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1. Introduction
Stress is a prevalent condition in the Western world. In the USA, three out of four visits to
the doctor are for stress related ailments (American Psychological Association, 2012). The
American Institute of Stress estimates the costs of these ailments to be around 300 billion
US dollar per year (American Institute of Stress, 2012). In the Netherlands, a recent study
reported the costs of stress to be around 4 billion euro per year, only factoring in work
related stress (Blatter, Houtman, van den Bossche, Kraan, & van den Heuvel, 2005). In
addition, the societal and individual impact of stress is high: the same study estimated that
every year 150.000 to 300.000 people are unable to work, and one out of seven people who
receive WAO (dispensation for people who are incapacitated for work) is estimated to be in
that position due to stress.
It is therefore relevant and beneficial to our society to perform research into stress.
Research enables us to determine the factors causing stress and the systems underlying our
responses to these factors, providing insights for developing prevention and therapies for
stress.
For adequately conducting stress research we identify three requirements that are not
currently met: 1. standardisation of stress inducing methods, 2. precision of stress
induction, and 3. methods to control stress at a desired level.
Ad 1. (Standardisation) There are only a few standards available for conducting
stress research. The Trier Social Stress Test (TSST, Kirschbaum, Pirke, & Hellhammer, 1993)
is used for inducing social evaluative stress, and its derivative, the The Montreal Imaging
Stress Task (MIST, Dedovic et al., 2005) is used to induce social evaluative threat and
workload through mental arithmetic. In addition, multi purpose standardized stimuli sets
such as the International Affective Picture System (IAPS) (Lang, Ohman, & Vaitl, 1988) and
the International Affective Digitize Sounds (IADS) (Bradley & Lang, 1999) are used. These
stressors, however, only enable to induce specific forms of stress, such as social evaluative
threat or workload. For research or therapies that aim to induce a different stressor form or
that want to use a combination of different stressors, either sequentially or simultaneously,
there are no standards available. This highly relevant, because multidimensional stressors
represent our real world more adequately and, therefore, have higher ecological validity.
The lack of available standards results in a plethora of stress inducing methods in the
literature. This variety of stressors being used makes it hard to compare results between
studies and to gain insight in the underlying stress response system.
Ad 2. (Precision) Measured (physiological) stress responses are under the influence
of many (unknown) internal processes. So, in order to interpret these responses in relation
to the presented stressor, the stressor has to be presented in a very precise manner. This
entails that relevant characteristics of the stressor, such as the timing, intensity and type,
8

need to be determined in detail. Otherwise, it is impossible to interpret or to compare the
obtained results. Current methods do not provide the precision required, especially not in
combination with the possibility of presenting multiple stressor forms.
Ad 3. (Control) For various research and therapy purposes, exerting control over the
stress status of a subject can be important. For instance, during exposure therapy it may be
crucial to have information concerning the internal stress status of a patient, and, based on
the inclination of the therapist, either control this stress status to keep psychological
responses to the exposed stimuli within certain boundaries, or leave the state as it is, and
use the received information to determine which states are optimal for a specific therapy.
The same holds for various types of cognitive and affective research, e.g. memory and risk
taking research, where the stress status of a subject can act as a confounding factor during
the research.
The aim of this thesis is to contribute to the three problems previously sketched. For that,
we have conducted research into the physiological stress system and applied the insights to
develop and validate a stress induction and control application. We named this application
GASICA: Generic Automated Stress Induction and Control Application. With GASICA, we aim
to provide an application that can be used in a broad spectrum of research and therapy
designs, and to induce and control multiple forms of stress in a standardized and precise
manner.
Before we discuss the basic architecture of GASICA, we will first give an overview of
the different definitions of the stress related terminology used in this thesis and the human
physiological system underlying the stress process.

1.1. Definitions
1.1.1. Stress
Over the years, stress research has produced a myriad of definitions for the concept of
stress, expressing a wide variety of views on the matter. This variety emerged due to several
reasons, such as the multidisciplinary nature of stress research and the evolving view on
stress in the past decades.
Our definition of stress is based on the definition by Newport and Nemeroff
(Newport & Nemeroff, 2002) who defined stress as any challenge to homeostasis of an
individual that requires an adaptive response of that individual. In order to use this
definition in the construct of GASICA, we use it in the following form: “Stress is the status
resulting from the ensemble of responses that are aimed at (facilitating) restoration and/or
maintenance of (psychological) homeostasis to internal or external stimuli that present
9

(perceived) challenges to this (psychological) homeostasis”.
To be more specific, the stimulus presenting the challenge to (psychological)
homeostasis will be referred to as the stressor, and the response to this challenge referred
to as the stress response. In par with the interactional approach on stress (Jones & Bright,
2001), we furthermore identify variables influencing the relation between the stressor and
stress response, referred to as intervening variables. Stressors, stress responses and
intervening variables can each be divided into different categories that will be discussed
below.

1.1.2. Stressors
With regard to stressors, two of the categorisations that are often made and that are
relevant to our application, are the division of stressors in physical and psychological
stressors, and in acute and chronic stressors (see, amongst others, Dickerson & Kemeny,
2004; and Jones & Bright, 2001). Physical stressors are in general defined as metabolically
demanding stressors, such as physical exercise or a cold pressor task, where the hand of a
subject is cooled down. Psychological stressors are in most cases defined as non
metabolically demanding stressors, for example, as used in the TSST, in which a subject is
asked to perform a public speech task and mental arithmetic (Kirschbaum, Pirke, &
Hellhammer, Kirschbaum C, Pirke K M, Hellhammer DH: The Trier Social Stress Test A Tool
for Investigating Psychobiological Stress Responses in a Laboratory Setting, 1993).
The division between acute and chronic stressors refers to the length a stressor is
presented. The precise boundary between these categories varies in the literature, although
a consensus can be discerned on the stressor lengths on the ends of the spectrum: stressors
that are presented within the realm of minutes are regarded as acute stressors and stressors
that are present for weeks or longer will be regarded as chronic. Examples of the different
categories are given in Table 1.

Acute
Chronic

Physical

Psychological

Cold pressor test
Arctic mission

TSST
Military mission

Table 1. Examples of different stressor categories.

1.1.3. Stress responses
Also the stress response can be divided into different categories. An often made
categorisation is the distinction between physiological, psychological and behavioural
stress responses (see, amongst others, Lovallo, Stress & Health, 2005 and Jones & Bright,
10

2001). Physiological stress responses can include, among others, alterations in heart rate
(variability), cerebral activity and electrodermal activity; psychological responses typically
include alterations in affect and cognition; behavioural responses include alterations of
behaviour.

1.1.4. Type and form
Within the stressor and stress response categories we introduce a further distinction
between type and form. This distinction will aid us in the further design and description of
GASICA. We define stressor types to refer to the manifestation of a stressor, i.e. the
concrete entity that produces the stressor: for example a public speaking task, a
mathematical task, or a digital game producing a stressor. Stressor form will refer to the
kind of stressor(s) that is or are presented through this stressor type, for example workload,
social evaluative threat (the possibility of being negatively judged by others), or frustration.
Analogous, with stress response type we refer to the physiological signal, where the
manifestation of physiological stress response(s) occurs, such as heart rate responses (e.g.
an elevated heart rate), or cortisol responses (e.g. an increased cortisol level in the blood).
Stress response form refers to the kind of physiological response system the physiological
signal is originating from, e.g. stress responses of the form sympathetic are originating from
the sympathetic nervous system (responsible for the electrodermal signal), and
hemodynamic responses are responses of the hemodynamic response system (responsible
for changes in blood pressure).

1.1.5. Intervening variables
Intervening variables have been divided into a broad array of different categories in the
literature, depending on the aim of the categorisation made. However, there are several
categories that are prevalent throughout this literature. These categorizations include,
amongst others, individual difference variables, including variables such as age, gender and
personality type, and environmental variables, including variables such as the surrounding
temperature and light conditions (Lovallo, Stress & Health, 2005).

1.2. Human physiological systems

1.2.1. Perceptual pathways
When input is presented to the sensory organs (e.g. light reaching the retina of the eyes, or
sound waves reaching the eardrum), in a simplified series of events, the organs code the
input and relay this information to the thalamus (with the exception of information from
11

olfactory receptors, which is relayed directly to the olfactory bulb). From the thalamus the
information is relayed to the respective primary sensory cortices, which are mainly sensitive
to information of this specific modality1 and are specialized in low level feature detection,
such as mapping the visual field (see Figure 1.1). From these primary cortices a complex
interplay of structures is involved in further, more refined, feature extraction (e.g.
orientation and movement) and multisensory integration, in order to create a
multidimensional and holistic representation of the input (see Stein & Stanford, 2008 for a
review).
According to the two streams model by Milner and Goodale2 (Goodale & Milner,
1992) this process and further processing into a complete percept can be divided into two
interconnected but anatomical and functional distinct pathways, the ventral and the dorsal
path. The ventral pathway is involved with object identification and recognition in visual
information, and converting auditory information into semantic words (Bizley & Cohen,
2014). The dorsal pathway is involved with spatial location in visual processing and mapping
auditory information into articulatory motor representations. In the ventral pathway
additional information from working memory, the dorsal pathway, and structures in the
limbic system, such as the amygdala, is integrated to form a complete percept, taking into
account information such as stored memories, location information and affective
information.
In case the presented input is symbolic, such as words and letters, a partially
different set of structures is involved in processing this input, including frontal and
temporoparietal regions of the left hemisphere (Jung Beeman, 2005).

1

Recent research indicates that these cortices are also sensitive to other types of modalities (Romei, Murray,
Cappe, & Thut, 2009).
2
The initial model by Milner and Goodale included only visual processing; later research showed that
comparable pathways are present for auditory processing as well, see Bizley & Cohen, 2014 for an overview.
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1.2.2. Stress response systems
When the created percept is appraised as a stressor,
different (physiological) stress response systems can
be activated. The response is mainly initiated by the
locus coeruleus (LC), a structure in the brainstem
that can be activated by a variety of stressors
(Valentino & Van Bockstaele, 2008). The LC is widely
connected, both in terms of afferent connections,
such as from the ventromedial prefrontal cortex and
the amygdala, and efferent connections, amongst
others to the hypothalamus (Malenka, Nestler, &
Hyman).
In par with the General Adaptation Syndrome
model (GAS) by Hans Selye (Selye, 1936), the
resulting physiological stress response initiated by
the LC can be regarded as having three sequential
stages. In the first stage, endocrine systems and the
autonomous nervous system react to a presented
stressor. In the second stage and in response to the
signalling provided by these systems, several
physiological systems, e.g. the cardiovascular
p
Figure 1.1 Schematic overview of stressor
system, adjust their functioning. This chain of
rocessing.
events aims at preserving the well being and
integrity of the organism through preparing both the brain and body for the processing of
the presented stressor by enhancing cognitive processing and providing sufficient oxygen
and energy to the brain and muscles. The timeframes in which these responses develop can
differ vastly: while the different branches of the nervous system are able to respond within
the sub second time range, endocrine responses in general take more time to develop
(fully), with certain responses reaching a maximum 20 to 30 minutes post stressor
(Dickerson & Kemeny, 2004). In the third and final stage, the organism will either recover or
be exhausted, depending on the length and intensity of the presented stressor. As our
research focuses on the first and second stage of the physiological stress response, we will
treat these stages here in more detail.
First stage
The systems in the first stage are the sympathetic adrenal medullary response system
(SAM), the sympathetic branch of the autonomous nervous system (SNS), the locus
coeruleus norepinephrine system (LC NE) and the hypothalamic pituary adrenal axis
response system, the HPA axis (Houtveen, 2001), see Figure 1.1.
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When the organism is presented with a stressor, these systems will act as follows:
the LC NE system will increase norepinephrine (NE) secretion and, through innervation,
SNS and hypothalamus activity. The latter activates the HPA axis through stimulation of
corticotropin releasing hormone (CRH) secretion (Valentino & Van Bockstaele, 2008). The
increased norepinephrine secretion has several cognitive effects: it enhances processing of
sensory inputs, attention, and formation and retrieval in both long term and working
memory (Sara, 2009). The SNS further activates the SAM system through innervation of the
core of the adrenal gland, the medulla, upon which adrenaline is released in the
bloodstream.
Second stage
The increased SNS, HPA axis and SAM activity have widespread physiological effects and
trigger the events of the second stage. The SNS activity has specific effects on different
organs and glands (Jones & Bright, 2001), such as an increase of heart rate and increased
sweat production. The adrenaline released by the SAM system has additional widespread
effects on several physiological systems, which strengthen the effects of the heightened
SNS activity. With regard to the HPA axis, the circulating CRH mediates the secretion of
adrenocorticotrophic hormone (ACTH) into the bloodstream (Jones & Bright, 2001 and
Steckler, 2005). The adrenal gland cortex reacts to the presence of ACTH by secreting
cortisol in the bloodstream. The primary function of cortisol is to increase the level of
glucose in the blood through increasing glycogenesis in the liver and muscles, hereby
providing more energy for the muscles and brain to survive the threat posed by the stressor,
and to increase the blood pressure.
The previous description of physiological systems and the responses of the nervous system,
the organs and glands should be considered a conceptual model of the stress response
system. In reality the system is highly complex, and there are many gaps in our knowledge
about the transfer function of the subsystems, the pathways of the signals and its behaviour
in time. In other words, the system is a grey box and the response to a certain stressor is still
unpredictable.
To analyse the physiological systems, we should be able to induce a stressor and to
measure its response. Consequently, we have to fulfil the requirements sketched in the
beginning of this chapter with respect to standardization, precision and control. In addition,
in order to increase the chance that the results can be transferred to society (in particular
the training and therapy domain) we require ecological validity of our research method.

14

1.3. GASICA
To fulfil the previous requirements, we have opted for a digital game to induce a stress
signal. First, digital games offer a wide range of stressor types that potentially enable us to
induce stress in a precise and real time manner. Second, games have the potential to
simulate various aspects of real world situations.
In order to control the stress signal, we have included a feedback component that
returns information from a measurement component of the stress response to the stress
induction component represented by the game. The feedback component compares the
output signal with a desired level of stress and, if needed, adjusts the stressor. These three
components (stressor, measurement and feedback) are the basic elements of the GASICA
application.
In GASICA we will utilize an acute psychological stressor (i.e. a stressor that falls both
in the psychological stressor category and the acute stressor category) and we will measure
physiological stress responses (i.e. stress responses in physiological signals). An acute
stressor is used since, for practical reasons, a stressor cannot be presented for days or
weeks within this application, and this will not be suitable for most therapy and research
paradigms. Furthermore, a psychological stressor is used, because the adjustment of
physical entities, e.g. changing the temperature of water, is more cumbersome and less
flexible than the adjustment of a digital psychological stressor. A physiological stress
response is used as an indication of the internal stress status as this category of stress
response is the best objectively measurable and quantifiable of the three different stress
response categories. In the context of GASICA, we now define the stress status at time t as
the mean of the current (neuro)physiological stress responses.
In short, GASICA consists of the following three components:
1. A stressor, allowing to induce stress responses.
2. A set of measurement devices, allowing for continuous and online measurement of
several (neuro)physiological signals.
3. A feedback component that derives the current internal stress status of the human
subject based on the measured (neuro)physiological signals and that adjusts the
stressor characteristics based on this derived stress status and the desired stress status.
These three components form a closed loop (called a biocybernetic loop by Pope, Bogart, &
Bartolome, 1995 and Fairclough, 2009) that continuously presents an acute psychological
stressor, measures several physiological responses to this stressor, and adjusts the stressor
intensity based on these measurements by means of the feedback component, aiming to
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control the stress status. This is depicted in Figure 1.2.

Figure 1.2 Overview of GASICA components. The stressor component presents an acute psychological stressor to
the subject. The measurement component measures the physiological response to this stressor. The feedback
component receives this information from the measurement component and determines which characteristics of
the stressor to adjust, based on this information and the desired stress status.

1.4. Overview thesis
In chapter 2, we describe a meta analysis, examining the relation between games and
stress. Here, we also concentrate on the methodological aspects of the conducted research
(see also Appendix A). In chapter 3, it will be described how the results of the meta analysis
are applied in the design of GASICA. Chapter 4 describes a validation study of the
application with respect to the induction of the stress signal and its control capabilities.
Chapter 5 describes how GASICA was applied as a research tool to reveal new insights into
the working of the physiological stress response system. Here we focus on the moderating
effects of the perceptual modality of a stressor (auditory or visual) and the signal type of the
stressor (symbolic or non symbolic) on acute physiological stress responses. Finally, we will
discuss how these results relate to the stated requirements standardization, precision and
control, and what the study has contributed to our knowledge of the stress system.
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2. Meta analysis of digital game and study
characteristics eliciting physiological stress
responses3
Digital games have been widely used as psychological stressors in the past decades and
have been found to be able to induce both physiological and psychological stress responses,
such as altered heart rates and blood pressures, increased cortisol levels, altered
aggressiveness and pro social behaviour (see, amongst others: Saab, Tischenkel, Spitzer,
Gellman, Pasin, & Schneiderman, 1991; Miller & Ditto, 1988; Dickerson & Kemeny, 2004;
Barlett, Harris, & Baldassaro, 2007 and Barlett, Anderson, & Swing, 2009). They act as a
psychological stressor by virtue of the challenges imposed on individuals: digital games
present complex tasks that require intensive mental processing, are able to produce
aversive stimuli, or create frustration from the inability to reach a desired goal in the game.
The most important advantages of using a digital game as a stressor over other, more
conventional, psychological stressors such as mental arithmetic, public speaking or picture
rating tasks, are the flexibility of, and the precise control over the stressor. Digital games
are flexible because different forms of psychological stressors, such as workload, social
evaluative threat and frustration, can all be presented within a single setting. Additionally,
due to the digital nature of the stressor, digital games allow for precise control of these
stimuli, because the output can be determined in detail and manipulated in real time.
The complexity underlying this flexibility and precise control requires a one time
thorough analysis however, in order to correctly interpret the observed physiological stress
responses. For example, one of the most assessed physiological responses in research
utilizing digital games as a stressor, is the cardiovascular response, such as the heart rate
(HR), systolic (SBP) or diastolic blood pressure (DBP) response. In a variety of studies these
cardiovascular measures are determined before, during and/or after playing a digital game.
The general response is an increase in all three cardiovascular measures, yet the magnitude
of these responses varies greatly between studies (see, for example Lawler, Wilcox, &
Anderson, 1995 and Sita & Miller, 1996; the latter reports effect sizes for HR over four times
higher than the former). In order to understand these differences and hereby gain insight in
the underlying stress response systems, the digital game acting as a stressor needs to be
characterised and analysed.
Although there exist numerous reviews and meta analyses on the effects of digital
games, to our knowledge no meta analysis has yet made a thorough examination of the

3

This chapter is an adjusted version of the following paper: van der Vijgh, B., Beun, R. J., Van Rood, M., &
Werkhoven, P. (2015). Meta‐analysis of digital game and study characteristics eliciting physiological stress
responses. Psychophysiology, 52(8), 1080 1098.
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relation between characteristics of digital game stressors and physiological responses to
these stressors. Many of the reviews and meta analyses on the effects of digital games
focus on the effects of digital games on psychological and behavioural constructs, such as
aggression, violence, and pro social behaviour (see, amongst others, Anderson & Bushman,
2001; Barlett, Anderson, & Swing, 2009; Huesmann & Bushman, 2006 and Sherry, 2001).
Two meta analyses do examine the effect of digital games on physiological responses and
find that (violent) digital games have a positive correlation with physiological arousal (r =
0.21, Barlett, Anderson, & Swing, 2009; and r = 0.26, Huesmann & Bushman, 2006).
Although these studies note that different game characteristics show similarity with types
of stressors known to have physiological effects outside the context of a digital game, e.g.
aversive stimuli from standardized stimuli sets such as the International Affective Picture
System (IAPS; Lang, Ohman, & Vaitl, 1988) and the International Affective Digitized Sounds
(IADS; Bradley & Lang, 1999), neither of these studies explicitly coded specific game
characteristics. As a result, it is currently unclear which characteristics of digital game
stressors are related to the physiological stress responses elicited by these stressors. This
makes it hard, if not impossible, to interpret and compare the results from these stressors
and to gain insight in the underlying stress response systems.
In addition, study characteristics (not related to the game itself) may also have
significant effects on the stress response. An example of such a study characteristic is
social evaluative threat, induced by the presence of either cameras or the experimenter
during the experiment, being a significant moderator of the cortisol stress response
(Dickerson & Kemeny, 2004).

2.1. Digital games
Using the definition by Adams (2010), we define a game as a type of play activity,
conducted in the context of a pretended reality, in which one or more players try to achieve
at least one nonarbitrary, nontrivial goal by acting in accordance with rules. Key elements in
games are players, (inter)action, environment, goals and rules. Within digital games key
elements are represented by computer technology. A computer may simulate (parts of) the
game environment, the interaction, or one or more players. In singleplayer games only one
human player is involved in the game at any one time; in multiplayer games, a computer
often functions as a complex intermediary between human players.
A player interacts with a digital game by means of its user interface. A user interface
receives user input through one or more input modalities, for example, through human
forces exerted on a keyboard and mouse. In response, the user interface presents the
output, perceptual stimuli, to the user, such as images, sounds, music and vibrations.
Two key concepts in user interfaces are the interaction model and its perspective
(Adams, 2010). The interaction model determines how human players impose their desired
18

actions via the input devices on the game. The perspective refers to the camera view of the
game, for instance, first person, third person, or top down perspective. Interaction models
can be classified in various types, such as avatar based or omnipresent. In an avatar based
model, a player acts upon the world through a single character, the avatar. In the
omnipresent model, a player can act upon different parts of the game world at the same
time due to the omnipresence of the player, often visualized through an aerial perspective.
In this meta analysis, we will refer to game characteristics as any (part of) of the key
elements or the game as a whole, such as the game type, the presence of game music or
the perspective used in the digital game.
Based on the divergent physiological responses to digital game stressors (e.g.
Lawler, Wilcox, & Anderson, 1995 versus Sita & Miller, 1996), the effects of study
characteristics on the stress response (Dickerson & Kemeny, 2004), and the notion of game
characteristics showing similarities with stressors known to have physiological effects
outside the context of a digital game (Barlett, Anderson, & Swing, 2009, and Huesmann &
Bushman, 2006), we hypothesize that the characteristics of both game and studies are
significant moderators of the physiological stress responses to these digital game stressors.
Therefore, in this chapter, we will conduct a meta analysis that aims to analyse whether
characteristics of digital games and studies are related to the physiological stress response
elicited by these stressors, and examine the nature of these relations.

2.2. Method
We conducted a computerized search in four relevant digital databases: Pubmed, Scopus,
PsycInfo and the IEEE Xplore Digital Library using the search phrases game and physiolog*
and stress* and game. Titles, abstracts and keywords were queried for these search phrases,
in which the word and represented logical conjunction and the * character (wildcard)
represented any character to be filled in at this position, any number of times, allowing for
the construction of words as physiological, physiology or stressor. Pubmed and Scopus
covered publication dates from 1966 onwards, PsycInfo and IEEE Xplore covered,
depending on the specific fields, the 20th century and onwards, all as indexed by March
2012, the month in which the queries were executed.
This search generated 5448 articles (728 articles from Pubmed, 3866 from Scopus, 636 from
PsycInfo and 208 from the IEEE Xplore Digital Library). The abstract of each article was
examined and all articles that matched the six inclusion criteria below were obtained to
match the complete article against these criteria. Furthermore, to identify additional
articles not detected using the computerized search, an iterative exploration of the
reference lists of the included articles was performed. Although the precise creation date of
the first digital game is open for debate, with regard to digital games that are used for
stress research it can safely be assumed that the creation of the first such digital game did
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not take place before 1966. Because of this, no additional journals were searched by hand
to supplement this computerized search, since it fully covered the range of possible
publication years of research utilizing digital games as stressors.
The used inclusion criteria are given below.
1. Inclusion was limited to studies that utilized a singleplayer digital game as stressor,
with the exclusion of exergames or games utilizing bio or neurofeedback.
Multiplayer digital games are excluded because different stress responses in HR and
electrodermal activity have been observed between subjects playing either against
the computer or human counterpart (Lim & Reeves, 2010). Comparable results have
been found by Ravaja (2009) and van Egeren (1983), as well as outside the context of
digital games, where Verona, Sadeh, & Curtin (2009) observed heightened
responses to an air puff in the face, when this was administered by a human instead
of a machine. Digital games utilizing bio or neurofeedback are excluded here, since
the feedback loop between the subject and game utilised in these games potentially
influences the observed stress responses (see Goodie & Larkin, 2001). Exergames,
i.e. games that are also a form of exercise during execution, such as games
controlled through Microsoft’s Kinect, are excluded since the exercise itself acts as a
form of physical stressor, influencing the observed stress response.
2. The study needed to measure physiological stress responses during and/or after
stressor presentation, as well as before stressor onset (so called baseline
measurements). This had to be performed in a within subject design in order to be
able to calculate the effect size.
3. Between the baseline measurement and the stress response measurement subjects
should be exposed to only a single digital game stressor (as opposed to multiple
digital game stressors) in order to uniquely relate the stress response to the
characteristics of this specific digital game.
There were three exceptions made to this criterion: Miller & Ditto (1988),
Miller & Ditto (1989) and Miller, Friese, & Sita (1995). All three studies used the same
procedure in which the same four digital games were presented in succession
between baseline and response measurements. Because the games did not differ in
any of the coded game characteristics, the studies were included.
4. The study must include healthy, adult subjects. Studies need to report subjects to be
in good health, assessed either through self report or standardized relevant medical
checks. Of studies including subjects with a reported physical or psychological
diagnosis (e.g. PTSD, depression, hypertension or diabetes), only healthy control
groups were included. Experimental groups in which the cognitive abilities or
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physiological response systems of subjects were potentially altered (e.g. through
hypnosis or through chemical agents such as ethanol or sodium intake prior or
during stressor presentation) were excluded. With regard to the age criterion,
studies were included if the reported age range of the subjects did not include ages
under 18. When an age range was not given, inclusion was based on the description
of the subjects, such as ‘graduates’ or ‘managers’. Descriptions referring to
demographic groups generally consisting of an adult population were admitted,
including both graduates and undergraduates. When neither the age range nor
description of the subjects was given, inclusion was based on the reported mean age
and standard deviation, which we approached in a conservative manner: when the
mean age minus the standard deviation was below 18, the study was excluded.
When none of these three statistics was given, the study was also excluded.
5. In order to exclude pilot studies and studies with very low statistical power, the
experimental group that is to be included must contain at least ten subjects. Pilot
studies have, by their definition, a different nature than regular studies, i.e. to test
certain aspects of a study design, such as its methodology or stimulus. We aimed to
include only studies that used a design that was considered by the authors to be a
regular study, and not pilot studies in which the design had not yet fully matured.
6. The study must be reported in a journal article, published in an English language
peer reviewed journal.
The above described method resulted in a final study sample of 54 articles containing 66
studies, spanning the years 1976 until 2012 and containing 3863 subjects.

2.2.1. Coded characteristics
In order to determine which game and study characteristics will be coded in the acquired
study sample, we identified characteristics as potential predictors of physiological stress
responses based on findings in the literature outside of the study sample. We initially
identified 18 potentially relevant game characteristics and seven relevant study
characteristics (these characteristics are given in Appendix B, table B1). Of these
characteristics, five game and one study characteristic were excluded because these
variables were either not measured and/or reported in a considerable portion of the study
sample, or were reported in an inconsistent manner across studies, making it impossible to
quantify these characteristics across studies. The remaining 19 characteristics were used for
coding of the 66 studies in the study sample (A table containing all these studies coded on
all 19 characteristics is not included due to space limitations, but can be requested from the
corresponding author.)
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After coding, the values found for nine of the characteristics (eight game and one
study characteristic: the platform on which the game is executed, the absence or presence
of external influence on stressor, the used output modalities, amount of control over
reaching set goal, absence or presence of time pressure, absence or presence of
input/output frustration, colour scheme used, sound level, and the measurement method
used) did not exhibit sufficient variance across studies. Based on the rule of thumb that at
least ten studies are needed to include a characteristic in later analyses (Field A. , 2009), we
set the cut off for variance at minimal ten studies exhibiting unique values for continuous
variables and minimal ten studies exhibiting values of each class for discrete variables.
Therefore, to avoid deriving spurious relations, these characteristics were excluded from
the analysis. The remaining five game and five study characteristics are used in the analysis.
A detailed treatment of these characteristics is given below.

2.2.2.

Game characteristics

Game type
This characteristic refers to the type of digital game used as stressor. Examples of different
game types include action, adventure, strategy & management, role playing games,
simulation or board & card games (Ritterfeld, 2009). Because all digital games included in
this meta analysis could be classified as action games, we used a further subdivision of this
specific game type as defined by Adams (2010), coding each game as either a 3d shooter, 2d
shooter (i.e. a game in which the main goal can be achieved by shooting, either in a 3d or 2d
environment), fast puzzle, racing/sport, platform (i.e. a game in which the environment is
depicted in a side view and the avatar can be moved from one side of the screen to the
other, while the screen scrolls in the direction of the movement), or a fighting game.
Input modalities
The different modalities used to provide input to the game were coded. Because all games
in the study sample used the tactile modality as input modality, we made a further
subdivision based on the specific input devices used in our study sample. Three subtypes
were coded: tactile feedback controllers (i.e. controllers that can vibrate during execution of
the game), joysticks or paddles (mostly used by older consoles such as the Atari 2600) and
the keyboard and mouse combination.
Aversive stimuli
Aversive stimuli can elicit physiological stress responses. The presentation of aversive
stimuli such as in a picture rating task (Stegeren, Wolf, & Kindt, 2008), passive viewing of
aversive pictures (Sokhadze, 2007) or film viewing containing aversive stimuli (Miller, 1993)
has consistently been shown to induce physiological stress responses such as changes in
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HR, electrodermal activity and frontal EEG activity. Within the context of a game, aversive
stimuli can include, for example, the presence of violence, blood and gore (Hebert, Beland,
Dionne Fournelle, Crete, & Lupien, 2005) and torture (Tafalla, 2007). These stimuli within a
digital game have been shown to induce physiological stress responses (Carnagey,
Anderson, & Bushman, 2007).
Our coding of aversive stimuli is based on the stimuli observed in the study sample
and ordered on the basis of the intensity of the stimulus, using recommendations made by
two advisory boards, the Pan European Game Information organisation (PEGI, 2012) and
the Entertainment Software Rating Board (ESRB, 2012). These boards test digital games
and provide suggestions on which age category is suited for the specific game. Six
categories were distinguished: 1. supernatural entities and related imagery (e.g. images of
devils or gods), 2. disturbing sounds without sight of source, 3. violence (e.g. beating of
other human beings), 4. blood & gore (e.g. intestines being visible or horrid mutations), 5.
killing and 6. torture (e.g. physical abuse of a restrained individual). Based on ratings given
by the advice boards for these or comparable categories, we assigned categories 1, 2 and 3
one point regarding intensity, categories 4 and 5 two points and category 6 three points.
Furthermore, based on indications that aversive stimuli can have a cumulative effect (cf.
Barlett et al. (2008), we coded each of the six different aversive categories that were
present in the game and summed the corresponding intensity values to calculate an overall
aversiveness score for the digital game used in that study. In this manner, the overall score
lies between 0 and 10.
Realism
Several studies have found the amount of realism in digital games to be related to
physiological stress responses to these games. For example, Ivory & Kalyanaraman (2007)
observed that more technologically advanced, although otherwise comparable, digital
games elicited higher electrodermal stress responses. Similarly, Barlett & Rodeheffer (2009)
showed that more realistic digital games significantly heighten the HR stress response
compared to less realistic games. Studies examining this game characteristic often employ
different definitions of realism, such as the probability of seeing an event presented in the
digital game in real life (Barlett & Rodeheffer, 2009) or by using the year of release of the
game (Ivory & Kalyanaraman, 2007), as digital games become more and more realistic with
respect to stimuli presentation due to the continuously developing graphical and game
design abilities.
To allow comparison of realism across studies in our study sample while aiming to
capture the multidimensional nature of this construct, we coded three relevant elements
that are objectively quantifiable. The first element concerns the presence of an avatar in the
game and, if present, whether the avatar has a human form. This has been shown to be a
significant contributor to the feeling of a subject that the representations offered by the
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digital game are real (cf. Lee, 2004 and Lombard & Ditton,1997). Slater & Usoh (1993)
showed that subjects reported significantly higher presence when controlling an avatar of
their own body compared to controlling a non human cursor. The second element concerns
the perspective employed in the game. Subjects report greater presence when the
perspective is in first person, i.e. through the eyes of the avatar, compared to a third person
perspective (Dahlquist, Herbert, Weiss, & Jimeno, 2010). The third element is the year of
release of the digital game, as used by Ivory & Kalyanaraman (Ivory & Kalyanaraman, 2007).
We assigned each element a value between 0 and 2, as this corresponded with the
amount of classes in two of the elements, and summed these values. We had no theoretical
grounds to give any of the three categories more weight in the summed realism, so the
three categories had the same weights in this summation. Presence of an avatar was scored
as 0 in cases when no avatar was present in the game, 1 if there was a non human avatar
and 2 if a human avatar was provided in the game. Perspective was scored as 0 when a side
view or top down perspective was employed, 1 point was scored when a third person
perspective was employed and 2 points if a first person perspective was used. To normalize
year of release to a value between 0 and 2 as well, the release year of a digital game was
normalized over the 34 years spanning the earliest release date of a digital game found in
our study sample, 1976, and the latest release date, 2010.This was done by subtracting the
release date of a given digital game by 1976, and subsequently dividing this by 17 (half of 34)
to achieve a normalized value between 0 and 2.The summation of the values of the three
different elements results in an overall scale between 0 and 6, with higher values indicating
higher realism.
Game music
A recent review by Sokhadze (2007) makes it clear that music has the potential to elicit
physiological (stress) responses, although there are inconsistent results to be found
regarding the direction of the elicted responses. Examples include work by Nyklicek,
Thayer, & van Doornen (1997), who observed significant changes in both cardiovascular and
respiratory variables in response to different fragments of music and white noise, and
McFarland (1985), who found that music with different valence and arousal ratings have
different effects on skin temperature. As it proved hard to objectively determine the type of
music presented, we solely coded whether music was present in the game.

2.2.3.

Study characteristics

Additional external stressors
Additional external stressors are stressors outside the digital game, which are presented to
the subject within a relevant time window around the baseline and stress response
measurements. The size of this window differs per physiological stress response. For
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example, in the case of heart rate variability, the relevant time window is relatively small
since heart rate variability reacts quickly to presented stressors. Virtually all external
stressors coded in the study sample were presented during the stressor presentation, i.e.
during the playing of the game, which is a relevant time window for every stress response
measure included in this meta analysis.
These stressors can influence the measured stress response and may obscure the relation
between game or study characteristics and their impact on physiological responses. We
identified four external stressors in our study sample: social evaluative threat, inclusion of
stressor in task battery, the use of incentive or shocks, and the use of loud noise.
Social evaluative threat, is the possibility that a subject could be negatively judged
by others (Dickerson & Kemeny, 2004). A study is coded as containing social evaluative
threat if the experimenter stayed in the room during execution of the game by the subject,
when there was a camera present during the experiment, or if the experimenter informed
the subject that he or she is performing worse than his or her peers.
The second additional external stressor is the inclusion of the digital game stressor in
a battery of tasks, i.e. a set of tasks or stressors presented to the subject in a series, in
contrast to the presentation of one stressor. This procedure is found in several studies,
mostly utilising additional tasks such as reaction time or speech tasks (e.g. Sita & Miller,
1996, Saab, Tischenkel, Spitzer, Gellman, Pasin, & Schneiderman, 1991, and Ironson et al.,
1989). This inclusion may alter the obtained baseline of the digital game stressor in cases
where the other stressors are presented before obtaining the baseline, or change
unmeasured internal endocrine or other physiological levels, which, in turn, potentially alter
the stress response through carry over effects. When the inclusion in a task battery is
controlled for in the study by treating task order as a covariate in the analysis and yielding
non significant results, the inclusion in a task battery is still coded as an additional stressor
in the analysis. This because this return to baseline does not guarantee the normalization of
other internal endocrine or physiological levels potentially altering the stress response.
The third external stressor coded in our study sample consists of giving the subjects
either an incentive or a shock, contingent on performance. These external stressors have
been shown to influence the physiological stress response (see, amongst others, Lovallo,
2005; Perkins, Leonard, Jennings, & Stiller, 1986; Miller & Ditto, 1988 and Miller, 1993).
The final external stressor identified is the presentation of a loud noise. Several
studies have implicated high sound levels (mostly 75 dB and above) with physiological (and
psychological) stress responses (Smith, Whitney, Thomas, Perry, & Brockman, 1997 and
Selander, et al., 2009). We coded the presentation of loud noise as an external stressor
when it was reported that auditory stimuli exceeded 75dB or when the presence of ‘loud
noise’ (or comparable wording) was reported,
To account for the cumulative effects of external stressors (Dickerson & Kemeny,
2004), we took the sum of all additional external stressors coded for each study. Because we
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had no theoretical grounds to give any of the different external stressors more weight in
this sum, the categories had the same weights in this summation, each providing one point.
Intervening variables
A plethora of variables have been shown to moderate stressor stress response relations,
referred to as intervening variables in this analysis. However, the frequency of reporting
these variables is low for the studies included in this analysis. Therefore, we coded only the
most widely reported intervening variables. These are age, sex, socio demographic group,
race, psychological and medical disorders (including disorders of parents), medication,
intake of caffeine or nicotine, education, whether the subject is a smoker or not, the
position in which the game was played, whether the experimenter had the same sex as the
subject, and digital gaming frequency (i.e. the frequency with which subjects use digital
games in daily life). Of these variables, only age and sex were reported sufficiently, as well
as varying substantially across the study sample, and are therefore used in the analysis.
Age and sex have been found to be significant moderators of physiological stress
responses in several studies. Matthews & Stoney (1988) observed that, using acute
psychological stressors (serial subtraction and mirror image tracing), adults had increased
blood pressure responses compared to children, whereas HR responses showed a negative
correlation with age. Furthermore, several studies found that in general males show
increase blood pressure responses. Examples are increased responses to a serial subtraction
task, speech task, or self evaluation as found by Stoney et al., (1988), or to mirror image
tracing as observed by Matthews & Stoney, (1988), or to a shock avoidance reaction time
task, as described by Hastrup & Light, (1984). Stoney et al., (1988) also found that females
showed increased HR responses to a speech task.
Therefore, in cases where studies reported stress response measures for males and females
separately, the different sex groups are admitted as separate studies to gain insight in the
effect of sex on the stress response. For age, we coded the mean age of the study. If this
was not given, we used age range, of which we used the value in the middle of the range. If
no age was given, we used socio demographic group information and coded the age as the
mean which the specific socio demographic group had in our sample. For example, the
mean age of students in our sample was 21.3, so the age of any studies that used students
as subjects and not reported a mean age or age range, was coded as 21.3.
Effect size reliability
Several factors influence the reliability of the effect size calculated for each study. These
factors include the differing quality of the methodologies employed in the study, the
reliability of the different ways in which data was extracted from the studies, and the
manner in which effect sizes were calculated. Therefore, we created a new scale,
encompassing 10 of such factors. These factors take into account general research
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methodological demands, such as drafted by Cook and Campbell (1979), and domain
specific factors which are relevant in the field of physiological stress research. Every factor,
if unsatisfied, subtracts one point from a starting score of 12 points, with a higher score
indicating a higher reliability of the effect size calculated for the respective study. These
factors are given below.
1. Substance refrainment
When subjects were not asked to refrain from caffeine or nicotine at least 4 hours
prior to the experiment, subtract one point. These substances act on the same
physiological systems underlying many of the measured stress responses, which can
obscure the stressor stress response relation.
2. Measurement location
If measurements are made on the dominant arm, subtract one point. If no indication
of dominance is given, right is assumed to be dominant. Measurements on the
dominant arm may potentially cause artefacts in the measured signals due to
movement of this arm during the experiment.
3. Stressor onset timing
If there is a time interval between the end of baseline measurements and stressor
onset, subtract one point. In this interval physiological changes can occur rendering
the baseline measurement unrepresentative of the physiological state of the subject
at stressor onset.
4. Baseline conditions
When subjects were required to perform actions during baseline measurements such
as filling out questionnaires, subtract one point. These actions potentially interfere
with the baseline measure.
5. Baseline duration
In case the duration of the baseline measurement is under 3 minutes, subtract one
point. This is a minimum time required for most measured physiological responses
to reach a baseline value, with the exception of hormonal responses.
6. Response measurement timing
If the stress response is measured after instead of during stressor presentation, with
the exception of endocrine measures, subtract one point. Measurements obtained
after the stressor presentation are less representative of the stress response
compared to measurements obtained during the response.
7. Number of measurements
When only one measurement was made during either or both baseline and stress
response measures, subtract one point. One measurement provides less reliability of
acquiring a value representative of the actual state of the measured physiological
signal, compared to multiple measurements.
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8. Presence of preceding tasks
If tasks were presented prior to stressor onset, subtract one point. Preceding tasks
can alter the measured stressor stress response relation.
9. Calculation values
When calculations are based on non exact values of p (e.g. reporting of significance
in the form ‘p<0.05’), subtract one point. When a study reports ‘(no) significance’,
subtract one additional point.
10. Calculation methods
In case any non standard calculation methods have been employed, i.e. methods
other than using the exact measurement values or exact p, t or F statistics from the
respective statistical tests, such as deriving the values from a plot, subtract one
point.

Stressor duration
As was shown by Barlett and Rodeheffer (2009), physiological stress responses can show
different patterns over different time periods. Therefore, we coded the duration the
stressor was presented to the subjects in minutes, i.e. the time the subjects played the
stressor game.
Number of subjects
We coded the number of subjects included in the study that was used in the calculation of
the reported stress response values.

2.2.4. Coding of characteristics
After training, using a randomly selected set of studies included in the analysis, two
researchers independently coded the studies according to an established protocol. This
protocol was drafted specifically for this analysis and maintained throughout the coding
process. Any differences discovered during the coding process were discussed, and the
protocol was updated to reflect the decided coding strategy. The agreement rate between
the studies coded by the coders was 93%, determined on a randomly selected set of 10% of
the study sample.
Studies in which the different levels of a between subject factor are based on a
manipulation of a coded game characteristic, we coded the different groups as separate
studies to gain insight in the effect of these characteristics on the stress response. For
example, in the study by Barlett & Rodeheffer (2009) the subjects in the different
experimental groups played dissimilar digital games, differing in several relevant game
characteristics such as the realism of the game and the presence of aversive stimuli in the
game. These different groups are coded as separate studies, allowing insight in the effect
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of, in this case, realism and aversive stimuli on the physiological stress response. When the
between subject factor was not based on a game characteristic, such as in the case where
groups are based on the presence of parental hypertension, these groups were collapsed
and the data of the complete study population was used in order to optimally use the
amount of data available in the study sample.
In the case of a study using a within subjects design with the levels of the within
subject factor being manipulations of a coded characteristic, the different values of this
factor are not coded as separate studies since this would violate the independence between
effect sizes assumed by our analysis methods. This occurred in one study, (Carroll, Turner,
Lee, & Stephenson 1984), where subjects were presented with the stressor protocol in two
separate sessions, one week apart. In this case we only included the first session as a study,
to control for potential learning and habituation effects present in measurements of the
second session.
In case a relevant characteristic was not explicitly reported, an effort was undertaken
to derive the characteristic indirectly from other information given in the study. For certain
characteristics, when no explicit value was provided, the standard value of this
characteristic, i.e. the value without any alteration, was assumed. For example, for games
offering differing levels of aversiveness (e.g. the possibility to either display blood or not)
we assumed that the game was played without any alteration, being the standard setting
provided by the game. All derived or assumed standard values are given in italics in Table
2.1, containing the study sample used for analysis. When it was not possible to derive or use
the standard value of a characteristic, the corresponding author of the study was contacted
to retrieve the value.

2.2.5. Effect size calculation
To calculate the effect size for all the physiological stress responses encountered in the
study sample, we examined the standardized mean difference effect between the baseline
and stress response values, using the unbiased version of Hedges’ g, denoted as g* (Hedges,
1981). The formulas for calculating g and g* are given by:

Here µstress response and µbaseline refer to the mean value of the measured physiological signal
during the stress response measure and baseline measure, respectively. Furthermore,
baseline refers to the standard deviation of the baseline measurement values and n stands
for the number of subjects in the respective study. In this manner, the sign of the resulting g
or g* will be positive when the physiological stress response is higher compared to the
corresponding baseline measure and the value indicates the change from the baseline,
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expressed in standard deviations. Because g has a bias, i.e. with few subjects the calculated
effect size is overestimated, we calculate g* in which this bias is corrected (DeCoster, 2009).
This effect size g* is used for all analyses. In cases where the mean of the baseline and
response measurements and accompanying standard deviation of the baseline were not
available, we used standard meta analytic procedures, such as t or F statistics or exact
values of p for specific statistical tests to calculate g* (cf. Rosenthal, 1991; DeCoster,2009;
Hedges & Olkin,1985). In the case of t statistics (or pairwise comparisons) we assumed the
more conservative two tailed tests when no information regarding this point was given.
When in a single study, measurements are reported that are made both during and
after stressor presentation, only the measures obtained during stressor presentation were
used. Exceptions to this rule are endocrine measures, since these measures are virtually
always measured post stressor due to the larger response latency. For studies in which
multiple measurements were performed during stressor presentation (this occurred for ten
studies), we used the values from measurements performed at the time closest to the mean
reported measurement time in the overall study sample, which was 16.8 minutes. In this
manner we aim to include the values representing the measurement time span that is the
most consistent with the measurement values in the rest of the study sample.
If the exact values of the needed statistics were not explicitly reported in a study, we
derived these values from a plot if available, using the program Plot Digitizer (Department
of physics University of South Alabama, 2012). In a number of studies, it was not possible to
calculate the effect size using the methods described above. In these instances we
contacted the corresponding author with a request for the necessary statistics to calculate
the effect size. When it was not possible to retrieve the needed data from the authors in this
method, we used a p value of 0.05 to calculate the effect size for those studies explicitly
reporting a significant effect and a g* value of 0 for studies explicitly reporting that no
significant effect was achieved. The approaches outlined here resulted in the calculation of
effect sizes for 33 different physiological stress responses reported in a final study sample of
48 studies, originating from 37 articles, given in Table 2.1 (In this table only the effect sizes
of the physiological responses later used in the analyses are reported. A version of the table
containing calculated effect sizes of all 33 physiological signals can be requested from the
corresponding author.) Studies not contained in this final sample were discarded because
the necessary information to calculate the effect size was not reported in the article and
could not be provided by the author.

2.2.6. Statistical analyses
To gain insight in both the mean effect of a digital game stressor and the effects of specific
game and study characteristics on the physiological stress responses included in our study
sample, two consecutive analyses were performed. First, the mean effect of a digital game
stressor on all physiological signals is determined. Second, a predictor analysis is performed
30

on the physiological signals for which significant variance between effect sizes
(heterogeneity) was found and sufficient data is available. For all analyses we treat the
study factor as a random effect, i.e. we assume that studies estimate a different effect size
since these studies are performed on different populations that have different average
effect sizes due to the varying properties between populations. This approach has been
argued by several authors to be the norm for social science data and it allows us to
generalize our findings beyond our study sample (Field A. , 2009).
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Aversive stimuli

Realism

Game Music

Additional external

stressors
Gender

Age

Reliability of effect size

Stressor duration

N

HR

SBP

DBP

Effect size g*

Input modalities

Study characteristics

Game type

Game characteristics

Arriaga 2006

3

3

0

2.03

0

0

1

23

11

2

87

0.28

Baldaro 2004.1

1

3

4

5.48

0

0

1

25

11

20

11

1.07

0.77

0.17

Baldaro 2004.2

3

3

0

2.23

1

0

1

25

11

20

11

0.22

0.13

0.27

Barlett 2009a.1

1

1

3

4.74

1

0

1

22

7

15

26

0.38

Barlett 2009a.2

1

1

2

3.78

1

0

1

22

7

15

25

0.15

Barlett 2009a.3

4

1

0

4.68

1

0

1

22

7

15

23

0.59

Barlett 2008.1

6

1

6

4.68

1

0

1

19

7

15

19

0.31

Barlett 2008.2

6

1

5

4.68

1

0

1

19

7

15

56

0.15

Barlett 2009b.1

6

1

6

4.68

1

1

1

19

8

15

47

0.68

Barlett 2009b.2

4

1

0

4.68

1

1

1

19

8

15

44

0.09

Dembroski 1978

3

2

0

1.06

0

1

1

20

10

3

50

0.55

0.91

0.79

Dembroski 1985

3

2

0

2

0

2

0

21

11

12

10

0.73

0.40

0.09

Ditto 1989

4

2

0

2.32

0

1

1

24

10

15

10

0.40

0.95

0.95

Goodie 2001

4

2

0

3.52

0

1

1

21

11

4

13

1.09

0.66

0.79

Grossman 1987

3

2

0

1.71

0

2

1

21

9

3

19

1.55

Ironson 1989

3

2

0

1.39

0

0

1

34

10

10

119

0.90

0.85

Lawler 1995.1

2

2

0

4.52

0

1

0

21

9

4

55

0.47

1.19

0.58

Lawler 1995.2

2

2

0

4.52

0

1

1

21

9

4

64

0.65

1.21

0.88

Markovitz 1998.1

3

2

0

1

0

0

0

27

8

3

906

1.03

1.02

Markovitz
1998.2

3

2

0

1

0

0

1

27

8

3

899

1.15

1.0

McKinney 1985

3

2

0

1

0

1

1

45

10

5

59

1.06

1.40

1.05

Miller 1988

4

2

0

2.32

0

1

1

21

10

15

14

1.50

3.67

3.17

Miller 1989

4

2

0

2.32

0

1

1

21

10

15

32

1.48

1.39

1.91

Miller 1991

4

2

0

2.32

0

1

1

23

10

15

24

1.43

1.12

2.45

Miller 1992

4

2

0

2.32

0

1

1

23

11

15

48

1.83

0

0

Miller 1993

4

2

0

2.45

0

1

1

21

10

3

40

0.92

1.34

1.71

Miller 1994

4

2

0

2.45

0

1

1

22

10

3

24

0.89

Miller 1995

4

2

0

2.32

0

1

1

24

11

15

36

1.43

1.02

0.65

Perkins 1994

4

2

0

2.45

0

1

1

22

10

10

12

1.29

2.07

1.09

Pollak 1994

2

2

0

1.06

0

0

1

28

9

5

26

1.44

Saab 1991

3

2

0

2.39

0

0

1

35

9

10

23

8.54

Sims 1990

3

2

0

2.65

0

1

1

21

10

4

25

1.60

Study

32

2.76
1.23

0.79

Sita 1996

4

2

0

2.45

0

2

0

27

11

3

30

1.96

1

3

4

5.67

1

0

1

22

10

20

20

0.01

1

3

0

5.67

1

0

1

22

10

20

21

0.28

Steptoe 1984

0

2

0

1.52

0

0

1

43

9

4

12

Tafalla 2007.1

1

3

6

5.1

1

0

1

21

10

30

Tafalla 2007.2

1

3

6

5.1

0

0

1

21

10

3

2

0

2.39

0

0

1

35

3

2

0

2.39

0

0

0

Turner 1983

2

3

0

1.06

1

0

Ward 1986

3

2

0

1

0

Zachariae 2000

3

3

0

1

0

Staude Muller
2008.1
Staude Muller
2008.2

Tischenkel
1989.1
Tischenkel
1989.2

1.46

1.75

0.21

0.95

0.82

35

1.02

0.39

1.39

30

38

0.63

0.04

0.79

10

10

22

0.44

0.44

0.44

35

10

10

17

0.44

0.44

0.44

1

23

11

10

24

0.87

0

1

50

8

1

56

0.29

0.10

0.02

2

1

28

10

20

26

Table 2.1. Study sample used for analysis. Studies are referenced using the name of the first author. All derived or
assumed standard values are given in italics. Used abbreviations are: Diastolic Blood Pressure (DBP), Heart Rate
(HR) and Systolic Blood Pressure (SBP). Used coding for game type are: 0 = unknown, 1 = 3D shooter, 2 = 2D
shooter, 3 = fast puzzle game type, 4 = racing/sport game type, 5 = platform, 6 fighting game. Used coding for
input modalities are: 0 = unknown, 1 = tactile feedback controller, 2 = paddle/joystick, 3 = keyboard mouse. Coding
of game music is: no music = 0, music = 1. Used coding for sex are: male = 1, female = 0. N stands for the number
of subjects included in the analysis of the respective study. For all characteristics the coding of 1 means unknown
data.

Mean effect size analysis
In this first analysis we determine the mean effect size of being presented with a digital
game stressor on each physiological signal separately, including the significance and
heterogeneity (i.e. the variance of this effect across studies) of this mean effect. We used
the method proposed by Hedges and colleague’s (cf. Hedges & Olkin, 1985 and Hedges &
Vevea, 1998). This method is applied because it controls type I errors better than the other
prevailing method, by Hunter & Schmidt (2004), in cases where more than 20 studies are
included (Field & Gillett, 2010), such as in our study sample.
This method entails weighing the effect sizes of the different studies by the inverse
of their variance together with a between study variance estimation. By doing so we take
into account both the different sizes of the studies included (by weighing using the inverse
of the variance), and the between study variance of the effect size assumed by our random
effects approach. These weighed effect sizes are subsequently used to determine the mean
effect size, the significance and the heterogeneity of the effect size.
Additionally, to gain insight into the potential effects of publication bias, i.e. the
tendency to favour publishing certain results over other results, we calculated Rosenthal’s
fail safe N. This statistic indicates the number of unpublished studies that needs to exist to
turn a significant effect size into a non significant effect size (Rosenthal, 1979).
33

Predictor analyses
Subsequently, in order to assess whether individual study or game characteristics are
related to any significant variation we find in physiological stress responses, we performed
predictor analyses between the effect sizes and the game and study characteristics for each
of these physiological signals separately. In performing the analyses separately per
physiological signal, it is ensured that the assumption of independence between effect sizes
within one analysis is maintained, because no study will deliver more than one effect size to
each analysis. Two predictor analyses have been performed per physiological signal. The
first analysis contains both game and study characteristics as potential predictors, and the
second contains only game characteristics, to gain insight specifically into the effect of
game characteristics on the different physiological signals. As the aim of this meta analysis
is to gain insight in the effects of digital game characteristics, no separate analysis is
performed on solely study characteristics, as this is not within the aim of the study.
We used the algorithms provided by Lipsey & Wilson (2000). This approach consists
of constructing weighted linear regression models in which the effect sizes are weighed by
the inverse of their variance together with a between study variance estimation, in the
same way as was done in the previous mean effect size analysis (for a detailed treatment of
this approach, see Hedges & Olkin,1985; Field & Gillett, 2010, and DeCoster, 2009). For each
analysis we fitted a separate regression model in which the respective physiological signal
was the dependent variable. We first transformed our categorical predictor variables with
more than two levels, i.e. the game characteristics input modalities and game type, into
several categorical variables with only two levels (i.e. dummy coding), in order to make the
data suitable for use in the analyses. This means that for each of these predictor variables
the different levels of the variable are now being used as separate variables and can be
reported as such in the coming analyses. For example, instead of using and reporting the
predictor game type, we can now specifically report the effect of the fast puzzle game type
or the racing/sports game type variable.
All regression models were constructed in an initial hierarchical manner by initiating the
model with predictors having the strongest theoretical basis for being predictors of the
effect size, the characteristics aversive stimuli and realism. This was based on the fact that
in the study sample, the subset containing studies with aversive stimuli and the subset with
studies containing high realism values had the highest effect size.
After this initiation of the model, predictors were added to the model in a forward
stepwise manner, using two rules. This forward method of model construction was
preferred over a backward stepwise or forced entry method since these methods would
initialize the regression models with ten predictors, which would be too many predictors for
the respective 40, 28 and 28 studies in the models, potentially causing overfitting of the
data.
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The first rule that was applied was to eliminate the most non significant, i.e. the least
contributing, predictor from the model if there was a non significant predictor and as long
as this would leave at least one predictor in the model. If this rendered any of the remaining
significant predictors to become insignificant or provided a significant reduction in the
model fit, the predictor was restored to the model. The second rule, which was executed if
the first rule could not be applied, was to add a new predictor, not previously used with this
set of predictors, with the highest semi partial correlation to the effect size. If this provided
a significant increase in the fit of the model the predictor was added to the model,
otherwise the predictor with the next highest semi partial correlation was tried.
Suppressor effects, i.e. the phenomenon in which a predictor has a significant effect
only when another predictor is held constant, are known to be more prevalent in the
forward stepwise method employed in our model construction (Field A. , 2009). In order to
account for these effects, we constructed each regression model using two different levels
of significance for the second rule, = 0.05 and = 0.1. The of 0.1 allowed for faster
inclusion and inclusion of more predictors, reducing the risk of type II errors, associated with
suppressor effects. When these two approaches resulted in different models, we have used
the model containing the most significant predictors. In certain cases, the two models
derived using different levels of significance included the same significant predictors,
although one had additional non significant predictors. In those instances, we used the
model without the additional non significant predictors.

2.3. Results
2.3.1. Mean effect size analysis
The results of the mean effect size analysis for physiological signals used in at least four
studies are given in Table 2.2 (The complete table, containing the mean effect size analysis
for all measured physiological responses can be requested from the corresponding author.)
These results show that four physiological stress responses have both significant
mean effect sizes and significant heterogeneity of effect sizes (p < 0.05, see columns ‘pe’and
‘ph’ of Table 2.2, respectively) across the study sample. To gain insight in the sources of this
heterogeneity, predictor analyses are performed on physiological signals of which more
than ten studies provided effect sizes (second column Table 2.2). This is done to prevent
deriving false relations due to a lack of studies (Field A. , 2009). Thus, for HR, SBP and DBP
(respectively 40, 28 and 28 effect sizes) predictor analyses were performed.
Furthermore, the values of the fail safe N for these three signals (last column Table
2.2) fulfil the criterion proposed by Rosenthal stating that a N higher than 5k + 10 (with k
being the number of studies) reflects a reliable meta analytic effect (Rosenthal, 1979): for
HR, DBP and SBP the respective fail safe N’s (4684, 7360 and 7426) are well above the
criterion values of 210, 150 and 150, respectively.
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subjects

Number of

Number of studies

signal

Physiological

Effect size

min g*

max g*

mean g*

95% CI

+95% CI

Heterogeneity

SE g*

Z

pe

Q

df

ph

0.924

0.099

7.372

<0.00005

203.578

39

<0.00005

HR

40

1249

0.701

2.639

0.730

0.536

DBP

28

2671

0.256

3.074

0.938

0.762

1.115

0.090

10.411

<0.00005

156.073

27

<0.00005

SBP

28

2671

0.385

3.56

0.923

0.748

1.098

0.089

10.336

<0.00005

152.599

27

<0.00005

FBF

5

150

0.134

2.535

0.880

0.084

1.678

0.406

2.168

0.030

39.495

4

<0.00005

RR

5

99

1.214

1.721

0.937

0.030

1.904

0.494

1.899

0.058

37.419

4

<0.00005

FVR

5

150

0.71

0.033

0.361

0.630

0.093

0.137

2.635

0.008

5.244

4

0.2632

CO

4

185

0.186

0.652

0.382

0.176

0.588

0.105

3.629

0.0003

2.997

3

0.392

80

1.441

0.167

0.844

1.378

0.309

0.273

3.095

0.002

7.314

3

0.0625

DBVP 4

Table 2.2. Overview of weighted mean effect analysis for all coded physiological signals that were used in at least
four studies, ordered by the number of studies in which the physiological signal occurred. K refers to number of
studies employing the respective physiological signal, N is the total number of subjects in all studies employing the
physiological signal, min, max and mean g* indicate the minimum, maximum and mean effect size found in all
studies for this variable respectively. 95% CI, +95% CI, SE, Z and pe indicate the confidence interval, the standard
error corresponding Z value and corresponding p value. Q, df and second ph indicate the heterogeneity, the
corresponding degrees of freedom and the corresponding p value. Used abbreviations are: Cardiac Output (CO),
Diastolic Blood Pressure (DBP), Digital Blood Volume Pulse (DBVP), Forearm Blood Flow (FBF), Forearm Vascular
Resistance (FVR), Heart Rate (HR), Respiration Rate (RR), and Systolic Blood Pressure (SBP).

2.3.2. Predictor analyses
Predictor analyses are performed on HR, SBP and DBP. Given the results described in this
section, we also performed additional analyses, described in the subsection ‘sub analyses’.
Main analyses
In this main analysis regression models were constructed according to the rules described in
the Statistical analysis section above. The process of constructing these models is given in
the supplemental table B2 in Appendix B. The regression models using both game and
study characteristics are based on 40, 26 and 26 studies and the models based on only game
characteristics are based on 39, 27 and 27 studies for HR, DBP and SBP respectively. The
total variance that is explained by these models when using both game and study
characteristics is 41% of the total variance (R2 = 0.412) for HR, the model for DBP explains
32% of the total variance (R2 = 0.319) and the model for SBP explains 34% of the total
variance (R2 = 0.336). When using solely game characteristics the regression model for HR
explains 40% of the total variance (R2 = 0.405), the model for DBP explains 13% of the total
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variance (R2 = 0.125) and for SBP 11% of the total variance (R2 = 0.105) is explained. These
results are visualized by the blue bars in Figure 2.1.
For HR, in both models, game music, fast puzzle game type and realism were
significant predictors. For DBP, racing/sport game type is a significant predictor in both
models, and in the model using also study characteristics, reliability of effect sizes was an
additional significant predictor. For SBP, the model using only game characteristics
contained only the characteristic aversive stimuli. The model using both type of
characteristics contained the predictors reliability of effect size, racing/sport game type and
stressor duration. These models, together with the corresponding descriptives are provided
in Table 2.3.

Figure 2.1. Percentage of variance in physiological responses that is explained by solely game or both game and
study characteristics in the main and sub analyses. Blue bars indicate main analyses, red bars sub analyses.

All characteristics are visualized in Figure 2.2, with the lines ending with diamonds
depicting the characteristics from this main analysis. In this figure the lines indicate the
range of values a specific characteristic can have and the predicted change of effect size in
HR or blood pressure associated with this range of values.
Additionally, we checked the assumptions that need to be met for the results of this
analysis to be generalizable beyond our study sample, checked for any outliers with the
derived models and controlled for influential cases. The tests performed and the test
statistics are given in supplemental table B3 in Appendix B for the sake of readability. We
found all assumptions had been met for all models, except for the models for DBP and SBP
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using only game characteristics, these both did not meet the assumption of independence
of errors. No outliers were observed for any of the models. We controlled for influential
cases by examining the differences between the derived models and the models excluding
their respective influential cases. For DBP no differences were found when excluding these
influential cases.
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39
.406
.405
.289

Racing/Sport game type

Stressor duration

.143

Stressor duration

.000

.587

Racing/Sport game type

Constant

.583

Reliability of effect sizes

.000

Reliability of effect sizes

Stressor duration

Constant

.431
.172

Realism

2.704

2.043

2.753

2.514

3.703

1.000

3.962

3.595

4.380

1.114

0.041

0.006

0.012

0.0002

0.317

0.0001

0.0003

0.000

0.265

0.007

0.042

0.0005

0.000

P

0.336

0.319

0.412

R2

Aversive stimuli

Constant

Racing/Sport game type

Constant

Aversive stimuli

Realism

Fast puzzle game type

Game music

Constant

Predictors

0.324

0.000

0.353

0.000

0.267

0.492

0.370

0.523

.000

ß

2.525

11.177

2.699

6.850

1.628

2.755

2.576

3.604

6.605

Z

Regression model using only game characteristics

0.017

0.000

0.007

0.000

0.104

0.006

0.010

0.0003

0.000

P

0.105

0.125

0.405

R2

Table 2.3. Overview of main analysis final regression models for each physiological signal, using either both game and study characteristics or solely game characteristics as
predictors. For each model the explained variance R2 is given, and for each predictor and constant of the respective regression models the following parameters are given: the
standardized coefficient (ß), expressing the change in the respective physiological signal in standard deviations given the change of one standard deviation in the corresponding
predictor, the Z value, and the corresponding significance (p).

Systolic blood pressure

Diastolic blood pressure

.285

2.036

3.499

.508

Game music

Fast puzzle game type

Z

6.164

Constant

Heart rate

ß

.000

Predictors

Physiological signal

Regression model using both game and study characteristics

Figure 2.2. Visualization of all significant predictors in all regression models. Solid lines present predictors for HR,
dashed line indicate predictors for DBP, and dotted lines indicate predictors for SBP. Values on x axis represent
values of the respective predictor and length of the lines indicate the possible range of values the predictor can
have (except for stressor duration which, in theory, can take any positive value). See the method section for more
information on the possible values for the different predictors. Note that for consistency, discrete variables are
also depicted using a line, even though it is not possible for these characteristics to have any other value than
positive integers. Lines ending in a diamond represent predictors derived during the main analyses, lines ending in
a circle depict predictors derived during the sub analyses. Values on y axis represent the expected change in
effect size for the given value of a predictor on the x axis. The inset shows the area of the graph around the origin
in greater detail to allow better insight in the characteristics depicted in this area. * = p < 0.05, ** = p < 0.01, ***
= p< 0.001.

For the derived model for SBP using both game and study characteristics, it was found that
excluding influential cases rendered the reliability of effect size predictor no longer
significant (p=0.08). Also, in the model using only game characteristics the aversive stimuli
predictor was rendered no longer significant (p=0.663) when excluding influential cases.
Finally, the derived model for HR using only game characteristics was found to render the
aversive stimuli predictor significant (p=0.04) when excluding influential cases, where this
was not the case with the influential case included.
Furthermore, there is a relative high number of studies issued from one research
group, being the studies from Miller and colleagues (see the eight studies in Table 2.1). We
therefore performed t tests for the continuous variables and X2 goodness of fit tests to see
if there are significant differences in any of the predictor variables or the dependent
variable when excluding these studies from the dataset. These tests were non significant
for all variables.
Sub analyses
Based on the results in the main predictor analyses, we performed an additional analysis on
a subset of the data. This analysis is based on the finding that the newly constructed study
characteristic reliability of effect sizes is a significant predictor of DBP and SBP effect sizes.
We therefore constructed an additional regression model for both the DBP and SBP to gain
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more insight in the moderating effect of game and study characteristics in studies scoring
high on our reliability of effect size scale, i.e. in which less interference is to be expected
due to higher methodological quality. Therefore we excluded the quartile of studies
exhibiting the lowest values for this characteristic. The remaining subset corresponds to 21
studies, all having a value of ten or higher for the reliability of effect sizes characteristic.
The models are initiated with the same predictors and constructed using the same rules
used in the main predictor analyses. The process of constructing these models is given in
supplemental table B4 in Appendix B. The variance that is explained when using both game
and study characteristics is 57% of the total variance (R2 = 0.5680) for DBP and 49% of the
total variance (R2 = 0.4924) for SBP. When using solely game characteristics as predictors
the derived regression models explain 23% of the total variance (R2 = 0.2261) in DBP
change and 22% of the total variance (R2 = 0.2183) in SBP change. These results are
visualized by the red bars in Figure 2.1.
For DBP, the model using only game characteristics contains one significant
predictor, racing/sport game type. The model using both game and study characteristics
also contains this significant predictor, together with the reliability of effect size
characteristic as significant predictor. SBP has three significant predictors when using both
types of characteristics: reliability of effect sizes, stressor duration and fast puzzle game
type. The model using solely game predictors contains only aversive stimuli as significant
predictor. These predictors, together with corresponding descriptives are given in Table
2.4.
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0.451
0.623
0.532

Reliability of effect sizes

Stressor duration

Fast Puzzle game type

3.071

3.716

2.841

3.498

4.192

4.267

4.542

Z

0.002

0.0002

0.005

0.0005

0.000

0.000

0.000

P

0.492

0.568

R2

Fast Puzzle game type

Aversive Stimuli

Constant

Racing/Sport game type

Constant

Predictors

.365

.438

.000

.476

0.000

ß

1.875

2.251

6.182

2.525

3.305

Z

Regression model using only game characteristics

.061

.024

0.000

.012

0.0009

P

0.218

0.226

R2

Table 2.4. Overview of derived regression models in sub analysis, constructed excluding quartile of studies with lowest reliability of effect size values for diastolic and systolic
blood pressure, using either both game and study characteristics or solely game characteristics as predictors. For each model the explained variance R2 is given, and for each
predictor and constant of the respective regression models the following parameters are given: the standardized coefficient (ß), expressing the change in the respective
physiological signal in standard deviations given the change of one standard deviation in the corresponding predictor, the Z value, and the corresponding significance.

0.000

Racing/Sport game type

Constant

0.648
0.637

Reliability of effect sizes

Systolic blood pressure

0.000

Constant

Diastolic blood pressure

ß

Predictors

Physiological signal

Regression model using both game and study characteristics

These characteristics are also visualized in Figure 2.2, with the lines ending with circles
depicting the characteristics form this sub analysis.
With regard to the assumptions that need to be met in order for the results to be
generalizable beyond our study sample, we found that all assumptions for all derived
models had been met. Furthermore, no outliers and no differences when excluding
influential cases were observed for any of the models in both sub analyses. Detailed
descriptions of the performed tests and results thereof for determining the fulfilment of
assumptions, detecting outliers and controlling for influential cases can be found in
supplemental table B3 in Appendix B.
An overview of all predictors is given in Table 2.5, with the coefficients averaged over
the results of the different analyses.
Physiological stress response
Stressor

Heart rate

Diastolic blood pressure

Systolic blood pressure

Mean effect digital game stressor

0.73

0.94

0.92

Game type Fast puzzle
Game type Racing/Sport
Aversive stimuli
Realism
Game music
Reliability of effect size
Stressor duration

0.44*
0
0
0.21
0.73
0
0

0
0.75
0
0
0
0.71
0

0.74
0.55
0.14
0
0
0.47
0.04

Table 2.5. Significant moderating relations between game and study characteristics and physiological stress
responses. Values are given in g* for the digital game stressor and in absolute change of g* for each moderating
characteristic, per unit of the given characteristic, with 0 indicating that no significant moderation was found.
Values are averaged over the results of different analyses because the direction is the same for the averaged
values.
* Value of 0.55 for the main analysis using only game characteristics is omitted; as this is determined as a
suppressor effect, see discussion of this characteristic.

2.4. Discussion
In this meta analysis we analysed 48 studies that measured physiological stress responses
to digital game stressors. In the mean effect size analysis we observed significant effect
sizes for 13 out of the 33 physiological signals in our study sample, with effect sizes up to
0.94 (Table 2.2), which is considered a large effect size (Cohen J. , 1988). This indicates that,
consistent with the literature, digital games elicit a broad spectrum of physiological stress
responses of considerable magnitude. We also found significant heterogeneity in the effect
sizes of six of the physiological responses, indicating more variance than could be expected
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due to chance. Using predictor analyses on three of these physiological responses for which
enough studies were available, being HR, DBP and SBP, we found specific sets of game and
study characteristics moderating these different physiological responses. These sets explain
between 11% and 57% of the variance in the physiological responses and contain in total six
significant predictors: game type, aversive stimuli, realism, game music, reliability of effect
size, and stressor duration. Below we first discuss these significant predictors separately,
after which we examine the characteristics that were found to be non significant. Finally we
integrate the findings from all these characteristics into a new model, depicting the found
moderating relations and the hypothesized underlying processes.

2.4.1. Game type
For both HR and DBP, game type is a significant predictor in all analyses. For SBP this holds
for the main and sub analyses using both game and study characteristics (Figure 2.2).
Furthermore, a clear distinction can be seen regarding what type of game moderates HR
and what type of game moderates DBP: puzzle game type significantly moderates the HR
response, whereas the racing/sports game type moderates the DBP stress response. For
SBP, a more diffuse image arises: in the main analysis the racing/sport game type
moderates the response whereas in the sub analysis the fast puzzle game type does this.
Regarding the direction of the moderation of the two game types a clear image can
be observed: in all analyses the racing/sports game type has a positive moderating function,
i.e. the increase in the respective physiological response is strengthened by using a
racing/sports game type compared to the other game types included in our analyses, such
as a fighting game. The magnitude of this moderation lies between 0.55 and 0.91, indicating
that the stress response is between 0.55 and 0.91 standard deviations higher when using a
racing/sports game compared to other game types. In one of the analyses the assumption
of independence of errors was not met, indicating we should be careful with generalizing
these findings beyond our study sample. However the same positive moderating function
for the racing/sports game type characteristic is found in four other analyses, rendering it
acceptable to generalize this finding beyond our study sample. The moderation direction of
the fast puzzle game type is precisely the other way round: it decreases the physiological
response compared to other digital game types in our analysis, with a magnitude differing
from 0.44 to 0.74. An exception to this observation can be observed in the HR predictor
analysis using only game characteristics. Here, the fast puzzle game type has a coefficient
of 0.55. However, the correlation coefficient of this predictor with the effect size is negative
(r= 0.12). Given this contradiction between the direction of the correlation and predictor
coefficient we treat this predictor as a suppressor variable, i.e. a variable that, when
introduced to the regression model, increases the variance explained by the complete
model, but does so by either accounting for the residual error in the model or by enhancing
the variance explained by other predictors. In general, these variables are then not
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interpreted (Thompson & Levine, 1997).
This difference between the directions of both game types can most likely be
explained by the type of mental activity involved and behavioural requirement required.
Arguably, fast puzzle games in general involve more mental activity, whereas racing/sports
games involve more preparation for motor activity. Although different findings exist in the
literature regarding the effects of mental activity on HR responses, there are indications
that HR drops with increased visual processing and attention (Codispoti, Bradley, & Lang,
2001 and Graham, 1992), which is consistent with our findings. Additionally, preparation for
motor activity has been found to increase blood pressure (Lovallo, Stress & Health, 2005),
which is also consistent with our findings.

2.4.2. Aversive stimuli
Aversive stimuli are a significant negative predictor of the SBP in both the main and sub
analysis when using only game characteristics (Figure 2.2), with respective coefficients of
0.12 and 0.16. (Table 2.3 and Table 2.4).
The set of 28 studies used for deriving the main and sub analysis models for SBP
contained only two studies with aversive stimuli. This is also reflected in the fact that the
main analysis model failed to meet several assumptions regarding influential cases (see
supplemental table B3 in Appendix B). In line with recommendations made by Field & Gillett
(2010) regarding the interpretation of such underrepresented levels of predictors, we
restrain from further interpretation of this finding here, since it is not clear whether this is a
true effect or a spurious relation induced by underrepresented levels of aversive stimuli.

2.4.3. Realism
The amount of realism negatively moderates the HR stress response. In both main analyses
the coefficients of the realism predictor are close to one another: 0.2 and 0.22
respectively, indicating a dampening effect on the HR stress response with an average of
0.21 standard deviation for each point of realism on the scale used in our analysis.
The potential effects of this moderation are quite large as the maximal difference
between realism values encountered in our study sample is 4.67 (range between 1 and 5.67,
see Table 2.1). This entails that the potential difference in effect size measured between
stressors due to differing realism is 1.03 sd (0.22 * 4.67), which is a large effect on itself
(Cohen J. , 1988) and can therefore easily be the difference between an encountered small
or large effect size.
The finding of a dampening effect of realism on the HR response is not consistent
with the literature, where in general an increase of realism is correlated with an increased
physiological stress response (Ivory & Kalyanaraman, 2007 and Barlett & Rodeheffer, 2009).
However, our finding is reconfirmed when the simple regression coefficient between
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realism and the HR stress response in our study sample is determined, being 0.337. This
contradictory finding could be due to the fact that our definition of this characteristic was a
composite of three factors, whereas most studies use a definition based on either one of
these factors. The definitions in themselves do not vary substantially from previously
definitions used by other authors, as we based our definitions on existing ones. A possible
explanation could be that an interaction exists between the used factors, which results in a
moderating effect opposite to what is observed in the literature. For example, it could be
that there is an interaction between year of release and the presence of a human avatar, in
the sense that in older games the presence of a human avatar did not add, but perhaps even
subtracted to the experienced realism. This could be due the graphical abilities of digital
games in that time did not allow for a realistic depiction of a human avatar, whereas the
depiction of an abstract avatar could be perceived as more realistic because these do not
have a counterpart in the real world to compare the graphical depiction against. Another
possible explanation could be that more realistic digital game stressors require more visual
processing and attention, resulting in a decrease of HR, as discussed earlier.

2.4.4. Game music
Game music is a significant negative predictor in both main analyses of the HR stress
response. The magnitude of the moderation is in both main analyses consistent with a
coefficient of 0.71 and 0.74, when using both game and study characteristics or when
using only game characteristics, respectively. This means that when presenting a digital
game stressor with accompanying music the HR stress response is decreased with 0.71 or
0.74 standard deviation compared to presenting the same stressor (in terms of our
characteristics) without game music. This moderation potentially has a large impact, as a
difference of 0.74 in a measured effect size due to the absence or presence of game music
can easily change a small effect size to a large effect, or vice versa.
This finding of decreased response when including music is not completely
consistent with the literature, where the presence of music during playing of digital games
is mostly linked to positive effects on the HR change (Nyklicek, Thayer, & van Doornen,
1997). However, we were not able to take into account the type of music presented in our
analysis (as it was not possible to code this consistently across studies). Recently, a study by
Bernardi, et al. (2009) found consistent relations between cardiovascular responses and
music profiles such as crescendos and rhythmic phrases. Therefore, additional research is
needed to gain insight into the effect of music in the context of a digital game stressor
across several studies, using a form of objective music analysis such as used by Bernardi, et
al. (2009). An alternative explanation could be that the addition of game music to a digital
game stressor requires more auditory processing and attention, resulting in a decrease of
HR, as discussed earlier.
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2.4.5. Reliability of effect size
The new characteristic introduced in this analysis, reliability of effect size, emerges as a
significant negative predictor of both the SBP and DBP response. This finding is consistent
across the different analyses and entails that when a study scores lower on the reliability of
effect sizes scale, i.e. fulfils less of the factors stated at the introduction of this
characteristic, an overestimation of the DBP and SBP stress response is to be expected. This
observed moderation has a coefficient of 0.43 for DBP and 0.28 for SBP in the main
analyses and 1 and 0.67 in the sub analyses (Table 2.3 and Table 2.4). Here the same effect
found in other characteristics can be observed: when examining studies with high scores for
the reliability of effect size characteristic (i.e. the subset of studies used in the main
analysis), the moderating relations found on the complete set of studies are enhanced and
significance is increased (significance is increased from 0.0001 to <0.00005 for DBP and
from 0.0119 to 0.0045 for SBP, see Table 2.4).
The implications of not fulfilling the requirements are large: for every requirement
not fulfilled in the reliability of effect size scale, the DBP and SBP are predicted to be
overestimated with 0.43 and 0.28 standard deviation. The maximal difference in values for
this characteristic in our study sample is 3 (range between 8 and 11) for studies included in
the main analyses and 1 for (range between 10 and 11) for studies included in the sub
analyses, for both DBP and SBP (see Table 2.1 and Figure 2.2). This entails that the potential
overestimation in measured effect sizes due to not meeting the requirements enclosed in
the reliability of effect size scale is estimated at a maximum of 1.29 sd for DBP and 0.84 sd
for SBP, for studies scoring below 10 points on this scale. For studies scoring above 10
points on this scale the potential overestimation is estimated at 1 sd for DBP and 0.67 sd for
SBP. This is the largest moderation found in this analysis and can potentially alter effect
sizes from small to large and vice versa.
Of all coded factors determining the reliability of effect size value of the studies
measuring DBP and SBP, three factors account for 89% of the value of this characteristic.
These factors are stressor substance refrainment, the presence of preceding tasks, and
stressor onset timing, The observed overestimation is indeed to be expected with respect to
these influential factors.
Regarding the stressor substance refrainment factor, several studies (e.g. Smits,
Temme, & Thien, 1993) have shown increased blood pressure stress responses under the
influence of nicotine, caffeine or a combination of both. This effect is more confound for the
HR response, which was found to increase after nicotine intake, decrease after caffeine
intake, and not change significantly when both substances are present. These findings are
consistent with our prediction of overestimated effect sizes for blood pressure for studies in
which subjects are not refrained from these substances prior to measurement, and our
finding of no significant moderation of the heart rate response.
Furthermore, with respect to the preceding tasks factor, increased blood pressure
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reactivity is expected due to both prolonged psychological strain on the subject, and the
resulting increased physiological responses to this strain. Most notably neuroendocrine
responses such as cortisol, which, through various mechanisms, results in increased
vasoconstriction (Whitworth, Mangos, & Kel, 2000), will add to higher blood pressure
values. The fact that cortisol has a delayed release into the cardiovascular system
(Dickerson & Kemeny, 2004), also adds in potentially creating larger blood pressure
responses in later tasks. Finally, stressor onset timing is expected to act as a confounder,
either increasing or decreasing the effect size, depending on the type of activity performed
between baseline measurement and stressor onset.

2.4.6. Stressor duration
Stressor duration is a significant negative predictor in both the main and sub analysis for
SBP (Figure 2.2). In the sub analysis we find that stressor duration moderates the increase
in SBP with a coefficient of 0.05 (Table 2.4), meaning that the longer a digital game
stressor is presented, the more the general increase of SBP in response to a digital game
stressor will be dampened, with a predicted decrease of the effect size of 0.05 per minute.
As the stressor duration varies between 3 and 30 minutes in our study sample, this implies
that maximally a difference of 1.35 sd (27 * 0.05) in measured effect size can occur between
studies due to differing stressor durations.
We expect this observed dampening effect to be due to two different causes. First,
the response to a stressor (assumed that the intensity is kept constant) becomes less when
the subject becomes habituated to the stimuli over time. Second, it is expected that
prolonged elevated blood pressures are brought down through several homeostatic
systems, such as the autonomic nervous system and the baroreflex (Berne & Levy, 2001).
Besides the significant predictors, we also coded four characteristics that were not found to
be significant predictors of the physiological stress response: input modalities, additional
external stressors, age, and sex.
With regard to input modalities, we found no indication that input modalities have
influence on the observed physiological response. As far as we are aware of, this has not yet
been investigated in the literature. Based on this result and the absence of relevant research
in the literature, we hypothesize that it most likely does not matter what type of input
controller is used when utilizing digital game stressors, as long as some threshold
functionality and comfort is provided.
Concerning the non significance of additional external stressors, we examined the
four different factors that comprise this characteristic and investigate the possibilities why
these factors result in a non significant compound characteristic.
The first factor is the inclusion of the stressor in a task battery. This factor could have
negative effects on measured effect size by raising baseline measurements, effectively
reducing the effect between these measurements and response measurements, hereby
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countering the potential positive effects of the other factors and reducing the overall
expected positive moderation of this characteristic.
The use of social evaluative threat, incentive or shocks or loud noise, the other three
factors, are also expected to show increased responses in the measured physiological
responses. The fact that these results were not found could be because we do not have
enough studies to include these additional predictors in the currently constructed
regression models.
With respect to the age and sex, we would expect to find these characteristics as
significant predictors of physiological stress responses, based on literature utilizing acute
psychological stressors (e.g. Stoney et al., 1988; Matthews & Stoney 1988; and Hastrup &
Light 1984). We did, however, not find these characteristics to be significant predictors in
our analyses.
We hypothesize this to be due to intrinsic differences between digital game stressors
and the acute psychological stressors used in the referenced literature, which utilizes tasks
such as serial subtraction, reaction time or speech tasks. To gain more insight into this
matter, we examined the studies in our study sample that specifically investigated sex
differences, and compared the found physiological responses to digital game stressors with
the responses to the different acute psychological stressors found in the literature.
Three studies were found (Lawler, Wilcox & Anderson, 1995; Markovitz, Raczynski,
Wallace, Chettur & Chesney, 1998; and Tischenkel, Saab, Schneiderman, Nelesen, Pasin,
Goldstein, et al., 1989) that investigated sex differences. Regarding blood pressure, the
results are comparable with the findings for other psychological stressors. In two studies of
our study sample, males show increased blood pressure responsitivity (Tischenkel et al., and
Lawler et al., although the latter only found this for DBP), which is in correspondence with
what is found in the literature for other types of acute psychological stressors. However, in
the third study by Markovitz et al., there was no difference found between the sexes.
Regarding HR, Tischenkel et al. found no differences, and Lawler et al. found an increased
HR responsitivity for males. This is in contrast with HR responses found for other acute
psychological stressors, for example Stoney et al., (1988), who found that females showed
increased HR responses to a speech task compared to males. This same approach was not
possible for age, as there were no studies in our study sample that investigated the
moderating effects of this characteristic within one study.
Therefore, we cannot explain the non significance of age and sex characteristics
based on intrinsic differences between digital game stressors and other acute psychological
stressors, as only for HR differences could be observed, and then only based on a small
number of studies.
Given these insights, we expect the cause of the non significance of age and sex to
be methodological. We hypothesize that the moderating effect of these characteristics is
not large enough compared to the other characteristics to be included during construction
of the regression models. During this construction characteristics with small moderating
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effects can fail to significantly increase the explained variance of the model, resulting in the
absence of these characteristics in the regression models.
When we take the discussion on the separate characteristics together, we can come to
several interesting insights and the resulting implications.
First, the exact three game characteristics that were found to be significant
predictors in the main analysis using only game characteristics are also found in the
constructed models using both game and study characteristics. Even more, the
characteristics moderate the exact same set of physiological responses with magnitudes
highly comparable to the magnitudes observed in the analyses using both type of
characteristics. This strengthens the findings of both analyses and indicates the consistency
of the found relations between digital game stressor characteristics and physiological
responses.
Second, the models that were found in the main and sub analyses for the different
physiological responses are both highly comparable within one response, but clearly
different between responses, most notably between HR and blood pressure. This indicates
that moderating relations between these characteristics and physiological responses are
highly specific for each physiological response and consistent within each physiological
response.
Third, by adding study characteristics to the predictor analyses a sharp increase in
explained variance of the physiological responses can be observed. The mean explained
variance in the regression models using only game characteristics is 22% of the total
variance observed in the physiological stress responses. This percentage increases to an
average of 43% when adding study characteristics as potential predictors, with a maximal
explained variance of 57%. This indicates that study characteristics, i.e. study methodology,
have an important influence on the measured stress response, comparable to game
characteristics.
Of these study characteristics, the newly introduced reliability of effect size
characteristic has the highest potential moderating effect. We found that significant
predictors for the whole study sample are also predictors for the subset with studies scoring
the highest on this scale. In this subset the significance and magnitude of the moderation
have increased, hereby also increasing the explained variance, which is on average 53% in
the analyses utilizing game and study characteristics. This confirms that the newly
developed reliability of effect size characteristic indeed has an effect when applied, and
indicates that when studies utilize the correct methodology (i.e. scoring higher on the
reliability of effect size scale), the impact of stressor and study characteristics is larger,
hereby granting the researcher more control over the elicited stress response and more
insight in underling processes and observed responses. Furthermore, it reconfirms the
findings of the main analyses.
Fourth, the presence of such specific and consistent moderating functions suggest
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that the same processes underlying these moderations were activated throughout the
different analyses. When we take the potential underlying processes for the different
characteristics together, a distinct grouping of moderations emerges: moderations are
expected to be underpinned by either perceptual processing and attention, homeostatic
control, preparation of motor activity, or metabolic processes. This grouping is visualized in
Figure 2.3: perceptual processes are expected to underlie the negative (inhibitory) relation
between visual and auditory input (game music, realism, and fast puzzle game type) and HR
responsitivity (Codispoti, Bradley, & Lang, 2001; Graham, 1992; and Bernardi, et al., 2009).

Figure 2.3. Overview of significant moderating relations between digital game and study characteristics and
physiological responses, including the hypothesized processes underlying these relations. Green arrows indicate
positive relations, whereas red arrows indicate negative moderations. Values given at arrows indicate the
moderating effect, i.e. the expected change, expressed in g*, when the given characteristic increases one point
(points differ per characteristic, as defined in the method section). The values given at the physiological responses
are the mean effects on these responses when presented with a digital game, expressed in g*. Dotted rectangles
indicate the cognitive and physiological processes underlying the moderations crossing through these areas.
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Preparation of motor activity is hypothesized to underlie the positive (excitatory) relation
between game type and blood pressure (Lovallo, Stress & Health, 2005; and Bernardi, et al.,
2009). Homeostatic control is proposed to underlie the relation between stressor duration
and SBP (Berne & Levy, 2001). And metabolic processes are influenced by endogenous and
exogenous chemicals, which is expected to underlie the negative relation between the
methodological factors and blood pressure (Smits, Temme, & Thien, 1993; Whitworth,
Mangos, & Kel, 2000; and Dickerson & Kemeny, 2004) Additionally, the specificity of these
moderating relations support a concept in which there is more response specificity of
cardiovascular stress responses than previously assumed. This calls for further research into
the exact properties of this specificity.
Fifth, when we take the high explained variance of the derived regression models,
with up to 57% of explained variance in physiological responses, into account, this finding
supports the notion that digital game stressors are not stressors by virtue of being a digital
game. In contrast, our findings indicate that a digital game stressor derives its stressor
function from the different characteristics it is composed of, and the methodology through
which it is applied. This supports a concept in which digital game stressors should be viewed
as a container construct in which several specific stressor types and cognitive tasks, such as
aversiveness and induced cognitive load, can be placed, in order to create the complex
stressors that we refer to as digital game stressors.
The characteristics found in this analysis to moderate the physiological stress response are
not exotic or rarely encountered properties of digital game stressors and studies, but occur
frequently in our study sample and show substantial variation across studies. However,
these characteristics are currently not recognized for having such large and specific effects
on the measured physiological response. Therefore, our findings may have two
implications.
The first implication is that the observed specific and heterogeneous results indicate
that there is a need for a more standardized version of digital game stressor types,
analogous to what, for example, the Trier Social Stress Test (Kirschbaum, Pirke, &
Hellhammer, The Trier Social Stress Test. A Tool for Investigating Psychobiological Stress
Responses in a Laboratory Setting, 1993) is for public speaking stressors. In the absence of
such a standard, the inevitable differences between digital game stressors and
methodology used in various studies will cause differences between observed results,
troubling the synthesis of research results and the understanding of underlying stress
response systems.
The second implication is that, in absence of such a standardized stressor, the results
from this analysis can be used as guidelines in designing or utilizing different digital game
stressors and corresponding methodology, or when comparing results from studies utilizing
this type of stressor. When designing a stressor for use in research, characteristics can be
52

implemented in the stressor based on the found moderating effect of the characteristics on
the response that will be measured. For example, when designing a digital game stressor for
inducing blood pressure stress responses, a racing/sports game type would be preferred
over other game types, as this game type increases both DBP and SBP. All specifics
regarding these moderating functions that can be used to guide the design process in more
detail are given in Table 2.5.
Furthermore, when designing a physiological stress experiment using digital games,
attention must be paid to study methodology in order to determine the correct stress
responses to the presented digital game stressors, allowing for more insight in the
underlying processes and observed responses. Regarding this methodology, two study
characteristics have been found to moderate the measured physiological response, being
the new reliability of effect size scale, introduced in this study, and the stressor duration.
Of these characteristics the reliability of effect size characteristic has the largest
moderating function. The findings indicate that when a lower score on this scale is achieved,
an overestimation of the observed stress response is predicted. Three factors have been
identified that account for the largest part of the moderating function, being the stressor
onset timing, potential preceding tasks and substance refrainment. In terms of
methodology, the findings suggest to keep the stressor onset timing at a minimum, include
no preceding tasks, and refrain subjects from nicotine and/or caffeine prior to the
experiment.
The second moderating study characteristic is the stressor duration, which entails a
dampening effect on the stress response with prolonged presentation of the stressor. This
implicates that the length of stressor presentation should be taken into account in the
methodology design.
In line with these methodological implications, it follows that simple one to one
comparisons and interpretations of results between physiological stress studies are in most
cases not possible, the characteristics described above need to be taken into account here.
Illustrative are the many comparisons of inconsistent results observed in the literature,
which could benefit from revised interpretations using the found characteristics here. To
allow for better comparison and interpretation of results, specific characterizations of
stressors and study should be reported.

2.4.7. Limitations and further research
There are related issues we have not been able to address in this study that are relevant to
examine in further research. Firstly, there are various game and study characteristics that
have not been analysed in our regression models since these had too little variation (See
supplemental table B1 in Appendix B). In future research these variables could be included in
experimental studies to examine the effect on different physiological stress responses.
Secondly, three of the characteristics that are significant predictors of physiological
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stress responses, realism, aversive stimuli, and reliability of effect sizes, are defined using
multiple factors. Although this composite definition provides more power to detect
moderating effects of game characteristics, it does not provide insight into the moderating
effects of the specific factors. In future research these factors could be examined separately
for the potential moderating functions inherent to these factors.
Thirdly, we performed relatively many analyses for the included number of studies.
Although the analyses were performed on different physiological signals and different sets
of studies it is important to realize that the used number of analyses gives the performed
analyses a more exploratory character.
Fourthly, we determined the effect size of a physiological signal based on the
measurement that was performed closest to the mean measurement time in the overall
study sample. Although this minimizes the effects of unwanted confounding variables, such
as habituation or mediating endocrine responses, to be incorporated in the effect size, it is
also a limitation in that the effect size is now based on mean measurement values over
different time spans post stressor onset..
Fifthly, our used method of deriving a p value of 0.05 for studies explicitly reporting
a significant effect, and a g* value of 0 for those reporting no significance, potentially
underestimates the calculated effect sizes for the studies for which this method was
applied. This is because the used values of 0.05 for p and 0 for g* are the lower limits of the
descriptions given by the authors. This entails that the found effect sizes in this analysis are
potentially slightly underestimated.

2.5. Conclusion
Digital game stressors can elicit large stress responses and have been used widely in
research for several decades (our initial search showed 5448 articles since 1976). Currently,
the importance of the digital game stressor and study characteristics is not fully recognized.
We showed in this chapter that both game and study characteristics indeed are of
importance: variation in single characteristics can alter the effect size by more than one
standard deviation and sets of characteristics on average account for 43% of the variation in
the stress response in HR and DBP and SBP. These results are consistent and specific,
meaning that for different physiological responses different sets of moderating
characteristics can be found, and that the findings are consistent across analyses and
subgroups. Even more, we showed that when studies utilize methodology scoring high on
the scale introduced in this chapter (reliability of effect size), the explained variance
increases to 57%. This indicates that this scale can be used to gain more insight in, and
control over, the true physiological stress responses and underlying processes. Additionally,
we have aimed to map these underlying processes to the different relations between
characteristics and physiological responses we have found, and presented these in one
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integrated overview. Based on these findings, we propose the notion that (cardiovascular)
stress responses are more specific to the type of stressor than previously assumed, and to
view digital game stressors as container constructs instead of stressors in itself. From these
insights, two implications may arise. The first is the need for a standardisation of digital
game stressors. This will aim to overcome the differences in moderating characteristics of
digital game stressors and methodology, facilitating the synthesis of research results and
the understanding of underlying stress response systems. The second is that researchers
designing physiological stress experiments can utilize the findings from this analysis to
design experiments and stressors that will provide more consistent and insightful results,
and can use these findings for interpreting and comparing results gathered from
physiological stress research using digital game stressors.
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3. Design of GASICA4
Currently, to our knowledge, no application exists that focuses specifically on the
automated control of the stress status while at the same time being generic enough to be
used in various therapy and research purposes. There exist tasks that allow to adjust the
presented stressor intensity, for example the Montreal Imaging Stress Task (MIST, Dedovic
et al., 2005). However, this adjustment can not be done real time: the intensity can only be
set at the start of the task, hereby not allowing control over the stress status during the
therapy or research paradigm. Therefore, we propose a new application in this chapter,
dubbed GASICA: Generic Automated Stress Induction and Control Application. This
application is aimed at automated control of the internal stress status in various therapy and
research paradigms by online and continuous monitoring of the stress status.
In order to achieve the aim of automated controlling of the stress status, it is
essential to control the stressor intensity causing the current stress status. Therefore our
proposed application consists of three components, depicted in Figure 3.1.
These are a stressor, allowing to induce stress responses, a set of measurement devices,
allowing for continuous and online measurement of several (neuro)physiological signals,
and a feedback model that derives the current internal stress status of the human subject
based on the measured (neuro)physiological signals and adjusts the stressor characteristics
based on this derived state and the desired stress status in the current paradigm.
In this chapter we will describe the design of GASICA by discussing each of the three
components separately, and discuss three pilots that were conducted to test several aspects
of GASICA.

3.1. GASICA
In this section we will further design the different components in our application (i.e. the
stressor component, measurement component and the feedback model) using a top down
approach. In this design process we aim to maximize the diagnosticity, sensitivity and
reliability of GASICA, i.e. we aim to maximize the extent to which we are able to measure
different levels of psychological stress across inter and intra individual differences (for a
detailed treatment of these concepts, see Fairclough, 2009). As the category of the utilized
stressor and stress response are already determined, we will first determine the form and
type of the utilized stressor and stress responses, using requirements formulated based on
our aim to continuously measure and exert control over the stress status in various research
4

This chapter is an adjusted verison of the following paper: Van der Vijgh, B., Beun, R. J., van Rood, M., &
Werkhoven, P. (2014). GASICA: generic automated stress induction and control application design of an
application for controlling the stress state. Frontiers in Neuroscience, 8, 400.

56

and therapy paradigms. Subsequently we will determine the characteristics of the different
components using chapter 2 as guideline. Finally we will determine the instantiations and/or
implementations of the components, using sets of requirements and the meta analysis
(chapter 2) as guidelines. This process is described in the following sections for the different
components separately.

Figure 3.1. Schematic overview of GASICA.

3.1.1. Component 1: Stressor
Stressor type
For the first component, the stressor, we utilize an acute psychological stressor. To
determine the type of acute psychological stressor best suited for use in our application we
formulated four requirements:
Multidimensionality
The stressor should allow for presentation of multiple stressor forms (e.g. workload,
emotion induction, or frustration) to make it suitable for multiple therapy and research
designs.
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Adjustability
In order to allow for presenting different stressor intensities, the stressor characteristics
should be adjustable, in a way that results in different stressor intensities. Furthermore,
through this adjustment it should also be possible to adjust the stressor form presented.
Real time
The adjustment of the stressor characteristics should be possible in real time, in order to
respond to changing stress statuses. In this context, real time refers to the realm of
seconds, so that the application can adjust the stressor within a couple of seconds when
needed.
Continuity
To allow continuous control over the stressor that is presented, it should be possible to both
present and adjust the stressor continuously for a prolonged period of time.
When we look at acute psychological stressors to match against these requirements, we
find a plethora of different stressor types. In an influential meta analysis by Dickerson and
Kemeny acute psychological stressors were subdivided in four mutually exclusive types:
public speaking and verbal interaction tasks, cognitive tasks, emotion induction procedures,
and noise exposure tasks (Dickerson & Kemeny, 2004).
Public speaking and verbal interaction tasks refer to tasks in which subjects have to
verbally interact with other human subjects, such as in interviews or through public
speaking. The stressor intensities of these tasks are hard to adjust, especially in real time,
and the tasks present a mostly one dimensional stressor form, being mostly social stress
(social evaluative threat).
Cognitive tasks are tasks such as arithmetic tasks, the Stroop task, vigilance reaction
time tasks, and analytical tasks, e.g. puzzles. These kind of tasks are, especially when
presented digitally, well adjustable, also in real time, and can be presented continuously.
However, these tasks also present a mostly one dimensional stressor form, being workload.
Emotion inducement tasks are tasks that present emotion eliciting material that
elicit a negative affective state, such as the viewing of aversive pictures or film. These tasks
are by definition one dimensional in the sense that these only induce emotion as stressor
form.
Noise exposure tasks exist of the presentation of loud noises. These kinds of tasks
are also by nature one dimensional.
Another widely used type of acute psychological stressor not discussed in this
analysis consists of a combination of the latter three stressor types, hereby alleviating the
limitation of one dimensionality pertaining to the individual stressor types: a digital stressor
game, i.e. a digital game producing a stressor. We adhere to the definition of a game used in
this analysis: a game is defined as a type of play activity conducted in the context of a
pretended reality, in which the player(s) try to achieve at least one arbitrary, nontrivial goal
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by acting in accordance with rules (Adams, 2010). Key elements in games are players,
(inter)action, environment, goals and rules. In a game, players interact with entities in the
environment or with other players in accordance with a set of rules in order to achieve a set
goal. In the case a player controls a specific entity, this entity is referred to as the avatar.
Game characteristics are characteristics of any (part of) of the key elements or the game as
a whole, such as the game type, the presence of game music or time pressure, or the
amount of aversive stimuli present in the digital game.
As in digital games many, or even all, of the key elements are taken over by
computer technology, this provides possibilities that allow to adjust the stressor intensity, in
real time, by adjusting the game characteristics of the digital game stressor. Also, by
adjusting these game characteristics, it is possible to present multi dimensional stressor
forms, continuously, satisfying our requirements. Even more, a (digital) game provides a
narrative, the pretended reality in which the goal that is set is tried to be achieved. This
narrative provides possibilities to conceal the adjustments made to the stressor
characteristics and changes between stressor forms from the subject by presenting these
adjustments as part of the narrative. The presence of a narrative also provides a way to
incorporate different research and therapy paradigms in the application, as it allows to
create a specific narrative for each specific paradigm. Given these properties (adjustable,
real time, continuity, multidimensional and a narrative), a digital game stressor is selected
as the stressor type in our application.
Characteristics
In order to present different stressor intensities using this type of stressor, it is essential to
have insight in which digital game characteristics elicit physiological stress responses, i.e.
alter the stress status, and to what degree. Additionally, the effects of adjustments of these
characteristics on the stress status should be predictable.
In chapter 2 the relation between digital game characteristics and physiological
stress responses is analysed. Here we identified four stressor game characteristics,
presenting different stressor forms, that significantly moderated the physiological stress
responses in a predictable and consistent manner. This indicates that these characteristics
can be used to elicit stress responses and that adjustments of these characteristics are
expected to result in predictable changes of the stress status. These four characteristics will
therefore be instantiated in the digital game:
Aversive stimuli
The first game characteristic identified is the presence and intensity of aversive stimuli in the
digital game, such as the visual or auditory presentation of scenes of violence, blood, or
gore. Aversive stimuli have been found to elicit physiological stress responses both inside as
well as outside a digital game context. Outside the context of a game, the presentation of
aversive stimuli such as in a picture rating task (Stegeren, Wolf, & Kindt, 2008), passive
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viewing of aversive pictures (Sokhadze, 2007) or film viewing containing aversive stimuli
(Miller, 1993) has been found to induce physiological stress responses such as alterations in
heart rate, electrodermal activity and frontal EEG activity. Within the context of a game
aversive stimuli can, for example, include the presence of violence, blood and gore (Hebert,
Beland, Dionne Fournelle, Crete, & Lupien, 2005) and torture (Tafalla, 2007), also inducing
physiological stress responses (Carnagey, Anderson, & Bushman, 2007). This characteristic
presents a stressor of the form emotion induction, as it induces a negative affect.
Realism
This characteristic concerns the amount of realism presented in the digital game. This refers
to the degree to which a subject will identify the presented stimuli as realistic. This
characteristic does not present a separate stressor form in itself, but rather heightens the
immersion, resulting in heightened physiological stress responses . Several studies have
found the amount of realism in digital games to be related to resulting physiological stress
responses. For example, Ivory & Kalyanaraman (2007) found that more technologically
advanced, although otherwise comparable, digital games elicited higher electrodermal
stress responses and Barlett & Rodeheffer (2009) showed that more realistic digital games
significantly heighten the heart rate stress response.
Game music
Game music refers to whether or not music is presented in the game. A recent overview
provided by Sokhadze (2007) makes clear that although there are inconsistent results to be
found, music has the potential to elicit physiological stress responses. Examples include
work by Nyklicek, Thayer, & van Doornen (1997), who found significant differences in both
cardiovascular and respiratory variables in response to different fragments of music and
white noise. Other physiological stress responses, such as in skin temperature, have also
been found by, amongst others, McFarland (1985), who found that music with different
valence and arousal (subjectively determined) have different effects on skin temperature.
Game music induces emotion, the same stressor form as aversive stimuli.
Game type
This characteristic concerns the game type, the type of digital game. Examples of different
game types include action, adventure, strategy & management, role playing games (RPG),
simulation or board & card games (Ritterfeld, 2009). In chapter 2, it was found that puzzle
games induce the highest physiological stress responses. Game type in itself does not
present a stressor form, as it acts as a container characteristic: the characteristics that are
contained within a specific game type are responsible for the resulting stressor form.
Besides these four characteristics, several other game characteristics were identified
in chapter 2 to be related to physiological stress responses, but were not used in the meta
regression because these could not be objectively qualified or were not reported sufficiently
in the included studies. As we aim to design an application that can be applied in various
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therapy and research paradigms, we aim to include as many different game characteristics
as possible, allowing a wider range of stressor forms to be presented and thereby providing
greater flexibility for use in more paradigms. Therefore, we screened these characteristics
that were excluded from the meta regression to see if these were fit to use in our stressor.
Of these additional characteristics, three digital game characteristics are selected to be
incorporated in the digital game, based on the property of these three characteristics to be
adjustable during execution of the application, bringing the total of game characteristics
used in our digital game stressor to seven:
Time pressure
Time pressure refers to the presence of limited time before a certain goal has to be achieved.
Studies utilizing time pressure paradigms (Wahlstrom, Hagberg, Johnson, Svensson, &
Rempel, 2002) have consistently been found to elicit physiological stress responses. The
stressor form time pressure presents is workload, as it increases the demand placed on the
subject.
Sound level
Sound level concerns the sound level at which auditory stimuli are presented during the
game. This characteristic presents a stressor of the form noise induction and it has been
shown that high sound levels, mostly studied at 75 dB and above, elicit physiological stress
responses (Smith, Whitney, Thomas, Perry, & Brockman, 1997) (Selander, et al., 2009).
Frustration
Frustration refers to disabling the control a subject has in the game, making it harder to
achieve the goals set, resulting in frustration and physiological stress responses (Reuderink,
Nijholt, & Poel, 2009). In Table 3.1 an overview is given of the seven included stressor game
characteristics and the stressor forms these present.
Game design
The stressor game is designed around the seven selected game characteristics, aiming to
provide a narrative through which the game characteristics can be adjusted as part of the
narrative, reducing the possibility of subjects noticing the adjustments as being part of the
stress status control method.
The game is designed as a 3D puzzle game because the same meta analysis (chapter
2) indicated that this game type elicited the highest stress response of the analysed game
types. The narrative provided is that an adolescent boy or girl (i.e. the avatar, the entity that
is controlled by the subject, gender is not made explicit) has to find notes that are scattered
across the house and garden of his or her uncle, an inventor and scientist, who needs these
notes within a given amount of time in order to finish his work.
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Stressor game
characteristic

Stressor
form

Instantiation of
characteristic

Narrative

Adjustment

Aversive
stimuli

Emotion
induction

IAPS and IADS

Malfunctioning of suit:
unwanted presentation of
pictures and sounds.

Absence / presence of pictures and sounds,
and selection of pictures and sounds of
different values of new scale.

Realism

Not
applicable

Point of view

Malfunctioning of suit: point
of view is adjusted.

Point of view is either first or third person.

Game music

Emotion
induction

Music samples

Malfunctioning of suit:
unwanted presentation of
music.

Absence / presence of music, and selection
of samples of different values of new scale.

Game type

Not
applicable

Not applicable

Not applicable

Not applicable

Time pressure

Workload

Countdown

Uncle needs next notes
quickly.

Absence / presence of countdown and
starting number.

Sound level

Noise
induction

Sound level
auditory stimuli

Malfunctioning of suit:
volume built in radio is
adjusted.

Different sound levels.

Frustration

Frustration

Disabling input

Malfunctioning of suit:
movement is restricted.

Absence / presence of frustration: if
disabled, which key is disabled.

Table 3.1. Overview of stressor game characteristics, with presented stressor form, instantiation within the
stressor game, the way the instantiations fit in the narrative and how these are adjusted in order to control the
stress status.

The boy/girl sets out to find these notes wearing one of the latest inventions by this uncle, a
heavy suit that should help the subject to find these notes, outfitted with a radio and head
up display that can present auditory and visual stimuli to the wearer. However, this suit
turns out not to work as expected, malfunctioning from time to time, resulting in, for
example, the possible presentation of images or sounds, and the restriction of movement.
This suit allows the game characteristics to be altered as needed without the subject
registering this as a conscious adaptation of the game, as these alterations are presented as
malfunctions of the suit the subject is wearing. Furthermore, the narrative serves to
heighten immersion and reduce boredom and annoyance by motivating the subject to keep
participating in the current paradigm. The stressor game is designed to exclude fast paced
motor action or complicated cognitive tasks in order to prevent uncontrolled elements of
the stressor to induce physiological reactions. Furthermore, the setting of the game does
not include political or ideological content, to prevent unwanted side effects, nor fast paced
visual or auditory sequences (e.g. no flashing lights) to prevent uncontrolled stress
responses and to make sure the digital game can be utilized in multiple paradigms.
Within the game there are two separate conditions: a fitting and intervention
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condition. The fitting condition serves to fit an individual feedback model for each subject.
This condition consists of a maze (the garden of the uncle) that presents a homogeneous
environment that is suited for the fitting of the feedback model (for more details, see
section 2.3.3). To prevent unwanted stressor effects of getting lost in the maze we placed
trees as landmarks to help subjects find their way. The intervention condition serves to
utilize the fitted feedback model to control the stress status and to present tasks or therapy
elements (for more details, see section 2.4). This condition is placed inside the house of the
uncle. Impressions of both conditions are given in Figure 3.2.

Figure 3.2. Impression of condition 1 and 2 in the stressor game, respectively.

Instantiations of characteristics
Within this design, the seven selected stressor game characteristics are instantiated in order
to control the stress status. We chose instantiations that allowed changes to the
characteristics to be immediately noticeable. An overview of the instantiations and how
these fit in the narrative of the stressor game is given in Table 3.1.
Aversive stimuli are presented using the International Affective Picture System
(IAPS) (Lang, Ohman, & Vaitl, 1988) and the International Affective Digitize Sounds (IADS)
(Bradley & Lang, 1999), standard sets containing over 1000 pictures and 167 sounds
respectively. These sets are scored on valence, arousal and dominance by subjects in an on
going sequence of studies, currently containing the scoring from over 18 separate studies.
By summing the scores on inversed dominance, valence, and arousal, we derived a new
scale in which a low value corresponded with images and sounds scored as unhappy,
arousing and being controlled and higher values corresponded with images scored as
happy, non arousing and being in control. Pictures are presented full screen to achieve
maximal effect, the subject is explained that this is displayed on the display incorporated in
the suit, and sounds are presented over the built in radio, both are malfunctions of the suit.
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Realism is altered through changing the point of view to either 1st or 3rd person view,
i.e. the view the subject has in the stressor game is either through the eyes of the avatar or
from above, just beyond the avatar, having view of the complete avatar. This adjustment is
also presented as a malfunction of the suit.
As game music has been found to induce different responses, it is hard to determine
how to instantiate this characteristic. Based on the review provided by Sokhadze (2007) we
used the results from the study by Nyklicek et al. (1997) as a basis, as this study was found to
be the most comprehensive study, and having clear significant results. These results
indicate the possibility to elicit different emotional states (recognized based on
physiological responses), utilizing music excerpts that are characterized by valence and
arousal dimensions. Based on these findings we chose to use a standard set of music
excerpts, scored on several dimensions, including valence and arousal, by 116 subjects
(Eerola & Vuoskoski, A comparison of the discrete and dimensional models of emotion in
music , 2011). We derived a new scale by summing the values for valence, tension and
energy. In this scale low values correspond to negatively valenced, tensed and energetic
music, and high values correspond to positively valenced, relaxed and calm music. Music is
presented over the built in radio, in the narrative of the game this is explained as a
malfunction of the suit.
The game type will not be altered during the execution of the game, and is set as a
puzzle game. This is because changes in the game type has also consequences for the
narrative and game design, which is undesirable.
Time pressure will be applied through a countdown presented to the subject
indicating that he or she needs to find the next note before the timer reaches zero. This
timer can be turned on or off and can start at any given number of seconds. Within the
narrative of the game the time pressure is applied through the uncle announcing over the
radio that he needs new notes quickly.
Sound level is adjusted by presenting the auditory stimuli in different intensities, this
is presented as a malfunction of the radio in the suit.
Disabling input is induced by (partially) disabling control by disabling the keys
needed to control the game. In the narrative of the game this is also a malfunction of the
suit the subject is wearing.
Each of the stressor characteristics instantiations can be presented either transient
or state wise, as can be determined by the experimenter or therapist. This refers to the
duration an adjustment of the instantiation is present: either for a set duration (that can be
determined by the experimenter or therapist) or constantly, until it is adjusted again.
An additional strength of the included stressor game characteristics and the
respective instantiations is that these present stressor forms have a high degree of
ecological validity. This is due to fact that these stressors have a high correlation with
stressors found in real life. Exemplars are the real life depictions of aversive visual and
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auditory stimuli of the IAPS and IADS that are used, and the presentation of time pressure
on task completion, as presented through the countdown in the stressor game.

Implementation
In order to implement the stressor game we aimed to utilize a software environment which
fulfilled three requirements:
Data exchange
It must be possible to both import and export information into and from the environment
during execution. Import is needed to receive information from the feedback model, in
order to receive which game characteristics will be adjusted in what way. Export is needed
to send markers to the measurement component or any additional hardware.
Characteristic implementation
All of the selected game characteristics instantiations must be implementable in the
environment. For example, the environment must allow for a high level of realism in order
to be able to vary the amount of realism presented.
Real time adjustment
The implemented game characteristic instantiations must be real time adjustable.
High level programming interface
In order to make the application suitable for different therapy and research paradigms, it is
needed to have a high level programming interface that allows to easily implement the
needed research or therapy tasks within the application.
Based on these requirements the software environment Virtual BattleSpace 2 (VBS2) by
Bohemia Interactive was selected (Simulations, 2011). This is a 3D simulation environment
that allows for complete control over the simulation to adjust the relevant game
characteristics and fulfil the above requirements The subjects control the stressor game
with the four directional keys of a standard alphanumeric keyboard.

3.1.2. Component 2: Measurement
Physiological signals
In the measurement component we include a multitude of physiological signals, both to
provide information suited for a variety of research and therapy paradigms as well as to gain
as much information as possible regarding the current stress status. In order to determine
which types and corresponding measurements are suitable for inclusion we drafted six
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requirements, the first three concerning the physiological signals, the latter three
concerning the corresponding measurements, given below:
Responsitivity
The physiological signal should respond to the selected stressor game characteristics.
Response consistency
In order to succeed in achieving the intended effect in the measured stress response upon
adaptations of the stressor, the response must be consistent within a subject to a (digital
game) stressor (adaptation), both quantitatively and temporally. This entails the response
should have a consistent sign (either increasing or decreasing) between repeated
presentations of an identical stressor game characteristic, and this response must occur
within the same time span between repeated presentations. This consistency is only
required for identical circumstances. For example the response is not required to be
consistent between cases where in one of the cases the physiological signal is already at a
physiological possible maximum or minimum.
Low response latency
In order to be able to measure the effect of stressor characteristic adjustment and allow for
any subsequent adjustments, the stress response must emerge after such an adjustment
with the least amount of delay as possible. In practice, this requires the latency to be within
the realm of seconds, in order to reliably determine the effect of a presented stressor.
Measurement continuity
The measurement must be applicable continuously in order to keep continuous track of the
stress status and the effects of stressor adjustments.
Measurement inertion
In order to reliably relate the stress responses to adjustments in the stressor game, the
measurement must be applicable without inducing an additional stress response or
disturbing the experiment or therapy.
Measurement fMRI compatibility
In order to allow usage of the application in additional research and therapy paradigms, the
measurement must be applicable inside a MRI scanner, without disturbing (f)MRI imaging,
allowing the use of the application in combination with this technique.
We compiled a list of all physiological signals and corresponding measurements
encountered in chapter 2, as this provides an exhaustive overview of the kind of
measurements performed with stressor games in the past 36 years. We reviewed these
types and measurements to match these against the above requirements. The results
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hereof are given in Table 3.2 using the same numbering of the requirements as above. Table
3.2 contains 13 physiological signals and corresponding measurements that meet all
requirements. Although we aim for a multitude of measurements, including all these
physiological signals will require six different measurement devices5, which presents
practical problems and is not expected to provide additional information concerning the
overlap in the different physiological signals and forms. Therefore, to reduce the number of
needed measurement devices, we look at the stress response form the different
physiological signals have.
The types are either of the cardiac response form (measured using ECG and ICG),
hemodynamic response form (measured with blood pressure monitor and
photophlesmograph), stress responses stemming from sympathetic activation (measured
using electrodes), and the neural stress form, measured using electroencephalography
(EEG). In order to reduce the number of needed measurement devices, we chose one
measurement from each stressor form by selecting the measurement of the physiological
signals with the highest mean effect. These mean effect sizes6 are taken from the meta
analysis in chapter 2.
For the different stress response forms and measurement combinations, these effect
sizes are given in Table 3.3. Given this approach, we select to measure heart rate and heart
rate variability (using ECG), systolic and diastolic blood pressure (using a blood pressure
monitor), the electrodermal signal (electrodes) and the neural response using EEG.

5

Heart rate and heart rate variability are measured using electrocardiography (ECG); systolic, diastolic and
mean blood pressure are measured using a blood pressure monitor; electrodermal response is measured using
electrodes on the skin; cardiac output, pre ejection period, cardiac index, left ventricular ejection time and
vascular rigidity index are measured using impedance cardiography (ICG); digital blood volume pulse is
measured using a photophlesmograph; and neural spectral power or event related potentials are measured
using electroencephalography (EEG).
6
These mean effect sizes represent the difference between baseline measurements and measurements during
digital stressor presentation.
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1. Responsitivity

2. Response consistency

3. Low response latency

4. Measurement continuity

5. Measurement inertion

6. fMRI compatibility

Heart Rate (HR)

+

+

+

+

+

+

Diastolic Blood Pressure (DBP)

+

+

+

+

+

+

Systolic Blood Pressure (SBP)

+

+

+

+

+

+

Forearm Blood Flow (FBF)

+

+

+

+

+

4: Time needed to inflate cuff does not allow for continuous
measurement.

+

+

1/ 2: Voluntary control over RR interferes with responsitivity
and response consistency.

+

+

4: Time needed to inflate cuff does not allow for continuous
measurement.

Physiological signal / Measure

+

Respiration Rate (RR)

+

Comment

Forearm Vascular Resistance
(FVR)

+

+

+

Cardiac Output (CO)

+

+

+

+

+

+

Digital Blood Volume Pulse
(DBVP)

+

+

+

+

+

+

Electrodermal Activity (EDA)

+

+

+

+

+

+

+

+

+

+

+

1: No significant responses found in this response type.

+

+

+

3: Response peak around 20 minutes.

+

+

+

+

+

+

+

+

2: Voluntary control over respiration influences RSA.

Total Peripheral Resistance
(TPR)
Cortisol

+

+

Pre Ejection Period (PEP)

+

+

Respiratory Sinus Arrhythmia
(RSA)

+

Oxygen Consumption (VO2)

+

+

+

+

+

5: Requires cap, acting as stressor itself.

CO2 Production VCO2

+

+

+

+

+

5: Requires cap, acting as stressor itself.

Epinephrine (E)

+

+

+

+

1: No significant responses found in this response type.
4: Determining measure after measurement takes time.

Norepinephrine (NE)

+

+

+

+

1: No significant responses found in this response type.
4: Determining measure after measurement takes time.

Plasma Renin Activity
(PRA)

+

+

+

+

1: No significant responses found in this response type.
4: Determining measure after measurement takes time.

Stroke Volume (SV)

+

+

+

+

+

1: No significant responses found in this response type.

+

+

+

1/ 2: Voluntary control interferes with responsitivity and
response consistency.
5: Requires cap, acting as stressor itself.

+

+

+

+

1/ 2: Inconsistency and lessened responsitivity due to (semi )
voluntary movements.

+

+

1: No significant responses found in this response type.
4: Determining measure after measurement takes time.

Tidal Volume (TV)
Muscle Activity

Amylase
Cardiac Index (CI)
Heather Index
(HI)

+

+

+

+

+

+

+

+

+

+

+

+

+
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1: No significant responses found in this response type.

Heart Rate Variability (HRV)

+

+

+/

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Mean Systolic Ejection Time
(MSER)

+

+

+

+

Pulse Transit Time
(PTT)

+

+

+

+

+

+

Stroke Volume Index
(SVI)

+

+

+

Total Systemic Resistance (TSR)

+

+

Left Ventricular Ejection Time
(LVET)
Mean (Arterial) Blood Pressure
(MAP/MBP)

+

Perceived / subjective stress

3: Although HRV has a low response latency, in practice HRV
measures in the frequency and phase domain require data in
the realm of minutes to be determined, rendering a too high
latency in practice. Time domain measures do meet all
requirements.

1: No significant responses found in this response type.
+

1: No significant responses found in this response type.

+

4 / 5: Cannot be measured continuously without disturbing
experiment as it requires introspection.

+

+

1: No significant responses found in this response type.

+

+

+

1: No significant responses found in this response type.

Vascular Rigidity Index (VRI)

+

+

+

+

+

+

Activity / Electro
encephalography (EEG)

+

+

+

+

+

+

Table 3.2. Overview of physiological signals and corresponding measurements matched against requirements for
determining the utilized physiological signals in the measurement component. A plus sign (+) indicates that the
requirement of the respective column is met, a minus sign ( ) indicates this requirement is not met. In the latter
case, the comment column indicates why this is the case. Rows corresponding to physiological signals and
measurements that meet all requirements are given in grey.

Stress response form

Physiological signal

Measurement

Mean effect size

Cardiac

HR, HRV (time domain)

ECG

0.73

Cardiac

CO, PEP, CI, LVET, VRI, MAP

ICG

0.59

Hemodynamic

SBP, DBP

Blood pressure monitor

0.93

Hemodynamic

DBVP

Photophlesmograph

0.84

Sympathetic

EDA

Electrodes

0.27

Neural

Event related potentials (ERP), spectral
power measures

EEG

Not available

Table 3.3. Overview of physiological signals fulfilling all requirements. Grey rows indicate selected types and forms
for use in application.
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Implementation
In order to implement the measurement component we aimed to utilize hardware and
software that fulfilled three requirements:
fMRI compatible
One of the requirements on the physiological signals is that it is possible to perform the
measurement within a fMRI environment. Therefore, this requirement is extended to the
hardware and software of the implementation as well.
Continuous
We selected the physiological signals amongst other things on the possibility to measure
these continuously, therefore the hardware used to perform the measurement of these
types also needs to be able to measure continuously.
Broad spectrum
In order to make the application suitable for multiple research and therapy paradigms we
select hardware and software that is easily extendable with measurement equipment for
additional (neuro)physiological signals, such as EEG.
We were not able to find a manufacturer that provided interconnected equipment that
fulfilled all our requirements and also measured all selected physiological signals at the
same time. We selected the system that fulfilled all three requirements and was able to
measure the most physiological signals at the same time. This is the fMRI compatible
equipment by Biopac Systems Inc. that allows continuous measurement of all our selected
stressor types, except EEG. This results in the use of heart rate (variability), blood pressure
and electrodermal activity measurements in the measurement component. The base
station of this equipment, the MP150, allows easy extension with additional equipment
through a plug and play interface which allows the plugging in of additional equipment by
the same manufacturer, that is automatically recognized by the accompanying software,
Acqknowledge. This ensures easy extension of the utilised stressor types, making the
application suited for additional paradigms.
For the measurement of heart rate and variability with ECG we use the ECG 100C
MRI amplifier with disposable electrodes in a lead II type ECG. For the measurement of the
electrodermal response we use two disposable electrodes on the hand or foot connected to
an EDA 100C MRI amplifier. For measuring systolic and diastolic blood pressure we use a
small pressure pad on the thumb or elbow that detects these measures using continuous
pressure, allowing for continuous measurement, connected to an HLT 100C amplifier. This
method utilizes an additional software package for extraction of the systolic and diastolic
blood pressure from the raw blood pressure signal, Caretaker, which transfers the
measurement data to the Acqknowledge software.
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3.1.3. Component 3: Feedback component
The feedback model serves to select the optimal adjustment of the stressor game
characteristics, i.e. the adjustment that minimizes the difference between the current stress
status and the desired stress status. To this end, it models the relations between the size of
the physiological signals selected in the previous section and the stressor game
characteristics adjustments chosen in the preceding section. These relations are expressed
in rules that are fitted for each individual subject during the fitting condition of the
application. It is important to realize here that the formulas presented in this section can be
used to calculate values to a precision that does not necessarily reflect the same precision of
the entities these are presenting, i.e. the provided formulas and resulting values in this
section should be seen as an approximation of the respective entities these present.

Stress status
In correspondence with our definition of the stress status as the ensemble of responses to
internal or external stimuli that present (perceived) challenges to the (psychological)
homeostasis, the stress status in the feedback model is expressed as the weighted
summation of stress responses in the selected physiological signals (i.e. heart rate, heart
rate variability, blood pressure and electrodermal response). In order to estimate this stress
status, we calculate the height for each physiological signal separately, expressed in the
standardized mean difference effect between the baseline value and the current value,
denoted as Hedges’ g (Hedges, 1981). The formula for the height of a given physiological
signal expressed in g is given by:

Here µbaseline refers to the mean value of the specific physiological signal (e.g. heart rate)
during a baseline measure. This baseline measure is a measure of the physiological signal of
the subject in rest, before the start of the respective paradigm. This measure needs to be
performed shortly before the application is used, while the subject is instructed to relax in
the same position as he or she will be in when using the application. Furthermore, the µstress
response and baseline refer to the mean current value of the physiological signal and the
standard deviation of the corresponding baseline measurement values. In this manner, the
sign of the resulting g will be positive when the value of the physiological signal is higher
compared to the corresponding baseline measurement, with the value indicating the
change from baseline expressed in standard deviations.
The stress status, calculated as the weighted summation of these physiological
signals is given by:
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Here sc stands for the current stress status, summing over all gi , the current heights of the
respective physiological signals, multiplied by wi , representing the respective weights
assigned to these types. These weights are introduced to allow specific physiological signals
to have more influence on the stress status than other response types, by assigning the
respective weight of this response type a higher value than other weights. This can be
desirable in certain therapy or research paradigms in which specific physiological signals are
more informative for the aim of the paradigm than others. By default the weights are all
initialised to the value of 1, resulting in all physiological signals having the same influence on
the stress status. The state is normalised by dividing it by the summation of all weights. In
this manner the normalised weights sum up to one, resulting in a stress status sc that is
expressed in the weighted average standard deviations change from baseline, making
interpretation more intuitive. Calculating sc in this manner allows to combine multiple
physiological signals, takes personal variance in physiological signals of individual subjects
into account and makes sure that the stress status value is close to 0 at the beginning of
each experiment, by using the baseline measurements.
Based on the current stress status sc. estimated in this manner and the given desired
stress status sd, the feedback model selects a stressor characteristic adjustment that is
predicted to result in a stress status that is closest to the desired stress status. In order to
determine this adaptation, the feedback model utilizes rules that model the relation
between stressor characteristic instantiations and the responses of the different
physiological signals.
Rules
For every stressor characteristic instantiation, the feedback model contains exactly one rule
that models the relation between all the available adjustments of the instantiation and the
corresponding responses in the different physiological signals. For example, for the stressor
characteristic ‘game music’ the feedback model contains a rule that predicts the response
for each of the different physiological signals (i.e. heart rate (variability), blood pressure and
the electrodermal response) for each of the possible adjustments, i.e. for each music sample
that can be presented.
Two kinds of rules are contained in the feedback model: discrete and continuous
rules. The discrete rule is used for modelling relations concerning stressor game
characteristics that are instantiated in discrete levels, such as realism, which is instantiated
by adjusting the point of view to either the first or the third person view, i.e. two levels. This
kind of rule is represented as a matrix Dij , with the rows representing the change in the size
of the respective response types, and the columns representing the transitions between
levels of the stressor game characteristic instantiation. There are i rows, equal to the
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amount of physiological signals, and j columns, equal to the number of 2 permutations of
the set of levels of the stressor game characteristic (i.e. P(amount of levels, 2) ), representing
all the possible transitions from one level of a given characteristic to another. In this manner
the element Dij refers to the predicted change in response type i, i.e. gi , when the stressor
game characteristic transition is applied that belongs to column j. For example, the rule for
transitions of the realism characteristic instantiation would consist of a four by two matrix,
with the four rows presenting the changes in size of the different physiological signals and
the two columns representing the two possible transitions: from first to third point of view,
and vice versa. Within this presentation, the predicted change in the current stress status,
i.e.

, when applying transition j on the stressor game characteristic presented by

discrete rule rd, is therefore equal to the weighted summation (using the weights
corresponding to the respective physiological signals) of the elements in column j in matrix
D:
=
The continuous rule is used for modelling relations of stressor characteristics that are
instantiated in a continuous manner, such as aversive stimuli, which is instantiated by using
sounds and pictures from the IAPS and IADS using a continuous scale. This kind of rule
consists of a simple linear regression model for each response type, in which the respective
predicted response sizes are regressed on the continuous measure of the stressor
characteristic. This entails that the predicted change in the current stress status,

, when

applying an adjustment with value x of the continuous measure of the stressor game
characteristic instantiation presented by the rule rc , is equal to the weighted summation of
the predicted changes in physiological signal sizes,
These changes are equal to the
value predicted by the fitted regression model:
=
In the example of the instantiation of aversive stimuli in the form of pictures from the IAPS,
the desired change in the current stress status can be inserted, resulting in a value for x that
corresponds to the value of the scale used for aversive pictures that is predicted to result in
this desired change of stress status. Subsequently, the picture with the value closest to x is
selected to be used as stressor game characteristic adjustment.
In order to select the stressor characteristic adjustment that is predicted to result in
the stress status that is closest to the desired stress status, the feedback model will inspect
the predicted stress status change of all rules when applied on the current stress status.
Subsequently it will select the rule that results in the stress status that is closest to the
desired stress status sd and apply this rule, i.e. stressor characteristic adjustment, to the
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stressor game. This entails that one rule is executed at a time. When we consider all possible
rules r with all possible input values x or j as a set R, this selection process is given by:

In cases where two or more rules would result in identical predicted stress statuses that are
both the closest to the desired stress status, the feedback model selects the rule that has
the largest effect on the physiological signal that has the value the farthest away from the
desired stress status. This is applied to prevent flooring and ceiling effects of physiological
signals.
Fitting
In order to derive the rules of the feedback model for each individual subject, the subject is
presented with a predetermined sequence of stressor characteristic adjustments in the
fitting condition, i.e. the condition where the subject searches for notes in the maze in the
garden. This sequence can be specified by the therapist or researcher, allowing to
determine which rules will be used and therefore included in the feedback model and how
many times and which specific adjustment will be presented.
The response to the adjustments are calculated by using the measurements x
seconds before the adjustment as a baseline and the measurements y seconds after the
adjustment as response, after which g is calculated for each physiological signal as
described in section 2.3.1. The values of x and y can be chosen by the therapist or researcher
in order to allow for specific intervals of measurement suited for the specific physiological
signals being used. Because we only adjust one stressor characteristic at a time and keep all
other variables that we identified as being relevant to the response constant, and do so in a
homogeneous environment (the maze looks virtually the same at any given time), we take
the measured response as representing the expected change in the physiological signals
after applying this specific adjustment. Although we aim to control all relevant variables and
solely adjust the characteristic of interest, we would recommend therapists or researcher
creating a sequence of adjustments to use multiple presentations of a specific adjustment,
resulting in multiple trial measurements in the fitting condition. In this manner, any
remaining effect of variation in non controlled variables on the measured response will be
reduced.
The measured sizes of the response types to these stressor characteristics are used to fit the
feedback model rules. For the discrete rules, this entails creating a matrix of the possible
transitions between the levels together with the measured responses. The continuous rules
are derived by constructing a simple regression model using least squares regression
estimation (LSRE) , with the measured responses as data to fit the regression model.
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Intervening variables
Intervening variables, i.e. variables influencing the relation between the stressor and stress
response, can intervene with the stress status that is predicted by a rule executed by the
feedback model. In these cases, the feedback model cannot reliably predict, and therefore
not control, the stress status. Currently, the feedback model controls for two kinds of
intervening variables.
First, the model controls for intervening variables of the individual difference
variables category, such as gender and age, by fitting an individual feedback model for
every subject separately.
Second, the feedback model aims to reduce intervening flooring and ceiling effects
of physiological signals by selecting rules that have the largest effect on the physiological
signal that has the value the farthest away from the desired stress status.
Implementation
The feedback model is implemented in Python (van Rossum, 1995), as this language
provides classes for interaction with the measurement component software Acqknowledge
and is a high level programming language, allowing easier adaptation in the future when
this is needed for a given paradigm.

3.1.4. Overview
In Figure 3.3 the schematic overview GASICA from Table 3.1 is revisited, and elaborated
with the outcomes of the top down design process of the different components as
described in the previous sections. In this figure the constant loop performed in GASICA is
depicted. In this loop the digital stressor game presents various stressor forms such as
emotion induction, workload and frustration to the subject (Table 3.1) through the
adjustment of (instantiations of) stressor game characteristics, e.g. the adjustment of time
pressure through the presentation of a countdown. Simultaneously, five different
physiological signals (i.e. heart rate, heart rate variability, diastolic and systolic blood
pressure, and electrodermal response) of different forms (respectively cardiac,
hemodynamic and sympathetic) are measured (Table 3.3). These measurements are relayed
to the feedback model, which determines the current stress status and selects a rule
(resulting in a adjustment of an instantiation of a game characteristic) that will minimize the
difference between the desired stress status and the predicted current stress status after
applying the rule. This rule is then applied in the stressor component, resulting in an
adjustment of the game characteristic instantiations, hereby closing the loop that will run
continuously. Because this loop runs continuously, any changes in the current stress status
that are not a consequence of the adjustment of stressor characteristics (e.g. spontaneous
drifts or influences of non controlled variables) are constantly measured and corrected for.
A narrative is used in the stressor game to prevent subjects to identify adjustments as part
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of the therapy or research intervention: the subject has to find notes wearing a heavy suit
that contains a radio and display, and which malfunctions from time to time, resulting in for
example, the presentation of images, sounds, and the restriction of movement. Intervening
variables are taken into account by the feedback model in two ways, most prominently by
constructing an individual feedback model for each subject.
Important to realize here is that GASICA utilizes single stressor characteristic
adjustments to alter the stress status. However, the envisioned workings of GASICA do not
rely on the expectation that single adjustments will result in the exact responses as found
during the fitting condition. Because we continuously alter different characteristics, we get
an ensemble of stressor manipulations that together have more power to alter the stress
status towards the desired stress status. In other words, it is not the case that each specific,
relatively mild, stressor is expected to elicit the exact response measured during the fitting,
but rather the ensemble of all stressor characteristics that are continously presented based
on the current stress status, that is expected to result in the alteration of the stress status
towards the desired stress status.
Instructions provided to subjects can be altered to fit the needs of the respective
paradigm being used. Two general instructions that need to be given in any paradigm are
that 1) the subject should perform to the best of their abilities, i.e. find as many notes as
possible (monetary incentive could be employed here), and 2) the subject should remain as
still as possible in order to ensure valid physiological meaurements. Important to note here
is that due to the first instruction, GASICA is expected to also present a certain amount of
social evaluative threat, as the subject feels that they are evaluated on how well they are
performing.
Most of the properties of GASICA can be altered by the therapist or researcher using
it, as indicated in relevant sections in this manuscript. In this manner we aim to present a
generic application that can be used in a multitude of paradigms. Some of the most
important alterations include:
Which elements of a paradigm, such as a baseline measurement, a fitting condition
and a intervention condition are presented, and in which order.
Determining the used rules and corresponding stressor characteristics.
Which characteristics are presented during the fitting condition, in which order, and
how many times.
Whether the intervention condition utilizes a predetermined sequence of stressor
characteristic adjustments or utilizes the feedback model fitted during the fitting
condition.
If a task or therapy element will be presented during the intervention condition and
how this is alternated with the characteristic adjustments.
How long the baseline measurement will be.

76

Which physiological signals are measured and used to determine the stress status,
and the corresponding weights.

Figure 3.3. Overview of the application.

Implementation
In Figure 3.4 the complete architecture of GASICA is given, containing the implementations
of the different components and the implemented connections between the components.
The stressor game environment (VBS2) and the feedback model (Python) are run together
on one pc, the stimulus pc, and the stress response measurement software (Caretaker and
Acqknowledge) is run on another pc, the acquisition pc. This distinction is made because the
software on the different pc’s has different requirements: the stressor game environment
requires more graphical power, whereas the measurement software mostly requires large
memory and fast writing to the hard disk. By separating the components, we can utilize pc
hardware that is better suited for different software, and prevent interference between the
software packages. Furthermore, an additional module, the Connection & sync module, is
developed as a dynamic link library (DLL) in C++ and is utilized as a plugin in VBS2, allowing
to connect additional measurement equipment to GASICA using either the parallel or the
serial port. Additionally, this module serves to synchronize the measurements in the
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measurement component with events in the stressor game or in any additional tasks that
are used in different paradigms.
Furthermore, the therapist or researcher can determine several properties of
GASICA as described above. In order to facilitate this adjustment, all properties can be set
through a single configuration file. Even more, all software components are coded as
modular open source code and will made available in due time on gasica.com. This allows
therapist or researchers to change any element of the application that could not be altered
using the configuration file, for example the way the stress status is determined, or the
game design. In Figure 3.5 a picture of GASICA in use is included, with the different
components from Figure 3.4 encircled.

Figure 3.4. GASICA architecture. Grey elements represent hardware such as computers and amplifiers, green
elements represent software, with the software environment or language indicated between brackets. The main
components from Figure 3.3 are indicated with dotted lines.
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Figure 3.5. Picture of GASICA in use, with the different components encircled. AP stands for acquisition pc, SP for
stimulus pc, BP for blood pressure measurement, EDA for electrodermal activity measurement, ECG for
electrocardiography measurement and MA for measurement amplifiers.

3.1.5. Pilots
Pilot experiments have been conducted to optimize the usability (pilot 1), stress induction
ability (pilot 2) and the fMRI compatibility of the application (pilot 3).
The first pilot constituted a usability test of the stressor component, looking into
aspects such as the perceived visual quality, how well the game could be controlled, and
whether the narrative containing the malfunctioning suit was credible. Additionally, we
investigated the perceived stress status of 27 subjects through a questionnaire. The results
of this pilot indicated that the overall quality of the stressor game was sufficient and that
the perceived stress status was on average perceived as ‘slightly stressed’ (using a 4 item
Likert scale with the following items: ‘not stressed’, ‘slightly stressed’, ‘stressed’, and ‘very
stressed’). Given these results we adjusted the stressor game based on the suggestions of
the subjects: amongst other adjustments, the game design was improved to make it more
realistic and the control of the game was altered to allow more intuitive movement.
In the second pilot we used the complete application and focused on the question
whether the application was able to induce physiological stress responses. Six subjects were
included (three female). Heart rate, systolic and diastolic blood pressure and electrodermal
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activity were measured using the measurement component. Additionally, after each session
a structured interview was performed with each subject that included an assessment of the
subjective stress experienced by the subject during stress induction. Of these four
physiological signals, except for EDA, we found significant increases from baseline to
intervention condition. We also found that specific aspects of GASICA that needed to be
adjusted based on the findings, most notably the manner in which the feedback component
predicts the stressor intensity for aversive and game music stimuli.
The third pilot concerned the use of GASICA in combination with fMRI. We tested
whether we were able to a) deliver visual and auditory stimuli to the subject in the MRI
scanner, b) perform measurements using the measurement component on the subject
inside the MRI scanner during fMRI sequencing and remove the artefacts in the
measurement data caused by the magnetic field in real time, c), keep the signal to noise
ratio (S/N) of the MRI data high enough so the data was still usable, despite introduction of
GASICA to the magnetic field, d) test communication between GASICA and the scanner,
allowing to synchronize data from both systems offline, and e) test configuration settings
used primarily for fMRI paradigms (e.g. jittering of inter stimulus interval). All tests were run
for different sequences (e.g. different EPI and PRESTO sequences), first on image phantoms
(i.e. object to evaluate effects on and performance of MRI scanner).
We found that we were able to achieve all off the above without lowering the S/N of
the fMRI measurements.

3.2. Discussion
We have presented GASICA, an application aimed at controlling the internal stress status in
various therapy and research paradigms by online and continuous monitoring of the stress
status through (neuro)physiological signals. Here we discuss the strengths and limitations of
the application, and the future directions.

3.2.1. Strengths
Through the fulfilment of the requirements of the different components, GASICA is an
application that presents several strengths:
Multidimensional
The application allows to present different stressor forms, such as workload, emotion
induction, and frustration. This allows to investigate the effects of these specific stressor
forms, in isolation or in combination, in different paradigms.
Ecological valid
The stressor forms presented and the instantiations of the stressor game characteristics
that present these forms allow for the presentation of ecological valid stressors. This allows
80

for the execution of paradigms that produce results with more generalizable power to real
world situations.
Controllable
The application allows to both control the stressor form and stressor intensity that is
presented, aiming to result in the control of the stress status of the subject. If this succeeds,
it opens many possibilities. For example, it allows using GASICA to keep the stress status of
the subject within desirable bounds given a specific paradigm, for example in therapies such
as exposure therapy. Another example is to use the application to keep the stress status of a
subject on a certain level for the duration of the paradigm, relevant, for example, in cases
where the stress status is an intervening variable on the dependent variable in research.
Generic
The application is generic in several respects. First, the configuration file allows to adjust
any of the properties of GASICA, such as the adding of tasks to the application (the task
itself can be constructed using the high level programming language of VBS2), or the
possibility to exclude or include stressor game characteristics and alter existing ones,
allowing to present the stressor forms that are required in the respective paradigm. Second,
the narrative and 3d world can be adjusted (the environment ensures easy import of existing
3d worlds and objects). Third, a wide range of physiological measurements can be used by
adding Biopac amplifiers through a simple plug and play interface. After the new amplifier
is added, the complete GASICA application automatically detects this new signal and
utilizes it for control of the stress status. Additionally, measurement equipment from other
vendors can be added through the connection & sync module. These properties allow
adjustment of the application to make it suitable for different therapy and research
paradigms. Furthermore, the entire application will be provided as modular open source
software on gasica.com, in order to allow any adjustments that are not feasible through the
configuration file. This generic nature also allows GASICA to be used in additional ways.
Examples could be to add neural activity measurement devices and make the
measurements from these devices available to the subject, hereby effectively using GASICA
as a neurofeedback application. Other examples could be in the entertainment field, where
GASICA can be used to optimize the user experience, or for training purposes, aimed at the
training of functioning in stressful jobs, such as in the military, aviation, or fire fighting.

3.2.2. Pilots
The pilots indicate that GASICA has the possibility to induce physiological and subjective
stress, and can be used inside an fMRI environment.

81

3.2.3. Limitations
Several limitations can be anticipated with this application. First, it is to be expected that
the rules fitted during the fitting condition capture a relation between stressor and response
that is context dependent, for example dependent of the elapsed time the stressor has
been presented. As such, these relations are prone to change during the course of the
experiment or therapy. At this moment, the application does not control for this. We aim to
investigate these effects during the upcoming validation study and determine possible
solutions, such as using adaptive rules in the feedback model, i.e. rules that adjust to
changing relations between stressors and responses.
Second, currently only a few intervening variables are controlled for in the
application. In the upcoming validation study we will analyse the effect of several
intervening variables, such as elapsed time of the current paradigm, and include these in the
feedback model.
Third, the application utilizes linear regression models to model the relation
between continuously instantiated stressor game characteristics and physiological signal
sizes. However, it is not certain whether this relation is linear. We will use the data from
future research to assess what kind of model best fits these relations.

3.2.4. Stress induction
One of the important questions regarding the use of GASICA is whether it induces stress, or
that the found responses are due to other concepts, most prominently, arousal. As stated in
the treatment of these concepts in the introduction, we concur with the distinction
proposed by Day and Walker (Day & Walker, 2007). We feel that according to this
distinction GASICA should be considered as a stressor, as GASICA presents many stimuli
that have been found to be aversive stimuli, entailing both qualitative appraisal in terms of
aversiveness, and meeting the requirement that aversive challenges must be utilized.
Given that it is pivotal to establish with the highest possible certainty that the
responses to GASICA are indeed representing stress, we have planned a follow up
validation study. In this study a large study population is used, containing a control group to
control for other factors of the digital stressor game that can contribute to physiological
responses, such as motor activity. Furthermore additional measurements are included, such
as additional subjective measurements and cortisol measurements. As cortisol is an
important and widely used biomarker for stress that could not be used as an online
measurement in the measurement component, we will use it as an offline measurement in
this study to gain more insight in the effects of GASICA on stress.
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4. Validating GASICA: Determining its stress induction
and control capabilities
In this chapter we aim to validate GASICA by examining to which extent the two main goals
of GASICA can be achieved: (a) to induce stress, and (b) exert control over the stress
response. We have formulated four research questions examining these goals. The first two
questions pertain to the different temporal intervals of stress induction. First, we examine
the stress induction over several minutes (interpreted as a stress state): is there a significant
difference between the measured responses in the minutes during stressor presentation,
compared to the minutes before? When presenting individual or combinations of stressors
sequentially in time with time intervals of seconds, the stress state represents the sustained
cumulated effects of these stressor presentations. We hypothesize that the different
physiological signals are significantly higher in the minutes post stressor onset compared to
the minutes before. Second, we examine stress induction in the first seconds post stressor
onset (called acute response). This also allows us to look at differences in stress induction
capabilities of specific (combinations of) stressors, as we can measure the responses to each
(combination of) stressor separately. Therefore we formulate this question as follows: ‘what
(combination of) stressors significantly alter(s) the different physiological signals between pre
and post stressor onset? Based on the meta analysis (chapter 2), where we found significant
physiological responses to these stressors, we hypothesize that all stressors will elicit at
least one significant response in at least one of the measured physiological signals.
The remaining questions concern the stress control capabilities of GASICA. The third
question addresses how well GASICA can predict a response to a stressor. Prediction
concerns the ability to predict the acute response to a stressor stimulus or combination of
stimuli when considering this stressor in isolation, i.e. we do not take into account events
that preceded the presentation of the stressor. In this regard we pose the question: ‘for how
many of the presented stressors can we predict the stress response in advance?’ The fourth
question examines to what degree the findings regarding prediction translate to control: ‘to
what degree do the measured stress status deviates from the desired stress status?’ Control
refers to how well a series of stressors over time, selected based on the predictions,
minimizes the difference between the desired and measured stress status. As treated in
chapter 3, the stress status is defined as the mean of the differences between the current
value of each physiological signal and the corresponding baseline, expressed in standard
deviations.
In the next section we will treat the methodology for this validation study and
subsequently the results are presented. Finally, the results are discussed.
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4.1. Method
4.1.1. Subjects
In our study 42 healthy adult subjects (age: 23.7 ± 3.8 years, 21 females) with proficient
Dutch language skills and normal or corrected to normal vision were included. Flyers and
posters were used to recruit students on the campus grounds of Utrecht University,
resulting in 40 of the subjects (95%) being students. Subjects indicated not to use
medication (with the exception of contraceptives), not to be pregnant, not to have a history
of psychological and/or psychiatric disorders, and not to have problems with drug or alcohol
abuse over a period of six months prior to the experiment. With regard to the three days
prior to the experiment subjects reported not to have used any recreational drugs, and with
regard to the 24 hours prior to the experiment subjects reported not to have participated in
any heavy physical exercise (e.g. sports training or moving someone). Additionally, subjects
reported to have refrained from nicotine, caffeine and alcohol in the 4 hours prior, and not
to have consumed anything other than water, nor brushed their teeth or flossed in the 2
hours before the experiment.
These exclusion criteria were checked through questionnaires before the start of study
procedures. The local Ethics Committee of the UMC approved the study and all subjects
gave written informed consent, including their willingness to view or hear aversive stimuli
from the IAPS or IADS.

4.1.2. Task
We presented the subjects with the task of finding notes (called the search task) in a
simulated three dimensional world (a building with garden, see Fig 3.2). With the directional
keys of the keyboard the subjects controlled an avatar, which was wearing a suit that had
several technical possibilities, such as the ability of presenting images and sounds through
the included helmet of the avatar. In the narrative accompanying this task, the subject’s
uncle had lost his notes. This narrative, together with the narrative of a suit with technical
possibilities allowed us to present various stressor stimuli during the task in a coherent
manner, because these were part of this same narrative.

4.1.3. Stressors
The stressor types used are the stressors used in the configuration of GASICA from chapter
3, with two adjustments: social evaluative threat is added as a stressor, and sound level is
removed ad as stressor. Social evaluative threat refers to being (negatively) judged by
others, a stressor known to robustly activate the HPA axis (Dickerson & Kemeny, 2004).
This stressor was added to examine the stressor potential of GASICA with regard to the
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HPA axis, more specifically, cortisol secretion. Sound level was removed as stressor because
it proved hard to control this stressor in the study environment.
This yields the following set of stressor types: aversive stimuli, time pressure, music,
frustration, realism, and social evaluative threat. Aversive stimuli are presented using the
International Affective Picture System (IAPS) (Lang, Ohman, & Vaitl, 1988) and the
International Affective Digitize Sounds (IADS) (Bradley & Lang, 1999) Time pressure is
induced by visually presenting a countdown from six to zero during six seconds. Music is
presented by a standard set of music excerpts (Eerola & Vuoskoski, A comparison of the
discrete and dimensional models of emotion in music , 2011). To induce frustration GASICA
restricts the movement of the avatar by removing either the possibility to move forward,
right, or left. Realism is altered by changing the point of view of the camera to either a 1st or
3rd person view. Social evaluative threat is visually presented through text, displayed in the
centre of the screen. Examples of the different visually presented stressor stimuli are given
in Figure 4.1 to Figure 4.3.

Figure 4.1 Example of aversive picture being shown.
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Figure 4.2. Example of time pressure being presented through text in the middle of the screen. The stressor types
frustration and social evaluative threat are also presented by presenting text in the middle of the screen.

Figure 4.3 Example of third person view being employed, i.e. the subject sees the complete avatar, instead of
‘looking through the eyes’ of the avatar, as is the case in first person view, for example in Figure 4.2.

4.1.4. Measurements
We measured the responses to stressors in heart rate (HR), electrodermal response (EDA),
systolic and diastolic blood pressure (SBP and DBP). These measures are known to respond
to the used stressor stimuli (see chapter 2), and are used by the feedback component of
GASICA (see chapter 3). Additionally we measured EEG, salivary cortisol levels, and
subjective stress responses, i.e. how subjects perceived their current stress status. Cortisol
was measured to gain insight in the stressor potential of GASICA with regard to the HPA
axis, and subjective stress responses are measured to gain insight in how subjects perceived
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the stressor induction by GASICA.
A lead II type electrocardiogram (ECG) was obtained using an ECG 100C MRI
amplifier. The electrodermal response was measured using two disposable electrodes on
the non dominant hand, connected to an EDA 100C MRI amplifier. For measuring systolic
and diastolic blood pressure we used a small pressure pad on the thumb that detects these
measures using continuous pressure, allowing for continuous measurement, connected to
an HLT 100C amplifier. All measurement equipment was from Biopac Inc., and all the data
was recorded using the accompanying Acqknowledge software with a sampling rate of 1000
Hz. Heart rate was derived from the R R interval of the recorded ECG using the built in
functions in Acqknowledge. For the EEG measurements we used 32 electrodes (including
EOG) in a 10 20 layout, with 10 additional electrodes around the vertex (FC1, FCz, FC2, C1,
C2, CP1, CPz, CP2, P1, P2), using an averaged mastoids reference. Salivary cortisol was
collected using salivettes, a synthetic fibre swab that is placed inside the mouth for one to
two minutes. Salivary samples were sent to a hematologic laboratory for analysis of the
level of salivary cortisol. Subjective stress was measured by presenting subjects with the
question (in Dutch): ‘To what degree do you feel stressed at the moment? 1 = not stressed
at all, 10 = maximally stressed’, which could be answered by any integer between 1 and 10.

4.1.5. Study procedure
Experiment preparation
The experiment was performed on weekdays at either 16.45 or 19.30 at the UMCU Medical
Centre, in Utrecht, The Netherlands. Subjects were welcomed at the main entrance of the
hospital and taken to a waiting room, where they had to rest for five minutes before being
taken into the examination room. In the examination room subjects were given an
explanation of the experiment, could ask questions, and signed the informed consent.
Subjects were kept unaware of the topic of the study to prevent altered stress responsitivity
due to increased anticipatory stress, and were informed that the study focused on the
physiological effects of task switching.
Subjects were seated in front of the monitor on which the task would be presented,
at 80 centimetres viewing distance. Subsequently the measurement equipment for
measuring heart rate, the electrodermal response, blood pressure, and EEG was applied to
the subjects. Subjects were instructed to keep seated and as still as possible during the
experiment and do their best. The experimenters then left the room, but could watch the
subject through cameras mounted on the wall and ceiling. Subjects were informed that they
could raise their hand at any time if they needed assistance or had questions, this would be
seen through the cameras and the experimenters would enter the room to assist. After the
experimenters left the room, the experiment started on the monitor.

87

Experiment
A time line of the experiment is visualized in Figure 4.4. First an introduction of five minutes
was presented on the screen, in which the controls were explained and in which they could
practice these controls. Subsequently a baseline measurement of five minutes was
presented in which the subjects were instructed to stay relaxed. Next, 32 stimuli of the
described stressor types were presented sequentially during the task in the fitting condition,
which lasted 8 minutes. Here the search task was presented in a maze, and the stimuli were
presented each 14 seconds for a duration of 6 seconds. Based on the physiological
responses to these stimuli the feedback component of GASICA constructed an individual
feedback model (see section 3.1.3 of chapter 3), which provides predictions on how the
subject responds to (combinations of) stimuli of these stressor types. After the fitting
condition, subjects were given an explanation on the screen of an additional task, a version
of the Balloon Analogue Risk Task (BART, Lejuez, et al., 2002), and were able to practice
this task7. This explanation and practice lasted 8 minutes. Subsequently a second baseline
measurement was performed, identical to the first. After this baseline the intervention
condition started. In this condition subjects performed the search task within a house.
During this task, stressors and trials of the BART were presented in a repeating manner to
subjects in the two experimental groups (see next section), with two stressors being
presented consecutively, after which two BART trials are presented consecutively. Between
onset of each stressor or BART trial and the subsequent stressor or BART trial is 6.5
seconds, with both BART trials and stressor stimuli being presented for 6.5 seconds. In total
240 stressor stimuli (combinations) and 240 BART trials are presented during the 52
minutes of this condition.
Subjects in the control group were not presented with any stressors, and only
performed the BART task during the search task.
Simultaneous cortisol and subjective stress measurements were performed at set
points during the experiment: after the signing of informed consent, before and after the
fitting and intervention condition, and after the subjects had freshened up, resulting in a
total of six measurements of both measures per subject.
A monetary compensation of €20 was provided to the subjects, plus an additional
monetary reward of maximally €20, based on performance on the search task and BART. To
keep subjects motivated, the current height of this reward, updated after each trial of the
BART task, was presented on the screen throughout the experiment.

7

The BART task is included for a different research question, treated in a different paper, outside the scope of
this thesis.
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Experiment completion
After the intervention condition, the measurement equipment was removed, subjects could
fresh up in the adjacent bathroom, and had a debriefing with the possibility to ask
questions. Subjects then received the money they earned in vouchers, and left.
Desired stress status
We defined a desired stress status for each of the 240 stressor stimuli. We used three levels
of desired stress statuses, labelled low, middle and high intensity. Based on findings from the
meta analysis (chapter 2) we set the corresponding desired stress statuses at 0.25, 0.45 and
0.65 (i.e. mean increase in standard deviations from baseline over all measured
physiological signals).
To gain insight in how well the measured stress status follows the desired stress
status for both increasing and decreasing patterns, we divided the 240 stimuli in 6 blocks of
40 stimuli and set the desired stress status in an increasing and decreasing pattern: the first
and last 40 stimuli were set to low intensity, the middle two times 40 stimuli were set to high
intensity, and the remaining two times 40 stimuli were set to middle intensity.
In addition, to gain insight in the effect of presenting stressor stimuli combinations,
i.e. multiple stressors simultaneously, we presented either a single stressor stimulus, two
stimuli simultaneously, or three stimuli simultaneously. For the stimuli set to low intensity
we presented only one stimulus at a time, for the middle intensity we repeatedly presented
two single stressors and then two stressor stimuli simultaneously, and for the high intensity
we repeatedly presented a sequence of single, double, and triple stressor stimuli.
For stressor stimuli combinations, we estimated that the desired stress status
increased linearly, i.e. we estimated the desired stress status to be the summation of the
desired stress statuses of the separate stimuli.
An overview of the desired stress status for all stressor stimuli is given in Table 4.1.

# Stressor stimuli

Desired stress status
label

Amount of stimuli
presented simultaneously

Estimated stress status

1 40, 201 240
41 80, 161 200
81 160

Low
Middle
High

1
1,1,2
1,2,3

0.25
0.45, 0.45, 0.9
0.65, 1.3, 1.95

Table 4.1 Overview of desired stress status for each presented stressor (combination).

In the feedback group, the feedback component selects which stressor stimulus to present
specifically, based on the desired stress status for that stimulus and the current stress status
(see chapter 3), and the amount of stressor stimuli that need to be presented
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simultaneously.
For the fixed group, we created a predetermined (fixed) sequence of stressor stimuli,
based on the desired stressor statuses and amount of stressor stimuli required for each
presentation. This sequence is balanced in terms of the amount the times each stressor type
is presented.
Experimental groups
Subjects were assigned to one of three groups (control group, experimental group fixed, or
experimental group feedback) using the randomization method (Taves, 1974), and were
unaware of the group they were in (single blind design).
In the fixed experimental group, the presented stressors were selected beforehand (i.e. the
sequence of presented stressors was fixed) and were the same for all subjects in this group.
In the feedback experimental group, the presented stressors were selected in real time by
the feedback component of GASICA based on the individual feedback model of the subject
constructed during the fitting condition (for a detailed description of this selection process,
please see chapter 3). In the control group no stressors are presented, i.e. subjects only
performed the search task and the BART. In this manner the control group only differs with
the experimental groups in the presence or absence of stressor, allowing us to control for
intervening effects on the measured responses, such as motor activity induced by
performing the task.

Figure 4.4 Overview of experiment.

4.1.6. Pre processing
Before the data was analysed, we performed several pre processing steps. EDA and cortisol
data was detrended to account for diurnal variation and measurement artefacts, and
physiological implausible values and artefacts in all data were marked. All pre processing
was performed in Matlab (MathWorks Inc., 2015).
In this study, the EEG data and data from the BART are not used and therefore not
described in this study. We will now discuss the pre processing in more detail.
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Detrending EDA and cortisol data
EDA data is known to show a slow negative drift due to a combination of tonic activity and
measurement artefacts (Boucsein, et al., 2012). This drift can result in underestimation of
effects, especially when longer periods of time are compared. We therefore detrended the
EDA data of subjects showing such a drift by fitting a linear regression line per subject to the
EDA values over time, from the start of the first baseline measurement to the end of the
intervention condition. Subsequently we corrected for the negative drift by using the
coefficient of this regression line, adding to each EDA time point a value equal to the value
predicted by the regression coefficient for that time point.
Cortisol data in our sample has a decreasing trend due to the combination of the diurnal
variation of cortisol and the timing of our measurements at the end of the afternoon or
beginning of the evening. We corrected for this trend in the same manner as done with
EDA, with the regression line fitted from the first cortisol measurement to the
measurement after the intervention condition.
Artefacts and implausible data
In order to mark artefacts and implausible data points in data from the fitting and
intervention condition, we created masks for each subject.
To mark artefacts, a data point from HR, EDA, SBP or DBP data is included in the
mask if it is higher or lower than 2.5 times the standard deviation from the mean of the
surrounding 30 seconds of data. When a data point is included, also 50 data points (50 ms)
around the data point are included in the mask to account for the increasing and decreasing
values surrounding this outlying data point.
To mark (physiological) implausible data, a data point, including a 50 data point
margin, is included in the mask if the value is below a hypo or above a hyper threshold,
based on physiological clinical data. This is done for all physiological measures. How data in
the different masks is subsequently treated, differs between the analyses performed, see
section Analyses for more details.

4.1.7. Analyses
Overview of analyses
We performed two main analyses. In analysis 1 we focused on the research questions
concerning stress induction by examining the effect of the presented stressors on the
measured physiological measures and subjective stress. In analysis 1.1 we looked at the
stress state over minutes, by comparing this state in both the fitting condition and the
intervention condition to the state in the first baseline condition. The intervention is
examined both as a whole and for each of the three desired stress status levels present in
the intervention condition separately. In analysis 1.2 we examined the acute response, by
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comparing the mean physiological response in the seconds after stressor onset with the
mean value in the second before stressor onset. This also gave insight in which specific
(combinations of) stressors were eliciting stress responses.
In analysis 2 we focused on the research questions concerning stress control by
examining how well we can predict and control the different responses.
In analysis 2.1 we looked at how well we can predict responses by comparing the
mean prediction of the responses with the actual mean response measured in both
experimental groups, and examined for how many stressors we can significantly predict the
response.
In analysis 2.2 we looked at how well the stress status was controlled in the
intervention condition by examining the difference between the mean desired stress status
and the mean measured stress status, with smaller differences indicating better
performance.
All analyses are performed in IBM SPSS Statistics 22 (IBM).
Analysis 1.1 – inducing a stress response state
We constructed a 2 level linear regression model for each physiological response, with the
respective response as the dependent variable, either HR, EDA, DBP, SBP, cortisol or
reported subjective stress.
Group and sex were included as categorical factors, coding the group (control, fixed
or feedback) and the sex of the subject (male or female) respectively. Condition was included
as a repeated measures variable (using an unstructured covariance matrix) coding the
different conditions.
We constructed the models twice. First, with 3 levels for condition: first baseline,
fitting, and intervention, to gain insight whether there is a significant increase from baseline
to either the intervention or fitting condition. For HR, EDA, DBP, and SBP, that were
measured continuously, we used the mean values during these conditions. For subjective
stress and cortisol, which were measured at specific time points, we used the measurement
closest to these conditions. For subjective stress this means we used the measurement at
the end of the respective conditions, and for cortisol we used the measurements during
preparation, at the end of the fitting and at the end of the intervention condition.
Second, we broke the intervention condition down into the three intensity levels
contained herein, resulting in 4 levels for condition: first baseline, intervention low intensity,
intervention middle intensity, and intervention high intensity. This analysis was only
performed for HR, EDA, SBP, and DBP, as we have no measures of cortisol and subjective
stress during the different intensity levels in the intervention condition.
To control for potential intervening effects, we included the covariates preparation
time (the time needed to apply all measurement equipment), id (a unique identifier for each
subject, to account for any unnoticed changes that occurred over the course of the several
months required to run the experiments), and measurement time (the time of day the
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experiment started, either early at 16:45, or late, at 19:30).
The model was full factorial between categorical factors, for the covariates only the
main effect and interaction with the factor group was included, to control for effects of
these covariates on the dependent variable and any possible differences in these covariates
between groups.
Data was nested in the level 2 variable id, to account for dependency between data
points from the same subject. All factors are fixed, i.e. there are no random variables
included. All models are estimated using maximum likelihood estimation (ML), because this
estimation method is expected to give more accurate estimations for fixed factors, where
our questions and hypotheses are based on (Field A. , 2009).
Planned contrasts were performed on significant categorical factors and interactions
to further analyse these findings, and planned contrasts were performed on the three way
interaction between condition, group, and sex to gain insight in which groups or sexes
showed an increase in their response. To control for the effects of the covariates, contrasts
were performed on the estimated marginal means of the categorical factors, i.e. at the
mean value of the different covariates.
Data was entered in the model when there was no contra indication in the Case
Report Form8 (CRF). For HR, EDA, SBP and DBP, we used the middle three minutes of the
baseline to calculate the mean, to account for the physiological signal to settle and to
control for the potential effect of anticipation in the last minute. For the other conditions
the complete length is used. For calculation of the mean, only data points that are not in the
mask (i.e. data without artefacts or physiological implausible values) are used. If for a given
signal more than 70 % of the data points used for determining the mean are in the mask
created in the pre processing, the mean is not included in the model.
Analysis 1.2 – inducing an acute stress response
We constructed 3 level linear regression models with either HR, EDA, DBP, or SBP as the
dependent variable.
Similar to the previous model, group and sex were included as categorical factors,
and preparation time and measurement time were included as covariates. In addition,
stressor was added as a categorical factor (unlike in the state analysis, here we can measure
the effects of the individual stressors), coding which stressor was presented, and stressor
count and count were included as covariates, respectively coding how many times a specific
stressor was presented, and how many times a stressor in general. Intervention, with the
levels pre and post, was included as a repeated measures factor, coding the pre and post
stressor onset values (using an unstructured covariance matrix).
All factors are fixed, i.e. no random variables are included, with only the intercept
8

This report holds all events that happened during an experiment that are of potential influence on the
measured variables.
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being random to vary per id, to account for individual differences in responsitivity.
The model contains all main effects and two way interactions between categorical
factors, and the three way interactions between intervention, group, and sex, and
intervention, group, and stressor. The four way interaction between all categorical factors is
also included.
These values were nested within the level 2 variable count, that accounts for the
total times a stressor is presented, which is nested within id, to account for dependency
between data points within the same subject. The models are estimated using the ML
method.
Planned contrasts are used to examine the difference between pre and post values within
the different groups and sexes. To control for the effects of the covariates, contrasts were
performed on the estimated marginal means of the categorical factors, i.e. at the mean
value of the different covariates.
Data from the experimental groups was entered in the model when there was no
contra indication in the CRF. We determined the mean pre and post stress response
(respectively mean of 3 seconds pre stressor onset and 5 seconds post stressor onset) on the
data from the intervention condition. This was done for data that was not present in the
mask. If more than 70% of data points in pre or post epoch are in the mask the complete
mean for this epoch is rejected.
Analysis 2.1 – prediction of response
To gain insight in how well we can predict the response to each stressor within the different
groups and sexes, we constructed 2 level linear regression models for each of the stressors
within both experimental groups, with the response in either HR, EDA, DBP, or SBP as the
dependent variable. This was done twice: once we looked at the predictability for each sex
separately, and once for both sexes together.
Prediction was included as covariate to code the predicted response, and similar to
previous models, preparation time, measurement time, and stressor count were also included
as covariates. All factors are fixed, i.e. no random variables are included, with only the
intercept being random to vary per id, to account for individual differences in responsitivity.
The model includes only the main effects.
The data is nested within the level 2 variable id, to account for dependency between
data points within the same subject. The models are estimated using the REML method, as
the ML provided results for fewer models (i.e. the Hessian matrix was not positive definite).
Data from the intervention condition in the experimental groups was entered in the
model when there was no contra indication in the CRF. We determined the response to
each stressor by taking the mean value of 5 seconds post stressor onset, subtracting the
mean value of three seconds pre stressor onset, and dividing it by the standard deviation of
the pre stressor mean. In this manner, the response represents the increase or decrease
expressed in standard deviations, which allows it to be compared across physiological
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signals. This was done on data that was not present in the mask. If more than 70% of data
points in pre or post epoch are in the mask the complete response is rejected.
In the case a model could not be constructed due to the Hessian matrix being not
positive definite, we have reconstructed the model with one level, i.e. removing the nesting
in the second level variable, this resolved this problem in all cases9.
Analysis 2.2 – difference desired and current stress status
To analyse the difference between the desired and current stress status we use the same
model structure as used in analysis 1.2, with a few alterations. This is possible because the
questions are alike: instead of wanting to know the difference between pre and post
stressor values of different physiological signals, we now want to know the difference
between the desired stress status pre stressor onset and the actual current stress status post
stressor onset.
As dependent variable we use the stress status, instead of using the value of a single
physiological signal, e.g. heart rate. The repeated measures factor Intervention is
maintained, now coding the desired stress status pre stressor onset, and the actual current
stress status post stressor onset. Finally, the factor rule is removed, as the stress status is
considered over the integral intervention condition, not broken down per stressor
presentation.

4.2. Results
The results of each analysis are provided in the following sections. To account for multiple
comparisons made in the analyses, we use the two stage linear step up procedure
described by Benjamini, Krieger, & Yekutieli (2006). This procedure controls the False
Discovery Rate (FDR) by utilizing their original procedure (Yoav & Hochberg, 1995),
combined with an estimation of the number of true null hypotheses to minimize the false
nondiscovery rate (i.e. false negatives). Using this method, we found the optimal level for
controlling the FDR in our analyses to be 0.113, i.e. we accept a maximum of 11.3% of our
significant results to be false positives. Only results significant after controlling for the FDR
in this manner are indicated as significant10.

9

As the data was no longer nested within the 2nd level id, the chance of violating the assumption of
independence was increased. Results from models that violated this assumption have been removed. This was
done for nine models in total, determined using the Durbin Watson statistic: these models had values for this
statistic that were outside of the 1.5 2.5 range.
10
Reported p values are raw values, i.e. not adjusted in any way, as an adjustment based on this control
procedure does not have any meaningful interpretation. This entails that p values above the traditional 0.05
threshold can occur, but all p values together satisfy our controlling of the FDR: no more than 11.3% of these
vaues are false positives.
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4.2.1. Summary of main results
Here we provide the main results of the four performed analysis. For detailed results, see
sections 4.2.2 to 4.2.5.
Inducing stress state (analysis 1.1)
We find increased stress states for all measured physiological responses, except for heart
rate.
Inducing an acute stress response (analysis 1.2)
GASICA was able to induce acute stress responses for almost two thirds (69 of the 108) of
the stressor physiological response pairs, in either male or female, and in either one of the
experimental groups.
Prediction of response (analysis 2.1)
GASICA was able to prospectively predict around 40% of the stress responses: of the 108
stressor response pairs, we can predict 44 of the responses significantly.
Difference desired and current stress status
We found that the feedback component controls the stress status to a lesser degree than is
the case in the fixed group.

4.2.2. Inducing a stress state (analysis 1.1)
We performed the analysis using both 3 and 4 levels for the factor condition. We will
describe the results for the analyses separately. For both analyses, to gain insight in to
which extent stress state responses were induced, we performed planned contrasts on the
three way interaction between condition, sex, and group. Furthermore, all significant main
and interaction effects are treated, and are analysed further using planned contrasts.
Three conditions (baseline – fitting – intervention)
For HR we found that the main effects group F(2, 38.92) = 3.42, p < 0.05, and condition, F(1,
38.78) = 21.90, p < 0.001 were significant. The two way interaction between condition and
sex F(2,38.09) = 4.75, p < 0.05, and the three way interaction between condition, group, and
sex F(4, 38.17) = 3.13, p < 0.05, were significant, and the interaction between group and the
covariate id, F(2, 39.33) = 5.53, p < 0.01 was significant.
Using planned contrasts, these main and interaction effects were further explored.
The main effect of group yielded no significant differences between the groups using
planned contrasts. The main effect of condition consisted of the mean HR in the fitting
condition being higher than in the baseline condition (2.54 bpm, beats per minute, higher, p
< 0.001), and higher than the intervention condition (2.13 bpm higher, p < 0.01). When
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exploring this effect further by examining the interaction between condition and sex, we
found that the mean HR in the fitting condition was only significantly higher than the
baseline and intervention condition for females (respectively 4.29 bpm higher, p < 0.001 and
3.78 bpm higher, p < 0.01). We explored this further by analysing the three way interaction
between condition, group, and sex. The results hereof are given in Table 4.2. The interaction
between group and id consisted of the id being higher in the feedback group compared to
the control and fixed group (respectively 21.21 and 14.36 higher, both p < 0.001.
For EDA we found significant main effects of group F(2, 41.48) = 5.33, p < 0.01,
condition F(2, 40.97) = 3.62, p < 0.05, and sex F(1, 43.33) = 6.26, p < 0.05. Furthermore the
two way interaction between group and preparation time was significant F(2, 41.14) = 5.87, p
< 0.01.
These findings were further explored using planned contrasts. The main effect of
group was found to exist of the feedback group exhibiting a higher mean EDA value than the
control group: 6.77 S (microSiemens) higher, p < 0.05. We found that the main effect of
condition consisted of the mean EDA value during the intervention being 1.04 S higher
than during the baseline condition, p < 0.05. The effect of sex consisted of males having a
mean EDA value that is 5.73 S higher, p < 0.05. The interaction between group and
preparation time consisted of the preparation time in the control group being 10.5 minutes
longer than in the feedback group, < 0.001. The results for the planned contrasts of the
three way interaction between condition, group, and sex are given in Table 4.2.
For DBP we found a significant main effect of the covariate measurement time F(1,
20.59) = 8.83, p < 0.01, and a three way interaction between condition, group, and sex, F(4,
25.09) = 3.10, p < 0.05.
Planned contrast revealed that the main effect of the covariate measurement time
entailed that subjects participating earlier in the day (at 16.45) had a mean DBP value that
was 7.02 mmHg (millimetre mercury) higher than subjects participating later in the day (at
19.30). The planned contrast for the three way interaction between condition, group, and
sex is given Table 4.2.
For SBP we found a main effect of group, F(2, 32.68) = 5.88, p < 0.01, of id, F(1, 33.38)
= 12.24, p < 0.01, and of measurement time, F(1, 34.40) = 9.92, p < 0.01. A two way
interaction between group and id was found, F(2, 33.33) = 5.83, p < 0.01.
Planned contrasts showed that the effect of group existed of the mean SBP being
higher in the feedback group than both the control and fixed groups (46.42 and 45.66 mmHg
respectively, both p < 0.001). No significant effects were found for Id with planned
contrasts. The interaction between group and id consisted of the id being higher in the
feedback group compared to the control and fixed group (respectively 21.21 and 14.36
higher, both p < 0.001), the same as for HR. The planned contrast for the three way
interaction between condition, group, and sex is given in Table 4.2.
For cortisol we found a main effect of group, F(2, 38.21) = 7.83, p < 0.01, and
condition, F(5, 38) = 3.55, p < 0.05. We found interaction effects between condition and sex,
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F(5, 38) = 3.34, p < 0.05, group and sex, F(2, 33.24) = 5.72, p < 0.01, group and preparation
time, F(2, 38) = 5.30, p < 0.01, and group and id, F(2, 38) = 4.15, p < 0.05.
Planned contrast showed no significant differences between the preparation
condition and the end of the intervention condition. The main effect of group was based on
the mean cortisol level in the feedback group being 3.47 nmol/L higher than in the control
group. We found that the effect of condition * sex consisted of males exhibiting 1.62 nmol/L
higher cortisol levels during preparation compared to females, p < 0.05. In addition, males
showed a significant decrease of 0.09 nmol/L from preparation to the end of the intervention
condition, p < 0.05, whereas females showed a non significant increase of 0.08 nmol/L
between these time points. With respect to the group and sex interaction we found that
males in the control group exhibited 4.57 nmol/L (nanomoles per liter) higher cortisol levels
than females, p < 0.01. Also, males in the fixed group expressed lower mean cortisol levels
than males in the feedback or control group (3.55 and 3.26 nmol/L respectively, both p <
0.05), whereas females had 5.26 nmol/L higher mean cortisol levels in the feedback group
compared to the control group, p < 0.05. The interaction between group and preparation
time consisted of the preparation time in the control group being 10.5 minutes longer than in
the feedback group, < 0.001, the same as it was for EDA. The interaction between group and
id consisted of the id being higher in the feedback group compared to the control and fixed
group (respectively 21.21 and 14.36 higher, both p < 0.001), the same as for HR and SBP.
The planned contrast for the three way interaction between condition, group, and sex is
given in Table 4.2.
For the reported subjective stress we found a main effect of group, F(2, 41.85) =
14.93, p < 0.001, condition, F(5, 37.47) = 20.59, p < 0.001, and measurement time F(1, 41.93) =
33.64, p < 0.001. We found interaction effects between group and preparation time, F(2,
40.49) = 13.16, p < 0.001, group and id, F(2, 40.84) = 9.65, p < 0.001, and group and
measurement time, F(2, 41.82) = 3.80, p < 0.001.
Planned contrast on the main effect of condition showed that subjects reported a
mean subjective stress level that was 1.13 points on a ten point scale higher after the
intervention condition compared to after the baseline. Concerning the main effect of group,
planned contrasts did not show any significant differences between groups. The interaction
between group and preparation time consisted of the preparation time in the control group
being 10.5 minutes longer than in the feedback group, p < 0.001, the same as it was for EDA
and cortisol. The interaction between group and id consisted of the id being higher in the
feedback group compared to the control and fixed group (respectively 21.21 and 14.36
higher, both p < 0.001), the same as for HR, SBP and cortisol. Planned contrasts revealed
that the main effect of the covariate measurement time entailed that subjects participating
earlier in the day (at 16.45) reported a mean subjective stress level that was 1.32 points on a
ten point scale lower than subjects participating later in the day (at 19.30).
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Condition
Contrast

Gender

Physiological
response

Group
Control

Feedback

Fixed

Males

EDA
HR
DBP
SBP
Cortisol
Subjective

.956 p = 0.331
.120 p = 0.994
.702 p = 0.778
1.348 p = 0.768
0.114 p = 0.109
0.420 p = 0.405

.163 p = 0.867
.642 p = 0.687
3.470 p = 0.173
5.401 p = 0.226
0.100 p = 0.158
1.675 p = 0.001 ***

1.053 p = 0.262
.295 p = 0.848
4.557 p = 0.056 °
4.568 p = 0.268
0.043 p = 0.506
1.429 p = 0.003 **

Females

EDA
HR
DBP
SBP
Cortisol
Subjective

.548 p = 0.557
2.733 p = 0.092 °
2.404 p = 0.529
2.029 p = 0.771
0.007 p = 0.916
1.000 p = 0.032 *

1.140 p = 0.247
.177 p = 0.911
1.027 p = 0.738
2.477 p = 0.631
0.234 p = 0.004 **
1.085 p = 0.030 *

2.351 p = 0.015 *
1.392 p = 0.420
8.974 p = 0.026 *
10.374 p = 0.143
0.006 p = 0.931
1.143 p = 0.015 *

Base – Intervention
(Preparation –
Intervention for
Cortisol)

Merged

Males
Base – Fitting
(Preparation –
Fitting for Cortisol)
Females

EDA
HR
DBP
SBP
Cortisol
Subjective

0.457 p = 0.166
0.788 p = 0.360
1.503 p = 0.148
1.230 p = 0.234
0.765 p = 0.002 **
0.725 p < 0.001 ***

EDA
HR
DBP
SBP
Cortisol
Subjective

0.348 p = 0.283
4.288 p < 0.001 ***
2.783 p = 0.061 °
0.411 p = 0.777
0.210 p = 0.380
1.048 p < 0.001 ***

Table 4.2. Overview of Analysis 1.1 – inducing stress state. Planned contrasts between mean values of first
baseline and intervention condition, and between first baseline and fitting condition. Values are given for different
groups and sexes separately, with the exception of the data of the fitting condition, here the data for the different
groups is collapsed, as this condition is the same for all groups. Data in the cells indicate the mean difference
between conditions, given in the unit of the respective measured variable, with positive values indicating the
baseline condition has the higher mean. Cells for which the baseline was significantly higher than the intervention
or fitting condition are given in red font as these entail a significant decrease of the stress state. The
corresponding significance is indicated with: * p <0.05, ** p < 0.01, *** p < 0.001, ° p < 0.1.

Further analysing this effect by using planned contrasts for the interaction between group
and measurement time, we find that this effect is found in all three groups, but only
significant in the control and fixed groups. The planned contrast for the three way
interaction between condition, group, and sex is given in Table 4.2.
All other main effects and interactions, for any dependent variable, were non significant.
Four conditions (baseline – low – middle – high intensity)
For HR, we found a main effect of group, F(2, 37.77) = 7.32, p < 0.01, and condition, F(5, 37.73)
= 7.51, p < 0.001. We found interaction effects between condition and group, F(10, 41.42) =
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2.22, p < 0.05, condition and sex, F(5, 37.74) = 4.90, p < 0.01, group and preparation time, F(2,
36.90) = 5.68, p < 0.01, group and id, F(2, 37.76) = 9.26, p < 0.01.
Using planned contrasts, no significant differences were found for the main effect of
group or condition, or for the interaction between condition and group or the interaction
between condition and sex.
For EDA, a main effect of group, F(2, 41.09) = 6.11, p < 0.01, condition, F(5, 41.04) =
12.47, p < 0.001, and sex, F(1, 44.84) = 6.04, p < 0.05 was found. We found interaction effects
between group and preparation time, F(2, 40.45) = 6.36, p < 0.01, and between group and id,
F(2, 41.35) = 3.50, p < 0.05.
Using planned contrasts we found that the mean EDA in the low, middle, and high
intensity intervention condition were higher than during baseline (p < 0.01, p < 0.05, and p <
0.05, respectively). We found that the feedback group had a mean EDA that was 6.81 S
higher than the control group, p < 0.05, and males were found to have a mean EDA that was
5.64 S higher than females, p < 0.05.
For DBP, a main effect of condition, F(5, 26.95) = 4.09, p < 0.01, and measurement
time, F(1, 17.42) = 6.18, p < 0.05, was found. We found two way interaction effects between
condition and sex, F(5, 26.95) = 4.76, p < 0.01, and between group and id, F(2, 16.83) = 4.53, p
< 0.05, and a three way interaction effect between condition, group, and sex, F(10, 27.05) =
2.42, p < 0.05.
Planned contrasts showed the main effect of condition to be driven by a significant
increase of 2.73 mmHg from baseline to low intensity during the intervention condition, p <
0.05. The interaction between condition and sex consists of females showing a significant
increase in DBP of 5.37 mmHg from baseline to low intensity, p < 0.05, whereas males do
not show this increase. The results of the planned contrast for the three way interaction
between condition, group, and sex is given in Table 4.3.
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Condition
Contrast

Gender

Physiological
response

Group
Control

Feedback

Males

EDA
HR
DBP
SBP

0.984 p = 0.212
0.034 p = 0.983
0.842 p = 0.739
0.457 p = 0.963

0.573 p = 0.465
0.179 p = 0.908
2.813 p = 0.290
17.635 p = 0.066 °

Females

EDA
HR
DBP
SBP

0.701 p = 0.359
2.502 p = 0.114
7.520 p = 0.035 *
3.300 p = 0.794

1.342 p = 0.091 °
0.52 p = 0.973
1.242 p = 0.697
5.600 p = 0.614

2.071 p = 0.009 **
1.498 p = 0.365
10.118 p = 0.011 *
2.654 p = 0.898

Males

EDA
HR
DBP
SBP

0.675 p = 0.481
0.184 p = 0.908
0.582 p = 0.824
0.969 p = 0.654

0.309 p = 0.747
0.523 p = 0.732
3.351 p = 0.215
1.111 p = 0.610

0.835 p = 0.373
0.303 p = 0.838
4.685 p = 0.66
6.646 p = 0.003 **

EDA
HR
DBP
SBP

0.442 p = 0.636
3.151 p = 0.046 *
5.211 p = 0.139
4.623 p = 0.143

0.939 p = 0.328
0.305 p = 0.842
2.171 p = 0.503
4.795 p = 0.061 °

2.340 p = 0.015 *
1.522 p = 0.352
6.176 p = 0.116
2.873 p = 0.426

EDA
HR
DBP
SBP

0.588 p = 0.591
1.309 p = 0.462
0.668 p = 0.829
1.031 p = 0.765

0.255 p = 0.815
1.075 p = 0.526
4.196 p = 0.183
0.357 p = 0.918

EDA
HR
DBP
SBP

0.501 p = 0.639
2.653 p = 0.126
5.205 p = 0.200
1.669 p = 0.717

1.098 p = 0.317
0.469 p = 0.782
4.297 p = 0.257
4.852 p = 0.220

0.963 p = 0.369
0.286 p = 0.862
5.333 p = 0.072 °
7.552 p = 0.024 *
9.120 p = 0.05 *
2.643 p = 0.017 *
2.202 p = 0.222
9.120 p = 0.05 *
0.543 p = 0.915

Base – Intervention
low

Base – Intervention
mid
Females

Males
Base – Intervention
high
Females

Fixed
1.363 p = 0.079 °
0.296 p = 0.844
3.704 p = 0.137
0.519 p = 0.952

Table 4.3. Planned contrasts between mean values of first baseline and different intensities presented in
intervention condition. Values are given for different groups and sexes separately. Data in the cells indicate the
mean difference between conditions, given in the unit of the respective measured variable, with positive values
indicating the baseline condition has the higher mean. The corresponding significance is given, with cells with
mean differences on or below significance level 0.05 being coloured green. Cells for which the baseline was
significantly higher than the intervention or fitting condition are given in red font. * p <0.05, ** p < 0.01, *** p <
0.001, ° p < 0.1.

For SBP, we found a main effect of group, F(2, 36.06) = 13.09, p < 0.001, condition, F(5, 30.19)
= 3.29, p < 0.05, sex, F(1, 28.83) = 5.63, p < 0.05, id, F(1, 37.66) = 19.79, p < 0.001, and
measurement time, F(1, 41.04) = 18.97, p < 0.001. We found interaction effects between
group and preparation time, F(2, 34.15) = 6.38, p < 0.01, group and id, F(2, 37.21) = 8.05, p <
0.01, and group and measurement time, F(2, 39.45) = 18.50, p < 0.001.
Planned contrasts showed that the mean SBP during baseline is 2.22 mmHg higher
than during middle intensity in the intervention condition, p < 0.05. With regard to group,
planned contrasts showed that the mean SBP in the feedback group was higher than both
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the control and fixed group (39.82 and 40.21 mmHg higher, respectively, p < 0.001 for both).
Males were found to have a mean SBP that is 10.66 mmHg higher than females, p < 0.05. Id
was found to predict the mean SBP to decrease with 1.22 mmHg for each subsequent
subject, p < 0.05. With regard to measurement time, planned contrast showed that subjects
who participated earlier in the day (at 16.45) expressed a mean SBP that was 15.21 mmHg
higher than subjects participating later in the day (at 19.30), p < 0.001. The interaction
between measurement time and group shows that this effect is only present in the feedback
and control group.
All other main effects and interactions, for any dependent variable, were non
significant.
Summary
We summarized our findings of analysis 1.1 in Table 4.4. For each group, sex, and
physiological response, the cells indicate how many significant responses were found out of
the total planned contrasts performed for that specific group, sex, and response (e.g. ‘3/4’
indicates 3 out of 4 comparisons were significant), together with the mean differences and
the corresponding significance.

Gender

Physiological
response

Group
Control
4/36

Males
0/18
8/36

Females
4/18
12/36

Feedback
6/36

Fixed
14/36

EDA
HR
DBP
SBP
Cortisol
Subjective

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
1/4: 17.635 °
n.s.
1/1: 1.675 ***

1/4: 1.363 ° (low)
n.s.
2/4: 4.557 °, 5.333 ° (overall, high)
2/4: 6.646 **, 7.552 * (mid, high)
n.s.
1/1: 1.429 ** (overall)

EDA

n.s.

1/4: 1.342 ° (low)

HR
DBP

2/4: 2.733 °, 3.151 * (overall, mid)
1/4: 7.520 * (low)

n.s.
n.s.

n.s.
n.s.
1/1: 1.000 * (overall)

1/4: 4.795 ° (mid)
1/1: 0.234 ** (overall)
1/1: 1.085 * (overall)

4/4: 2.351 *, 2.071 **, 2.340 *, 2.643 *
(overall, low, mid, high)
n.s.
3/4: 8.974 *, 10.118 *, 9.120 *
(overall, low, high)
n.s.
n.s.
1/1: 1.143 * (overall)

SBP
Cortisol
Subjective

Table 4.4. Summary of results of analysis 1.1. The cells indicate how many of the planned contrasts performed
were significant, together with the found mean differences and significances. Column and row headers indicate
total amount of significant planned contrasts found in the respective column or row. The row headers are split into
two: the first indicates the total amount for the control group, the second for the experimental groups.
Significance is indicated using the following symbols and cell colours: * p <0.05 (light green), ** p < 0.01 (green),
*** p < 0.001 (dark green), ° p < 0.1 (orange). Cell colours are for visualization purposes only and use the mean
significance of the cell to determine the colour.
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4.2.3. Inducing an acute stress response (analysis 1.2)
We will describe the different main and interaction effects found in our constructed models.
To gain insight in what acute responses were induced, we will perform planned contrasts on
the four way interaction between intervention, group, sex and stressor. As this interaction
provides more insight in our research question than main, two, or three way interactions
with stressor, planned contrasts for these effects are not reported. Planned contrasts for all
other effects are reported.
For HR, we found a main significant effect of stressor F(27, 5609.86) = 2.74, p < 0.001. The
two way interaction between intervention and stressor was significant, F(27, 5630) = 1.78, p <
0.01, and the three way interaction effect between intervention, stressor and group was
significant, F(52, 5781.48) = 1.57, p < 0.01. The covariate stressor count was significant, F(1,
5606.12) = 9.54, p < 0.01, and the covariate count was significant, F(1, 5606.04) = 4.95, p <
0.05. Planned contrasts for the four way interaction between intervention, group, sex and
stressor are given in Table 4.5.
For EDA a main effect of intervention was found, F(1, 5983) = 24.28, p < 0.001. The
four way interaction between intervention, group, sex and stressor was significant, F(104,
6002.77) = 1.294, p < 0.05, and the covariate preparation time, F(1, 25) = 5.93, p < 0.05.
Planned contrast for intervention showed that the values post stressor onset were .04 S
lower than pre stressor onset, p < 0.001. Planned contrasts for the four way interaction
between intervention, group, sex and stressor are given in Table 4.5.
For SBP, we found significant main effects for intervention F(1, 3620) = 4.83, p < 0.05,
and stressor F(27, 3599.72) = 2.29, p < 0.001. The three way interaction between
intervention, group, and stressor was also significant, F(50, 3615.53) = 1.38, p < 0.05. The four
way interaction between intervention, group, sex, and stressor was also significant, F(98,
3610.73) = 1.33, p < 0.05. The covariate stressor count was significant, F(1, 3600.66) = 6.59, p
< 0.01. Planned contrast for the main effect of intervention showed that the SBP was .66
mmHg lower after stressor presentation than before. Planned contrasts for the four way
interaction between intervention, group, sex and stressor are given in Table 4.5.
For DBP, we found a main effect of stressor, F(27, 3103.73) = 1.83, p < 0.01. The two
way interaction between intervention and sex F(1, 3121) = 4.52, p < 0.05, is significant, and
the three way interaction between intervention, sex, and group, F(2, 41.03) = 5.90, p < 0.01.
The three way interaction between intervention, group, and stressor is significant, F(50,
3117.33) = 1.98, p < 0.001, and the four way interaction between intervention, group, stressor,
and sex is significant, F(100, 3191) = 1.64, p < 0.001. The main effect for the covariate
measurement time is significant, F(1, 1965) = 8.24, p < 0.01. Planned contrast for both the
two way interaction between intervention and sex and the planned contrast for the three
way interaction between intervention, sex, and group showed that there were no significant
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differences in DBP between before and after stressor presentation for neither males nor
females in both groups.

4.2.4. Predictability of stress responses (analysis 2.1)
For each model we looked at the effect of the prediction variable, both for male and females
together and for males and females separately. The results are given in Table 4.6, together
with the corresponding significance and ß’s (i.e. the factor of difference between our
predictions and the actual response). Data from 1 level models (i.e. constructed without
random intercept per subject) are given in italics.
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HR

Phys.
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SBP

DBP
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IAPS

IADS

Time

.033

.013

.088
5.45

2.78

1.77

.028

.021

2.30

1.27

.002

.065

.031

3.29

5.66

.065

10.91

.12

2.13

.13

2.00

2.82

.084

4.55

.022

.07

.031

2.43

.014

8

.087

.09

.11

.08

.001

.07

.010

IAPS + IADS

7

IAPS + Time

.047

.001

.001

.06

.05

.002

.023

.071

.007

.06

.05

.07

.044

0.08

0.11

.037

.018

.014

1.49

1.21

.001

0.88

6

.001

1.37

.014

5

POV

.003

.96

1.59

.001

1.08

.029

.071

4

1.11

3

Frustration

.004

2

Music

.001

1

Soc. eval. threat

.001

0

IAPS + Music
7.59

.069

9

IAPS + POV
3.18

.001

10

IADS + Time
5.80

.054

4.67

.081

5.00

.08

11

IADS + Frustration
.15

.008

12

IADS + POV
3.37

.053

13

Time + Music
14.65

.001

6.04

.015

1.50

.040

14

Time + Frustration
11.36

.040

.18

.008

2.53

.012

15

Music + Frustration

16

Music + POV
4.76

.076

.12

.065

.12

.055

17

Frustration + POV
7.58

.012

12.29

.013

.16

.010

1.58

.010

18

IAPS + IADS +Time
6.61

.039

8.24

.068

19

IAPS + IADS + POV
24.78

.006

.11

.077

20

IAPS + Time +Music
16.62

.033

21

IAPS + Music + POV
2.45

3.73

4.30

.099

2.06

.036

.027

23

IADS + Time +
Frustration

.001

22

IADS + Frustration +
POV
13.71

.013

2.87

.060

2.19

.054

24

Time + Music +

25

Frustration

5.82

.026

26
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Table 4.5. For each of the used (combination of) stressors, significant differences between pre and post stressor onset are given. The significance of the mean difference is given
in the row labeled ‘p’, the actual difference, expressed in the unit of the respective measured variable is given in the row labeled , where negative values indicate the pre
stressor vale to be lower. For readability, significance is also indicated using cell coloring: light green for p <0.05, green for p < 0.01, dark green for p < 0.001, and orange for p <
0.1. Data is presented separately for the two experimental groups and the two sexes. POV stands for Point of View.
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2.35

.056

IAPS

0

IADS

Frustration

.021

.10
.34

.056

9

IAPS + Music
.071
1.51

11

.099

.086

13

14

.001

2.01

.046

.008
8.94

10.78

.029

4.15

8.47

.027

Frustration + POV
18

14.77

.028

.068
.48

19

IAPS + IADS + Time
.47

.079

.004
2.64

20

13.28

.076

21

.081
1.49

22

.052
.90

.082
2.88

.016
3.99

1.33

.050

24

.054

2.88

.082

4.82

2.84

.032

1.27

5.83

1.97

2.49

.90

7.62

17

Music + POV
.041

IAPS + IADS + POV

.052

.042

3.18

.018

.001
7.66

Music + Frustration
16

IAPS + Time + Music

.66

2.28

.089

1.62

Time + Frustration
15

IAPS + Music + POV

.046

2.72

.029

4.21

.009
2.84

.003
1.97

4.82

.05
.42

3.55

.018

.71

1.26

.013
3.55

IAPS + IADS
7

IADS + Time

.71

.078
1.48

6

IADS + POV
.060

5

Time + Music

.002

.079

4

POV

.055

.001
.61

Music
3

Social evaluative
threat

.019

3.00

.008
2.20

68.07

.51

.009

.051

2

Time

.028

1

IADS + Frustration +
POV
.073
.76

.058
1.12

26
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Table 4.6. For each of the used stressors (combinations), the ß is given, i.e. the factor our predictions and the actual response differ. Negative ß’s are given in red. The
significance of the prediction is given in the row labeled ‘p’. For readability, significance is also indicated using cell coloring: light green for p <0.05, green for p < 0.01, dark green
for p < 0.001, and orange for p < 0.1. Data is presented separately for the two experimental groups and the two sexes. For readability, stressors that ad no significant effect on
any physiological signal have been omitted. POV stands for Point of View.

SBP

DBP

EDA

HR

Phys.
signal

Music + Frustration +
POV

4.2.5. Controllability of stress responses (analysis 2.2)
We found that the main effects intervention F(1, 3105.20) = 1074.30, p < 0.001, group F(1,
34.46) = 233.46, p < 0.001, and sex F(1, 34.82) = 18.62, p < 0.001, were significant. The two
way interactions between intervention and group F(1, 3105.26) = 757.50, p < 0.001, and
between intervention and sex F(1, 3105.67) = 59.16, p < 0.001, were significant. The three
way interaction between intervention, group, and sex was also significant, F(2, 83.32) =
123.54, p < 0.001. The covariates stressor count F(1, 5683.03) = 1140.45, p < 0.001, and count
F(1, 5770.26) = 376.30, p < 0.001, were significant.
Using planned contrasts, these main and interaction effects were further explored.
The main effect of intervention consisted of the mean current stress status being 1.10 (sd
from baseline) higher than the mean desired stress status, p < 0.001. Planned contrasts for
the main effect of group showed that the feedback group had a mean stress status (mean of
both desired and actual stress status) of 1.08 higher than the fixed group, p < 0.001. The
difference for sex existed of females having a mean stress status of 0.30 higher than males,
p < 0.001. The planned contrast for the interaction between intervention and group showed
that in the feedback group the mean stress status is 2.02 higher than the mean desired
stress status, p < 0.001, whereas in the fixed group the mean stress status is 0.18 higher, p <
0.001. The interaction between intervention and sex exists of the males having an mean
stress status that is 0.84 higher than the mean desired stress status, p < 0.001, and females
exhibiting a mean stress status that is 1.36 higher than the mean desired stress status, p <
0.001. Planned contrasts for the three way interaction between intervention, group, and
sex, showed that males in the feedback group had a mean stress status that was 1.24 higher
than the mean desired stress status, p < 0.001, whereas females in this group had a mean
stress status that was 2.80 higher than the mean desired stress status, p < 0.001. For the
fixed group, males had a mean stress status that was 0.44 higher than the mean desired
stress status, whereas females had a mean stress status that was 0.09 lower than the mean
desired stress status, n.s.

4.3. Discussion
We will examine our results to see to which extent GASICA can achieve stress induction and
stress control. We will first treat induction by discussing the results of analysis 1.1 and 1.2,
which focus on stress induction in the state and acute time interval, respectively.
Subsequently we focus on control by discussing the results of analysis 2.1 and 2.2, which
treat the predictability and the controllability of stress responses, respectively. The insights
in the underlying physiological systems that can be gained from our results are discussed.
To conclude, the limitations of this research, future use, and further development are
discussed.
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4.3.1. Stress induction
Regarding stress induction, we will first examine our findings with respect to the stress state
by discussing whether there are differences to be found in physiological signals between
the baseline and (different stressor intensities in) the intervention condition. Results for
acute stress induction are then discussed by examining differences in the mean of
physiological signals between several seconds pre stressor (combination) onset, compared
to several seconds post stressor onset.
Inducing stress state (analysis 1.1.)
Using Table 4.4 we can examine for which physiological signals it is the case that (one of)
the experimental groups have higher mean values in the intervention condition compared
to the first baseline, while at the same time the control group shows no increase, or a
significantly smaller increase. In this manner we control for physiological changes due to
motor activity and other intervening factors not related to the presented stressors, as these
factors are kept equal between groups.
We find that the interventions yield increased stress values for all measured
physiological responses, except for heart rate (females in the control group also showed
increased diastolic blood pressure and reported increased subjective stress compared to
baseline, but both are significantly lower increases than found in the experimental groups).
However, these results are spread over the two experimental groups and both sexes, i.e.
not for all groups and sexes these findings hold. We will now discuss the findings in more
detail.
Subjective stress and electrodermal increases are found in both experimental
groups, and for both genders with respect to subjective stress, whereas electrodermal
response does not increase for males in the feedback group. Cortisol only increases for the
females in the feedback group.
Heart rate shows no increase from baseline in any experimental group, whereas
females in the control group do show this increase.
Both diastolic and systolic blood pressure show an interesting pattern: males in the
fixed experimental group show a decrease from baseline to intervention condition, whereas
females in this group show an increase for DBP and no effect for SBP. The control group
shows no change, with the exception of the DBP of females in the control group, here also
an increase is found, however this increase is significantly lower than the experimental
group. In the feedback group an inverse pattern can be found for SBP: males show an
increase, whereas females show a decrease.
In general, the fixed group shows more significant increases than the feedback
group: 10 compared to 5 across the different physiological signals and genders; and
females have more increases than males: 15 significant responses compared to 4.
We suspect the difference between groups is due to the way the stimuli are selected
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by the feedback component in the feedback group. The sequence of stressors presented in
the fixed group is balanced in terms of how often a specific stressor type is presented in
general and within given time spans. In the feedback group the next stressor to be
presented is selected real time and therefore the sequence as a whole doesn’t have this
restriction of a balanced design.
This can result in specific stressor types being selected more than others. We expect
this unbalance is the cause of the feedback group showing less stress state responses, due
to the heightened inhibition to these stressors.
The found difference between genders could be the result of gaming proficiency.
Given that, in general, males are more accustomed and more proficient in playing digital
games (Sherry & Lucas, 2004), this allowed them to perform better at the given task,
resulting in less stress induced. Unfortunately, this aspect was not measured during this
research.
Inducing acute responses (analysis 1.2)
When we examine the results in Table 4.5 we can see that in general, GASICA was able to
induce acute stress responses for almost two thirds of the stressor physiological response
pairs, in either male or female, and in either one of the experimental groups: in 69 of the
108 of these pairs we find significant responses. For the majority of stressors (19 out of 27
stressors) there were at least two different physiological signals responding, with three
stressors eliciting no response at all (music and frustration, time, music and frustration) and
seven stressors eliciting a response in one physiological signal.
Females had more acute responses than men (41 versus 28), showing the same
pattern we found in the previous state response analysis. We expect this difference to lie in
the difference in gaming proficiency between the genders, in par with the discussion given
for the previous analysis.
The responses are roughly equally divided over the different measured variables: 14,
14, 13, and 12 stressors (combinations) of the 27 were found to induce a significant response
for HR, EDA, DBP, and SBP, respectively. This is different compared to the state analysis,
most notably for heart rate, which did not show any response on that time scale. This
discrepancy between HR reacting in the acute phase to more than half of the stressors, but
not reaching a sustained change as a result hereof, is interesting. A possible explanation
could lie in the quick recovery to baseline of HR: possibly the inter stimulus interval allowed
the altered heart rate to return to baseline before the next stressor was presented.
Both groups respond roughly the same amount: 32 and 35 responses to stressors
were found in the feedback and fixed group, respectively. This is different from the state
analysis, where the fixed group responded more than the feedback group. We expect this
difference in responses between time scales to be the result of the way the feedback model
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selects stressors: the sequence of presented stressors is unbalanced compared to the fixed
group, as discussed in the previous section.

4.3.2. Stress predictability and control
We will first discuss the findings with respect to control by discussing to what degree we
were able to predict stress responses to the different stressor stimuli (analysis 2.1).
Subsequently, we will discuss to what degree the found results here translate to actual
control, i.e. the minimization of the difference between the desired stress status and the
measured stress status.
Prediction of response (Analysis 2.1)
The results of Table 4.6 show that we overall were able to prospectively predict around
40% of the stress responses: of the 108 stressor response pairs, we can predict 44 of the
responses significantly, either specifically for males or female, or without being able to
distinguish between the sexes.
However, some of these predictions have a negative ß, indicating that for these
stressors the predictions significantly predict the responses, but in the opposite direction.
We expect that these inverse predictions arise due to differences in the response to the
same stressor between the fitting condition (where the predictions are created in the form
of a feedback model), and the intervention condition (where the actual responses are
measured). Such differences can arise under the influence of other processes, such as
getting desensitized to repeated presentations of the same stressor type. A possible
solution to minimalize these kinds of unsuccessful predictions could be to use context
dependent predictions, i.e. predictions that take into account context such as the previous
response to the same stressor type, and adjust the predictions based on this information.
We will now treat the predictions with a positive ß, i.e. successful predictions. The
distribution of the predictions is roughly equal over males and females: we were able to
predict 13 responses for males versus 9 for females, and for 13 predictions we were not able
to distinguish between males and females.
With respect in predictability between the different physiological signals, the EDA
response can be predicted the best: we could predict 6, 13, 6, and 8 responses out of the 27
for HR, EDA, DBP and SBP respectively. We suspect this is due to the lower specificity of
the electrodermal response we describe in Chapter 5. When there is little variation in the
response, it makes it more predictable.
Using a feedback model resulted in more predictions compared to fixed group: the
feedback models were able to predict 25 responses, and the fixed group 10, i.e. 20.4% of
correct predictions versus 9.3% correct. This difference is the largest for HR where the
feedback model predicts 6 responses compared to 0 in the fixed group. We expect this is
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due to the high specificity of this response, as described in chapter 5, i.e. when the response
varies more, it is harder to predict the response.
These findings are relevant from both a theoretical and a practical viewpoint. From a
theoretical viewpoint, these findings indicate that physiological responses with low
specificity can be predicted better than more specific responses. Additionally, it shows that
using the relatively simple fitting method of GASICA, in which a small number of stimuli are
presented to subject over the course of a few minutes, the variance in responses can be
estimated and used to increase the number of correct predictions.
Controllability (Analysis 2.2)
In analysis 2.2 we found that the feedback component controls the stress status to a lesser
degree than is the case in the fixed group. In the feedback group the mean current stress
status was significantly higher than the desired stress status: 1.24 points (sd from baseline)
higher for males and 2.80 points higher for females. In contrast, in the fixed group the
measured status was only 0.44 points (significantly) higher than the desired status for
males, whereas for females the difference was non significant: the mean stress status was
only 0.09 points lower than desired.
This seems to contradict the finding in analysis 2.1 where we find that that the
feedback component can predict responses better than the predetermined predictions
(20.4% of correct predictions versus 9.3% correct) used in the fixed group.
We believe the reason underlying this apparent contradiction is that, although
20.4% of the predictions of the feedback models are correct, when we look at the
difference between predicting positive versus negative responses, the feedback models
perform better in predicting positive responses. To his end we split the predictions of Table
4.6 into predictions made for positive and negative responses, and looked at the amount of
significantly correct, significantly incorrect and insignificant predictions (cells with a
significant p value and positive ß, cells with a significant p value and negative ß, and empty
cells, respectively) for each type of response. These findings are given in Table 4.7. We can
see that for 23.4% of the positive responses found during the intervention condition in the
feedback group, the feedback models were able to significantly predict these responses (15
significantly correct predictions out of 64 predictions for positive responses in total);
whereas for the negative responses the feedback models were able to predict only 11.4% of
these responses (5 significantly correct predictions out of 44).
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Predictions for negative responses
Sig. correct
Sig. incorrect
Insignificant

Predictions for positive responses
Sig. correct
Sig. incorrect
Insignificant

HR
EDA
DBP
SBP

2
2
0
1

0
0
1
0

8
9
6
15

2
5
4
4

2
0
1
1

14
12
9
10

Total

5

1

38

15

4

45

Table 4.7 Overview of how well the feedback model can predict positive and negative responses.

This results in a reduced capacity of the feedback models to control the stress status when
the current status is higher than the desired status, i.e. a reduced capacity to lower the
stress status. And this capacity is needed here, because the actual stress status was on
average higher than the desired stress status.
We believe this reduced capacity of lowering the stress status is due to the fact that
the general height of the responses in the intervention condition is higher than in the fitting
condition, as can be seen when we take the average of the ß’s found for the feedback group
in Table 4.6: the average ß is 2.27, indicating that the responses in the intervention
condition were on average 2.27 times higher. We expect this difference in response height
between fitting and intervention condition is because of the presence of an additional task
(BART) during the intervention condition.
This entails that predictions in general are less accurate, but even more so for
negative predictions: because as responses in general become higher, negative responses
can become positive responses or get close to zero, resulting in the lower amount of
correctly predicted negative responses.
So, to conclude, the feedback models in general underpredict the responses to the
presented stressors. This is due to the in general higher response during the intervention
condition compared to the fitting condition, which is most likely due to the presence of an
additional task during the intervention condition. This increased response affects the
negative predictions the most, as the actual responses for these predictions will become
closer to zero or even positive, resulting in incorrect predictions and hence a reduced
capacity of the feedback model to lower the stress status. This in turn results in a stress
status that is higher than the desired status. The fixed group does not have this problem as
its predictions are not based on the fitting condition. And, in addition, when we look at the
average prediction used by the fixed group, that is based on the literature, it is less
underestimated: the average prediction is .37, whereas for the feedback model this is .09.
In par with the solution suggested for improving predictions, we believe the best
solution here is to use context dependent rules, to account for any changes that occur due
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to internal processes, but also due to changes between the fitting and intervention
condition.

4.3.3. Interpretation of results in terms of physiological stress systems
An important insight that can be gained from our results is the effect of summation of
physiological responses when multiple stressor stimuli are presented simultaneously. To
gain insight in this process we examined the average responses of the different
physiological signals to single stressor stimuli, and two and three simultaneously presented
stressor stimuli, from Table 4.5. In order to include both positive and negative responses,
we took the mean of the absolute value of the responses, i.e. the height of the response.
These averages are given in Table 4.8.
Physiological signal

HR
EDA
DBP
SBP

Amount of simultaneously presented stressor stimuli
1

2

3

1.21
0.08
4.26
2.02

2.24
0.12
8.29
5.55

2.66
0.11
11.54
11.36

Table 4.8. Mean absolute response for each physiological signal to different amounts of simultaneously presented
stressor stimuli.

The results suggest a linear relation between the amount of simultaneously presented
stressor stimuli and the height of the measured response. To see whether this is indeed the
case, we constructed a simple regression model for each physiological signal, in which we
regressed the amount of stressor stimuli on the height of the response.
We find that for HR the amount of stimuli is not a significant predictor, t(1) = 4.12, p
= n.s., nevertheless, it predicts 88.9% of the variance (adjusted R2) of the height of the
response11. For EDA we find that the amount of stimuli is not a significant predictor either,
t(1) = 1.04, p = n.s., and it predicts 3.8% of the variance (adjusted R2) of the height of the
response. It is relevant to note here that the mean value for three simultaneously presented
stressors is based on only one observation (see Table 4.5). For DBP, we find that the
amount of stimuli is a significant predictor, t(1) = 16.17, p < 0.05, and it explains 99.2% of
the variance (adjusted R2). For SBP, we find a trend effect for the amount of stimuli, t(1) =
7.10, p = 0.09, explaining 96% of the variance (adjusted R2).
We find it remarkable that, when the difference between stressor types are not even
taken into account, such general patterns are found. This seems to indicate that the

11

We expect this somewhat counterintuitive finding of a high adjusted R2 and a non significant p value to be
due to the low amount of data points available (only three).
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physiological response to multiple stressors is a linear summation of the different
physiological response heights, especially for blood pressure. This points at a general
process underlying these responses that increases linearly with the amount of stressors
presented. Speculatively this could be to prepare the organism to a higher degree to
stressors of a higher degree, in this case the amount of stressors.

4.3.4. Limitations
The most important limitation of the research presented here is that for determining the
acute response we used the first five seconds post stressor onset to determine the mean for
this response. However, when we look at the response curve itself (see chapter 5),
especially for EDA and HR, we find that this response is often triphasic, i.e. containing an
initial deceleration, followed by an acceleration, and finally a deceleration. Given this curve,
the choice for taking the first five seconds post stressor onset for calculating the mean
might not provide the most robust estimation of the response, as in most cases this time
window will contain both the initial deceleration and acceleration, resulting in additional
variance in the calculated mean. This does not invalidate our current findings, but it could
be the case that more robust estimations would have resulted in finding more significant
responses and predictions, i.e. it inflates our type II error.

4.3.5. Future development of GASICA
Based on the encountered results and limitations, with regard to induction and control, we
envision two main future development steps of GASICA.
The first development is to utilize context dependent predictions, i.e. predictions
that take context into account, such as the amount of stimuli already presented, or the
previous response to the a stressor of the same type. In this manner we aim to improve
predictions.
The second development is to alter the time window that is used post stressor to
determine the acute response, by adjusting this from the mean of the first five seconds, to
the mean of the response from 4 to 7 seconds post stressor onset, at least for responses
that have a triphasic response, such a HR and EDA.

4.4. Conclusion
In this study we found that GASICA is able to induce stress states in all physiological signals
except heart rate, with females responding more than males, and in the fixed group
(predetermined stressor presentation) more than in the feedback group (feedback driven
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stressor presentation). With respect to acute responses GASICA is able to induce these
responses in all physiological signals, with again females responding more than men, and
no difference between the feedback and fixed groups.
When using fixed predictions based on the literature, GASICA is able to predict 9.3%
of the responses. This increases to 20.4% when using individual feedback models, with the
remark that they perform better in predicting positive responses than negative responses:
23.4% versus 11.4%, respectively.
Predictability, however, does not result in increased control: using feedback models
the mean stress status is 1.24 points (sd from baseline) higher for males and 2.80 points
higher for females. In contrast, the fixed group shows a smaller difference: the measured
stress status was 0.44 points higher than the desired status for males, whereas for females
the difference was non significant with only 0.09 points lower than desired. This is mostly
because of a reduced capacity of the feedback models to control the stress status when the
current stress status is higher than the desired stress status, i.e. a reduced capacity to lower
the stress status.
To improve control, we propose to develop context dependent predictions in the
next development step of GASICA, i.e. predictions that take into account context such as
the previous response to a stressor of the same type, and to use a different time window
post stressor onset for a more robust estimation of the response.
An interesting finding with regard to the underlying physiological systems is that we
found indications that the magnitude of the responses of these systems, most notably for
DBP and SBP, to combinations of stressors, is a linear summation of the magnitude of the
response to the separate stressors.
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5. Using GASICA: Effects of perceptual modality and
symbolic nature of psychological stressors on acute
physiological responses
In research on physiological responses to (psychological) stressors a large array of different
stressor types is used. Characteristics of these stressors have a large impact on the
measured physiological response to the stressor (chapter 2). Changing stressor
characteristics, such as duration or aversiveness, accounts for 43% and in certain cases up
to 57% of the variance found in physiological stress responses. Being able to explain this
variance in terms of stressor characteristics and underlying stress response mechanisms is
important for a better interpretation and comparison of the results, and contributes to the
development of more specific stressors.
In this chapter, we aim to explain the variance in physiological responses further by
exploring the effect of two characteristics of frequently used psychological stressor types
that we were unable to analyse in the meta analysis of chapter 2: the perceptual modality
of the presented stressor, i.e. what type of sensory input the stressor presents, and the so
called symbolic nature, i.e. whether the stressor is symbolic or non symbolic. We will use
symbolic here to refer to stimuli containing natural language, and as such, require natural
language processing in order to determine the content of the stimulus and appraise it.
Based on the divergent neural pathways underlying the processing of different modalities
and symbolic and non symbolic stressors, we expect perceptual modality and symbolic
nature to be moderators of physiological responses.
We perform our analysis on acute stress responses, i.e. the first seconds post
stressor onset. The more time is elapsed post stressor, the more the measured signals
contain elements of other processes, and the more the response we are interested in is
obscured. Additionally, the overview of acute physiological stress responses to several
frequently used psychological stressors is valuable in itself, because the lion share of the
literature reports non acute responses to stressors, over the course of minutes or longer
timespans. Also, the literature treating acute responses virtually always utilizes one type of
stressor, and at most one or two type(s) of stress response(s) (see, for example, Stamps &
Folse, 1987). Such an overview allows comparing these acute physiological responses to
different stressor types, and may provide insight in the underlying response systems.
We presented subjects with six widely used stressor types while measuring heart
rate, blood pressure, and electrodermal activity. To gain insight in the effect of perceptual
modality and symbolic nature, we compared the maxima of the acute response curves to
these stressor types using a 2 level regression model (responses and covariates are
included in level 1, nested within the subjects in level 2).
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For our overview of acute physiological responses, we also calculated the correlation
between response curves. We used correlation as a measure as it enabled us to compare
the integral physiological responses without the need to make assumptions regarding
these responses, which is advantageous in constructing such a general overview.
The data used in this chapter comes from the same dataset as the data described in
chapter 4, but this time we use the data from the fitting condition, instead of the data from
the intervention condition. This data allows better insight in the response curves because of
the longer inter stimulus interval and the absence of additional tasks. As a result, we have
included only the essential information in the parts of the method section that are identical
to chapter 4, i.e. all parts except 5.1.3. For detailed descriptions, please see chapter 4.

5.1. Materials and methods
5.1.1. Subjects
42 healthy adult subjects (mean age: 23.7 ± 3.8, 21 females) were included in the study.
Subjects were recruited through flyers and posters on the campus grounds of Utrecht
University, resulting in 40 of the subjects (95%) being students. Subjects did not use
medication (with the exception of contraceptives), were not pregnant, had no history of
psychological disorders and had normal or corrected to normal vision. Additionally,
subjects did not use any drugs in the three days prior to the experiment, did not participate
in any heavy physical exercise (e.g. sport training or moving someone) in the 24 hours prior,
and refrained from nicotine, caffeine and alcohol in the 4 hours prior. All these exclusion
criteria were checked through questionnaires before the start of the study procedures. The
local Ethics Committee approved the study and all subjects gave written informed consent.

5.1.2. Stressors
The stressor types used are aversive stimuli, time pressure, music, control, realism, and social
evaluative threat.
Aversive stimuli are presented using both the International Affective Picture System
(IAPS) (Lang, Ohman, & Vaitl, 1988) and the International Affective Digitize Sounds (IADS)
(Bradley & Lang, 1999). For time pressure, we visually presented a countdown from six to
zero during six seconds. For music we used a standard set of music excerpts, scored on
several dimensions, including valence and arousal, by 116 subjects (Eerola & Vuoskoski, A
comparison of the discrete and dimensional models of emotion in music , 2011). For control
we restricted the movement of the avatar, a digital character controlled by the subject: the
avatar could either not move forward, to the right, or to the left, which is conveyed to the
subject by means of text. Realism is altered through changing the point of view to either 1st
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or 3rd person view, i.e. the view the subject has in the presented task is either through the
eyes of the avatar or from above, just beyond the avatar, providing view of the complete
avatar. For social evaluative threat we visually presented a text comparing the performance
of the subject with his peers (i.e. other subjects of the same study).
The presented stimuli are close to one another in terms of valence and arousal and
stressor intensity in cases in which we used stimuli from a stimuli set (IAPS, IADS, Eerola et
al.). These stressor types and respective stressor stimuli are given in Table 5.1.

5.1.3. Stress induction
Within GASICA, we presented the subjects with the task of finding notes in a three
dimensional maze, called the search task. In the narrative accompanying this task, the
subject’s uncle had lost these notes. With the directional keys of the keyboard the subjects
control the avatar, who is wearing a suit that has several technical possibilities, such as the
ability of presenting images and sounds through the included helmet. During the task, the
different stressor stimuli are presented, and as these are part of this same narrative, this
allows us to present the different stimuli with minimized incoherence. See Table 5.1 for an
overview of the narratives used.
We presented five stimuli for each of the seven stimuli types, with small differences
in the amount of stimuli presented between the stressor types based on the expected
adaptation effects and existing variation within the presented stimuli. As a result, for the
stressor types aversive stimuli and music, we presented five stimuli. For the stressor type
time pressure, we presented three stimuli, to minimize adaptation effects as the stimulus is
exactly the same every presentation (i.e. a countdown of six seconds). Also the social
evaluative threat stimulus was presented only twice, in order to keep the presentation
believable to the subjects. The stimuli for control and realism were presented six times, in
order to present all possible stimuli for these types. This gives a total of 32 presented
stimuli, one each 14 seconds for a duration of 6 seconds. This allows for the measured
physiological responses to build up and return to baseline before the next stimulus. Stimuli
from different stressor types were presented in semi random order, meaning that an order
was derived in which no two subsequent stimuli were of the same stressor type and the
different stressor types were equally distributed over time. All subjects were presented with
the same order of stimuli. The stimuli are given in Table 5.1.

5.1.4. Measurements
In this study we measured heart rate (HR), electrodermal activity (EDA), diastolic and
systolic blood pressure (SBP and DBP), an electroencephalogram (EEG), cortisol, and
subjective stress. EEG, subjective stress, and cortisol data is not used. We will therefore
briefly repeat the most relevant aspects of only the heart rate (HR), electrodermal (EDA),
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and diastolic and systolic blood pressure (SBP and DBP) measurements. For a more
detailed description of these measurements and the EEG, cortisol and subjective stress
measurements, see chapter 4.
A lead II type electrocardiogram (ECG) was obtained using an ECG 100C MRI
amplifier. The electrodermal response was measured using two disposable electrodes on
the non dominant hand, connected to an EDA 100C MRI amplifier. For measuring systolic
and diastolic blood pressure we used a small pressure pad on the thumb that detects these
measures using continuous pressure, thus allowing for continuous measurement,
connected to an HLT 100C amplifier. All measurement equipment was from Biopac Inc.,
and all the data was recorded using the accompanying Acqknowledge software with a
sampling rate of 1000 Hz. Heart rate was derived from the R R interval of the recorded ECG
using the built in functions in Acqknowledge.

Stressor type

Stimuli types

Modality

Processing

Narrative

Aversive stimuli

IAPS
(9331, 9160, 9920, 6244,
9592)
IADS
(602, 500, 291, 319, 152)

Visual

Non symbolic

Malfunctioning of suit: unwanted
presentation of pictures.

Auditory

Non symbolic

Malfunctioning of suit: unwanted
presentation of sounds.

Time pressure

Countdown
(6 seconds)

Visual

Symbolic

Uncle needs note quickly, find one
before timer reaches zero.

Music

Music samples
(294, 037, 117, 240, 261)

Auditory

Non symbolic

Malfunctioning of suit: unwanted
presentation of music.

Control

Frustration
(disabling movement)

Visual

Symbolic

Malfunctioning of suit: movement
is restricted.

Realism

Point of view
(1st or 3rd)
Text
(‘You are performing worse
than your peers’)

Visual

Non symbolic

Visual

Symbolic

Malfunctioning of suit: point of
view is adjusted.
A message is displayed comparing
your performance on the task with
peers.

Social Evaluative
threat

Table 5.1. Overview of presented stressor types and used stimuli, with corresponding modality, symbolic nature
and narrative used in GASICA.

5.1.5. Procedure
The experiment was performed at the UMCU Medical Centre, in Utrecht, The Netherlands.
Subjects were welcomed at the main entrance and taken to a waiting room, where they
had to rest for five minutes before being taken into the examination room. In the
examination room, subjects were given explanation regarding the experiment, had the
chance to ask questions, and signed the informed consent. Subjects were then seated in
front of the monitor on which the task would be presented, at 80 centimetres viewing
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distance, and were prepped with the measurement equipment. Subjects were instructed to
keep seated and as still as possible during the task and to do their best. The experimenters
then left the room, but could watch the subject through cameras mounted on the wall and
ceiling. Subjects were informed that they could raise their hand at any time if they needed
assistance or had questions, this would be seen on the camera’s and the experimenters
would enter the room to assist. After the experimenters left the room, the experiment
started on the monitor. Subjects were first presented with an introduction of 5 minutes in
which the controls of the task were explained and in which they could practice these
controls. Subsequently a baseline measurement of five minutes was presented in which the
subjects had to do nothing and were instructed to relax. Subsequently the 32 stressor
stimuli were presented using the search task, taking 8 minutes, which was preceded and
succeeded by measurements of subjective stress and cortisol measurements to acquire
saliva. Overview of this study procedure is given in Figure 5.1. Subjects received monetary
compensation, plus an additional monetary reward, based on the performance on the task
(i.e. how many notes were found). This additional monetary reward was presented in the
left upper corner of the screen during the task, to keep subjects motivated. Money was
rewarded at the end of the experiment in vouchers.

Figure 5.1. Overview of study procedure. Vertical lines in the ‘stressor presentation block’ indicate presentations of
stressor stimuli. In total 32 stressor stimuli were presented.

5.2. Results
For each presented stressor stimulus type and measured physiological signal we examined
the physiological response in the first seven seconds post stimulus, i.e. the acute stress
response. To allow comparison of the responses, each response was normalised by
subtracting the mean value of one second pre stressor onset from the subsequent 7 second
response. In this way, the normalised responses reflect the change in the measured signal
in response to the stressor.
To exclude data containing artefacts, we excluded any responses that contained
data points that were either higher or lower than 2.5 times the standard deviation from the
mean of the surrounding 30 seconds of data. Heart rate and blood pressure responses were
also excluded if these contained data points that were below a hypo or above a hyper
threshold, indicating the data to be physiological implausible. The thresholds for blood
pressure are based on clinical stage 1 hypertension and hypotension thresholds. This
entails that a systolic blood pressure response is excluded if it contains data points with
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values above 140 (mmHg) or below 90. Diastolic blood pressure responses are removed if
these contain values above 90 or below 60 (American Heart Association, 2003). For heart
rate, the generally accepted clinical normal values of 110 beats per minute (bpm) for
tachycardia and 60 for bradycardia are used to exclude any responses containing values
higher or lower than these thresholds, respectively.
We then calculated the mean physiological response Rn across all stimuli of a given
stressor type Sm, as a function of time t, given by Rn(t;Sm). We did this for each subject, and
for each of the n physiological signals (n = 1 to 4) and all m stressor stimuli types (m = 1 to
7). This resulted in 28 mean responses per subject: 28 mean curves of each physiological
response to each stressor type. The grand means, i.e. the mean of the described responses
taken over all subjects, are given in Figure 5.2.
Given the ragged shape of the BP response curves in Figure 5.2 we revisited the pre
processed BP data. We found too many movement artefacts (which are a known problem
with the used measurement method) to reliably analyse the BP data further. We therefore
refrain from doing so and will only treat the BP results up to this point in the analysis.
To gain insight in the potential moderating effects of symbolic nature and modality, we
determined the height of the heart rate and electrodermal response to each stressor type.
The heart rate response and electrodermal response we measured (Figure 5.2) show a
triphasic pattern (initial deceleration, acceleration, and final deceleration), which is typical
for heart rate (see for example Stamps & Folse, 1987) and often found for EDA (Claus &
Schondorf, 1991). Based on this pattern, we calculated the maximal value in the response
period between 3.5 and 7 seconds post onset (acceleration phase) for each mean response
for each subject. The results are given in Table 5.2. Subsequently, we constructed a 2 level
regression model for the EDA and HR responses, with the calculated maximal responses as
the dependent variable. At level 1 we included the categorical factors processing, modality,
and sex, respectively coding the symbolic nature of the stressor, the modality of the
stressor and the sex of the subject. Preparation time (the time needed to apply all
measurement equipment), is included as covariate. The model is full factorial between
categorical factors, for the covariate only the main effect is included. Data is nested in the
level 2 variable subject, coding the different subjects, to account for dependency between
data points from the same subject. All factors are fixed, i.e. there are no random variables
included. The intercept is random, to account for intra individual differences in
responsitivity between subjects. The models are estimated using maximum likelihood
estimation (ML), because this estimation method is expected to give more accurate
estimations for fixed factors, where our questions and hypotheses are based on. Planned
contrasts are used to further analyse whether the responses are moderated by the symbolic
nature, modality or sex, or any interaction between these factors. Reported values are
Sidak corrected for multiple comparisons.
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For EDA, we found that symbolic nature significantly predicted the maximal
response, F(1, 228) = 6.18, p < 0.05. Planned contrasts showed that this difference is due to
maximal responses to stimuli requiring non symbolic processing being 0.16 S
(microSiemens), i.e. 160%, higher than responses requiring symbolic processing, p < 0.01.
All other main effects and interactions are non significant.
For HR we found that sex, F(1, 39.23) = 14.38, p < 0.01, and the interaction between
modality and sex, F(1, 216.32) = 4.41, p < 0.05, significantly predicted the maximal
response. Planned contrast showed that females exhibit significant higher maximal
responses than males (4.25 versus 1.95 bpm), p < 0.001. The interaction consisted of female
subjects exhibiting a significant higher response to visual stimuli than auditory stimuli (1.62
bpm higher, p < 0.01), whereas males do not show a significant difference. All other main
effects and interactions are non significant.
To provide general findings for our overview of acute stress responses, we calculated
Pearsons correlation coefficient between all unique combinations of two mean responses
Rn(t;si), Rn(t;sj), (i j), for each subject, resulting in 21 correlations per subject. We did so for
each of the four physiological response types Rn: resulting in a total of 84 correlations per
subject. We then took the mean correlation over all subjects for each of these 84
correlations. These correlations, together with the corresponding significance from two
tailed t tests are given in Table 5.3.
To account for multiple comparisons made in the analyses, we use the linear step up
procedure described by Benjamini, Krieger & Yekutieli (2006). We controlled the FDR by
setting it to 0.1, i.e. we accept a maximum of 10% of our significant results to be false
positives. Only results significant after controlling for the FDR in this manner are indicated
as significant in Table 5.3. This entails that specific results present in the forthcoming tables
with corresponding p values below the standard threshold of 0.05 are not significant
anymore, are therefore not indicated as such (using asterisks) and not treated in the
discussion.
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Figure 5.2. Normalized grand mean responses of the measured physiological responses to the presented stressor
types. Stressor stimuli were presented at time = 0. For visualization purposes, smoothed responses are shown,
smoothed with a 250 millisecond moving average. The units S, bpm and mmHg stand for microSiemens, beats
per minute and millimetre of mercury, respectively.
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HR

EDA
Male

Processing

Modality

Female

Overall

Male

Female

Overall

Symbolic

0.08

(0.07)

0.11

(0.07)

0.1

(0.05)

2.62

(0.52)

4.77

(0.48)

3.70

(0.35)

Non symbolic

0.33

(0.07)

0.18

(0.06)

0.26

(0.05)

1.62

(0.46)

3.98

(0.43)

2.80

(0.31)

Visual

0.19

(0.06)

0.15

(0.06)

0.17

(0.04)

1.97

(0.44)

4.79

(0.41)

3.38

(0.30)

(0.06)

1.91

(0.60)

3.17

(0.56)

2.54

(0.41)

1.95

(0.39)

4.25

(0.36)

Auditory

Overall

0.36

(0.08)

0.17

(0.08)

0.25

(0.06)

0.16

(0.06)

0.27

Table 5.2. Maxima of the normalized EDA and HR response curves (deviations from 1 second pre stressor mean)
to stressor types requiring symbolic and non symbolic processing, and to visual and auditory stressors, for both
males and females. EDA responses are given in microSiemens S, HR responses in beats per minute bpm. Values
represent mean values over all subjects, with standard error given in between brackets.

HR

EDA

Male

Female

Male

Female

r

P

r

p

r

p

r

p

IAPS IADS

0.25

0.28

0.04

0.87

0.40

0.08

0.57

0.01 **

IAPS Time

0.45

0.04

0.20

0.38

0.00

0.99

0.23

0.31

IAPS Music

0.11

0.63

0.17

0.45

0.13

0.57

0.54

0.01 **

IAPS Control

0.05

0.82

0.01

0.97

0.03

0.89

0.43

0.05

IAPS Realism

0.37

0.10

0.01

0.95

0.06

0.81

0.32

0.15

IAPS Soc. Eval.

0.14

0.54

0.17

0.47

0.32

0.15

0.22

0.33

IADS Time

0.01

0.98

0.05

0.83

0.23

0.32

0.54

0.01 **

IADS Music

0.44

0.04

0.19

0.41

0.53

0.01 **

0.77

<0.001 ***

IADS Control

0.32

0.16

0.24

0.29

0.09

0.70

0.48

0.03

IADS Realism

0.21

0.37

0.02

0.94

0.26

0.25

0.28

0.22

IADS Soc. Eval.

0.13

0.57

0.00

0.99

0.45

0.04

0.60

0.01 **

Time Music

0.11

0.63

0.05

0.81

0.51

0.02

0.45

0.04

Time Control

0.14

0.54

0.20

0.37

0.40

0.07

0.52

0.02

Time Realism

0.24

0.29

0.08

0.75

0.27

0.23

0.67

< 0.001 ***

Time Soc. Eval.

0.07

0.76

0.01

0.95

0.48

0.03

0.57

0.01 **

Music Control

0.37

0.10

0.21

0.36

0.13

0.58

0.23

0.32

Music Realism

0.03

0.90

0.01

0.98

0.07

0.76

0.65

0.001 **

Music Soc. Eval.

0.12

0.62

0.06

0.79

0.37

0.10

0.55

0.001 **

Control Realism

0.30

0.19

0.10

0.67

0.02

0.92

0.47

0.03

Control Soc. Eval

0.34

0.13

0.01

0.95

0.01

0.97

0.64

0.001 **

Realism Soc. Eval

0.04

0.86

0.10

0.67

0.35

0.12

0.68

<0.001 ***

Table 5.3. Correlations between acute response curves to different stressor types. Symbols = r = Pearson
correlation coefficient; p = probability value; * p<0.05, ** p<0.01, *** p<0.001.
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5.3. Discussion
We will first examine our findings with respect to the potential moderating function of
symbolic nature and modality, by discussing the found main and interaction effects on
stress response maxima. Subsequently we will discuss our general findings obtained by
calculating correlations between stress response curves, to create an overview of acute
physiological responses.

5.3.1. Moderating effect of symbolic nature on maximal stressor response
We hypothesized differences between physiological responses to stressors that require
different kinds of processing, either symbolic or non symbolic. For EDA responses this
hypothesis is confirmed. We found that stressors requiring non symbolic processing elicit
on average a 160% higher response (0.26 S) than responses requiring symbolic processing
(0.10 S), a pattern found for both males and females (Table 5.2). For the HR response no
significant differences were found between stressors requiring different processing. Our
hypothesis with respect to HR is therefore rejected, and there are no indications to assume
a moderating effect of symbolic nature on the cardiovascular response system.
The moderating effect of symbolic nature on the EDA response can also be
observed in the EDA grand mean responses (Figure 5.2). We see here that, with the
exception of realism, the responses to stimuli requiring non symbolic processing all exceed
0.05 S, an often used threshold to identify EDA responses (Boucsein, et al., 2012),
whereas none of the responses in the symbolic group reach this threshold. In fact, all
responses in the latter group remain below 0 S.
Given the direct relation between EDA and the underlying sympathetic response
system, these results together indicate that (a) the sympathetic nervous system is
moderated by the type of processing that is required to process the presented stressor,
expressed by (b) a higher response to non symbolic stimuli, which (c) is present in both
males and females.
To our knowledge, there are few studies in the literature that provide context for
these results. The most relevant is the study by Ambach et al. (2013), who presented
subjects with two different stressor stimuli, one symbolic (text on screen) and the other
non symbolic (male voice with picture of male face), in the context of a Concealed
Information Test (CIT). They also found increased EDA responses to the non symbolic
stressor, although these findings were not significant. Speculatively, the underlying reason
for this finding could lie in the fact that along the pathways through which a percept is
constructed, non symbolic stimuli can contain features, e.g. movement, that have
information value even before a complete percept is constructed. It could be that it is
advantageous to direct additional attention to these features, in case the stimulus is caused
by an entity that poses a threat. For example, a waving curtain in the peripheral field of
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view can draw attention and a stress response (and most likely a behavioural response:
turning the head towards the movement) before the percept of a curtain is formed, most
likely to account for cases where the movement represents a threat, such as the movement
of an animal posing a threat. In contrast, symbolic stimuli have to be processed completely
to a percept before information value of the stimulus can be deduced, as the separate
features, such as lines (contrast), in themselves do not hold information value.
Ambach et al. also suggest attention as an underlying mechanism responsible for this
difference in EDA responses. Through the workings described above, non symbolic stimuli,
such as the images and sounds used in our study, might direct attention more forcefully
than symbolic, text based stimuli, resulting in larger EDA responses.

5.3.2. Moderating effect of modality on maximal stressor response
We hypothesized that stressors of different modalities, either visual or auditory, would
elicit different acute physiological responses. For HR this hypothesis is partially confirmed.
We found that females have higher HR responses to visual stimuli compared to auditory
(Table 5.2). For males no significant difference in responses to different modalities is found.
For the EDA response no significant differences were found between stressors of different
modalities. Our hypothesis with respect to EDA is therefore refuted, and there are no
indications to assume a moderating effect of modality on the sympathetic response
system.
In the literature no clear difference in HR response between modalities is reported,
and sex is often not analysed or reported. Bradley and Lang (2000) did find smaller HR
responses for auditory stimuli compared to visual stimuli, although they did not find an
interaction with sex. Other studies that included HR responses to auditory and visual stimuli
did not find significant differences (e.g. Brouwer et al. 2013 or Wannemüller et al. 2015),
between modalities or sex.
A possible explanation for the moderating effect of modality could be the
underlying neurocircuitry. Amaral, Behniea, & Kelly, 2003 found more efferent connections
in nonhuman primates from the visual cortex to the amygdala compared to other
modalities. However, if this is the underlying reason, a more generalized physiological
response would be expected, but we find no such effect of modality on the EDA response.
With regard to the interaction with sex, it could be that the observed main effect of
sex, with females expressing a higher overall HR response, plays a role here. The overall
higher response of females could exacerbate a more general effect of modality. In other
words, for both males and females the HR response is higher for visual compared to
auditory stimuli (Table 5.2), however only for females this response is significantly higher,
due to the overall stronger HR responsitivity found with females.
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5.3.3. Correlations between stress responses
We will now discuss the observed correlations between stress responses (see Table 5.3) in
the context of the physiological systems treated in the introduction. We will first discuss
the response specificity of these systems, i.e. to what extent do the responses to different
stressor stimuli correlate within a system? We will compare this response specificity
between systems. Second, we will look at which stressor stimuli elicit a distinct response
(i.e. a response that correlates with few other responses), and what insights in the
underlying response systems this provides.
Stressor specificity of physiological response systems
When comparing the amount of significant correlations within each physiological response
system, we see that the EDA response exhibits the highest amount of significant
correlations between stressor types. Of the 21 significant correlations that are possible
between the seven stressor stimuli types for each sex, females exhibit eleven significant
correlations, and males only one. In contrast, between HR responses no significant
correlations are found. This means the EDA response is far more consistent across
stressors, i.e. less specific than the HR response.
This could be due to the high number of known moderators of the HR response.
Several studies have found moderating effects of (stressor) stimuli characteristics such as
valence and passivity (see Kreibig, 2010 for a detailed review of these characteristics). With
an increasing number of moderating characteristics, it is to be expected that stimuli will
differ on one or more of these characteristics, resulting in an altered response. This results
in highly specific responses, and therefore low correlations between responses.
The female versus male difference in the amount of correlations is interesting:
females exhibit a less stressor specific response compared to males. This could be due to
the in general lower (although non significant) EDA response of females (Table 5.2). When
responses are lower, i.e. less pronounced, the chance of a response that is significantly
different is smaller, and therefore the overall response is less stressor specific.
Unicity of stressors
We now look at how unique the stress responses are of a specific stressor, that is, how
similar is its response curve to the response curves of other stressors? When the response
curve to a stressor does not correlate with any of the response curves to other stressors, it is
considered unique. The more significant correlations, the less unique.
For the HR system, we find no significant correlations, so all stressors yield unique
response curves. For the EDA system, however, the control stressor is the most unique: it
correlates only with social evaluative threat (the responses to other stressor types on
average correlate with more than three other responses). The correlation between control
and social evaluative threat is not unexpected, as both are symbolic stimuli, and given the
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observed moderating effect of symbolic nature, a higher correlation between responses
requiring the same processing is to be expected.
To better understand this specific response to control, we return to Figure 5.2 to see
that this response shows very little variation, approaching a flat line. This could be because
this is the only stressor type for which the timing of the actual stressor can vary in time.
Because even though the timing of the message informing the subject that the avatar can
no longer move in a certain direction is always the same, the moment a subject wants to
make the respective movement, and experiences this is not possible, can occur at any point
later in time. This could potentially ‘cancel out’ the effects of this stressor, as the expected
responses are shifted in time. This may result in a response approaching a flat line, and as a
result a low correlation with other responses.

5.3.4. Limitations
There is an important limitation that needs to be considered when interpreting the results.
The presented stimuli differ on more characteristics than only the required symbolic nature
and perceptual modality, e.g. the amount of information conveyed. Hence, it could be that
a characteristic other than symbolic nature or modality is driving the results. However, this
is a problem that is inherent to research into moderating effects of symbolic nature and
modality, especially in stressors. Because when one aims to alter a stimulus from a
symbolic representation to its non symbolic counterpart, or from a visual representation to
its auditory counterpart, in almost all cases many more alterations than the change in type
of processing or modality are introduced12. This is especially true for stressors, as these are
often high dimensional stimuli, i.e. containing many different dimensions, such as form,
colour, multiple modalities, etc. Many of these characteristics are closely tied to the specific
representation (e.g. symbolic/non symbolic and/or visual/auditory) of the stimulus, and will
therefore also change when a stressor is changed into another modality or into a
representation requiring another type of processing. Given the inherent nature of this
problem to our research question, we used standardized instantiations of frequently used
stressor types as our stimuli, instead of designing new stimuli in an effort to alter only the
characteristics of interest. The latter approach would most likely only partially eliminate
this limitation, whereas our current approach provides us with better interpretable results
that have direct implications for the often used stressor types and stimuli.

12

A well known area of research where this is not the case is research into numeric processing, i.e. the
processing of numeric representations. Here the change from symbolic to non symbolic entails solely this
change, and therefore this type of research is often used to investigate symbolic processing, for example in
Fias, Lammertyn, Reynvoet, Dupont, & Orban, 2003.

128

5.4. Conclusion
We presented stressor stimuli of frequently used psychological stressor types to gain
insight in the moderating effect of modality and symbolic nature on physiological stress
responses, and to provide an overview of such responses in the acute phase.
We found indications that the sympathetic nervous system is moderated by the
type of processing that is required to process the presented stressor. This is expressed by a
higher response to non symbolic stimuli, for both males and females. We speculate this is
so because features of non symbolic stimuli, but not of symbolic stimuli, contain
information value and it is advantageous to direct additional attention to these features, in
case the stimulus poses a threat. The additional attention results in an increased
electrodermal response.
We also found that females have higher HR responses to visual stimuli compared to
auditory stimuli. This higher response could be due to the larger number of efferent
projections from the visual cortex to the amygdala compared to projections from other
primary cortices. With respect to the interaction with sex, we expect this to be an
exacerbated effect of the main effect of sex we found, with females expressing a higher
overall HR response.
Additionally, we described correlations in our data to provide an overview of acute
physiological responses. Here we found the EDA response to be more consistent, i.e. less
specific to the stressor presented, than the HR response. We expect this is because of the
high number of (known) moderators of the HR response.
Given the current findings, and pending further research, we would advise against
using stressor stimuli requiring symbolic processing in study designs where EDA is
measured as indicator of the stress response, to prevent underestimating this response and
increase power.
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6. Discussion and concluding remarks
In the introduction of this thesis we discussed three requirements that are important for
researchers and therapists to adequately conduct stress research and therapy:
standardization of stress induction, precision of the induction and control over the stress
status.
Currently, there are only a few standards available for stress induction, and these
present only specific stressor forms. For many other stressor forms, or for studies and
therapies that want to use a combination of stressors, there are no standards available.
Furthermore, in order to interpret results of stress induction studies, the induction has to be
precisely defined in terms of its characteristics, such as timing and intensity. Current
methods do not provide this precision, especially not in combination with the possibility of
presenting multiple stressor forms. Finally, for various research and therapy purposes, it is
important to control the stress status of a subject. For example when the stress status
influences the dependent variable, for example, in memory or risk taking research, or when
the stress status determines the boundaries of a therapy.
To address these limitations, we presented a series of researches into
physiological stress systems, and used our gained insights to develop the stress induction
application GASICA (Generic Automated Stress Induction and Control Application). With the
application we aim to provide researchers and therapists with a tool that supports
standardization, and precise induction and control of the stress status.
In the following sections we will discuss the different studies conducted. First we
will discuss the meta analysis, after which the design, validation, and use of GASICA is
discussed. We will further discuss and elaborate to what degree GASICA provides solutions
to the stated problems faced in the field of stress research, its limitations, and envisioned
further development.

6.1. Meta analysis of digital stressor games and study
methodology
Based on the requirements we set to the stressor component in Chapter 3, we selected a
digital game as stressor.
We conducted a meta analysis in which we examined which characteristics of such
digital game stressors moderate the physiological stress response. In addition, we also
looked at which characteristics of the study methodology moderated this response (e.g.
baseline measurement).
Consistent and specific moderating functions were found for both game and study
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characteristics, and these findings were consistent across different analyses. The effects
can be considered large: sets of two to five of such characteristics on average accounted for
43% of the variance found in heart rate and blood pressure, with certain sets accounting for
up to 57% of the variance.
We concluded that the cardiovascular system underlying the stress responses
responds more specific to presented stressors than previously assumed in the literature.
Based on this notion, we created a model that mapped these specific stressor response
relations to underlying processes, such as attention and metabolic processes.
We also proposed that digital games should not be considered stressors due to their
holistic properties, but that they should rather be viewed as a container, i.e. they may
include various characteristics that act as specific stressor types. For example, we would
view the well known game Call of Duty as a stressor game due to the inclusion of
characteristics such as aversive stimuli, time pressure and so forth, not merely on account
of it being a war game.
The results from the meta analyses underlined the need for standardized stressor
induction, because relatively small changes in stressor characteristics appear to have large
consequences for the measured responses.
In addition, based on the findings that characteristics of the study methodology,
such as how a baseline measurement is performed, significantly moderated the
physiological responses, we provided guidelines for conducting (physiological) stress
research in the form of an 8 point checklist that can be used by researchers and therapists
to verify the methodology of their design (Appendix A).

6.2. Design and validation of GASICA
A combination of insights from the meta analysis was used to design the stressor
component of GASICA. Based on the insight to view a game as a container, we
incorporated the stressor characteristics that were found to significantly moderate the
physiological response in the digital stressor game. These characteristics are aversive
stimuli, realism, music, time pressure, sound level and frustration, and social evaluative
threat.
After the stressor, measurement and feedback components were developed,
several pilot experiments were conducted. We concluded that user experience was rated
sufficiently, physiological responses could be induced and that GASICA could be used in an
fMRI environment.
The validation study to see whether GASICA was indeed able to induce and control
stress responses in Chapter 4 showed that GASICA is able to induce both acute
physiological stress responses, i.e. within seconds post stressor onset, as well as state
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responses, i.e. mean increased measures over several minutes during continuous stressor
presentation. With regard to control, we found that GASICA is able to significantly predict
the physiological response for the majority of stressors or combinations of stressors used.
However, due to changing context, this prediction did not result in satisfactory control.
Based on the fact that we were able to predict the response for the majority of
stressors used, we concluded that the underlying physiological systems are more
predictable than previously assumed in the literature, in line with our earlier findings for the
cardiovascular system in this respect (Chapter 2).

6.3. Using GASICA to study stress response systems: symbolic
nature and perceptual modality
In our final study, GASICA was used to gain insight in the underlying human stress system.
We studied in particular the moderating effects of the perceptual modality and the symbolic
nature (symbolic or non symbolic) of stressors on the acute physiological response.

6.3.1. Symbolic nature
It was found that the maximal electrodermal (EDA) response was significantly higher for
non symbolic stressors compared to symbolic stressors. This could potentially be a
consequence of the nature of non symbolic stimuli: features of non symbolic stimuli, e.g.
movement, can have information value before a complete percept of these stimuli is
formed. This is in contrast to symbolic stimuli that have to be processed completely to
deduce the information value. As such, we expect that non symbolic stimuli draw attention
more forcefully, resulting in increased EDA responses. Based on these results researchers
should be aware that the use of stressor stimuli requiring symbolic processing in study
designs where EDA is measured as indicator of the stress response, will yield suboptimal
responses, also when using GASICA for symbolic stressor presentation.

6.3.2. Perceptual modality
With respect to perceptual modality we found that the maximal acute heart rate (HR)
response for females is higher to visual stressors compared to auditory stressors. We
believe that this could be due to a combination of underlying neurocircuitry and an
exacerbation of females expressing a higher overall HR response (Amaral, Behniea, & Kelly,
2003).
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6.3.3. Acute stress response height
We compared the height (i.e. taking the absolute value of the change in the measured
physiological signal, so ignoring whether the signal increases or decrease in response to the
stressor) of acute stress responses between the presentation of either one, two, or three
stressor stimuli simultaneously. Here we found that a large variation of this height can be
explained by the amount of stressors being presented simultaneously, especially for SBP
and DBP. In other words, it appears that the height of the acute response to a stressor
combination appears to be a linear function of the amount of stressors presented
simultaneously.

6.3.4. Response specificity
By comparing correlations between the different responses, we found that in general acute
EDA responses are less specific with regard to the presented stressor than the acute HR
response. We speculate that this is due to the HR having more processes moderating the
response compared to EDA, such as valence and modality of the (stressor) stimulus.
Interestingly, but not surprisingly given its importance to both stress induction and
control, the notion of response specificity of the different physiological systems is a
recurring theme across the different chapters. For example, in Chapter 2 we assumed that
the cardiovascular stress response system is more specific to the type of stressor than
previously thought, a notion that was further investigated in Chapter 5, where it was found
that the sympathetic nervous system (underlying the EDA response), compared to the
cardiovascular system, responds less specific with respect to the stressor presented. These
results were found in two different time spans: Chapter 2 concerns state responses,
whereas Chapter 5 treats acute responses. We also found indications of different processes
underlying the responses in different time spans: in Chapter 2 we found that stressor
duration, which precisely captures the transition from one time span to another, was a
significant predictor of the measured physiological response. Therefore, further research in
the different processes underlying the responses within each time span is needed.
Taken together, our most important findings are:
The observed stressor response relations are specific and consistent.
Relatively small changes in stressor characteristics appear to have large
consequences for the measured responses.
The acute electrodermal response is significantly higher for non symbolic stressors
compared to symbolic stressors.
The acute heart rate response for females is higher to visual stressors compared to
auditory stressors.
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In general, the cardiovascular system responds more specific to presented stressors
than previously assumed.
In general, electrodermal responses are less specific with regard to the presented
stressor than the heart rate responses.
The height of the acute response to a stressor combination appears to be a linear
function of the amount of stressors presented simultaneously.
Digital game stressors should be viewed as a container for various types of stressors.
GASICA is able to induce both acute as well as state stress responses.
GASICA is able to significantly predict the physiological response for the majority of
presented stressors.

6.4. Generalization of experimental results
Generalization of our conclusions on the working of the stress response system and the
development of GASICA has the following limitations.

6.4.1. Acute versus state
A first limitation is the lack of insight in the relation between acute and state physiological
stress responses. Although we have provided insights in both type of responses, we also
found indications that the nature of these responses can differ between the two time
spans, without being able to pinpoint the exact processes responsible for this difference.
We propose further research specifically into the relation between acute and state stress
responses, by comparing the different physiological responses over increasing time spans.

6.4.2. Model limitations
A second limitation is that we have not been able to combine all results into one coherent
model that could provide insight into the different aspects of stress response systems
encountered in this thesis. Aspects that can now not be combined include for example the
aforementioned relation between acute and state responses, but also how general the
found stressor response relations are: to what degree do these hold for different stimuli of
the same type? We propose further development of this model by sequentially focusing on
specific aspects of this model, for example the possible interactions between the different
physiological systems, using already acquired data during this research, supplemented by a
quantitative review of existing literature.
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6.4.3. Level of detail
A third limitation is the depth of the insights in physiological systems we have been able to
provide. We have approached the physiological processes and anatomical structures
involved in these systems in a very general manner, whereas a more detailed treatment
could have provided deeper understanding. The main reason for this is that we feel that
before one can approach these systems on a deeper level of detail, the stressor
presentation has to be even more precisely defined, otherwise the amount of confounding
variables would be to large to gain any insights on such level of detail. This is one of the
problems we started this thesis with: in order to gain insight in underlying systems, the
stressor presentation has to be very precise, which naturally holds even more for higher
levels of detail. We hope that GASICA is able to provide a precise enough standard to allow
such further, more detailed experiments in a standardized manner.

6.5. GASICA
With respect to GASICA itself, we feel that the current state of the application to a high
degree provides solutions to the stated problems of standardization, precision, and, to a
lesser degree, control.

6.5.1. Standardization
The solution GASICA provides with regard to the problem of standardization, is the ability
to present different stressor types and combinations hereof, and that these stressors
induce physiological stress responses in heart rate, systolic and diastolic blood pressure,
electrodermal response, cortisol, and subjective stress, both acutely and in the state time
interval. Given the possibility to add and adjust the open source code and configuration
files that allow adjust the application, we feel that the application provides a generic
solution that allows for a wide range of stressor types, combinations hereof and for
multidimensional stressors to be presented, allowing for standardization of stressor
induction.
However, in order to function as a standard, the user friendliness is also important.
Currently, the configuration files play an important role in the standardization GASICA
provides. When a study or therapy is performed, the complete design is stored in this file
and as such vastly improves the potential to replicate the study or therapy. Currently this
file needs to be adjusted manually to create or adjust a design. This can be difficult for
some users and may increase the chance of errors. In addition, certain aspects of the
application, such as for example which time span post stressor onset that is used to assess
the response, have to be altered in the source code.
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To further develop this aspect of GASICA, we propose a development step to make
it easier for users to utilize it. This development entails three steps:
1. Replace remaining closed source software, VBS2 and Acqknowledge, with open
source equivalents, to provide all users with additional control over the application
and eliminate any costs attached to using GASICA. The most likely candidate for
replacing VBS2 to present the stressor stimuli, is Unity (Unity Technologies, 2016), a
3D engine that, in terms of GASICA, also provides us with more possibilities
compared to VBS2. For replacing Acqknowledge, BCI2000 (Schalke Lab, 2016) is a
likely candidate, that, in contrast to Acqknowledge, allows to communicate with a
variety of measurement equipment from different manufacturers, rendering
GASICA even more generic.
2. Create a graphical user interface (GUI) that provides control over all settings of the
application that currently must be set by editing the configuration files of the
application, such as which stressors to present, at which interval, which tasks to
include, and so forth. This lowers the threshold for researchers and therapists that
are less tech savvy to use GASICA, as it eliminates the need for using configuration
files or source code in many instances. In addition, it prevents human errors during
the editing of thee files.
3. Create an installer to install the complete GASICA application. The current
application requires the installation of all different components separately, requiring
additional time and leaving room for errors. With one installer for the complete
application this is eliminated.
In doing so, we effectively make GASICA a stand alone open source software only
application (available from GASICA.com under the GPL license) that can be easily installed
and used with the measurement equipment already available to the researcher or therapist.
We also envision using the GASICA.com domain as the central hub for management of the
standard by providing a code repository so that users can make adjusted source code
available to other users.

6.5.2. Precision
With regard to the problem of precise stressor definition, we feel that GASICA provides the
possibilities for precise stressor induction. This is done through the configuration files that
allow to precisely define a wide range of known relevant characteristics of the presented
stressor, such as timing and intensity. In principle, any characteristics that are currently
missing or that become relevant due to new insights, can be implemented in the open
source code.
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6.5.3. Control
Concerning control of the stress response, we found that GASICA is able to predict the
physiological response for the majority of stressors used, but performs less well in
controlling the stress status. An implicit assumption underlying the created feedback
models is that the fitted responses are context independent, i.e. the same response is to be
expected to the same stressor over the integral course of a session. In reality, desentization,
novelty, and other processes alter the relation between stressor and response over the
course of an experimental or therapy experiment. We believe this to be the main reason for
the underperformance of GASICA with respect to control. To improve control we propose
to utilize context dependent predictions, i.e. predictions that take context into account,
such as the amount of stimuli already presented, or the previous response to the a stressor
of the same type.
A secondary improvement we propose to improve control is to alter the time
window that is used post stressor to determine the acute response, by adjusting this from
the mean of the first five seconds, to the mean of the response from 4 to 7 seconds post
stressor onset, at least for responses that have a triphasic response, such a HR and EDA. We
believe this will yield more robust estimates of the responses and thereby better
predictions and control.

6.5.4. Stress responses
Finally, there are three limitations with regard to the measured stress response when using
GASICA in general. The first concerns that the height of the responses we are inducing can
be concerned to be medium: when comparing the found responses to other stressors
encountered in the meta analysis, GASICA induces stress responses that are around the
same as the mean height found here, or a little above. For example, the mean DBP
response found in the meta analysis is an increase of 7.1 mmHg, whereas GASICA has a
mean increase of 9.4 mmHg in the responsive groups.
For some research higher responses can be desired. In those cases, we would advice
to add new stressors to the application that are expected to induce higher responses.
Currently, it is hard to say how high the maximum response possible with GASICA will be,
as this will depend mostly on new stressors that will be developed and implemented by
users of the application.
The second limitation concerns our finding that females respond more to the
stressors presented by GASICA than males. Further research is needed to examine whether
this is caused by a general aspect of the application, or if it is caused by the currently used
stressors.
The third limitation concerns the restriction that GASICA currently imposes on
subjects to remain still. This restricts the possibilities to use GASICA in, for example,
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training scenarios where the subject has to walk around.
Two remarks can be made with respect to this this limitation. First, this limitation is
an instance of a more general problem of measuring physiological signals ambulatory: how
to obtain high enough signal quality to get meaningful information out of the
measurements? For certain physiological signals this is more easily achieved than for
others. Heart rate, for example, can be measured relatively well during movement, whereas
this is much harder for (continuous) blood pressure measurements. The crucial factor here
is the measurement device the user attaches to the measurement component of GASICA: if
this device is able to measure the physiological signal with high enough quality, GASICA
will be able to use this data.
However, and this is the second remark, when GASICA uses this data, how well can
it distinguish physiological responses due to movement from physiological stress
responses? Depending on the measured signal, these two responses might be
indistinguishable. A possible solution here might be to include a reference signal, a signal
indicating when a movement occurred, for example by using an accelerometer. This
reference signal may then be used to distinguish between responses due to movement and
stress responses.

6.6. Current and future use
GASICA is currently used by TNO (Dutch Organisation for Applied Scientific Research) for
research into stress encountered by defence personnel.
With the current results and described development steps and improvements, we envision
several fields in which GASICA can potentially be useful. Several of the more prominent
include:
Research into work related stress
Given the possibility to adjust the 3D environment and stressors presented,
different work related scenarios can be examined using the same application. For
example, stressful situations in the workplace can be modelled and presented to
research the stress responses.
EEG research
Due to the low signal to noise ratio of EEG measurements, a large amount of trials
is needed for each experiment. As it is often relevant to control the stress status
over such prolonged periods of time, GASICA is well suited for use in this type of
research, as it is specifically designed for the control of the stress status.
Additional use of feedback models
The created feedback models contain information on individual stress
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responsitivity. Besides the current use in GASICA to control the stress status, these
models could have additional relevance in a wide range of applications. Examples
could include clinical relevance in determining subjects at risk for stress related
illnesses, or improving selection procedures.
With respect to clinical relevance, a feedback model constructed for a subject
can be seen as a stress response profile for this subject. It is interesting to examine
whether these profiles contain information that can aid in predicting and/or
diagnosing stress related illnesses. The former could for example exist of results
showing a relation between responsitivity and cardiovascular risk. The latter could
be thought of as effects such as the dampened cortisol responses found with
subjects with burn out. Due to its high genericity and precision, GASICA could prove
a suitable application to develop such profiles, providing the tools to examine which
stressors and responses constitute profiles that have clinical relevance.
Regarding selection procedures, the acquired profiles could be used in
selection procedures in which individuals are selected for assignments where stress
responsitivity plays a role, such as assignments for defense, police or the fire
brigade.
Epilepsy treatment and research
For treatment and research of patients with epilepsy it can be of interest to elicit
seizures, for example to gain more information on the type and anatomical location
of the seizure. To this end patients are monitored during a prolonged period of time
during which seizure eliciting procedures are performed, such as inducing stress or
depriving sleep. In practice, however, this process can take long, resulting in
increasing costs, patient burden and needed manpower. Given the
multidimensionality of GASICA and its possibility to present different forms and
combinations of stressors, together with its ability to create personalized stress
response profiles, it could be a well suited application to determine which stressor
elicits the highest (neuro )physiological response, potentially reducing the time
needed to elicit seizures.
Optimizing training
By placing the training environment into the game environment of GASICA, making
it more playful, as well as using the information on the current stress status to
optimize the training process, GASICA could allow for enhancing training
procedures. Important here is the restriction that the measurements in general are
disturbed when the subject is moving around. Examples could therefore include
patients who have to learn to control their (neuro )prosthetic or other brain
computer interface (BCI).
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7. Conclusion
In this thesis, we presented research into the human physiological stress system. Starting
point of the research was the recognition of three requirements that pertain to the quality
of research: standardization of the methods used, precision of the stressor definition and
control of the stress status of the human subject. In addition, we strived for ecological
validity for transfer of the results to the real world domain, such as stress prevention and
therapy. We stated that an application developed to induce stress in a precise manner
should contain a wide range of stressors.
We assumed that digital games are a notable candidate to meet the various
research demands. Digital games can contain a large variety of stressor types and have the
potential to simulate various aspects of the real world. We stated that digital games can be
considered as a container of various stressors, such as time pressure and aversion. It was
found that the observed stressor response relations are specific and consistent. In other
words, this enabled us to offer a precise stressor with consistent responses over time. It was
also found that relatively small changes in stressor characteristics appear to have large
consequences for the measured responses; this enables a possibility for controlling the
stressor signal.
In the developed stress inducing application GASICA, we included a digital game as
a stress inducing component and included significant moderators of the stress response,
such as aversive stimuli. Moreover, a feedback loop was created to control the stressor
characteristics. Validation of GASICA showed that the application was able to induce both
acute and state stress responses and was able to significantly predict the physiological
response for the majority of presented stressors. With respect to control, GASICA was
found to predict around 20% of the responses using individually fitted models. We
concluded, however, that this is insufficient for an adequate control of the stress status.
The application of GASICA as a research tool revealed the following insights into the
working of physiological stress response system. We found that, in general, the
cardiovascular system responds more specific to presented stressors than the sympathetic
nervous system and that electrodermal responses are less specific with regard to the
presented stressor than the heart rate responses. We also found that the acute
electrodermal response is significantly higher for non symbolic stressors compared to
symbolic stressors and that the acute heart rate response for females is higher to visual
stressors compared to auditory stressors. Finally, we found indications that the height of
the acute response to a stressor combination is a linear function of the amount of stressors
presented simultaneously.
In conclusion, we were able to build a generic stress inducing application for research
purposes that includes a broad spectrum of stressor types. The application’s ability to
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predict a particular stress response implies that it offers a precisely defined stressor in a
standardized manner. To improve control, however, we propose to develop context
dependent predictions in the next development step of GASICA, i.e. predictions that take
into account contextual information, such as the previous response to a stressor of the
same type. The second development is to alter the time window that is used post stressor
to determine the acute response. In addition, the user friendliness of the application should
be improved. In the current version, the height of the stress responses is medium; in cases
where higher responses are required, new stressors should be included.
Finally, GASICA was developed for a laboratory situation, including MRI studies.
This restricts the possibilities for training situations where subjects have to walk around.
Nevertheless, we believe that GASICA and the underlying design patterns have a great
potential as a basis for ecological valid research of the human physiological stress system in
various research, training and therapeutic situations.
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10. Samenvatting
Stress is een veelvoorkomende conditie in de westerse wereld, met grote maatschappelijke
en individuele gevolgen. Onderzoek stelt ons in staat om inzicht te verkrijgen in de
fysiologische systemen die ten grondslag liggen aan stress, zodat er een basis ontstaat voor
het ontwikkelen van preventieve methoden en therapieën voor stress.
Bij dergelijk onderzoek moet aan een aantal voorwaarden worden voldaan om de
verkregen resultaten op adequate wijze te kunnen interpreteren en vergelijken. We hebben
drie voorwaarden geïdentificeerd waaraan momenteel niet wordt voldaan: standaardisatie
van stress inducerende methoden, precisie van stress inductie, en controle over de stress
status van het subject.
Vanuit deze constatering hebben we een reeks van onderzoeken gedaan naar de
menselijke fysiologische systemen die ten grondslag liggen aan lichamelijke stress reacties.
De verkregen inzichten hebben we gebruikt voor het ontwikkelen en valideren van een
stress inductie en controle applicatie, genaamd GASICA: Generic Automated Stress
Induction and Control System.
Onze belangrijkste bevindingen met betrekking tot fysiologische systemen zijn dat
de relaties tussen stressoren en reacties specifieker en consistenter zijn dan eerder werd
aangenomen, waarbij kleine veranderingen in de stressoren potentieel grote gevolgen
hebben op de lichamelijke reacties. Bovendien zijn er tussen de verschillende fysiologische
systemen verschillen te vinden met betrekking tot deze specificiteit. Zo vonden we dat het
cardiovasculaire systeem specifieker reageert op stressoren dan het parasympathische
systeem dit doet.
Op basis van deze bevindingen zijn de verschillende componenten van GASICA
ontworpen en ontwikkeld. De resulterende applicatie is vervolgens getest en gevalideerd,
om te zien hoe goed onze doelen van standaardisatie, precisie, en controle zijn bereikt.
GASICA blijkt in staat te zijn om zowel acute als meer chronische fysiologische
stress te induceren, op een gestandaardiseerde en precieze wijze. Met betrekking tot het
beheersen van de stress status vonden we dat de applicatie de lichamelijke reacties op de
meeste gebruikte stressoren goed kon voorspellen. Dit leidt momenteel nog niet tot een
bevredigende controle van de stress status omdat de effecten van voorgaande stressoren
niet in de voorspelling worden meegenomen.
Na de validatie is GASICA gebruikt in verschillend psychofysiologisch onderzoek. In
dit onderzoek hebben we vastgesteld dat de acute zweet respons significant hoger is voor
niet symbolische stressoren in vergelijking met symbolische stressoren, en dat de acute
reactie van de hartslag bij vrouwen hoger is voor visuele stressoren in vergelijking met
auditieve stressoren.
Om het functioneren van GASICA te verbeteren, stellen we een aantal maatregelen
voor om de applicatie verder te ontwikkelen. De belangrijkste stap is om context gevoelige
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voorspellingen te gebruiken, met als doel de stress status beter te beheersen. Een andere
beoogde ontwikkeling is om GASICA gebruiksvriendelijker te maken, door de applicatie
volledig open source te maken, te voorzien van een grafische gebruikersinterface, en in
staat te stellen om te werken met een breder scala aan meetapparatuur.
We voorzien dat GASICA in de toekomst bruikbaar kan zijn op verschillende
terreinen. Bijvoorbeeld kan er gekeken worden of de individuele modellen die door de
applicatie worden gemaakt informatie bevatten die kan helpen bij het voorspellen of
diagnosticeren van stress gerelateerde aandoeningen. Een ander voorbeeld is om GASICA
te gebruiken in trainingssituaties waarbij stress een rol speelt, zoals bij defensie of de
brandweer.

150

11. Acknowledgements
Regarding the research in chapter 2 the authors would like to acknowledge the support
received by Joop Hox regarding the statistical analyses included in this work.
Regarding the research in chapter 5 the authors would like to thank the Registration
and Imaging of Brain Systems (RIBS) group of the University Medical Centre Utrecht for all
the provided resources in terms of time, knowledge and equipment.
For all research involved, we would like to thank the reviewers for their extensive
and insightful comments.
This project is part of the research program Treatment of cognitive disorders based on
functional brain imaging, funded by the Netherlands Initiative Brain and Cognition, a part of
the Organization for Scientific Research (NWO) under grant number 056 14 014.

151

12. Curriculum Vitae
Benny van der Vijgh was born on April 18 1985 in Amsterdam, The Netherlands. He finished
his VWO (pre university education) at the Philips van Horne SG in Weert in 2003. He
received his Bachelor of Science degree in Cognitive Artificial Intelligence (CAI) at Utrecht
University in 2007, and received his Master of Science degree at Utrecht University in 2010,
on the topic of non invasive sleep monitoring. In 2010, he started his PhD at Utrecht
University. Besides these academic efforts, he started a company in 2012 that specialized in
biomedical engineering. In this context he worked on multiple healthcare projects, such as
contactless clinical respiration sensors and sleep monitors.

152

13. Dankwoord
Je bent er. Het was even goed zoeken in de inhoudsopgave, hard doorbladeren, en zorgen
dat je niet afgeleid werd door de grafiekjes, tabellen en woorden van de hoofdstukken die
onder je duim door roetsjten, maar je hebt het gehaald. Hoofdstuk dertien, dat zich mag
verheugen om het meest gelezen hoofdstuk van dit boekje te zijn. Voor mij is het een
hoofdstuk dat bijna ingewikkelder is om te schrijven dan de voorgaande hoofdstukken. De
verantwoordelijkheid van het bedanken. Wie wel, wie waar, wie wanneer en hoe? En na
vijfenhalf jaar zijn er bovendien nogal wat mensen om te bedanken.
Om het jou en mij makkelijk te maken zal ik beginnen met alle collega’s en mensen
met wie ik heb samengewerkt, om me daarna langzaam een richting te schrijven richting
familie, vrienden, en m’n kat. Als je vindt dat ik je onterecht heb overgeslagen, niet
voldoende bedankt, of het recept voor m’n onovertroffen meat loaf wil, kan je een mailtje
sturen naar maarikbenookbelangrijk@vdvijgh.nl.
Allereerst wil ik m’n promotor en copromotor, Peter en Robbert Jan bedanken (de laatste
zal ik vanaf nu ‘RJ’ noemen, om recht te doen aan de werkelijkheid en omdat ik nog steeds
niet weet of er een streepje tussen de twee namen moet).
Allereerst wil ik jullie allebei bedanken voor de enorme vrijheid die ik heb gekregen om zelf
vorm en richting te geven aan dit project.
Peter, bedankt voor je scherpte, efficiëntie, en professionaliteit, en dat je er was op
de momenten dat het echt nodig was, ondanks je ongelofelijk drukke agenda. Een uur blijkt
gemiddeld toch 63 minuten te bevatten.
RJ, bedankt dat je me in zomer van 2010 benaderde met de vraag of ik
geïnteresseerd zou zijn om een PhD te doen. Te meer omdat ik vlak daarvoor bij m’n
master, die je ook begeleid hebt, een jaar was uitgelopen. En bedankt voor de enorme
hoeveelheid feedback op mijn schrijven die je me hebt gegeven, ik heb daar ongelofelijk
veel van geleerd, en bedankt voor je unieke kijk op de materie en de daaruit voortvloeiende
invalshoeken, en de persoonlijke en prettige samenwerking, allemaal naast eveneens een
heel drukke agenda (deze lange zin was voor jou, om door te strepen en te zeggen dat het
eigenlijk drie zinnen zijn).
Na tweeënhalf jaar verhuisde ik naar het UMCU om m’n onderzoek daar te vervolgen.
Allereerst wil ik Nick bedanken voor het met open armen ontvangen van ondergetekende,
zijn grote domeinkennis, en de betrokkenheid bij de RIBS groep waarin ik terecht kwam.
Iedereen van de RIBS groep, Anna, Annemiek, Efraïm, Elmar, Erik, Julia, Mariana,
Mariska, Mark, Martijn, Mathijs, Max, Zac, bedankt voor alle tijd en moeite die jullie hebben
opgeofferd om mij de principes van MRI bij te brengen, het zo nu dan verwisselen van
kabels op de IEMU, en het niet al te hard lachen als ik weer eens langs kwam gerold met het
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bakbeest van een opstelling (met dank aan Erik voor zijn dumpsterdiving, anders was er
geen bakbeest geweest).
Extra dank aan m’n kamergenoten in deze groep, wat er nogal wat zijn geweest
door de tijd heen. Wouter, je wonderlijke combinatie van scherpzinnigheid en nonchalant
enthousiasme heeft me veel inzichten geboden in ons vakgebied. Bart, bedankt voor je
koffielessen in weergaloos vocabulaire, en je altijd positieve licht gecafeïneerde
aanwezigheid. Milan, wat manage jij de flow als een baas. Van de kneiterkreesie beats die je
maakt, tot het onder tijdsdruk plakken van meter na meter aan draden in magnetische
velden en dames vragen om in kopjes te plassen, het was super om samen te werken.
Anouk, bedankt voor de leuke gesprekken en het kunnen zien van m’n eigen oog op groot
scherm. Blijken bruin te zijn. Sacha, bedankt voor je ontspannen aanwezigheid en het
herhaaldelijk mogen lenen van je internetkabel in de tijd dat als ik een soort kraker aan het
bureau naast je zat.
Op de UU had ik natuurlijk ook (buur)kamergenoten. Marieke, bedankt voor vele
uren kletsen over van alles en nog wat meer, het heeft m’n tijd daar echt veel leuker
gemaakt, en dat na één van de meest ongemakkelijke ontmoetingen in jaren (ik zal nooit
meer de plek bij het raam inpikken zonder overleg). Tom, het was leuk om je als buur te
hebben, je onbeschroomde kritische houding deed de lunch in het Minnaert altijd beter
smaken.
Tenslotte zijn er zoveel mensen met wie ik tijdens dit project in meer of mindere mate
intensief heb samengewerkt, om college te geven of te volgen, symposia te organiseren of
te bezoeken, in werkgroepen te zitten, om hun behandelkamers te gebruiken, als
klankbord voor onze ideeën of vindingen, of aan wie ik GASICA mocht overdragen. Mensen
van de IEMU, Robby, Ole, Jorn, Ruud, Anne Marie, Lex, Joop, Olaf, Maurice, Wieke, Hanne,
en alle anderen, bedankt hiervoor.
En als laatste natuurlijk de leden van de leescommissie bedankt voor het
doorploegen en beoordelen van dit boekje.
Dan is het langzaamaan tijd voor familie, vrienden, iedereen die me heeft geholpen buiten
kantooruren om. Allereerst, pap en mam, enorm bedankt voor alle hulp en interesse in mijn
onderzoek. Jullie hebben me altijd gemotiveerd om het meeste uit mezelf te halen.
Verschillende keren hebben jullie artikelen nagelezen, waarbij de marathonsessie waarin
jullie dit boekje hebben gecontroleerd in de hectische laatste weken vooral memorabel is.
Een broodje paling gaat er altijd in. Bedankt voor alles, en pap, super gaaf dat je m’n
paranimf wil zijn.
Yuri en Ard, we hebben het niet zo vaak over m’n onderzoek gehad, maar de keren
dat we het erover hadden waren erg ontstressend voor een dergelijk stressvol onderwerp,
dat was erg fijn.
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Anja, wat ben ik blij dat jij er bent. Je hebt dit project altijd gesteund, ook toen het
betekende dat we er eerder voor terug moesten komen van onze reis, en zelfs toen het
anderhalf jaar uitliep en we daarom nu pas naar het buitenland kunnen gaan. Al mijn grillen
en nukken heb je willen verduren, en dat waren er nogal wat, met name in de laatste paar
weken voordat de leescommissie haar tanden er in mocht zetten. Ongelofelijk hoe je in die
tijd het voor elkaar kreeg om de opmaak van het boekje in één dag helemaal rond te
maken. De afgelopen jaren hebben we ongelofelijk veel lol gehad, maar ook (te) veel
gewerkt. Daarom wacht er aan de overkant van de grote plas een 43 jarige camper op ons
voor het volgende avontuur. Bedankt, bedankt, bedankt.
Maarten. Man, waar moet ik beginnen. Zonder jou was ik waarschijnlijk nog bezig.
Van het doorpluizen van honderden artikelen voor de meta analyse, via het maken van 3D
omgevingen (welke kleur worden de keukenkastjes), tot het eindeloos programmeren in
krakkemikkige VBS2 code. Van het maken van de fysieke opstelling tot pilots draaien en
proefpersonen inplannen (‘nee, maandag kan nog steeds niet, Gerda’). Van vele avonden
en nachten op de IEMU doorbrengen om de opstelling werkend te krijgen met de EEG
apparatuur, al dan niet met draadjes op het hoofd, vastgemaakt aan zelf gemaakte
pulsgeneratoren en lichtsensoren om uit te zoeken waarom het nu weer niet werkt, tot het
leegspuiten van heel veel naalden met gel op hoofden van mensen die je net een kwartier
kent. Van schaken en eten met één oog op de monitor terwijl proefpersonen nare plaatjes
aan het bekijken waren, via het schoon schrobben van EEG caps, tot het ’s nachts weer
terug dragen van de opstelling over de trappen (eerste grijze haren voor mij). Je was erbij.
Met bloed, zweet, tranen, buikjeuk, en een voor mij nog steeds onbegrijpelijk en in mijn
geval nogal onverdiend engelengeduld. Bedankt man, je bent een held. En paranimf.
En dan zijn er nog zoveel goede vrienden die door hun aanwezigheid deze tijd
significant (p < q) leuker hebben gemaakt. Bart, Daniël, Michael, Rick, Thomas, Victor,
Werdler, nare vieze mannen en anderen, bedankt voor het samenwerken met veel wijn,
tripjes naar Frankrijk voor het schieten van echte Gauchos, dromen over eigen producties,
het geven van een kat, avonden in de Ton Ton club, goede Skype gesprekken, biertjes bij
de zaak, en in het algemeen memorabele avonden.
Tenslotte, beloofd is beloofd. Ook al is ze niet echt een lezer, en zal ze dit dus
waarschijnlijk niet lezen, ook jij bedankt, Kikker. Bedankt voor het eindeloze mauwen om
dingen die als ik ze had geregeld (deur open, deur dicht, eten geven, een aai) toch niet
bleken te zijn wat je wilde en alleen maar aanleiding gaven tot nog meer gemauw. Bedankt
dus.
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14. Appendix A: Study methodology checklist
The 8 points of the checklist given below are taken from the validated 10 point reliability of
effect size scale treated in chapter 2. It is meant as a guideline for researchers and therapists
to check their study methodology at the start of the study or therapy.
Points included in the checklist take into account general research methodological
demands, such as drafted by Cook and Campbell (1979), and domain specific factors,
relevant in the field of physiological stress research. Every point, if unsatisfied, subtracts
one point from a starting score of 10 points, with a higher score indicating a higher
reliability of the utilized methodology.
1. Substance refrainment
When subjects were not asked to refrain from caffeine or nicotine at least 4 hours
prior to the experiment, subtract one point. These substances act on the same
physiological systems underlying many of the measured stress responses, which can
obscure the stressor stress response relation.
2. Measurement location
If measurements are made on the dominant arm, subtract one point. Measurements
on the dominant arm may potentially cause artefacts in the measured signals due to
movement of this arm during the experiment.
3. Stressor onset timing
If there is a time interval between the end of baseline measurements and stressor
onset, subtract one point. In this interval physiological changes can occur rendering
the baseline measurement unrepresentative of the physiological state of the subject
at stressor onset.
4. Baseline conditions
When subjects were required to perform actions during baseline measurements
such as filling out questionnaires, subtract one point. These actions potentially
interfere with the baseline measure.
5. Baseline duration
In case the duration of the baseline measurement is under 3 minutes, subtract one
point. This is considered a minimum time required for most measured physiological
responses to reach a baseline value, with the exception of hormonal responses.
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6. Response measurement timing
If the stress response is measured after instead of during stressor presentation, with
the exception of endocrine measures, subtract one point. Measurements obtained
after the stressor presentation are less representative of the stress response
compared to measurements obtained during the response.
7. Number of measurements
When only one measurement was made during either or both baseline and stress
response measures, subtract one point. One measurement provides less reliability
of acquiring a value representative of the actual state of the measured physiological
signal, compared to multiple measurements.
8. Presence of preceding tasks
If tasks were presented prior to stressor onset, subtract one point. Preceding tasks
can alter the measured stressor stress response relation.
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15. Appendix B: Supplemental tables chapter 2
Not quantifiable,
not coded in study sample

Quantifiable, coded in study sample,
not varying between studies

Quantifiable, coded in study sample,
varying between studies

Complexity of stimuli in game

Platform on which game is executed

Game type

Uncertainty within game

External influence on stressor

Input modalities

Game performance

Output modalities

Aversive stimuli

Balance between demand and
resources

Control over reaching set goal

Realism

Task switching and reasoning

Time pressure

Game music

Instruction preceding
(and during) experiment

Distortion input/output

Additional external stressors

Colour scheme

Intervening variables

Sound level

Reliability of effect size

Measurement method used

Stressor duration
Amount of subjects
included in analysis

Table B1. Overview of potentially relevant game and study characteristics. Characteristics in the first column
could not be quantified across studies and were therefore not coded in the study sample. The second column
contains characteristics that were quantifiable across studies and therefore also coded in the study sample,
revealing little or no variation of the characteristics between studies. Characteristics in the third column were
quantifiable across studies and showed enough variation between studies after coding. These latter
characteristics are therefore used in the analysis. Study characteristics are given in italics.
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159

16.8473
23.7914

Game music, Fast puzzle game type

Game music, Fast puzzle game type, Realism

7

8

9

Systolic blood
pressure

Diastolic blood
pressure

15.8912
(maximal)

Game music, Racing/Sport game type | Realism | Sex | 3D Shooter game
type

Reliability of effect sizes, Racing/Sport game type, Stressor duration,
Any remaining predictor

6

7

7.0821

21.900
(maximal)

Reliability of effect sizes, Racing/Sport game type, Stressor duration

5

Aversive stimuli, Reliability of effect sizes

19.4592

Reliability of effect sizes, Racing/Sport game type, Age | Additional
external stressors

2

13.1241
13.9085
(maximal)

Reliability of effect sizes, Racing/Sport game type

4

8.7070

0.5690

Reliability of effect sizes

3

Aversive stimuli , Reliability of effect sizes, Realism

0.5814

Reliability of effect sizes, Realism

2

1

0.5967

Reliability of effect sizes, Realism, Aversive stimuli

1

31.2281
(maximal)

12.9199

Game music

6

Game music, Fast puzzle game type, Realism, Stressor duration,
Any remaining predictor

15.6761

Reliability of effect sizes, Game music

5

11

11.4993

Reliability of effect sizes, Racing/Sport game type

4

28.4183

8.9624

Reliability of effect sizes

3

Game music, Fast puzzle game type, Realism, Stressor duration

11.6970

Reliability of effect sizes, Realism

2

10

12.4379

Reliability of effect sizes, Realism, Aversive stimuli

1

Q

Heart rate

Predictors

Step

Regression model using both game and study characteristics

Physiological
variable

2

3

4

3

3

2

1

2

3

5

4

3

2

2

1

2

2

1

2

3

d
f
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0.0290

0.0335

0.0002

.0002

0.0030

0.0014

0.4507

0.7477

0.8972

0.0000

0.0000

0.0000

0.0002

0.0004

0.0003

0.0004

0.0032

0.0028

0.0029

0.0060

p

6.9313
6.3756

Aversive stimuli, Realism
Aversive stimuli

Racing/Sports game type, Any remaining predictor

7.2848

Racing/Sports game type

7.5857
(maximal)

7.4485

0.0119

Aversive stimuli, Racing/Sports game type

Aversive stimuli

0.0163

27.5550
(maximal)

Game music, Fast Puzzle game type, Realism, Aversive stimuli,
Any remaining predictor

Aversive stimuli, Realism

27.6431

23.7914

Game music, Fast Puzzle game type, Realism, Aversive stimuli

Game music, Fast Puzzle game type, Realism

16.8473

12.9199

Game music
Game music, Fast Puzzle game type

13.7907

6.4798

6.5873

Q

Realism, Game music

Realism

Realism, Aversive stimuli

Predictors

Regression model using only game characteristics

1

2

2

1

2

1

2

5

4

3

2

1

2

1

2

d
f

0.0116

0.0312

0.225

0.0070

0.2410

0.9130

0.9919

0.0000

0.0000

0.0000

0.0002

0.0003

0.0010

0.0109

0.0371

p
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9.8873
11.8689
(maximal)
13.8980
12.3860
15.3605
17.8079
18.5128
22.8025
24.9027
(maximal)
25.6894
23.3994
21.0312
21.1809
(maximal)

Input modalities

Input modalities , Reliability of effect sizes| Sex | Game music | 3D Shooter
game type | Aversive stimuli | Fast Puzzle game type

Input modalities, Stressor duration

Stressor duration

Stressor duration, Fast Puzzle game type

Stressor duration, Fast Puzzle game type, Reliability of effect size

Stressor duration, Fast Puzzle game type, Age

Stressor duration, Fast Puzzle game type, Age, Reliability of effect size

Stressor duration, Fast Puzzle game type, Age, Reliability of effect size,
Sex | 2D shooter game type

Stressor duration, Fast Puzzle game type, Age, Reliability of effect size,
Racing/Sports game type

Stressor duration, Age, Reliability of effect size, Racing/Sports game type

Stressor duration, Reliability of effect size, Racing/Sports game type

Stressor duration, Reliability of effect size, Racing/Sports game type, Any
other predictor

5

6

7

8

9

10

11

12

13

14

15

16

17

4

3

4

5

5

4

3

3

2

1

2

2

1

2

1

0.0003

0.0001

0.0001

0.0001

0.0289

0.0001

0.0003

0.0015

0.0005

0.0004

0.0010

0.0075

0.0017

0.0068

0.0116

Aversive stimuli, Any remaining predictor

9.9756

2

0.0068
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Table B2. Overview of construction of main analysis regression models for each physiological signal, using either both game and study characteristics or solely
game characteristics as predictors. Blue rows indicate the introduction of a new predictor resulting in a significant improvement of the model fit, grey rows indicate
the elimination of a non significant predictor. White rows indicate the introduction of a new predictor not resulting in a significant improvement of the model fit and
the consequent removal of this predictor. In case different predictors subsequently have been introduced and removed, these are all reported on one row, separated
by ‘|’ , with the corresponding maximal increase of fit. The final model is given in bold. Q indicates the amount of variance explained by the model, following a X2
distribution with degrees of freedom (column df) equal to the number of predictors in the model; p is the resulting significance of the model fit given the X2
distribution.

9.9756

Aversive stimuli, Input modalities

4

6.3756

Aversive stimuli

3

161

1
2
3
4

1
2
3
4

1
2

Analysis

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y

VIF

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y

Tolerance

0.749
0.443
0.435
0.258

0.749
0.331
0.053
0.1452

0.376
0.776

1.516
0.854
2.252
1.345

1.516
1.102
1.641
1.641

1.979
1.105

Durbin
Watson

Assumptions
Breusch
Pagan

0.51
0.154
0.187
0.459

0.51
0.953
0.054
0.998

0.15
0.891

Shapiro
Wilk

0.079
0.756
0.957
0.818

0.079
0.555
0.726

0.702
0.633

Lack of
fit

0.39
0.154
0.187
0.459

0.51
0.953
0.054
0.998

0.15
0.891

Shapiro
Wilk

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y

Normal
distribution

Outliers

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y

Cook’s
distance

N
N
N
N

N
Y
Y
Y

N
N

Leverage

Y
N
Y
Y

Y
Y
Y
Y

Y
N

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y

DF
Beta

Influential cases
Mahalanobis
distance

N
N
Y
Y

N
N
Y
Y

N
N

COVRatio

Y
Y
N
N

N
N
N
N

N
Y

Influence
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Table B3. Here the results of the tests performed to check the assumptions needed to generalize the findings of the predictor analyses beyond our study are presented.
Furthermore, the results of the tests to detect outliers and influential cases in the derived regression models of the predictor analyses are also presented.
There are five assumptions that are checked for each derived regression model in the predictor analysis. First the assumption of no multicollinearity is checked by
examining the variance inflation factor (VIF), testing for values above 10 (recommendation by Myers, 1990) or an average value substantially above 1, as recommended by
Bowerman & O’Connell, 1990, indicative of multicollinearity. Furthermore the tolerance statistic is tested for values below 0.2, recommended as cut off point by Menard (1995).
Second the assumption of homoscedascity of the residuals is checked using the Breusch Pagan test (Breusch & Pagan, 1979). Third the independence of errors is tested using
the Durbin Watson test (Durbin & Watson (1950) and Durbin & Watson (1951)) and checking the results of this test against the recommended values given by Savin and White
(1977). Fourth the assumption of normally distributed residuals is tested using the Shapiro Wilk test for normality (Shapiro & Wilk, 1965). Fifth the assumption of linearity is
tested using a lack of fit test (Field A. , 2009).
There are two tests performed to see if there are outliers using the derived regression model. First it is checked whether the studentized residuals of the model are
normally distributed using the Shapiro Wilk test. Second the properties of the normal distribution stating that 95% of the studentized residual should lie between 1.96 and
1.96, 99% between 2.58 and 2.58 and 99.9% between 3.29 and 3.29 are used to see if there are more cases with studentized residuals higher than to be expected according to
this distribution.
Five tests are performed on all studies included in each model to identify influential cases. First we checked if Cook’s distance was not greater than 1 (Cook & Weisberg,

Systolic blood
pressure

Diastolic blood
pressure

Heart rate

Physiological
response

162
162

1982). Second the leverage was determined to see if it exceeded recommendations by Hoaglin & Welsch, 1978. Thirdly the Mahalanobis distances (Mahalanobis, 1936) were
checked against values recommended by Barnett & Lewis 1978. Fourthly it was checked if values for values of DFBeta did not exceed 1 (Field A. , 2009) and finally COVRatios
were determined and checked against recommendations by Belsey, Kuh & Welsch, 1980. In the case of influential cases being identified, we reconstructed the regression model
again without these influential cases to see whether significant predictors became insignificant or vice versa.
The results of these tests are summarized in this table, in which the values returned by the different tests are presented. For the sake of readability the different
analyses with the corresponding regression models are coded. For each physiological stress response, the main analyses are coded as analysis 1 and 2, and the sub analyses as
analysis 3 and 4, using both game and study characteristics and using only game characteristics respectively.
Columns present different tests performed to tests assumptions and check for outliers and influential cases. Either the exact value of the test statistic is presented, or a
‘Y’ or ‘N’, indicating whether the recommendations were met, with ‘Y’ indicating it was met. For the Breusch Pagan, Shapiro Wilk and lack of fit test the p values are reported.
The influence column indicates whether one or more of the studies exceeding the recommendations had an effect on the significance of the predictors contained in the
regression model. Values in italics indicate assumptions not met or outliers or influential cases found, underlined values indicate that influential cases had an influence on the
significance of predictors contained in the regression model.
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21.1555
21.0772
21.7285
(maximal)

Reliability of effect sizes, Aversive stimuli, Fast Puzzle game type, Stressor
duration

Reliability of effect sizes, Fast Puzzle game type, Stressor duration

Reliability of effect sizes, Fast Puzzle game type, Stressor duration, Any
remaining predictor

5

6

7

4

3

4

4

3

2

3

1

2

0.0003

0.0001

0.0003

0.0011

0.0007

0.0158

0.269

0.0000

0.0000

0.0097

0.0372

0.0490

p

2

3

6.4866
7.8219
(maximal)

Aversive stimuli, Fast Puzzle game type
Aversive stimuli, Fast Puzzle game type, any other predictor

2

3.1676

1

1

6.7401
(maximal)

df

6.3741

Q

Aversive stimuli

Racing Sport game type, any other predictor

Racing Sport game type

Predictors

Regression model using only game characteristics

0.0498

0.0390

0.0751

0.0344

0.0116

p
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Table B4. Overview of construction of regression models for sub analysis excluding quartile of studies with lowest reliability of effect size values. Models are constructed for
diastolic and systolic blood pressure, using either both game and study characteristics or solely game characteristics as predictors. Presentation of information, e.g. the colour of
the rows is equal Table B2.

18.3404

17.1671

4

Reliability of effect sizes, Aversive stimuli, Fast Puzzle game type

3

8.2975

9.1887

6.5854

Reliability of effect sizes, Aversive stimuli, Fast Puzzle game type, Additional
external stressors

Reliability of effect sizes, Aversive stimuli

2

Reliability of effect sizes, Racing/Sports game type, Any remaining predictor

5

Reliability of effect sizes, Aversive stimuli, Realism

28.4772
(maximal)

Reliability of effect sizes, Racing/Sports game type

4

1

3

27.2790

Reliability of effect sizes

3

Systolic blood
pressure

2

6.6939

Reliability of effect sizes, Aversive stimuli

3

2

7.8617

Reliability of effect sizes, Aversive stimuli, Realism

df

1

Q

Diastolic blood
pressure

Predictors

Step

Physiological
variable

Regression model using both game and study characteristics

