to biofeedback protocols controlling non-cerebral 

psychophysiological markers. Biofeedback could be used to investigate well-

established psychophysiological effects in environments that provide a higher 

degree of generalizability to everyday life than traditional experimental designs. A 

few examples could be studying (through training) the role of easily measurable 

markers like heart-rate variability for stress management (B. Yu et al., 2018) or 

anticipatory bradycardia for decision making (Roelofs, 2017). In these two specific 

examples, studying the contribution of well-established psychophysiological 

markers in generalizable contexts would pave the way for a wide range of affordable 

interventions aiming at changing, for example, the behavior of patients suffering 

from anxiety disorders. 

Careful integration of reality: Make it a game! 

We have argued that there are a host of potential pitfalls in designing SRD studies 

that aspire to maximize verisimilitude and veridicality, with the goal of increasing 

generalizability of research results and making stronger causal claims. An alternative 
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and more promising approach to create an SRD experiment could come from the 

game design world. As we know, building the DCG requires isolating the core causal 

units needed for that generalizability. As long as these core units are maintained in 

the design, we may reduce realism in our VR simulations and still elicit the behavior 

of interest. We suggest that elements common in commercial games can offer such 

a solution by making the environment not realistic, but rather believable  (Schubert, 

2013). Where realism is achieved by faithfully reproducing reality, believability is 

achieved by engaging the player through several game mechanisms, like challenge 

or emotional narratives. 

When Miller et al. suggest that an SRD experiment could look like “serious games” 

they run the risk of directing the player toward the pursuit of realism instead of 

believability. Serious games are developed for educational interventions (e.g., skill 

training) and even if they usually attempt to include a “fun” component, it does not 

usually compare with the entertainment value of commercial games (Baranowski et 

al., 2016). We propose that using conventional gamification techniques incorporated 

in serious games will not be enough to obtain generalizability, largely because serious 

games are usually simplistic simulations that pay little attention to the emotional, 

engagement, and motivational underpinnings of player’s experience (Schoneveld 

et al., 2019). This is why we think that serious games do not offer a solution for 

many applications of the SRD approach. However, we do advocate for game-based 

approaches that include believable core concerns of participants’ motivations and 

engagement that are fundamentally embedded in an emotionally relevant context.

 To illustrate the difference between a realistic “serious” game that feels artificial 

and a believable one that is experienced as relevant and motivationally engaging, 

we make the analogy of an SRD “serious game” being like an empty plate on which 

we attempt to grow a bunch of human cells, while a believable game is a petri dish 

containing all the essential nutriments required for those cells to grow. The cells on 

the petri dish survive, whereas the cells on the empty plate quickly die. Similarly in an 

SRD experiment, in many cases the behavior of interest in a study could not “survive” 

in the DCG if the context does not provide the correct motivational, affective, and 

engaging conditions. A successful SRD experiment relies on a tradeoff between 

approximating real-life conditions (by using VR and VA in a believable way) while 

accommodating the scientific imperatives. We argue that providing motivational, 

affective and engaging elements that elicit ecologically valid behaviors in participants 

can be best achieved by making it into an engaging and entertaining (not “serious”) 

game. After all, what makes a good game greatly overlaps with the needs of SRD: 
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An immersive experience with an interactive narrative that elicits genuine affective 

emotions in the participant.

Importantly, game-based interventions can provide solutions for some of the 

potential pitfalls of SRD studies we mentioned earlier: The narrative scaffolding 

directs participants’ attention to what is at the core of the experimental goals and 

narrows the spectrum of actions observable in the experimental setup. Moreover, 

a high quality narrative can also provide a believable reason for many repetitions of 

any particular behavior, an otherwise key potential pitfall we mentioned earlier in 

SRD studies. Using real games as a reference can also mitigate the ethical concerns 

by reducing the risk of learning transfer of unwanted aspects of the simulation. In 

turn, a well-designed game setup can also greatly reduce the technical difficulties 

like the uncanny valley effect in the development of the SRD task, thus increasing the 

implementation potential and generalizability to everyday life.

The final benefit of applying SRD in the form of real games, based on our own 

experiences in the previously described police project, is that it forces the researchers 

to adopt a more iterative stance in their design process, which is crucial for a 

successful experimental setup using VR. Working closely with game designers often 

means that researchers need to (at least partially) adopt design thinking principles 

in their development process (Scholten & Granic, 2019). Creating a suitable VR 

environment - with an immersive narrative and emotional experience - often requires 

more than just handing a list of requirements to game designers. These designers 

should instead be included in the experimental design process very early on, and 

help the researchers develop the task in an iterative procedure that will invariably 

challenge the scientist’s original assumptions. Indeed, as the complexity of an SRD 

experimental setup - sing VR, VA, and potentially other technologies combined - is 

orders of magnitude higher than traditional experiments, the design process may 

often resemble the ones used in commercial game companies. This process, called 

the Rapid Iterative Testing and Evaluation (RITE) method, has been advocated for 

more than a decade (Wixon, 2003) and can prove useful for testing assumptions and 

design choices in small consecutive steps, instead of designing and testing the full 

complex setup at once. It requires the early involvement of stakeholders, to test and 

refine each prototype until reaching combined scientific and design goals. This is a 

time-consuming endeavor, but as Miller and colleagues themselves implied, isolating 

the behavior of interest and constructing a DCG are arduous tasks and require a very 

flexible mindset to be achieved. 
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Conclusions

The article by Miller and colleagues (L. C. Miller et al., 2019) suggests that the needed 

shift in the way we study psychology can be provided by Systematic Representative 

Design (SRD). We agree with them and hope that our commentary will help researchers 

undertaking this endeavor to be aware of the potential challenges of designing an 

SRD-informed study. More than a cautionary note, we aimed to raise issues about the 

conceptual conversion cost involved. The straightforward use of Virtual Reality and 

Virtual Agents to increase ecological validity by simply adding “reality” to a controlled 

experiment might rarely pay off due to feasibility issues, ethical complications and 

increased complexity in analysis methods. Our first suggestion is to widen the range 

of techniques used to create the experimental condition to EEG neurofeedback, 

biofeedback and brain stimulation. Our second suggestion is to draw inspiration from 

the game design world when designing an SRD experiment, both for design process 

and final result, and aim at creating believable environments instead of realistic ones. 

If these kinds of cross-disciplinary approaches are taken, we are convinced that SRD 

will lead to genuinely novel psychological research protocols that address many of 

the problems of generalizability that the field has suffered from for decades. 
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ABSTRACT

As part of the Dutch national science program “Professional Games for Professional 

Skills” we developed a stress-exposure biofeedback training in virtual reality (VR) 

for the Dutch police. We aim to reduce the acute negative impact of stress on 

performance, as well as long-term consequences for mental health by facilitating 

physiological stress regulation during a demanding decision task. Conventional 

biofeedback applications mainly train physiological regulation at rest. This might 

limit the transfer of the regulation skills to stressful situations. In contrast, we 

provide the user with the opportunity to practice breathing regulation while they 

carry out a complex task in VR. This setting poses challenges from a technical – (real-

time processing of noisy biosignals) as well as from a user-experience perspective 

(multi-tasking). We illustrate how we approach these challenges in our training and 

hope to contribute a useful reference for researchers and developers in academia 

or industry who are interested in using biosignals to control elements in a dynamic 

virtual environment. 

Keywords: biofeedback, virtual reality, stress exposure, user experience, physiological 

computing
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INTRODUCTION

Acute physiological stress impairs performance by causing deficits in motor control, 

cognition, or perception (Andersen & Gustafsberg, 2016; Nieuwenhuys et al., 2009; 

Nieuwenhuys & Oudejans, 2010) and can negatively impact mental health in the long 

term (Maguen et al., 2009). By teaching acute stress regulation, biofeedback could 

help preserve performance in challenging situations, and lessen the detrimental 

impact of repeated stress responses (Andersen & Gustafsberg, 2016). Since police 

are frequently confronted with demanding situations that require quick, high-stakes 

decisions, police forces, including the Dutch police, recently started introducing 

biofeedback to their training curricula (van der Meulen et al., 2018). However, the 

physiological regulation skills are usually exclusively taught at rest which might limit 

their transfer to stressful situations (Bouchard, Bernier, et al., 2012).

To make physiological regulation skills more robust to degradation under stress, 

we developed a training that combines biofeedback with a demanding task in 

virtual reality (VR). VR is increasingly used for stress-exposure training since it offers 

the opportunity to create immersive and stressful, yet controlled environments 

(Pallavicini et al., 2016). However, to date, the majority of biofeedback trainings do 

not leverage the potential of VR (Jerčić & Sundstedt, 2019). While providing a more 

immersive environment than screen-based biofeedback applications, current VR 

biofeedback applications require the user to stay relatively motionless and to solely 

focus on the biofeedback (Rockstroh et al., 2019; Van Rooij et al., 2016). In contrast, 

we provide police with the opportunity to recognize and regulate their physiological 

stress response while they carry out a demanding task in a stressful environment. 

Specifically, we provide an environment that requires the user to regulate their 

breathing while making fast decisions based on ambiguous, constantly changing 

information. We will refer to this kind of biofeedback as stress-exposure biofeedback. 

The promise of stress-exposure biofeedback has already been demonstrated in a 

military population, albeit in a non-VR setting (Bouchard, Bernier, et al., 2012). 

Compared to conventional biofeedback applications, stress-exposure biofeedback 

introduces challenges from a technical and user-experience perspective. Here, 

we summarize and illustrate challenges in three critical areas: (1) the choice of a 

biofeedback parameter, (2) the implementation of the biofeedback processing, and (3) 

the biofeedback representation in the virtual environment. We hope to demonstrate 

the feasibility of stress-exposure biofeedback by illustrating each of these challenges 

with our implementation. Further, by sharing our experiences, decisions, and 
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considerations we hope to contribute a useful reference for researchers and 

developers in academia or industry who are interested in using physiological signals 

to control elements in a dynamic virtual environment.

What is Biofeedback?

People are usually not conscious of their autonomic physiology, let alone able to 

regulate it (Price & Hooven, 2018). Biofeedback reveals internal physiological 

processes and provides guidance on how to change them, which can reduce anxiety 

and facilitate coping with stress (Tolin et al., 2020; B. Yu et al., 2018). In the following, 

we discuss how a conventional biofeedback application works and then show how it 

can be adapted for stress-exposure biofeedback. 

Let’s consider an example of a trainee who is taught to downregulate their heart rate 

(i.e., the biofeedback parameter, Figure 3.1A). Electrocardiogram electrodes measure 

the electrical activity of the heart, which is send to a processing unit (Figure 3.1B). The 

unit estimates the trainee’s heart rate and applies a decision criterion that determines 

if the heart rate increased or decreased compared to the last measurement. The 

decision criterion is based on a biofeedback target, for example a decrease of 10%. 

Finally, the biofeedback representation reveals the outcome of the biofeedback 

processing (Figure 3.1C): for example, a green screen in case of a decrease, a red 

screen in case of an increase, or a blue screen if no change occurred. By rewarding 

the downregulation of the heart rate, the biofeedback system guides the trainee to 

the target through operant learning (Weerdmeester et al., 2020).

In the calm environments of conventional biofeedback applications, the trainee can 

fully focus on regulating their physiology to meet the biofeedback target. However, in 

a more stressful, demanding context, this is no longer possible since the environment 

might distract the user from the physiological regulation. Additionally, stress-exposure 

biofeedback poses technical challenges since acquiring and processing physiological 

signals is more challenging in dynamic conditions compared to resting conditions. 

That is, stress-exposure biofeedback creates additional demands both for the user 

and the developer. We will discuss these demands based on our application, in the 

context of the three challenges mentioned before: (1) the choice of the biofeedback 

parameter, (2) the real-time processing of the biofeedback parameter (evaluating 

match with biofeedback target), and (3) the representation of the biofeedback in the 

training environment.
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Figure 3.1 
The biofeedback loop.

Note. Biofeedback is a form of human-computer interaction which puts the user in a closed real-
time loop. We divide this loop in three components that are discussed throughout the paper. 
First, a biofeedback parameter (A) is extracted from a physiological modality. For example, 
heart rate derived from an electrocardiogram. Second, in a series of processing steps (B) the 
current state of the parameter is evaluated relative to a target state. The processing results in 
a biofeedback score that expresses how well the parameter’s current state matches the target 
state. The biofeedback score can be qualitative (match vs. no match) or quantitative (degree of 
matching). Finally, the biofeedback score is translated into a representation (C) consisting of 
(a combination of) visual, auditory, or tactile feedback which can be embedded in a variety of 
media, such as VR.

CHALLENGE 1: Choice of the biofeedback parameter
Prioritizing Controllability 

To account for the trainee’s divided attention during stress- exposure biofeedback, 

their control of the biofeedback parameter should be as easy and direct as possible. 

A variety of physiological modalities are related to stress and can serve as a basis 

for a biofeedback parameter, such as electroencephalography, heart rate variability 

or breathing (Tolin et al., 2020; B. Yu et al., 2018). These modalities differ in terms 

of their controllability and one of the easiest-to-control physiological modalities is 

breathing (Nacke et al., 2011; Parnandi & Gutierrez-Osuna, 2019). This is why we 

chose breathing rate as our biofeedback parameter, with a biofeedback target of4 to 

12 breaths per minute (Russo et al., 2017), which is considerably lower than human 

breathing rates under cognitive or physical load (Hidalgo-Muñoz et al., 2019; Nicolò et 

al., 2017). Slow breathing affects the autonomic nervous system by increasing vagus 
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nerve activity and evoking a shift toward parasympathetic dominance (Russo et al., 

2017). This might help regulate physiological arousal in an emotionally or cognitively 

challenging situation. In summary, breathing seems to offer both controllability and 

the ability to regulate physiological arousal. We evaluated the controllability of the 

biofeedback parameter and the achievability of the biofeedback target in a sample 

of nine police trainers. Each of them completed 10 training sessions over the course 

of three weeks. Each session lasted about 15 min and was played with or without 

biofeedback. Sessions with and without biofeedback were alternated in order to get 

an impression of the transfer of the physiological regulation skill.

The pilot data suggest that the biofeedback parameter is controllable and that the 

biofeedback target is achievable in a stress-exposure context. We observed that mean 

breathing rates decrease over sessions (Figure 3.2A, upper panel) and are lower in 

biofeedback sessions compared to sessions without biofeedback (Figure 3.3A). Many 

of the mean breathing rates fall within the biofeedback target range of 4 to 12 breaths 

per minute (e.g., Figure 3.3A). Similarly, participants continuously improve their 

biofeedback scores over the training sessions (Figure 3.2A, lower panel) and their 

mean biofeedback scores are higher in biofeedback sessions compared to sessions 

without biofeedback (Figure 3.3B, see challenge 2 for details on the biofeedback 

score). Moreover, the decreasing trend in breathing rate and increasing trend in the 

biofeedback score shown in Figure 3.2A do not seem to merely reflect the participants’ 

habituation to the stressful environment. This is evident by the biofeedback-induced 

session- by-session fluctuations on top of the decreasing- (Figure 3.2A, upper panel) 

or increasing trend (Figure 3.2A, lower panel). These fluctuations seem to be an 

indication that, following biofeedback sessions, participants transfer the physiological 

regulation skill to subsequent sessions without biofeedback. Finally, we found the 

session averages of breathing rates and biofeedback scores to be strongly related 

(Figure 3.2B). This indicates that the biofeedback score is a valid representation of 

the extent to which participants manage to achieve the biofeedback target.

The Costs of Controllability 

However, there are downsides to choosing a biofeedback parameter that is easy to 

control. As illustrated earlier (Figure 3.1), biofeedback is a form of human-computer-

interaction (HCI). The human in the HCI is used to immediate and invariable control 

over the computer (Attig et al., 2017; Limerick et al., 2014). If someone presses the “k” 

key on their keyboard they expect the letter to appear on the screen instantaneously 

(immediacy). Also, they expect the letter to always be “k,” not “o” occasionally 
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(invariability). Immediacy or invariability cannot be guaranteed in a biofeedback 

system.

Variability Is More Noticeable 

The non-deterministic nature of human physiology introduces variability to the 

biofeedback system. Consider the example of heart rate downregulation again: At 

some point the trainee may notice that they can decrease their heart rate by exhaling 

deeply. However, two identical outbreaths (in terms of duration and depth) don’t 

necessarily produce the same decrease in heart rate. In general, a biofeedback 

parameter cannot be controlled in a deterministic manner. That is, even if a 

trainee consistently applies a specific regulation strategy, they will achieve variable 

outcomes in terms of the behavior of the biofeedback parameter. Variability is a 

greater challenge for biofeedback parameters that are under more direct control, 

because the trainee will have a clearer sense of their current physiological state. 

Consequently, they will more easily notice variability-induced discrepancies between 

their perceived physiological state and the biofeedback representation.

Delay Is More Noticeable 

The biofeedback processing introduces a noticeable delay between the recording of 

the biosignal and the presentation of the feedback. To get a reliable and accurate 

estimate of a physiological state, it usually has to be integrated over longer time 

windows. For example, estimating instantaneous breathing rate requires at least a full 

breathing cycle and several breathing cycles have to be averaged to obtain a reliable 

and accurate estimate in the presence of measurement artifacts. Consequently, 

the biofeedback presented to the trainee will not pertain to their instantaneous 

physiological state. This can violate the trainee’s expectation of immediacy, especially 

during abrupt shifts in the physiological state. For example, when someone shifts 

from slow, deep breathing to a markedly faster breathing rhythm or vice versa, the 

response of the biofeedback representation can appear sluggish. 

In summary, stress-exposure biofeedback benefits from a biofeedback parameter 

that is relatively easy to control. However, controllability comes at the cost of more 

salient variability and delay. Nevertheless, we think that controllability outweighs 

these costs especially since both variability and delay can partly be alleviated during 

biofeedback processing (Challenge 2) and the careful design of the biofeedback 

representation (Challenge 3).
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CHALLENGE 2: Implementation of the biofeedback processing 

The goal of biofeedback processing is to map the biofeedback parameter to the 

biofeedback representation. This involves two steps: First, the current state of the 

biofeedback parameter (e.g., breathing rate) has to be estimated. Second, the extent 

to which the current state of the biofeedback parameter approaches the biofeedback 

target has to be evaluated (e.g., breathing rate between 4 and 12 breaths per minute). 

Based on how closely the trainee matches the target, we then compute a biofeedback 

score that is ultimately reflected in the biofeedback representation (see Challenge 3). 

Supplementary Material 1 contains details on the hardware and software used for 

the biofeedback processing.

Figure 3.2
Mean breathing rates

Note. (A, upper panel) and biofeedback scores (A, lower panel) over training sessions (alternating 
with and without biofeedback). (B) Quadratic fit characterizing the relationship of the session 
means of breathing rate and biofeedback score. The shaded region indicates a bootstrapped 
95% confidence interval for the quadratic fit

Estimating the Current State of the Biofeedback Parameter 

The first processing step is to estimate the current breathing rate from the raw data, 

which comes from a breathing belt around the trainee’s lower abdomen. The raw 
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data contains a phasic pattern with inhalation peaks and exhalation troughs, and 

conceptually, the instantaneous breathing rate is based on the temporal difference 

between moments of the same phase (e.g., inhalation peaks or exhalation troughs). 

Supplementary Material 2 contains a detailed description of how we estimate 

breathing rate. 

Unfortunately, the raw sensor data does not exclusively reflect the dynamics of 

the biofeedback parameter. Instead, it contains artifacts that can originate from 

the measurement environment or unrelated physiological activity. For example, 

our breathing belt tracks breathing by measuring changes in torso circumference. 

However, since the trainee is standing and moving their upper body, the data contains 

movement artifacts that are in the same frequency range as (fast) breathing and 

cannot easily be filtered out (Supplementary Material 2 and Supplementary Figure 

3.4). Regardless of the physiological modality, artifacts tend to be more prevalent in 

stress-exposure biofeedback compared with biofeedback at rest and from a user-

experience perspective they contribute to both the problem of variability and delay 

(see Challenge 1). 

Artifacts increase variability, which can frustrate the trainee because it can make the 

biofeedback target seem unattainable. This problem can be alleviated by making the 

biofeedback target less specific. When the target range is narrow (e.g., breathing at 6 

breaths per minute), the estimated breathing rate will more often be “off target” due 

to artifacts. In contrast, when the target range is broader, the influence of artifacts is 

less perceptible since the wider margin compensates for artifact-induced variability 

in the estimated breathing rate. However, if the target range is too broad the training 

goal can lose specificity from a user’s perspective. 

Additionally, artifacts can increase delay. The presence of artifacts makes estimating 

the breathing rate from a short segment of data unreliable due to a low signal-to-noise-

ratio. To increase the signal-to-noise-ratio, longer segments need to be processed 

(Hassan & Anwar, 2010). However, this means that at each point in time, the current 

estimate of the breathing rate and corresponding biofeedback representation do 

not exclusively reflect the most recent physiological state. Therefore, there is a trade-

off between delay and the reliability of the biofeedback: More reliable estimates 

of breathing rate from longer segments come at the cost of more delay. A good 

compromise between reliability and delay allows for a reliable estimation of the 

biofeedback parameter from a technical perspective, while still feeling relatively 

responsive to changes in the biofeedback parameter from a user’s perspective.
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Figure 3.3 
Comparison of mean breathing rates

Note. (A) and biofeedback scores (B) in sessions with and without biofeedback. In sessions 
without biofeedback, the biofeedback score was computed and recorded but did not affect the 
game. The distributions on the right side of panels (A,B) display bootstrapped 95% confidence 
intervals for the mean differences between the conditions (Ho et al., 2019). Note that the 
condition differences are mainly driven by the first training session.

Comparing the Current State of the Biofeedback Parameter to the Biofeedback 
Target 

In a second step, the biofeedback processing quantifies how much the current state 

of the biofeedback parameter matches the biofeedback target. This matching is then 

expressed quantitatively (e.g., percentage) or qualitatively (e.g., binary) in the form 

of a biofeedback score. The computation of the biofeedback score can differ widely 

between biofeedback applications. However, regardless of the specific application, 
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the computation of the biofeedback score presents the developer with seemingly 

small choices regarding algorithmic parameters that can profoundly influence the 

user experience. For example, related to our application, we already mentioned 

choosing the upper and lower bound of the biofeedback target range. We illustrate 

additional parameter choices related to the computation of the biofeedback score 

in Supplementary Material 2. Making these choices based on iterative user testing 

is crucial to ensure a satisfactory user experience (Scholten & Granic, 2019). User 

testing is greatly facilitated by the ability to visualize the raw data and intermediate 

processing steps as well as the ability to adjust parameters in real-time. Therefore, we 

implemented a dashboard that allowed us to fine-tune the biofeedback processing 

in real-time to immediately experience the effects of different parameter settings 

(Supplementary Material 2 and Supplementary Figure 3.3).

CHALLENGE 3: Biofeedback representation in the virtual environment 

Finally, the biofeedback score needs to be presented to the trainee in a meaningful 

and intuitive way. In our virtual environment, the trainee finds themselves at the 

center of a poorly lit parking garage where they are surrounded by zombies that 

can either be benign or hostile, which is indicated by their eye-color or body shape 

(Supplementary Material 3 and Supplementary Figure 3.5). These indicators change 

several times throughout the training, which is announced via radio dispatch calls 

that mimic a suspect description. The trainee has to shoot the hostile zombies while 

leaving the benign zombies unharmed. In collaboration with our advisors at the Dutch 

police, we made an effort to steer clear of the “shoot ‘em up” genre of video games 

(i.e., reflexive shooting at uniformly hostile adversaries) by designed the shooting 

task such that the player is primed to make, careful, deliberate shooting decisions. 

Additionally, the task engages behaviors that are universally relevant to police: The 

trainee has to rely on good situational awareness, be constantly vigilant to changes 

in information, and be able to override response biases by flexibly incorporating 

these changes in their decisions (Di Nota & Huhta, 2019). At the same time, by 

eliciting police-relevant behavior in an overtly fictional environment, we sidestep the 

necessity to simulate realistic police incidents and avoid overtraining the officers to 

idiosyncratic elements of a realistic simulation (Michela et al., 2019).

In this environment the biofeedback representation needs to be as salient and 

intuitive as possible, since regulating physiology becomes part of a multi-tasking 

exercise. The player has to allocate cognitive resources to both the decision task 

as well as the physiological regulation, which can worsen performance on both 
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tasks (Wickens, 2010). Additionally, high task demands in a multitasking context can 
increase heart- and breathing rates (Fairclough et al., 2005). Together, these findings 
suggest that deliberate physiological regulation may be especially challenging 
in a multitasking context. Further, the multi-tasking bears the danger that the 
biofeedback is misattributed to behavior instead of the physiological regulation. For 
example, the trainee might attribute a poor biofeedback score to shooting a benign 
zombie rather than their fast breathing. This misattribution can be prevented by 
presenting the biofeedback such that it intuitively represents physiology in the task 
context. We use the analogy of tunnel vision which is relatable for Dutch police since 
they are introduced to this concept during their academy training (van der Meulen 
et al., 2018). Figure 3.4 illustrates how the trainee’s peripheral vision widens as the 
breathing gets slower and deeper. 

This is particularly salient since the decision task requires the trainee to monitor all 
360̊ of their surroundings, which makes losing peripheral vision costly. The tunnel 
vision is amplified by modulating the brightness of environmental lights. In general, 
the biofeedback representation should intuitively fit into the context and training 
goals of the application to facilitate immersion and engagement. This can lead to 
fundamentally different representations of the same biofeedback parameter. For 
example, DEEP, another breathing biofeedback training in VR, teaches the user to 
leverage their exhalation to propel themselves forward and their inhalation to float 
upward in a virtual underwater environment (Van Rooij et al., 2016). 

Moreover, to ease multi-tasking, the biofeedback representation should only interfere 
with game play if this is intended (such as the tunnel vision), not for ergonomic 
reasons such as graphs that are placed inconveniently in the trainee’s field of vision. 
In the same vein, we chose to not include a more explicit biofeedback representation 
such as the commonly used statistical graphs (Sun et al., 2017) to avoid burdening 
the trainee with monitoring yet another element in the environment. 

Another crucial element of the biofeedback representation is its stepwise 
introduction. Before the trainee enters our multi- tasking environment, they are 
guided through a breathing tutorial that gradually introduces them to the regulation 
skill. The trainee starts with a breathing exercise that requires them to breathe along 
with a visual pacer (Supplementary Material 3 and Supplementary Figure 3.6A). Once 
they feel comfortable with the breathing skill, we demonstrate the effects of the 
breathing regulation. This demonstration includes an explicit component (bar graph) 
providing clear feedback on the current physiological state as well as the more 
implicit environmental effects described earlier (tunnel vision and environmental 
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lights) (Supplementary Material 3 and Supplementary Figure 3.6B). Note that the 
latter are implicit only in terms of the concrete representation, not in terms of 
saliency. Once the trainee has a good understanding of how their breathing affects 
the environment, we remove the bar graph and they practice the regulation skill in a 
simplified version of the decision task (Supplementary Material 3 and Supplementary 
Figure 3.6C) before entering the full-fledged training. The gradual introduction of the 
regulation skill in progressively more challenging contexts avoids overwhelming the 
trainee with the demands of multi-tasking and is believed to facilitate skill transfer 
(Driskell et al., 2001; Driskell & Johnston, 1998). 

Lastly, in designing the biofeedback representation, it is helpful to know the behavior 

of the biofeedback parameter as early as possible. This includes being familiar with 

its temporal dynamics as well as extreme patterns. Regarding the latter, it is useful 

to account for the possibility that trainees “get stuck” in a physiological state and 

consequently struggle to meet the biofeedback target. In this scenario, it is important 

for the biofeedback representation to be designed such that the trainee can still 

function in the environment. For example, in our environment the trainee always 

retains a minimum of visibility even with the worst biofeedback score (see Figure 3.4).

Figure 3.4 
Biofeedback representation and its relation to breathing

Note. The peripheral vision in the VR headset (A) responds to the user’s breathing rate. (B) 
Shows the raw breathing signal of a user who transitions from a fast breathing rate to a slower 
breathing rate that matches the biofeedback target more closely
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DISCUSSION

Designing and implementing a stress-exposure biofeedback training requires a re-

thinking of conventional biofeedback training. This introduces challenges around 

(1) the choice of a biofeedback parameter, (2) the biofeedback processing, and (3) 

the representation of the biofeedback. We examined these challenges from both 

a technical as well as a user- experience perspective and illustrated the feasibility 

of stress- exposure biofeedback with examples from a breathing-based stress 

regulation training for police. 

We highlighted the importance of controllability of the biofeedback parameter as well 

as the attainability of the biofeedback target. Additionally, we showed how seemingly 

small algorithmic decisions during the real-time computation of the biofeedback 

can have far-reaching consequences for the user experience, and emphasized the 

importance to arrive at these decisions during iterative user testing. Finally, we point 

out the relevance of a salient, intuitive biofeedback representation that is introduced 

gradually, and tailored to the task context and goals. 

In demonstrating the feasibility of stress-exposure biofeedback, we hope to advance 

this biofeedback paradigm and to help pave the way for studies that explore its 

potential to diminish the short- and long- term consequences of repeated stress-

exposure. Above all, we hope this paper and its Supplementary Material provide a 

useful reference for developers and researchers in academia or industry who are 

interested in using physiological signals to control elements in a dynamic virtual 

environment.
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SUPPLEMENTARY MATERIAL 

1 Software and Hardware 

We use a respiratory inductance plethysmography (RIP) belt1 (Figure S3.1A) to acquire 

the analog breathing signal which is converted to a digital signal on a BITalino (r)

evolution board2 (Figure S1B). To obtain the biofeedback score, we then process the 

digital signal on a Raspberry Pi 4 Model B3 (Figure S3.1C) with custom Python software 

using the open source EEGsynth library4 . The biofeedback implementation can be 

found in the “biochill” module5 of the EEGsynth library. See supplementary material 

B for details on the signal processing. The biofeedback score is then published to a 

Redis channel6 (Figure S3.1D) that is monitored by a Unity VR engine7 (Figure S3.1E) 

which renders the biofeedback representation in the virtual environment accordingly. 

Eventually, the virtual environment is presented using a HTC Vive headset8 (Figure 

S3.1F). We would also like to point the reader to the Biocybernetic Loop Engine9 as well 

as the Excite-O-Meter10 as two additional software tools for integrating physiological 

measurements into a VR environment.

1 https://www.biosignalsplux.com/products/sensors/respiration-inductive.html
2 https://bitalino.com/en/plugged-kit-bt
3 https://www.raspberrypi.org/products/raspberry-pi-4-model-b/
4 https://scicrunch.org/resources/about/registry/SCR_018732
5 https://github.com/eegsynth/eegsynth/master/module/biochill/biochill.py
6 https://redis.io/
7 https://unity.com/unity/features/vr
8 https://www.vive.com/eu/product/#vive%20series
9 https://doi.org/10.5220/0006429800450054
10 https://sites.google.com/view/exciteometer/
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Figure S3.1 
Components of the real-time biofeedback loop.

2 Signal Processing 

In our real-time signal processing loop, we process 30 seconds of breathing data 

every two seconds (i.e., shifting window of 30 seconds with a hop size of 2 seconds 

and a resulting overlap of 28 seconds). We use spectral density estimation (SDE) 

to approximate the current breathing rate from each new breathing segment. 
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SDE indicates how much of a certain frequency can be found in a signal. Breathing 

frequency is the number of breaths per second, similarly to breathing rate, the 

number of breaths per minute. A plot of spectral density (aka power spectrum) has 

power (“how much”) on the y-axis and frequency (“how fast”) on the x-axis.

Figure S3.2 
Sequence of biofeedback processing steps from raw data to game input. 

Note. The blue and orange elements represent two breathing signals that are moved through 
the processing steps. The blue elements correspond to a signal with a fast breathing rate, the 
orange elements pertain to a signal with a slow breathing rate.

Figure S3.2B shows the power spectra of the two breathing signals in Figure S3.2A. The 

orange breathing signal contains a breathing rate of 6 breaths per minute whereas 

the blue breathing signal contains a breathing rate of 30 breaths per minute. We 

use the power spectrum to evaluate how much the current breathing rate matches 

the biofeedback target (range between 4 and 12 breaths per minute, green area in 

Figure S3.2B). We do so by integrating the area under the curve (AUC) of the power 

spectrum over the interval of the biofeedback target (striped area in Figure S3.2B). 

To obtain the biofeedback score, we divide this area by the remaining area under 

the power curve (dotted area in Figure S3.2B), which spans zero to 40 breaths per 

minute (red area in Figure S3.2B). In other words, the biofeedback score is the ratio 
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of a) spectral density over the biofeedback target range relative to b) the spectral 

density outside of the target range (Figure S3.2C). Since the biofeedback score is used 

to control elements of the virtual training environment (game input, as discussed 

in more detail in Challenge 3 of the main article), it is convenient to have the score 

be in a standardized range. We map the biofeedback score to a game input value 

ranging from 0 (worst) to 1 (best) (Figure S3.2D). There are two decisions regarding 

this mapping, which have important consequences for the trainee’s experience 

of the biofeedback. First, we needed to define an upper bound on the ratio that 

represents the biofeedback score, and second, a transformation function has to be 

chosen. We chose an upper bound of 1.5 (dashed line in Figure S3.2D), which means 

that the trainee obtains the most rewarding biofeedback (game input = 1) when the 

spectral density within the biofeedback target range is at least 1.5 times larger than 

the spectral density outside of the target range. When the upper bound is set higher, 

it is more difficult for the trainee to obtain the most rewarding feedback. 

Figure S3.3 
Biofeedback dashboard.

Note. The dashboard allows us to monitor the breathing signal and adjust a number of 
biofeedback processing parameters in real-time: 1. The length of the breathing signal that 
is processed every two seconds (upper panel). 2. The upper and lower breathing rate of the 
biofeedback target range and total range (lower left panel), 3. The kind of biofeedback mapping 
from biofeedback score to game input as well as the upper bound on the biofeedback score 
(lower right panel). The ability to adjust these parameters in real-time accelerates the process 
of homing in on a suitable biofeedback configuration during user testing.



62

Chapter 3

Ideally the upper bound would be adjusted to the current skill level of the trainee (e.g., 

raise the upper bound as the trainee gets more skilled at controlling their breathing, to 

keep the training challenging). For the transformation function we chose a linear mapping 

of the biofeedback score to the game input (solid line in Figure S3.2D). This means that 

changes in the biofeedback score (up until the upper bound) will produce equivalent 

changes in the game input. In contrast, an exponential mapping produces more 

pronounced changes in the virtual environment at high values of the biofeedback score, 

and less pronounced changes at medium values. However, we want the biofeedback to 

be equally salient throughout its entire range.

Figure S3.4 
Artifacts in a breathing signal.

Note. A user is going through a paced breathing exercise, starting with a breathing rate of 10 
breaths per minute (bpm), then shifting to 6 bpm, and finally breathing at 4 bpm. The exercise 
is conducted twice, while the user is standing in a relaxed position (A), and while the user is 
standing and moving their torso (B). Especially at lower breathing rates, the artifacts induced 
by the torso movement distort the signal. Note that the artifacts are in the frequency range of 
fast breathing.
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3 Virtual Training Environment
Figure S3.5 
Avatar identifiers.
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Figure S3.6 
Breathing tutorial
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ABSTRACT

It is widely recognized that police performance may be hindered by psychophysiological 

state changes during acute stress. To address the need for awareness and control of 

these physiological changes, police academies in many countries have implemented 

Heart-Rate Variability (HRV) biofeedback training. Despite these trainings now being 

widely delivered in classroom setups, they typically lack the arousing action context 

needed for successful transfer to the operational field, where officers must apply 

learned skills, particularly when stress levels rise. The study presented here aimed 

to address this gap by training physiological control skills in an arousing decision-

making context. We developed a Virtual-Reality (VR) breathing-based biofeedback 

training in which police officers perform deep and slow diaphragmatic breathing in 

an engaging game-like action context. This VR game consisted of a selective shoot/

don’t shoot game designed to assess response inhibition, an impaired capacity in 

high arousal situations. Biofeedback was provided based on adherence to a slow 

breathing pace: the slower and deeper the breathing, the less constrained peripheral 

vision became, facilitating accurate responses to the in-game demands. A total of 

nine male police trainers completed 10 sessions over a 4-week period as part of 

a single-case experimental ABAB study-design (i.e., alternating sessions with and 

without biofeedback). Results showed that eight out of nine participants showed 

improved breathing control in action, with a positive effect on breathing-induced 

low frequency HRV, while also improving their in-game behavioral performance. 

Critically, the breathing-based skill learning transferred to subsequent sessions 

in which biofeedback was not presented. Importantly, all participants remained 

highly engaged throughout the training. Altogether, our study showed that our VR 

environment can be used to train breathing regulation in an arousing and active 

decision-making context. 

Keywords: Police education, police training, Virtual-Reality, stress management, 

autonomic arousal, heart rate variability, biofeedback. 
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INTRODUCTION

The work of a police officer can be seen as an evolutionary paradox: in places and 

situations where most people would fall prey to survival instincts of self-preservation, 

police officers ought to act calm, with proportionality and benevolence. As a result, 

working as a police officer can elicit considerable stress, with high prevalence of work-

related physical injuries (West et al., 2017) and stress-related symptoms (Leppma et 

al., 2017) which can lead to mental disorder (Carleton et al., 2018) and suicidal ideation 

(Di Nota et al., 2020). Additionally, police officers are under constant scrutiny from 

both internal and external sources, including the public display of mistakes to ensure 

accountability (Skolnick & McCoy, 1984). The nature of their dangerous work as well as 

being under ongoing surveillance puts a great deal of pressure on police officers.

A large body of literature has shown that, besides affecting physical and mental wellbeing 

(Stetz et al., 2007), stress can impair decision-making aspects which are crucial to the 

policing job. Experimental studies have consistently shown that under high levels of 

arousal, decision-making becomes more impulsive and less goal-directed (Porcelli & 

Delgado, 2017), which is related to impaired control by prefrontal brain regions under 

stress (Arnsten, 2015; Maier et al., 2015). The detrimental effects of arousal have also 

been demonstrated in police, where high arousal has been associated with impaired 

shooting accuracy, as well as decreased inhibitory control (Hashemi et al., 2019; 

Nieuwenhuys et al., 2015). It is essential that police officers manage their stress while 

on the job to avoid costly mistakes such as the inappropriate use of force.

To train coping under stress in police officers, recent studies investigated the training 

of behavioral skills under pressure, which improved basic perceptuomotor skills 

such as shooting accuracy under threat (Nieuwenhuys & Oudejans, 2011) or spatial 

orientation (Driskell et al., 2001). However, this type of training may not always 

improve relevant higher-level decision-making under stress, such as when asked to 

make shoot/don’t shoot decisions (Nieuwenhuys et al., 2015). To counter this stress-

induced performance drop and improve decision-making under threat, training 

efforts have moved beyond the focus on performance, by adding in police education 

elements to help officers directly manipulate the bodily stress response itself 

(Andersen & Gustafsberg, 2016; Bouchard, Bernier, et al., 2012; Mccraty & Atkinson, 

2012). In some cases, this opportunity for physiological modulation was even delivered 

intermixed with action in realistic scenario-based environments (Andersen et al., 2018; 

Andersen & Gustafsberg, 2016; Di Nota et al., 2021).This type of biofeedback training 

mainly focuses on promoting emotional regulation by helping the officer control their 
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physiological arousal by giving feedback on their objective physical stress level (e.g. 

indexed by heart rate parameters, see below) to improve physiological awareness and 

gain more voluntary control over their physiology (Weerdmeester et al., 2020). 

After studies showed the usefulness of biofeedback to enhance stress regulation 

(Bouchard, Guitard, et al., 2012; McCraty et al., 2009) several police forces worldwide 

have implemented training programs in which a biofeedback training component 

is included. However, according to a recent survey in the Netherlands, this type of 

training was generally negatively appraised by police officers and did not result in 

substantial improvements in reported stress regulation (van der Meulen et al., 2018). 

These disappointing results might be attributable to the fact that in current practice, 

biofeedback is often delivered in a passive classroom setup, which may not feel relevant 

to police officers and thereby affect their engagement. Yet, engagement is a key 

prerequisite for behavioral change (Holzinger et al., 2006). To promote both engagement 

and generalization to real-life stressful situations (skill-transfer), it is important to train 

stress regulation within a progressively more active and thereby more representative 

action context (Seifert et al., 2018; Staller & Körner, 2019). Indeed, just as the current 

biofeedback applications often lack elements to make the learning process engaging and 

relatable, excessive stress might also prevent learning (Di Nota & Huhta, 2019). To better 

reappraise stress into challenge and to improve performance under stress (Jamieson 

et al., 2010), it seems necessary to design a training context in which stress is kept at a 

moderate, optimal level that is not too low, but also not overwhelming and excessive.

One way to address previous shortcomings in classroom-based training is by creating 

engaging environments in Virtual-Reality (VR) where physiological control must be 

exerted while performing decision-making actions in an arousing context. VR is a useful 

tool to create controlled – yet representative – environments, allowing to elicit high levels 

of arousal and engagement (L. C. Miller et al., 2019; Parsons, 2015). However, re-creating 

a highly realistic virtual police environment in VR can also have negative consequences 

on subjects’ experiences due to slight mismatches with reality (Wilson & Soranzo, 2015) 

and the challenges in recreating genuine verbal and tactile interactions (Michela et al., 

2019). To remedy this, the use of game mechanics (a set of rules and events defining the 

game experience) inspired by commercial videogames offers the possibility to re-create 
a genuine feeling of threat and immersion, moderate enough for learning to take place 
while at the same time boosting engagement (Allcoat et al., 2015; Cummings & Bailenson, 
2016; Lin, 2017; Schoneveld et al., 2019; Slater, 2018). Game mechanics also present 
another advantage over realistic environments in VR, which is the ease of emotional 
elicitation and repeatability of the experience (Lobel et al., 2016; Michela et al., 2019; 
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Scholten & Granic, 2019). Ultimately, gaming contexts also alleviate the emotional impact 
that poor performance could have on feelings of professional self-efficacy, reduces the 
chance of overtraining motor responses that may be less adequate in real-life and limits 
reactivation of potentially traumatic experiences, since the actual action is rather far 
removed from real policing contexts (Michela et al., 2019). Evidence-based VR trainings 
are however currently scarcely available (Di Nota & Huhta, 2019) and to the best of our 
knowledge, no training has been described that makes use of the aforementioned VR 
and gaming assets. Therefore, we developed a VR environment that offers the player the 
possibility to train breathing-based biofeedback skills in real-time while immersed in an 
engaging active decision-making game (Brammer et al., 2021). 

For the physiological training component, our VR application aligns with previous 
training practices in Dutch Police. Specifically, biofeedback training applied to police 
officers has mainly focused on abdominal deep breathing (Bennell et al., 2021; van der 
Meulen et al., 2018) , which has been shown to increase heart-rate variability (HRV) by 
respiratory sinus arrythmia (RSA; Hirsch & Bishop, 1981) reflecting parasympathetic 
nervous system dominance (Russo et al., 2017). The influence of deep breathing on the 
parasympathetic nervous system can be measured in both the low frequency and high 
frequency spectrum of HRV (Kromenacker et al., 2018; Shaffer & Ginsberg, 2017), as well 
as the coherence between breathing and HRV (Schwerdtfeger et al., 2020; Shaffer et al., 
2014). This type of biofeedback has proven useful in a variety of training applications, 
from performance training for athletes (Jiménez Morgan & Molina Mora, 2017) to stress 
and anxiety management (Goessl et al., 2017). Importantly for police applications, an 
elevated HRV is also related to better performance under threat (Hansen et al., 2009), 
and was shown to be effectively modulated by biofeedback, hence reducing stress in 
contexts related to police realities (Andersen et al., 2015, 2018; Andersen & Gustafsberg, 
2016; Bouchard, Bernier, et al., 2012) and also improving cognitive control (Laborde et al., 
2021). In our VR environment, biofeedback was provided by modulating the width of the 
field of view according to breathing rate and depth, thus making real-time physiological 
regulation key to being able to perform well in the game.

For the behavioral assessment components during the training in our VR environment, 
we focused on one of the key decision-making processes that is affected by stress 
and related to police-relevant go/nogo decisions, namely shoot/don’t shoot decisions 
(Gladwin et al., 2016; Nieuwenhuys et al., 2015). Impairments in response inhibition 
are known to be especially high when individuals are primed to believe that they 
will need to take action and the stakes are high (D. J. Johnson et al., 2018; Taylor, 
2020). Thus, we designed our game mechanic around these processes of response 
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inhibition under stress and the impact of priming. Having those metrics imbedded in 
the same environment as the physiological training allows for direct measurement of 
the impact that physiological training has on performance.  

The first overarching goal of the current study was design validation. First, we tested 

if the VR environment was, as hypothesized, successful in creating a challenging 

environment that elicits clear increases in levels of arousal (assessed via heart rate) 

and self-reported engagement. Second, we tested if our biofeedback a) increases 

slow and deep breathing and HRV, and b) raises physiological awareness for the 

participants. Third we explored whether our setup allowed extraction of meaningful 

behavioral metrics concerning response inhibition and priming. Behavioral 

measurements were all extracted from the VR environment, with the auxiliary aim of 

documenting interactions between behavioral metrices and physiology. 

The second main goal of the current study was to perform a preliminary evaluation of 

the game’s potential to train breathing-based biofeedback in an active decision-making 

context. We hypothesized that breathing biofeedback score would improve over the 

training, along with HRV. Moreover, biofeedback-driven physiological regulation skills 

should transfer to the same action context, when experienced without biofeedback. 

This preliminary proof-of-concept was performed by means of a withdrawal single-

case experimental design (SCED), applied to a sample of nine trainers from the Dutch 

police, a difficult population to get access to and test due to their usual work load, yet 

highly valuable given that they contain all the critical insight in both the required skills 

for dealing with stress and the challenges surrounding teaching those skills to police 

recruits. These trainers took part in a ten-session training program. Withdrawal SCED 

has already been successfully used in investigating the potential of biofeedback (e.g., 

Bossenbroek et al., 2020). This design has the advantage of providing rich datasets 

to investigate the dynamical evolution of skill acquisition within and across sessions 

(P. L. Smith & Little, 2018), and inform future research about the often overlooked 

aspect of minimal training length required for efficient training (Di Nota et al., 2021). 

METHODS

Participants

Participants were nine male police trainers with an average age of 43.2 years (SD 

= 6.45) and with an average of 18.4 years (SD = 8.6) of operational background 

as a police officer. Their average trait anxiety was 27 (range 23 to 34 on a scale 

of 20 to 80), which indicates participants in our sample to be non-anxious. Only 
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three participants reported playing video games in their free time, to a maximum 

of 4 hours a day during weekends. Participants were recruited from a Police skill 

training center, in the Netherlands, hereafter referred to as IBT center (‘Integraal 

Beroepsvaardigheids Training centrum’). Given that this was a proof-of-concept 

study, the number of participants was based on earlier studies using similar SCED 

methodologies (Bossenbroek et al., 2020; Ebbinghaus, 2005; J. D. Smith, 2012; P. L. 

Smith & Little, 2018). Participation was voluntary and handled by the coordinator at 

the IBT center. According to the rules of the Dutch Police, financial compensation of 

the police officers functioning as participants was not allowed. Therefore, for each 

participant a donation of 50 euros was allocated to a fund for the training of “PTSD 

dogs” (Actie ZeeHond, n.d.). The research procedures were approved by the ethical 

committee of the Faculty of Social Sciences of Radboud University Nijmegen (ECSW-

2020-112). All participants provided informed consent in writing prior to participating 

in the study, in line with the guidelines of the Declaration of Helsinki (WMA, 2018). 

Materials
Physiological recordings 

Participants’ breathing rate was measured using a respiratory inductance 

plethysmography (RIP) belt from Plux S.A. and a BITalino (r)evolution board (Batista 

et al., 2017). The heart rate of the participant was recorded by a Polar H10 chest 

strap, which extracts R – R intervals (i.e., the time between consecutive R-waves of 

the QRS electro cardiac signal). Both physiological recording units broadcasted their 

data to a Raspberry Pi 4 Model B, which was also used to calculate the breathing 

biofeedback scores with custom-made python software, based on the open source 

EEGsynth library (Brammer et al., 2021; Oostenveld, n.d.).

Virtual-Reality Material, Model, and Task 

An HTC Vive setup was used to immerse the participants in a virtual environment 

that consisted of a poorly lit underground parking garage. The VR trackers were set 

3 to 4 meters apart, giving the player a minimal play area of 4 square meters. One of 

the two VR controllers was wrapped by a 3D printed case, giving the controller the 

weight and shape of a gun. The second VR controller was attached to the vest of the 

participant and used as a dispatch-radio in the game. 

Operationalization The VR environment was designed to incorporate game 

mechanics based on existing experimental laboratory tasks, as shown in Table 4.1. 

The paradigms listed were incorporated as they represent specific behavioral aspects 
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known to be affected by stress and relevant in the decision-making processes. The 

first paradigm is emotional regulation, in our case physiologically influenced through 

breathing-based biofeedback presentation. Its implementation as a modulation of 

the width of the field of vision makes the biofeedback relevant for the player, since 

in active contexts it is easy to ignore the biofeedback if it does not interfere with 

action. Modulating the peripheral view directly impacts the difficulty of detecting 

approaching enemies in the VR environment. 

Table 4.1
Operationalization of in-game tasks.

Experimental 
paradigm 

In-game 
operationalization

In-game  
mechanic

Game output / 
proximal measure

Training 
outcome 

Emotion 
regulation

Biofeedback Width of the field 
of view linked to 
breathing pace

Breathing control 
and HRV scores

Physiological 
control

Response 
inhibition (Go/
NoGo)

Shoot/don’t shoot Shooting at targets 
matching dispatch 

information

Accuracy  Response control

Priming Dispatch bias task Targets’ (mis)match 
with dispatch 

information (body 
shape; eye color)

Accuracy based 
on body type of 

the target

Bias resistance

Note. Model for the incorporation of experimental paradigms in the game environment; HRV = 
Heart-rate variability.

The second and third paradigms were selected based on existing literature investigating 

police performance in decision making contexts. Specifically, response inhibition under 

stress, operationalized as go/nogo (shoot/don’t shoot) decision-making , has been 

linked to increased error-rates with increased threat level (Hashemi et al., 2019, 2021; 

Nieuwenhuys et al., 2015) Similarly, priming has been shown to increase wrong shooting 

decisions in police officers primed with a radio dispatch indicating that an upcoming 

opponent was armed (Taylor, 2020). These two paradigms were implemented in the 

game in the form of a zombie shooting task (see below).

The Virtual Reality Game The game scenario unfolded as follows: Participants 

found themselves in a dimly lit parking garage, received dispatch information about 

hostile targets with a description of their features, were approached by (friendly 

and hostile) targets, and decided whether to shoot or not. Each game session lasted 

approximately 15 minutes. Targets were coming towards the participants from 

all directions, in fourteen waves. During each wave, the participant would receive 
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dispatch information over the walkie-talkie to shoot the hostile but not the friendly 

targets, including a description of the hostile targets. All targets had two identifying 

features that made them recognizable as friendly or hostile. The large identifier 

was their body type (tall male, small male, tall female, or small female). During the 

game this identifier became less reliable to identify a target, as hostile targets had 

increasingly more varying body types (starting with 100% targets matching the 

description and decreasing to 50% in the last waves). The small identifier was their 

eye color (red, blue, or yellow); this was always 100% reliable. To summarize: The 

dispatch information for the eye color of hostile targets would always be correct, 

but the dispatch information for their body types was not completely accurate. The 

body type was visible from a far distance, while eye color was only visible when the 

target had approached to a close distance. Hence, identifying targets with the correct 

eye color and shooting at them on time was our implementation of the go/nogo task 

component, while the radio dispatch announcing suspected body types associated 

with the targeted eye-color was our implementation of the priming component. 

Each time the player shot, the game recorded if the shot was a hit or a miss. In 

case of a hit (i.e., hostile target with correct eye color), the game logged the body 

type of the target and the distance between the target and the player. Shooting a 

friendly target (i.e., wrong eye color) was punished by a loud burst of noise. Each 

time a target reached the player without being shot, the game logged the body type 

of the target, whether it was hostile and the time that it had spent in the line of sight 

of the player. Hostile targets would then stay next to the player and attack them 

until shot. The player was notified of the attack by sound, and a red halo appeared 

framing their field of view. Players could not “lose” the game in the sense that they 

reached game-over, the hostile targets had to be all shot before the next wave would 

start. Please note, in contrast to more traditional laboratory assessments of go/nogo 

performance, different trial types were here presented at the same time (i.e., multiple 

targets approached the player at the same time). Hence, time pressure was created 

by the fact that multiple choices had to be made concomitantly, to simulate a short 

response window, required to maximize false alarm rates (Young et al., 2018). The 

maximization of false alarms was needed to provide enough improvement margin 

to the player and benefited from the non-realistic environment to mitigate risks in 

terms of professional self-efficacy in players. 

At the end of each session, the participant was presented with scores ranging from 

0% to 100%, summarizing their performance on three metrics commonly used to 

describe police performance in the field: Control over the situation, control over the 
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suspect and control over the self (Binder & Scharf, 1980; Huhta et al., 2021); see 

supplementary material 1 for the formulas used to calculate these scores). While 

the first two scores represented behavioral elements, the last one was a summary 

of the breathing pace performance rewarded by the biofeedback. The scores were 

calculated to make the scores of “control of the situation” and “control of the suspect” 

relatively easy: Participants could achieve high scores without excessive effort. On 

the other hand, the “control of the self” score directly represented the physiological 

control score, thus helping to nudge the players toward focusing on physiological 

control more in the following sessions. 

Biofeedback parameter and implementation 

In sessions in which the biofeedback was displayed to the player (ABBABABABA 

withdrawal design; A = without biofeedback: session 1, 4, 6, 8, and 10; B = with 

biofeedback: session 2, 3, 5, 7, and 9), a breathing pace of eight breaths per minute 

was rewarded by having optimal vision, with faster or slower breathing paces being 

progressively punished by reduced (tunneled) vision (see Figure 4.1). 

Figure 4.1
Implementation of the biofeedback as peripheral vision modulation.

Note. The quality of the vision (on the left) was linked to the biofeedback score, calculated from 
the breathing speed and amplitude (on the right); (A) Vision with a biofeedback score equal to 
0 (the player is not breathing at the rewarded pace); (B) example of fast and shallow breathing 
amplitude, corresponding to a breathing biofeedback score of 0; (C) Vision with a biofeedback 
score equal to 1 (maximum adherence to rewarded breathing pace) or in A-phase sessions 
in which online biofeedback was not presented to the player; (D) example of slow and deep 
breathing amplitude, corresponding to a breathing biofeedback score of 1.
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The visual feedback on participants’ breathing pace was implemented by reducing 

the vision of the player in the VR task proportionally to their non-adherence to the 

rewarded breathing pace. This “tunneled” vision served to help the player control 

their breathing pace in the heat of the moment, when task demand reduced 

awareness of their own physiological processes. Specifically, the biofeedback value 

rewarded slow and deep breathing by promoting high amplitudes of breathing paces 

in the 6 to 10 breath per minute range. It was calculated by performing spectral 

density estimation on the incoming breathing signal and then calculating the power 

of the signal within the target frequency range divided by the power outside the 

target frequency range (c.f. Brammer et al., 2021; Figure S3.2). Please note that the 

power was calculated as area under the curve, thus reflecting the amplitude (depth 

of breathing) within the target range. This value was updated at a rate of .5Hz, and 

ranges between 0 and 1. Hence, every 2 seconds, a breathing segment of the last 

30 seconds of breathing data was analyzed, resulting in an overlap of 28 seconds 

between consecutive segments. It rewarded diaphragmatic breathing at a pace of 

eight breaths per minute. This target is faster than the six breaths per minute pace 

recommended by the literature to increase HRV (Ben-Tal et al., 2014; T. E. Brown et 

al., 1993; Hirsch & Bishop, 1981), as piloting revealed that such a low pace was too 

hard to achieve in action. The exact signal processing pipeline and data extraction 

can be found in the supplementary material of our previous article, detailing the 

development of the biofeedback parameter (Brammer et al., 2021). Importantly, the 

visual presentation of the biofeedback could be switched off, in which case the player 

would always have a full vision, independently from their breathing biofeedback 

score. This parameter was experimentally manipulated between training sessions to 

test the impact of biofeedback presentation (see procedure section).

Questionnaires 

All questionnaires were administered in a paper and pencil form. The following 

questionnaire data were collected.

Trait-assessments of anxiety. Participants’ trait anxiety was assessed in the first 

session using the Dutch State-Trait Anxiety Inventory with twenty items and four 

response options (1 = “almost never” to 4 = “almost always”; van der Ploeg, 1984). An 

example of a statement is “I feel satisfied with myself”. A total score was calculated by 

calculating the sum of all item scores (range 20-80), with higher scores corresponding 

to less anxiety.
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Prior gaming experience. Participants’ prior gaming experience was assessed in 

the first session using two self-constructed questions. Participants were asked how 

many hours a day they played video games on a weekday and how many hours 

during a day on the weekend. Response options were: 1) I do not play video games; 

2) less than one hour per day; 3) one to two hours a day; 4) two to three hours a day; 

5) three to four hours a day; 6) more than four hours a day.

Pre-test questionnaire. The pre-test questionnaire (target approach analysis, see 

supplementary material 2) is a short self-constructed questionnaire inspired by 

questionnaires used to investigate plan-making in real-life policing situations (Adang 

& Timmer, 2005), administered before each VR session to the players. They were 

asked to indicate which one of the three control scores mentioned above they would 

focus on, what scores they expected to achieve as well as the scores they expected 

their colleagues to achieve. An open question concluded the questionnaire, to ask 

the player if they had a specific strategy in mind for the upcoming session. The aim 

of this questionnaire was twofold: Measuring the participants’ training intentions and 

prime them to keep in mind the policing goals of the training endeavor.

Post-test questionnaire. After each session, the post-test questionnaire (after 

action report, see supplementary material 2), a short self-constructed questionnaire, 

was administered to the participants. The players were asked to indicate which 

score they thought they had achieved, on a scale from 0% to 100%, for each one of 

the 3 control scores (control of the situation, of the suspect and of self) and several 

open-ended questions to make them think about their performance. The aim of 

this questionnaire was twofold: Measuring the participants’ performance estimates, 

and maintain awareness of the policing goals of the training endeavor. Of the three 

self-rated control scores, only the “control of the self” score was used for further 

analyses, where it was contrasted to the actual “control of the self” score achieved by 

the participant.

Threat and challenge appraisal. Participants’ appraisal of threat and challenge 

during the game was assessed after each session on an eleven-item scale developed 

by Mendes et al. (2007), with seven response options per item (1= “totally disagree” 

to 7 = “totally agree). Six items were indicative of the threat aspect (i.e., “this task is 

demanding,” “… is stressful,” “… is distressing,” “… is threatening”; “I am uncertain 

how I will perform”; “this task requires a lot of effort”). In addition, five items were 

indicative of perceived positive challenge (i.e., “I have the abilities to perform well,” 

“I have the expectations to perform well,” “performing well is important to me,” “this 
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task is a positive challenge,” and “I am the type of person who does well on these 

tasks”). Two distinct scores (ranging from 1 to 7) were calculated for the threat and 

the challenge aspect, by averaging the related item scores. 

Engagement. Participants’ engagement was assessed after each session using seven 

items from the Intrinsic Motivation Inventory with seven response options (1= “totally 

disagree” to 7 = “totally agree) (Center for Self-determination Theory, 2019; McAuley et 

al., 1989). An example statement is: “I would describe this activity as very interesting”. 

The negatively formulated statements (“I thought this was a boring activity” and “This 

activity did not hold my attention at all”) were recoded. A total score was calculated 

by averaging the scores on all items (range 1 to 7). The higher the score, the higher 

participants’ engagement during the training. 

Procedure

After giving written informed consent and filling in the questionnaire about gaming 

experience as well as the trait anxiety questionnaire on the first session, each 

session consisted of participants putting on the respiration belt and the heart-rate 

belt, receiving a police vest, the controllers (radio and gun in the VR environment), 

headphone, and VR headset. Next, participants filled in the pre-test questionnaire, 

standing, while their physiological baseline was measured. The participants then 

performed the VR task for around 15 minutes until they completed all the waves of 

the game. In the first session, participants first played a tutorial in which they were 

instructed about processes such as confirming a radio message, followed by the 

actual VR task. The tutorial was also present in the second session, with additional 

information about biofeedback control and a breathing pace training. From session 

two onward, participants were instructed to breathe five seconds in and five seconds 

out while playing. After playing each session, participants filled in the rest of the 

questionnaires regarding their appraisals of the game. When the participant finished 

all questionnaires, they were presented with their average session scores of control 

over the situation, suspect and self. 

To allow statistical inferences in small sample sizes, in this single case experimental 

design (SCED) study participants were invited ten times to the training sessions. A 

withdrawal ABAB design was used in which the experimentally withdrawn variable 

was the presence of online biofeedback on the participant’s breathing pace, where 

slow and deep breathing was rewarded. The online biofeedback was presented to the 

participants by means of vision impairment while performing the VR task. Over the 

course of one month (September 2020), all participants completed the ten sessions 
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(phases) following a withdrawal design (ABBABABABA). The majority of the sessions 

were separated from each other by one to five days. Due to participant scheduling 

limitations, some sessions had however to be done in the same day. In such a case, 

the first session always was an A phase, to prevent short term carry-over from the 

biofeedback presentation, displayed in B phases. In other words, we wanted to 

prevent the risk that players would apply the breathing technique in an A phase just 

because they had to apply it in the B phase that happened only minutes before. This 

security measure was implemented to ensure that looking at contrasts between a 

biofeedback B phase and a subsequent A phase would reflect as much as possible 

learning transfer and not mere short-term habituation.  Continuous breathing-based 

biofeedback was added in the B-phases and withdrawn in the A-phases. The design 

is in line with the guidelines for small-N designs, by allowing a minimum of four 

repetitions of the addition-withdrawal procedure (Kratochwill et al., 2013).

Data preparation 

Any identification information was removed from participant data and the data were 

securely stored on password-protected servers hosted by the Radboud University. 

The data was only accessible for approved members of the research team. The 

research data was not shared with the police organization, nor with the IBT center 

from which participants were recruited. 

Physiological recordings. The physiological data (breathing biofeedback score and 

inter-beat ‘R-R’ intervals) were automatically saved at a rate of .5Hz. The data points 

were then synchronized with the game events and averaged before the start of the 

game to constitute the baseline. Since the baselines were inconsistent in length, the 

shortest recording (29 samples = 56 seconds) was used as a length reference, hence 

we only considered the last 29 samples portion for longer baselines. Per session, 

the inter-beat (R – R) intervals were interpolated to extract low (.04 Hz to .15 Hz) 

and high (.15 Hz to .4 Hz) frequency HRV, the low/high frequency ratio of HRV, and 

the coherence between the low frequency HRV and breathing. The coherence score 

was calculated by quantifying the similarity of the breathing and inter-beat interval 

time-series (Shaffer & Ginsberg, 2017). This quantification, bound between 0 and 1, 

is frequency specific. We therefore only considered the low-frequency HRV range as 

it is the range at which paced breathing would happen. The low frequency coherence 

metric is extracted as an index of relaxation, as Hayano & Yuda (2019) suggested 

that breathing induced fluctuations in the low frequency spectra of HRV reflects the 

presence of resting function. The scripts used to extract those HRV metrics can be 
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found on GitHub (Brammer, 2020b) and were taken from the guidelines proposed by 

Shaffer & Ginsberg (2017). 

Decision-making and response inhibition behavior. In-game events and actions 

were summed within a session to compute accuracy and signal detection measures. 

Hit scores were calculated by adding events where the participant shoots at an 

incoming hostile target before it reaches the player. Similarly, miss scores were the 

sums of hostile targets reaching the player before being shot, correct rejection scores 

were the sums of friendly targets reaching the player unharmed and finally false 

alarm scores were the sums of friendly targets being shot by the player. For each 

of those scores, we also recorded if the target involved in the event had the primed 

large identifier (body type announced by the radio dispatch as potentially hostile).

Data analysis

Missing and excluded data. Due to a technical issue with the heart rate belt 

recordings, the HR data of session 1 was missing for participants 3 and 5, although the 

participants did complete the training session. Moreover, due to material failure with 

the breathing belt used for biofeedback, the breathing data of session 8 was missing 

for participant 4, although the participant completed the full training session. Subject 

9 was excluded from HRV-related analyses, since his high frequency component of 

HRV was more than 3 standard deviations higher than the rest of the group, for 

several sessions; this was due to a lack of accuracy in the R peak detection from the 

heart rate belt. This problem did not affect biofeedback measurements.

Environment design validation. Due to the small sample size, this section of the 

results is purely descriptive, as only the biofeedback data allowed to make meaningful 

statistical inferences thanks to the withdrawal (ABBABABABA) design. 

Game arousal, challenge, and engagement. To descriptively assess, for each 

subject, the evolution of the level of arousal, challenge and engagement, individual 

trajectories were plotted alongside group average. For the HR, average baseline 

and in-game session scores were obtained. The in-game scores were obtained by 

subtracting the average baseline score from the in-game scores. 

Biofeedback relevance. To assess whether our biofeedback manipulation was 

successful in influencing HRV, the average breathing biofeedback score within a 

session was correlated with the low and high frequency components of HRV and with 

the coherence between the breathing and low frequency HRV. The latter correlation 
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is used to measure the extent to which low frequency HRV is influenced by slow and 

deep breathing, an indicator of resting function rather than sympathetic dominance 

(Hayano & Yuda, 2019). Since correlations were based on all 10 sessions of eight 

participants in total, where each session is a data point, we used a repeated measure 

correlation approach using the R package “rmcorr” (Bakdash & Marusich, 2017, 2021). 

Subject 9 had to be excluded from those analyses due to a measurement error.

To measure how awareness of the breathing control performance evolved over the 

course of the 10 sessions, we computed for each session the difference between 

participants’ self-rating in breathing performance (an auto evaluation ranging from 

0% to 100%) and the actual session score of “control of the self” (the percentage of 

the session that the player spent with a breathing biofeedback score of at least 0.8 

over 1). Thus, the awareness score was calculated as: real “self-control” score – self 

rating “of self-control” score. 

To further investigate the relevance of biofeedback, we looked at how often players 

mentioned breathing (e.g., “I need to focus more on the breathing”), biofeedback 

visual impairment (e.g., “Too much tunnel vision”) and self-control score (e.g., “Focus 

on self-control”) in the open-ended questions asked to the player before and after the 

VR task. Mentions of action-related elements (e.g., “Reload more often” or “Monitor 

360”) were scored as well. 

Decision-making behavior. To measure decision-making (shoot/don’t shoot) 

performance, we calculated the amount of hits, misses, correct rejection and false 

alarms per subject and session. Additionally, sensitivity (d’= [z(Hit rate)-z(False 

alarm rate)]) ) and response bias (criterion = - [z(Hit rate)-z(False alarm rate)]/2 ) 

were computed according to signal detection theory (McFall & Treat, 1999). Since 

some participants managed to avoid false alarms for an entire session, a loglinear 

correction was applied to the data to avoid infinite values (Hautus, 1995; Stanislaw & 

Todorov, 1999). To describe the effect of the priming, we calculated per session and 

subject the difference in false alarm rate between targets that had the body type 

primed by radio dispatch and those who did not 1. 

Training efficiency: physiological control. Next, we tested the link between the 

presentation of online biofeedback in B-phases and the improvement in breathing 

control in action witnessed in all subjects. In this methodology, the goal is to search 

for the effect of repeatedly adding and removing a variable. Evidence for a causal 

1 Individual trajectories were plotted alongside the average of all participants, with standard 
error.
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effect is then gathered through multiple analyses to ensure that the found effect is 

genuine. In our case, the experimentally added and removed variable is the presence 

of biofeedback, implemented as the tunneled vision described above. According 

to the requirements, of the SCED methodology (Kratochwill et al., 2013), multiple 

datapoints have to be extracted per session, which allows this section of the study 

to perform inferential statistics. The biofeedback values of a session were separated 

in 15 second bins and averaged for each bin. The biofeedback scores of individual 

participants were analyzed within and between sessions (A-sessions, B-sessions, B-A-

sessions, and A-B sessions). The six features of the SCED visual analysis were level, 

trend, variability, immediacy of effect, consistency of data patterns across similar 

phases and degree of overlap of data (Kratochwill et al., 2013). A change of the data-

patterns when there was a change in condition (addition or removal of biofeedback) 

indicates the biofeedback had an effect. To determine whether there was a significant 

intervention effect for a participant, a minimum of three such changes was needed 

for at least three of the six features (Horner et al., 2005; Kratochwill et al., 2013; 

Lane & Gast, 2014). Additional descriptive representations of HRV parameters were 

included in this section, since the main goal of breathing-based biofeedback was to 

calm participants by regaining parasympathetic dominance through HRV increase. 

Single-Case Experimental Design Analysis. To illustrate the within and between 

session dynamics, the evolution of the biofeedback scores, evaluated at the 15 

second bin level throughout the entire training, were plotted for each subject along 

with separated fitted trend lines for the A and the B phases. The trend lines were 

obtained with the MATLAB function “polfit.m”. To increase visibility of the data, 

the lines were smoothed with the moving average option of the MATLAB function 

“smooth.m”. Since the biofeedback score was measured on a time window of 30 

seconds, the first two data bins of each session were discarded to avoid analyzing 

data from the baseline period. 

Of the six SCED features used to test the role of biofeedback, data overlap is the one 

presented in the result section as it is most relevant to our design. For completeness, 

we report other aspects in the supplementary material 3. To test whether vision 

impairment was a salient enough way of providing biofeedback in B-sessions, and 

causally influenced the player’s behavior, data overlap of the biofeedback values of 

consecutive sessions was calculated by using the Kendall’s tau ranked correlation 

coefficient (Kendall, 1938). For each subject, the tau scores were then aggregated into 

two distinct scores (addition and removal) by combining effects of single contrasts 

(Manolov et al., 2015; Tarlow, 2017a, 2018). The addition score encompasses the 
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tau scores for A-to-B phases contrasts, hence when comparing consecutive sessions 

where the first is played without online biofeedback and the second with biofeedback. 

Conversely, the removal score encompasses the tau scores for B-to-A phases (transition 

from with to without biofeedback). Kendall’s tau was extracted by using an edited 

version of the R code by Tarlow (2017a). The editing consisted in removing Theil–Sen 

estimator used for baseline trend correction (Tarlow, 2017b). Baseline trend correction 

was not used for this dataset, as trend analysis revealed that a within session trend was 

often present but negative, hence correcting for it would lead to false positive results. 

RESULTS

Goal 1: Environment design validation
Does the VR-game environment evoke arousal and engagement? 

The VR-game elicited psychophysiological arousal and was experienced as challenging 

and engaging in the small sample at our disposition. This is indicated by the self-

reported threat and challenge appraisals, the increase in HR and the self-reported 

engagement score (see Figure 4.2A to 4.2C). As expected, police officers reported 

consistently low levels of experienced threat, with an average of 2.39 on a 7 point 

scale (SD = .86; see supplementary material 4) over all sessions and participants. 

However, challenge scores were consistently high (Figure 4.2A) indicating that the 

participants experienced the game as positively stimulating (M = 5.36, SD = .65). In 

terms of absolute HR during the sessions, the average was 79 BPM. There was a 

marked peak in HR during the first session (M = 99 BPM) with substantial variation 

between subjects from M = 78 BPM (for subject 4) to M = 176 BPM (for subject 1). This 

strong variability was only witnessed for the first session. Relative to the baseline 

period immediately preceding the game start, an average increase of HR from 

baseline of approximately 10 BPM was observed (Figure 4.2C), similar to increases 

witnessed in established stress induction protocols (Vogel et al., 2015). As shown 

in Figure 4.2B also participants’ reported engagement (scale 1-7) was generally 

high (M = 5.65, SD = .66), steadily decreasing until session seven, where the average 

engagement was still 5.3, corresponding to a moderately high level of engagement.

Does the biofeedback implementation influence HRV and facilitate physiological 
awareness? 

In our limited sample, a strong and significant positive relation was found between 

the average biofeedback score and the coherence between low-frequency HRV and 
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respiration in a session (r(68) = .72, p < .001). A smaller positive correlation was also 

found for low frequency HRV (rs(68) = .47, p > .001) but not for high frequency HRV 

(rs(68) = .15, p = .212). Hence, biofeedback scores correlated strongly with breathing 

induced fluctuations in HRV, a resting function index (Hayano & Yuda, 2019; Shaffer 

et al., 2014).

Figure 4.2
Stability of arousal and engagement during the course of the training.

Note. Changes across the whole training in: (A) self-reported challenge (1 = very low to 7 = very 
high); (B) mean engagement (1= very low to 7 = very high); (C) HR change, in BMP, from the 30s 
pre-test baseline (the dashed line represents a null change); (D) Difference between the self-
reported estimation of biofeedback control score after the VR task and the real score (range 0 
to 100%; plotted value = real score – reported score). Stderr = standard error of the mean; BFB 
ON = Sessions in which online biofeedback was presented to the participants.

To evaluate the participants’ self-awareness of physiological control during the 

training process, the differences between the self-rating of physiological control 

and the objective biofeedback score are plotted in Figure 4.2D. A fast reduction in 

differences (overestimation) can be seen in the first half of the training process, with 

a notable yet short-lived increase in difference once online biofeedback was removed 

for the first time in session 4. Thus, subjects became considerably more accurate in 

their assessment of their physiological control over the course of the training.

Additionally, the answers given to the pre- and post- questionnaires (see 

supplementary material 5), indicated that the participants mentioned breathing 

more after biofeedback sessions, both in the pre-test phase before the session (from 

five subjects in session 1 to all nine subjects in session 3) and in the post-test phase 
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when debriefing (from four subjects in session 1 to eight subjects after sessions 2 and 

3). Thus, biofeedback sessions successfully increased attention to breathing control. 

Does the behavior in our application follow expected patterns relating to response 
inhibition under stress? 

The distribution of correct and incorrect decisions in the game is presented in Figure 

4.3 (see Table S6.1 in supplementary material 6 for details). Results showed that 

misses were by far the most likely type of mistake and police trainers avoided to 

make false alarm responses (Figure 4.3A). Over time, participants steadily increased 

in accuracy (sensitivity) as assessed by d prime (d’; Figure 4.3B), while their response 

bias (criterion) remained stable and conservative (Figure 4.3C). Interestingly, d’ 

tended to be lower in sessions with biofeedback. Lastly, we investigated dispatch 

priming. As shown in Figure 4.3D, a higher proportion of friendly targets being shot 

(FA) was composed of targets whose large identifier (body type) was announced as 

presumably hostile in radio dispatch.

Figure 4.3 
Behavioural metrics (in-game)

Note. (A) Go/nogo action distributions across sessions and subjects. Columns are sub-divided 
according to the large identifier of the target related to the trial. (B) d’ from signal detection theory 
indicating sensitivity to target type (hostile/friendly); (C) criterion from signal detection theory 
indicating potential changes in strategy (D) Difference score of false alarm depending on the body 
type (primed body type – unprimed body type); Hit = hit; CR = correct rejection; FA = false alarm; Miss 
= misses; large ID = has the primed body type, announced as presumably hostile in radio dispatch; 
other ID = does not have a body type announced as presumably hostile in radio dispatch; BFB on 
= Sessions in which online biofeedback was presented to the participants; Stderr = standard error.
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Goal 2: Training validation
Biofeedback score 

The average biofeedback scores per participant are depicted in Figure 4.4A. The 

overall biofeedback score was M = .077 (SD = .16) in the first session (A1), increasing 

to M = .497 (SD = .279) across all sessions with online biofeedback (B phases) and 

to M = .460 (SD = .266) across the subsequent sessions without online biofeedback 

(A2-5 phases). Six participants (2,4,6,7,8 and 9) showed higher biofeedback scores in 

B-phases (sessions with online-biofeedback), whereas three participants (1,3 and 5) 

had a higher average biofeedback score in A-phases (see supplementary material 3 

for details). 

Evolution of HRV 

We here illustrate how beneficial the breathing-based biofeedback training is to influence 

HRV through RSA modulations. In Figures 4.4B to 4.4D the evolution of the low and high 

frequency components of HRV, and the coherence between low frequency HRV and 

the breathing pace are presented. While the low frequency HRV-breathing coherence 

(Figure 4.4C) parallels the increase over time shown by the breathing biofeedback score, 

displayed in Figure 4.4A, quite accurately, this pattern is less apparent for low (Figure 

4.4D) or high (Figure 4.4B) frequency HRV. This indicates that our operationalization of 

the biofeedback parameter as a paced breathing reward successfully promoted higher 

coherence between the breathing and the HR (Schwerdtfeger et al., 2020; Shaffer et al., 

2014), an index of resting function (Hayano & Yuda, 2019).

Singe-Case Experimental Design Analysis

The within and between session evolution of each participant’s breathing 

biofeedback score (indicative of breathing control) is presented in Figure 4.5. Trend 

lines revealed that every subject showed a positive trend with increasing breathing 

biofeedback scores over time for both A and B phases, except subject 4 who 

showed no improvement in the B phases (red lines). Subjects 1, 3 and 5 displayed 

a particularly steep learning pace. Interestingly, those are also the subjects with a 

higher biofeedback average in A-phase sessions than in the B-phase ones. 

Data overlap. To assess the influence of the breathing biofeedback presence (on or 

off), changes in breathing biofeedback score were related to the addition or removal 

of biofeedback by means of Kendall’s tau (Table 4.2). Results indicated a consistent 

positive effect of the addition of online biofeedback across subjects (A to B phase).
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Figure 4.4
Evolution of the breathing biofeedback score and the HRV indexes

Note. Changes across the whole training in (A) the average biofeedback score; (B) the high 
frequency component of HRV (.15Hz to .4Hz); (C) the coherence between the low frequency 
HRV and breathing; (D) the low frequency component of HRV (.04Hz to .15Hz). BFB ON = B 
phases, where online biofeedback was presented; Stderr = Standard Error; LF-breathing 
coherence = coherence between the low frequency component of HRV and breathing; LF HRF 
= low frequency HRV.

Out of 36 individual transitions where biofeedback was added, 25 transitions were 

found to be positive and significant, with four subjects (2, 5, 8, and 9) each having 

three significant effects of non-overlap and a significant meta-effect when all A-to-B 

contrasts were merged, thus reaching formal criteria for a significant intervention 

effect. Importantly however, all nine subjects showed an effect in the same positive 

direction (Table 4.2). This suggests that, while there was a difference in the robustness 

of learning, participants generally improved in physiological control when online 

biofeedback was presented. Upon removal of biofeedback (B to A-phase), the 

pattern was more mixed. Out of 36 removal transitions, 14 transitions were found to 

be significantly negative. Only subjects 8 and 9 showed three significant repetitions 

of non-overlap, and only subject 9 had a significant meta-effect of withdrawal with in 

total six out of nine subjects showing a negative effect. Overall, the results support a 

causal effect of the biofeedback experimental manipulation, with seven participants 

(1, 2, 5, 6, 7, 8, and 9) showing a minimum of three significant non-overlap effects in 

the expected direction (Kratochwill et al., 2013). More elaborate SCED analyses can 

be found in the supplemental material 3, which according to formal SCED guidelines 

together indicated a moderate positive effect of our training procedure (Kratochwill 

et al., 2013).
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Figure 4.5
Evolution of the breathing biofeedback score across the entire training period. 

Note. Each datapoint represents the average biofeedback value for a 15seconds epoch. Scores 
range from 0 (no adherence to the rewarded breathing pace) to 1 (perfect adherence to the 
rewarded breathing pace). B phase = breathing score for B phase sessions (Session 2, 3, 5, 7 and 
9); A phase = breathing score for A phase sessions (Session 1, 4, 6, 8 and 10); B fit = fitted line for 
the B phase sessions; A fit = fitted line for the A phase sessions.

Table 4.2
Kendall’s tau non-overlap indices for consecutive sessions

Subjec Kendall’s tau
Addition (A-to-B phase contrast) Removal (B-to-A phase contrast)

S1-S2 S4-S5 S6-S7 S8-S9 Meta S3-S4 S5-S6 S7-S8 S9-S10 Meta
1 .8*** -.13 .21** -.01 .26 .21** .27*** -.16* .03 .09
2 .67*** .16* .47*** .29*** .42* -.09 -.3*** -.12 -.1 -.15
3 .53*** .25*** .08 .06 .25 -.04 .02 0 .17* .04
4 .6*** .35*** -.23** NaN .26 -.4*** -.12 NaN -.05 -.19
5 .62*** .37*** .17* .35*** .40* -.26*** -.01 .1 .17* .004
6 .52*** .14* .11 0 .21 -.04 -.17* .06 -.24** -.09
7 .47*** -.03 .12 .29*** .22 -.05 .13 -.17* -.09 -.04
8 .62*** .39*** .25*** .22** .39* -.34*** -.3*** -.02 -.24** -.22
9 .56*** .61*** -.02 .49*** .43** -.43*** -.19* -.23** -.55*** -.35*

* p < .05. ** p < .01. *** p < .001
Note. Grey cells indicate significant non-overlap between two consecutive sessions; i.e., S1-S2 = 
contrast between the first and the second session (the same applies for the other headings); Meta 
= Overall effect, obtained by merging the effect-sizes of the single contrasts.
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DISCUSSION

We aimed to validate the design of a novel biofeedback training tool for in-action 

physiological regulation in police. Our first goal was design validation. We found 

that the VR game was successful in creating an engaging, challenging, and arousing 

environment. Our in-game biofeedback implementation succeeded in improving 

physiological awareness. Moreover, behavioral metrics of performance indicated 

suitability for probing response inhibition and priming effects under stress. For our 

second goal, investigating the training effectiveness, we additionally found support 

for the trainability of deep-breathing by presenting biofeedback in-action. These 

results, while preliminary given the small sample, suggest the feasibility and promise 

of influencing physiological control in an active decision-making context with tools 

like our new VR biofeedback application. 

One of the rationales for using a VR context to train physiological control was the 

possibility to evoke strong emotions (Parsons, 2015). As expected, self-reports 

indicated a high sense of positive challenge (see Figure 4.2A and Supplementary 

Material 4), but a low sense of threat. This result indicates that the game is a good 

learning environment as it is not perceived as too threatening (Jamieson et al., 2013), 

although this interpretation should be cautious given the tendency of police officers 

to underreport socially undesirable emotions (Habersaat et al., 2021; Mccanlies et 

al., 2014). One additional possible explanation for the low threat score, as pointed 

out by Weerdmeester et al. (2020), is that the high level of challenge experienced by 

the participants throughout the training could partially be explained by the effect of 

biofeedback, which has been theorized to help participants better appraise threat 

into challenge since interoceptive signals of stress are dampened. 

In terms of arousal, elicitation was successful in our VR environment as in-game HR 

increases from baseline were comparable to established stress induction protocols 

(Boesch et al., 2014; Vogel et al., 2015). However, we cannot establish the extent 

to which this arousal is of emotional nature or due to movement, as players were 

moving more during the game than at baseline. Yet, research by Gorini et al. (2011) 

showed effects of similar magnitude from exposure to a VR environment without 

participant movement. 

We used VR to maximize the sense of engagement experienced by the participants, 

as it has been highlighted as an important nonspecific factor fostering behavioral 

change (Holzinger et al., 2006). Engagement also helps with accurate recollection 
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of the participant’s physiological arousal (McCall et al., 2015), thus improving 

biofeedback learning. The high and lasting engagement in our sample (see Figure 

4.2B) may be ascribed to the advantages of VR (Riva et al., 2007), but could also 

be partially explained by peer pressure to perform, as our participants were, on 

their own initiative, actively comparing their performance scores with each other, 

a common practice in the police forces (Chen et al., 2013). This behavior provides 

support to the idea that reporting police-relevant scores at the end of each session 

helps strengthen engagement. 

Just as the scores helped the participants to engage in the training, it also helped 

them to better estimate their performance and enhance physiological awareness, 

as illustrated by the improvements in physiological scores estimation (see Figure 

4.2D). Similarly, the integration of biofeedback as peripheral view modulation was 

successful in eliciting awareness of breathing, when evaluated by self-report in open-

ended questions (See Supplementary Material 5). This “tunneled vision” is known 

to be a relatable phenomenon for police officers (Dirkin, 1983; Klinger & Brunson, 

2009). Indeed, as shown by the participant’s written reports before and after action, 

mentions of breathing-related elements increased throughout the training. 

Regarding the behavioral metrics, despite the small sample, we could show 

preliminary evidence that behavioral measurements were suitable for individual 

performance indexes to be extracted, per session (See Figure 4.3). It is worth 

noticing that decision-making stably improved throughout the training. Analyses 

of the mistakes showed preliminary evidence that priming the participants for 

certain targets’ body types increased the chance for friendly targets to get shot 

when their body type partially matched the description, which is in line with priming 

tests performed in more realistic setups on police officers (Taylor, 2020). The game 

environment may therefore be suitable to investigate, in future studies, the in-

action relation between physiology and response inhibition, as well as the effect of 

biofeedback on performance (Caballero Sánchez et al., 2016). Ideally, associations 

between in-game behavior and external measures of response inhibition under 

stress should be demonstrated in a larger sample, with a police relevant transfer 

condition, to further establish the validity of the in-game behavioral assessments. 

Importantly, in this game performance was affected by the biofeedback. Indeed, 

biofeedback was implemented as vision manipulation and thus could impair shooting 

and target recognition. A visual impairment linked to physiological measures created 

an artificial link between physiological control and behavioral performance. An 

illustration of this effect can be shown by fact that the sensitivity d’ index tended 
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to reduce in sessions with biofeedback. The artificial strengthening of the relation 

between physiology and behavior is a confound which, together with the changes 

in game difficulty during a session and the small sample available, made it difficult 

to investigate links between physiology and performance as have been previously 

reported (Hashemi et al., 2019). It is however anecdotally worth noticing that subject 

5, the participant with the highest behavioral performance scores, was also the one 

with the highest biofeedback score in sessions without biofeedback. This transfer of 

physiological control skill to sessions where no online feedback on physiology was 

given suggests that successful transfer of breathing control skill may not come at the 

cost of reduced performance. 

One of the main contributions of the current study was to investigate the proof-

of-concept trainability of breathing biofeedback in an active context. Our results 

suggest that despite the fact that our subjects all received breathing-biofeedback in 

a classroom setup in the years preceding our experiment, no subject seemed able 

to control their breathing to satisfying levels prior to the introduction of biofeedback 

(see Figures 4.4A and 4.5). Additionally, our results show support for the trainability 

in active contexts of deep breathing, thus extending previous evidence showing 

deep breathing trainability in passive VR contexts (Rockstroh et al., 2019), but also 

in breaks during real-life police training scenarios (Andersen et al., 2018). Trying 

to apply emotion regulation techniques in-action is not a new idea, and has been 

implemented with techniques like neurofeedback (Schoneveld et al., 2016), and even 

breathing biofeedback (Bossenbroek et al., 2020), albeit in a rather meditative VR 

context. To the best of our knowledge, this is the first attempt at rewarding deep 

breathing in real-time while immersed in an arousing and active decision-making 

context. Additionally, only a few participants reached a plateau in biofeedback 

training after ten sessions. It is therefore unclear when the training benefits of such 

technique would stop. This issue should be investigated in future research, since 

there are institutional pressures to shorten training for police officers, sometimes to 

the point of rendering them useless (Di Nota et al., 2021).

Importantly, although the deep breathing in an active context was shown to reliably 

increase due to biofeedback, one limitation of this study is that a positive effect of 

the training on parasympathetic dominance indices could not be demonstrated and 

should be further investigated in future studies. While no claim can be made regarding 

parasympathetic control of the heart due to the fact that the heart is controlled by 

many systems simultaneously (Hayano & Yuda, 2019), we did identify a potentially 

strong link between adherence to the required breathing pace and a resting function 
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index (the coherence between breathing and low-frequency HRV), as well as with an 

index of low-frequency HRV. We found no association for high-frequency HRV, which 

has been linked to increased performance in decision tasks (Gamble et al., 2018) 

and is usually seen as an index of parasympathetic dominance. The lack of results in 

high-frequency HRV might have a methodological explanation, as standing has been 

reported to dampen this HRV metric (Srinivasan et al., 2002). Additionally, training 

deep breathing transfers the breathing-induced HRV fluctuations from the higher to 

the lower part of the spectrum, hence increasing low-frequency HRV, possibly at the 

cost of high-frequency HRV (Hayano & Yuda, 2019). While low-frequency HRV may 

in fact be driven by parasympathetic nervous system activity during slow breathing 

(Kromenacker et al., 2018; Schwerdtfeger et al., 2020) it does not allow claims 

about the influence of the parasympathetic nervous system. Moreover, we found 

no consistent increase in either low or high frequency HRV across training, only in 

coherence. While coherence has been linked to improved cognitive and emotional 

function (Mather & Thayer, 2018; Schwerdtfeger et al., 2020), it is not possible, with 

the current dataset, to assess if the specific effect we report here is effective in 

producing such cognitive and emotional improvements.

The present study has other limitations, like the lack of a dedicated breathing pace 

baseline recording. Mostly, this study is limited due to the small sample size, which 

prevents not only inquiries on efficiency and training output (P. L. Smith & Little, 

2018), but also on the interaction between behavior and physiology. A larger and 

more diverse sample, combined with a non-VR transfer task, would allow us to 

test the extent to which the training in VR transfers to physiological and behavioral 

patterns observed in real life, which is a critical test to evaluate the generalizability 

of the VR measures (L. C. Miller et al., 2019). A last limitation is the fact that our 

sample was, years prior to our training, exposed to a stress reduction course 

containing psychoeducational material and a short biofeedback session, as part of 

the mandatory training of all police officers in the Netherlands. However, the lack 

of evidence that the previous training and exposition to psychoeducational theories 

(that have a high prevalence in police curricula) had any effect in session 1 made us 

consider it as a non-confounding factor.

In terms of future work, our VR game could also be used to investigate the dynamical 

interaction between physiological state and decision-making in a more complex 

and engaging environment than traditional laboratory assessments. Indeed, little 

is known about the effectiveness of physiological control in the variety of phases 

through which police action evolves. While a fully realistic VR setup would contain 
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too much variability and dimensions to measure performance reliably (Brehmer, 

1992; Michela et al., 2019), testing well-known scientific measurements of decision-

making in dynamical interactions could prove invaluable to relate performance 

and physiological control, but also to further investigate the external validity of 

those paradigms (Flake et al., 2017). Additionally, we recommend future studies 

to individualize the biofeedback target to the player, thus rewarding the breathing 

frequency and associated strategy that more efficiently raises HRV, rather than a 

fixed target like in the present study. Lastly, the output data includes positional 

tracking, and could be used to investigate potential movement confounds in the 

HRV measurement. More information on the ways movement can perturbate HRV 

biofeedback can be found in our implementation oriented publication (Brammer et 

al., 2021).  

To conclude, while the generalizability of the results presented here needs to be 

assessed in future studies with larger samples, the present study showed the 

promise of a VR game to train physiological regulation in an arousing, police-relevant 

decision-making context. In addition, there seems to be support for targeting the 

behavioral action mechanisms that were included in the VR game. Our VR design 

opens new potential avenues for testing the impact of priming, arousal, and 

physiological control on (police-relevant) behavior in a more naturalistic context 

than traditional laboratory experiments. It will be important to design future studies 

to not only assess whether the VR game impacts decision-making under stress for 

police officers, but also if the physiological mediators of these effects are indeed the 

same that are targeted in the training. 
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SUPPLEMENTARY MATERIAL

Calculation of the scores presented to the participants at the end of 
the VR training session.

To give the participants a comprehensive summary of their performance, self-

constructed “control scores” were presented at the end of every VR session. Those 

scores were named to match the way police officers themselves refer to their 

performance in real life. Namely, they mention that being in control of the self is 

needed to control the suspect, which is in turn needed to control the situation.

Control over the situation

Policing theory outlines the need for police officers to keep control of the situation, 

which entails keeping monitoring their environment and the communication 

with the commanding center frequent. In our game environment, these two 

dimensions were translated in 3 metrics, two accounting for environment 

monitoring (number of times a hostile zombie managed to reach and attack the 

player and number of times a zombie managed to reach the player unobserved), 

and 1 for communication (confirming reception of the dispatch information). Each 

dimension was weighted as 50% of the final “control over the situation” score. 

Control over the situation consisted of the number of times a participant was attacked 

by a zombie, the times a participant was surprised approached (by a zombie which 

the participant did not see) and the number of radio confirmations (confirming the 

message of which zombies, based on eye colour, to shoot by pressing a button on the 

radio). These variables were calculated using the following equations:

•	 Times attacked by zombie (TA) = (1- ((#first time hit by hostile) / (#total number 
of hostile)))*100

•	 Surprise approaches (SA) = (1 – (#hostile AND innocent unseen approaches) / 
(#total number of zombies))*100

•	 Radio confirmations (RC) = ((#radio confirmations made) / (#radio confirmations 
required in the game))*100

•	 Control over the situation = (TA + SA + 2*RC)/4

Control over the suspect

This score was summarizing the decision made by the player. The first measure is the 

arrest fire count. According to the Dutch police theory, police officers are allowed to 

shoot at the legs of aggressive incoming suspects from la large distance (15m to 25m), 
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while shooting at the chest is recommended at shorter distances (up to 5m, after which 
other coercion tools are recommended for the officer’s safety). The distance was slightly 
adapted in the game, but the principle of rewarding long distance shots was kept to 
encourage anticipating threats. This decision-making aspect was only weakly and linearly 
rewarded as many occasions to shoot at long distance are provided by the game.

Shooting mistakes were severely punished score-wise. Shooting mistakes entails 
shooting friendly zombies and shooting zombies before they were assigned an eye 
color (element allowing the player to decide if a zombie is friendly or not). Those 
mistakes were punished on a logarithmic scale, which allowed to punish the first 
mistake rather severely (~20% of final score was lost with the first friendly shooting 
mistake) and the following ones less severely, so that a player making many mistakes 
would not end up with a negative score.

Control over the suspect consisted of the amount of arrest fire hits (shooting a zombie 
from 13-17 meters), too far hits (shooting a zombie when the eye colour is not visible 
yet), and no-go hits (shooting a zombie with the wrong eye colour (innocent zombie)). 
These variables were calculated using the following equations:

•	 Arrest fire hits (AFH) = ((#hostile_hit in the 13-17m range) / (#hostile_hit))* 100
•	 Too far hits (TFH) = (1 - log10[(#Far_hit +2) / 2 ] )*100
•	 No-go hits (NGH) = (1 - log10[(#innocent_hit +2) / 2 ] )* 100
•	 Control over the suspect = (AFH + TFH + 3 * NGH )/5

Control over the self

Since the point of the training is to enhance awareness on the breathing control 
during the active decision-making context, this score was made purposefully more 
difficult to increase, hence nudging the player to pay more attention to this particular 
aspect of the summary scores for the following sessions. To that end, only moments 
of high breathing control (scores of 0.8/1 breath control) were counting toward the 
final “control of the self” score.

Control over the self (i.e. self-regulation of breathing) reflected the proportion of 
the breathing rate of the participant matching the required breathing pace of four 
to twelve breaths per minute during that specific period (e.g. wave, session). The 
biofeedback score was calculated using the following equations:

•	 Biofeedback score untransformed (BSU) = spectral density over the biofeedback 
target range of four to twelve breaths per minute / spectral density outside the 
target range of four to twelve breaths per minute (Brammer et al., 2021).
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•	 Biofeedback score transformed (BST) = (BSU - (min(BSU))) / (max(BSU)) - (min(BSU))
•	 Control over the self = ((time BST higher than 0.8) / (total time)) * 100

The transformed biofeedback score ranges from 0 to 1. If BSU was larger than 1.5, A 
BST of 1 was returned since 1 is the maximum biofeedback score.

The process of calculating the biofeedback score is depicted in Figure S.4.1. Every 2 
seconds, a breathing segment of the last 30 seconds of breathing data was analyzed, 
resulting in an overlap of 28 seconds between consecutive segments. Figures S.4.1A, 
S.4.1B and S.4.1D show two different breathing paces: a fast-breathing pace (blue) and 
a slow breathing pace (orange). Figure S.4.1B represents a power spectrum in which it is 
visualized that a breathing rate of 4 to 12 breaths per minute is the rewarded breathing 
pace. The power spectrum is used to evaluate how much of the current breathing rate 
matches the biofeedback target of 4 to 12 breaths per minute (the green area) in Figure 
A. 4.1B. To retrieve the biofeedback score, the green area under the curve (AUC target) 
is divided by the red area under the curve (AUC outside target). Next, the biofeedback 
score was standardized, as shown in Figure S.4.1 (Brammer et al., 2021).

Supplementary Figure S.4.1

Note. Reprinted from “Breathing Biofeedback for Police Officers in a Stressful Virtual Environment: 
Challenges and Opportunities,’’ by J. C. Brammer, J. M. van Peer, A. Michela, M. M. J. W. van Rooij, 
R. Oostenveld, F. Klumpers, W. Dorrestijn, I. Granic, and K. Roelofs, 2021. Frontiers in Psychology, 
12, p. 7 (https://doi.org/10.3389/fpsyg.2021.586553). CC BY, reprinted with permission.
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Target approach analysis (TAA) and after action report (AAR)
Doel-Aanpak Analyse (TAA) (Target approach analysis)

1.	 Doel : waar ga je je in deze sessie op richten? (meerdere keuzes zijn mogelijk)

Goal: what will you focus on in this session? (several choices possible)

	☐ Controle over het zelf (Control of the self)

	☐ Controle van de verdachte (Control of the suspect)

	☐ Controle van de situatie (Control of the situation)

2.	 Risico’s : (Risks: )

Aantal verkeerde doelen   __________________ (number of wrong targets)

3.	 Mag ik: wat is volgens jou de beste score die behaald kan worden in een sessie?

(Can I: what do you think is the best score that can be achieved in a session?)

Controle over het zelf      _____%

Controle van de verdachte  _____%

Controle van de situatie  _____%

Aantal verkeerde doelen         ___________________

4.	 Kan ik : wat denk je dat je score zal zijn in deze sessie?

(Can I: What do you think your score will be in this session?)

Controle over het zelf      _____%

Controle van de verdachte  _____%

Controle van de situatie  _____%

Aantal verkeerde doelen         ___________________

5.	 Plan van aanpak : (Action plan: )

Wat kan er fout gaan in deze sessie? en hoe ga je erop reageren? 

(What can go wrong in this session? and how are you going to react to it?)

_______________________________________________________________________________________

_______________________________________________________________________________________

_______________________________________________________________________________________
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After Action Review 

(Ging het goed, of ging het niet fout? Goed gegaan of goed gedaan?) 

(Did it go right, or didn't it go wrong? Did it go right or did it right?)

1.	 Heb je veilig gewerkt? (Did you work safely?)

Controle over het zelf      _____%

Controle van de verdachte  _____%

Controle van de situatie  _____%

Aantal verkeerde doelen         ___________________

2.	 Wat maakt dat je wel/niet van je plan bent afgeweken?

(What makes you deviate/not deviate from the plan?)

_______________________________________________________________________________________

_______________________________________________________________________________________

_______________________________________________________________________________________

3.	 Wat doe je de volgende weer? (What will you do again the next time?)

_______________________________________________________________________________________

_______________________________________________________________________________________

_______________________________________________________________________________________

4.	 Wat doe je de volgende keer anders? (What will you do differently next time?)

_______________________________________________________________________________________

_______________________________________________________________________________________

_______________________________________________________________________________________

5.	 Wat doe je de volgende keer niet meer? (What will you not do anymore next time?)

_______________________________________________________________________________________

_______________________________________________________________________________________

_______________________________________________________________________________________
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6.	 Hoe voel je je? (Ben je klaar voor de volgende ronde?)

(How do you feel? (Ready fort he next round?) )

_______________________________________________________________________________________

_______________________________________________________________________________________

_______________________________________________________________________________________

Uit: Beyond the Split Second, W. Dorrestijn 2014-2018. Alle rechten voorbehouden 

 (From: Beyond the Split Second, W. Dorrestijn 2014-2018. All rights reserved)

SCED analysis and tables
Table S4.3.1
Means and standard deviations of the biofeedback value per phase per participant.

Participant A1 phase, mean (SD) B phases, mean (SD) A2-5 phases, mean (SD)
1 .002(0.015) .649(0.247) .77(0.195)
2 .041(0.122) .466(0.269) .391(0.278)
3 .044(0.13) .497(0.278) .594(0.266)
4 .129(0.255) .435(0.274) .343(0.288)
5 .118(0.209) .709(0.200) .725(0.172)
6 .043(0.124) .356(0.320) .329(0.309)
7 .193(0.27) .555(0.287) .524(0.307)
8 .036(0.135) .385(0.314) .265(0.302)
9 .087(0.217) .424(0.323) .206(0.28)

Note. A1 = first phase without biofeedback; B = phases with biofeedback; A2-5 = all phases without 
biofeedback (the first phase excluded); Biofeedback values can range between 0 and 1.

Level 

To facilitate visual inspection of the evolution of participants’ level in biofeedback 

score, figure 4.4A in the main article displays session averages for each participant. A 

consistent steep improvement in biofeedback control is clearly visible here between 

the first and the second training session, where the online biofeedback element is 

introduced for the first time. All subjects ended the training with a higher breathing 

score than in the very first sessions, and five subjects (1, 2, 3, 5 and 7) ended the 

training with a higher breathing score than in the first B-phase, thus suggesting that 

they learned how to control the biofeedback parameter. Two participants (1 and 5) 

approached a potential ceiling effect in the second half of the training. 
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Trend 

The trends in biofeedback score within a training session were evaluated by means of 

a linear regression fitting (MATLAB function “polyfit.m”). A positive trend indicates an 

improvement in breathing control throughout the training session, whereas a negative 

trend indicates a decrease in breathing control over time in a session. The differences 

in trends between subsequent sessions were analyzed (decelerating or accelerating). 

An accelerating trend reflects a positive training effect since the training is designed to 

increase the biofeedback values (Lane & Gast, 2014). If the trend of the data changes 

with a change in condition (either addition or removal of biofeedback), this suggests 

the training has an effect. When a participant shows three of such changes, the training 

is deemed significantly effective (Kratochwill et al., 2013).

The trends in biofeedback score within a training session are presented in Table 

S4.6.2. As could be expected since the game gets harder throughout a session, a 

large proportion of the sessions (63 out of 90) displayed a negative trend, suggesting 

that players performed worse in breathing control over time. We also identified when 

changes in trend direction occurred in consecutive sessions, where biofeedback was 

added or removed. Five subjects (1, 2, 3, 5 and 7) each showed at least three effects 

in which the trend changed with a change in condition, thus providing evidence 

for training effectiveness. No subject except subject 3 displayed a trend in the first 

session, suggesting a potential floor effect in the first session. 

Table S4.3.2
Slope of the linear regression trend, per session, per participant.

Participant Session
1(A1) 2(B1) 3(B2) 4(A2) 5(B3) 6(A3) 7(B4) 8(A4) 9(B5) 10(A5)

1 0 .006* .002 -.002 -.001 -.003* -.003* -.001 -.001 0
2 0 .004* -.002 -.003 -.004* -.002 0 0 .002 -.001
3 -.001 -.005* -.002 -.009* .002 -.002 -.002 -.005* -.005* -.003*
4 0 -.004* -.006* -.001 -.005* -.001 -.005* -.001 -.003
5 0 -.002 -.003 -.004 0 -.003* .001 0 .001* 0
6 0 -.003 -.004 -.001 -.003 -.005* -.004 -.007* -.003 -.002
7 0 -.001 .002 -.001 0 -.004 .001 -.004 -.002 -.005*
8 0 -.007* -.004 .002 -.006* -.006* -.004 -.004 -.006* -.004
9 0 -.005* .001 -.002 -.004 -.001 -.001 -.003 -.004* -.004*

* p < 0.05. ** p < 0.01. *** p < 0.001
Note. A1 = first phase without biofeedback; B = phases with biofeedback; A2-5 = phases without
biofeedback (the first phase excluded); Grey cells indicate the session is part of a change; Data 
from session 8 of participant 4 is missing due to a technical issue.
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Variability

Variability of the data refers to the fluctuation of the biofeedback scores per session 

(Horner et al., 2005; Kratochwill et al., 2013). Median absolute deviation (MAD) scores 

were calculated to compare variability between sessions and A/B phases (Levin et al., 

2021). As shown in Table S4.6.3, the variability of the biofeedback values was higher 

in sessions with biofeedback (B phases) compared to sessions without biofeedback (A 

phases) for eight participants (1, 2, 3, 4, 5, 6, 8, and 9). Compared to the first baseline 

session (A1), there was more variability in the subsequent sessions, both with (B 

phases) and without biofeedback (A2-5 phases), in line with the earlier suggestion of a 

floor effect in the first session.

Table S4.3.3
Median Absolute Deviation (MAD) per session and phase, per participant

Participant Session
1 (A1) 2 (B1) 3 (B2) 4 (A2) 5 (B3) 6 (A3) 7 (B4) 8 (A4) 9 (B5) 10 

(A5)
A2-5 

phases
B 

phases
1 0 .283 .3 .122 .214 .096 .054 .066 .086 .07 .088 .187
2 0 .244 .243 .067 .245 .062 .222 .224 .146 .149 .125 .22
3 0 .105 .258 .287 .256 .224 .237 .242 .205 .09 .211 .212
4 0 .226 .311 .101 .231 .285 .12 .149 .217 .201 .208
5 0 .219 .192 .3 .143 .164 .082 .047 .018 .01 .13 .131
6 0 .118 .269 .223 .31 .29 .282 .321 .309 .092 .231 .258
7 0 .225 .272 .275 .279 .241 .213 .27 .121 .229 .254 .222
8 0 .249 .276 0 .304 .001 .272 .294 .242 .258 .138 .269
9 0 .274 .135 0 .263 .231 .219 0 .19 .029 .065 .216

Note. A1 = first phase without biofeedback; B = phases with biofeedback; A2-5 = phases without 
biofeedback (the first phase excluded). Data from session 8 of participant 4 is missing due to a 
technical issue.

Immediacy of effect 

The immediacy of the effect of the intervention is usually examined by calculating the 

difference in level between the last three to five data points of one session and the 

first three to five data points of the next session to see whether the data immediately 

changes when biofeedback is either removed or added (Kratochwill et al., 2010). Some 

drawbacks to this approach are 1) ignoring autocorrelation between observations, 2) 

not using all the data of a session, and 3) no guidelines on interpreting the magnitude 

of the difference. Using a Bayesian estimator of abrupt change, seasonality, and 

trend (termed BEAST-model; Zhao et al., 2019) addresses all those issues. Therefore, 

the BEAST-model was used to assess the immediacy of effect. The BEAST-model 
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assumes the change point (the change from one session to the next) as unknown 

and indicates based on the data after which data point in each session there was 

a substantial change in biofeedback values. The parameters of the BEAST-Model 

can be found in supplementary material 7. The training is considered effective for a 

participant when the estimated change point of the model corresponds three times 

with the actual change point. 

The values in Table S4.6.4 indicate after which data point in each session there was 

a substantial change in biofeedback values according to the BEAST-model. Changes 

detected between session 2 and 3 were discarded, as both sessions are B phases. 

Eight participants (1, 2, 3, 4, 5, 6, 7 and 8) each showed at least three instances at 

which the estimated change point occurred at the true moment of change from one 

session to another (up to 10 samples before the end, or 3 samples after the start of 

a session).

Table S4.3.4
Estimations of the Bayesian change-points model transitions of A-to-B and B-to-A phases.

Subject Sample of detected change in phase (distance from real sample)
1 2 3 4 5 6 7 8

1 82(10) 147(3) 210(-6) 353(-7) 422(62) 506(2) 619(43)
2 76(4) 148(4) 290(2) 351(-9) 426(-6) 506(2) 570(-6) 650(2)
3 64(-8) 199(55) 338(50) 426(-6) 507(3) 660(12)
4 74(2) 139(67) 208(64) 334(46) 434(2) 502(-2) 615(39)
5 74(2) 136(64) 249(33) 321(33) 384(24) 497(-7) 650(2)
6 106(34) 224(8) 290(2) 353(-7) 418(58) 506(2) 567(-9) 633(57)
7 73(1) 150(6) 213(-3) 281(-7) 362(2) 491(59) 611(35)
8 72(0) 193(49) 290(2) 353(-7) 434(2) 536(32) 599(23) 660(12)
9 138(66) 202(58) 290(2) 377(17) 474(42) 536(32) 602(26)

Note. A seasonal transition is considered to be correctly detected if placed up to 10 samples 
before the end, or 3 samples after start of a phase. The seasons to be detected are 72 samples 
long, each sample represents 15 seconds of gameplay; Grey cells indicate a correctly detected 
phase change

Summary of visual analysis

To summarize the visual analysis, all participants except subject 4 showed at least 

three effects for at least one index of the visual analysis. Four participants (1, 2, 5 

and 7) reached formal significance as they showed effects in at least three main 

aspects of the visual analysis: trend, immediacy of effect and non-overlap of data. 

This result corresponds to a moderate positive evidence of an intervention effect, 

according to the guidelines for SCED analysis (Kratochwill et al., 2013). An overview, 
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per participant, of how many replications of an effect for each main aspect of the 

visual analysis is included in Table S4.6.5. 

Table S4.3.5
Overview of the replications of an effect for each main aspect of the visual analysis

Participant Level Variability Trend Non-
overlap

Immediacy 
of effect

Positive effects

triple 
repetitions

overall

1 Y Y 5 3 3 3 5
2 Y Y 6 5 6 3 5
3 Y N 4 2 3 2 3
4 N Y 1 2 3 1 2
5 Y N 8 5 3 3 4
6 N Y 1 4 4 2 3
7 Y N 7 3 4 3 4
8 N Y 3 7 4 2 3
9 N Y 3 5 1 1 2

Note. Grey cells indicate the presence of an effect for the aspects requiring a triple effect 
replication; Y = a positive effect was present; N a positive effect was not present

Threat and HRV analyses

Supplementary Figure S.4.4.1

Note. Repeated measures correlation between High-frequency HRV and biofeedback score, 
evaluated at the session level; X.hrv_hf = high-frequency HRV; BFB = biofeedback score.
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Supplementary Figure S.4.4.2

Note. Repeated measures correlation between Low-frequency HRV and biofeedback score, 
evaluated at the session level; X.hrv_lf = low-frequency HRV; BFB = biofeedback score.

Supplementary Figure S.4.4.3

Note. Repeated measures correlation between the low-frequency HRVcoherence with breathing 
and biofeedback score, evaluated at the session level; X.coherence_lf = low-frequency HRV 
coherence with breathing pace; BFB = biofeedback score.
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Supplementary Figure S.4.4.4

Note. Evolution of the threat-subscale of the Threat-Challenge appraisal questionnaire; Stderr 
= standard error of the mean; BFB ON = Sessions in which online biofeedback was presented 
to the participants.

Target approach analysis (TAA) and after-action review (AAR) results

Supplementary Figure S.4.5.1

Note. The general occurrence of breathing and action-related keywords in the TAA and AAR 
questionnaires; No-BFB = Sessions without online biofeedback; BFB = Sessions with online 
biofeedback; -breathing = occurrences of participants mentioning breathing or biofeedback 
related keywords; -Action = occurrences of participants mentioning action related keywords
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Supplementary Figure S.4.5.2

Note. The detailed occurrence of breathing-related keywords in the TAA questionnaire; No-BFB = 
Sessions without online biofeedback; BFB = Sessions with online biofeedback; mentions breathing 
= occurrences of participants mentioning breathing or respiration related keywords; mentions 
biofeedback-visual = occurrences of participants mentioning the graphical implementation of 
online biofeedback as visual impairment; mentions self-control score = occurrences of participants 
mentioning the self-control score directly; mentions staying calm = occurrences of participants 
mentioning the self-control score indirectly by referring at the state of calmness.

Supplementary Figure S.4.5.3

Note. The detailed occurrence of breathing-related keywords in the AAR questionnaire; No-BFB = 
Sessions without online biofeedback; BFB = Sessions with online biofeedback; mentions breathing 
= occurrences of participants mentioning breathing or respiration related keywords; mentions 
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biofeedback-visual = occurrences of participants mentioning the graphical implementation of 
online biofeedback as visual impairment; mentions self-control score = occurrences of participants 
mentioning the self-control score directly; mentions staying calm = occurrences of participants 
mentioning the self-control score indirectly by referring at the state of calmness

Behavioral priming effects

Table S4.6.1
Go/nogo actions distributions across sessions and subjects. Columns are sub-divided according to the 
large identifier of the zombie related to the trial.

Hit CR FA Miss Total
large ID 18169 5234 252 10708 34363
other ID 693 4718 122 576 6109
Total 18862 9952 374 11284 40472

Note. Hit = hit or true positives (hostile zombie shot before reaching player); CR = correct rejection 
or true negative (innocent zombie reaching player unharmed); FA = false alarm (innocent 
zombie shot before reaching player); Miss = miss or false negative (hostile zombie reaching 
player unharmed); large ID = has a large identifier (body type) announced as presumably 
hostile in radio dispatch; other ID = does not have a large identifier (body type) announced as 
presumably hostile in radio dispatch.

Supplementary Figure S.4.5.3 (Contined)
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BEAST-model parameters

%% Set up the parameters needed for the BEAST algorithm
% Some of these parameters are the model specficiation parameters of BEAST
% (e.g., minSeasonOrder, maxSeasonOrder, minSetpDist_trend,
% minSepDist_Season); other parameters are just some input variables to
% control simulation behaviors or program outputs (e.g., samples,
% thinningFactor, seed, computeCredible).
% 
opt.period    = 72;  
opt.minSeasonOrder = 0;
opt.maxSeasonOrder = 1;
opt.minTrendOrder=0;
opt.maxTrendOrder=1;
opt.minSepDist_Trend  =  30;
opt.minSepDist_Season =  60;
opt.maxKnotNum_Trend =  10;
opt.maxKnotNum_Season = 10; 
opt.maxMoveStepSize   = 10;
opt.samples = 720;
opt.thinningFactor = 1;
opt.burnin = 200;
opt.chainNumber=2;
opt.resamplingTrendOrderProb=0.2;
opt.resamplingSeasonOrderProb=0.17;
opt.omissionValue=-999;
opt.seed=100;
opt.computeCredible=0;
opt.computeSlopeSign=1;
opt.algorithm='beast';
opt.computeHarmonicOrder=1;
opt.computeTrendOrder=1;
opt.computeChangepoints=1;
%opt.timeDimensionIndex=3;
%% Run BEAST on "Y"
out=beast_default(Y, opt);
% extract "seasonal changes"
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scp(f,:)=sort(out.scp);
% check if they fall in the 72 sample +3-10 range -> transition detected
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ABSTRACT 

Adequate control over evolutionary engrained bodily stress reactions is essential to 

avoid disproportionate responses during highly arousing situations in police. Heart 

rate variability (HRV) biofeedback is a widely-used intervention aiming to improve 

stress regulation, but typically conducted under passive, low arousing conditions. By 

integrating closed-loop HRV biofeedback in an engaging Virtual Reality (VR) action 

game designed to contain the behavioral elements typically compromised under 

stress we trained in-action physiological self-control under high arousal to allow 

improved transfer to real-life situations. A pre-registered randomized controlled 

trial in 109 police trainers demonstrated 32% average increases in HRV, through the 

engaging and gamified closed loop biofeedback. The ability to voluntarily upregulate 

in-action HRV also transferred to conditions of VR gameplay without biofeedback 

(near transfer) and, critically, to a professional performance assessment outside 

VR (far transfer). These results suggest that real time-biofeedback in stressful and 

active action contexts can help train professionals such as police in real-life stress 

regulation.

Keywords: Biofeedback, Police training, VR, emotional control, decision-making, 

HRV.
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INTRODUCTION

First responders such as police officers are routinely asked to make critical decisions 

under great pressure in the line of duty. Mistakes in such contexts can have grave 

consequences. Among the key factors contributing to inappropriate responses in 

such situations are psychophysiological arousal, subjective stress, and maladaptive 

emotional behavior (Miller, 2015; Staller et al., 2018). Indeed, stress-induced arousal 

impairs impulse control, results in attentional narrowing and habitual, rather than 

flexible, instrumental responding (Arnsten, 2015; Rued et al., 2019; Wirz et al., 

2018). Moreover, longitudinal studies have shown that hyperarousal and alterations 

in neural systems linked to arousal control are key predictors of long-term stress 

symptoms (Admon et al., 2013; Roeckner et al., 2021; Zhang et al., 2022). Biofeedback 

(BF) has been employed as a targeted intervention to raise awareness of the currently 

experienced stress level, to increase the feeling of self-efficacy around the capacity 

to control one’s own physiological reactions (Weerdmeester et al., 2020) and to train 

instrumental control over these processes (Andersen & Gustafsberg, 2016; Mccraty 

& Atkinson, 2012; Yu et al., 2018). 

One of the most frequently used and successful BF interventions to control stress-

induced arousal involves operant conditioning procedures to deepen and slow 

breathing which, in turn, enhances heart-rate variability (HRV; Lehrer et al., 2020). 

Slow deep breathing synchronizes the heart-rate (HR) with respiration, where the HR 

accelerates with inhalations and decelerates with exhalations (Yasuma & Hayano, 

2004) which is indicative of relaxation (Hayano & Yuda, 2019) and linked to effective 

coping (Lehrer et al., 2020; Mather & Thayer, 2018). Mounting evidence has shown HRV 

upregulation is proven effective in reducing anxiety (Goessl et al., 2017), depression 

(Pizzoli et al., 2021), cognitive performance (Laborde, 2019),  athletic performance 

(Jiménez Morgan & Molina Mora, 2017; Lagos et al., 2011) and generally helps police 

officers cope with stressful aspects of their job (Mccraty & Atkinson, 2012). 

Despite its promise, widespread implementation of BF procedures is currently 

hindered by the fact that (1) current BF procedures are typically performed in a non-

engaging way that requires high internal motivation and is not appealing for many 

users (Blum et al., 2019; Lüddecke & Felnhofer, 2022), and (2) trainings take place in 

a non-arousing, passive setting while application is typically expected in action and 

under stress, thereby hampering transfer to real world use (Burish & Schwartz, 1980; 

van der Meulen et al., 2018). 
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Contextualizing BF training in a game that creates a narrative to maximize 

engagement seems a promising direction to improve BF trainability and skill transfer 

(Gorini et al., 2011; Schoneveld et al., 2019). Virtual Reality (VR) has been shown to 

be effective as a tool to create an engaging and arousing active context to train HRV 

upregulation when it is most needed and most difficult to attain (Bossenbroek et 

al., 2020; Bouchard et al., 2012; Lobel et al., 2016; Rockstroh et al., 2019; Schoneveld 

et al., 2016). Designing engaging applications for in-action biofeedback is however 

a challenge as it involves adapting BF biomarkers to motion artifacts (Brammer et 

al., 2021) and serious games that can elicit genuine emotions and behaviors are 

notoriously hard to design (Scholten & Granic, 2019), even more so when the game 

should represent some level of policing reality (Michela et al., 2019). 

We recently developed a VR game for BF training in an active decision-making context 

in collaboration with the Dutch police (Brammer et al., 2021; Michela et al., 2022). 

The VR game called DUST (Decision Under Stress Training) draws inspiration from 

the popular genre of zombie shooter games which, even though they contain highly 

unrealistic narratives and stimuli, elicit high engagement and arousal that could be 

related to experiences in real policing situations, thus potentially leading to increased 

transfer (Kothgassner & Felnhofer, 2020). Initial proof-of-concept data from a series 

of case studies indicated the feasibility of training breathing control for police officers 

with DUST in a manner that was considered highly appealing, as well as its suitability 

to objectively assess impulsive and controlled behavior (Michela et al., 2022). Here 

we comprehensively test an adapted version with shortened VR sessions, a shorter 

training schedule, and with a feedback algorithm directly rewarding HRV instead of 

breathing pace to maximize training efficacy. This training targets local power HRV 

(Bornemann et al., 2019) which rewards respiratory fluctuations in HR, a widely used 

index of relaxation (Hayano & Yuda, 2019; Lehrer et al., 2020; Yasuma & Hayano, 

2004), in setup that provides a high-level resistance to movement artifacts (Gilgen-

Ammann et al., 2019).

In the present, pre-registered study (https://osf.io/cdsbx) we aimed to comprehensively 

test in a large police sample whether DUST can help in voluntarily increasing HRV 

in arousing action contexts, and most importantly whether this skill transfers 

to a professionally relevant real-life action context. To the aforementioned core 

game dynamics of engagement and arousal, we added mechanics representing 

psychological processes known to be impaired by stress-induced arousal: Go/No Go 

decision-making for response inhibition (Föcker et al., 2018; Hashemi et al., 2019), 

a priming task to assess bias resistance (Johnson et al., 2018; Taylor, 2020), and a 
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BF training mechanic for psycho-physiological regulation (i.e., feedback for HRV 

regulation; Hayano & Yuda, 2019; Laborde, 2019). 

Figure 5.1 
Illustration of biofeedback (BF) to train Heart-Rate Variability (HRV) under high arousal in DUST.

Note. The figure depicts the implementation of BF as closed-loop peripheral vision modulation 
to reflect the negative consequences of attentional narrowing (tunnel vision) occurring under 
stress, a relatable phenomenon for police officers: (A) A police trainer in the VR game-context 
representing an underground parking lot, with zombies approaching them in waves. Radio 
messages instruct the participants before each of the waves about the characteristics of the 
incoming “hostile” zombies to be shot at (Go targets), while other “benign” zombies are to be 
spared (NoGo/non-targets). Critically, the game additionally reacts to the real-time physiology 
of the participants, by restricting their field of view when HRV is low. (B) Example traces of inter-
beat-intervals (IBI) and associated HRV when the participant’s HR is stable and does not fluctuate 
along breathing, (C) IBIs and associated HRV traces when the participant’s HR is in coherence 
with deep breathing (accelerating with inhalations and decelerating with exhalations); The in-
game visibility was linked to the BF score, calculated from the local power HRV computed by 
measuring peak-to-through differences in inter-beat intervals, where smaller fluctuations (less 
coherence) correspond to a lower HRV score and worse visibility (D) while large HR fluctuations 
(high HRV) were associated with good visibility (E).

The study has three concrete objectives. First, to validate DUST as a believable 

and arousing virtual environment evidenced by significant increases in HR and the 

expected in-game behavior (Brammer et al., 2021; Michela et al., 2022). Second, as 

the subjective experience is a critical determinant of training motivation, we test the 

efficacy of the BF to improve HRV within the game, evaluate how the game is perceived 

and how it impacts self-efficacy and physiological awareness. As improvements in 
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HRV over time could be a simple consequence of repeated exposure to the game 

rather than BF, we assess the causal role of the BF by addition and withdrawal of 

the BF component in the game, and by manipulating between participants when the 

BF was introduced (introduced in session 2 for half of the participants; session 3 for 

the other half). Finally, and most critically, to measure if the acquired voluntary HRV 

control transfers to an independent context, we test whether the HRV control would 

transfer to a professional action context outside the VR game. 

To this end, 109 police trainers were recruited from training centers across the 

Netherlands and pragmatically randomized (Di Nota et al., 2021) to an experimental 

group and a passive control group (See Figure 2). The experimental group participated 

in a 3-to-5-day training with a total of 9 short (5- to-7 minutes) individual VR game 

sessions, while the control group was only exposed to the VR game once without the 

BF component. Both groups took part in a police-relevant assessment task (shooting 

simulation) aimed at evaluating the benefits of the training in terms of skill transfer.

Figure 5.2 
Participants flowchart and design outline.

Note.  The experimental group received 9 VR sessions (in 3-to-5 days), alternating 4 sessions 
with online HRV BF and 5 without, while the control group only received 1 session, without BF. 
In the experimental group, half of the participants were randomly selected to receive BF for the 
first time in the second VR session, whereas the other half received BF only in the third session. 
This delayed introduction of BF is used to test the causal relation between BF introduction and 
HRV increases.  After the training, both groups performed a police-relevant transfer task to 
verify whether physiology and behavior were improved by the training.
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RESULTS

Objective 1: VR game validation

First, we evaluated whether the game produced the intended increase in arousal, 

evaluated as an in-game increase in HR from baseline. Across both the experimental 

and the control groups, in the first session of playing the game, in-game HR (M = 

93.39, SD = 17.84) increased robustly when compared to baseline measures (M = 

80.04, SD = 13.97; t(83) = -14.554, p < 0.001; see figure 3A). Also, across all successive 

sessions for the experimental group, mean in-game HR was highly significantly 

increased compared to baseline both in sessions with and without BF (N = 57, Bbf 

= 10.57, 99.9% CI [7.43, 13.70]; Bnobf = 9.91, 99.9% CI [6.97, 12.82]; further details 

see Supplementary Materials A). Despite the robust increase in psychophysiological 

arousal, police trainers rated the experience as mildly stressful (M = 3.54 on a 7-point 

scale), as a priori expected based on previously reported tendencies in this group to 

underreport experienced stress (Habersaat et al., 2021).

Given the arousal induced by our game, we expected difficulties in the inhibition of 

automatic response tendencies. To test this, a priming element was added to the 

game by means of radio dispatch information. The radio message preceding each 

zombie wave contained two pieces of information to describe target zombies (e.g., 

“Target zombies will have red eyes (1), and we expect them to be large males (2)”). 

While the first information (eye color) was always accurate but hard to identify, the 

second piece (morphology) was easily recognizable but became less accurate as the 

game progressed. This information pairing was expected to lead to an increase in false 

positive responses against zombies that had the primed body type, but a different 

eye color (and were therefore actually not to be considered hostile targets). While 

there was no difference in the first session between false alarm rates for primed 

and unprimed non-targets (t(110) = -0.52, p = 0.604; Mprimed = 1.65, SDprimed = 

1.82, Munprimed = 1.75, SDunprimed = 1.617), later sessions (2 to 9) showed that 

false alarms were on average higher for the primed non-targets (Bpriming = -0.56, 99.9% 

CI [-0.91, -0.23]; Mprimed = 1.43, SDprimed = 0.96, Munprimed = 0.86, SDunprimed 

= 0.61). Thus, our game produced the expected increases in arousal and required 

participants to inhibit primed pre-potent responses.

Objective 2: Effectiveness and appraisal of the training

Every participant of the experimental group started with a session of gameplay 

without biofeedback to get accustomed to the gameplay. When considering the 
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sessions after the first try-out (i.e., sessions 2 to 9, see Figure 3A), presentation of the 

BF consistently resulted in higher HRV (regardless of whether it was introduced in 

session 2 or 3; N = 57, across sessions BBF_vs_nobf = -5.42, 99.9% CI [-10.03, -0.43]). As the 

total number of BF (total of 4) and non-BF (total of 5) sessions was unequal, rather 

than investigating interactions we preregistered to additionally run separate analyses 

per BF condition. From the moment BF was introduced HRV remained high from 

the first to the last BF session, perhaps reflecting the experience of the instructors 

with HRV biofeedback. Most interestingly, the ability to upregulate HRV in action in 

the absence of BF developed more gradually (see Figure 3A), with a robust increase 

between the first and the last non-BF training session (BS9_vs_S1 = 11.39, 99.9% CI [2.10, 

21.08]). Overall, the in-game HRV of the experimental group went from 39.77ms in 

the first session to 52.67ms in the last session, a 32% increase. 

To assess the causal influence of BF on the HRV, and to rule out that the observed 

increases in HRV were chiefly caused by repeated exposure to the game rather 

than BF presentation, we subsequently compared sub-groups for whom BF was 

introduced at different sessions (group a: session 3 vs. group b: session 2; see Figure 

3B). Confirming our preregistered hypothesis that the BF drives HRV upregulation, we 

found that in session 2 the introduction of the BF in group B significantly increased 

HRV compared to group A that played this session without BF (Ma = 38.27, SDa = 

19.30, Mb = 60.08, SDb = 26.77; t(49) = -3.347, p = 0.002). We subsequently verified 

that the significant group difference was not present in session 1 where both groups 

played without BF (t(42) = -1.574, p = 0.123), nor in session 3, after BF was introduced 

also in group A (t(50) = -1.016, p = 0.314). Thus, our results suggest that changes in 

HRV are causally induced by BF integration in the game. 

After having established the expected BF training-induced HRV-increase, we tested 

how the training impacted the evolution of physiological awareness. Subjective 

awareness of breathing increased robustly from the first to the last session (N = 

57, B S_9vsS_1 = 1.99, 99.9% CI [1.05, 2.98]). Also, awareness of heart rate increased 

substantially throughout the training (N = 57, B S_9vsS_1 = 1.19, 99.9% CI [0.21, 2.16]). 

Although no significant increase was found for self-efficacy, which was contrary to 

our expectations, it was lower in BF sessions (BBF_vs_NoBF = -0.36, 99.9% CI [-0.69, -0.05]) 

indicating that the BF signal may have reminded police trainers that the in-game HRV 

self-control was challenging. However, the training was perceived positively by the 

police trainers as evidence by their post-training ratings of engagement, usefulness 

and efficacy (on 7-point scales, useful M = 5.72, efficacious M = 5.41 and engaging M 

= 4.9), all robustly above neutral (tested against preregistered reference value of 4 = 
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neutral anchor in the Likert scale; tengage(52) = 10.76, p < 0.001; tuse(52) = 13.42, p < 

0.001; teff(52) = 8.49, p < 0.001). Illustratively, 80.76% of the police trainers responded 

positively to the question whether they would like to use this game in their own 

training program.   

Figure 5.3 
Evolution of the Mean Heart-Rate Variability (HRV) in the Experimental Group

Note. (A) across time and condition for the entire experimental group; (B) for the 3 first VR 
sessions, where BF was introduced in the second session for half of the experimental group 
(labelled as group b, N = 26) and in the third session for the other half (group a, N = 31). The 
results show that BF consistently led to increased HRV over the BF sessions, which gradually 
transferred to the non-BF sessions (A), and that the HRV increase after the first session is causally 
related to the moment of BF introduction (B); BF ON = session with online BF presentation; Error 
bars represent standard error of the mean.

Next, we tested whether the effort of focusing on HRV increases did not lead 

instructors to neglect behavioral performance. As illustrated in Figure 5, the sustained 

improvements in HRV observed in Figure 3 went together with improvements in 

behavioral performance when comparing the first and the last VR session, both in 

FA reduction (BS9_vs_S1 = -1.49, 99% CI [-2.83, -0.20]) and spatial awareness (unspotted 

targets; BS9_vs_S1 = -1.09, 99% CI [-1.95, -0.20]). General shooting behavior, measured 

as the d’ sensitivity index from signal detection theory (McFall & Treat, 1999) did not 

change significantly from first session, but exhibited a positive trend (BS9_vs_S1 = 0.16, 

90% CI [0.01, 0.30]). While the improvements in behavior suggest that participants’ 

performance may have benefitted from improved HRV self-control, there was no 
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correlation between session-by-session behavioral and physiological changes (d’; 

BHRV = 0.04, 95% CI [-0.07, 0.15]; FA; BHRV= -0.09, 95% CI [-0.68, 0.52]; unspotted targets; 

BHRV= 0.08, 95% CI  [-0.33, 0.48]). 

Figure 5.4
Police trainers’ appraisals and perception of the training

Note. Evolution of the (A) interoceptive awareness (breathing and HR) and (B) the self-efficacy, 
across time and condition for the entire experimental group; (C) Rating of the experimental group 
for the perceived usefulness and efficacy of the training, as well as the elicited engagement; 
Colors indicate the distribution of participants’ responses and indicate the perception was 
overwhelmingly positive. BF ON = session with online BF presentation; Error bars represent 
standard error of the mean.

Objective 3: Skill transfer

Finally, and most critically we tested whether the ability to voluntarily upregulate HRV 

demonstrated in the game transferred to an independent, realistic professionally 

relevant assessment outside VR (see Figure 6 panel A). As only the first trial could be 

used for behavioral assessment (subsequent trials were distractors), this task was 

not optimized for evaluating the effect of the training on shooting tendencies and no 

difference in behavioral performance between the control and experimental groups 

was apparent (X2 (1, N = 100) = 0.09, p = 0.764; percentage Go responders per group 

40.4% control group; 43.4% experimental group; for details see Supplementary 

Materials A). Also, during the transfer task, physiological arousal of both groups (HR) 

did not significantly differ (t(81) = -0.240, p = 0.811; Mexp = 87.04 bpm, SD = 13.94, 

Mcontr = 88.16 bmp, SD = 14.88) while staying significantly higher than baseline, thus 
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indicating elevated arousal at test (t(74) = -8.360, p < 0.001; Mtransfer = 87.04 bpm, SD 

= 13.94, Mbase = 80.424 bmp, SD = 13.48). Critically, the experimental group did show 

significantly higher HRV already during the baseline before the transfer task (t(94) = 

2.106, p = 0.038, Mexp = 68.63 ms, SD = 36.82, Mcontr = 55.36 ms, SD = 23.78) and more 

importantly HRV was also robustly higher during the transfer task, as preregistered 

(t(81) = 2.986, p = 0.004; Mexp = 58.77 ms, SD = 24.25, Mcontr = 44.35 ms, SD = 20.33; 

see Figure 6 panel B). To ascertain that this effect was not due to pre-existing group 

differences, we compared HRV between groups during the baseline of the first 

session (i.e. before the experimental group was trained). As expected, there was no 

significant difference between the groups at this time (day 1; t(102) = -0.570, p = 0.57, 

Mexp = 57.94 ms, SD = 22.26, Mcontr = 55.36 ms, SD = 23.78). The critical group difference 

during the transfer task also remained significant when controlling for pre-training 

HRV levels (session 1 baseline; t(72.88) = -3.224, p = 0.002; corrected for variance 

inequality). Together, our results support the conclusion that the experimental group 

showed increased HRV in this assessment as an effect of our VR training. 

Figure 5.5 
Evolution of the main behavioral metrics

Note. Evolution of the main behavioral metrics across time and condition for the experimental 
group; (A) False Alarms (FA); (B) Unspotted targets refers to the spatial awareness aspect of the 
behavioral performance, specifically the number of targets that were able to reach the player 
without them turning in the target direction; (C) Evolution of the player’s target sensitivity (d’); 
the phasic drop in d’ in the 8th session is due to an unexpected increased number of false 
negatives; BF ON = session with online BF presentation; Error bars represent standard error of 
the mean.
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Figure 5.6 
HRV local power in the independent professionally relevant (non-VR) transfer task

Note. (A) transfer task design; Intro: participants were instructed that they were in a shoot/
don’t shoot decision task and asked to listen to radio dispatch; Radio prime: A realistic police 
radio dispatch primed the participant by describing a violent perpetrator while text asks to keep 
weapon pointed at screen; Cue: a target that matches the description appears; Target: target 
draws a phone from their pocket; Response: participant is required to withhold (No-go) on first 
trial (where a phone appears), or shoot in the next 3 trials where a gun appears; (B) Absolute 
Local Power HRV (difference in ms) between the non-trained control and the experimental 
groups for the critical preregistered comparison during the transfer task; Error bars represent 
standard error of the mean.

DISCUSSION

This preregistered randomized controlled trial among 106 police trainers provides 

the first evidence that HRV-BF training in an arousing VR action game can be used 

to (1) boost voluntary HRV upregulation in professionals with improved concurrent 

decision making under threat and (2) enables skill-transfer to both an in-game session 

without BF and an independent professionally relevant real-world testing context. By 

systematically varying the moment of BF introduction, we further provided evidence 

that the increases in  HRV were causally linked to our in-game BF presentation. 

Furthermore, the game produced substantial increases in self-reported physiological 

awareness and was rated a useful, efficacious and engaging training tool by a large 

majority of the police trainers assessed. 

Our contextualization of the biofeedback with an arousing action game format 

contrasts with other (VR) biofeedback approaches that have typically trained stress 

resilience in calming virtual environments (Blum et al., 2019; Lüddecke & Felnhofer, 

2022; Weibel et al., 2023). DUST induced substantial HR increases during gameplay, 

in the same order of magnitude as found in established stress-induction protocols 

(Boesch et al., 2014; Vogel et al., 2015) and fear induction in VR (Lin, 2017). The 
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use of real-time in-game biofeedback allowed players to recognize stress-induced 

reductions in HRV and at the same time motivated them to upregulate their HRV. 

Namely the biofeedback blurred their vision, impacting their action performance. 

Upregulation of HRV in this active action-decision context is more challenging than 

in typical HRV-BF trainings at rest, when participants are not concurrently engaged 

in action. The difficulty of the resulting ‘dual-tasking’ in BF conditions was reflected 

in the police trainers’ consistent reports of a reduced feeling of self-efficacy in BF 

versus non-BF sessions, even when physiological awareness steadily increased with 

training. The latter reflects that the police officers were in fact learning in-action 

psychophysiological awareness, a critical element to maximize the chance on skill 

transfer to real-life situations in which police officers are required to control their 

psychophysiological stress responses, particularly in stress-full situations requiring 

speeded action decisions. Interestingly, the increases in HRV induced by the present 

BF training are comparable in magnitude to the BF training-induced changes in seated 

and non-active setups (Bornemann et al., 2016). This is noteworthy as our participants 

were experienced police trainers, previously trained with more traditional passive 

biofeedback and therefore may have been expected to show already strong HRV 

regulation skills from the start. In sum, we showed that contextualizing biofeedback 

by adding arousal, movement, and active decision-making does not prevent the 

learning of voluntary HRV upregulation in action, and provides benefits even in 

participants experienced with HRV biofeedback.

Besides the goal of making the training enjoyable and challenging, the most 

important aim of the arousing action context was to promote transfer to arousing 

situations outside of the game. Our results showed transfer of HRV upregulation not 

only to a context without BF within-game (near transfer), but also to an independent 

non-VR task (far transfer). So far, no HRV-BF studies have reported transfer of HRV 

upregulation skill outside of the training environment (Lüddecke & Felnhofer, 2022). 

These results extend previous literature indicating that HRV biofeedback in passive 

and calm settings can enhance HRV control (De Witte et al., 2019; Lehrer et al., 2020; 

Yu et al., 2018). While studies with such non-immersive biofeedback can already lead 

to significant benefits beyond the training setting such as increased physiological 

control and improved decision-making under stress (Andersen et al., 2018; Andersen 

& Gustafsberg, 2016), immersive VR based biofeedback can offer advantages beyond 

this, by enhancing motivation (Lüddecke & Felnhofer, 2022; Weibel et al., 2023) and 

gamification which has been shown to aid transfer to real-world settings (Jerčić & 

Sundstedt, 2019; Makransky & Petersen, 2021; Parnandi & Gutierrez-Osuna, 2017, 
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2019). Importantly, the reported difference in HRV between the experimental and 

the control group cannot be attributed to a larger familiarity of the experimental 

group to the research setup, since the transfer task was new to both groups. A notion 

that was further supported by the absence of group differences in arousal (absolute 

HR) during the independent transfer task, despite the transferred HRV differences.

Previous studies have shown that higher levels of HRV are linked to a wide range of 

health and performance benefits (De Witte et al., 2019; Lehrer et al., 2020; Yu et al., 

2018). While we observed improvement in in-game perforamce we could not observe 

any behavioral impact of the training on the transfer task, possibly resulting from the 

fact that our transfer task was not optimized for assessing behavioral differences 

and that these analyses were based on a single trial. Indeed, HRV trainings for police 

and military personnel that proved to be sensitive for measuring behavioral benefits 

were more complex simulations, also involving verbal communication (Andersen et 

al., 2018; Bouchard et al., 2012). 

Whereas, non-game-based BF trainings can obtain negative user experiences (i.e. 

(van der Meulen et al., 2018), game-based approaches have been shown to enhance 

motivation (Schoneveld et al., 2019), a factor that has been identified as critical to 

foster change (Holzinger et al., 2006). In line with this notion, our VR game was still 

rated as engaging after nine training sessions. Indeed, standard HRV trainings in 

passive sitting contexts are not always considered enjoyable, particularly in police 

officers (van der Meulen et al., 2018). We speculate, that the relative playfulness 

of our training game prevented this negative reception that has been linked to 

difficulties federating police trainers around a common learning goal (Bennell et al., 

2021; Eliasson, 2021). This notion is further supported by the finding that 80% of the 

trainers indicated they would adopt our VR BF game training in their own teaching. 

The traditional randomized controlled trial design can be used to assess the causal 

influence of an intervention, but usually cannot give a mechanistic account of what, 

in the intervention, drives the effect (Deaton & Cartwright, 2018). Our training 

schedule circumvents that limitation by drawing inspiration from designs commonly 

used in case reports. First, we used the delayed introduction of BF for part of the 

experimental group, as used in the multiple baselines design (Levin et al., 2021). 

This design allowed us to further assess the causal role of BF presentation on HRV 

increases, as increases only happened after the introduction of BF. Second, we 

adopted an addition and withdrawal design (Kratochwill et al., 2013; Manolov et al., 

2017) by alternating BF and non-BF sessions, which allowed us to further strengthen 
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the causal claim centered around BF presentation as its presence was linked to 

higher levels of HRV control. 

Some limitations should further be discussed when evaluating these findings. First, 

while our study provides important new evidence regarding the transfer of HRV 

training to a new context it would be important to establish also long-term effects on 

real-life policing outside a training context, ideally in simulated scenarios with actors 

(Andersen et al., 2018; Bouchard et al., 2012) or even on duty using wearables to asses 

psychophysiological arousal. Additionally, although the training had a significant 

impact at the group level, a minority of participants showed minimal improvements 

from the training and the current study did not assess potential individual predictors 

of training efficacy. As suggested by Weerdmeester et al., (2020), psychological 

dimensions such as growth mindset could have a major impact on the learning 

trajectories of participants and could therefore be included in future studies to 

further establish how the efficacy of in-action biofeedback training could be further 

improved. Particularly interesting in this respect are also computational approaches 

that formalize distinct aspects of biofeedback learning and could therefore provide 

a better understanding of the mechanistic background of individual variation in 

biofeedback’s efficacy (Lubianiker et al., 2022).

While we have tested here the efficacy of our game in a group of police trainers, our 

approach of training HRV control under arousal could potentially also be relevant 

in different populations that suffer from negative consequences of stress. Indeed, 

high arousal during stressful events has been repeatedly linked to long-term trauma 

symptom development (Hinrichs et al., 2019; Morris et al., 2016; Schultebraucks et al., 

2021), possibly reflecting hyper-activation of the amygdala and the under-activation 

of the prefrontal cortex (Admon et al., 2009, 2013; Kaldewaij et al., 2021; Roeckner 

et al., 2021). As passive forms of HRV training have already been shown to alleviate 

symptoms in people suffering from anxiety and depression (Goessl et al., 2017; 

Pizzoli et al., 2021), HRV training under arousing conditions may be especially useful 

for preventive efforts and our gamified biofeedback could provide motivational 

benefits also in other groups.

To conclude, this study presents a novel training method using a BF game in VR to 

help police officers cope with stressful environments while in action. This training 

was found to be effective in fostering HRV upregulation even during high arousal 

and in action. Importantly, it was also highly appreciated by the police trainers who 

underwent the training as participants. As police trainers are a population usually 
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known to be critical towards innovation (Braga & Weisburd, 2019; Lingamneni, 1979), 

this provides promise for the adoption of this technological intervention also for 

other populations.

MATERIALS AND METHODS

Participants

In this pre-registered study (https://osf.io/cdsbx), participants were 109 police trainers 

aged between 30 and 60 years (94 males, 15 females). Most of the participants (N=64) 

indicated little (N=17) to no (N=47) familiarity with VR, while 29 others indicated a 

higher level of familiarity with VR. Participants were all trainers recruited via internal 

advertising from Dutch Police Training centers or IBT (“Integraal Beroepsvaardigheids 

Training centrum”) as well as from the police academy, which consists of several 

geographically dispersed locations throughout the country. 

We designed our study as a quasi-random pragmatic control trial (Di Nota et al., 

2021): Police trainers were assigned to an experimental or a control group, based 

on their availability. The two groups did not differ in terms of VR experience (t(108) = 

-.418, p = .677) nor HRV at baseline (t(102) = -.570, p = .570).  Both groups took part in 

an independent task at the very end of the experiment, referred to as the “transfer 

task”. The description of the task can be found below in the Materials section. 

Participation was voluntary and coordinated by the managers of the various IBT 

centers. According to the rules of the Dutch Police regarding research, financial 

compensation of the police trainers functioning as participants was not allowed. 

Therefore, a donation of 25 euros for each participant of the experimental group 

and 5 euros for each participant of the control group was allocated to a fund for 

the training of “PTSD dogs” (Actie ZeeHond, n.d.). The research procedures were 

approved by the ethical committee of the Faculty of Social Sciences of Radboud 

University Nijmegen (ECSW-2021-017). All participants provided informed consent in 

writing prior to participating in the study, in line with the guidelines of the Declaration 

of Helsinki (WMA, 2018).

Procedure

The full experimental procedure is illustrated in Figure 2. The experimental group 

took part in a nine-session training, spread over different days, spanning about one 

month. Each session consisted of a VR session, alternating between a session without 
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BF and one with BF. This alternation was used to both promote transfer (the player 

still received an overall biofeedback score at the end of each session) and to assess 

transfer effects. Furthermore, to be able to verify whether changes in physiology in 

the experimental group are related to the BF component of the game, in session 

2 the BF component was introduced to half of the participants and only in session 

3 to the other half of the participants (see Figure 2). To enhance learning of HRV 

upregulation skills, both sub-groups had a very short external BF training session 

in front of a laptop right before the in-game BF component was introduced to half 

of them in session 2. In line with the recommendations for neurofeedback research 

(Ros et al., 2020), the control participants were passive controls and only played one 

VR session in the same game, but without any BF, during or after the session. 

Materials 
Physiological Recordings

Participants’ HR were measured using a Polar H10 heart-rate sensor, where the HR 

corresponds to the time between consecutive R-waves of the QRS complex. It has 

been shown before that this HR sensor reliably extracts R-R intervals, even under 

intense physical activity (Gilgen-Ammann et al., 2019).

The Virtual-Reality Material and Game

The VR equipment used was an HTC Vive setup, with one of the two controllers 

wrapped by a 3D printed case used to give the controller the approximate shape 

of a gun, and the exact weight of the Walter P99 QNL gun that is used by the Dutch 

police. The other controller was used as a dispatch-radio controller and attached to 

the participant’s vest. A thorough description of the game and design choices can 

be found in our theoretical paper (Michela et al., 2019). The VR game was adapted 

after a first feasibility study (Michela et al., 2022). The list of adaptations can be found 

in the Supplementary Materials B. Briefly summarized, the VR game mechanism 

was designed to resemble commercially available zombie shooter VR games. At the 

beginning of the game, the player was teleported to the center of a large parking lot, 

and instructed to “protect” the location against zombies announced as aggressive 

by radio messages. In each VR session, 5 to 6 zombie waves approached the player, 

each one preceded by a radio message announcing to the player which zombie type 

should be shot (hostile zombies that attack the player once in range) and which one 

should be spared (benign zombies that dissolve after reaching the player). The hostile/

benign ratio varied between VR sessions, but was kept around a 65/35% ratio as it 
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maximizes the chances of false alarms (Young et al., 2018), and therefore mitigates 

risks of ceiling effects in go/no-go performance. The radio dispatch contained two 

pieces of information to identify hostile zombies (e.g., “Shoot only the zombies with 

red eyes, we expect them to be large males”). The first part of the dispatch information 

was the eye color of the hostile zombies (red, yellow or blue). It allowed to accurately 

identify hostile zombies, but was hardly visible at a large distance. The second part 

of the dispatch information was the body type of the hostile zombies (male/female, 

small/large). This information was visible from a large distance, but was less reliable, 

thus priming the player to shoot benign zombies. Three different variations of the VR 

scenario were used in the game, distinguished by a task-irrelevant stressor comprised 

by a loud noise that was varied to increase unpredictability (glass shattering noise, 

car alarm, and fire alarm). Those events were only used to add some tension and 

variation in the scenarios. Participants encountered each variation at least once, as 

described in Figure 2.

Biofeedback Parameter and Implementation

Breathing-induced fluctuations of inter-beat-interval show good resistance to 

movement artifacts. They were calculated by means of local-power HRV (Bornemann 

et al., 2019). The online calculation of this HRV score was done for each one of the 

nine VR sessions in which a participant took part. However, in the sessions in which 

BF was displayed to the player (AABBABABABA or ABABABABABA depending on the 

experimental subgroup; withdrawal design, A = without BF; B = with BF; see Figure 2; 

the two subgroups are referred to as A and B respectively in the result session, based 

on presence or absence of BF in session 2), higher local-power HRV was rewarded by 

unimpaired vision in the VR game, whereas lower local-power HRV was progressively 

punished by reducing the player’s field of vision (see Figure 1). In the sessions without 

BF, the vision of the player was not modulated based on HRV, and therefore always 

unimpaired.

The local-power HRV was calculated with the Python-coded “OpenHRV” program 

(Brammer, n.d.), which extracts peak-trough differences in a 15 second sliding 

window of the inter-beat RR intervals signal that were recorded by the H10 polar 

belt. The BF score, varying between 0 and 1, was then calculated based on the Local-

Power HRV. The initial target for the HRV was set to peak-troughs differences of 

100ms (which corresponds to the local-power HRV metric), but could be adapted 

for each participant in the game to maximize learning. With the standard target, a 

local-power HRV of 100ms and above would lead to a BF score of 1 (maximal visibility 
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for the participant in the VR experience). The score would then linearly decrease to 

0 when the local-power HRV was 0ms, leading to a severe visual impairment for the 

player in the VR game, where the tunneled vision would restrict the peripheral vision 

to the point where only zombies directly facing the player would be visible. 

Questionnaires

All the questionnaires were administered by using the LimeSurvey platform 

(LimeSurvey & Schmitz, 2012) on a laptop directly before or after the VR game 

sessions.

Engagement questionnaire. The engagement was measured once at the end of the 

full training with a four items questionnaire (McAuley et al., 1989) on a 7 points Likert 

scale (1=Strongly disagree, 4=Neutral, 7=Strongly agree; item 2 was reverse-coded). 

The final score was obtained by averaging the answers on all items.

Physiological awareness questionnaire. Physiological awareness was measured 

after every VR session, by mean of a two items questionnaire asking how aware 

participants were of their breathing and of their HR during the VR task. Each question 

could be answered with a 7 points Likert scale (1=Strongly disagree, 4=Neutral, 

7=Strongly agree).

Exit questionnaire. At the end of the full training, the experimental group received 

an exit questionnaire aimed at evaluating the degree of satisfaction of the training 

(e.g., “Would you use this VR environment in your teaching?”) and the subjective 

experience in the game (e.g., “How stressed were you in the VR environment?”). Each 

question could be answered with a 7 points Likert scale, apart from open ended 

questions. The control group received a shortened version of the exit questionnaire. 

The full list of questions can be found the Supplementary Materials A. Two subsets of 

the questions, pertaining to the experienced usefulness and efficacy of the training, 

were averaged to calculate training usefulness and efficacy scores. One item for 

the training usefulness score was reverse coded (“The training was too long to be 

incorporated in the curriculum of police students”).

Transfer Task

To assess if the training in the VR game would carry over to relevant policing behavior 

outside the game, a police-relevant task was designed drawing inspiration from the 

dispatch-priming paradigm of Taylor (2020). The original task consists of a single 

shoot-don’t shoot decision made while holding a gun pointed toward a target taking 
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an object out of their pocket (a gun or a phone), projected on a screen with a beamer. 

The decision moment was preceded by a radio dispatch message describing the 

appearing target as either an armed and violent opponent (priming the participant to 

shoot), or as an innocent passer-by. In the original task by Taylor (2020), participants 

shot an innocent target taking a phone out of their pocket more frequently (34% 

more) when primed for a violent perpetrator. In our version of the task, the radio 

message always primed the participant for a violent perpetrator, and the target 

always drew a phone out of their pocket in the first (critical) trial. When piloting the 

task, we realized that Dutch police trainers never shot the subject, as no one had their 

finger on the trigger, and most participants stepped aside before shooting based on 

their training. We hence had to modify the task by asking the participants to keep 

their finger on the trigger of their gun, and stay immobile (they were constrained 

by chairs surrounding them, so that stepping aside was not possible). Additionally, 

since the experiment had to be carried out in police institutions where participants 

could potentially communicate about the transfer task, 3 distractor trials in which a 

go response was asked were added after the first critical No-go trial. In those trials 

the subject appearing on screen took a gun instead of a phone out of his pocket, and 

held it for 3 seconds before the next trial. In these trials the correct response was to 

shoot the opponent. Data from these trials were not analyzed.

Based on the study by Taylor (Taylor, 2020), we expected the effect of our training 

on the transfer task to require a sample of N = 77 (df = 1, alpha=0.05, Power=0.8). 

This calculation was based on an effect size of w = 0.32, calculated from the effects 

reported in the study by Taylor (2020). In the study by Taylor et al., primed participants 

shot the innocent target in 62% of the cases, compared to 28% for unprimed 

participants. In our case, all participants were primed, but the experimental group 

was expected to be more aware of the adverse effects of dispatch priming, as this 

was also a factor in the VR game, on top of showing better behavioral control due 

to their more optimal physiological state, induced by the BF training. Based on that 

reasoning and some piloting, the effect size for the training was calculated from a 

contingency table assuming a 40% shooting rate for the experimental group (hence 

22% lower than the original 62% for controls), hence considering that our training 

would have a moderate protective effect from priming. 
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Data Preparation
Physiological recording

The HR of the participants, measured with a Polar H10 belt throughout the sessions 

was analyzed separately for baselines (recording preceding the odd numbered VR 

sessions), in-game VR sessions (with and without BF) and during the transfer task 

following the last session. HR in beats per minute were used both in absolute values 

as well as relative changes from baseline (baseline-corrected HR), in which case the 

baseline value was subtracted from the in-game value. Prior to feature extraction, 

the data was cleaned automatically to remove artifacts with the Python software 

Biopeaks (Brammer, 2020), which used the artifact correction for HRV timeseries 

proposed by Lipponen & Tarvainen (2019). Mean and median HR were extracted for 

each condition. Finally, the mean and median Local Power HRV (Bornemann et al., 

2019) were calculated per condition (with or without BF). For each of those sessions, 

frequency-based HRV metrics were not extracted if the recording was shorter than 

5 minutes, and Local Power HRV was not extracted for recordings shorter than one 

minute (Bornemann et al., 2019). 

Decision-making and monitoring

For each VR session, the behavioral decisions of the player were extracted. The 

number of hostile zombies killed before reaching the player represented hits, while 

hostiles who reached the player before being shot were the false negatives. Benign 

zombies reaching the player were correct rejections, and if shot by the player they 

were false alarms. Those four sums were then used to calculate in each VR session the 

sensitivity {d’ = [z(Hit rate)−z(False alarm rate)]} according to signal detection theory 

(McFall & Treat, 1999). For the monitoring aspect of the in-game performance, an 

index was extracted calculating the number of “unspotted targets” (both hostile and 

benign), which are zombies reaching the player without ever appearing in their field 

of vision, therefore reaching the player unspotted. The rationale for including benign 

in the calculation was that not spotting an approaching individual (irrespective of 

their intentions) is always a tactical mistake in real life policing. 

Questionnaires

The engagement and physiological awareness questionnaires were scored as 

described in the materials section. For the exit questionnaire, the individual items 

were analyzed individually.
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Data Analysis

The following section describes the pre-registered hypotheses (https://osf.io/cdsbx) 

as well as additional exploratory analyses. The main reason that our analyses deviate 

from the pre-registered analyses is because the dataset was not complete due to 

attrition and poor data quality for some participants (see Supplementary Materials C, 

Table S5.1, for a detailed list of hypotheses modification). Hence, repeated-measures 

ANOVAs with list-wise deletion resulted in too much data loss. Therefore, all repeated 

measures analyses were replaced by Bayesian mixed-effects models, computed in 

R (Version 3.5.1; R Core team, 2016) using RStudio (Version 1.4.1717; RStudio Inc., 

2009–2021) with the brms toolbox (Version 2.17.0; Bürkner, 2017; Carpenter et al., 

2017). In these models the effect of time was investigated by contrasting the first 

and the last of the VR sessions. All categorical predictors were coded using sum-

to-zero contrasts, and continuous predictors were zero-centered. As the data 

contains repeated measures, the models included random intercepts and slopes per 

participant for all relevant predictors. Interactions and full models’ descriptions can 

be found in Supplementary Materials D. We fitted the models using 4 chains with 

15000 iterations each (6000 warm-up). Statistical “significance” was derived from 95% 

posterior credible intervals that did not include zero. To provide more information 

on the robustness of a significant result, each analysis was performed with credible 

intervals at 90%, 95%, 99% and 99.9%. We always report the significant result with 

the more conservative credible interval (similar to reporting p-values smaller than a 

certain value). For all the figures of the result section, significance levels for p-values 

of less than 0.05 or significant values with a credible interval (CI) of 95%, are flagged 

with one star (*); for p-values of less than 0.01, or significant values with a CI of 99%, 

the flag is 2 stars (**); for p-values of less than 0.001, or significant values with a CI of 

99.9%, the flag is three stars (***). 

For each analysis involving multiple comparisons, if a significant result stayed 

significant when applying a Bonferroni correction, the p-value was reported 

uncorrected.

VR Game Validation

 As one of the central design tenets and innovations of the game was to train HRV 

under high arousal, we compared HR for the first baseline and the subsequent 

VR session, across all participants (experimental group and controls). The follow 

up analysis investigating if the arousing effect of the VR game was maintained in 

the following sessions in the experimental group were carried out by a mixed-
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effect model where condition (with or without BF) was used as a random slope and 

intercept and session number was used to assess the effect of time. We reported 

subjective arousal with participants’ rating of the stressfulness of the VR experience 

(answered on a 7-point Likert scale). Lastly, to test if the game successfully primed 

the player to shoot specific targets, a pairwise comparison was done to evaluate if 

participants from the control and experimental group shot significantly more benign 

zombies (FA) when the large identifier of these zombies (i.e., their body type) was 

announced by the radio dispatch information as potentially hostile (dispatch-primed 

FA), compared to FA happening when the body type of the zombie did not match 

dispatch information. As for the HR analysis, this “first session” analysis was then 

complemented with a mixed-effect model testing if a difference between primed 

and unprimed FA existed in the subsequent VR sessions played by the experimental 

group. Random slopes and intercepts were fitted per participant for both priming 

(primed vs. unprimed) and condition (with vs. without BF), as well as for the effect of 

time (session 1-9).

Effectiveness and appraisal of the training

 To investigate the effect of time and training on the HRV of participants, a first 

mixed effect model was run to evaluate the effect of condition (with and without 

BF) on HRV. Since an equal number of sessions per condition was needed for the 

model to converge, and there were 5 sessions without BF and 4 sessions with BF 

in our design, the first session (without BF) was removed from this first model. The 

model had random slopes and intercepts for session (to measure effect of time), 

condition and subgroup (see next analysis) and was then followed by two extra 

smaller models looking at the effect of time on the VR sessions for each condition 

separately, by comparing the first and the last session of each condition. The next 

analysis investigated the effect of introducing BF in different sessions for the two 

subgroups (A and B) of the experimental group. Three t-tests were performed to 

test if there was a difference in HRV between these subgroups in the first VR session 

where no participant had yet received BF, in the second VR session where only group 

B had BF and in the third session where only group A had BF. The HRV averages 

and standard error of each session are reported in Figure 3. To illustrate the overall 

effect of BF on HRV, the first panel of Figure 3 merges together the HRV averages of 

subgroup “a” and “b” of the active group, although group “a” had the first BF session 

in session 3 only. The second panel of Figure 3 shows the two subgroups separately 

to avoid confusion.
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 Four mixed-effects models were used to investigate if the breathing and HR awareness 

of the participants changed throughout the training. Two complete models used all 

the data, with session and condition as random slopes and intercepts. Two more 

partial models only used the data from sessions without biofeedback, to report the 

evolution of interoceptive awareness in the same way behavioral and physiological 

data was reported (i.e., comparing the first and the last session). An additional mixed 

effect model was run with data from session 2 to session 9 to investigate the effect 

of condition and time on self-efficacy. The breathing and heart awareness averages 

are reported in the first panel of Figure 4, while the second panel represents the 

averages of self-efficacy. In both panels, subgroup “a” was merged to subgroup “b” 

to represent the general trend. Further, the engagement of the experimental group 

throughout the training was evaluated by testing the score of the engagement 

questionnaire against the value 4 in a single sample t-test. A value of 4 represents 

appraising the VR game as neutral. The same test was run for the scores of training 

usefulness and efficacy. The third panel of Figure 4 represents the average rating for 

the usefulness, efficacy and engagement scores. Each bar moreover represents (as 

a stacked bar graph) the percentages of ratings for the score, rounded to the closest 

integer.

 Lastly, the relation between the in-game HRV of the participants and their behavioral 

performance was evaluated with a mixed-effect model. The model was evaluating 

if the d’ sensitivity could be predicted by HRV, with time and condition as additional 

predictors. The same analysis was also reproduced for FA and unspotted targets (see 

Figure 5). All predictors were evaluated both with a random intercept and slope per 

participant. Figure 5 represents the session-by-session averages for those variables. 

The data for subgroup “a” was rearranged and merged to subgroup “b” as explained 

in the previous images.

Skill transfer

A chi-squared test was performed to evaluate if the experimental group made less 

mistakes than the control group in the first trial of the transfer task. The two levels 

were shooting behavior (shot/withheld shot) and group (experimental vs. control). 

Two independent sample t-tests were done to test if a difference in shooting behavior 

was related to differences in HRV during the transfer task or in FA rates in the game. 

The latter comparison was only done on the control group as the experimental group 

would have had an added confound of in-game repetition (reported in Supplementary 

Materials A).
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To ensure that the transfer task was eliciting physiological arousal and that the 

elicited arousal did not differ between the two groups, two independent sample 

t-tests were performed. The first compared the average HR of the controls and the 

experimental group during the transfer task, and the second the difference in HR 

between the baseline and the transfer task for all participants merged together.

 To test the physiological effect of the BF training, the HRV of the experimental group 

was compared with the HRV of the controls with independent sample t-tests at 

various moments of the training: the first baseline HRV, the absolute and baseline-

corrected HRV during the transfer task.  The average HRV levels (with standard error) 

of the control and experimental groups are represented in figure 6. 



138

Chapter 5

SUPPLEMENTARY MATERIALS

A: Additional results
Objective 1: Is the game environment arousing?
Figure S5.1 
Heart Rate across the training sessions in the experimental group

Note. As seen in this graph, the VR sessions 2 to 9 always took place in groups of 2, with one BF 
and one non-BF session.

In all VR sessions, the HR was reliably higher in-game than during baseline (N = 

57, Bnobf = 10.57, 99.9% CI [7.43, 13.70]; Bbf = 9.91, 99.9% CI [6.67, 12.82]). Between 

sessions, a reduction in HR was present between the VR session that took place after 

the second and the third baseline (i.e., sessions 2 and 3 compared to sessions 4 and 

5; N = 57, B = -2.46, 95% CI [-4.41, -0.51]). 
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Objective 2: Effectiveness of the training

In-game behavioral measures. Behavioral measures were only tested in sessions 
without biofeedback (odd session number), as the biofeedback implementation affected 
the visibility, which would create a confound between behavior and physiological control.

Shooting behavior assessed with d’ (sensitivity) improved significantly in the middle 
portion of the training (N = 57, B S_5vsS_3 = 0.21, 99.9% CI [0.01, 0.40]; BS_7vsS_5 = 0.19, 
99% CI [0.02, 0.36]) but decreased at the end (N = 57, BS_9vsS_7 = -0.23, 99.9% CI [-0.43, 
-0.02]), while  false alarm rates decreased mostly at the beginning (B S_3vsS_1 = -1.27, 
99% CI [-2.43, -0.08]; N = 57, BS_7vsS_5 = -0.81, 95% CI [-1.47, -0.13]). This indicated that 
participants improved mostly at the beginning in correctly shooting the “hostile” 
targets, and less often incorrectly shooting the “friendly” non-targets.  

Likewise, the rate of unspotted approaches robustely diminished only after the 
first session (B S_3vsS_1 = -1.00, 99% CI [-1.83, -0.19]). This indicated that in the first few 
sessions less zombies reached the player without appearing in their field of vision, 
suggesting that the spatial awareness (looking around) of players increased.

Exit questionnaires. The following section lists all the items of the exit questionnaire. 

Table S5.2
Items of the biofeedback evaluation questionnaire, and related statistics.

Question in English 
(translation)

Question in Dutch (shown to 
participants)

Mean Std. 
Deviation

1. It was easy to check my 
physical reactions (breathing, 
heart rate) during exercise.

Het was makkelijk om mijn lichamelijke 
reacties (ademhaling, hartslag) the 

controleren tijdens de training.

3.94 1.564

2. The biofeedback exercise at 
the beginning of each day was 
helpful.

De biofeedback oefening aan het begin van 
elke dag was nuttig.] Biofeedback Evaluation

5.44 1.474

3. It was easy to check my 
physical reactions (breathing, 
heart rate) at times with more 
zombies.

Het was makkelijk om mijn lichamelijke 
reacties (ademhaling, hartslag) te 

controleren op momenten met meer 
zombies.

3.08 1.440

4. It was easy to focus on the 
biofeedback during the training.

Het was makkelijk om mij op de biofeedback 
te concentreeren tijdens de training.

4.37 1.442

5. It was always clear how 
well I was doing in terms of 
biofeedback during training. 

Het was altijd duidelijk hoe goed ik het deed 
m.b.t. de biofeedback tijdens de training.

5.31 1.422

6. The virtual environment 
clearly responded to changes in 
my breathing.

De virtuele omgeving reageerde duidelijk op 
veranderingen in mijn ademhaling.

5.31 1.336

Note. Total N = 52
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Table S5.3
Items of the game evaluation questionnaire, and related statistics.

Question in English 
(translation)

Question in Dutch (shown to 
participants)

Mean Std. 
Deviation

1. The “control of the self” score 
at the end of each session was 
informative.

De “control of the self” score aan het 
eind van elke sessie was informatief.

5.65 1.370

2. The “control of the suspect” 
score at the end of each session 
was informative.

De “control of the suspect” score 
aan het eind van elke sessie was 

informatief.

5.42 1.036

3. The “control of the situation” 
score at the end of each session 
was informative.

De “control of the situation” score 
aan het eind van elke sessie was 

informatief.

5.50 1.000

4. The game was stressful De game was stressvol. 3.46 1.650

Note. Total N = 52

Table S5.4
Items of the training usefulness questionnaire, and related statistics.

Question in English 
(translation)

Question in Dutch  
(shown to participants)

Mean Std. 
Deviation

1. I think Biochill adds 
something valuable to existing 
police training.

Ik denk dat Biochill iets waardevols 
toevoegt aan de bestaande opleiding 

van politieagenten.

5.90 1.107

2. I would recommend using 
Biochill for training new police 
students.

Ik zou het gebruik van Biochill 
aanraden voor de opleiding van nieuwe 

politie studenten.

5.90 1.053

3. I would use Biochill in my 
own training program.

Ik zou Biochill gebruiken in mijn eigen 
trainingsprogramma.

5.65 1.454

4. I think the Biochill training 
can help me teach Mental 
Strength to my students.

Ik denk dat de Biochill-training mij kan 
helpen om Mentale Kracht aan mijn 

studenten te leren.

5.90 1.125

5. The training was long enough 
for me to learn how to control 
my breathing.

De training was lang genoeg om te 
leren hoe ik mijn ademhaling onder 

controle kon houden.

4.63 1.692

6. I think the training is too long 
to be included in the curriculum 
of police students.

Ik denk dat de training te lang is om in 
het curriculum van politiestudenten te 

worden opgenomen.]

2.37 1.572

7. I think police students would 
take this training seriously.

Ik denk dat politiestudenten deze 
training serieus zouden nemen.

5.48 1.393

8. I took this training seriously. Ik nam deze training serieus. 6.33 .857

9. I think more game-based 
training like Biochill should be 
developed.

Ik denk dat er meer op games 
gebaseerde trainingen zoals Biochill 

moeten worden ontwikkeld.

6.06 1.110

Note. Total N = 52
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Table S5.5
Items of the training efficacy questionnaire, and related statistics.

Question in English (translation) Question in Dutch  
(shown to participants)

Mean Std. 
Deviation

1.The Biochill training program 
increased my focus on how you 
breathe under stress.

Het Biochill-trainingsprogramma 
verhoogde mijn aandacht voor hoe je 

ademt onder stress.

5.87 1.284

2. I think I am more able to control 
my breathing in an action context 
than before.

Ik denk dat ik meer in staat ben om 
mijn ademhaling te beheersen in een 

actiecontext dan voorheen.

4.96 1.508

Note. Total N = 52

Table S5.6
Items of the control questions questionnaire, and related statistics.

Question in English (translation) Question in Dutch  
(shown to participants)

Mean Std. 
Deviation

1. Did you have experience with 
virtual reality before this training?

Ik denk dat ik meer in staat ben om 
mijn ademhaling te beheersen in een 

actiecontext dan voorheen.

2.87 2.115

2. How much experience do you 
have with similar games?

Hoeveel ervaring heb je met 
soortgelijke spellen?

2.77 2.006

Note. Total N = 52

Table S5.7
Items of the engagement questionnaire, and related statistics.

Question in English (translation) Question in Dutch  
(shown to participants)

Mean Std. 
Deviation

1. I really enjoyed doing this 
training.

Ik vond deze training erg leuk om 
te doen.

6.48 0.7

2. This training did not hold my 
attention at all.

Deze training hield mijn aandacht 
totaal niet vast.

2.00 1.704

3. I would describe this training as 
very interesting.

Ik zou deze training als erg 
interessant omschrijven.

6.35 0.883

4. While doing this training, I often 
thought about how much I enjoyed 
it.

Terwijl ik met deze training bezig 
was, dacht ik er vaak aan hoe leuk 

ik het vond.

4.96 1.381

Note. Item 2 was reverse-coded to calculate the engagement score; Total N = 52



142

Chapter 5

Objective 3: Skill transfer

Behavior and physiology. As explained in the manuscript, we did not find a group 

difference in behavior (ratio of shots vs. withheld shots; See Table S.5.8) on the 

transfer task. As pre-registered (H.3.1.2.2), in this case we planned a follow-up analysis, 

consisting of a comparison of HRV between participants (from both groups) who shot 

in the first trial of the transfer task vs. those who did not. However, this comparison 

showed no difference between shooters and non-shooters in HRV (Mshooter = 48.51, 

SD = 18.50; Mnon-shooter = 54.02, SD = 26.62; t(76) = 75.821, p = 0.284). This finding 

supports the conclusion from the main analysis that although the transfer task did 

show differences in HRV between groups, there was no relation between HRV and 

behavior, or most likely, the task was not suited to detect such relation.

Table S5.8
Shooting behavior in the first (No-Go) trial of the transfer task.

Withheld shot Shot Total
Control group 28 19 47

Experimental group 30 23 53

Total 58 42 100

We additionally investigated, in the control group, whether there was a relation 

between the behavior in the game and the transfer task, specifically the number 

of false alarms primed by radio dispatch both tasks (i.e. we tested if shooting the 

innocent target in the first trial of the transfer task was related to a higher number 

of false alarms for the primed non-targets in-game). No relation between these 

measures was found: shooting the innocent target in the transfer task had was not 

associated to a higher scores of false alarms in the first and only VR session played 

(Mshooter = 1.32, SD = 1.376; Mnon-shooter = 1.54, SD = 1.835; t(45) = -0.444, p = 

0.659). 

B: Changes in the game design

As explained in the manuscript, the VR environment was adapted after a first 

feasibility study (Michela et al., 2022). Below all changes are listed in detail.
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Table S5.9
List of changes between the version used in the current study and the previous

Previous game version Current game
1. VR session duration: 15 to 17 minutes VR session duration: 5 to 7 minutes

2. 14 Waves of zombies with up to 340 
targets

5-6 waves of zombies with up to 110 targets

3. Biofeedback on compliance to breathing 
pace

Biofeedback on magnitude of breathing 
induced fluctuations of the IBI trace

4. Game events: 3 distracting game events 
in random order (glass breaking, car alarm, 
fire alarm)

Game events: one of 3 game events happening 
per session (glass breaking, car alarm, fire 

alarm)

5. 5 different session types with different 
order of game events and different target 
identifiers combinations (eye color and body 
type)

3 different session types with one of the 3 
game events and different target identifiers 

combinations (eye color and body type)

6. Physiological recordings: Abdominal 
breathing amplitude and IBIs

Physiological recordings: IBIs

7. No offline biofeedback tutorial. The 
biofeedback skill had to be learned in game 
entirely

A short (up to 2minutes) offline biofeedback 
session precedes the VR sessions done on a 

same day

Note. In the current game version, no new in-game features were added.

C: Hypotheses list

As mentioned in the article, some pre-registered analyses could not be performed as 

the planned analysis, repeated measures ANOVA, would result in too many missing 

data due to listwise deletion. Therefore, these analyses were replaced with Bayesian 

mixed models. Additionally, exploratory analyses were added to the main article. The 

present list catalogs all hypotheses from the article (and pre-registration) that were 

modified or only reported in the supplementary materials, to clearly keep track of 

changes. 
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Table S5.10
List of pre-registered, modified and exploratory hypotheses

Hypothesis Status
Objective 1
H.1.1.2: In the following sessions, in-game 
HR is higher than baseline HR (main effect of 
condition)

Pre-registered, modified to fit mixed 
models, main result included in the article, 

rest in supplement

H.1.1.3: The experience will be rated as 
moderately stressful (higher than 2 on a 7 point 
scale)

Pre-registered, mean reported in the main 
article but the statistic was removed to avoid 
confusion (a significant positive result would 
not mean that the experience is stressful).

H.1.2.2: In the following sessions, the priming 
effect described in H.1.2.1 is present.

Exploratory, included in the article

Objective 2

H.2.1.1.1: There is an increase in absolute HRV 
over sessions reflected in a main effect of time 
on absolute HRV across sessions.

Pre-registered, modified to fit mixed 
models, ran separately on sessions with 
and without biofeedback and included in 

the article

H.2.1.1.2: There is a main effect of condition on 
absolute HRV. i.e., the HRV is higher in the BF 
compared to the no-BF condition.

Pre-registered, modified to fit mixed 
models, included in the article

H.2.1.1.3: In addition to the above, our previous 
data (Michela et al., 2022) give reasons to expect 
a potential interaction effect between time and 
condition, as the increases in the no-BF session 
are expected to be steeper

Pre-registered, modified to fit mixed 
models, ran separately on sessions with 

and without biofeedback, hence interaction 
not calculable

H.2.2.1: Self-reported in-game breathing 
awareness increases both across session 
(main effect of time) and in BF condition when 
compared to the no-BF condition (main effect of 
condition).

Pre-registered, modified to fit mixed 
models, included in supplementary 

materials, but result mentioned in result 
section

H.2.2.2: Self-reported in-game HR awareness 
increases both across session (main effect of 
time) and in BF condition when compared to the 
no-BF condition (main effect of condition).

Pre-registered, modified to fit mixed 
models, included in supplementary 

materials, but result mentioned in result 
section

H.2.2.3: Self-reported in-game breathing self-efficacy 
awareness increases both across session (main 
effect of time) and in BF condition when compared 
to the no-BF condition (main effect of condition).

Pre-registered, modified to fit mixed 
models, included in supplementary 

materials, but result mentioned in result 
section

H.2.4.1: In the experimental group, HRV score 
in no-BF conditions is positively correlated to 
behavioral performance (d’ sensitivity) in the 
same session.

Pre-registered, modified to fit mixed 
models, included in the article

H.2.4.2: In the experimental group, HRV score in 
no.BF conditions is positively correlated to the 
number of unspotted targets in the same session.

Exploratory, included in the article
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Hypothesis Status
Objective 3

H.3.1.1: While they perform the transfer task, the 
baseline-corrected HRV of participants from the 
experimental group is higher compared to the 
control group.

Pre-registered, included in the 
supplementary materials as the ambiguous 

formulation (baseline-corrected) was 
misleading.

H.3.1.1.2: While they perform the transfer 
task, the absolute HRV of participants from the 
experimental group is higher compared to the 
control group.

Exploratory, added to complement the 
above analysis, included in the article

H.3.1.1.3: When compared to baseline values, 
the HR of participants in the transfer task is 
significantly higher, yet there is no difference 
in HR levels between the controls and the 
experimental groups.

Exploratory, added to complement the 
above analysis, included in the article

H.3.1.2.2: If no group difference is found in HRV 
at point 3.1.1, then we will test this alternative 
hypothesis with an independent sample t-test. 
The previous hypothesis is then changed to: The 
test shows that participants who shot the target 
(FA) in the transfer task have significantly less 
HRV than the ones who did not shoot the first 
target.

Pre-registered, included in the 
supplementary materials

H.3.2.1: In the control group, the participants 
that do not make a (false alarm) shooting 
mistake in the first trial of the transfer task make 
significantly less “dispatch driven” false alarms 
in-game than the participants who do make a 
shooting mistake in the first trial of the transfer 
task.

Pre-registered, included in the 
supplementary materials

Note. Hypotheses that were pre-registered and reported without modifications are not included 
in the table; BF = Biofeedback; HR = Heart-Rate, HRV = Heart-Rate-Variability.

D: Data Analysis, details of mixed models

All categorical predictors were coded using a custom zero-sum contrast the following 

contrasts were used. The main results aimed at demonstrating an improvement 

throughout the training were done by contrasting the first session and the last. 

Additionally, contrasts for session were performed to estimate the effect of 

repetition. Those contrasts could have 4 or 5 levels depending on the test performed, 

as there were only 4 BF sessions (e.g., when looking at the evolution of BF sessions, 

only sessions 2,4,6 and 8 were considered). The following contrasts were used to 

contrast sessions: 

Table S5.10 (Continued)
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Session (4 levels): Session 2 = -1/0/0, Session 3 = 1/-1/0, Session 4 = 0/1/-1, Session 5 

= 0/0/1; 

Session (5 levels): Session 1 = -1/0/0/0, Session 2 = 1/-1/0/0, Session 3 = 0/-1/0/0, 

Session 4 = 0/0/-1/1, Session 5 = 0/0/0/1; 

Condition (comparison to baseline): Baseline =-1/-1, BF= 1/0, NoBF = 0/1; 

Condition (comparison between BF and noBF):  NoBF = 1, BF = -1.

For every model, draws were on 4 chains, each with 15000 iterations (warmup = 

6000; thin = 1; total post-warmup draws = 36000). 

Environment Validation

Heart rate. To ensure that the HR kept increasing from baseline as session number 

increases, and test if the BF condition was as arousing as the No-BF condition, the 

following model was run:

HR ~ Session * Condition + (1 + Condition | Subject)

Behavior. (False alarms for primed and unprimed non-targets): To evaluate if a non-

target was at increased risk of being shot (compared to other non-targets) when its 

physical attributes partially matched radio dispatch information, the following model 

was run:

FA ~ session * condition * prime + (1 + condition * prime | Subject) 

Effectiveness of the training

Heart Rate Variability. When evaluating the evolution of the HRV throughout the 

training, the original full model, incorporating both conditions (BF and NoBF) and all 

sessions (5 NoBF sessions and 4 BF sessions) did not converge. Hence, 3 separate 

models were tested: 2 models testing separately per condition (BF and NoBF) the 

effect of time (session number); one model for the NoBF sessions only, but excluding 

session 1, to get an estimate of the effect of time (session number) that is comparable 

with the BF sessions; one additional model was run also with the exclusion of session 

1 to get an equal number of NoBF sessions as BF sessions and thus allow to compare 

both conditions.

For both the BF and no-BF condition (with and without session 1), the model 

evaluating the effect of time was:
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HRV ~ session + (1 + session || subject) 

Note: the model did not account for inter-subject correlation, as convergence issues 

prevented the calculation to converge otherwise. 

For the model taking both conditions together (BF and No-BF), hence dropping the 

session 1 (no-BF), the model is:

HRV ~ session * condition * GROUP + (1 + condition * session || subject) 

Self-report questionnaires. For the following models on self-reported physiological 

awareness and self-efficacy, both conditions (BF and no-BF) could be integrated 

together. For the first model of each condition, session 1 was not removed as the 

convergence issue experienced in previous models was not present here. The 

Self-efficacy had only 4 levels as Self-Efficacy was not measured after session 1. 

The condition contrast was comparing the BF and the no-BF conditions. For the 

two awareness conditions, a model without BF sessions was added, so that the 

variable’s evolution could be reported in the article in the same way behavioral and 

physiological variables were.

Breathing awareness:

(Breathing Interoceptive Awareness) ~ Session + Condition + (1 + Condition + Session 

|| Subject)

(Breathing Interoceptive Awareness, no-BF) ~ Session + (1 + Session || Subject)

Heart-rate awareness:

(Heart-rate Interoceptive Awareness) ~ Session + Condition + (1 + Condition + Session 

|| Subject)

(Heart-rate Interoceptive Awareness, no-BF) ~ Session + (1 + Session || Subject)

Self-efficacy:

(Self-Efficacy) ~ Session + Condition + (1 + Condition + Session || Subject)





CHAPTER 6

General Discussion



150

Chapter 6

GENERAL DISCUSSION 

The current thesis describes how a VR biofeedback (BF) game intervention was 

designed and tested. The aim of the intervention was to train police officers to 

control their level of psychophysiological stress in action, indexed by Heart-Rate-

Variability (HRV). The research demonstrated the trainability of HRV in an active 

context and the transfer of the acquired HRV upregulation skill to contexts without 

BF, also outside of the game environment. This game-based training was perceived 

as lastingly engaging by police trainers, who indicated in a large majority that they 

would use such a training in their own teaching practices. I will now briefly summarize 

the key findings from each chapter and will continue with a discussion of overarching 

issues pertaining to the work described throughout this thesis. I will then proceed to 

evaluate the success of our game in terms of design and effectiveness, review the 

strength and limitations of the current research, formulate suggestions for future 

research and conclude with a closing statement summarizing the impact that I hope 

this thesis had, and will continue to have, on both research and society.

Summary of results by chapter

In chapter 2, we discussed essential considerations on how to design a suitable 
VR environment to train police officers to manage their stress response while 

immersed in an action context. We highlighted that there are limited benefits to 

providing a realistic training environment, both in terms of representativeness and 

potential for behavioral transfer. We proceed to report lessons learned from our 

unsuccessful initial attempts at creating such an environment. Namely, the chapter 

carefully documents the risks of trying to reproduce all aspects of policing reality by 

using photorealistic simulations. First, such simulations are more at risk of feeling 

uncanny to the user (Mori, 1970), thus distracting them from the learning objective. 

Additionally, accurate re-creation of real policing situations featuring violence and 

human distress may produce ethical concerns due to this sensitive content and 

the reactions it might produce (Madary & Metzinger, 2016), as well as the risk of 

unwanted transfer of context-specific behaviors (e.g., overtraining a specific behavior 

in a training environment can lead to the same behavior being triggered automatically 

in real life). Lastly, just like real-life scenarios, the data of realistic training simulations 

are difficult to analyze and interpret: The more real and therefore complex a 

simulation is, the harder it is to even define what correct and incorrect behavior 

entails (Brehmer, 1992). Chapter 2 concludes with the suggestion that building a 

VR training around a game-based mechanic circumvents most of the problems of 
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realistic VR simulations. Indeed, a game setup and narrative can be used to “suspend 

disbelief” (Gorini et al., 2011), thus circumventing the uncanniness problem and 

enhancing the engagement elicited in the players (Allcoat & von Mühlenen, 2018). 

Additionally, a VR game environment can reliably elicit threat reactions (Allcoat et 

al., 2015; Lin, 2017), while avoiding the ethical concerns of realistic setups. Lastly, 

defining correct and incorrect behavior in a game environment is greatly facilitated 

by the relative simplicity of the environment.  

 To help police officers to control their psychophysiological arousal in an action 

context, it is necessary to ensure that their psychophysiological state is measured in 

real-time, and in a reliable manner. Chapter 3 detailed the necessary considerations 

to choose, design and implement a biofeedback parameter suitable for a 

stressful virtual action context by considering three important challenges. First is 

the challenge of choosing a suitable biofeedback parameter. In-action BF has the 

participant’s attention divided between the BF training and the demands of the game. 

Hence, the BF training parameter needed to be easily controllable, atop of probing 

the correct psychophysiological process. We chose deep abdominal breathing 

as a BF training due to its ease of control (Lehrer et al., 2020; Russo et al., 2017). 

Additionally, breathing-induced HRV is an index of relaxation directly related to the 

psychophysiological process of stress management (Balzarotti et al., 2017; Hayano & 

Yuda, 2019; Yu et al., 2018). The second challenge was related to the implementation 

of the biofeedback processing. Since the participants are immersed in an active VR 

game, the online data-analysis needed to have good movement artifact resistance, 

as well as a robust way of comparing the estimated parameter to the training target. 

Our solution of breathing-based frequency analysis fulfilled those requirements, and 

allowed for a simple estimation of the biofeedback parameter. The last challenge was 

to create a biofeedback implementation that felt salient and meaningful to the user. 

The feedback had additionally to feel distinct from the action context provided by the 

game, so that bad behavioral performance could not be attributed to BF, as it would 

be the case if BF affected for instance the precision of the gun’s aim. In our case 

we chose a visual impairment resembling a “tunneled vision” since this perceptual 

phenomenon is already known by police officers and linked to stress responses. 

Thus, using tunneled vision as a BF implementation was salient, intuitive and distinct 

enough from behavioral performance. 

Chapter 4 reported on the trainability of HRV through breathing based BF in an 

action context. It described our first experiment testing the effects of our training in 

a small sample of police trainers (n=9). The results showed positive effects in terms 
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of successful in-action HRV control in 8 out of the 9 participants and sustained 

engagement throughout the training. Hence, this study reported that training results 

obtained with VR BF in non-stressful passive environments (Blum et al., 2019; Rockstroh 

et al., 2019) can be achieved also in active environments, without impeding behavioral 

improvement. Moreover, this first experiment demonstrated that the training was 

perceived as a strong positive challenge and highly engaging which supports its use as 

a training environment (Jamieson et al., 2010). Lastly, the study hinted at a beneficial 

effect of the addition and withdrawal of BF in the training sessions.

Chapter 5 provided further support for the training effectiveness by showing, in a 

large sample, that the HRV control was causally and reliably related to the BF: Removing 

the BF component from a training session repeatedly led to a reduced HRV upregulation 

performance, and a delayed introduction of BF in the training schedule led to a delayed 

increase in HRV upregulation performance. As explained in detail in the strength and 

limitations section of this General Discussion (see below), such a causal inference is 

often missing in bio- and neuro-feedback literature (Thibault & Raz, 2017). Importantly, 

chapter 5 also provided evidence for transfer of the physiological regulation skill: 
The training also led to an increased HRV outside of the game, in a subsequent police-

relevant decision-making task. Interestingly, the in-game improvement in HRV control 
could not be linked to the in-game improvement in behavioral performance (e.g., 

higher accuracy in shooting the correct targets). Importantly however, this study is the 

first to measure a transfer of BF control skill from a VR-BF training to a new non-VR 

condition, which was identified as an important gap in the literature by Lüddecke and 

Felnhofer (2022). Lastly, chapter 5 again reports on the very positive reception of the 

training by the participants, a fundamental prerequisite for any successful training 

intervention using digital innovation (Scholten & Granic, 2019).

Taken together, the results summarized above suggest that HRV BF in an engaging 

VR game holds extensive potential as a training tool, potentially even for more 

populations than police officers only. In the following section of this discussion, we 

will critically review each component of the training, before moving to a more general 

debate on the strengths and limitations of this training method and how it was used 

in the present thesis.  

VR game validation

As stated in the introduction, there were four design goals for the VR game: (1) 

create an engaging experience, (2) elicit psychophysiological stress, (3) provide an 
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active decision-making context that feels relevant for police officers and (4) have an 

imbedded mechanic to provide BF on the participant HRV. These four design goals can 

be separated in two dimensions. The first two goals (engagement and stress elicitation) 

relate to the desired reactions to be elicited by the game, while the last two goals 

(decision-making context and BF) concern the training components that had to be 

included in the game. I will hereby review those two design goal categories separately.

Reaction elicitation

Engagement. The game received a very positive appraisal by the participants, as it was 

rated as engaging for up to 10 training sessions (see chapter 4), and more than 80% of 

the police trainers participating in our last experiment (chapter 5) indicated that they 

would include it in their own teaching program. We attribute this positive reception to 

the use of a game as a training tool and the feedback it provides. Police proficiency is 

an important dimension of officers’ feeling of self-worth (Walsh, 1983) and therefore 

the feedback provided by the game is likely to have been a powerful motivator to play 

the game. The feedback did not simply categorize performance into good/bad, but 

showed multiple dimensions of the player’s performance in the form of three scores at 

the end of the game: a self-control score for BF performance, a behavioral control score 

for the shooting behavior and a situational control score for the spatial awareness. It 

is additionally important to acknowledge the role of experimenters in ensuring the 

efficacy of the training tool as they facilitated the understanding of the game’s feedback 

and provided additional instructions to the player when needed, thus playing a positive 

“coaching” role of autonomy support for the participants (Trigueros et al., 2019). It 

should however be mentioned that the experimenters’ supervision and guidance were 

limited to the moments where the participants were not actively engaging in the VR BF 

training, as evidence has shown that both passive and active experimenter presence 

can hinder BF performance, due to the distraction their presence creates (Borgeat et 

al., 1980; Bregman & McAllister, 1983). Hence, the game's success as a training tool 

may not only be due solely to its inherent properties of engagement elicitation but also 

to the supervision provided by experimenters, although as highlighted in chapter 5 by 

the effect that addition and removal of BF had on HRV control, the causal role of BF still 

remains the driving component of the witnessed HRV upregulation. 

The high engagement elicited by the game hints at one of the major design successes 

of this game. Often, reduced engagement is witnessed as a consequence of poorly 

designed intervention tools. Such resistance to poor design has been documented 

at the hardware level (Ledger & McCaffrey, 2014) and has also been shown in 
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game-software used for interventions (Scholten & Granic, 2019). In our game, the 

engagement created by the game was coupled with instantaneous feedback on the 

participant’s physiology. Additionally, automatic analyses were implemented at the 

end of each game session, providing results of behavioral and physiological game-

play variables (i.e., suspect control, situational control and self-control scores). With 

this feedback, experimenters were given tools to provide clear and constructive 

feedback to participants, which helped them to set their own learning goals, thus 

enhancing engagement. We also witnessed some examples of competition between 

participants, who routinely compared their scores after a training session. Finally, 

two qualitative observations: it occurred to us that during the testing we were 

occasionally actively approached by police trainers requesting enrollment in the 

study. Additionally, several police trainers have inquired when they could immediately 

start using the game in their own classes.

Psychophysiological stress. As illustrated in both chapters 4 and 5 of the present 

thesis, the game environment elicited arousal, as evidenced by consistent and lasting 

increases in HR from baseline to during the VR game. It can therefore be assumed 

that the HRV upregulation skill was trained in a stress-relevant context in terms of the 

psychophysiological state of the participants. On the self-report measures however, 

police trainers did not show to have experienced the training as stressful, but rather 

as a positive challenge (see chapter 4). The fact that the subjects did not report the 

game as stressful seems to suggest no stress was elicited and it should be taken 

into account that the HR increase could have been partially due to motion in the 

game. Nevertheless, widely used definitions of stress center around the concept of 

a challenge, and are therefore in line with the fact that the we did evoke stress even 

when subjects did not report it as such. As alluded to before, police may underreport 

negative feelings (Habersaat et al., 2021), and might consider that a situation is 

stressful only when it is perceived as exceeding their capacities, a common view in the 

stress literature (Koolhaas et al., 2011). Even when the stress as challenge definition 

is debated and motion would have played a role in the increase in HR, exercise is also 

known to reduce HRV (Michael et al., 2017; Sandercock & Brodie, 2006). Therefore, 

our training allows subjects to train voluntary HRV upregulation under challenging 

arousal conditions. This may give our implementation an advantage over traditional 

biofeedback setups. Additionally, a challenging environment is better than a stressful 

environment to learn skills, according to Jamieson et al. (2010). The authors found 

that students who re-appraised the task demands of a difficult examination as a 

challenge rather than a threat scored higher in that examination than controls. 
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Similarly, the appraisal of our game as a positive challenge rather than a threat 

suggests, following Jamieson et al. (2010), that the task demands were believed by 

the participant to be inferior to their available resource, which the authors suggest is 

a necessity to improve learning. 

Training components

The last two design goals of the VR game, namely providing a relevant decision-making 

context and incorporating BF, were built according to the principles listed by Scholten 

and Granic (2019). The authors recommend including relevant experimental designs 

in the game intervention by using a model guiding the incorporation of evidence-

based techniques (see Table 6.1), as explained in the introduction. I will hereby review 

the four psychological mechanisms of our VR game model (psychophysiological 

regulation, response inhibition, priming and spatial attention) to evaluate the success 

of their integration in the game. 

Table 6.1 
Guiding model for the incorporation of evidence-based mechanisms and techniques in the VR game 
environment

Psychological 
mechanism

Evidence-
based 

technique

Game mechanic In-game 
outcome

Envisioned 
long term goal

Psycho-
physiological 
regulation

Bio-feedback Width of the field of view 
linked to HRV score

Breathing/ HRV 
biofeedback 

score increase

Improved 
stress 

management in 
real contexts

Response 
inhibition

Go/No Go Hostile (Go) vs. Benign (No 
Go) zombies according to 

dispatch information

Increased 
response 
accuracy

Improved and 
less biased 

decision 
making in 

presence of 
stressors

Bias resistance Priming Benign zombies partial 
matching (body type, 

but not eye color) 
with dispatch target 

information

Fewer primed 
No Go false 

alarms

Spatial attention Target 
detection

Targets coming from 
multiple sides

Fewer zombies 
reaching 

the player 
unspotted

Improved 
situational 
awareness

Note. The items of the last column (Envisioned long-term goal) are part of the model as they 
served as a rationale for the incorporation of the relative psychological mechanism in the game. 
Testing those effects in real-life policing contexts was however outside the scope of the present 
thesis.
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Psychophysiological regulation. The increased capacity for psychophysiological 

regulation as a result of the HRV-BF intervention was not just a good result to inform 

theoretical models, but also an important argument for police stakeholders to further 

invest in the training. Indeed, the reported performance increases happened in a 

population of police trainers, who already received a mandatory biofeedback training 

(seated, without stress induction) in the years preceding our experiment, rendering 

the result of our training all the more valuable. Improvements were still witnessed 

for some participants in the last sessions of the training, although on average 

improvement took place mainly in the first few sessions. These results suggest that, if 

our training were incorporated in police officers’ training, the schedule should ideally 

include 3 days of training, with multiple VR BF sessions per day. This suggestion, which 

goes against the tendency of police academies to shorten trainings to a minimum, 

is corroborated by findings by di Nota et al. (2021). They report in a population of 

active-duty police officers that reducing the number of training sessions of effective 

BF trainings to a single day of training led to a loss of efficiency. Additionally, the 

improvements still witnessed in the last VR training sessions for some participants 

leads me to suggest that implementations in the officers’ curricula should consider 

(1) tailoring the number of sessions to the specific needs of each participant and 

(2) modifying the game to make it more independent from experimenter output, to 

alleviate the required manpower to operate the training. 

The implementation of the BF as visual impairment that mimics the phenomenon 

of tunneled vision was suggested by the stakeholders of the project. To understand 

how this visual implementation of biofeedback was appraised by the officers, 

self-efficacy and physiological awareness were measured during the training, as 

described in chapter 5. The presence of BF decreased the reported feeling of self-

efficacy in participants. This reduced self-efficacy hints at the punitive aspect of the 

BF presentation: When biofeedback is present, it calls participants out on forgetting 

to upregulate HRV. Moreover, the feeling of respiratory and cardiac awareness 

increased over sessions. Thus, it could be inferred that being repeatedly called out on 

forgetting to upregulate HRV trains awareness on physiological control performance. 

While our setup does not allow to claim any causal relation between appraisal 

and performance, these findings are broadly in line with the model theorized by 

Weerdmeester et al. (2020), suggesting that increases in BF control require changes 

in appraisal of self-efficacy and awareness. 

Response inhibition. As explained in the introduction, we needed to create a 

decision-making context assessing a psychological mechanism that is frequently 
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impaired due to stress responses and relevant to police behavior in the training 

game. This mechanism allowed us to monitor the improvement of police officer’s 

performance, and the potentially beneficial effects of BF on behavior. Therefore, we 

introduced a Go/No-go task based on a zombie-shooter dynamic. The player had to 

decide for each incoming zombie if it was a target to be shot at (Go, to prevent being 

attacked) or a benign zombie to spare (No Go). False alarms were punished with 

a loud unpleasant noise. The number of benign zombies shot by the player (False 

Alarms; FA) was quite low. As a result, in contrast to conventional Go/Nogo tasks, FAs 

in our game cannot be considered a reliable indicator of response inhibition due to 

potential floor effects. However, the variable can still be used to monitor compliance 

to the task as a high number of FA could be indicative of not understanding/caring 

for the given task. Nevertheless, to use it as a behavioral performance measure and 

study its relation to physiology, I recommend to find ways to make the game more 

difficult, especially when dealing with police officers as participants. The current 

version of the game already used optimal go/no-go ratios (3:1 hostile to benign; 

Young et al., 2018) to maximize false alarms, but other suggested methods to 

increase false alarms, such as multiple types of go stimuli or shorter time intervals 

for decision (e.g., by increasing the speed of targets) were not implemented. Since 

changing elements in the game can have unforeseen effects in terms of training 

outcomes, I however advocate caution in implementing drastic game-play changes. 

For instance, following Jamieson et al., (2010, 2013), it could be imagined that a more 

difficult go/no-go decision task could increase the stressfulness of the game and elicit 

a feeling of helplessness in the participant, which would reduce the feeling that their 

resources meet the task’s demand and hence negatively impact learning. 

Beside the methodological limitation of insufficient FA, a theoretical consideration 

has to be discussed as well: the benefit of our HRV training may be dependent on 

the behavioral domain assessed. As reported in chapter 5, the inclusion of the go/no 

go mechanic in the game stemmed from a need to incorporate behaviors that are 

thought to be affected by the presence of stressors in real-life policing situations. 

Additionally, risky decision-making and HRV have been reported to correlate (Forte 

et al., 2022) and previous work has suggested increased parasympathetic dominance 

is linked to more optimal decisions (Hashemi et al., 2019; Klaassen et al., 2021). 

However, the relation with HRV is mostly found in other types of risky decision-

making tasks, as for example the Iowa Gambling Task and the Balloon Analog Risk 

Task (Forte et al., 2021; Ramírez et al., 2015). Both tasks include an element of risk 

taking and uncertainty that were not explicitly included in our game model, elements 

that I would recommend future research to include in their BF training contexts. 
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Bias resistance. The same methodological and theoretical considerations described 

above also apply to the priming task: It was included for its police-relevance but might 

lack a strong enough relation with HRV. Indeed, it could be argued that priming is a 

relevant dimension to train since stress reactions increase potentiated biases (Yu, 

2016). Additionally, HRV has been directly linked to less biased behavior by Di Palma 

et al. (2019). However, their task did not induce the time pressure of shooting an 

incoming zombie, but rather focused on evaluating the pain experienced by actors 

with varying skin color. It can therefore be suggested that the type of priming used in 

our task was too automatic and fast paced to reproduce those effects. This hypothesis 

is further strengthened by the fact that HRV level has been linked to altered processing 

only for positive stimuli when stressors are present (Macatee et al., 2017), and would 

therefore not apply to incoming zombies. I therefore recommend further research 

to focus on higher order priming tasks involving emotional and verbal dimensions 

when investigating the benefits of HRV on bias reduction.

Interestingly, as reported in the Supplementary Materials of chapter 5, FA occurred 

more frequently when the shot zombie had a body type matching the dispatch prime 

announced by radio before each zombie wave. Hence, the bias induction manipulation 

was effective, and did indeed increase FA rates, thus potentially mimicking effects of 

excessive use of force induced by radio dispatch priming reported in police officers 

in more realistic setups (Taylor, 2020). Interestingly, while the overall rate of FA (see 

the response inhibition section) dropped significantly throughout the training, this 

improvement could not be seen in the FA caused by priming. In other words, while 

the number of benign zombies being shot by mistake as a whole reduced throughout 

the training, the number of benign zombies incorrectly shot because they matched 

the body type announced in the radio dispatch stayed constant. Thus, as seen in 

chapter 5, bias resistance as we implemented it is not affected by the HRV training in-

game. This negative result could explain why no behavioral effect of the HRV training 

was found in the transfer condition, that also tested bias resistance through dispatch 

induced priming. 

Spatial Attention. In real life policing situations, attention often has to be allocated 

to multiple directions. At the same time, the stress response alters attention by 

enhancing focus to coarse visual features (Lojowska et al., 2015) and creating 

attentional biases (Aue & Okon-Singer, 2015), thus impacting the capacity an officer 

has to monitor their surroundings.  We took advantage of the 3D characteristics of 

VR and the zombie shooter dynamic to measure the level of attention that players 

had toward monitoring their surroundings. This metric allowed us to provide 
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participants with a police-relevant measure of spatial attention. Since zombie targets 

could reach the player from any direction, we measured the time that each zombie 

spent in the field of view of the player before reaching them. We then counted the 

number of zombies (both benign and hostile) reaching the player without ever being 

spotted (never entering their field of view) as an inverse marker of spatial attention. 

Even though this number of unspotted zombies decreased slightly throughout the 

training, it already started fairly low (less that one unspotted zombie per play session 

on average; see chapter 5). The monitoring task might therefore have been too easy 

for police trainers. For that reason, just as the behavioral indices described above, 

the number of unspotted zombies in a game session was not related to the in-game 

HRV score. Therefore, I again recommend to find ways to make this aspect of the 

game more difficult (e.g., by speeding up the incoming zombies) in order to study the 

relationship between spatial attention and physiological control. 

Strengths, limitations and suggestions for future research
Strengths and limitations of the studies design

 The first strength of the research presented in this thesis lies in the studies’ design. 

To assess the efficacy of a training, a Randomized Controlled Trial (RCT) as used 

in Chapter 5, is considered the gold standard, as it allows to experimentally link a 

change in outcomes to the performed intervention. Critiques have however been 

raised on the fact that RCTs are not capable, per se, to give a mechanistic account 

of how or why an intervention works (Deaton & Cartwright, 2018). For instance, the 

observed higher HRV at transfer for the experimental group compared to controls in 

chapter 5, would in itself not enable us to determine what exactly drives this effect 

(Deaton & Cartwright, 2018), as an increase of HRV at the end of a training could 

be due to confounds, such as habituation to the stressor and experimental context 

(Feda & Roemmich, 2016). Our training schedule in chapter 5 was therefore designed 

to allow us to go further in the identification of causal mechanisms of change. 

Specifically, the delayed introduction of BF in half of the experimental group, inspired 

by multiple baseline designs used in small-N designs (Levin et al., 2021), worked as an 

RCT nested within the main RCT. It allowed to causally attribute the increase in HRV 

scores to the BF presentation, with minimal perturbations in the training schedule. 

Moreover, the addition and withdrawal of BF through the different VR sessions 

(in both chapters 4 and 5) was accompanied by increases and reductions in HRV 

upregulation performance, thus further strengthening the claim that BF causally 

induces the changes in HRV. 
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The addition and withdrawal design was crucially introduced in chapter 4, to 

investigate in a very small sample (N =9) the influence of BF on HRV upregulation 

performances. While it allowed us to gather enough information on BF effectiveness 

to design the larger study in chapter 5, this design also presented another advantage: 

It potentially allowed to increase the effectiveness of the training by making control 

of HRV a more voluntary action. Specifically, our results on BF appraisal showed 

that participants’ interoceptive awareness increased steadily across training, thus 

indicating that participants were more and more aware of their breathing and HR. 

However, self-efficacy varied with the presence/absence of BF, as it was lower after 

sessions with BF than when BF was withdrawn. This result suggests that BF acted as 

a “reality check”: in sessions without BF participant had the impression to be more 

in control of their HRV, but when BF was introduced again, they were reminded how 

hard it was. Thus, BF’s main function could have been to remind participants to 

voluntarily engage in HRV upregulation (Bornemann et al., 2019), a skill they might 

otherwise forget to apply due to the action context.

Despite its efficacy to provide causal evidence of the BF mechanism, our experimental 

design did not test long term outcomes of the training, which could be expected to last more 

than 12 months (Andersen et al., 2018). This information would be critical to determine 

the frequency and need for “booster sessions” in the case of training implementation 

in the police curricula (Andersen et al., 2018). Ideally, future research should link the 

training to long-term evaluation in real life using ecological momentary assessment 

(EMA) and ecological psychophysiological assessment. EMA has been shown to produce 

higher quality results than standard assessments using a single questionnaire-based 

measurement (Moore et al., 2016) and can even be paired with interventions (McDevitt-

Murphy et al., 2018). Due to the intensity of police work, we however expect that the 

interruptive nature of EMA might lower response rates if the assessment isn’t fast and 

intuitive enough (Kini, 2013; Ponnada et al., 2017). We therefore recommend any EMA 

affordances to study long terms effects of BF training on police officers to be designed to 

fit the specific needs of this population (e.g., pairing EMA triggers with moments of lower 

intensity police work and after-action debriefing moments). 

Strengths and limitations of using police trainers as a sample

Our game was validated in a population of police trainers, which differs from the 

on-duty police officer population originally intended in the grant proposal, especially 

in terms of use of force: Expert police officers have been shown to use less verbal 

and physical force than novices (R. R. Johnson et al., 2014; Paoline & Terrill, 2007). 
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This population’s proficiency might have produced a ceiling effect on behavioral 

performance, which could explain the lack of behavioral results in our transfer task, 

as mentioned in chapter 5.  Although choosing trainers was a decision related to 

COVID-lockdowns at the police academy, this population has allowed us to conclude 

that even experts benefit from HRV upregulation training. Additionally, while trainers 

might have been more inclined to review a new teaching tool positively, this group 

is also known to be highly critical about curricular changes (Lingamneni, 1979; J. 

Smith, 2022). Their positive rating of the training was therefore not granted, and is an 

encouraging result for the future of this intervention. However, trainers might have 

been a more motivated group than younger police recruits might be, hence further 

research on engagement of police recruits is needed. 

Regarding the representativity of the sample, the number of recruited police trainers 

(N = 109) participating in the study described in chapter 5 represent nearly a quarter 

of the entire population of police trainers in the Netherlands. While this sample is 

large enough to be deemed representative of the Dutch police trainers’ population, 

research on individual differences - relevant for personalized intervention 

development - would require larger numbers (Brydges, 2019). 

Limitations concerning behavioral outcomes

Despite the positive training effects in terms of HRV upregulation and transfer of 

the HRV upregulation skill, a limitation of our study concerns behavioral transfer 

outside the VR game. Our study was not able to demonstrate the behavioral benefits 

of the training in new contexts in terms of decision-making. We argue in chapter 5 

that this negative result could be attributed to the measurement reliability (only a 

single trial) of our transfer task. It was inspired by the dispatch priming task from 

Taylor (2020) and primarily designed to measure the susceptibility of police officers 

to be primed by a realistic radio-dispatch to shoot an innocent subject matching the 

dispatch information. This task matched behaviors trained in-game, as explained 

in chapters 1, 4 and 5. It additionally held the advantage of being practical for 

physiological regulation in an arousing and active decision-making police scenario 

without the need for confederates and external assessors. However, the task lacked 

the complexity of simulated situations, which have been shown to be sensitive to BF-

induced changes in Canadian military and police personnel (Andersen et al., 2018; 

Andersen & Gustafsberg, 2016; Bouchard, Bernier, et al., 2012). In line with those 

results, we suggest future research to test the benefit of our training on HRV and 

behavior in real policing settings. 
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The search for an optimal “transfer task” evaluating the behavioral benefits of our 

BF training raises concerns regarding a theoretical limitation inherent to all research 

on police performance. What constitutes good policing? This interrogation has often 

been raised (J. M. Brown, 2013; Norris & Norris, 1993) and has been debated in 

terms of management, political agendas and societal impact. From a management 

perspective, the use of “performance indicators” of good policing have been both 

praised for their clarity and efficacy (Prenzler & Lewis, 2005) and criticized for their 

flaws in focusing on less meaningful data (Freiberg, 2005), as for example focusing 

on the number of arrests instead of preventive policing actions. Reliance on strict 

performance indicators is additionally thought to be too subject to political agendas. 

Since there is a political necessity to show tangible results, it is often requested to the 

police hierarchy to provide simple metrics proving police efficiency (e.g., number of 

arrests), which often results in removing from the police organization the required 

independence (e.g., resources allocation) to adopt policing strategies yielding actual 

results (Rogerson, 1995). Consequentially, most research on police, including ours, 

focuses on scales inspired by the societal impact of policing, focusing mainly on the 

excessive use of force (Andersen & Gustafsberg, 2016; Bennell et al., 2021; Cyr, 2016; 

Hine et al., 2018; Marenin, 2016; Rajakaruna et al., 2017; Staller et al., 2018; Taylor, 

2020) and often relying on appraisal scores used in police academies. While those 

solutions are suitable to assess the benefit of a wide variety of training interventions, 

more research is needed to establish meaningful performance criteria of policing, 

especially when it comes to understanding the processes at play in police interactions, 

not merely its outcomes (Willis & Mastrofski, 2016). In our research, we measured 

behavioral transfer by using a task in which a radio dispatch priming was followed 

by a shoot/don’t shoot decision. Thus, it falls in the category of outcome-oriented 

performance metric where participants have to perform a “split-second decision”, 

which is deemed non-representative of real policing by many researchers (Garrett & 

Stoughton, 2017; Garrison, 2018; Murphy, 2014; White, 2016). Hence, as suggested 

before, I recommend for future research to use simulated scenarios with actors as a 

transfer task, which is both more representative of policing work and more sensitive 

to BF training (Andersen et al., 2018; Bouchard, Bernier, et al., 2012).

Considerations while selecting a biofeedback target

 In addition to the difficulties of defining the proper outcome measures of good 

policing, the difficulties of translating findings from fundamental research on 

physiological mechanisms into actionable BF targets should be stressed. As 

mentioned in the introduction, our BF training was aimed at increasing vagally 
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mediated parasympathetic activity through breathing-induced HRV. In the process 

of defining HRV as our BF target, we had to discard alternative candidates, such as 

attempting to train the freezing response itself. Freezing is characterized by an event-

related anticipatory HR deceleration which is thought to aid information collection 

prior to action, a phenomenon of notable interest for police-relevant decision-making 

(Hashemi et al., 2019), as it is also suggested to improve perception (Lojowska et al., 

2015). We additionally decided not to focus in our first efforts on electrophysiological 

cortical signals as frontal theta waves, a reliable event-related index of affective 

control (Cavanagh, 2014). Both measures are event-related biological markers, and 

hence most commonly measured through the averaging of several events, which 

precludes the possibility of providing close-to-instantaneous feedback, since several 

trials would have to be recorded to identify a pattern on which to provide feedback. 

Additionally, event-related markers are usually measured in a timespan that ranges 

a few seconds only. Therefore, even if through some innovative technique feedback 

could be provided on single trials, the event would still be very short lived. It would 

hence be impractical to provide this feedback to the user in a timeframe that allows 

regulation to take place, especially if an additional delay is produced by the need for 

artifact removal (see chapter 3).  Hence, it is important to consider, when designing 

evidence-based interventions, that not all identified scientific measures are equally 

translatable into a training target. In our project, the evidence gathered in research 

focusing on event-related markers was still useful, but could only be indirectly used 

to determine a sound training target. 

 On the other hand, while BF parameters that are not event-related are easier to 

train, these parameters have not yet been thoroughly investigated in dynamic setups. 

For example, while a higher HRV is generally beneficial in many aspects of policing 

(Thayer et al., 2009), research still has to establish whether this holds for all aspects 

of policing, especially moments where use of force is actually required. Indeed, 

reduced HRV has been linked with temporary increases in force (Jerath et al., 2006), 

an advantage when handling violent perpetrators. HRV upregulation could however 

also be beneficial in the build-up moments leading to use of force (Andersen et al., 

2018), in order to prevent the situation from escalating to an excessive degree of 

violence.

Finally, it has been shown that non-event-related electrophysiological cortical signals 

could be used as a neurofeedback target in contexts where movements are limited 

enough to prevent movement artifacts (Schoneveld et al., 2016). For instance, theta 

waves could be an interesting candidate to train attention and working memory 
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(Wang & Hsieh, 2013), as would parietal alpha power (Ros et al., 2017) as well as the 

EEG-based protocol from Keynan et al., (2019), which targets the EEG signature of 

the amygdala measured at scalp level to increase stress resilience. Police-specific 

neurofeedback trainings could additionally be aimed at reducing the burden of work-

related mental injuries as post-traumatic stress disorder by combining effective VR 

protocols (Rizzo & Shilling, 2017) with effective neurofeedback protocols (Kluetsch 

et al., 2014). For the purpose of our research focusing on more dynamic in-action 

BF, however, I still consider our breathing-based HRV upregulation the most viable 

option as simplicity, freedom of movement, controllability and signal quality were all 

part of the training’s requirements.

Future Directions for our Game

 Thanks to the encouraging results from this thesis, and the interest and support 

from the Dutch police academy, a new version of our Decision Under Stress Training 

(DUST) will be developed to be operated and tested within the curricula of large 

numbers of police students. In the following section the main requirements for 

further development of the DUST project are shortly presented, along with a list 

of more explorative suggestions for other researchers aiming to develop in-action 

biofeedback trainings. 

Simplification of the setup

Hardware. The hardware requirements for the training should be simplified, as 

simplicity is one of the leading factors of technological adoption (Holden & Karsh, 

2010). In the first experiment (chapter 4) the hardware requirements were an 

important limitation: a breathing-belt sensor, an HR-belt sensor, two laptops (one 

of which with high graphic capacities) and a VR unit with external trackers were 

needed. In the following experiment (chapter 5) the setup was reduced by removing 

one laptop and the breathing belt, but remained bulky. As illustrated in Figure 6.1, 

thanks to recent advances in VR technology and the availability of new user grade 

products, the setup can be reduced considerably for future versions of the game. The 

next game iteration will be run directly on the VR goggles’ hardware, thus reducing 

the setup to an HR-belt sensor and a single VR unit, without the need for external 

trackers. This set of improvements would also reduce the cost of a single setup 

from the 4000 Euros required in the first experiment to a moderate 300 euros, thus 

enhancing the deployment capacities for the system, as cost is often a hindrance for 

VR intervention scalability (Bush, 2008).
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Software. The various programs required to run the training (real-time physiological 

analysis, the game and the information transfer software) will be merged together in 

a single program to make the training more plug-and-play. While separate programs 

were required in the first iterations (chapters 4 and 5) to reduce development costs 

and maintain the capacity to carefully monitor physiological recordings and data 

saving, those affordances came at the cost of simplicity and required extensive training 

of the experimenter to run the setup (see below). The new version of the game should 

have the capacity to automatically detect sensor misplacements and should feature 

enhanced artifact correction capacities to relieve the trainers from understanding the 

details of the physiological recordings. The tutorial at the beginning of the game should 

additionally be expanded to improve the “onboarding” of the trainee by explaining the 

scope of the training and the feedback scores at the end of the training. 

Figure 6.1
Overview of the hardware components involved in the BF closed-loop system.

Note. Three successions of implementation of the biofeedback (BF), in consecutive studies. In 
chapter 4 the biofeedback was directed at breathing pace and involved the path in red: (A) a 
respiratory inductance plethysmography belt sent the analog breathing signal to (B) a BITalino 
(r)evolution board. This signal was then analyzed in (C) a Raspberry Pi 4 Model B, and the 
processed BF signal provided via (D) Wi-Fi to (E) a laptop that ran the game displayed to the 
player through (F) VR goggles. Simultaneously, the HR was recorded through (G) a polar H10 
belt, which was connected to the gaming laptop via Bluetooth. The biofeedback procedure in 
chapter 5 only used the blue path, as BF was based directly on the HR signal. The next iteration 
of our game will be implemented on the VR goggles directly, thus simplifying the setup further, 
as illustrated by the green path.
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Trainers’ preparation

 The current setup required the experimenters to be present throughout the whole 

training, provide extensive information to participants, and carefully monitor the 

quality and saving of the incoming physiological data. As explained earlier, the 

experimenter also played the role of a positive coach between sessions. The new 

version of the software would alleviate most of those burdens. Importantly, the 

participants in the experiments of this thesis were police trainers, who already 

had prior knowledge of the effect of stressors on physiology and behavior (van 

der. Velden, 2014). Hence, our training was accompanied with little-to-no psycho-

educational material when compared to other BF trainings aimed at police officers-

in-training (Andersen et al., 2018; Di Nota et al., 2021). Such materials notably include 

information about the effect of stress responses on physiology, the consequences of 

stress induction on behavior, or also the physiological base of HRV and its relation to 

police work. The upcoming implementation trials are expected to take place in police 

academies with police students as the primary target population for the training. 

Therefore, the tutorial of the next version of the game should compensate for the 

lack of knowledge of this new type of participants, by introducing necessary notions 

while immersed in the VR environment.

Using the game for other populations

 The VR game presented in this thesis was designed for police officers. While many 

elements of the game are designed to maximize the transfer of the trained HRV skill 

to policing contexts, the core BF dynamic could easily be used for different purposes. 

Indeed, the work-related stress as experienced by police officers is also experienced 

by a wider range of first-responders (Kleim & Westphal, 2011). Paramedics, military 

personnel, firefighters, and many others could therefore benefit from our VR training 

game. Most of the VR-based trainings for first responders so far mainly focus on 

scenario-based trainings mimicking real situations (Xie et al., 2021), which have a 

harder time eliciting engagement and arousal. Since our game already proved its 

efficacy in eliciting arousal, game content modifications should aim to adapt the 

content to a variety of first responders and only replace the police specific elements 

disseminated in the game (radio dispatch format, reason for shooting at zombies, 

replacing a gun with a firefighting nozzle, and so on).  Additionally, the game could 

potentially also be used for improving mental health in the general population, to 

reduce the high incidence of stress-related disorders (Gradus, 2017), as suggested 

by the encouraging results of prior work on the benefits of game-based biofeedback 
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interventions for mental health in youth (Bossenbroek et al., 2020; Lobel et al., 2016; 

Schoneveld et al., 2016; Weerdmeester, 2021).

Closing statements

The current thesis presented the design, implementation, and testing of an in-action 

VR biofeedback training game, aimed at helping police officers to upregulate their 

HRV. We assessed the efficacy of the training to increase HRV both within and outside 

of the VR game training environment (chapter 4 and 5). Our results in chapter 5 

demonstrated the trainability of HRV upregulation in an action context, as well as 

skill-transfer, and provided insights into the causal role of biofeedback in improving 

HRV upregulation. 

Still, further research is needed to specifically assess the behavioral benefits of our 

training—especially on the long term—as well as its efficacy in a police education 

context. I additionally encourage future researchers investigating bio- and 

neurofeedback to consider the use of an addition and withdrawal design to both 

accurately test and increase the transfer effects, and a multiple baselines design to 

strengthen the experimental capacity for causal inferences, as discussed above and 

in chapter 5. Regarding in-action BF, I recommend researchers to carefully consider 

which training parameter to select by reviewing our considerations stated in chapter 

3. Moreover, I recommend researchers using VR to carefully consider the level of 

realism that their experimental setup requires, to avoid disengaging the participants 

with uncanny experiences, as thoroughly explained in chapter 2. Lastly, I encourage 

working in multidisciplinary teams including game designers and stakeholders when 

planning to embed a training procedure within a game context, to maximize the 

impact of the intervention for a greater societal benefit. 

To conclude, the positive reception of the game by the police trainers who 

participated in the studies has ultimately led the Dutch Police Academy to further 

support the development of the game, to facilitate its deployment in police education 

and training. Thus, with the methods and the approach described in this thesis I 

hope to have contributed towards the resilience and competence of Dutch police 

and, potentially, other groups that are faced with serious stressors in the line of duty.
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RESEARCH DATA MANAGEMENT STATEMENT

This dissertation followed the laws and ethical guidelines applicable. To further increase 

the usefulness of the data collected, research data management was conducted by 

following the FAIR principles (Findable, Accessible, Interoperable, Reusable). 

All the research presented in this thesis was conducted in accordance with the principles 

of the Declaration of Helsinki and were evaluated by the Ethical Committee of the 

Faculty of Social Sciences (ECSS). The Dean of the Faculty then formally approved the 

presented research with the positive advice of the ECSS. This work was funded by the 

Netherlands Organization of Scientific Research (NOW), specifically the Creative Industry 

grant # 055.16.139 2795 awarded to Karin Roelofs, Isabela Granic, and Floris Klumpers. 

Additional funds were provided by CbusineZ after approval by the PolitieZorgPolis (PZP).  

The studies described in chapters 3 and 4 are approved in the ECSS approval number 

ECSW-2020-112. The large Randomized Controlled Trial of chapter 5 was approved 

by two amendments on the previous ethical approval, number ECSW-2021-017 and 

ECSW-2021-082. 

Data availability

The full datasets and research documentation of the different studies presented in 

this thesis are stored on the project network drive of the Radboud University (FSW-

BSI-DP-PhD_Abele_Michela.lnk). 

The datasets presented in chapter 3 and 4 are not readily available online due to 

privacy concerns, as the small number of participants facilitates their identification. 

As the dataset contains performance indexes of police officers, we preferred to make 

the data available to motivated requests only. Requests to access those datasets 

should be directed to the Abele Michela (abele.michela@gmail.com).

The dataset presented in chapter 5 has been released online in the Radboud Data 

Repository (RDR) under the following link: https://doi.org/10.34973/jh1r-5q76. 

Datasets shared as a Data Sharing Collection of the Radboud University remain 

available for at least 10 years after the termination of the studies.

The informed consent forms signed by the participants were collected on paper 

according to the ECSS procedure and are stored in the central archive of the Radboud 

University for 10 years after the termination of the studies. 
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Privacy

To ensure the anonymity of the participants taking part in the experiments 

described in the chapters 3 to 5, participants were assigned an individual subject 

code. The pseudonymization key allowing to link the individual subject code with the 

participants’ identity was stored separately from the relative data, and destroyed one 

month after the project finalization by the manager of the dataset (Abele Michela). 
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ENGLISH SUMMARY

The present thesis investigated how a VR game-based biofeedback training could be 

used to help police officers train control over their psychophysiological stress response, 

and ultimately improve their decision-making performance and resilience when 

facing stressful situations. The thesis starts in Chapter 1 & 2 by laying the theoretical 

foundations of this new training by highlighting the boundaries and limitations of VR 

and biofeedback when used for scientific and training applications. Indeed, as most 

novel technologies, VR biofeedback comes with many promises and expectations. 

However, it is often hard to fulfill those promises when one considers the complexity 

of developing realistic VR scenarios as well the challenges of interpreting data when 

subjects can freely move and explore. Hence, the theoretical foundation laid out in 

this thesis advocates the use of simpler, game-like, environments to effectively train 

police officers on specific tasks as stress management. The thesis then continues in 

chapter 3 by highlighting the technical challenges and solutions related to creating 

effective physiological markers for in-action biofeedback targeted at increasing calm 

during stress, for example when dealing with participant movement and players’ 

sense of controllability. 

The first proof-of-concept study described in chapter 4 investigated the effect of 

training a small group of 9 police trainers for multiple days with our VR game. The 

aim of this study was to carefully document the evolution of in-game breathing 

training effects over a 1-month period, comprising 10 training sessions. The results 

demonstrated the feasibility and promise of biofeedback training in an active context. 

Many features of the experimental schedule and discoveries made in this explorative 

study were used to design the following study, a large-scale multi-day randomized 

control trial, that included 109 police trainers from police centers throughout the 

Netherlands. In this last study described in chapter 5, we demonstrated the efficacy 

of training Heart Rate Variability (HRV) in a condensed and fast-paced schedule, as 

well as the transfer of the trained skill to a new police-relevant task outside VR. This 

last study also demonstrated physiological awareness of the participants increased 

throughout the training and a high sense of engagement and willingness to use our 

training. 

This thesis demonstrates the effectiveness of our VR environment to train HRV 

control skills in a way that transfers to real life situations outside VR. It additionally 

proposes a study design able to investigate causal relationships between different 

elements of a training intervention. Finally, the present study provides ground for 
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further research, as well as for the implementation of VR biofeedback trainings in the 

curricula of police students and other first responders.
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NEDERLANDSE SAMENVATTING (DUTCH SUMMARY)

Het huidige proefschrift onderzocht hoe een op VR-games gebaseerde biofeedbacktraining 

kan worden gebruikt om politieagenten te helpen de controle over hun psychofysiologische 

stressreactie te trainen, en uiteindelijk hun besluitvormingsprestaties en veerkracht te 

verbeteren wanneer ze met stressvolle situaties worden geconfronteerd. Het proefschrift 

begint in hoofdstuk 1 en 2 met het leggen van de theoretische basis voor deze nieuwe 

training door de grenzen en beperkingen van VR en biofeedback te benadrukken wanneer 

gebruikt voor wetenschappelijke en trainingstoepassingen. Zoals de meeste nieuwe 

technologieën brengt VR biofeedback inderdaad veel beloftes en verwachtingen met 

zich mee. Het is echter vaak moeilijk om deze beloften waar te maken als men kijkt naar 

de complexiteit van het ontwikkelen van realistische VR-scenario’s en de uitdagingen van 

het interpreteren van gegevens wanneer proefpersonen zich vrij kunnen bewegen en 

verkennen. Daarom pleit de theoretische basis die in dit proefschrift wordt uiteengezet 

voor het gebruik van eenvoudigere, spelachtige omgevingen om politieagenten effectief 

te trainen in specifieke taken, zoals stressmanagement. Het proefschrift gaat vervolgens 

verder in hoofdstuk 3 door de nadruk te leggen op de technische uitdagingen en 

oplossingen die verband houden met het creëren van effectieve fysiologische markers 

voor in-action biofeedback gericht op het vergroten van de kalmte tijdens stress, 

bijvoorbeeld bij het omgaan met de bewegingen van deelnemers en het gevoel van 

beheersbaarheid van spelers.

De eerste proof-of-concept studie beschreven in hoofdstuk 4 onderzocht het effect 

van het meerdere dagen trainen van een kleine groep van 9 politietrainers met 

onze VR-game. Het doel van deze studie was om de evolutie van de effecten van 

ademhalingstraining tijdens een periode van 1 maand zorgvuldig te documenteren, 

bestaande uit 10 trainingssessies. De resultaten toonden de haalbaarheid en 

belofte aan van biofeedbacktraining in een actieve context. Veel kenmerken van 

het experimentele schema en de ontdekkingen die in dit verkennende onderzoek 

zijn gedaan, zijn gebruikt om het volgende onderzoek op te zetten, een grootschalig 

meerdaags gerandomiseerd controleonderzoek, waaraan 109 politietrainers van 

politiecentra door heel Nederland deelnamen. In dit laatste onderzoek, beschreven 

in hoofdstuk 5, hebben we de effectiviteit aangetoond van het trainen van 

hartslagvariabiliteit (HRV) in een beknopt en snel schema, evenals de overdracht 

van de getrainde vaardigheid naar een nieuwe politie-relevante taak buiten VR. 

Dit laatste onderzoek toonde ook aan dat het fysiologische bewustzijn van de 

deelnemers tijdens de training toenam en dat er een hoog gevoel van betrokkenheid 

en bereidheid was om onze training te gebruiken.
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Dit proefschrift demonstreert de effectiviteit van onze VR-omgeving om HRV-

controlevaardigheden te trainen op een manier die wordt overgedragen naar situaties 

in het echte leven buiten VR. Het stelt bovendien een onderzoeksontwerp voor dat 

causale relaties tussen verschillende elementen van een trainingsinterventie kan 

onderzoeken. Ten slotte biedt de huidige studie aanleiding voor verder onderzoek, 

evenals voor de implementatie van VR-biofeedbacktraining in de curricula van 

politiestudenten en andere eerstehulpverleners.
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University of Geneva in 2015. During his master, he designed several studies to 

investigate the use of neurofeedback training to enhance attention in healthy 

participants and stroke survivors. Aside of his master, he worked for several years as 

an actor for the Police Academy of Savatan (Switzerland) and several other Swiss police 

institutions. His desire to improve police training by applying his scientific knowledge 

of neurofeedback was made possible in 2017 by the opening of a PhD position at 

the Radboud University. There, he received a lot of insights and inspiration from 

the fundamental knowledge of physiological stress and decision making from the 

EPAN group (Experimental Psychopathology and Affective Neurosciences lab) and 

the applied knowledge of game-based interventions from the GemH Lab (Gaming for 

Emotional Mental Health lab). In order to design a state-of-the-art training for police 

officers, Abele and his colleagues additionally worked in synergy with game designers 

and police researchers. Their work resulted in DUST (Decision Under Stress Training), 

a Virtual-Reality game-based biofeedback application. It was designed to training 

police officers to improve their capacity for decision making in stressful contexts by 

down-regulation of their stress-induced physiological arousal. 

Thanks to the strong theoretical anchorage and the essential design values of this 

project, DUST has been received very positively by the police trainers that participated 

in the data collection that took place amidst the Covid-19 pandemic. Abele’s role 

in creating strong bonds between academic research and applied police realities 

is reflected by the continuation of the implementation effort of DUST in the police 

academy, where a new version is being developed to incorporate DUST training in 

the police curricula.
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insights gave quite a start to my project. I learned from you at every single moment, 

up to the time I drove you back to the train station!

5.	 The Swiss crew

5.1 Family

When Covid hit, most of us went back to our close friends and family. This is also 

what I did, albeit in gradual steps. Living in Lausanne, right in the geographical middle 

between my siblings (Alice, Roberta and Rocco) and my dad Mario, was a necessity 

without which this thesis would never have been finished. Their support, along with 

the one of the extended family (Pascal, Benoît and Alice), could not be understated. 

A special thank you also to the friends of my mother: Claire, Daniel, Beatrice and 

Renato, as well as all her family in Italy, for helping me feel her presence in these last 

years. Veglia su di noi Mutti!

Lastly, thank you to my girlfriend Nausicaa for all the emotional support, as well as 

her parents Jim and Viviane for making me feel one of them. 

5.2 Friends

Once I decided to settle in Switzerland to finish my PhD, I heavily relied on my friends 

to feel home again. A special Thank you to Leo P, Ibasel, Naomie, Marcan, Salomé, 
Luca, Marion, Nathan, Jeremiah, Leo B, Isabelle, Ana, Barbora, Simon, Mie, 
Donàl, Marie, Giovanni, Adrien D., Franziska, Xavier, Aline and Adrien K.








