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Abstract
In adults, prefrontal brain areas play an important role in modulating physical and social
pain. During adolescence, these brain regions undergo crucial changes. It is unclear how this can
influence the ability to regulate physical and social pain. In this dissertation I investigate
cognitive and brain correlates of physical and social pain in adolescents and young adults.
First, I conducted three studies to investigate the influence of conditioning on thermal
discomfort. During the conditioning phase, differing visual cues were paired with either low or
high temperatures applied to the participant’s forearm. During the testing phase, conditioned
cues were paired with moderate temperatures. I investigated whether discomfort of moderate
temperatures was higher when paired with the high conditioned cue (nocebo effect) and lower
when paired with the low conditioned cue (placebo effect). In all three studies I found a
significant conditioning effect, suggesting conditioned cues can modulate thermal discomfort in
adolescents. Effect sizes were lower for youth compared to adults, and enhanced by engaging
and personalized cues. (Chapter 2)
Next, I investigated whether youth were able to up- and down-regulate thermal sensations
and whether this ability was associated with structural integrity in pain modulation regions.
Higher down-regulation magnitude was associated with structural integrity in ventromedial
Prefrontal Cortex (vmPFC) to Periaqueductal Grey (PAG), and higher up-regulation magnitude
with lower integrity dorsomedial Prefrontal Cortex (dmPFC) to PAG tracts. (Chapter 3)
Lastly, using EEG I investigated brain dynamics associated with social pain, and whether
mindset manipulation can influence these brain dynamics and negative mood in young adults.
Negative social feedback was associated with early ERP components (lower P1, higher N1,
higher P3) and higher parietal theta desynchronization. Processing self-related information was
iii

associated with higher LPP and higher right parietal theta desynchronization and higher left
parietal alpha desynchronization. The mindset manipulation neither influenced participants
mood, nor brain components associated with negative social feedback. (Chapter 4).
The results suggest that developmental changes during adolescence reduce the
modulation ability of physical pain. For social pain further studies are necessary to investigate
how negative mood can be modulated effectively, and how this is related to adolescence.
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Lay Summary
Pain and social distress are among the most common and debilitating issues experienced
during adolescence, leading to a pressing need to improve care for physical and social pain relief.
Adolescence is characterized by the maturation of brain pathways, which are crucial for the
modulation (e.g. conditioning, self-regulation and mindset manipulation) of physical and social
pain. It remains unclear how development can influence the ability to regulate physical and social
pain. Conditioning and self-regulation were sufficient to modulate thermal sensations in youth, the
effects were smaller when compared to adults. Moreover, structural integrity in neural pain
modulation pathways was associated with self-regulation magnitude. The mindset manipulation
did not change negative mood associated with social exclusion. Different brain dynamics were
associated with the evaluation of self-relevant information and social feedback. The longer-term
goal of this research is to harness learning mechanisms, self-regulation and mindsets for physical
and social pain modulation in youth.
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Preface
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Chapter 1: Introduction
Negative experiences such as physical and social pain are common in our daily life. In
adults, it has been shown that these negative experiences can be modulated with environmental
influences and self-regulation strategies. Brain pathways and associated mechanisms used in the
modulation of physical and social pain are maturing during adolescence, raising the question of
whether the ability to regulate physical and social pain is affected during adolescence. This
dissertation aims to identify psychological and brain mechanisms involved in physical and social
pain relief in adolescents and young adults, by influencing the context of physical and social pain
due to conditioning, guided self-regulation and a mindset manipulation in five interrelated studies.
In particular, using a classical conditioning paradigm pairing pleasant and unpleasant
sensations I sought to determine whether conditioning can change moderate thermal sensations in
three related studies (using faces, self-efficacy memories and Fribbles as cues). I hypothesize that
conditioned high heat cues will lead to higher discomfort (nocebo effect) and conditioned low heat
cues (placebo effects) will lead to lower discomfort ratings of moderate temperatures, compared
to discomfort associated with neutral heat cues. I also hypothesize that the effect is smaller in youth
compared to adults.
In a fourth study I investigate whether guided self-regulation can modulate thermal
sensation and whether the regulation magnitude is associated with individual differences of
maturation in structural pain modulation pathways by using diffusion tensor imaging. I expect that
during the down-regulation condition, participants will rate thermal discomfort as less
uncomfortable and during the up-regulation condition as more uncomfortable compared to a no-
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regulation condition, and higher self-regulation magnitude is associated with higher structural
integrity in prefrontal-PAG brain pathways.
In a fifth study I determine the functional brain dynamics of social rejection (social pain)
and investigate whether a short mindset intervention can change the experience and brain
mechanisms associated with social rejection, by using Electroencephalography (EEG). I expect
that social rejection is associated with more negative mood compared to social acceptance and
processing positive vs. negative social feedback is associated with differences ERP component
amplitudes and theta power.
The introduction consists of current literature on 1) physical pain, 2) social pain, 3)
similarities and differences between physical and social pain, 4) adolescence.

1.1
1.1.1

Physical Pain
Definition
Pain can be defined as an adaptive but unpleasant sensory and emotional experience,

functioning as a warning signal for actual or potential tissue damage (International Association
for the Study of Pain IASP, 2019). The experience of pain is highly subjective and influenced by
biological, psychological, and social factors (as described in Chapter 1.1.4). Pain is
multidimensional and can be described on three different dimensions: sensory-discriminative,
motivational-affective and cognitive-evaluative (Melzack & Casey, 1968; Melzack & Katz,
2013; Treede et al., 1999). The sensory-discriminative component describes stimulus properties
such as location, intensity, and quality. The motivational-affective component describes the
negative quality, emotional reaction, attention and arousal as well as the motivation to react
2

towards the negative experience (e.g. withdraw, change in behavior). The cognitive-evaluative
component describes thoughts and meaning related to the painful experience.
Pain can also be classified by its pathophysiological mechanisms (nociceptive or
neuropathic) or duration (acute vs. chronic) (Abd-Elsayed & Deer, 2019). Nociceptive pain is
referring to pain caused by the stimulation of superficial or visceral nociceptors. Neuropathic
pain is caused by injury of peripheral or central nerve cells. Acute pain occurs in response to
injury or as a temporary symptom of a specific disease (Grichnik & Ferrante, 1991; I. Tracey,
2016). Chronic pain on the other hand is defined as pain which persists over a long period of
time. For the first time, in the latest version of the International Classification of Diseases (ICD11) (Grichnik & Ferrante, 1991; I. Tracey, 2016), chronic primary pain is regarded as a
categorical disease in itself whereas chronic secondary pain is chronic pain where the pain is a
symptom of an underlying condition. The prevalence of chronic pain in Canada is high, affecting
about 18.9% of adults (Schopflocher et al., 2011) and between 11 and 38% of children and youth
(King et al., 2011). It is associated with impairments in emotional well-being, academic success
and social engagement (Hunfeld et al., 2001; Jones et al., 2018; Logan et al., 2008). While
chronic pain often develops in response to repeated or severe acute pain (for review see Harper
and Schug, 2006), the underlying mechanisms are distinct and usually studied separately. The
focus of this dissertation lies on investigating the modulation of acute nociceptive discomfort.

3

1.1.2
1.1.2.1

Pain in the Experimental Setting
Pain Paradigms
There are several experimental procedures to induce acute pain, and measure distinct

subjective experiences such as pain threshold, pain intensity, and pain unpleasantness in a
standardized controlled way. The most common paradigms are summarized in the next section,
for a detailed review on different methodological approaches see (Staahl & Drewes, 2004). Pain
paradigms can be categorized by their mechanism of action, such as thermal, electrical,
mechanical or chemical stimulation (Staahl & Drewes, 2004).
Thermal stimulation involves the application of a thermode or a laser on participants skin
to induce warm or cold sensations (Staahl & Drewes, 2004). The stimulation can vary in duration
and intensity. Participants are usually asked to either rate the sensations applied on their skin,
indicate when a change in stimulus temperature is perceived (sensory detection), or report when
a stimulus becomes painful (pain threshold). Another thermal pain paradigm is the cold pressure
task (Mitchell, 2013). Participants are asked to hold their hand in cold water (~ 0 to 5°C) for as
long as possible. The time spend in the cold water is used to determine pain thresholds (longer
time held = higher pain threshold) and can be compared in different conditions.
Mechanical stimulation includes for example touch or pressure (Staahl & Drewes, 2004).
Specific devices, such as von frey hairs or pressure algometers, are used to apply standardized
mechanical forces (Johansson et al., 1980; Randich & Thurston-Stanfield, 2013). A set of von
frey hairs, with increasing stiffness can be used to determine sensory thresholds.

4

Electrical stimulation can be induced by applying electrodes, which then activate the
nerve endings in the skin (Staahl & Drewes, 2004). Varying the intensity of stimulation can be
used to determine sensory thresholds.
The most used chemical pain induction technique is the application of capsaicin.
Capsaicin is a vanilloid occurring in chili peppers (Frias & Merighi, 2016). It is used
therapeutically, as treatment for pain conditions in form of lotions or injections (Fattori et al.,
2016; Staahl & Drewes, 2004). One of the side effects of capsaicin is burning pain at the
application side, which can be enhanced by simultaneously applying heat or pressure.

1.1.2.2

Pain Assessment
Pain can be quantified by using verbal reports or non-verbal measurements. Verbal

measurements include the use of numeric or analog scales ranging from “no pain” to “worst
imaginable pain”(Williamson & Hoggart, 2005). However, verbal reports can be subject to bias,
which is a concern for demand effects. Non-verbal measurements can include measures such as
the analysis of facial expressions, such as the closing of eyes, lowering of the brow, raising of
cheeks and wrinkling of the nose (Prkachin, 2011; Prkachin & Craig, 1995). Pain ratings
assessed through facial expressions correlate with subjective pain ratings (Prkachin & Solomon,
2008). Facial expressions are often considered more objective, however facial pain expressions
can also be exaggerated or suppressed, leading to biased ratings (Poole & Craig, 1992).
There have been several, so far unsuccessful, approaches to identify an objective
biomarker of pain. An objective biomarker would be specifically useful for populations unable to
report their pain, such as infants, patients with cognitive impairments, unconscious individuals
5

(e.g. during anesthesia or disorders related to consciousness) as well as when goals and
intentions of researchers are visible for participants (possibly inducing demand effects). A
detailed review by Moreaux and Ianetti (Mouraux & Iannetti, 2018) summarizes requirements,
difficulties, and previous approaches to identify such a biomarker. According to the authors a
biomarker would have to be specific (e.g. pattern only results in response to pain) or at least
selective (e.g. physiological pattern clearly enhanced during pain) for pain. Physiological
processes such as heart rate, skin conductance, dilation of pupils or brain activity are often used
to assess pain intensity or unpleasantness (Eisenach et al., 2017; Koenig et al., 2014; Storm,
2008; Wager et al., 2013), they are however not specific to pain as they can be also modulated by
arousal, stress or saliency mediated by activity in the autonomic nervous system (Larsen &
Waters, 2018; Leone et al., 2006; Mathôt, 2018; Wager et al., 2016). A combination of both
subjective verbal, non-verbal and physiological measurements is often beneficial to quantify the
pain response.

1.1.2.3

Pain Research in Children and Adolescents
According to ethical guidelines (in Canada jointly published under the tri-Council Policy

Statement by the Canadian Institutes of Health Research (CIHR), the Natural Sciences and
Engineering Research Council of Canada (NSERC), and the Social Sciences and Humanities
Research Council (SSHRC) (Tri-Agency Framework: Responsible Conduct of Research: The
Interagency Advisory Panel on Responsible Conduct of Research (PRCR), n.d.)) children and
youth are considered a vulnerable population. Research with this population therefore requires
special consideration. This is especially important in pain research, where possible benefits for
advancing scientific knowledge must be carefully weighed against potential harm to participants.
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To our knowledge there is only one study investigating the acceptance and likeability of a pain
paradigm in the pediatric population. In this study, Birnie and colleagues (2011) questioned
researchers and participants on their experiences with the cold pressure task and conclude that
the cold pressure task is a feasible and ethically acceptable paradigm to study pain in children
and youth.
Contrary to the cold pressure task, when applying thermal pain by a thermode, the
thermode is usually fixed to the participants arm, and cannot be removed by the participant as
easily as pulling their hand out of the cold water. Furthermore, painful stimuli induced by
thermal stimuli has the potential to burn and injure participant´s skin. For the purpose of this
dissertation, we required a rapid succession of uncomfortable stimuli, which is not feasible with
the cold pressure task but can be accomplished by thermal or electrical stimulation. For those
reasons, we decided to use thermal stimulation, but induced uncomfortable sensations rather than
painful thermal sensations in alliance with the University of British Columbia Research Ethics
Committee and the Children´s Hospital Research Committee. Participants were instructed to
determine an uncomfortable, but not painful thermal stimulus and verbalize if the stimulus was
getting painful at any time. Generalization of thermal discomfort to pain is discussed in 5.2

1.1.3
1.1.3.1

Pain Processing Pathways
Bottom-up and Top-down Pathways of Pain
Historically, the experience of pain was explained by the stimulation of nociceptors in

result of actual or potential tissue damage and was therefore seen as a purely bottom-up
regulated experience (Moayedi & Davis, 2013). However, pain can be experienced in the
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absence of nociceptive input (e.g. phantom limb pain, neuropathic pain), and there are also
reports of the absence of pain despite severe injury (e.g. wounded soldiers during the war)
(Beecher, 1946; Kuffler, 2018). This has made it clear that a pain experience arising from a
neural or neuropathic origin can be distinguished from nociception processes, characterized by a
finely tuned interactions of both bottom-up (e.g neural stimulus properties, location, duration,
intensity) and top-down (e.g. attention, emotions, expectations) signaling.
Bottom-up processes describe ascending pain pathways from peripheral nociceptors
towards the central nervous system. Nociceptors in the peripheral nervous system get activated
due to high and low temperatures, mechanical force, or chemical stimuli (Purves et al., 2001; W.
D. Tracey, 2017). The signal gets transmitted by afferent axons, synapsing in the dorsal root
ganglia and trigeminal ganglia, then via the spinothalamic tract to the thalamus and to a variety
of cortical areas (Purves et al., 2001). The most reliably activated ascending brain regions
include the periaqueductal grey (PAG), thalamus, anterior cingulate cortex (ACC),
supplementary motor areas (SMA), sensory cortices SI and SII, insula, and limbic areas such as
amygdala and hippocampus (Ashar et al., 2017; Mouraux & Iannetti, 2018; Schweinhardt &
Bushnell, 2010). Interestingly, none of the brain regions associated with pain are solely recruited
when an individual is in pain, and a unique brain network has yet to be identified for the
experience of pain (Mouraux & Iannetti, 2018). The ACC for example is also active during
touch, attention, social cognition, attention, emotion and other cognitive processes (Wager et al.,
2016). Similarly, the brain activation in pain related brain networks of two patients with a
congenital insensitivity to pain did not differ from controls (Salomons et al., 2016). It is possible
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however that current brain imaging techniques do not allow the required spatial precious to
detect a more fine-grained pattern (Mouraux & Iannetti, 2018).
Top-down processes, or descending pain pathways, are associated with cortico-limbic
and cortico-striatal circuitries related to emotion, attention, and motivation. As reviewed in
Schweinhardt und Bushnell (2010), one pathway leads from the ACC to the Prefrontal Cortex
(PFC) and then to the PAG, whilst another one starts in the Insula and reaches the PAG via the
amygdala. The signal gets then transferred from the PAG to the Rostral Ventromedial Medulla
(RVM) and modulates bottom-up signal transmission in the dorsal horn. Additionally the
Nucleus Accumbens (NAc), Basal ganglia and hippocampus are discussed in pain modulation in
both acute and chronic pain (Borsook et al., 2010; Emmert et al., 2016, 2017; Martinez et al.,
2017; Woo et al., 2015).
More recent studies investigating neural patterns associated with pain and pain
modulation are focusing on brain networks rather than individual brain regions. Wager and
colleagues (Wager et al., 2013) identified a “neurologic pain signature“ (NPS) which
differentiated painful stimuli form non-painful heat, anticipation of pain, distressing images and
social pain. The NPS was also specific to pain intensity but not sensitive to the regulation of
painful stimuli (Woo et al., 2014). Alternatively, Mouraux and Iannetti (2018) suggest that the
NPS is rather a somatic salience signature. They also review difficulties associated with
identifying a neural pain matrix and propose that the experience of pain does not necessarily
have to induce a pain-selective or pain-specific neural pattern to create a unique experience of
pain.
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1.1.3.2

Neurochemical Processes
Several neurochemicals are associated with the facilitation and inhibition of pain, such as

opioids, cannabinoids, and cholecystokinin (CCK) (Benedetti, 2014b; Benedetti, Amanzio, et al.,
2006; Carlino & Benedetti, 2016; Frisaldi et al., 2015). While opioids and cannabinoids act as
analgesics working to inhibit pain, CCK is associated with hyperalgesia and facilitates pain
(Benedetti, 2014b; Carlino & Benedetti, 2016). Opioid receptors are found in peripheral sensory
neurons, spinal cord and the brain (Henriksen & Willoch, 2008; Ossipov et al., 2004). Positron
emission tomography (PET) studies have shown that the in vivo availability of opioid receptors
decreases in response to experimental pain in the ACC, PFC, insula, thalamus, amygdala (for
review see DaSilva, Zubieta, & DosSantos, 2019) as well as basal ganglia (Sprenger et al.,
2005). Deep brain stimulation of the PAG also lead to a decrease of opioid receptor availability
in the PAG in patients with deafferentation pain (Sims-Williams et al., 2017). Opiates, such as
morphine, are agonists of opioid receptors, while naloxone acts as an antagonist (Ossipov et al.,
2004).
The endocannabinoid system is implicated in a diverse physiological function ranging
from regulating appetite to immunomodulation and analgesia (Maccarrone et al., 2015;
Woodhams et al., 2017; Wu, 2019). Cannabinoid receptors, CB1 and CB2, are expressed at
supraspinal, spinal and peripheral levels and can be activated by endogenous cannabinoids (e.g.
anandamide and 2-arachidonoylsn-glycerol) and exogenous cannabinoids (e.g. as extracted from
the cannabis plant) (Wolf et al., 2020; Woodhams et al., 2017). CB1 receptors are primarily
found in the central nervous system, including the RMV, PAG, amygdala, hippocampus, basal
ganglia, cerebellum, and cerebral cortex (see Guindon & Hohmann, 2012 and Starowicz, Malek,
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& Przewlocka, 2013 for review). CB2 receptors are found in several different peripheral tissues,
and centrally in the cerebellum, PAG, thalamus, striatum, cortex, amygdala, and hippocampus
(see Jhaveri, Sagar, Elmes, Kendall, & Chapman, 2007 and Maccarrone et al., 2015 for review).
The role of CCK in pain modulation has been studied extensively in nocebo research.
CCK is a neuropeptide which binds to CCK1 and CCK2 receptors. Animal studies suggest that it
is co-localized with opioid receptors (Gall et al., 1987; Stengaard-Pedersen & Larsson, 1981),
and acts by inhibiting the analgesic effect of exogenous opioids such as morphine and βendorphins (Ossipov et al., 2004; Wiesenfeld-Hallin et al., 1999).

1.1.4

Pain Modulation
Pain is a highly subjective experience, which can be influenced by contextual factors and

a variety of cognitive processes (Carlino & Benedetti, 2016; Villemure & Bushnell, 2002;
Wiech, 2016). Pain perception can be decreased within a positive context, and increased in
response a negative context (Carlino & Benedetti, 2016). The next section reviews how context
can modulate pain perception by focusing on attentional and emotional pain modulation, placebo
and nocebo effects as well as pain self-regulation.

1.1.4.1

Attentional and Emotional Pain Modulation
Attention allows us to focus on specific parts of the environment while ignoring

distractions (Attention – APA Dictionary of Psychology, n.d.; Goldstein, 2019). It is set of
cognitive processes, including selective, executive, alerting and orienting attention (Torta et al.,
2017). Attention is considered limited and selective, resulting in a prioritization of specific
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events (Attention – APA Dictionary of Psychology, n.d.). This prioritization occurs based on an
interplay of stimulus characteristic (bottom-up, involuntary) and our goals and intentions (topdown, deliberate) (Katsuki & Constantinidis, 2014; Rauss & Pourtois, 2013). As pain is a highly
salient and threatening experience, it can capture attention, and can at the same time be
modulated by distraction or focused attention.
A recent meta-analysis investigated the influence of pain on several distinct attention
processes. It was shown that alerting attention, as measured with the continuous performance
task, was decreased during experimentally induced pain. Contrarily, executive attention, as
measured with the go/no go and stroop task, was unaffected (Gong et al., 2019). Regarding
orienting attention towards cues, the meta analysis showed mixed results. Participants under pain
compared to no pain reacted faster to valid cues, but slower in response to invalid cues. The
meta-analysis was based on a small number of studies, future studies investigating how acute
pain modulates attention are needed.
Buhle and Wager (2010) showed that participants experienced less discomfort in
response to painful thermal stimuli when engaged in a working memory task, and their
performance in the same task worsened with increasingly painful stimuli. Similarly, participants
showed lower pain ratings for the high pain stimulus, during a visual search task with high
cognitive load compared to low cognitive load (Romero et al., 2013). Participants also showed
lower reaction times during high pain compared to low pain or no pain conditions in the high
cognitive load task. When asked to engage in a cognitive demanding task (Stroop task) before
receiving painful stimuli, participants experienced elevated pain intensity and unpleasantness and
a stronger nociceptive flexion reflex in response to painful stimuli presented after the high
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cognitive load condition compared to after the low cognitive load condition (Silvestrini &
Rainville, 2013). The authors suggest that pain regulation requires cognitive resources, which
were used during the cognitive functioning task or by differences regarding the perceived ability
in regulation pain. Another explanation might be that participants show higher arousal and stress
in response to the high cognitive load compared to the low cognitive load condition, which in
turn modulated pain perception.
During functional Magnetic Resonance Imaging (fMRI), participants showed lower pain
ratings in trials in which they were asked to engage in a working memory task with high
cognitive load compared to trials with low cognitive load. This was associated with increased
activity in orbitofrontal cortex (OFC) and perigenual cingulate, and lower activity in thalamus,
insula, midcingulate and hippocampus (Bantick et al., 2002). Similarly, participants who were
able to mind-wander away from induced pain more frequently, showed lower pain ratings and
higher structural and functional connectivity in pain regulation networks (Kucyi et al., 2013).
Therapeutic interventions, such as cognitive behavioral therapy and mindfulness mediation,
make use of attentional modulation strategies for pain relief in patients with chronic pain. A
summary of theoretical models explaining how attention can modulate pain can be found in a
review by Torta and colleagues (2017).
Pain can also be modulated by emotional states. Participants showed significantly higher
pain unpleasantness in response to tonic pain after induction of sadness compared to a neutral
mood induction (Berna et al., 2010). This effect was mediated by an increase of pain
catastrophizing during the sad mood induction. Pain unpleasantness can also be decreased by an
increase in positive mood and through the olfaction of pleasant odors (Villemure & Bushnell,
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2009). Pain intensity of pressure pain was also increased after participants were cued to
experience a negative headspace (i.e., instructed to recall and elaborate a worrisome time in their
life) and decreased facilitation of a positive headspace (i.e., recalling and elaborating a happy
time in their life) (Lefebvre & Jensen, 2019). The instructed regulation of emotions due to
mindfulness acceptance decreased negative affect associated with painful stimuli and emotional
pictures (Kober et al., 2019). The modulation of these painful stimuli was mediated by decreased
activity in dACC, thalamus, anterior and posterior insula, and sensory cortex II. Higher
depressive mood in non-depressed participants was associated with higher pain unpleasantness
and higher pain intensity in response to thermal pain.
Attentional and emotional modulation of pain seem to be mediated by distinct brain
pathways (Villemure & Bushnell, 2009). It is also suggested that attentional modulation of pain
changes pain intensity whereas emotional modulation affects pain unpleasantness (Villemure et
al., 2003).

1.1.4.2

Placebo and Nocebo Effects
Pain can also be amplified or attenuated by predictive cues, prior experience, and verbal

suggestions, as demonstrated by placebo and nocebo effects (Carlino et al., 2015; Jensen et al.,
2012; Jepma & Wager, 2015; Krummenacher et al., 2014). The placebo effect is defined as an
improvement of symptoms that follows administration of inert substances (e.g. placebo pill or
cream) or treatments (e.g. sham interventions, sham surgery). This improvement is mediated by a
psychological and/or physiological response and cannot be attributed to spontaneous remission,
biases in symptom measurement, statistical effects such as regression to the mean or unidentified
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other therapeutic interventions (Benedetti, Carlino, et al., 2011; Schedlowski et al., 2015). The
nocebo effect is often defined as opposite of the placebo effect and is reflecting a worsening of
symptoms as a result of negative expectations associated with a given treatment (e.g. occurrence
of side effects after being informed about side effects). Research sometimes differentiates
between placebo/nocebo effects, and placebo- /nocebo-like effects. The terms placebo and
nocebo effect are used when referring to the clinical setting or application of placebo medication
in clinical trials and the patient population. Whereas the term placebo-like and nocebo-like
effects are used when describing attenuated or amplified sensory experiences in the experimental
setting due to non-medical devices or non-medical cues. While placebo/nocebo effects and
placebo-/nocebo-like effects differ in terms of the induced expectancy (Kirsch, 2018), placebo/nocebo-like effects are often used as models to understand underlying mechanisms of placebo/
nocebo effects. In this dissertation I will use these terms interchangeably. Expectations of pain
relief or pain amplification underlie placebo analgesia and nocebo hyperalgesia (Wager & Atlas,
2015). These expectations can be formed through experience, mediated by learning processes
such as classical conditioning and observational learning, more explicitly due to verbal
suggestions or treatment awareness, as well as a combination of both implicit and explicit
expectations. Conditioning and explicit expectations are discussed in the following two sections.

1.1.4.2.1

Conditioning

During learning processes, an individual learns to associate a cue (e.g., a pill, a situation,
a smell) with pain relief or pain amplification. For example, in clinical practice, the repeated
pairing of a cue (e.g., pill) with pain relief can subsequently induce placebo effects by the
presentation of the cue (e.g., placebo pill without intrinsic pharmacological effect). Similarly, it
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was shown that conditioning can change subjective discomfort of experimentally induced pain
(Bąbel et al., 2017; Jensen et al., 2012; Jensen, Kaptchuk, et al., 2015; Jepma & Wager, 2015;
Madden et al., 2016; Miguez et al., 2014). In these paradigms, distinct visual or (Jensen et al.,
2012; Jensen, Kirsch, et al., 2015) tactile (Madden et al., 2016) cues are repeatedly paired with
pain or pain relief during a learning phase. In a testing phase these cues are then presented with a
stimulus of the same magnitude of pain. Cues paired with pain increase the subjective discomfort
(conditioned hyperalgesia or nocebo effect) and pain-relief cues decrease subjective discomfort
(conditioned analgesia or placebo effect) associated with the stimulus (Bąbel et al., 2017; Jensen
et al., 2012; Jensen, Kirsch, et al., 2015). Conditioned placebo and nocebo effects can be further
induced by conceptual cues and observational learning. For example, it was shown that visual
cues paired with a representation of a noxious stimulus (rather than an actual noxious stimulus)
during the learning phase, can induce placebo effects on actual noxious stimuli in a subsequent
testing phase (Jepma & Wager, 2015). Similarly, when participants observe another person
during the conditioning paradigm (observational learning), they show placebo and nocebo effects
in response to the same cues, without going through the learning phase themselves (Colloca &
Benedetti, 2009; Vögtle et al., 2013).
A recent study investigated the difference between open and hidden conditioning to
induce nocebo effects (Bajcar et al., 2020). Participants in the open conditioning paradigm were
verbally informed about the stimulus-cue association, whereas participants in the hidden
conditioning were not. Participants in open conditioning paradigm, were informed that the cues
would not be predictive for the stimulus intensity during the testing sequence. Hidden
conditioning resulted in a significant nocebo effect. Participants in the open conditioning did not
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show a significant nocebo effect, suggesting that explicit expectations can diminish conditioned
nocebo responses. Unfortunately, as the verbal suggestion before the testing phase was only
delivered to the open group, it is impossible to estimate whether hidden or open conditioning
induced stronger nocebo effects.
Conditioned placebo and nocebo effects can also be induced when cues are presented
subliminally (outside of the conscious awareness, cues are presented for 12 ms only and then
masked by a scrambled image), during the learning phase, during the testing phase or both
during learning and testing phase (Jensen et al., 2012; Jensen, Kirsch, et al., 2015), suggesting
that conscious perception of cue-stimulus associations is not a requirement to experience placebo
and nocebo effects.
The magnitude of conditioning effects was unaffected by different type of visual cues
(images, faces, words) when presented supraliminal (Egorova et al., 2017). During subliminal
conditioning face cues however induced significantly larger conditioning effects compare to
words or images (Egorova et al., 2017). However, the intensity of conditioned placebo effects
was mediated by the emotional content of the cues (Valentini et al., 2014). The authors used red
(high heat) and green (low heat) cues paired with pictures of neutral, painful or happy emotional
faces. They showed that the difference of pain intensity and pain unpleasantness between green
and red cues was higher when these cues were paired with painful and happy facial expressions.
Happy facial expression led to the highest analgesia.
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1.1.4.2.2

Expectations

Expectations can also be formed more explicitly by verbal suggestions (e.g., “this
medication will relieve your pain”), treatment awareness or contextual variables such as the
psycho-social dynamics inherent to an interpersonal experience (e.g., doctors empathy) (Ashar et
al., 2017; Blasini et al., 2018; Schedlowski et al., 2015). For example, pain relief was mediated
by the expectancy of receiving pain medication in a open-hidden vs. hidden drug treatment
design (Atlas et al., 2012; Bingel et al., 2011), whereas the belief of receiving medication
increased pain relief and the belief that pain medication had stopped decreased pain relief despite
ongoing drug treatment (Bingel et al., 2011). Patients with chronic pain also showed increased
pain relief and decreased disability in response to an open-label placebo pill treatment compared
to a treatment as usual group (Carvalho et al., 2016). Placebos were described as possibly
effective, inert substances, working through conditioning. In terms of the doctor-patientrelationship it was shown that patients with Irritable Bowel Syndrome experience more pain
relief in response to a sham acupuncture treatment, if the treatment was applied by a warm,
friendly and empathetic practitioner, compared to limited practitioner interaction and a waiting
list control group (Kaptchuk et al., 2008).

1.1.4.2.3

Brain Mechanisms Associated with Placebo and Nocebo Effects

Underlying neural and neurochemical processes associated with placebo effects vary
among different clinical conditions (Ashar et al., 2017; Benedetti, 2014a). Benedetti (Benedetti,
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2014b) articulated this phenomenon, noting: “there is not one single placebo effect, but many”
(p. 623).
Pain relief and pain amplification induced by placebo and nocebo effects is associated
with changes in functional brain activity in pain related brain regions. Analgesia in response to
the application of an placebo cream was associated with decreased activity in pain related areas
such as ACC, insula and thalamus (Wager et al., 2004). During pain anticipation decreased
activity in these areas was furthermore associated with increased activity in the dorsolateral
Prefrontal Cortex (dlPFC) and OFC, suggesting the involvement of prefrontal areas during
placebo analgesia (Wager et al., 2004). The expectation of receiving an spasmolytic drug or an
opioid antagonist during rectal distension induced pain modulated activity in the insula, with
decreased activity in the placebo group and increased activity in the nocebo group (Schmid et al.,
2013). Furthermore, placebo analgesia was associated with decreased activity in the
somatosensory cortex and the amygdala (Schmid et al., 2013).
When placebo analgesia was introduced by a combination of expectations and
conditioning there was a decrease in MCC and PCC and left post-central gyrus (A. Watson et al.,
2009) and increased coupling between dlPFC and dACC and dACC and thalamus, as well as
decreased coupling between dlPFC and PAG (Sevel et al., 2015). Pain anticipation was
associated with increased activity in DLPFC, aMCC and MFC (A. Watson et al., 2009). Bingel
and colleagues (Bingel et al., 2006) found increased activity in the rACC activity in a similar
paradigm. The time course of rACC activity covaried with the time course of activity in
amygdala and PAG (Bingel et al., 2006). A more recent study found decreased activity in the
ACC, OPFC and insula in the placebo condition, and an increase of brain activity in these areas
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during the nocebo condition (Freeman et al., 2015). Higher magnitude of the placebo effect
correlated positively with activity in the dorsomedial Prefrontal Cortex (dmPFC) and negatively
with activity in the rACC (Freeman et al., 2015). During sham acupuncture, higher pain
analgesia was associated with lower activity in the PFC, rACC, cerebellum, right fusiform,
parahippocampus and pons (Kong et al., 2006). Placebo analgesia and nocebo hyperalgesia was
also shown to be modulated on the level of the spinal cord. There was lower blood oxygen leveldependent (BOLD) activity in the dorsal horn during the application of a conditioned placebo
cream compared to control (Eippert, Finsterbusch, et al., 2009) and higher activity in response to
a conditioned nocebo cream (Geuter & Büchel, 2013).
When placebo analgesia was induced by conditioning, there was reduced activity in
insula, pMCC and aMCC and increased activity in dlPFC and MFC (Lui et al., 2010). Contrarily,
pain anticipation was associated with increased activity in in mPFC and dlPFC (Lui et al., 2010).
Subliminal, compared to supraliminal, conditioned placebo analgesia was associated with
increased activity in the OFC (Jensen, Kaptchuk, et al., 2015). Whereas subliminal conditioned
nocebo-effects, compared to supraliminal conditioned nocebo-effects, where associated with
increased activity in thalamus and hippocampus.
A recent meta-analysis (Zunhammer et al., 2018) included 20 studies investigating brain
mechanisms of placebo analgesia in acute, evoked pain and tested whether placebo treatment
affects the neurological pain signature (described in 1.1.3.1). However, results only show small
significant effects of placebo treatment on the neurological pain signature, possibly due to
different underlying mechanisms of induced placebo effects.
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In summary, brain mechanisms associated with placebo analgesia and nocebo
hyperalgesia are mediated by activity in pain related areas and their interaction with prefrontal
brain regions during the anticipation of pain. Recruited brain regions vary slightly across studies
and based on the paradigms (e.g. expectations, conditioning, combination of both) used to induce
these effects. While it is often argued that placebo and nocebo effects are mainly the result of
attentional or emotional modulation, brain mechanisms associated with placebo analgesia were
distinct from distraction (J T Buhle et al., 2012) and pain relief induced during a mindfulness
intervention (Zeidan et al., 2015).
On a neurochemical level, placebo analgesia is associated with increased opioid release
in PAG, thalamus, amygdala, insula, ACC, OFC and dlPFC (Wager et al., 2007). Placebo
analgesia can be decreased by opioid antagonist naloxone (Amanzio & Benedetti, 1999;
Benedetti, 1996; Berna et al., 2018; Eippert, Bingel, et al., 2009), and the CCK-2 agonist
pentagastrin (Benedetti, Amanzio, et al., 2011). It can also be increased by CCK antagonist
proglumide (Benedetti, 1996; Benedetti et al., 1997). Naloxone furthermore disrupted placebo
induced functional connectivity between rACC and PAG (Eippert, Bingel, et al., 2009). While
placebo analgesia was associated with dopamine release in the NAc (Scott et al., 2007), it could
not be blocked by the dopamine antagonist Haloperidol (Wrobel et al., 2014). A recent study also
showed that conditioned placebo analgesia was not blocked by naltrexone, an opioid antagonist,
suggesting that learning induced analgesia might be mediated by other neurochemical processes
(Pontén et al., 2020).
Nocebo effects can be blocked by the inhibition of the neurotransmitter cholecystokinin
(CCK) (Benedetti et al., 1997; Benedetti, Amanzio, et al., 2006; Colloca & Benedetti, 2007).
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While CCK antagonists can block opioid-conditioned nocebo effects, they did not modulate
general arousal (Benedetti, Amanzio, et al., 2006), suggesting that anxiety might moderate
nocebo-like effects due to a shift of attention, rather than a shift in arousal/stress levels (Colloca
& Benedetti, 2007). When nocebo hyperalgesia was induced by a mixture of conditioning and
expectations, the nocebo group showed higher skin conductance rates during nocebo treatment
(Colagiuri & Quinn, 2018). Whether autonomic arousal plays a role in nocebo hyperalgesia
might therefore be dependent on how nocebo effects were induced.

1.1.4.3

Self-regulation
Self-regulation is the ability to modulate one´s thoughts, feelings, physical sensations and

behavior. According to Reddan and Wager (Reddan & Wager, 2019), self-regulation strategies
can be separated into three categories: Reappraisal-based, attention-based, and acceptance-based.
The reappraisal-based regulation suggests pain is decreased by reframing the context and
meaning (e.g. expectations, beliefs or thoughts) of a painful experience. This strategy is for
example used during cognitive behavioral therapy and is mediated by increased activity in
prefrontal brain areas. The attention-based self-regulation strategies make use of the modulation
of pain by distraction and guide individuals away from the painful experience. The acceptancebased self regulation on the other hand mediate pain by helping individuals to focus on the pain,
but to eliminate any negative (or positive) evaluation of the painful sensation. Acceptance-based
self regulation is part of mindfulness meditation, yoga and acceptance commitment therapy.
Several studies have investigated the use of self regulation strategies for acute pain and
it´s underlying brain mechanisms. Instructed cognitive pain regulation was associated with
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decreased pain when participants were asked to down regulate the pain, and increased pain when
asked to upregulate pain. This pain modulation was mediated by changes in heart rate and skin
conductance response (SCR) (Matthewson et al., 2019), and the directed connectivity between
nucleus accumbens (NAc) and ventromedial Prefrontal Cortex (vmPFC) mediated the influence
of self-regulation on pain ratings (Woo et al., 2015). The results also suggest that the NAc plays
an important role in downregulation, as it´s activity was highest during downregulation, whereas
activity in the vmPFC was associated with reduced pain ratings. Another study found that more
effective regulation of pain unpleasantness in response to thermal pain was associated with larger
differences in amygdala activity during cognitive up and down regulation of in healthy males
(Lapate et al., 2012). The ability to regulate pain was also positively correlated with the ability to
regulate emotions. Hampton and colleagues (Hampton et al., 2015) investigated whether
instruction to supress pain and instructions to reappraise pain would lead to reduced verbal
reports and non-verbal pain expression, such as galvanic skin response, heart rate and facial
expression. Compared to a control group, participants in both suppression and reappraisal group
reported a decrease in pain intensity, while the reappraisal group also showed lower pain
unpleasantness. Both groups also showed less frequent and less intense facial pain expression
during pain, heart rate and skin conductance was not modulated by pain regulation. It should be
noted that self-reported pain was rated in retrospect after the pain task and not while pain was
applied. The pain regulation strategies might have biased pain memory rather than changing the
subjective discomfort.
Besides cognitive, emotional and attentional strategies, pain can also be modulated by
breathing techniques (Busch et al., 2012; Jafari et al., 2017; Zautra et al., 2010; Zeidan et al.,
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2015). For example, instructed slow breathing reduced pain unpleasantness and intensity in
response to induced pain in healthy individuals (Zautra et al., 2010). A systematic review
showed that, while the benefits of breathing on modulating experimental pain was demonstrated
in only 4 of 6 studies, the effects of employing breathing techniques on pain was seen in the
majority of clinical trials (Jafari et al., 2017). The underlying mechanisms of how breathing
influences pain are unclear. However, Busch and colleagues (2012) it was showed that pain
thresholds were only reduced when participants were asked to relax during the breathing
exercise, but not if the breathing exercise was cognitively straining. This effect was mediated by
the downregulation of the sympathetic nervous system, as measured by skin conductance levels.
Another intervention, using self-regulation, is neurofeedback training. During
neurofeedback training, individuals learn to up- or downregulate their own brain activity, with
the goal of decreasing symptoms or improving specific cognitive or emotional processes
(Birbaumer et al., 2013; Marzbani et al., 2016; Sitaram et al., 2016; Weiskopf, 2012). During a
neurofeedback session, brain activity is measured with Electroencephalography (EEG: brain
frequency(ies) of interest) or fMRI (brain region(s) of interest) and its real-time changes are
displayed on a screen for the participant/patient. As pain is mediated by several distinct brain
regions neurofeedback protocols vary among studies. Functional MRI-Neurofeedback was
effective in decreasing pain ratings while pain stimulation in healthy subjects (Emmert et al.,
2014), this effect was mediated by self-reported regulation ability (Emmert et al., 2017). A metaanalysis shows that neurofeedback can decrease pain (pain reduction varies from 6% to 82%) in
patients with chronic pain, with an overall medium effect size (Patel et al., 2020).
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1.1.5

Individual Differences in Pain Perception and Pain Modulation
The experience of pain and the effectiveness of pain modulation is influenced by

individual differences, such as sex (Keogh & Eccleston, 2006; Mogil, 2020; Mogil & Bailey,
2010), genetics (Mogil, 2012), brain structure (Lin et al., 2017; Stein et al., 2012) and personality
traits (Pulvers & Hood, 2013).
Among the most well studied personality traits in pain research are hope, optimism and
self-efficacy. High scores on these personality traits act as a proxy for positive thoughts towards
future outcomes or one´s own abilities. Optimism is hereby characterized by the general belief of
a positive outcome, whereas hope reflects the belief to be able to generate and implement plans
to reach goals (Bailey et al., 2007; Snyder et al., 1991b). Self-efficacy expectations are a
person’s belief in their ability to effectively deal with a prospective situation (Bandura, 1982).
Participants with high compared to low hope, had lower pain thresholds as measured by the
duration during the cold pressure task (Snyder et al., 2005). Similarly, a more recent study
showed that hope, as well as optimism, were correlated negatively with pain thresholds (Hood et
al., 2012). Both the relationship between hope and pain threshold and optimism and pain
threshold were mediated by pain catastrophizing (Hood et al., 2012), suggesting that these
personality traits influence pain perception by engaging constructive thinking styles and
counteract pain catastrophizing (Pulvers & Hood, 2013). Geers and colleagues (2010) on the
other hand, did not find an influence of optimism on pain ratings and pain intensity per se, but on
the placebo response. Only participants scoring high in optimism showed lower pain ratings and
intensity in response to a placebo anesthetic. Higher self-efficacy expectations have been linked
to lower impairment, distress and pain severity in adults with chronic pain (Jackson et al., 2014)
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and higher functioning in youth with chronic headaches (Carpino et al., 2014). Increasing selfefficacy reduces pain intensity and pain unpleasantness in experimentally induced pain (Vancleef
& Peters, 2011). Similarly, receiving a placebo intervention increased the confidence in selfreported pain managing abilities, while a nocebo intervention decreased it (Staats et al., 2001).
Another personality trait discussed in pain perception and pain modulation is trait
anxiety. James and Hardardottir (2002) found that participants with high trait anxiety, compared
to low trait anxiety, showed lower pain tolerance. While Tang and Gibson (2005) found higher
pain thresholds in high trait compared to low anxiety participants in a context of high state
anxiety, this was not observed within a neutral context. Severity of anxiety and fear of pain was
negatively correlated with the magnitude of the placebo effect, and anxiety sensitivity was
positively correlated with the magnitude of nocebo effects (Corsi & Colloca, 2017).
Pain perception is also mediated by interoceptive awareness, which is ability to detect or
monitor physical sensations of one´s body (Mehling et al., 2012). Higher interoceptive awareness
has been associated with lower pain thresholds and pain tolerance in response to pressure pain.
That is, if participants are more aware of/are more able to detect their inner sensations, were
found to be more sensitive to pain (Weiss et al., 2014). Higher interoceptive awareness was also
associated with higher self reported regulation ability (Weiss et al., 2014).
Differences in brain structure, such as white matter density and structural connectivity
between brain regions, has been implicated in not only the development of, but also the response
to, the chronification of pain (Davis & Moayedi, 2013; Schweinhardt & Bushnell, 2010;
Smallwood et al., 2013). Studies focusing on acute pain in pain-free individuals are less common
but suggest that brain structure of brain regions associated with pain modulation mediate
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individual differences in pain modulation. Brain structure can be assessed with Diffusion
Weighted Imaging (DWI) and further modelled by Diffusion Tensor Imaging (DTI). In short,
DWI and DTI can be used to map the diffusion process of hydrogen molecules in different
tissues (O’Donnell & Westin, 2011; Soares et al., 2013; Sousa et al., 2018). Hydrogen molecules
diffuse differently along the tissues depending on differing tissue properties. The restriction of
this movement can be imaged by DWI. DTI can then be applied to model the direction of
diffusion and gives an estimate of white matter organization, integrity, and myelination. The
most widely used DTI parameter is functional anisotropy (FA), which reflects the degree of
restricted movement and represents an indirect measurement of axonal organization, myelination
and coherence.
Higher magnitude of placebo analgesia was associated with higher FA in the rACC and
dlPFC, and with stronger structural connectivity between PAG and ACC and PAG and dlPFC
(Stein et al., 2012). When analgesia was induced by inhibition of the dlPFC via neuromodulation
(anodal transcranial direct current stimulation), participants with a higher structural connectivity
between dlPFC and thalamus showed the greatest pain relief (Lin et al., 2017).

1.2
1.2.1

Social Pain
Social Exclusion and Social Rejection
Similar to physical pain, the social pain is a negative experience. However, rather than

being induced by injury or tissue damage, it is the result of a threatening of social bonds, such as
being excluded or rejected in social interactions (Giesen & Echterhoff, 2018; Nezlek et al., 2012;
Rajchert et al., 2017). Humans have a strong need for social interactions and belonging. Social
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pain, if experienced regularly, can have severe consequences for mental well-being (Leach et al.,
2017; S. A. Nolan et al., 2003). In Canada, social rejection and exclusion is experienced by 1 out
of 3 high school students (Molcho et al., 2009). The self-reported experience of social distress is
associated with higher levels of depression, anxiety, aggression, academic difficulties and rule
negligence. (Buhs et al., 2006; Nezlek et al., 2012; K.-T. Poon & Teng, 2017). Similarly,
experimental studies show that social rejection enhances negative mood (Giesen & Echterhoff,
2018; Rajchert et al., 2017), dishonest (K. T. Poon et al., 2013) and aggressive behavior
(Rajchert et al., 2017; Ren et al., 2018), and can influence the processing of social information
(see Syrjämäki & Hietanen, 2019 for review). For example individuals recalling an event in
which they were excluded, compared to the ones recalling and inclusion or control event, showed
better ability to detect fake smiles (Bernstein et al., 2008). The less participants felt included
during a Chatroom Interaction Task, the more social events they recalled subsequently from a
fictional diary entry (Gardner et al., 2000). After being excluded participants also experienced
facial expressions as more gaze-averted compared to participants in the inclusion condition
(Syrjämäki et al., 2020), and showed a higher bias for recognizing faces from their in-group
compared to their out-group (Van Bavel et al., 2012). Social rejection is also interesting to study
in light of new technology. Participants recalling conversations, in which their conversation
partner was checking their phone, reported increased feelings of exclusion, threatening of need to
belong and social pain compared to when they got full attention from a conversation partner and
a control condition (Hales et al., 2018).
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1.2.2

Social Pain in the Experimental Setting
Several paradigms have been developed to induce social pain in the experimental setting.

A detailed review was done recently by Wirth (Wirth, 2016). In this section, I will describe the
most commonly used and most relevant methods for this dissertation, such as the Cyberball Task
(K. D. Williams et al., 2000), the Chatroom Interact Task (Silk et al., 2012), the Social Judgment
Task (Somerville et al., 2006) and autobiographical recall (Bernstein et al., 2008).
The Cyberball task was developed 20 years ago (K. D. Williams et al., 2000), and has
been the most used paradigm to study social exclusion. During this task participants are asked to
interact in a virtual ball tossing game with two other players. In the inclusion condition
participants receive the ball with the same likelihood as every other player, whereas in the
exclusion condition they receive the ball for a few trials, but then the two players play by
themselves or they receive the ball much less frequently than the others. The cyberball is well
validated and induces negative mood and feelings of exclusion (Davidson et al., 2019;
Hartgerink et al., 2015). However, when understanding brain mechanisms associated with the
Cyberball, the frequency of ball tossing events is a problematic confounder as described in
1.2.3.1. There is also more motor activity, due to the button presses in the inclusion condition,
which is missing in the exclusion condition. Some authors overcome this issue by using another
control condition, where participants are told that it is not their turn and the other players will
just play by themselves (Crowley et al., 2010; A. Tang et al., 2019; van Noordt et al., 2015). It
was furthermore argued that brain activity in response to exclusion in the Cyberball reflects
expectancy violation (being included might be what participants expect) rather than social pain
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(Somerville et al., 2006). The interaction of expectation and rejection was studied with the Social
Judgment Task (see below).
Feelings of social exclusion or rejection can also be induced by asking participants to
recall an autobiographical memory in which they felt excluded or rejected (Bernstein et al., 2008;
Godwin et al., 2014; Hales et al., 2018). This recall can either be guided or free, and can target
specific situations and time frames. It is a highly personalized method, and results in similar need
of depletion when compared the Cyberball task (Godwin et al., 2014). It might however be
prone to demand effect, as participants are aware the goals of the study, and could be difficult to
apply in younger children.
Considering social distress induced by social media, paradigms have been developed to
model online feedback or online interactions. In the Social Judgment Task (Somerville et al.,
2006; Van der Molen et al., 2014; van der Veen et al., 2014, 2016), participants are told that their
appearance (picture and description) will be judged by a panel of peers. They will then see
pictures of the peer panel and are asked to indicate whether they think the person liked them
(expectancy), and then get feedback whether the person actually liked them.
A similar task is the Chatroom Interact Task (Silk et al., 2012). Here, participants are told
that they would interact in video chats with strangers. For the selection of chat partners, they are
asked to answer some questions about themselves and a picture of them is taken. Afterwards they
have to select ten people they would like to interact with for the chats. During the actual task
participants were presented with topics and two of the ten people they selected. For each topic
they had then to decide which person they prefer to talk to. For each topic they also got feedback
whether they or another person was picked as most preferred. The task can be varied in many
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ways. The likelihood of rejection and acceptance can be balanced, participants can get rejected
by someone familiar or a stranger (Kuo et al., 2017), observing someone being rejection vs.
being rejected oneself can be compared (Perini et al., 2018).

1.2.3
1.2.3.1

Social Pain Pathways
Brain Mechanisms
Several brain imaging studies have investigated the brain activity while individuals

experience social exclusion and rejection (for a review see Wang, Braun, & Enck, 2017).
Functional Magnetic Resonance Imaging (fMRI) studies, have shown that negative social
experiences are associated with increased BOLD activity in the anterior cingulate cortex (ACC),
the anterior insular cortex (AI), the posterior cingulate cortex (PCC), temporal lobe and
ventrolateral prefrontal cortex (vlPFC) (Eisenberger, 2012; Schmälzle et al., 2017; Wang et al.,
2017). BOLD activity in the ACC and insula was positively correlated with self-reported distress
and negatively with activity in the vlPFC (Masten et al., 2009). Since the vlPFC is important for
the regulation of social distress, it was proposed that activity in AI and ACC is sensitive to social
distress, and the vlPFC with its modulation (Eisenberger, 2012; Eisenberger et al., 2003; Masten
et al., 2009; Schmälzle et al., 2017). However, increased negative mood related to social
exclusion is both associated with increased and decreased activity in the ACC, as shown by
individuals with a history of chronic social exclusion and early life stress respectively (Puetz et
al., 2014; Will et al., 2016).
More recent studies therefore suggest that activity in the ACC and AI is associated with
the inherent saliency of social pain and the evaluation of self-referential information (Dalgleish
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et al., 2017; Perini et al., 2018; Woo et al., 2015). Dalgleish and colleagues (2017) showed that
increased activity in the ACC and AI was associated both with receiving positive and negative
feedback in a social context. Similarly, Perini et al. (2018) showed that activity in the ACC and
AI was higher when receiving feedback about oneself compared to observing feedback targeted
to another person, independent of the valence of the feedback (i.e. whether the person was liked
or disliked). Self-reported rejection sensitivity was also associated with differences brain
structure, of brain regions associated with social cognition. Participants with higher rejection
sensitivity had lower grey matter volume the PCC and precuneus, and higher grey matter volume
in the right inferior temporal gyrus (Sun et al., 2014).
Compared to fMRI, EEG has good temporal resolution, which allows the investigation of
rapidly changing brain signals on the millisecond scale. Several EEG studies have investigated
the temporal dynamics of electrical brain activity associated with negative social experiences.
The most common event-related potential (ERP) components associated with social rejection are
the P3, the late positive potential (LPP), and feedback-related negativity (FRN). In line with
results from early fMRI studies of social exclusion, it was suggested that these ERP components
were associated with distress or a social pain detection network (Crowley et al., 2010; Kawamoto
et al., 2013; Wang et al., 2017). Whether component amplitudes increased or decreased during
social rejection, however, varied depending on specific task parameters (e.g. probability of a
response target, expectation of rejection, etc.). This suggests that they may represent brain
processes associated with saliency and expectancy as opposed to brain networks sensitive to and
selective for social distress. For example, in the Cyberball task, where participants were excluded
or included in a virtual ball tossing game, there was a higher amplitude P3 during exclusion
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compared to inclusion (Crowley et al., 2010; Gutz et al., 2011). Themanson et al. (2013) found a
lower P3b amplitude when the ball was throwed to another player (exclusionary throw)
compared to when it was directed to the participants (inclusionary throws), but the P3b
amplitude was higher in exclusionary throws in the exclusion condition compared to
exclusionary events in the inclusion condition. Showing that amplitude differences in the P3b
component are dependent on the context of the exclusionary throws and therefore on the
expectancy of a certain event happening. In the Cyberball task, the exclusion condition is defined
as a lower probability to receive a ball by other players. Interestingly, the P3 amplitude is also
modulated in response to odd (non-frequent) events, as shown in oddball tasks (Friedman et al.,
2001). Weschke and Niedeggen (2016) suggested that the increased amplitude of the P3
component they found in the Cyberball task might be associated with differences in the
frequency and expectancy of possessing the ball between inclusion and exclusion blocks, and not
the experience of social exclusion per se. They subsequently demonstrated this by creating an
oddball task, nearly identical to the Cyberball, but missing the social aspect (“ball tossing”). In
both tasks, odd, and therefore more salient stimuli, generated a higher P3 amplitude compared to
the frequent events. The effects did not differ among the tasks. Crowley et al (2010) combined
both social and expectancy manipulations into the Cyberball task by including a “not your turn”
condition (i.e. rather than being rejected during play, the participant was told that it was not their
turn, presumably lowering expectations of receiving the ball). They found significantly higher P3
and LPP amplitudes in the exclusion compared to ‘not my turn’ condition in children. This
suggests that the expectation of being excluded modulates exclusion-related changes in P3 and
LPP component amplitudes. The interaction between social rejection and expectation is wellsupported by several studies using a social judgment paradigm, indicating that social rejection33

related increases in P3 amplitude were greater when participants expected positive feedback,
compared to when they did not expect positive feedback or when they did or did not expect
negative feedback (Harrewijn et al., 2018; Kortink et al., 2018; van der Molen et al., 2018; van
der Veen et al., 2016). Interestingly, in some studies individual differences in personality traits
were also found to modulate either behavioral or neural outcomes associated with social
exclusion. Individuals with a high rejection sensitivity for example showed significant greater P3
amplitudes in response to rejection compared to individuals with low rejection sensitivity (Leng
et al., 2018). Individuals with higher self-reported abilities to use cognitive regulation strategies
showed a larger P3b in social exclusion blocks (Kiat et al., 2018). While higher neuroticism
predicted a stronger expectancy bias and stronger cardiac responses to rejection, it did not affect
the P3 component (van der Veen et al., 2016).
Electrical brain dynamics can also be investigated by extracting the oscillatory brain
activity present in the ongoing EEG signal. These brain oscillations typically range between 2
and 150Hz and reflect the synchronized firing of neural networks. Brain oscillations have also
been used to understand brain processes associated with social rejection. Increased power (i.e.
greater neural network synchrony) of theta frequency (4 Hz- 8 Hz) EEG activity in frontal
electrodes was found in response to social rejection, compared to “not my turn” or inclusion
conditions in the Cyberball task, again suggesting an expectancy-based modulation of brain
activity (van Noordt et al., 2015). Frontal theta power typically increases with the onset of salient
sensory stimulus, possibly reflecting a change in brain state from resting state to task sate
(Ribary et al., 2019). Thus, frontal theta power increases might be interpreted as a marker of
attention and executive function, and not specific to social distress itself.
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1.2.3.2

Neurochemical Processes
In regard to the neurochemical mechanism, several neurotransmitters, such as dopamine,

serotonin and oxytocin as well as endogenous opioids are associated with social exclusion (Way
& Taylor, 2011). During negative social feedback participants showed a reduced mu-opioid
receptor availability in ventral striatum, amygdala, thalamus and PAG, suggesting that they
release endogenous opioids in these a priori defined brain regions. Opioid release in the ACC
was also associated with lower negative mood (Hsu et al., 2013). Genetic variations in the opioid
receptor gene (OPRM1) have also been associated with differences in opioid receptor
expression, and can be linked to sensitivity to social pain and their neural correlates
(Bonenberger et al., 2015; Way et al., 2009). Individuals with the low receptor expression allele
(G allele) showed higher sensitivity and increased brain activity in the ACC in response to
exclusion (Way et al., 2009) and increased activity in SMA, SII and insula during social rejection
(Bonenberger et al., 2015). Those findings was challenged by a recent study including a larger
sample and balanced groups of participants, which did not show differences based on genetic
variation in OPMR1 A119G in the Cyberball task or self-reported dispositional sensitivity to
rejection (Persson et al., 2019).
Monoamine oxidase-A (MAOA) is an enzyme that catalyzes the degradation of
serotonin, dopamine and norepinephrine. Individuals carrying the allele associated with lower
MAOA expression showed greater self-reported distress and higher activity in the dACC in a
social exclusion task (Eisenberger et al., 2007).
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Oxytocin has also studied in association with social rejection. While the internasal
application of oxytocin did not change participants self-reported distress in response to exclusion
(Alvares et al., 2010; Petereit et al., 2019), it abolished the positive relationship between selfreported distress and LPP amplitude during social exclusion (Petereit et al., 2019). Individual
differences in response to social exclusion, as measured by self-report, blood pressure and
cortisol levels are also linked to the expression of oxytocin receptors (OXTR) (McQuaid et al.,
2015). OXTR variants are furthermore related to self-esteem and optimism (Saphire-Bernstein et
al., 2011), therefore likely associated in individual differences in the experience of social
exclusion.

1.2.4

Modulation of Social Pain
Behavioral and emotional consequences of social pain can be influenced by cognitive

strategies, personality traits and mindset manipulations.
For example, when participants were asked to imagine the presence of imagining the
presence of a supportive relative or friend decreased, they reported less distress during social
exclusion compared to when they imagined the presence a non-supportive (but liked) relative or
friend. Activation in the hypothalamus in response to social exclusion was diminished in
participants imagining the presence of a supportive friend, suggesting a lower activity of the
hypothalamic–pituitary–adrenal (HPA) axis which is associated with stress (Karremans et al.,
2011). Another research group investigated the influence of touch (modelled by slow vs. fast
brush strokes) on social distress in response to social exclusion. They found that slow touch was
experienced as more pleasant then fast touch and reduced need-threat after social exclusion (Von
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Mohr et al., 2017). Actually being touched by a friend reduced social pain in response to
exclusion in the Cyberball, whereas emotionally neutral, but apprising, text messages from a
friend increased social pain (Morese et al., 2019). The effect of touch on social pain was
associated with decreased activity in the insula, activity however did not correlate with
unpleasantness of social exclusion. Appraisal led to decreased activity in the TPJ and increased
activity in subACC. Higher activity in the subACC was associated with higher unpleasantness.
The authors interpret this as a shift of attention away from dysfunctional to new relationships.
One could also speculate that the text messages might have enhance the awareness of the social
exclusion, or that that feeling of being observed while being excluded might have increased
negative mood.
In regard to personality traits, individuals with high emotional-impulsiveness compared
to individuals with low emotional-impulsiveness showed more aggressive behavior in response
to social exclusion with the Cyberball task (Rajchert et al., 2017). Individuals with higher
interoceptive sensitivity experienced less distress while experiencing social exclusion. This
effect was mediated by increased emotion regulation abilities in participants with higher
interoceptive sensitivity (Pollatos et al., 2015). Similarly, individuals with higher trait
mindfulness showed lower distress in response to social exclusion induced by the cyberball.
Mindfullness also correlated negatively with activity in the left vlPFC, the connectivity between
vlPFC and amygdala, as well as connectivity between vlPFc and dACC (Martelli et al., 2018).
Mindsets are a person’s thoughts, beliefs, expectations or set of assumptions, that are
used to simplify the complex world we are living in. These mindsets can be acquired and shaped
by culture, religion, media, and the person´s social environment, and can influence our
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physiology and behavior. For example, Crum and Langer (2007) informed cleaning personnel
about the beneficial effects of physical exercise and manipulated their mindset, work satisfies the
recommendations of daily exercise vs. no information about the relationship of their work and
exercise. Cleaning personnel with a “work is exercise mindset” lost significantly more weight,
and showed significant drops in systolic blood pressure and body-mass-index after four weeks.
In another study Crum and colleagues (2011) showed that the expectation of drinking a high- vs.
low-calorie milkshake, led to significant differences in the subjective satiety and the release of
the hormone ghrelin, even though the same milkshake was given both times. Similarly, the
manipulation of the mindset stress as enhancing vs. debilitating, led to significantly lower
increase of negative mood and an higher increase in anabolic hormones in a stressful situation
(Crum et al., 2017). The manipulation of mindsets is also known to influence event-related
potentials, as measured by EEG. Students with an induced growth vs. fixed-minded mindset for
learning showed greater error positivity, which is associated with awareness and attention to
mistakes (Tirri & Kujala, 2016).
Inducing a mindset of “ostracism as opportunity to growth and develop” diminished
participants’ aggressive and dishonest behavior after being socially excluded (K.-T. Poon &
Chen, 2016; K. T. Poon et al., 2013). Increased pain in response to social rejection (either by
autobiographical recall or by social feedback) was reduced by subsequently watching pictures of
nature compared to watching urban pictures (Yang et al., 2020).
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1.3

Similarities and Differences of Physical and Social Pain
As described previously in section 1.1.1 physical pain is a multidimensional unpleasant

sensory and emotional experience associated with actual or potential tissue damage, whereas
social pain is experienced in response to threatened social bonds. Both experiences are inherently
negative, serve an adaptive purpose, and are often described by using similar language (e.g.
being hurt after an accident or because of someone else’s behavior, broken bones and broken
heart). In 2003, Eisenberger and colleagues conducted a study investigating the neural
mechanisms of social exclusion and found increased activity in the ACC during social rejection
and this activity was correlated with self-reported distress during exclusion (Eisenberger et al.,
2003). As the ACC is also activated during physical pain, the authors concluded that “social and
physical pain share a common neuroanatomical basis” (Eisenberger et al., 2003, p. 291). This has
led to a line of research that draws parallels between social and physical pain (Eisenberger, 2012,
2015; Eisenberger & Lieberman, 2004; MacDonald & Leary, 2005). It was shown that
individuals who have a lower pain threshold also show a higher sensitivity to social pain, and
participants who experienced more social distress during social exclusion also show lower pain
thresholds after being excluded (Eisenberger et al., 2006). Pain medication (acetaminophen) was
also able to reduce social pain (DeWall et al., 2010), and the application of a placebo
intervention (nasal spray paired with antinociceptive suggestion) led to decreased social and
physical pain (Koban et al., 2017). These findings, however, only indirectly support similarities
between social and physical pain, and the found associations can be mediated by third variables
such as stress sensitivity, anxiety, or attention modulation of salient experiences. For example,
chronic stress was identified as a possible mediator of the relationship between social and
physical pain, as the only participants with high self-reported chronic stress, showed differences
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in pain tolerance between inclusion and exclusion condition in the Cyberball task (Pieritz et al.,
2017).
Several pain researchers have criticized the conclusions drawn by Eisenberger in terms of
shared neuroanatomical pathways (Iannetti et al., 2013; Wager et al., 2016). The experience of
pain is associated with several different brain regions. TheACC specifically is activated by
several different cognitive processes, such as touch, attention, social cognition, attention,
emotion and other cognitive processes (Wager et al., 2016). It was also shown that the ACC is
activated by social feedback in general independent of the valence (Dalgleish et al., 2017) and by
self- compared to other-related feedback (Perini et al., 2018), suggesting that the saliency of the
experience is mediating ACC activity. By using a machine learning approach, a neural pain
signature (or somatic saliency signature) was identified which discriminated between social and
physical pain (Wager et al., 2013; Woo et al., 2014). Iannetti and colleagues (2013) also point
out that overlapping brain activity between social pain and physical pain is not sufficient to
concluded both experiences feel the same, as there are no brain regions specific for pain, neither
do we have the spatial resolution needed to understand whether subregions of a brain area (e.g.
different neuronal population) are activated differently during social and physical pain. In line
with these critiques, it was also shown that while pain intensity can be influenced by the
application or the taste of glucose (Eggleston et al., 2010; Lewkowski et al., 2003), the
application did not affect social distress (feeling excluded/ignored and negative mood) in
response to social exclusion (Miller et al., 2014). Similarly, even though participants with higher
self-reported fear of social threat showed higher fear of physical threat, social distress in
response to social exclusion was only predicted by the fear of social threat, but not by the fear of
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physical threat and pain ratings in the cold pressure task where only predicted by the fear of
physical threat but not by the fear of social threat (Riva et al., 2014). Furthermore it was shown
that when recalling equally painful experiences of social and physical pain, reliving memories of
social pain resulted in higher pain ratings compared to reliving physical pain (Meyer et al.,
2015).
In summary, while physical and social pain might be distinct and unique experiences,
research has shown that both concepts share some characteristics (e.g. negative salient
experience), can be modulated in similar ways (e.g. framing, expectations, support) and might
recruit overlapping brain regions (e.g. limbic areas involved in saliency and emotional
processing, striatal regions associated with reward and prefrontal areas involved in regulation of
negative experiences).

1.4
1.4.1

Developmental Aspects of Physical and Social Pain
Adolescence
Adolescence starts with the onset of puberty, approximately at age 10 in girls and age 12

in boys, and ends with adulthood (Dahl et al., 2018). It is characterized by several physical and
behavioral changes, as well as reorganization of structural and functional brain networks,
marking an important developmental window. While this window gives rise to the development
of crucial cognitive, emotional, and social skills (Blakemore, 2008), it is also associated with a
heightened vulnerability to negative environmental influences (Arnsten & Shansky, 2004;
Tottenham & Galván, 2016) and the onset of about half of all life time mental illnesses (Kessler
et al., 2005). Research aiming to understand adolescence-specific processes associated with
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physical and mental health are crucial to develop strategies and interventions to support
individuals in these crucial years.
Physical changes during adolescence include rapid growth, sexual maturation as well as
metabolic, hormonal and circadian changes (Dahl et al., 2018; Tarokh et al., 2016). Behaviorally,
adolescents show increased risky behavior, such as substance abuse (Subramaniam & Volkov,
2014), risky driving styles (Steinberg, 2011) and high-risk sexual behavior (Victor & Hariri,
2016). Compared to adults, adolescence show higher frequency of risky decisions in a
computerized driving task and riskier behavior in this task was associated with more real-life
health risk behaviors (Kim-Spoon et al., 2016).
From childhood to adolescence, there is also a shift in one’s social identity. By becoming
more independent of their family and focusing more on social interactions with their peers,
adolescents are facing novel social roles and responsibilities. This is associated with differences
in the processing of social information. For example, adolescents, but neither adults nor children,
show differences in response accuracy in the context of positive social cues compared to aversive
social cues in a control inhibition task (Perino et al., 2016) and faster processing of emotional
(go) stimuli in an emotional go/no-go task compared to both children and adults (Tottenham et
al., 2011). Compared to adults they also show increased allocation of attentional resources
towards happy faces during the non-emotional condition of a working memory task (Cromheeke
& Mueller, 2016). Interestingly, while being more sensitive to emotional content, adolescents
show decreased emotional and cognitive control. For example, the ability to reappraise negative
affect in response to emotional aversive pictures increased from early adolescence to early
adulthood, which was associated with larger decreases of amygdala activity (Silvers et al., 2015).
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1.4.2

Brain Development during Adolescence
Behavioral changes during adolescence are accompanied by changes in structural and

functional brain networks, described by several neuropsychological models (for a summary see
Galván (2018)). The Dual Systems Model, the Triadic Model and the Imbalance Model are
displayed and summarized in Figure 1.1 (Galván, 2018). These models empathize a temporal
imbalance of maturation between emotional, social and reward-related (“hot”) brain systems and
(“cold”) brain systems associated with regulation and control during adolescence (Galván, 2018;
Mills et al., 2014). The “hot” brain system consists of limbic brain regions, where as the “cold”
brain system consist of prefrontal areas. An imbalance in the maturation of these systems is
associated with increased reactivity towards motivational rewarding stimuli, without appropriate
regulation due to cognitive processes and serves as a theoretical foundation of difficulties in selfregulation and increased risk behavior during adolescence (Dahl et al., 2018; Galván, 2018; Mills
et al., 2014; Steinberg, 2010; Tottenham & Galván, 2016).

Figure 1.1 Neuropsychological Models of Adolescence. Figure from Galván (2018).

a. Dual Systems Model by Steinberg (2010) describing risky decision-making and sensation
seeking as a result of a temporal delay in maturation of limbic and prefrontal regions.
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Leading to an increased attention and response to wards pleasurable stimuli, without
appropriate regulation.
b. Triadic Model by Ernst and colleagues (2014; 2006): Imbalance in maturation of rewarddriven (ventral striatum), harm-avoidant (amygdala) and regulatory (prefrontal) brain
circuits during adolescence
c. Imbalance Model by Casey and colleagues (B. J. Casey et al., 2016) describing distinct
timelines of structural, functional and neurochemical maturation during adolescence
during limbic and prefrontal regions.

1.4.2.1

The “Hot” Brain System
The limbic system consists of several subcortical regions, namely the amygdala,

thalamus, hypothalamus, hippocampus, nucleus accumbens, as well as cortical regions such as
the cingulate cortex and orbitofrontal cortex (Catani et al., 2013). Developmental changes in
limbic-cortical networks during adolescence have been associated with decreased emotion
regulation and self-control. For example, adolescents showed lower reaction times and increased
amygdala activity compared to adults and children in an emotional go/no go task (Hare et al.,
2008). Adolescents also showed greater activity in the NAc and ventral striatum in a series of
gambling related tasks (Galvan et al., 2006; Geier et al., 2010; Somerville et al., 2011; Van
Leijenhorst et al., 2010)
The insula, a brain region closely interacting with the limbic system, is also sensitive to
developmental changes during adolescence. With increasing age there is a decrease in cortical
thickness of the anterior insula (Churchwell & Yurgelun-Todd, 2013) as well as a decrease of
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connectivity between insula and prefrontal areas (E. L. Dennis et al., 2014). Decreases in cortical
thickness was associated with decreased impulsivity (Churchwell & Yurgelun-Todd, 2013).
Functionally, there is a decrease of insula activity during reward anticipation from adolescence to
adulthood, as well as an increase of OFC activity in response to reward outcomes. While most
studies investigate the role of the insula in risky decision-making and reward processing in
adolescents, other processes are associated with insula activity. The anterior insula specifically is
a core region of the saliency network, associated with the detection, processing and reaction to
salient stimuli (Menon & Uddin, 2010).

1.4.2.2

The “Cold” Brain System
The cold brain system consist of the prefrontal cortex, which can be divided in

dorsolateral, dorsomedial, ventromedial and orbital prefrontal cortex (Carlén, 2017). Prefrontal
areas are thought to be involved in a variety of processes, such as emotion, perception, and
cognition. Prefrontal brain regions are also important for the regulation subcortical systems
(Galvan 2018) and are associated with the modulation of social and physical pain. The prefrontal
cortex is undergoing crucial changes throughout the lifespan, with a linear increase of white
matter and inverted U-shape grey matter (Galván, 2018).
Studies investigating pain modulation during adolescence are rare. It was however shown
that, especially in girls, the prevalence of pain disorders increased during puberty (LeResche et
al., 2005). There are also several studies investigating the role of prefrontal areas in pain
modulation in adults. For example it was shown that placebo analgesia can be disrupted by the
inhibition of prefrontal areas with brain stimulation techniques (Egorova et al., 2015;
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Krummenacher et al., 2010) and by the impairment of these regions due to diseases such as
Alzheimer´s disease (Benedetti, Arduino, et al., 2006). Furthermore, DTI revealed an association
between the strength of white matter connectivity between ACC and PAG and dlPFC and PAG
and the effectiveness of placebo analgesia (Stein et al., 2012). Similarly, a frontoparietal network
and its interaction with the ACC at rest was correlated with the strength of conditioned placebo
analgesia (Kong et al., 2013).
In regard to social pain, adolescents show a decreased activity in the vlPFC and higher
distress in response to social exclusion compared to adults (C. L. Sebastian et al., 2011). There
was also an increase of the connectivity between vlPFC and ACC with age in response to social
exclusion (Bolling et al., 2011). This may reflect a difficulty in recruiting regulation strategies in
response to social exclusion. This is in line with brain stimulation studies, showing that the
inhibition of prefrontal areas during social exclusion resulted in increased negative mood (Riva
et al., 2015), while the activation of these areas lead to reduced negative mood (He et al., 2018),
aggressive behavior (Riva et al., 2015), and improved regulation ability (He et al., 2018, 2019).
Lowered age-related amygdala activity during emotional reappraisal was also mediated by
increased prefrontal activity (Silvers et al., 2015).

1.5

Overview and Research Goals
Acute pain and social distress are among the most common and debilitating issues

experienced during adolescence. The experience of physical and social pain can be influenced by
contextual factors such as learning, expectations, mindsets and coping strategies (Ashar et al.,
2017; Carlino & Benedetti, 2016; Karremans et al., 2011; K.-T. Poon & Chen, 2016; Wager &
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Atlas, 2015). This speaks to the important role of cognitive processes in mediating painful
experiences. Little is known, however, about the underlying brain mechanisms. In adults,
prefrontal brain areas play an important role in mediating cognitive processes related to physical
and social pain (Ashar et al., 2017; Wang et al., 2017). During adolescence the brain undergoes
crucial changes in prefrontal circuitry (Lamblin et al., 2017; C. Sebastian et al., 2010; Tottenham
& Galván, 2016). It is unclear how these developmental changes can influence the ability to
regulate physical and social pain. To address this critical but unanswered question, this
dissertation will identify cognitive and brain correlates in the context of mediating physical and
social pain in adolescents and young adults. The overall aim of this dissertation is to further
enhance our understanding of the regulation of the perception of a painful experience in
adolescents and young adults, by influencing contextual variables of pain. In particular, this
dissertation aims to understand the role of learning, self-regulation, and mindsets in altering the
subjective experience of physical pain and social rejection and aims to identify psychological
and brain mechanisms (structural and temporal properties of brain networks) engaged during
physical and social pain relief.
Together, findings from these studies show promise in providing novel approaches for
utilizing cognitive processes to modulate sensory and social experiences. Directly harnessing
these mechanisms could benefit youth coping with physical pain and social pain. Given side
effects of pain medication (Ferland et al., 2018), the potential harm of drug treatment on the
developing brain (Byrnes et al., 2013; Cooper et al., 2017), as well as the lack of interventions to
change the hurtful subjective experience of social pain (Nida & Saylor, 2017), there is a pressing
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need to improve care for physical and social pain relief. The conceptual framework and the
conducted studies are visualized in Figure 1.2.

Figure 1.2 Conceptual Framework

1.6

Specific Aims and Hypothesis
Aim 1. Determine the influence of conditioning and self-regulation on thermal sensation

and the neural correlates of self-regulation in youth. Four distinct studies will test whether
conditioning and self-regulation can modulate the subjective experience of thermal physical
sensations in youth.
Conditioning: Using a classical conditioning paradigm, pleasant and unpleasant
sensations will be paired with distinct cues. We investigate whether these cues can subsequently
change moderate thermal sensations. Study 1a (Faces study) will replicate a paradigm used in
adults using pictures of faces as conditioning cues, Study 1b (Self-Efficacy study) will use words
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associated with individualized autobiographical events as conditioning cues and Study 1c
(Fribbles study) will use pictures of 3-dimenional neutral objects as conditioning cues.
Main Hypotheses: We hypothesize that conditioning can induce significant placebo and
nocebo effects in youth. More specifically, we hypothesize that conditioned high heat cues will
lead to higher discomfort (nocebo effect) and conditioned low heat cues (placebo effects) will
lead to lower discomfort ratings of moderate temperatures, compared to discomfort associated
with neutral heat cues. The effect size of these effects are smaller in youth compared to adults (as
shown in a previous study and by including and adult sample study 1c)
Self-regulation: This study investigates whether guided self-regulation can modulate
thermal sensation and will identify associated structural brain correlates. The influence of
inherent patterns of structural connectivity between cortico-limbic and cortico-striatal pathways
on the effectiveness of self-regulatory processes will be assessed.
Main Hypotheses: During the down-regulation condition, participants will rate thermal
discomfort as less uncomfortable and during the up-regulation condition as more uncomfortable
compared to a no-regulation condition. Effect sizes are smaller compared to a previous study
done with adults. Higher Self-Regulation magnitude is associated with higher structural integrity
in prefrontal-PAG brain pathways.
Aim 2: Determine functional brain dynamics of social rejection and investigate whether
a short mindset intervention can change the experience and brain mechanisms associated with
social rejection. This electroencephalography (EEG) study will investigate whether manipulating
mindsets (social rejection as an opportunity to grow vs. an obstacle for future success and
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happiness) can influence oscillatory electrodynamic brain activity associated with experiencing
social rejection in young adults. For that we first identify brain mechanisms associated with
social feedback and then test whether these components are influence by a mindset intervention.
Furthermore, we investigate whether personality traits mediate brain mechanisms associated with
the experience of social rejection.
Main Hypotheses: Social rejection is associated with more negative mood compared to
social acceptance. Processing positive vs. negative social feedback is associated with differences
ERP component amplitudes and theta power. The induction of a “social rejection as an
opportunity to grow”-mindset leads to less negative mood and this effect is mediated by reduced
brain activity in brain components associated with self rejection.
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Chapter 2: Conditioning
2.1

Brief Introduction
Conditioning can influence subjective pain ratings in adults (Jensen et al., 2012; Jensen,

Kaptchuk, et al., 2015) as demonstrated by placebo and nocebo effects. In adults, placebo and
nocebo effects have been associated with activity in prefrontal brain regions (Wager & Atlas,
2015). Likewise, disrupted placebo effects were observed when prefrontal areas were inhibited
(Egorova et al., 2015; Krummenacher et al., 2010) or impaired (Benedetti, Arduino, et al., 2006).
Activity in frontal brain regions associated with placebo and nocebo effects might therefore
require recruitment of higher-order cognitive abilities, which are still maturing during
adolescence (Miyake et al., 2000).
Previous studies investigating the effect of conditioning in adolescence show conflicting
results. Both Wrobel et al. (2015) and Gniß et al. (2020) induced placebo analgesia in response
to thermal pain by applying an inert analgesic cream paired with a combination of expectations
and conditioning. Wrobel and colleagues (2015) found a significant placebo effect, but the
magnitude of the placebo effect did not differ between children/youth (10-15 years) and adults.
However, in children, but not in adults, the magnitude of this effect was predicted by prior
experience. Similarly, Gniß and colleagues (2020) found a significant placebo effect in children
(6-9 years and 10-13 years) in response to conditioning, but no effect in youth (14-17 years) and
adults (> 18 years). Effect sizes were also small for youth and adults and moderate for children.
The magnitude of the placebo effect was predicted by prior experience in all age groups, the size
of the correlation however decreased with age.
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In three related studies we therefore investigated the influence of conditioning on
modulation thermal perception in youth. In all three studies participants completed a thermal
conditioning paradigm, consisting of a calibration phase, a conditioning phase and a testing
phase (the study design will be described more in detail in the methods section of each study). In
short, during the calibration phase we calibrated an individual low and a high heat stimulus.
During the conditioning phase the low and the high heat stimulus were paired with different
cues. In the testing phase we paired moderate heat stimuli with the conditioned cues and
investigated whether this changed thermal perception of these thermal stimuli.
Study 1a (Faces study) is a replication of the study done by Jensen and colleagues
(Jensen et al., 2012) showing significant placebo and nocebo effects in adults in response to
visual cues consisting of pictures of faces.
In study 1b (Self-Efficacy study), we used personalized verbal cues invoking past
feelings of high or low self-efficacy to induce placebo and nocebo effects in youth. Self-efficacy
expectations are a person’s belief in their ability to effectively deal with a prospective situation
(Bandura, 1982). Increasing self-efficacy reduces pain intensity and unpleasantness in induced
pain (Vancleef & Peters, 2011). Similarly, placebo and nocebo interventions can increase or
decrease confidence in pain managing abilities (Staats et al., 2001).
In study 1c (Fribbles study), we used neutral but engaging visual cues called Fribbles
(Barry et al., 2014) during the conditioning paradigm. In this study we also included adults to be
able to compare youth and adults directly.
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Hypothesis 1: We hypothesize that conditioned high heat cues will lead to higher
discomfort (nocebo effect) and conditioned low heat cues (placebo effects) will lead to lower
discomfort ratings of moderate temperatures, compared to discomfort associated with neutral
heat cues.
Hypothesis 2: The effect size will vary across different studies due to differences in cueheat association. More personalized (autobiographical memories) and engaging (Fribbles) will
lead to higher effect sizes, compare to the original study (using faces).
As described in detail in chapter 1.1.5 in adults the magnitude of conditioned placebo and
nocebo effects are influenced by individual differences in personality traits. To assess whether
these associations also exist in youth, we gathered questionnaire-based measures of anxiety
(study 1a -1c), hope (study 1b and c), inherent sense of self-efficacy (Study 1b and c), and
interoceptive awareness (study c).
Hypothesis 3: We hypothesize that lower anxiety, higher hope and higher inherent sense
of self-efficacy is associated with stronger conditioned placebo and lower nocebo effects. We
further hypothesize that a better ability to monitor one´s physical sensation (interoceptive
awareness) is associated with higher conditioned placebo and nocebo effects.
To understand the influence of developmental differences on the effectiveness of
conditioning in youth we also investigate the role of executive functions on the magnitude of
placebo and nocebo effects. For this analysis we combined all three data sets.
Hypothesis 4: Adolescents will show smaller effects compared to adults.
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2.2

Study 1a: Replication of Adult Study

2.2.1
2.2.1.1

Methods
Participants
N = 35, 14- to 17-year-old adolescents (74.3% boys, M = 16.13 years, SD = .84) were

recruited from a local high school in Vancouver, BC, Canada. Individuals with the self-reported
presence of any illness or medication use that was judged to interfere with the study, such as
psychiatric disorders according to the DSM-V manual, medication that can influence cognition
or emotional processing, i.e., sleep medication, antidepressants, anti-convulsant or opioids were
excluded from the study. N = 17 participants were randomly assigned to the conscious exposure
group (supraliminal: cues presented with awareness), n = 16 participants were assigned to the
non-conscious exposure group (subliminal: cues presented without awareness), and n = 2
participants had to be excluded from statistical analyses due to non-compliance during
experiment.

2.2.1.2

Procedure
The study was approved by the University of British Columbia, Children’s & Women’s

Health Centre of BC Research Ethics Board. After parents and participants had given consent,
participants completed a computer-based executive function task. Afterwards they completed the
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sensory perception paradigm to assess the influence of conditioning on thermal sensations
(placebo- and nocebo-like effects). Participants received a 20 dollar gift card for their
participation and were debriefed in the context of a neuroscience teaching curriculum after all
participants had completed the experiment. The procedure and study design are visualized in
Figure 2.1 and Figure 2.2.

2.2.1.3

Thermal Conditioning Paradigm
The study design was adapted from Jensen and colleagues (2012), in order to compare

the results found in adults with our adolescent population. Thermal sensations were induced on
the left volar forearm with the Thermal Sensory Analyzer, using a 3 cm  3 cm probe (Medoc
Advanced Medical Systems, Rimat Yishai, Israel; Biomedical Engineering Device). Stimuli
were presented for 4 seconds with a ramp up and ramp down period of 8 degrees per second.
Participants first underwent a calibration phase in which an individual high and low thermal
stimulus was calibrated. Calibration started at 36 °C. Each temperature was presented three times
and then raised up 1°C higher. The temperature, which was rated as a discomfort level of 60 on a
visual numeric scale between 0 (“no discomfort”) and 100 (“worst imaginable discomfort”) was
used as high thermal stimulus. The low thermal stimulus was calculated by subtracting 3°C from
the high stimulus. As youth represent a vulnerable population it was deemed more suitable to use
the wording “thermal discomfort” rather than “pain” during the experiment. Moreover, the
participants were explicitly told that we do not want the stimuli to cause any pain and asked them
to verbalize if the stimulus was getting painful. Twelve distinct black-and-white pictures of
middle-aged White male faces (neutral facial expression) from the Karolinska Directed
Emotional Faces (KDEF) package were used as visual cues (Lundqvist et al., 1998). During the
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conditioning phase, the low and high heat stimulus was repeatedly paired with two different
faces, i.e. the conditioned cues. During the testing phase, moderate thermal stimuli were paired
with the conditioned visual cues as well as a non-conditioned control cues. In the supraliminal
cue group, conditioned cues were presented long enough (100 ms) for participants to be
consciously aware of the cue and recognize the face. In the subliminal cue group, conditioned
cues in the testing phase were presented very quickly and subsequently masked, such that they
could not be consciously recognized (note that cues were presented supraliminally in the
conditioning phase). The face was presented for 12 ms and then masked by a scrambled version
of the picture for the 88 ms. The conditioning phase consisted of 40 trials (20 cue-stimulus
pairing for each condition) and was presented in two blocks. The testing phase consisted of 60
trials (20 for high temperature, 20 for low temperature and 20 for neutral cues), spilt into three
blocks with 20 trials each. Two high temperature cues and two low temperature cues in each of
the three runs were paired with their original conditioned temperatures, to prevent extinction.
These “booster” trials as well as the first trial of each run were not included in the statistical
analyses. Between runs participants were able to take a short break. For each run the inter-trial
interval was 3 to 5s. Participants’ discomfort evoked by the heat was assessed with verbal ratings
on a visual numeric scale between 0 and 100, ranging from “no discomfort” to “worst imaginable
discomfort”. A post-test was performed where we presented participants 24 faces (12 “old” faces
and 12 “new” faces) and asked them “Have you seen this face before during the experiment?”.
The study design for supraliminal and subliminal procedure are visualized in Figure 2.1 and
Figure 2.2.
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Figure 2.1 Study Design Study 1a) Supraliminal Presentation

Figure 2.2 Study Design Study 1a) Subliminal Presentation
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2.2.1.4

Outcome
The main outcome variable was the subjective rating of discomfort in response to thermal

stimuli. Sensory discrimination was determined as the difference between the mean discomfort
rating of high and low heat stimuli during the conditioning phase. In the testing phase,
differences in mean discomfort in response to moderate temperatures paired with either “low
heat” cues, “high heat” cues and control cues were calculated. The magnitude of conditioned
analgesia (placebo-like effect) was estimated by the difference in mean discomfort for control
and low heat cues. The magnitude of conditioned hyperalgesia (nocebo-like effect) was
estimated by the difference between mean discomfort for high heat and control cues. The
magnitude of the conditioning effect was calculated by the difference in mean discomfort of low
and high heat cues.

2.2.1.5

Statistical Analysis
The influence of conditioning on thermal discomfort ratings was analyzed using a 3x2

mixed-model ANOVA with “cue type” (high conditioned, low conditioned, or neutral) as within
factor and awareness as between subject factor.

2.2.2
2.2.2.1

Results
Awareness
Participants in the supraliminal group had more correct answers (mean accuracy 62%)

than the subliminal group (mean accuracy 50%) when asked whether a picture was used during
the thermal conditioning paradigm (F(1,32) = 7.0, p = .013). Participants in the subliminal group
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performed at chance, while subjects in supraliminal group performed slightly above chance level,
suggesting that the subliminal cues during the testing phase were not consciously perceived.

2.2.2.2

Thermal Sensory Discrimination
During the conditioning phase participants rated the low heat stimulus as significantly

less uncomfortable (M = 24.69, SD = 15.05) compared to the high heat stimulus (M = 44.44, SD
= 16.25), F(1,32) = 106.4, p < .001, d = 1.26, meaning participants were able to discriminate
between the different temperatures.

2.2.2.3

Thermal Conditioning
During the testing phase, when only moderate heat stimuli were delivered, a 3x2 mixed-

model ANOVA showed a significant main effect of conditioned cues on thermal ratings (F(2,62)
= 6.59, p = .003), with no difference between cues presented supra- and subliminal (F(1,31) =
.384, p = .540), and no significant interaction effect (F(2,62) = .683, p = .509). Hochberg
corrected pairwise post-hoc comparisons showed a significant conditioning effect, as there was a
significant difference between the heat ratings of moderate thermal stimuli that followed low and
high conditioned cues (Mlow = 30.62, SDlow= 18.31, Mhigh = 32.51, SDhigh = 19.26, uncorrected p
= .003; corrected p = .009, d = .10 ). The nocebo effect (high vs. neutral cues) only reached
significant when uncorrected, but not when corrected (Mneutral = 31.20, SDneutral= 18.90, Mhigh =
32.51, SDhigh = 19.26, uncorrected p = .025 ; corrected p = .050, d = .06). The placebo effect (low
vs. neutral cues), did not reach statistical significance (Mlow = 30.62, SDlow= 18.31, Mneutral =
31.20, SDneutral =18.90, p = .192, d = .03). Results are visualized in Figure 2.3.
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Figure 2.3 Main Effect Conditioning

There was a significant positive correlation between sensory discrimination and the
conditioning effect (r = .36, p = .039), meaning that the better the discrimination between heat
stimuli during the conditioning phase, the greater the effect of the conditioned cues during the
testing phase. Results are displayed in Figure 2.4.
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Figure 2.4 Correlation between Sensory Discrimination and Conditioning Effect

2.2.2.4

Personality Traits: Anxiety
As neither placebo nor nocebo effect reached significance, we only conducted Pearson’s

correlation coefficients for the association of anxiety (state and trait) and the magnitude of the
conditioning effect. There was a moderate positive, but non-significant, correlation between the
magnitude of the conditioning effect and trait anxiety (r =.32, p = .070) as displayed in Figure
2.5. Meaning that participants higher trait anxiety was associated with greater differences in
discomfort between moderate temperatures paired with low vs. high conditioned cues. State
anxiety on the contrary did not correlate with the conditioning effect (r =.08, p = .667).
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Figure 2.5 Trait Anxiety and Conditioning Effect

2.2.3

Brief Summary
In line with conditioned placebo- and nocebo-like effects in adults, the results from the

present study demonstrate that conditioning can change the perception of thermal discomfort in
youth. In this study we replicated a conditioning paradigm previously shown to induce placebolike analgesia and nocebo-like hyperalgesia in adults (Jensen et al., 2012; Jensen, Kirsch, et al.,
2015), in an adolescent population. Adolescents rated moderate thermal sensations as more
uncomfortable when paired with a conditioned high cue compared to a conditioned low cue. The
difference in the discomfort ratings, however, was small. While there was an overall
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conditioning effect evidenced by a significant difference in thermal ratings of moderate thermal
stimuli following low and high conditioned cues, the nocebo and placebo effect did not reach
statistical significance. This suggests that conditioning of thermal perception might not be as
effective in adolescents as in adults, at least not in the present experimental setup. Various
reasons may account for non-significant placebo-like and nocebo-like effects. It may be possible
that the adolescent participants in our study had difficulties to sustain attention towards the
presented cues during the learning sequence and therefore did not establish a predictive model of
the cues on the thermal sensation. Another possibility is that the cues we used in the study, while
being effective in adults, might not be engaging enough for adolescents or were not presented
long enough for adolescents. In study 1b will address this possibility by implementing a simple
secondary task and by using personalized and more engaging cues presented for a longer
duration.
In line with previous adult and youth studies (Jensen et al., 2012; Jensen, Kirsch, et al.,
2015; Wrobel et al., 2015), higher differences in subjective discomfort between low and high
heat stimuli in the conditioning phase (sensory discrimination) was associated with a higher
conditioning effect in the testing phase. The magnitude of the conditioning effect was also
moderately associated with trait anxiety, but this effect was not significant.
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2.3

Study 1b: Conditioning with Self-Efficacy Cues

2.3.1

Methods

2.3.1.1

Participants
An a priori power-analysis for a one-way repeated measures ANOVA was conducted

with G*Power (Faul et al., 2007) in order to determine the needed sample size. A necessary
sample size of n = 25 was estimated, assuming a large effect size of Cohen´s f = 0.43 and a
correlation of 0.16 between the measurements as found by Jensen et al. (2012), α = 0.05 and a
95% chance of detecting an effect. We therefore included N = 26 adolescents aged 13-18 years
(53.8% girls, M = 16.13 years, SD = .84) from a high school in Vancouver, BC, Canada.
Individuals with any chronic illness or medication use that would potentially interfere with the
study, such as a previously diagnosed psychiatric disorder, medication that can influence
cognition or emotional processing (i.e. sleep medication, antidepressants, anti-convulsants or
opioids), were excluded from the study. Three participants were excluded because of technical
issues (n = 1) or because they were not able to adequately differentiate low and high thermal
stimuli in the reversed conditioning trials (n = 2 see description of reversed conditioning trials
below).

2.3.1.2

Procedure
The study was approved by the University of British Columbia Research Ethics Board

and the BC Women´s Hospital Research Review Committee. Written informed consent was
obtained from adolescents and their parents. First, participants completed an autobiographical
memory recall task to create individual low self-efficacy, high self-efficacy and neutral selfefficacy cues (detailed below). Then they completed the thermal sensation paradigm, consisting
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of a calibration phase, a conditioning phase, and a testing phase, in which participants were
asked to rate thermal stimuli applied to the underside of their lower forearm. Lastly, they were
asked to complete the Flanker task, fill out the personality questionnaires and were asked about
the nature of the study in an interview (see Appendix A.1). Participants were reimbursed with a
$20 gift card. After study completion, participants were debriefed in groups in the form of an
interactive presentation at their high school.

2.3.1.3

Memory Recall
During the memory recall task, participants were asked to recall and write about

memories in which they felt high, low, and neutral self-efficacy. Memories of each kind were
triggered by generic statements adapted from the general self-efficacy scale, including, “I was
able to rely on my coping abilities” (high), “I didn´t handle a difficult situation” (low), and “I
experienced an unforeseen event” (neutral) (Schwarzer & Jerusalem, 1995). Furthermore,
participants were instructed to write down a personal keyword (e.g., person, object, place,
associated with the recalled situation) to help them to recall each of their unique memories
during the thermal stimulation paradigm. At the end of the study we also asked participants to
indicate the quality of memory recall during the thermal stimulation paradigm in terms of recall
success (“During the task how often were you able to recall your memory when the sentence was
presented on the screen?” I was able to recall the memory in ___ % of time they were shown.),
emotion induction (“Were you able to feel the emotions that you felt during the recall?” 0 = Not
at all, 1= Somewhat, 3 = Moderately so, 4 = Very much so), and difficulty (“How difficult was it
for you to recall the different memories?”, 1= Very difficult, 2 = difficult, 3= Moderate, 4 =
Easy, 5 = Very easy).
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2.3.1.4

Thermal Conditioning
The thermal conditioning paradigm was similar to Study 1a. It consisted of a calibration

phase, a conditioning phase and a testing phase. Thermal sensations were induced with the
Thermal Sensory Analyzer, using a 3 cm  3 cm probe (Medoc Advanced Medical Systems,
Rimat Yishai, Israel; Biomedical Engineering Device) on their left volar forearm. For each trial,
thermal stimuli were presented for 4 seconds with a ramp up and ramp down of 8 degrees per
second. Participants first completed a calibration phase in which a personalized high and low
thermal stimulus was determined. Calibration started at 36 °C. Each temperature was presented
three times and then raised 1°C. After each sensation participants were asked to rate their
discomfort on a visual numeric scale between 0 (“no discomfort”) and 100 (“worst imaginable
discomfort”). The high temperature stimulus was selected based on a subjective discomfort
rating of 60 on the visual scale. In alliance with our local ethics committee, we told participants
that we do not want the sensation to cause any pain and asked them to verbalize if the stimulus
was getting painful. The average temperature for the high heat stimulus was 44°C (SD = 1.98
°C). The low heat stimulus for each participant was determined by subtracting 3°C from their
high heat stimulus. The moderate heat stimulus was determined as halfway between the two.
During the conditioning phase the high heat stimulus was repeatedly paired with the low
self-efficacy cue (low self-efficacy statement with their personalized memory keyword below).
The low heat stimulus was repeatedly paired with the high self-efficacy cue (high self-efficacy
statement with the individual keyword below). After each sensation participants were asked to
rate their discomfort by moving the cursor on a computerized visual numeric scale, with the
computer mouse.
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The conditioning phase consisted of two blocks with a total 48 cue stimulus-heat parings,
of which 36 trials were matched (18 high self-efficacy/low heat; 18 low self-efficacy/high heat),
8 were reversed-pairing trials (4 high self-efficacy/high heat; 4 low self-efficacy/low heat) and 4
catch trials (2 high self-efficacy/low heat and 2 low self-efficacy/high heat presented in green).
Reversed-pairing trials had the aim of adding some uncertainty about the actual temperature and
thus promoting greater attention to the heat stimulus. In catch trials the self-efficacy cue was
presented in green (as opposed to white), and participants had to press a button as fast as
possible, to focus participants attention to the cues on the screen. Both reversed and catch trials
were excluded from the analyses. Cues were visible for the entire duration of the thermal
stimulus (4 seconds).
During the testing phase, moderate temperatures were presented with the low selfefficacy cue, the high self-efficacy cue and the neutral self-efficacy cue. The testing phase
consisted of a total of 66 trials, 52 were cue-moderate heat pairing trials (16 high self-efficacy
cue/moderate heat, 16 low self-efficacy/moderate heat, 20 were neutral self-efficacy/moderate
heat), 12 booster trials (6 high self-efficacy cue/low heat, 6 low self-efficacy/high heat) and 6
catch trials (2 low self-efficacy/moderate, 2 high self-efficacy/moderate, 2 neutral selfefficacy/moderate). The booster trails were used to prevent extinction. The first trial for each
block, the booster trials and catch trials were excluded from the analyses. For both conditioning
and testing phases, the intertrial interval varied randomly from 3 to 5 seconds. Between blocks
participants were able to take a short break. The procedure and study design are visualized in
Figure 2.6.
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Figure 2.6 Study Design Study 1b)

2.3.1.5

Questionnaires
State and trait anxiety was measured with the State Trait Anxiety Questionnaire (STAI)

(C. D. Spielberger et al., 1983). It consists of 40 items, with an internal consistency ranging from
0.86 to 0.95 and test-retest reliability from 0.65 to 0.75. Each item was rated by participants on a
4 point-Likert-Scale. The general self-efficacy scale (internal consistency ranging from 0.76 to
0.90) was used to measure an individual’s general sense of self-efficacy, and will herby referred
to as inherent general self-efficacy (Schwarzer & Jerusalem, 1995). It consists of 12 items, each
rated on a 5-point-Likert-Scale. Hope was measured with the Hope Scale (Snyder et al., 1991a).
This scale conceptualizes hope within the framework of goal setting, with high hope defined as
successful determination of goals as well as the ability to generate pathways to meet the goals.
Its internal consistency ranges from 0.74 to 0.84. It consists of 8 relevant self-report scale items
and 4 filler items. Each item is rated on an 8-point Likert-Scale, indicating how true (definitely
true to definitely false) a statement is. In our study, internal consistency, as measured with
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Cronbach’s alpha, was α = 0.90 for state anxiety and α = 0.93 for the trait anxiety scale of the
STAI, α = .64 for the general self-efficacy scale and α = 0.84 for the Hope Scale.

2.3.2

Outcomes
The main outcome variable in the present study was subjective discomfort rated on the

visual numeric scale. For the conditioning phase, mean discomfort was calculated independently
for low and high heat stimuli. Sensory discrimination was defined as the difference in mean
discomfort between high and low heat. In the testing phase, mean discomfort of moderate
temperatures paired with the high self-efficacy conditioned cue, low self-efficacy conditioned
cue, and neutral self-efficacy cue was calculated. The magnitude of the placebo effect was
estimated by the difference in mean discomfort between the same moderate temperature paired
with neutral and high self-efficacy cues. The magnitude of the nocebo effect was estimated by
the difference in mean discomfort between a moderate temperature paired with low self-efficacy
and neutral cues. The magnitude of the conditioning effect was calculated by the difference in
discomfort between a moderate temperature paired with high self-efficacy and low self-efficacy
cues.

2.3.3

Results
Statistical analyses were performed using the statistical software R, Version 3.6.1. (R

Core Team, 2019). RmANOVAs were calculated with the package ezANOVA (Lawrence, 2016)
and graphics were compiled with ggplot2 (Wickham, 2016). If sphericity assumption was
violated, p-value was corrected (Greenhouse-Geisser for ε < 0.75 and Huynd-Feldt for ε > 0.75).
Corrections are indicated in brackets after the corrected p-value.
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2.3.3.1

Memory Recall
On average, participants reported they were able to recall the memory in 78.5% of the

trials. Most participants reported they were “moderately” able (65.4% rating 3 on a 4-point scale)
or “very much” able (11.5%, rating 4) to feel their emotions while recalling their personal
memories. Some rated their emotional recall ability as “somewhat” (19.2%, rating 2). One
participant was “not at all” able to feel the emotion (3.6%, rating 1). In terms of the difficulty
recalling the memories, 11.5% of participants found it difficult, 34.6% found it moderate,
46.15% found it easy and 7.7% found it very easy to recall the different memories.

2.3.3.2

Thermal Sensory Discrimination
The difference between discomfort ratings associated with low and high heat stimuli is

defined as sensory discrimination. To test whether participants could reliably differentiate low
and high temperature stimuli, a one-way repeated measures ANOVA with Temperature (low vs.
high) as a within-subjects factor was conducted on discomfort ratings acquired during the
conditioning phase. Participants rated the low heat stimulus as significantly less uncomfortable
(M =12.85, SD =14.95) compared to the high heat stimulus (M = 53.75, SD =16.99), F(1,25) =
149 , p < .001, d = -2.56 , indicating that participants were able to discriminate between the
different temperatures.

2.3.3.3

Thermal Conditioning
Changes in subjective thermal perception caused by conditioning were assessed with a

one-way repeated measures ANOVA on discomfort ratings acquired during the testing phase,
with Cue Type (high, low, or neutral self-efficacy) as a within-subjects factor. There was a
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significant main effect of Cue Type, indicating differences in discomfort ratings across the three
cue types, F(1,25) = 25.23, p < .001 (Huynd-Feldt corrected). Standard errors were corrected for
between-subject variability according to (Cousineau, 2005). Hochberg-corrected post-hoc paired
t-tests showed a significant overall conditioning effect (Mdiff = 6.40, p < .001, d = .37), indicating
that participants rated moderate thermal stimuli as more uncomfortable when paired with a
conditioned low self-efficacy cue compared to a conditioned high self-efficacy cue. Furthermore,
there was a significant nocebo effect (Mdiff = 5.66, p < .001, d = .33), indicating that participants
rated moderate thermal stimuli as more uncomfortable when paired with a conditioned low selfefficacy cue compared to a neutral self-efficacy cue. There was no significant placebo effect
(Mdiff = 0.74, p = .310, d = .04), indicating that there was no statistical difference between
discomfort ratings for conditioned high self-efficacy cues and neutral self-efficacy cues. Results
are visualized in Figure 2.7.
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Figure 2.7 Main Effect Conditioning

Given the absence of the hypothesized placebo-like effect, we tested whether the range in
emotional valence between high and neutral self-efficacy cues may have weakened potential
placebo conditioning. During the memory recall, participants were asked to recall different
memories associated with an experienced sense of low, high or neutral self-efficacy. All of the
high self-efficacy states were usually described as negative situations that were turned to a
positive outcome by the participant. For the neutral self-efficacy memory, we used the sentence
“I experienced an unexpected situation”. The emotional valence of memories recalled for the
neutral situations varied greatly between participants. Some were more positive (“I found
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money”) and others were more negative (“My group members … didn´t turn up”). Positive
neutral experiences might have masked any placebo effect by decreasing discomfort ratings, to a
level similar to ratings in response to high self-efficacy cues. To test this possibility, we asked
two blinded independent raters to rate the emotional valence of the neutral memories (5-point
Likert scale 1 = ”very positive”, 2 = ”positive”, 3 = ”neutral”, 4 = ”negative”, 5 = ”very
negative”). There was a strong significant inter-rater correlation (r = .83, p < .001). We then
reran ANOVA on discomfort ratings acquired during the testing phase, excluding 7 participants
whose neutral self-efficacy memories were rated as positive or very positive. For this subsample
(n = 19), we again found a significant main effect of Cue Type, F(2,36) = 18.74, p < .001
(Greenhouse-Geisser-corrected). Bonferroni-corrected post-hoc paired t-tests additionally
revealed a significant placebo effect, indicating that moderate temperatures paired with the
conditioned high self-efficacy cue were rated as less uncomfortable compared to the neural selfefficacy cue (Mdiff = 1.31, p = .037, d = .07). Both the conditioning effect (Mdiff = 6.54, p < .001,
d = .35) and the nocebo effect (Mdiff = 5.24, p < .001, d = .29) also remained significant. We also
conducted a subsequent analysis to investigate whether the ability to engage in emotional recall
as well as the valence of the neutral self-efficacy states influenced conditioned nocebo and
placebo effects. Participants showed a significant positive correlation between the self-reported
emotional engagement (“Were you able to feel the emotions that you felt during the recall?” 0 =
Not at all, 1= Somewhat, 3 = Moderately so, 4 = Very much so) during the study and the strength
of the conditioned nocebo effect (spearman rho = .60, p = .001), suggesting that the ability to
induce an emotional state of self-efficacy influenced the magnitude of the nocebo effect. To test
whether better discrimination between low and high heat sensations in the conditioning phase
predicted the strength of the conditioning effect observed in the testing phase we computed a
73

Pearson correlation between sensory discrimination (high temperature rating – low temperature
rating during conditioning) and the conditioning effect (low self-efficacy cue rating – high selfefficacy cue rating). There was no significant correlation between sensory discrimination and the
conditioning effect (r = .17, p = .399), presented in Figure 2.8.

Figure 2.8 Correlation between Conditioning Effect and Sensory Discrimination

2.3.3.4

Personality Traits: Anxiety, Hope and Inherent Self-Efficacy
A multiple regression analysis was conducted in order to identify unique contributions of

individual differences in personality traits (hope, self-efficacy, anxiety) to the magnitude of
conditioned placebo and nocebo effects. This analysis, however, revealed high multicollinearity
between factors, as presented in Table 2.1. We therefore calculated the correlation of each
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personality variable with the magnitude of the conditioned nocebo effect independently. As can
be seen in Figure 4, trait anxiety (r = .46, p = .018), but not state anxiety (r = .18, p = .391),
correlated significantly with the conditioned nocebo effect, meaning that participants with a
higher general (trait) level of anxiety, but not a higher level of transient (state) anxiety, showed a
stronger nocebo effect. There was also a negative correlation between hope and the magnitude of
the nocebo effect (r = -.48, p = .012) indicating that participants with lower general measures of
hope showed a higher nocebo effect. Inherent general self-efficacy did not correlate significantly
with the magnitude of the nocebo effect (r = -.12, p = .576). Thus, both trait anxiety and hope
predicted the magnitude of the nocebo effect. When both factors were included in a regression
analysis, the regression model significantly explained 19.6% of the variance in the magnitude of
the nocebo effect, F(2,23) = 4.06, p = .031. None of the predictors, however, reached
significance (trait anxiety: standardized β = .09, p = .369, hope: standardized β = -.18, p=.235).
As anxiety and hope are strongly, negatively correlated this might suggest that the factors
explain the same amount of variance related to the magnitude of the nocebo effect, and hence do
not reach significance if included in the same regression model. Correlations are visualized in
Figure 2.9
There were no significant correlations between the magnitude of any of the personality
traits and the whole-group placebo effect (inherent general self-efficacy (r = -.19, p = .351), hope
(r = .16, p = .416) and anxiety (trait: r = .15, p = .446, state: r = .36, p = .07)). This is not
surprising given that no significant placebo effect was observed in the group-averaged data.
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Figure 2.9 Personality Traits and Conditioned Placebo and Nocebo Effects

2.3.4

Brief Summary and Discussion
Conditioning with personalized self-efficacy cues can modulate thermal sensations and

induce nocebo effects in youth. Further, the magnitude of the conditioned nocebo effect was
associated with higher anxiety and lower hope. There was also evidence from a follow-up
analysis that suggested conditioned positive self-efficacy cues can induce placebo effects,
provided a large enough range was available in emotional valence between high and neutral selfefficacy cues.
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Instead of using inherently neutral visual cues as in study 1a, we utilized personalized
autobiographical memory cues designed to evoke states of low, high and neutral self-efficacy. In
the conditioning phase, high self-efficacy cues were paired with low temperatures and low selfefficacy cues were paired with high temperatures. In the testing phase, these conditioned cues
(along with a neutral (unconditioned) self-efficacy cues) were presented with moderate
temperatures. Adolescents rated moderate thermal sensations as more uncomfortable when
paired with conditioned high heat (i.e., low self-efficacy) cues compared to a conditioned low
heat (i.e., high self efficacy) cues. Furthermore, as seen in a previous adult study, we found a
significant nocebo effect, showing that adolescents rated moderate temperatures as more
uncomfortable when paired with the conditioned low self-efficacy cue compared to the neutral
self-efficacy cue. The placebo effect, while not significant in the whole group analysis, was
present for a sub-group of participants for whom the difference in emotional valence between
high and neutral self-efficacy memories was larger.
Typically, the range in subjective ratings between low and high temperature stimuli
during the conditioning phase predicts the magnitude of conditioned placebo and nocebo effects
in response to impersonal conditioned cues as shown in previous studies (Jensen et al., 2012;
Wrobel et al., 2015) and study 1a. Here, we did not find this relationship. Rather, our findings
suggest that the nature of the conditioned cues themselves, such as their emotional valence, may
influence the strength of the conditioning effects. In line with this, subsequent analyses showed
that the self-reported ability to recall the emotional states during the thermal perception paradigm
correlated positively with the nocebo effect. In these subsequent analyses, we also found
significant placebo effects in a subsample of adolescents for whom the neutral self-efficacy
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states were truly neutral (as opposed to positively biased). Thus, controlling for the emotional
valence of the neutral self-efficacy states strengthened our conditioning paradigm.
We furthermore investigated whether the magnitude of placebo and nocebo effects was
predicted by individual differences in personality traits. Both higher trait anxiety and lower hope,
but not state anxiety or inherent general self-efficacy, was associated with a greater nocebo
effect. Trait anxiety and hope were strongly negatively correlated, and our regression model
suggested that both variables explained the same variance rather than having independent
additive effects. There were no significant associations between any of the personality traits with
the magnitude of the placebo effect. These findings, however, need to be interpreted with
caution, as the placebo effect did not reach significance in the whole-group analysis.
As the effect size was stronger in this study of self-efficacy compared to study 1a using
visual conditioning cues, the results suggest that either the emotional valence of our predictive
cues or the duration of the cue presentation may have enhanced the magnitude of the conditioned
effects. It could also be that the secondary task forcing adolescence attention towards the
conditioned cues could have enhanced our effect. Compared to the adult study by Jensen and
colleagues (Jensen et al., 2012), youth in this study again showed smaller effect sizes. As the
design of the studies vary in multiple aspects of the cue presentation (personalized more
engaging cues, cue presentation duration and secondary task) and we also used lower
temperatures in this study, a direct comparison between youth and adults is beneficial to
understand differences between both populations. It is also unclear whether the emotional
valence of the cues might have been the key factor for inducing placebo and nocebo effects, or if
the distinctiveness and duration of cues might enhance effects of conditioning. In study 1c we
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therefore utilized neutral but distinct visual cues, with the same cue duration, and tested a group
of youth and adults within the same paradigm.

2.4

Study 1c: Conditioning with Fribbles

2.4.1
2.4.1.1

Methods
Participants
In total n = 47 participants completed this study (n= 5 participants had to be excluded due

to technical issues) including adolescents (n = 22, mean age = 15.4 years, 20 female) recruited in
local high schools, and adults (n = 25, mean age = 25.5 years, 18 female) recruited through the
University of British Columbia Paid Studies List. Individuals with any chronic illness or
medication use that would potentially interfere with the study, such as psychiatric disorder
according to the DSM-V manual, medication that can influence cognition or emotional
processing (i.e. sleep medication, antidepressants, anti-convulsants or opioids), were excluded.
Due to the Covid-19-Pandemic data collection was stopped before reaching the recruitment goal
of 50 participants (Power calculation was based on Study 1b with a recruitment goal of N = 25
adolescents and N = 25 adults).

2.4.1.2

Procedure
The study was approved by the University of British Columbia Research Ethics Board

and the BC Women´s Hospital Research Review Committee. All participants (or parents if < 19
years) gave written informed consent before starting the study. Participants then completed the
thermal conditioning paradigm, in which participants were asked to rate thermal stimuli applied
to their forearm. The paradigm consisted of a calibration phase, a conditioning phase and a
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testing phase. Afterwards they were asked to complete the reversed Flanker task and fill out the
personality questionnaires. Adult participants were debriefed after study participation.
Adolescent participants were debriefed in groups in their high schools. All participants received
a 20 dollar gift card for their participation.

2.4.1.3

Thermal Conditioning Paradigm
The thermal conditioning paradigm was similar to Study 1b and consisted of a calibration

phase, a conditioning phase and a testing phase. We used the Thermal Sensory Analyzer, using a
3 cm  3 cm probe (Medoc Advanced Medical Systems, Rimat Yishai, Israel; Biomedical
Engineering Device) to apply thermal stimuli on participants left volar forearm. Thermal stimuli
were presented for 4 seconds with a ramp up and ramp down of 8 degrees per second. During the
calibration phase a personalized high and low thermal stimulus was determined. Calibration
started at 36 °C. Each temperature was presented three times and then raised 1°C. After each
sensation participants were asked to rate their discomfort on a visual numeric scale between 0
(“no discomfort”) and 100 (“worst imaginable discomfort”). The high temperature stimulus was
selected based on a subjective discomfort rating of 60 on the visual scale. As adolescents are
considered a vulnerable population, all participants were instructed that the sensation, would be
‘warm’ but should not be painful. We therefore asked them to verbalize if the stimulus was
getting painful. The average temperature for the high heat stimulus was 44.9°C (SD = 2.06 °C).
The low heat stimulus was determined by subtracting 3°C from the high heat stimulus. Three
distinct blue Fribbles were used as visual cues for the conditioning design. Fribbles are novel
artificial objects composite of shapes in different colors and textures, which are well establish
and evaluated for research (Barry et al., 2014). During the conditioning phase, the low and high
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heat stimulus was repeatedly paired with two different Fribbles, i.e. the conditioned cues. After
each sensation participants were asked to rate their discomfort by moving the cursor on a
computerized visual numeric scale.
The conditioning phase consisted of two blocks with a total 44 cue stimulus-heat parings,
with 20 high and 20 low temperatures each paired with the high and low Fribbles, respectively.
Four trials were catch trials, in these trials the low and high temperature was paired with a blue
hexagon shaped visual cue. Participants were asked to press a button in response to the catch trial
to focus participants attention to the cues on the screen. Catch trials and first trials were excluded
from the analyses. Cues were visible for the entire duration of the thermal stimulus (4 seconds).
During the testing phase, moderate temperatures were presented with the same two Fribbles, plus
a novel unconditioned fribble.
The testing phase followed and consisted of a total of 66 trials presented in 3 blocks, 48
were cue-moderate heat pairing trials (14 high cue/moderate heat, 14 low cue/moderate heat, 20
were neutral/moderate heat), 12 booster trials (6 low cue/low heat, 6 high cue/high heat) and 6
catch trials (2 low cue/moderate, 2 high cue/moderate, 2 neutral/moderate). The booster trails
were used to prevent extinction. The first trial for each block (3 neutral cues), the booster trials
and catch trials were excluded from the analyses. For both conditioning and testing phases, the
intertrial interval varied randomly from 3 to 5 seconds. Between runs participants were able to
take a short break if needed. Study design is visualized in Figure 2.10.
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Figure 2.10 Study Design Study 1c)

2.4.1.4

Questionnaires
State and trait anxiety was measured with the State Trait Anxiety Questionnaire (STAI)

The general self-efficacy scale was used to measure an individual’s general sense of self-efficacy
(Schwarzer & Jerusalem, 1995). Hope was measured with the Hope Scale (Snyder et al., 1991a).
These questionnaires are described in detail in chapter 2.3.1.5.
In this study we added the Multidimensional Assessment of Interoceptive Awareness
(MAIA, youth and adult version) to assess different aspects of interoceptive awareness (Mehling
et al., 2012). For the analysis we focussed on the subscales body listening and not distracting, as
they were considered relevant for learning and placebo and nocebo effects. Body listening
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subscale is measuring the ability to listen to bodily symptoms. The not distracting subscale is
measuring the tendency to distract oneself from uncomfortable sensations.

2.4.1.5

Post Study Questionnaire
After completing the study, the investigator completed a brief interview with participants

about the nature of the study. Participants were asked what they think the study tested. They
were also asked to indicate how many different levels of temperatures they thought we used
during the thermal conditioning paradigm. The full version of the interview can be found in
Appendix A.2.

2.4.1.6

Outcomes
The main outcome variable in the present study was subjective discomfort rated on the

visual numeric scale. In the conditioning phase, mean discomfort was calculated independently
for low and high heat stimuli. Sensory discrimination was defined as difference in mean
discomfort between high and low heat. In the testing phase, mean discomfort of moderate
temperatures paired with the high conditioned cue, low conditioned cue, and neutral cue was
calculated. The magnitude of the placebo effect was estimated by the difference in mean
discomfort between the same moderate temperature paired with neutral and high conditioned
cues. The magnitude of the nocebo effect was estimated by the difference in mean discomfort
between a moderate temperature paired with low conditioned and neutral cues. The magnitude of
the conditioning effect was calculated by the difference in discomfort between a moderate
temperature paired with high conditioned cues and low conditioned cues.
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2.4.1.7

Statistical Approach
The influence of conditioning on thermal ratings was analyzed using repeated-measures

analyses of variance (rmANOVA) with “cue type” (high cue, low cue, or neutral cue) as a
within-subjects factor. A multiple regression analysis was conducted in order to identify unique
contributions of individual differences in personality traits (hope, self-efficacy, anxiety,
interoceptive awareness) to the magnitude of conditioned placebo- and nocebo effects. A
significance level of p < .05 was used, and if applicable, Bonferroni-corrected for multiple
comparisons. Statistical analyses were performed using the statistical software R, Version 3.6.1.
(R Core Team, 2019) RmANOVAs were calculated with the package ezANOVA,(Lawrence,
2016) and graphics were compiled with ggplot2 (Wickham, 2016). If sphericity assumption was
violated, p-value was corrected (Greenhouse-Geisser for ε < 0.75 and Huynd-Feldt for ε >
0.75). Corrections are indicated in brackets after the corrected p-value.

2.4.2
2.4.2.1

Results
Thermal Sensory Discrimination
During the conditioning phase, rmANOVA revealed a significant main effect of

temperature, F(1,45) = 304.08, p < .001, indicating that participants rated the high temperature
higher (M = 47.28, SD =13.16) than the lower temperature (M = 13.16, SD = 9.94). The main
effect for the age group did not reach significance, F(1,45) = 0.042, p =.838, neither did the
interaction between temperature and age group, F(1,45) = 0.38, p = .541. Indicating that adults
and youth did not differ in their discomfort ratings associated with the individually calibrated
low and high temperature. The difference in discomfort between low and high temperature is
defined as sensory discrimination.
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2.4.2.2

Thermal Conditioning
During the testing phase, rmANOVA revealed a significant main effect for the factor cue

type, F(2,90) = 14.88, p <.001 (Huynd-Feldt corrected), indicating that participants perceived
moderate temperatures differently depending on which cue was paired with the stimulus.
Hochberg corrected post-hoc paired t-test revealed a significant conditioning effect (MDiff =5.99 ,
p < .001, d = .46), indicating that participants perceived the moderate temperature paired with the
high conditioned cue as more uncomfortable then when the same moderate temperature was
paired with the low conditioned cue. The difference in mean discomfort between the same
moderate temperature paired with neutral and high conditioned cues was significant reflecting
the presence of a placebo effect (MDiff = 3.87, p = .003, d = .31). Similarly, the difference in
mean discomfort ratings between a moderate temperature condition paired with low conditioned
and neutral cues was significant, reflecting a nocebo effect (MDiff = 2.12, p = .003, d = .16). The
factor age group (F(1,45) = 0.069, p = .794), as well as the cue*age group interaction did not
reach significance (F(2,90) = 1.23, p = .286 (Huynd-Feldt corrected)), indicating that there was
no difference between adults and youth regarding the reported discomfort. Results are visualized
in Figure 2.11.
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Figure 2.11 Main Effect of Conditioned Cues on Thermal Discomfort

There was also a moderate significant positive correlation between sensory
discrimination and the conditioning effect (r = .41 p = .004), meaning that the better the
discrimination between heat stimuli during the conditioning phase, was associated with greater
differences between discomfort of moderate temperatures compare with low or high conditioned
cues in the testing phase. Correlation is visualized in Figure 2.12.
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Figure 2.12 Correlation between Conditioning and Sensory Discrimination

2.4.2.3

Post Questionnaire
During the post interview participants were asked to indicate how many different levels

temperatures they perceived during the thermal sensation paradigm. Two participants did not
mention a specific number, and were therefore excluded from the analysis. Most participants
reported having experienced five different temperature levels, with an average of 6.14 different
temperature levels. Only two participants (one adult, one adolescent) stated correctly that we
used three different levels of temperatures. Four participants reported more then 10 different
levels. Adolescents and adults did not differ in the amount of reported temperature levels
(Madolescents= 6.80, Madults = 5.62, t(22) = -0.89, p = .382). The frequency distribution is visualized
in Figure 2.13.
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Figure 2.13 Frequency Distribution of Perceived Temperature Levels

2.4.2.4

Differences between Youth and Adults
Adults (M = 44.60 °C) and youth (M = 45.09 °C) did not differ in the individually

calibrated high temperature (t(45) = -0.82, p = .339). They also did not differ in how much
discomfort they experienced during the high (adult: M = 48.15, youth: M = 46.31, t(45) = 0.44, p
= .660) and the low temperature (adult: M = 12.89, youth: M = 13.47, t(45) = 0.199, p = .843).
Additional analysis regarding differences of the range of discomfort rating, as well as the
standard deviation calculated on trial-by-trial basis between adults and adolescents did not reach
significance (see A.3). A larger effect size for the conditioning effect (adults: d = .63, youth: d =
.30), placebo effect (adults: d = .37 and youth d = .26) and nocebo effect (adults: d = .28 and
youth: d = .05) was observed for adults compared to adolescents. Adults and youth also differed
in the correlation between sensory discrimination and the conditioning effect. While there was a
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significant large positive correlation in adults (r = .48, p = .015), adolescence showed a moderate
positive, but non-significant correlation (r = .29, p = .184). Correlations are visualized in Figure
2.14.

Figure 2.14 Conditioning Effect and Sensory Discrimination

2.4.2.5

Personality Traits: Anxiety, Hope, Inherent Self-Efficacy and Interoceptive

Awareness
We furthermore tested whether different personality traits were associated with the
strength of placebo and nocebo effects. As we had several intercorrelated factors, we ran a
stepwise regression model, which automatically selected the best fitted predictors for placebo
and nocebo effect, by bidirectional elimination of the predictors. We included self-efficacy,
hope, state and trait anxiety, as well as body listening and not distracting in the model. For the
placebo effect the model with hope, “body listening” and “not distracting” was the best fitting
model (F(3,43) = 4.60, p = .007, adj. R² = 0.1901). However only “not distracting” (standardized
β = -.405, p = .004) reached significance, whereas hope (standardized β = .279, p = .050) and
89

body listening did not (standardized β = -.196, p =.142). This means that participants with lower
ability to distract themselves from pain showed higher placebo effects. Results are displayed in
Figure 2.15. For the nocebo effect none of the models reached significance.
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Figure 2.15 Magnitude of
Placebo Effect and
Interoceptive Awareness
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2.4.3

Brief Summary and Discussion
Conditioning induced significant placebo and nocebo effects. While there was no

significant interaction age group and the conditioned cues, the effect size of both placebo and
nocebo effects was smaller in youth compared to adults. Further, the magnitude of the
conditioned placebo effect was predicted by a lower tendency to distract oneself from
uncomfortable sensations.
In this study we utilized engaging, neutral cues to induce conditioned placebo and nocebo
effect and tested both youth and adults within the same study design. In the conditioning phase,
distinct engaging visual cues were paired with low temperatures and high temperatures. In the
testing phase, these conditioned cues as well as a neutral (unconditioned) cue were presented
with moderate temperatures.
Participants rated moderate thermal sensations as more uncomfortable when paired with
conditioned high heat cues compared to a conditioned low heat cues. Furthermore, there was a
significant placebo effect, showing that participants rated moderate temperatures as more
uncomfortable when paired with the neutral compared to the low heat cue. A significant nocebo
effect was also demonstrated, showing that participants rated moderate temperatures as more
uncomfortable when paired with the conditioned high heat cue compared to the neutral cue.
When comparing adults and adolescents, we found that adolescents showed smaller effect
sizes in both placebo and nocebo effects compared to adults. This difference can not be
explained by differences in temperature or discomfort levels, as adults and adolescents neither in
the calibrated high temperatures, nor in the reported discomfort associated with the calibrated
temperatures. Contrary to Wrobel et al. (2015), the correlation between sensory discrimination
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and the conditioning effect was furthermore higher in adults compared to adolescents, suggesting
that adults were more influenced by previous sensations compared to adolescents.

2.5
2.5.1

Comparison Study 1a – 1c
Study Design and Study Characteristics
Study specific details and different characteristics for Faces study (study 1 a), Self-

Efficacy Study (Study 1 b) and Fribbles Study (Study 1 c) are summarized in Table 2.1. The
main difference in study design were the utilization of different cues (faces vs. self-efficacy cues
vs. Fribbles), as well as cue presentation duration. The Faces study had the shortest cue
presentation time, whereas the Self-Efficacy study and Fribbles Study did not differ in the
presentation time. In regards to participants characteristics there was no differences in mean age
of participants (ANOVA with study as between subject factor: F(2,78) = 3.002, p = .055), but
sex (Chi-Square test with study and sex as factors: χ² (2,81) = 18.83, p = .001) a varied across
studies. Bonferroni corrected post hoc pairwise independence tests revealed that the sex ratio was
different in Faces study compared to Fribbles study (p < .001), with more females in the Fribbles
study. Sex ratio did not differ between Faces study and Self-Efficacy study (p = .109) or study
Self-Efficacy study and Fribbles study (p = .189).
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Table 2.1 Comparison Study 1a), b) and c)

Cues

Study 1a
Faces

Study 1b
Self-efficacy

Study 1c
Fribbles

Number of trials

20

20 plus 4 reversed

20 plus 4 reversed

Duration of cues

100ms

4 seconds

4 seconds

n

33

26

22
(plus 25 adults)

Age range

14 – 17yrs
M = 16.11

14 – 17yrs
M = 15.73

13 -18 yrs
M = 15.50

Sex

27.27% female

57.69% female

86.36% female

Mean high temperature

46.09 °C

44.54 °C

45.09°C

2.5.2

Calibration
There was also a difference in the calibrated mean high temperature (F(2,78) = 6.03, p =

.004). Bonferroni corrected post hoc paired t-tests showed that the calibrated high temperature
was higher for participants in Faces study compared to Self-Efficacy study (MDiff = 1.55, p =
.003). There was no difference in calibrated temperatures in Faces study compared to Fribbles
study (MDiff = 1.00 , p = .121) or Self-Efficacy study to Fribbles study (MDiff = 0.55 , p = .832).
Data is visualized in Figure 2.16.
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Figure 2.16 Different Temperatures across Studies

2.5.3

Effect Size of Conditioning Effect
The effect size of the conditioning effect in youth was d =.10 in the Faces study, d =.37 in

the Self-Efficacy study and d = .30 in the Fribbles, suggesting that the magnitude of the
conditioning effect is associated with different cues and cue duration. Face used as conditioned
cues presented for only a short amount of time resulted in small conditioning effects, whereas
neutral engaging cues and personalized cues resulted in moderate conditioning effects. In the
previous adult study Jensen and colleagues (2012) found a large effect size of d = .86 for adults
and we found a moderate to large effect size of d = .63 for adults in the Fribble. These results
suggest that conditioning effects are smaller in adolescents compared to adults. The difference
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in effect size between adults in the Fribbles study and a previous study by Jensen and colleagues
(2012) might be explained by using thermal discomfort rather than pain.

2.6

Discussion
Noxious heat can be amplified or attenuated by predictive cues, prior experience and

verbal suggestions, as demonstrated by placebo and nocebo effects (Carlino et al., 2015; Jensen
et al., 2012; Jepma & Wager, 2015; Krummenacher et al., 2014). While there is a growing body
of research investigating the underlying mechanisms of placebo analgesia and nocebo
hyperalgesia in adults, studies in adolescents are rare (Weimer et al., 2013). During adolescence,
the brain is undergoing crucial changes in brain regions associated with the regulation of pain,
possibly affecting the psychological and brain mechanisms underlying placebo and nocebo
effects (Burnett & Blakemore, 2009; Lamblin et al., 2017; C. Sebastian et al., 2010).
In three related studies we investigated whether conditioning could modulate thermal
sensations and induce placebo and nocebo effects in adolescents. In all studies we used a
conditioning paradigm, in which one cue was paired with low temperatures and another cue was
paired with high temperatures applied to the participants forearm. In a subsequent testing phase
we paired these cues with moderate temperatures, and investigated whether the thermal
discomfort of these moderate temperatures was higher when paired with the high conditioned
cue and lower when paired with the low conditioned cue compared to an unconditioned cue,
which is referred to as nocebo and placebo effect respectively.
The study design differed in the manner and presentation duration of the cues. In the
Faces study (study 1a) we replicated a study done in adults and used two distinct, but similar
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faces as cues which were presented only for 100ms (and 12ms plus 88ms masked in the
subliminal condition). In the Self-Efficacy study (study 1b) we used personalized, emotional
cues, inducing states of low and high self-efficacy presented for 4 seconds. And in the Fribbles
study (study 1c) we used neutral, engaging shapes as cues, presented for 4 seconds and added
and adults subsample to compare effects directly.
In all three studies we found a significant conditioning effect, meaning that adolescents
rated the moderate temperatures paired with the conditioned high heat cue as more
uncomfortable than the moderate temperatures paired with the conditioned low heat cue. Effect
sizes of the conditioning effect was lower in adolescence compared to adults and varied among
studies as well as the significance of placebo and nocebo effects.
In adults, expectations of pain relief or pain amplification can induce placebo analgesia
and nocebo hyperalgesia (Wager & Atlas, 2015). Expectations can be formed by learning
processes such as classical conditioning. Previous studies investigating conditioned placebo
effects in youth showed conflicting results. Wrobel et al. (2015) and Gniß et al. (2020) induced
placebo analgesia in response to thermal pain by applying a placebo analgesic cream paired by a
combination of expectations and conditioning. While Gniß and colleagues (2020) did not find
significant placebo effects in children but not in youth, the placebo analgesia in Wrobel and
colleagues (2015) study did not differ between youth/children and adults.
Successful conditioning requires integrating conditioned and unconditioned stimuli, as
well as establishing a predictive mental model to create a strong expected contingency between
them. Wrobel and colleagues (2015) explicitly instructed participants about the association
between the conditioned cue and pain relief and reinforced this expectation by conditioning a
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placebo analgesic cream with lower temperature thermal stimulation and thus lower experienced
pain.
In our present studies, adolescents had to establish the predictive model implicitly during
the conditioning paradigm. Thillay and colleagues (2015) compared the performance of adults
and adolescents in a visual predictive task. In this task participants were presented a visual target
that could be predicted by a known sequence of stimuli. In their study, adolescents did not differ
from adults in their reactions to the visual target, demonstrating that adolescents are able to
utilize predictive cues. However, they found that the temporal brain mechanisms related to
sustained attention, which was associated with better performance in the cue detection task, are
still maturing during adolescence. Furthermore, the ability to distinguish between threat and
safety cues, are still maturing in youth (Lau et al., 2011). Differences in the strength of
conditioning between adults and youth might therefore be heightened when the predictive model,
linking cues and stimuli, was first implicitly established. Moreover, it might also be depended on
the type of cue as well as cue duration.
This claim is supported by varying significance and effect size across our studies. In the
Faces study, utilizing facial cues presented for a short time, we did not find significant placebo
and nocebo effects and the effect size of the conditioning effect was small. When using more
engaging and more distinct but neutral cues, presented for a longer duration (Fribbles study), we
were able to induce significant placebo and nocebo effects and the effect size of the condition
effect was moderate. More engaging cues and a longer cue duration might have enhanced the
participants ability to establish a predictive model between the cue and the thermal sensation.
The effect size of the conditioning effect, while still classified as moderate, was further enhanced
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when using more personalized emotional cues (Self-Efficacy study). It is well known that pain
can be modulated by emotional states (Rhudy et al., 2010; Schweinhardt & Bushnell, 2010).
Negative emotional states increase pain, whereas positive emotional states decrease pain,
independent of the arousal induced by these distinct emotional states (Rhudy et al., 2010).
Interestingly, in a study by Valentini et al. (2014) the induction of conditioned placebo effects
was dependent on the emotional content added to the predictive cues. Similarly, Williams and
Rhudy (2007) found in a fear conditioning paradigm, that fearful cues associated with a painful
stimulus decreased pain thresholds in a subsequent testing phase, whereas happy cues associated
with a painful stimulus did not decrease pain thresholds. This suggests that, in line with the
preparedness theory (Öhman & Mineka, 2001), that intuitive associations have a stronger effect
on the manipulation of sensory perception.
Typically, the range in subjective ratings between low and high temperature stimuli
during the conditioning phase predicts the magnitude of conditioned placebo and nocebo effects
in response to impersonal conditioned cues (Jensen et al., 2012; Wrobel et al., 2015). In our
study, higher magnitude of the conditioning effect was predicted by better sensory discrimination
when using facial cues and Fribbles, but not when using personalized emotional cues during
conditioning. Suggesting that the emotional valence of the cues, may be of influence the strength
of the conditioning effects. In line with this, we only found significant placebo effects in study
1b when controlling for the valence of the neutral cues, as well as the finding that the selfreported ability to recall the emotional states during the thermal perception paradigm correlated
positively with the nocebo effect. Contrary to Wrobel et al. (2015), the correlation between
sensory discrimination and magnitude of conditioning effect was smaller in adolescence
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compared to adults. This might be explained by differences in the age range of the samples.
Wrobel et al. included 10 to 15 year-olds, while our age range was 13 to 18 years. It might be
that the effects found in Wrobel et al. (2015) are driven by younger participants, who have
shown larger placebo effects in a previous study (Gniß et al., 2020).
We furthermore investigated whether the magnitude of placebo and nocebo effects was
predicted by individual differences in personality traits. As we did not find significant placebo
and nocebo effects in the Faces study), we investigated whether the conditioning effect was
associated by anxiety. We found a moderate correlation between trait anxiety and the
conditioning effect, which however did not reach significance, and no correlation between state
anxiety and the conditioning effect. In study 1b) both higher trait anxiety and lower hope, but not
state anxiety or inherent general self-efficacy, was associated with a greater nocebo effect. Trait
anxiety and hope were strongly negatively correlated, and our regression model suggested that
both variables explained the same variance rather than having independent additive effects. Our
findings are in line with previous studies in adults, showing that stronger nocebo effects could be
induced in high compared to low anxiety individuals (Staats et al., 2001). In a series of studies,
Benedetti and colleagues have shown that nocebo effects can be blocked by the inhibition of the
neurotransmitter cholecystokinin (CCK), which facilitates pain (Benedetti et al., 1997; Benedetti,
Amanzio, et al., 2006; Colloca & Benedetti, 2007). While CCK antagonists can block nocebo
effects, they do not modulate general arousal (Benedetti, Amanzio, et al., 2006), suggesting that
anxiety might moderate nocebo effects due to a shift of attention, rather then a shift in
arousal/stress levels (Colloca & Benedetti, 2007). This might explain why the magnitude of the
nocebo effect in our study was associated with (general and possibly attentional-related
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differences in) trait anxiety but not with (transient and possibly arousal-related differences in)
state anxiety. In a more recent study, however, it was shown that nocebo hyperalgesia was
mediated by autonomic arousal (Colagiuri & Quinn, 2018). We assessed state anxiety after the
thermal conditioning paradigm, thus, trial by trial ratings of state anxiety might reveal different
results.
Hope was negatively correlated with the magnitude of the nocebo effect. This is in line
with previous studies linking high hope to increases in pain tolerance (Snyder et al., 2005).
Pulvers and colleagues suggest that personality traits might influence pain perception by
engaging constructive thinking styles and counteracting pain catastrophizing (Pulvers & Hood,
2013). This may be reflected by the negative correlation between anxiety and hope in our data
set. The reason why inherent general self-efficacy was not associated with the nocebo effect
remains speculative. Possibly, variance in nocebo effects associated with this personality trait
was already explained by the conditioning cues (i.e., high and low self-efficacy memories).
There were no significant associations between any of the personality traits with the
magnitude of the placebo effect. These findings, however, need to be interpreted with caution, as
the placebo effect did not reach significance in the whole-group analysis.
In study 1 c) we included self-efficacy, hope, state and trait anxiety, as well as the
dimensions “body listening” and “not distracting” to predict placebo and nocebo effects. The
placebo effect was predicted by “not distracting”. Showing that participants with lower ability to
distract themselves from pain showed higher placebo effects. While the positive correlation
between hope and the magnitude of the placebo effect was moderate the p-value was .050. For
the nocebo effect none of the predictors reached significance. This is contrary for study 1b) and
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might be explained by the differences in condition cues. Using emotional personalized cues in
the conditioning paradigm might involve the emotional pain pathways, which can be modulated
by individual differences in trait anxiety.

2.6.1

Limitations and Future Studies
Conditioning can induce nocebo effects on thermal perception in youth, the size of the

effect however was smaller compared to adults. Differences in discomfort in response to
conditioning cues were small, and thus not likely to have direct clinical utility without further
investigation into potential applications. Our studies also suggest that the emotional valence of
predictive cues and duration of the cue presentation enhanced the magnitude of the conditioned
effects. Future studies addressing emotional valence, duration and number of trials are needed to
understand differences in conditioned placebo and nocebo effects between youth and adults. It
may also be of interest to investigate the influence of pain-related personalized cues on thermal
sensations. For example, it may be worth exploring the relationship between explicit expectation
of being able to overcome or influence pain. Finally, our main outcome variable was selfreported thermal discomfort, which can be subject to demand effects. That is, participants’
responses may have been biased towards what they inferred was the hypothesized effect,
artificially increasing ratings for warmer temperatures, and vice-versa. The influence of this bias
was minimized through the implemented catch trials, reversed conditioning, and through verbal
reminders to participants to focus on what they feel during on their report, this possibility can not
be ruled out entirely. In study 1c we asked participants to indicate how many different
temperatures we used in the study. The participants incorrectly overrated the number of different
temperatures, suggesting that they experienced moderate temperatures differently depending on
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the conditioned cues. Adding more objective measures of genuine subjective experience such as
skin conductance or facial expression might contribute to more reliable estimates of placebo and
nocebo effects.
The association between personality traits and placebo and nocebo effects varied across
studies and might be depended on the type of cues. These associations should be investigated
more thoroughly, and possibly with multiple measurements for different personality traits. The
longer-term goal of this line of research is to understand the mechanisms of placebo and nocebo
effects in youth, and how to harness the first and avoid the latter in the clinical setting.
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Chapter 3: Self-Regulation
3.1

Brief introduction
Different self-regulation strategies can be used to regulate pain in adults. Pain modulation

is mediated by physiological changes (Matthewson et al., 2019), and associated with activity in
prefrontal brain areas and its connectivity to the brain stem. More specifically connections
between the PAG and dmPFC and PAG and vmPFC were identified as important for pain
modulation (Hadjipavlou et al., 2006). Individual variance in structural connectivity between
medial prefrontal cortex and PAG was associated with the ability to attend away from pain
(Kucyi et al., 2013). Similarly, white matter integrity in dlPFC and PAG was associated with
placebo analgesia.
Prefrontal areas and white matter integrity are undergoing crucial changes during
adolescence as described in chapter 1.4.2, possibly affecting the ability to self-regulate pain in
this population. We therefore utilized a self-regulation paradigm used in adults for an
adolescence population, to test whether adolescents were able to successfully up- and
downregulate uncomfortable thermal sensations. Adolescents also underwent a DWI scan before
the regulation paradigm to investigate whether brain maturation in cortico-striatal and corticolimbic white matter tracts and cognitive abilities correlate with self-regulation ability.
Hypothesis 1: We hypothesize that self-regulation can systematically affect the perceived
intensity of thermal sensation in youth. Up-regulation will be associated with increased
discomfort and down-regulation will be associated with decreased discomfort compared to the
no-regulation condition.
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Hypothesis 2: We hypothesize that higher mean FA values in white matter tracts
associated with pain modulation (dlPFC-PAG, dmPFC-PAG, vmPFC-PAG) correlate with a
higher magnitude of self-regulation.

3.2
3.2.1

Methods
Participants
In total n = 28 right-handed healthy adolescent volunteers (n = 20 females, 13-18 years,

mean age = 15.61 years) recruited in local high schools completed the study. Individuals with
contraindications for MRI (e.g. tattoos, permanent metallic objects in body, claustrophobia), the
presence of any illness or medication use that is judged to interfere with the trial, such as
psychiatric or neurological disorder according to the DSM-IV manual, medication that can
influence cognition or emotional processing, i.e. sleep medication, antidepressants, anticonvulsant or opioids were excluded from the study. A sensitivity Power-Analysis for repeated
measurements ANOVA (within factor with 3 measurements) was conducted with G*Power (Faul
et al., 2007). A sample size of n = 25 is sufficient to detect a small to medium effect size of d =
0.26, with r = 0.5, α = 0.05 and a 95% chance of detecting an effect.

3.2.2

Procedure
The study was approved by the University of British Columbia Research Ethics Board

and BC Women´s Hospital Research Review Committee. After parents and adolescence have
given informed consent and were screened for MRI contraindication they were included in the
study. Participants were then prepared for the MRI scan and accompanied into the scanning
room. First, we conducted a resting-state fMRI scan. Participants then completed the thermal
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regulation task while during fMRI. The scanning ended with a Diffusion Weighted Imaging
(DWI) scan. Outside of the scanner, participants were asked to complete the Flanker task, fill out
some questionnaires and complete the post-study questionnaire. Afterwards participants received
a $20 gift card for their participation.

3.2.3

Thermal Regulation Task
The study design previously used in adults, was slightly modified for the adolescence

population (Woo et al., 2015). We used the Thermal Sensory Analyzer, using a 3 cm  3 cm
probe (Medoc Advanced Medical Systems, Rimat Yishai, Israel; Biomedical Engineering
Device) to apply thermal stimuli on participants left volar forearm. Thermal stimuli were
presented for 4 seconds with a ramp up and ramp down of 8 degrees per second. First,
participants underwent a calibration procedure to determine an individual high thermal stimulus.
Calibration started at 36 °C. Each temperature was presented three times and then raised 1°C.
After each sensation participants were asked to rate their discomfort on a visual numeric scale
between 0 (“no discomfort”) and 100 (“worst imaginable discomfort”). The high temperature
stimulus was selected based on a subjective discomfort rating of 60 on the visual scale. As
adolescents are considered a vulnerable population, all participants were instructed that the
sensation, would be ‘warm’ but should not be painful. We therefore asked them to verbalize if
the stimulus was getting painful. The average temperature for the high heat stimulus was
43.61°C (SD = 2.01 °C). We then calculated three more temperatures by subtracting 1°C, 2°C
and 3°C from the high heat stimulus (level 4: high heat representing 60 on VAS, level 3: level 4
minus 1°C, level 2: level 4 – 2 °C, level 3: level 4 -3 °C). During the first fMRI scan participants
were asked to rate the different thermal sensations (no regulation run). Instructions for neutral
106

run: “Just like before, you are going to feel a warm sensation on your arm. After each sensation
I would like you to rate how much heat you felt on your arm, using the same scale that you used
before.” In the following two runs participants were asked to downregulate or upregulate the
thermal sensations, with guided instructions. The order of the regulation runs was
counterbalanced over participants. The levels of temperatures were constructed in a way that
each temperature was followed by each other temperature twice. Instructions for upregulation
run: “During this scan, we will apply different temperatures on your arm just like before. This
time we want you to try to imagine as hard as you can that the heat on your arm is more
uncomfortable than it really is. Try to focus on how unpleasant the heat is, for instance, how
much you want to remove your arm from it. But rather than withdrawing your arm, we want to
you pay attention to the shooting and stinging sensations. Use your mind to turn up the heat,
much like turning up the volume when listening to a song. As you feel the heat is getting higher,
imagine it going higher and higher. Perhaps you are picturing your arm being held up against
an object that is very hot. Afterwards, please rate how uncomfortable the heat felt for you. We
want you to be carefully rate how the heat felt.” Instruction for downregulation run: “During this
scan, we are going to ask you to try to imagine as hard as you can that the thermal stimulations
are less uncomfortable than they are. Focus on the part of the sensation that is pleasantly warm,
like a blanket on a cold day. You can use your mind to turn down the dial of your heat sensation,
much like turning down the volume dial on a stereo. As you feel the stimulation rise, let it numb
your arm, so any discomfort you feel simply fades away. Imagine your skin is very cool, from
being outside, and think of how good the stimulation feels as it warms you up. Afterwards, please
rate how uncomfortable the heat felt for you. We want you to be carefully rate how the heat felt.”
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The order of the regulation runs will be randomized and counterbalanced over
participants. Afterwards, participants were again asked to rate the thermal sensations without
engaging in regulation (no regulation run). The thermal perception as measured by subjective
ratings in down-regulation and up regulation runs will be compared to baseline ratings
(perception phase). The study design and procedure are visualized in Figure 3.1.

Figure 3.1 Study Design Study 2

3.2.4

Questionnaires
The Multidimensional Assessment of Interoceptive Awareness (MAIA, youth version)

was used to assess different aspects of interoceptive awareness (Mehling et al., 2012). For the
analysis of the MAIA we focussed on the subscales self-regulation and attention regulation, as
we considered them relevant for this study. We furthermore assessed state and trait anxiety
measured with the State Trait Anxiety Questionnaire (STAI). The general self-efficacy scale was
used to measure an individual’s general sense of self-efficacy (Schwarzer & Jerusalem, 1995).
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Hope was measured with the Hope Scale (Snyder et al., 1991a). These personality traits however
were not included in the analysis.

3.2.5

Post Questionnaire
The participants were interviewed about the purpose of the study, which techniques they

used for the regulation and how successful they were in regulating the thermal sensations (4point-likert scale: Were you able to regulate the temperatures? 0 = “not at all”; 1 = “somewhat”,
2 = “moderately so”; 3 = “very much”; Which was easier for you, down regulating, up
regulation, both equally easy?). See Appendix B.1 for the questionnaire.

3.2.6

Imaging Acquisition
Brain images were acquired on a 3T GE Discovery MR75 at at the BC Children’s

Hospital MRI Research Facility. A T1-weighted anatomical scan (TR/TE = 8.28/3.26ms, 192
sagittal aligned slices, slice thickness = 0.9 mm, FOV = 256x256mm) was acquired for
registration and normalization. Using an echo-planar imaging sequences diffusion was measured
in 120 directions (Diffusion B value: 2000 s/mm², TR/TE = 4100/81.9ms, slice thickness =
1.8mm, FOV = 252x252mm, in-plane resolution =1.8 mm.). DTIs from one subject was removed
due to an incidental finding and one due to technical issues.

3.2.7

Behavioral Data
Individual ratings of discomfort will be calculated for the different conditions (regulation

up, regulation down, no regulation) and different levels of temperature (level 1 to level 4). The
magnitude of successful regulation (difference of VAS in down regulation and no regulation runs
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as well as up regulation and down regulation runs) will be calculated for each temperature. The
Flanker effect, as measure for executive functioning, will be calculated as difference in reaction
times and accuracy in incongruent and congruent trials. Personality traits such as anxiety, selfefficacy, interoceptive awareness, will be calculated according to the test manuals.

3.2.8

Brain Imaging Data
DTI data was preprocessed using fMRI of the Brain Software Library (FSLversion 6.0)

and deterministic tractography was done using DSI studio. First DTI data was visually inspected,
and volumes with artifacts (e.g. venetian blinds, severe motion) were removed. Data then
underwent correction for eddy-current distortions and inter-volume motion. Non-brain voxels
were removed using BET. T1 was first registered to Montreal Neurological Institute (MNI) space
using FMRIB Linear Registration Tool (FLIRT) and FMRIB Non-linear Registration Tool
(FNIRT), and then registered to the brainnetome atlas (Fan et al., 2016) as well as the PAG of
the ATAG (Keuken et al., 2014) with FLIRT. The atlases were then inverse transformed into
individual space and registered to B0 with FLIRT. Using DSI studio, a diffusion tensor model
was fit at each voxel to obtain fractional anisotropy (FA) maps. A HARDI scheme was used, and
a total of 120 diffusion sampling directions were acquired. A deterministic fiber tracking
algorithm (Yeh et al., PLoS ONE 8(11): e80713, 2013) was used with seeding regions placed at
right dlPFC (54,46,59), right dmPFC (66,32,46) and right vmPFC (67,39,37) with a volume size
of 6.3e+03 mm cubic. An ROI was placed at sr_026_DTI_PAG (69,74,32) with a volume size of
8.8e+02 mm cubic. The anisotropy threshold was 0.10. The angular threshold was 90 degrees.
The step size was 0.5 mm. The fiber trajectories were smoothed by averaging the propagation
direction with 10% of the previous direction. Tracks with length shorter than 60 or longer than
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300 mm were discarded. A total of 100000 seeds were placed. Tracts were visually inspected,
and spurious tracts removed. Mean FA was extracted for each participant and used in further
analysis. For 44% of participants tractography of dlPFC and PAG resulted in 0 tracts. We
therefore did not continue the analysis of this region. For the vmPFC n = 8 and dmPFC n = 9
participants did not show any tracts and were excluded from further analysis.

3.2.9

Statistical Approach
Individual ratings of discomfort were analysed with a repeated measures ANOVA.

Within factors were regulation (up regulation, down regulation, no regulation) and stimulus
intensity (level 1 to level 4). Additionally, the interaction between regulation and intensity was
included. A regression analysis was calculated to assess the influence of interoceptive awareness,
executive functioning, anxiety on the magnitude of regulation. Mean FA values in ROI pathways
were correlated with the magnitude of successful thermal regulation. If this reveals a significant
relationship, was investigate whether this effect is mediated by executive functioning and
interoceptive awareness.

3.3
3.3.1

Results
Behavioral
Repeated measures ANOVA revealed a significant main effect for the factor the

temperature level (F(1,26)=122.8, p<.001) and the thermal regulation (F(2,26)=80.18, p<.001).
Bonferroni-corrected post hoc paired t-test showed that level 1 was perceived as less
uncomfortable than level 2 (MDiff = 7.36, p < .001, d = .48), level 2 was experiences as less
uncomfortable than level 3 (MDiff = 8.80, p < .001, d = .52) and level 3 was experiences as less
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uncomfortable than level 4 (MDiff = 13.67, p < .001, d = .80). Meaning the participants discomfort
increased in response to higher temperature levels. Results are visualized in Figure 3.2.

Figure 3.2 Discomfort Levels across Temperatures

Participants also reported more discomfort when they were asked to up-regulate the
thermal sensation compared to no regulation (MDiff = 8.03, p < .001, d = .33) or down regulation
(MDiff = 14.05, p < .001, d = .75). Additionally, they reported more discomfort during down
regulation compared to no regulation (MDiff = 6.03, p < .001, d = .42). Results are visualized in
Figure 3.3.
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Figure 3.3 Discomfort across Regulation Condition

There was no significant interaction between the regulation and the levels of heat
(F(1,26) = 1.57, p = .221). Meaning that regulation did not have distinct effects on different
levels of temperatures. Data is visualized in Figure 3.4.
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Figure 3.4 Interaction between Temperature Level and Regulation Condition

3.3.2

Comparison to Adult Study
Cohen´s d was calculated for the adult study using the following formula.
𝑑=

𝑀1 − 𝑀2
𝑝𝑜𝑜𝑙𝑒𝑑 𝑆𝐷

Mean pain ratings and standard deviation was average across temperature levels, in order to be
able to compare both the adult study (Woo et al., 2015) with our study. The difference between
up regulation and no regulation resulted in a Cohen´s d of d = 2.71 which is a large effect.
Similarly, the difference between down regulation and no regulation resulted in d = 3.22, which
is a large effect.
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3.3.3

Tractography
Twenty participants (n =14 females, n = 6 males, age M = 15.5) showed at least one tract

between dmPFC and PAG and vmPFC and PAG and were included in the analysis. Tractograhy
revealed an average of M = 64.68 (SD = 78.34) tracts for the dmPFC-PAG and M = 24.8 (SD =
48.77) for the vmPFC-PAG, with a mean FA of M = 0.44 (SD = .03) in dmPFC-PAG and a mean
of a of M = 0.41 (SD = .05) in vmPFC-PAG, with a moderate positive, significant correlation
between vmPFC-PAG FA and dmPFC-PAG FA (r = .53, p = .042). Tracts for one representative
subject are displayed in Figure 3.5.
Due to the strong correlation between mean FA in dmPFC-PAG and mean FA in vmPFCPAG, correlational analyses were conducted rather than regression models. There was a
moderate negative, albeit non-significant, correlation between the up-regulation magnitude and
mean FA in dmPFC-PAG (r = -.34, p = .159), but no correlation with the vmPFC-PAG mean FA
(r = -.01, p = .947). Meaning that participants with a higher structural integrity of dmPFC-PAG
tracts showed a lower down-regulation magnitude. On the contrary, there was a small negative,
albeit non-significant, correlation between down-regulation magnitude and mean FA in vmPFCPAG (r = -.17, p = .462), but not with mean FA in dmPFC-PAG (r = -.06, p = .815). There was
also a small positive, albeit non-significant, association between age and mean FA in dmPFCPAG (r = .16, p = .525), but not between age and mean FA in vmPFC-PAG (r = -.04, p = .865).
A post-hoc power calculation, with G*Power (Faul et al., 2007), for a bivariate normal
correlation model with 20 participants, a correlation coefficient of .34 and an alpha level of 0.05,
showed that we only had a power of 0.31 to detect a moderate effect and a power of 0.11 to
detect a small effect.
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Figure 3.5 Tractography results: Correlation between Regulation Magnitude and mean FA
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3.3.4

Self-regulation Ability and Regulation Magnitude
60.7 % of participants reported that down regulation was easier than up regulation, 25.0

% reported that up regulation was easier than down regulation and 14.3% reported they were
equally easy. We furthermore tested whether there was a correlation between the subscales of
interoceptive awareness, self-reported regulation ability and self-reported attention regulation,
and the magnitude of up- and down regulation. There was a small positive, but non-significant,
correlation between the magnitude of up regulation and self-reported attention regulation
(Spearman´s r = .21, p = .262), but no correlation between the magnitude of up regulation and
self-reported general self-regulation ability (Spearman´s r = .05, p = .774). In terms of down
regulation, there was a small positive, but non-significant correlation between the magnitude of
down regulation and self-reported self-regulation ability (Spearman´s r = .29, p = .154), but no
correlation with self-reported attention regulation (Spearman´s r = .07, p = .707). Correlations
are plotted in Figure 3.6.
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Figure 3.6 Magnitude of Up and Down Regulation and Self-reported Regulation Ability

3.4

Discussion
In this study participants were instructed to regulate thermal sensations applied to their

arm. In the up-regulation condition participants were asked to try to make the temperatures feel
more intense and in the down regulation condition to make them less intense. Ratings of thermal
sensations were then compared with a no-regulation condition in which participants were asked
to passively rate the sensations without interfering with the sensation.
Participants successfully down and up regulated thermal sensation, as shown by
significant differences of discomfort ratings during up regulation and down regulation compared
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to no regulation. Effect size of regulation was moderate for both conditions, which is lower
compared to a previous study with adults (Woo et al., 2015).
Distinct patterns regarding white matter tracts were found for down and up regulation.
There was a moderate negative, albeit non-significant, association between up-regulation mean
FA in dmPFC-PAG tracts, but not with mean FA in dmPFC-PAG tracts. Similarly, there was a
small negative, albeit non-significant, association between down-regulation magnitude mean FA
in vmPFC-PAG tracts, but not with mean FA in dmPFC-PAG tracts. This suggests that
participants with lower structural integrity of dmPFC-PAG tracts showed greater up-regulation
magnitude, and participants with lower structural integrity of vmPFC-PAG showed higher downregulation magnitude. This is surprising and contrary to our hypothesis. We would have expected
higher structural integrity to be associated with higher regulation magnitudes.
Kucyi et al. (Kucyi et al., 2013) found that participants with higher white matter integrity
in mPFC-PAG reported to attend away from pain more frequently, and higher integrity in dlPFCPAG was associated with higher placebo analgesia. When analgesia was induced by
neuromodulation of the dlPFC, participants with a higher structural connectivity between dlPFC
and thalamus showed the greatest pain relief (Lin et al., 2017). All those studies were conducted
in adults. It is possible that a different pattern regarding white matter integrity is observed. In line
with our findings, Treit and colleagues (2014) found that lower structural integrity between
prefrontal regions and the corpus callosum was associated with better performance in an
inhibitory control task during adolescence. Regarding the non-significant results, future studies
with higher power, e.g. more participants, are necessary to confirm the found relationships. It
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would furthermore be interesting to include children and adults in the study, to understand the
developmental trajectory of structural integrity in those pathways.
Interestingly we found that up regulation and down regulation magnitude was associated
with different brain pathways. Down-regulation magnitude was associated with mean FA in
vmPFC-PAG, whereas up-regulation magnitude was associated with mean FA in dmPFC-PAG.
Activity in the vmPFC is associated with the reappraisal and regulation of negative emotions
(Jason T. Buhle et al., 2014; Diekhof et al., 2011; Hiser & Koenigs, 2018), and expectations for
pain relief (Wager et al., 2011; Wager & Atlas, 2015). Furthermore, the influence of selfregulation on pain rating has been mediated by directed connectivity between NAc and vmPFC
(Woo et al., 2015). Because the NAc and vmPFC are well established to be associated with
reward and motivation, this suggests that downregulation might be associated with regulating the
motivational-affective component, e.g. negative affect, of pain.
The dmPFC is activated during threat appraisal, such as catastrophizing and worrying
(Kalisch & Gerlicher, 2014), introspection of painful scenes (Schienle et al., 2014) and
modulation of context specific pain-related information (Che et al., 2019). In chronic pain mouse
models, optogenetic activation of the pathway between dmPFC and PAG resulted in analgesia
(Yin et al., 2020), suggesting that the connection between those regions is important for pain
modulation.
In chronic pain, sex differences were found regarding the use of coping strategies. While
females reported to rely on social support, positivity and emotion-focused avoidance, males
reported to engage more in distraction (Keogh & Eccleston, 2006). Future studies should include
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more males to investigate sex and gender differences in the modulation of laboratory induced
acute pain.

Limitations and Future Studies
In our study we found small to moderate correlations between white matter tracts and
self-regulation magnitude, which however did not reach significance. This is likely due to
insufficient power in response to the exclusion of participants. Future studies, with more
participants, are necessary to confirm our findings. It would be furthermore interesting to analyze
the data by using a probabilistic tractography approach, as this method might be more suitable
for our small and non-dominant tracts of interest (Hadjipavlou et al., 2006).
We also did not include other age groups in our study, however we were able to draw
comparisons with results from a previous study with adults. In order to make conclusions about
the developmental trajectory of pain regulation, the inclusion of both children and adults would
be necessary. It would also be possible to conduct a longitudinal study, investigating the
magnitude of conditioning and self-regulation over the span of multiple years. Furthermore, it
would be interesting to assess pubertal status, as it was shown to be a better predictor of pain
disorders than age (LeResche et al., 2005).
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Chapter 4: Social Exclusion
4.1

Brief Introduction
Negative social experiences, such as being rejected or excluded can lead to negative

mood (Giesen & Echterhoff, 2018; Rajchert et al., 2017) as well as dishonest and aggressive
behavior (K. T. Poon et al., 2013; Rajchert et al., 2017; Ren et al., 2018). As described in chapter
1.2.4 the negative consequences of social rejection can be mediated by several cognitive
processes, such by framing social exclusion as an opportunity to grow (K.-T. Poon & Chen,
2016). It remains however unclear whether these mindset manipulations can influence brain
correlates associated with social rejection. In previous studies ERP P3 and LPP component
amplitude and EEG theta power changes have been associated with social rejection (Crowley et
al., 2010; Gutz et al., 2011; Themanson et al., 2013; van Noordt et al., 2015). However, in those
studies it is difficult to distinguish whether these ERP/EEG components are associated with the
negative experience per se, or reflect the processing of salient self-related information
independent of its valence.
In this EEG study we therefore utilized a task, which allows to tease apart brain processes
associated with the valence of social feedback (positive (acceptance) or negative (rejection)) and
self-saliency, when feedback was directed toward oneself or another (virtual) participant. In the
CIT, participants were told that they would interact in video chats with strangers. Participants
were then asked to decide whether they would like to talk to a specific person and would then get
feedback regarding whether they (self) or someone else (other) was chosen (accept) or rejected
(reject). After identifying the brain components specific to negative self-related social feedback,
we then investigate whether these components can be influenced by a mindset manipulation.
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Hypothesis 1: We hypothesize that experiencing rejection would be associated with more
negative mood compared to experiencing acceptance or observing the rejection of another
person.
Hypothesis 2: We also hypothesized that processing positive vs. negative social feedback
would be associated with differences in P3 and LPP ERP component amplitudes and theta
power, and that there would be an interaction between feedback valence and whether the
feedback was directed to oneself or another.
Hypothesis 3: We hypothesize that the induction of a “social rejection as an opportunity
to grow”-mindset will lead to less negative mood. We also hypothesize that this effect will be
mediated by reduced brain activity in brain components associated with self rejection.

4.2
4.2.1

Methods
Participants
We initially recruited n = 66 female students (18 to 30 years) at the University of British

Columbia between 18 and 30 years for this study. Exclusion criteria was the self-reported
presence of psychiatric disorder according to the DSM-IV manual and the use of medication that
can influence cognition or emotional processing, i.e. sleep medication, psychotropic medication,
antidepressants, anti-convulsant or opioids. N = 3 participants overall had to be excluded due to
technical difficulties during the study. For the ERP analysis n = 6 and for the time frequency
analysis n = 8 additional participants were excluded due noise in the EEG recordings (if > 10%
of trials had to be rejected). We therefore included a total of n = 57 participants (mean age 22.14
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years, SD = 3.08) in the Global Field Potential (GFP) and ERP analysis and n = 55 (mean age
22.25 years) participants in the time frequency analysis. The study was approved by the
University of British Columbia Research Ethics Board and the BC Women´s Hospital Research
Review Committee. Written informed consent was obtained.

4.2.2

Procedure
Two participants were tested in the same room simultaneously, by completing the task

together. Each participant was equipped with a 64-channel geodesic electrode net (Philips
Neuro). First, we recorded 5 minutes resting-state EEG and then played the CIT while EEG was
recorded. Mood was measured during the CIT with the Positive and Negative Affect Schedule
(PANAS) (D. Watson et al., 1988). Afterwards participants were asked to fill out the
questionnaires. Participants were then debriefed about the true nature of the study. A transcript
can be found in Appendix C.1 The participants received $20 for their participation.

4.2.3

Mindset Manipulation
Based on material used in a study by Poon and Chen (2016), we created two distinct

videos on influence of social connections on well-being and success (for transcripts of videos see
Appendix C.2). Half of the participants learned about the negative effects of being excluded (loss
mindset) the other half learned about the benefits of being an outsider (gain mindset). A
multiple-choice questionnaire consisting of five questions was used to assess comprehension of
the video (see Appendix C.3). Participant pairs were randomly assigned to the mindset
manipulation so that an equal number of pairs were viewing the same mindset (loss-loss, gain-
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gain) or a different mindset (loss-gain). The assignment was conducted in this way for the
hyerscanning part of the project, which is not included in this dissertation.

4.2.4

Chatroom Interact Task
The (CIT - adapted from (Guyer et al., 2009; Kuo et al., 2017; Silk et al., 2012) was used

to induce social rejection. First, we took a headshot of the participants and asked them to state
their current occupation and one hobby to describe themselves. Participants were then told that
they would interact in video chats with students form three different universities and they would
need to choose their most preferred or least preferred conversation partner for a range of topics in
the first part of the study. For the other players we created a set of pictures or females within the
same age range and a similar proportion of ethnical backgrounds (Caucasian, Chinese or East
Asian, and Indian). Before each block each collocutor was introduced to the participants, with a
headshot and a short description. Each block consisted of a decision phase and a feedback phase.
In the rejection block, participants were asked to pick the person they least preferred to talk to. In
the acceptance block, participants were asked to pick the person they most preferred to talk to. In
the decision phase of the task we displayed the pictures of four players, the picture of oneself, the
peer (other participant in the same room) and two strangers from other (virtual) labs. Participants
were asked to press a button to indicate their decision. Participants were not able to select
themselves. Afterwards they were told that the computer would then analyse all the responses.
During the feedback phase, the computer displayed which person was rated as most preferred
(accept) or least preferred (reject). Unbeknownst to the participant, the computer randomly
picked a person to be rated as most or least preferred. The condition Feedback (Acceptance vs.
Rejection) was presented in blocks, including three Acceptance and three Rejection blocks. The
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order of the blocks was randomized across participant pairs. Each block consisted of 30 trials,
the included or excluded Person (Self, Other (Peer or Stranger)) was randomized and varied for
each trial. Each person was excluded with the same likelihood. Participant’s mood was measured
once in each block, timing, and condition (Self or Other) was randomized across participants.
Participant’s mood was measured once in each block, timing and condition (Self or Other) was
randomized across participants. In order to keep participants privacy, the computer task was
paused, and participants filled out a paper pencil version of the PANAS. After the study
participants were debriefed about the nature of the study and asked to fill out a revised consent
form. The study design is visualized in Figure 4.1.
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Figure 4.1 Study Design Study 3
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4.2.5

Questionnaires
Both state and trait anxiety was measured with the State Trait Anxiety Questionnaire

(STAI) (Charles D. Spielberger, 2010) with a range of possible scores from 20 to 80 for each
scale. Cronbach´s alpha was α = 0.93 for both scales for our sample. Depressive symptoms was
measured with the Center for Epidemiologic Studies - Depression Scale (CES-D) (Radloff,
1977), with a range of possible scores from 0 to 60. Cronbach´s alpha was α = 0.87 for our
sample. Empathy with Toronto Empathy Questionnaire (TEQ) (Spreng et al., 2009), with a range
of possible scores from 32 to 64 and a Cronbach´s alpha of α = 0.84 for our sample and
personality traits with the Big-Five Inventory (BFI) (John et al., 1991), with a range of possible 8
to 40 for the neuroticism scale and a Cronbach´s alpha of α = 0.85 for our sample.

4.2.6

EEG Recording
EEG was collected at rest (5 minutes eyes-closed) and during the CIT. Two 64-channel

Hydrogel Geodesic SensorNets (EGI, Eugene, OR) and a Net Amps 300 amplifier was used, one
for each participant. Data was sampled at 500 Hz, with a central electrode reference (Cz). Scalp
electrode impedances were kept under 50 kΩ.

4.2.7
4.2.7.1

Analysis
Global Field Power and Event Related Potentials
The data was bandpass-filtered with the EEGlab´s basic fir filter and cut offs at 0.05 and

30Hz, as well as a notch filter of 60Hz. Bad channels were identified by using parts of the
FASTER script (H. Nolan et al., 2010) and then interpolated by the EEGlab built-in spherical
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interpolation method. Data was re-referenced to the average. Event-related epochs were
extracted for a time interval of -500 to 1500ms pre and post event, time-locked to the onset of
social feedback during the CIT task, and baseline corrected. Epochs with large paroxysmal
artifacts (e.g. body movement, muscle artifacts) were manually rejected. Independent
Component Analysis, with a reduced number of components (using a principal component
reduction to 32 or 16 components depending on the reduced rank of the individual data due to
channel rejection and interpolation) was used to identify and correct for regular artifacts such as
eye blinks and saccadic movements. For each condition (Self-Rejection, Self-Acceptance, Otherrejection, Other-acceptance), the epoched data was then averaged with the FieldTrip toolbox for
MEG/EEG analysis ((Oostenveld et al., 2011), Donders Institute for Brain, Cognition and
Behaviour, Radboud University, the Netherlands. see http://fieldtriptoolbox.org).
Event-related global field power (GFP) is defined as the global strength of the electric field
induced by a certain event. It was calculated in Matlab 2019a (The MathWorks Inc.®) by taking
the square root of the average potential difference of all electrodes according to Khanna et al.
(2015). Event-related potentials were calculated in FieldTrip (Oostenveld et al., 2011). We
extracted the mean amplitude in microvolt (μV) for each ROI time interval, condition, and
participant.

4.2.7.2

Time-frequency Analysis
The preprocessing pipeline to extract event-related power of a range of oscillatory

frequencies was similar to the event related potentials. However, the data was filtered from 0.05
to 50Hz and the time interval for the epoch was -1000 ms to 2000 ms. Time frequency analysis
was conducted in FieldTrip (Oostenveld et al., 2011). We used complex wavelets (‘mtmconvol’)
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and a Hanning taper (frequencies of interest 2 to 45 Hz with steps of 2Hz and a smoothing of 6
Hz) for the frequency decomposition, computed with a sliding time window of 500 ms. Data
was baseline corrected by subtracting the mean pre-event baseline from each post-event data
point.

4.2.7.3

Statistical Approach
Cluster permutation analysis on EEG data was done in FieldTrip (Oostenveld et al.,

2011). All other statistical tests were conducted using R, Version 3.6.1 (ezANOvA: Lawrence,
2016; R: R Core Team, 2019). FieldTrip (Oostenveld et al., 2011), Matlab 2019R (The
MathWorks Inc., 2019) and R (ggplot2: Wickham, 2016) were used to visualize data. For all
analysis, if sphericity assumption was violated, p-value was corrected (Greenhouse-Geisser for ε
< 0.75 and Huynd-Feldt for ε > 0.75).

4.2.7.3.1

Negative Affect

We compared the negative affective score of the PANAS using a 2x2 repeated measures
ANOVA, with the main effect Person (Self vs. Other) and the main effect Feedback (Acceptance
vs. Rejection), as well as the interaction between Person*Feedback. A significance level of p <
.05 was used, and if applicable, paired post-hoc tests corrected multiple comparison were
conducted. The effect size was computed using Cohen´s d (see, for example Pagano, 2013). To
investigate whether individuals’ mood, age and differences in personality traits (empathy,
neuroticism) were associated with differences in ERP (P3 and LPP) brain response, we
conducted two regression analyses.
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4.2.7.3.2

Global Field Power

We computed a 2x2x3 repeated measures ANOVA with Person (Self vs. Other) and
Feedback (Acceptance vs. Rejection) and Time (100-150ms, 150-200ms, 300-600ms) as withinsubject factors and GFP as the dependent variable. Time intervals were picked upon visual
inspection.

4.2.7.3.3

ERPs and Time Frequency Analysis

We conducted a non-parametric cluster permutation test (Maris & Oostenveld, 2007) to
analyze differences in ERPs and time frequency responses (TFRs) between conditions for
Feedback, Person, and Feedback*Person Interaction effects. This data-driven method provides a
feasible solution for the multiple comparison problem created by the large number of electrodes
and temporal data points. Significance of differences in experimental conditions is determined
based on spatiotemporal clusters using a permutation approach. A detailed report of the method
can be found in Maris and Oostenveld (2007). The method is identical for ERPs and TFRs, with
the exception that for the TFR analysis we defined two frequencies of interest a priori, and
calculated independent cluster permutation test for these frequencies of interest. In the first step
of the cluster permutation test a t-value for the effects of interest (e.g. Self vs. Other) for each
sample (each time point in each electrode) was caluclated. A time interval starting at stimulus
onset until 1000 ms after stimulus onset was used for the ERPs and a time interval starting at
stimulus onset until 1500ms after stimulus onset was used for the TFR analysis. All samples with
a t-value higher than a critical t-value, according to a two tailed-significance level of α = 0.05
were selected and clustered according to temporal and spatial adjacency, with a minimum of two
channels comprising each cluster. Spatial adjacency between electrodes was defined manually
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based on the position of the electrodes on the scalp (plotted in Appendix C.4). The maximum tvalue of the cluster was used as cluster t-value. With an iteration of n = 1000, the association
between each data set and condition was permutated, meaning that each data set was randomly
assigned to a condition and the t-statistic for the identified significant clusters was computed. If
the proportion of random partitions in which the cluster t-value was higher than the observed
cluster t-value was below 0.05, the null hypothesis was rejected and a significant difference
between the conditions in this cluster was reported.

4.3
4.3.1

Results
Negative Mood
Negative mood was measured with the PANAS during the CIT. In regards of participants

mood, we found a significant main effect for the factor Feedback (F(1,56) = 7.62, p =. 008, d =
.27), but no significant main effect for Person (F(1,56) = 0.37, p = .545) or the Feedback*Person
interaction (F(1,56) = 1.60, p = .212). Overall, participants reported more negative feelings in
the rejection condition (M = 12.86) compared to the acceptance condition (M = 12.15), as shown
in Figure 4.2.
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Figure 4.2 Negative Mood Associated with Social Rejection
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4.3.2

Global Field Power
The averaged GFP for each condition are plotted in Figure 4.3. There was a negative

deflection between 75ms and 125 ms and positive deflection between 150 and 200 ms and a
positive potential at 300 to 600 ms after feedback onset. We found a significant main effect for
Person (F(1,56) = 22.24, p < .001), Time (F(3,168) = 298.00, p < .001) and Person*Time
(F(3,168) = 41.82, p < .001). There was no effect for Feedback (F(1,56) = 0.742, p = .534),
Feedback*Person (F(1,56) = 0.564, p = .456), Feedback*Time (F(3,168) = 1.122, p = .80) or the
Feedback*Person*Time (F(3,168) = 1.089, p = .277). Due to the significant Person*Time
interaction we calculated multiple comparison corrected post hoc t-tests for the factor Person for
each time interval. This revealed significant higher global field power at 300 to 600 ms for Self
compared to Other (MDiff = 0.91, p < .001) condition, but not for the other time points (N1: MDiff
= 0.02, p = .780 and P1: MDiff = 0.08, p = .120). Significant difference between GFP in Self vs.
Other condition was furthermore visualized in Figure 4.3. Maps show that the difference in Self
vs. Other condition during 300 to 600ms is most pronounced over central electrodes.
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Figure 4.3 Global Field Power

4.3.3
4.3.3.1

Cluster Permutation Test on Event Related Potentials
Feedback: Rejection vs. Acceptance
The cluster permutation test revealed a significant difference between rejection and

acceptance in two distinct spatiotemporal electrode clusters, displayed in Figure 4.4. The
difference in voltage amplitude between Acceptance and Rejection was most pronounced from
100 ms to 200 ms in left parietal channels for the first cluster (p = .015) and from 300 to 400 ms
in frontal and right-central electrodes for the second cluster (p = .017). The color bar represents
differences in μV between rejection and acceptance. Red values indicate a higher voltage
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amplitude for Rejection compared to Acceptance, and blue values a higher amplitude for
Acceptance compared to Rejection.

Figure 4.4 Topographic Plots Associated with Social Feedback

We then extracted and averaged the ERPs for channels contributing to the first and second
cluster, which include time points and electrode scalp locations typically associated with P1 and
N1 for the first cluster (Figure 4.5), and P3 ERP components for the second cluster (Figure 4.6).
During the Acceptance condition participants showed a higher P1 and lower N1, and a lower P3
compared to the Rejection condition.
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Figure 4.5 ERP associated with Cluster 1

Figure 4.6 ERP associated with Cluster 2
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4.3.3.2

Person: Self vs. Other
The cluster permutation revealed a significant difference between Self and Other in one

cluster (p = .001), as shown in (shown in Figure 4.7). The difference between Self and Other was
most pronounced from 200 ms to 950 ms in central channels. Red values indicate a higher
voltage amplitude for Self compared to Other, and blue values a higher amplitude for Other
compared to Self. We then extracted and averaged the ERPs of channels contributing to this
cluster, suggesting that it represents a late positive potential (LPP; Figure 4.8).

Figure 4.7 Topographic plots associated with Self-relevant Information
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Figure 4.8 ERP associated with Self Relevant Information

Person*Feedback Interaction. The cluster permutation test did not reveal any significant
clusters for the Person*Feedback interaction, meaning that there was no significant cluster
varying by both the valence and whether the feedback was directed towards oneself or another
person. The topographies of the Person*Feedback interaction are plotted in Figure 4.9.
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Figure 4.9 Topographic Plots for Person*Feedback Interaction

4.3.3.3

Brain-Behavior Relationships
We conducted two regression analysis to investigate whether personality traits, mood or

age can predict the P3 or LPP cluster. As the P3 was an indicator for the Feedback, , we
extracted the mean amplitude for each participant from 300 to 400 ms for Self rejection and Self
Acceptance and averaged over the channels that formed the significant positive cluster (frontal,
and left central electrodes). We then calculated the mean amplitude difference between Self
Rejection and Self Acceptance. As predictors we included age (M = 22.94, SD= 3.07, range:18 29), negative affect during Self Rejection (M = 12.93, SD = 3.15, range: 10 -23), depression (M =
16.39, SD = 9.39, range: 0 - 45), anxiety (trait: M = 43.96, SD =11.38, range: 25-70; state: M =
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40.39, SD =11.08, range: 22-70) and neuroticism (M = 23.75, SD= 6.51, range: 8 - 38). As
neuroticism, anxiety and depression were correlated we calculated variance inflation factors for
our model. The variance inflation factor was below 3 for all factors (Depression = 2.04, Empathy
= 1.10, STAI = 2.84, Neuroticism = 1.97, age = 1.05, Mood = 1.14), indicating that all factors
can be added into one regression analysis. The correlation matrix is plotted in supplementary S2.
The overall regression model did not reach significance (F(6,49) = 0.680, p = .667, adj R²=-.04),
nor did any of the individual predictors (Age: standardized β = -.16, p = .255, Neuroticism:
standardized β = .00, p =.988 , Anxiety: standardized β =- .14, p =.552, Mood: standardized β =
.21, p =.164, Empathy: standardized β = .02, p =.610 ), indicating the mean amplitude of the P3
Differences was not predicted by individual differences in personality traits, mood or age.
As the LPP was an indicator for the contrast between Self and Other, we extracted the
mean amplitude difference between the condition Self and Other for each participant from 200 to
900 ms and averaged over the channels that formed a significant cluster (central electrodes). As
predictors we included age, differences of negative affect in Self vs. Other condition, empathy,
depression, anxiety and neuroticism. The regression model reached significance (F (6,49) = 3.10,
p = .012, adj R²=.19), explaining 19% of the variance in the LPP mean amplitude differences
between Self and Other. In this model, empathy (standardized β = -.29, p =.025) and neuroticism
(standardized β = -.41, p = .018) and age (standardized β = .28, p = .032) reached significance.
None of the other predictors reached significance (Depression: standardized β = -.06, p =.719,
Anxiety: standardized β = .18, p =.383, Mood: standardized β = .12, p = .336). Differences in the
mean amplitude of the LPP between Self and Other condition was predicted by empathy and
neuroticisms. Higher empathy and high neuroticism were associated with smaller differences in
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the mean amplitude of the LPP between Self and Other conditions. Significant correlations are
visualized in Figure 4.10.
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Figure 4.10 Personality Traits and LPP
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4.3.3.4

Cluster Permutation on Time Frequency Results
We selected theta (6Hz) and alpha (12Hz) as a priori frequencies of interest and tested

differences in Person, Feedback and the Person*Feedback interaction for a time range of
stimulus onset until 1500ms post stimulus.

4.3.3.4.1

Theta

The cluster-based permutation test of differences in theta power revealed a significant
difference between Acceptance and Rejection condition (p < 0.05). The difference was most
pronounced over left parietal sensors from 550ms to 700 ms, with higher theta desynchronization
in response to social Rejection compared to Acceptance, as presented in Figure 4.11. There was
also a significant difference between Self and Other (p < 0.05). The difference was most
pronounced over right parietal sensors from 700 to 900 ms, with higher theta desynchronization
in Self compared to the Other condition as shown in Figure 4.12. There was no significant
interaction between Person and Feedback related to theta power.
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Figure 4.11 Theta Power associated with Social Feedback

145

Figure 4.12 Theta Power associated with Self-related Information

4.3.3.4.2

Alpha

The cluster-based permutation test revealed a significant difference in alpha power
between Self and Other (p<0.05). The difference was most pronounced over left temporalparietal sensors from 1200 to 1500ms, with higher alpha desynchronization during the Self
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compared to Other condition. The difference between acceptance and rejection, as well as the
Person*Feedback interaction did not reveal significant differences. Cluster permutation results
and the time frequency plots are displayed in Figure 4.13.

Figure 4.13 Alpha Power associated with Self-related Information
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4.3.4

Mindset Manipulation
Two participants only answered 25% of the questions correctly and were therefore

excluded from the following analysis. The remaining 57 participants on average answered 75%
questions correctly. However, participants in the different mindset groups differed significantly
in the amount of correct answers, t(49) = 11.12, p < .001. Participants in the loss group answered
significantly less questions correctly compared to the gain group (Loss: M = 55.56; Gain: M =
93.75).

4.3.4.1

Mindset Manipulation and Negative Mood
There was no significant effect of the mindset manipulation on participants mood.

Participants in the gain mindset, compared to loss mindset, did not experience less negative
mood in response to Self-rejection (t(51) = 0.35, p = .730, MDiff = 0.27). There was also no
difference in negative mood between the two mindset groups when observing someone else
being excluded (t(51) = 0.22, p = .831, MDiff = 0.15). Results are visualized in Figure 4.14.
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Figure 4.14 Negative Mood associated with Mindset Manipulation

4.3.4.2

Mindset Manipulation and P3 Amplitude
In order to investigate whether mindset manipulations can influence brain components

associated with negative feedback, ERP P3 amplitude in electrodes that appeared to be
significant in the cluster permutation between rejection and acceptance condition were extracted.
Results showed that participants with a gain mindset compared to the loss mindset did not show
a difference in the P3 amplitude in response to Self-rejection in t(52) = 0.17, p = .869, MDiff =
0.096). Results are visualized in Figure 4.15.
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Figure 4.15 P3 Amplitude and Mindset Manipulation

4.4

Discussion
Distinct ERP components and brain oscillatory frequencies were associated with the

valence of social feedback (accepted vs. rejected) and whether it was directed towards oneself or
another person. Brain mechanisms associated with self-related information was associated with
empathy, neuroticism, and the age of the participants. Contrary to our hypothesis, the mindset
manipulation did not influence participants mood nor brain correlates of social feedback.
We used a cover story in which participants were told that they would interact in video
chats with strangers. During the actual task they, as well as two fictional (virtual) participants
and an unfamiliar peer in the room, had to pick a person out of four people on the screen they
would like or not like to talk to in the video chat. Afterwards participants received feedback as to
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whether they (self) or someone else (other) was chosen as most (Accept) or least (Reject)
preferred video chat partner.
Participants reported significantly more negative mood during the rejection compared to
the acceptance condition, regardless of who was receiving the feedback (Self vs. Other). The
difference between negative mood during Self-Rejection and Self-Acceptance did not reach
significance. Most participants showed more negative mood when they were rejected compared
to when they were accepted, however the difference was very small. It is possible that the
mindset manipulation was too subtle to induce strong differences on participants mood, or
change pre-existing beliefs about consequences of negative social feedback.
Distinct ERP components and brain oscillations were associated with the valence of the
social feedback and whether the feedback was directed towards oneself or another person. We
found two significant early spatiotemporal clusters differentiating electrical brain activity in
response to social rejection and social acceptance, independent of which person the feedback was
directed to. Based on timing and electrode location we identified these clusters as a P1-N1
complex as well as the P3 component. A higher P1 and lower N1 amplitude, as well as a lower
P3 amplitude was associated with social acceptance compared to social rejection. P1 and N1
ERP components are associated with attentional and sensory processing, with a higher amplitude
in both components reflecting enhanced attentional processing (Luck et al., 2000; Slagter et al.,
2016). Interestingly in our study feedback valence had opposing effects on P1 and N1, as the P1
was higher but the N1 was lower during social acceptance compared to rejection. This unusual
pattern was also found in a previous study, in which individuals with a high sensitivity to
rejection showed a larger P1 amplitude and a smaller N1 in response to gaze-averted faces in a
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dot probe task compared to individuals with low sensitivity to rejection (Ehrlich et al., 2015),
where the authors concluded that attentional allocation to gaze-averted faces depended on an
individual’s sensitivity to social rejection. Our P1-N1 complex results are suggesting that there
was a sensory gain effect (larger P1 amplitude) for acceptance feedback in general, but the lower
N1 amplitude may reflect a tendency to avoid attending to social feedback. There are some
potential caveats to this interpretation, however, in that our rejection and acceptance stimuli were
presented in different colours (red for rejection and green for acceptance), leaving open the
possibility that the P1-N1 complex results may reflect differences in stimulus properties (e.g. red
vs. green color of condition, crossed and uncrossed face) rather than the emotional valence of the
stimuli. When processing emotional words, co-occurring amplitude differences in P1 and N1
amplitudes have been associated with contrast and size of font, whereas the early posterior
negativity was linked to differences between emotional and neutral words (Schindler et al.,
2018). The N1 (or more specifically N170) is modulated by facial perception (Itier & Taylor,
2004; Rossion & Jacques, 2008). It might be possible that differences in this ERP component
between Rejection and Acceptance is due to crossed out vs. non-crossed out presentation of the
faces. The N170 is smaller when faces are masked or presented subliminally, which might
explain differences in our conditions (Navajas et al., 2013). Another interpretation could be that
the earlier P1 component may reflect differences in attentional allocation based on stimulus
properties, while the N1 reflects differences in attentional allocation based on feedback valence.
In that case, our findings would suggest heightened attention towards the green stimulus, and
heightened attention towards social rejection, which is line with the P3 results described below.
Future studies should address these different hypotheses by varying perceptual characteristics of
feedback cues and investigate how this would influence P1 and N1 amplitudes.
152

The second cluster showed that P3 amplitude was higher for social rejection compared to
acceptance. As reviewed in the introduction the direction of the P3 amplitude in response to
social rejection varies greatly due to study design and study parameters. Our results are therefore
in line with some previous EEG studies related to social rejection/exclusion (Gutz et al., 2011;
Leng et al., 2018; Premkumar et al., 2014; Themanson et al., 2013; Weschke & Niedeggen,
2016) and opposite to others (Kortink et al., 2018; Kuo et al., 2017; Themanson et al., 2013; van
der Veen et al., 2016, 2019). A higher P3 amplitude is associated with the saliency of stimuli and
represents the allocation of attentional resources to salient information relevant to the task
(Hajcak et al., 2010; Hajcak & Foti, 2020). A higher P3 is also associated with emotional stimuli,
which appear to have a higher saliency compared to neutral stimuli (Codispoti et al., 2006).
While an elevated P3 was previously understood as indicator of social distress (Crowley et al.,
2010; Kawamoto et al., 2013; Wang et al., 2017), we suggest that this component must be
interpreted in the context of the social rejection task. In our study, it appears that the negative
feedback of social rejection captured more attention than the positive feedback as reflected by a
higher P3. Whereas in other paradigms the rewarding positive feedback might be more
motivationally salient and therefore induce a higher P3. The brain sources of the P3 component
in our study remain speculative. However in a recent ERP study P3a components were localized
to frontal, parietal, and anterior cingulate areas, possibly associated with attention, whereas the
P3b was localized in parietal, temporal, and posterior cingulate areas associated with evaluative
processes (Kuo et al., 2017). In our study, the P3 amplitude was not influenced by any
personality traits or participant´s mood, in line with previous research (van der Veen et al.,
2016).
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Processing self-related feedback compared to feedback directed to someone else,
independent of the valence of the feedback, was revealed by a significant cluster, identified as
the LPP. The amplitude of the LPP was higher when the feedback was directed towards the
participant themselves compared to when it was directed to another player. The LPP has been
associated with the processing and regulation of emotional stimuli (T. A. Dennis & Hajcak,
2009; Schupp et al., 2006). In a study by Crowley et al. (Crowley et al., 2010) social exclusion
compared to a neutral condition (“not my turn”), induced a higher LPP amplitude, which was
associated with more negative mood. Interestingly in our study, the LPP seemed to be unaffected
by the valence of the feedback but is only modulated by who the feedback is targeted at. Fields
and Kuperberg (2012) showed a higher LPP when processing self-relevant compared to non-selfrelevant neutral sentences, but this effect was not present when sentences had a positive or
negative valence. In our study, a lower amplitude difference in LPP between Self and Other
conditions was predicted by higher empathy, higher neuroticism, and lower age, but not by
depression or negative mood. The more empathetic individuals were, the more similar the brain
response was in response to feedback directed toward themself or someone else. This supports
the idea that the variation in brain processes underlying neural representations of Self vs. Other
may be directly related to one’s ability to experience empathy. We also found that more neurotic
individuals and younger participants showed less distinction in LPP amplitude between selfrelated or other-related social feedback. Higher neuroticism has been previously linked to
increased social comparison and envy (Chow & Wan, 2017; Smith et al., 1999; Xiang et al.,
2016). Less distinction in LPP between Self and Other conditions found in our study for more
neurotic and younger individuals might be related to attentional processes associated with selfcomparison or evaluation of other people. In terms of the relationship between age and LPP
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differences, it was previously found that the self-concept undergoes tremendous developmental
changes from childhood to adulthood (Pfeifer & Peake, 2012). While we did not compare
children, adolescents, and adults directly, it is possible that the processing of self and other
related information is affected by brain and psychological development throughout youth and
adulthood.
In line with the ERP results, we found that different brain oscillatory frequencies were
associated with social rejection and processing self-related information. From the visual
inspection of our TFR plots, we observed an increase in theta and decrease in alpha power
following social feedback across all experimental conditions. We propose this represents a
switch from a global resting brain network state to integration of activity between local brain
regions associated with the task (Ribary et al., 2017, 2019). Looking more closely at differences
between conditions, social rejection compared to acceptance was associated with lower theta
power, most pronounced over right parietal electrodes in response to at 550 to 700ms, regardless
of whether the rejection was directed toward oneself or another person. When receiving feedback
about the self, compared to observing feedback about someone else, regardless of social
acceptance or rejection, we found lower theta power over left parietal electrodes at 700 to
900ms. Self-related feedback was also associated with lower alpha power in central-occipital
electrodes from 1200 to 1500ms. Our present study design and results may be tapping into
different brain sources of theta power than previous research showing greater theta power at
earlier time points over frontal electrodes in association with social rejection (Kortink et al.,
2018; Leitner et al., 2014; A. Tang et al., 2019; van der Molen et al., 2017; van der Veen et al.,
2014, 2016; van Noordt et al., 2015). In contrast to these previous studies, we used a data driven
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approach incorporating all electrodes and temporal samples to identify significant spatiotemporal
clusters that represent coherent oscillatory functional neural networks without making a priori
assumptions about the electrodes or time intervals in which these changes may be observed. We
suggest that theta power changes represent the integration of different brain regions associated
with the social valence of feedback (Accept vs. Reject) and the person receiving the feedback
(Self vs. Other). As we observed for differences between ERP amplitudes, the social-emotional
valence of the feedback was processed first, followed by integrating information regarding who
was receiving the feedback. Interestingly, lower theta was associated with social rejection and
processing self-related information, indicating reduced later large-scale cognitive processing.
Theta power associated with social rejection has been localized to the ACC (van der Molen et al.,
2017, 2018) and recorded intracranially in insula, ACC and fusiform face area (FFA) in response
to social exclusion (Cristofori et al., 2013). The ACC has been associated with numerous
cognitive processes such as physical pain, negative emotion, cognitive control, attention and
reward (Kragel et al., 2018; Wager et al., 2016) and differences between self and other related
feedback in an fMRI study (Perini et al., 2018).
In regards of the mindset manipulation, contrary to our hypotheses, we did not find
differences between the gain or loss mindset group in term of negative mood or the P3
amplitude. There are several possible explanations for non-significant effects. First, it might be
possible that our mindset manipulation was not successful in changing pre-existing beliefs about
social rejection. Our mindset intervention was based on a previous study by Poon and Chen
(2016). We used the same wording but implemented this text in a short video. In the original
study, both gain and loss mindset where perceived as equally convincing, and participants in the
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gain mindset showed less aggressive behavior after being excluded. While we did not assess how
convincing our mindset videos were, we did find differenced in the amount of correctly
answered questions in our manipulation check. Participants in the loss mindset, answered
significantly fewer questions correctly, which suggests that the loss mindset video was more
difficult to follow, or was not successful in overwriting pre-existing beliefs about mindsets.
Furthermore, the mindset intervention of Poon and Chen (2016) was presented after participants
had been excluded and might therefore help individuals to reappraise a past negative experience
but would not effect upcoming experiences. It might also be possible, that the mindset
intervention only reduced some of negative aspects of social rejection (e.g. aggressive behavior)
but not others (e.g. being hurt) or that the mindset intervention was too short to be effective. A
meta-analysis investigating the influence of mindset intervention on stress found that subjective
measures of stress were influenced by mindsets (Liu et al., 2019). The studies included in the
meta-analysis show large heterogeneity in their effect sizes, and when an outlier study was
excluded the subjective measures only differed on trend-level significance. Objective stress
measures were unaffected by the mindset interventions. Similarly, a recent meta-analysis has
shown that growth mindset interventions only had a weak influence of academic performance
(Sisk et al., 2018).

Limitations and Future Studies
We did not find a significant difference in participants mood between Self-Rejection and
Self-Acceptance, neither did our interaction terms reach significance. This might be due to a lack
of power. It is however also possible that the mindset manipulation was too subtle. Nevertheless,
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participants reported significantly more negative mood during the rejection compared to the
acceptance condition, regardless of who was receiving the feedback (Self vs. Other). Future
studies should either enhance power or the mindset manipulation. For example, it might be
helpful to ask participants to create a short video of themselves, instead of just using two
sentences to describe themselves.
Regarding the P1-N1 complex, it would be necessary to investigate whether differences
in Rejection and Acceptance condition are due to differences of stimulus properties (e.g. green
vs. red or crossed vs. crossed-out face). Future studies could use words instead of colored circles.
Furthermore, our study was designed as hyperscanning study testing two participants
simultaneously in the same room. Having another person in the room, while receiving social
feedback, might have influenced our results. It is possible, that the effect between Self and Other
feedback, is only apparent in this setting. Future studies should include a condition where
participants are by themselves watching someone else (e.g. a stranger or a familiar person) being
excluded.

Conclusions. Negative social experiences are common in the daily life of young adults.
While both fMRI and EEG studies show that saliency and expectations can modulate brain
processes associated with social exclusion, only one fMRI study addressed the role of selfrelated information processing during social exclusion. In this study we used EEG and found that
distinct ERP components and brain oscillations are associated with the valence of social
feedback (P1, N1 and P3; left parietal-occipital theta) as well as whether the feedback was
directed to oneself or another person (LPP, right parietal-occipital theta and occipital alpha).
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Individual differences in empathy and neuroticism were associated with variation in brain
processes underlying neural representations of Self vs. Other. When interpreting brain
mechanisms associated with social rejection, it is important to investigate the role of processing
self-related information. Understanding the brain mechanisms associated with feedback about
oneself and feedback related to another person has gained importance due to the rise of social
media platforms Adolescence´s depressive mood was predicted by higher need to compare
oneself with others in social media, but not by the frequency of social media use (Nesi &
Prinstein, 2015). Understanding individual differences in processing self- and other-related
feedback will therefore be an important step to identify why some individuals are more
negatively affect by social media than others (Chow & Wan, 2017; Rounsefell et al., 2020; K. B.
Wright et al., 2013).
Our mindset intervention did not affect participants mood or brain components associated
with social rejection. A caveat of this study was that there is a significant difference in
participants correct responses between the mindset groups. Future studies should address this
issue, by ensuring that both videos are equally convincing, assess pre-existing beliefs about
social rejection and test whether these pre-existing beliefs were actually changed by the mindset
intervention.
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Chapter 5: Discussion
5.1

Overview of Findings
This dissertation examined different cognitive processes associated with the contextual

modulation of physical and social pain and its underlying neural correlates in youth and young
adults. Acute pain and social distress are among the most common and debilitating issues
experienced during adolescence and young adulthood. Physical and social pain are negative
salient experiences, and their modulation is associated with prefrontal brain areas and their
connectivity to the limbic system (Ashar et al., 2017; Wang et al., 2017). During adolescence the
brain undergoes crucial changes in prefrontal-limbic circuits (Lamblin et al., 2017; C. Sebastian
et al., 2010; Tottenham & Galván, 2016). It is unclear how these developmental changes can
influence the ability to regulate physical and social pain. To address this question this
dissertation utilized different cognitive processes, such as conditioning, guided self-regulation
and a mindset manipulation approach, to study the modulation of physical and social pain.

5.1.1

Physical Pain: Conditioning
We conducted three distinct but related studies to investigate the influence of

conditioning on thermal discomfort in youth. In all three studies we found a significant
conditioning effect, meaning conditioned cues can modulate thermal perception in adolescence.
The size of this effect however varied among studies, as well as the significance of placebo and
nocebo effects. More engaging and personalized cues lead to significant placebo and nocebo
effects and enhanced the effect size of the conditioning effect. Effect sizes were also lower for
youth compared to adults (Study 1a compared to original study by Jensen and colleagues(2012);
Study 1c comparing youth and adults directly). Previous studies investigating conditioned
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placebo analgesia showed conflicting results. While Gniß and colleagues (2020)did not find
significant placebo effects in youth but in children, the placebo analgesia in Wrobel and
colleagues (2015) study did not differ between youth/children and adults. Successful
conditioning requires integrating conditioned and unconditioned stimuli, as well as establishing a
predictive mental model to create a strong expected contingency between them. In both studies
by Gniß et al. (2020) and Wrobel et al. (2015) explicitly instructed participants about the
association between the conditioned cue and pain relief and reinforced this expectation by
conditioning a placebo analgesic cream with lower temperature thermal stimulation and thus
lower experienced pain. Our studies suggest that longer cue duration and more explicit cuestimulus associations result in stronger placebo effects.
In two out of the three studies we found a significant association between trait anxiety
and the conditioning effect (Study 1a) and the nocebo effect (Study 1b). This is in line with
previous studies in adults, showing that stronger nocebo effects could be induced in high
compared to low anxiety individuals (Staats et al., 2001), where anxiety might moderate nocebo
effects due to a shift of attention, rather then a shift in arousal/stress levels (Colloca & Benedetti,
2007). Furthermore, hope was negatively correlated with the magnitude of the nocebo effect,
suggesting that positive personality traits might influence pain perception by engaging
constructive thinking styles and counteract pain catastrophizing (Pulvers & Hood, 2013).

5.1.2

Physical Pain: Self-Regulation
Participants successfully down and up regulated thermal sensation. Most participants

reported that down regulation was easier than up regulation. The magnitude of down regulation
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was associated with self-reported self-regulation ability but not with self-reported attention
regulation ability, while this was opposite for the magnitude of up regulation. Distinct patterns
regarding white matter tracts were found for down and up regulation. There was a small
negative, albeit non-significant, association between down-regulation magnitude mean FA in
vmPFC-PAG tracts, but not with mean FA in dmPFC-PAG tracts. There was a moderate
negative, albeit non-significant, association between up-regulation mean FA in dmPFC-PAG
tracts, but not with mean FA in dmPFC-PAG tracts.

5.1.3

Social Pain: Mindset Manipulation
We investigated whether a mindset manipulation would influence negative mood and

brain dynamics associated with negative social feedback and self-relevant information. Negative
social feedback was associated with early ERP components, lower P1 and higher N1 as well as
higher P3 and higher parietal theta desynchronization. Processing self-related information was
associated with higher LPP and higher right parietal theta desynchronization and higher left
parietal alpha desynchronization. The mindset manipulation neither influenced participants
mood, nor brain components associated with negative social feedback. This was surprising as
mindset manipulations have been previously found to be effective in influence a series of
different processes such as weight loss (Crum & Langer, 2007), subjective satiety (Crum et al.,
2011), the release of anabolic hormones in a stressful situation (Crum et al., 2017) and EEG
components associated with awareness and attention to mistakes (Tirri & Kujala, 2016). Our
mindset intervention was adapted from Poon and Chen (2016), who found a significant decrease
of aggressive behavior after social exclusion when participants were informed about the positive
aspects of being excluded. It might be possible, that the mindset intervention only reduces past
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experiences or specific negative aspects (e.g. aggression but not negative mood) of social
rejection as shown by Poon & Chen (2016) or that the mindset intervention was too short to be
effective. It is also possible that pre-existing believes of social exclusion were too strong to be
modified by our short video. A meta-analysis investigating the influence of mindset intervention
on stress found that subjective measures of stress were influenced by mindsets (Liu et al., 2019).
The studies included in the meta-analysis show large heterogeneity in their effect sizes, and
when an outlier study was excluded the subjective measures only differed on trend-level
significance. Objective stress measures were unaffected by the mindset interventions. Similarly,
a recent meta-analysis has shown that growth mindset interventions only had a weak influence of
academic performance (Sisk et al., 2018).

5.2

Strengths and Limitations
Modulation of physical and social pain has been primarily studied in adults. In this

dissertation we investigated cognitive and brain correlates in the context of mediating physical
and social pain in adolescents and young adults. We utilized a conditioning paradigm and guided
self-regulation, which have been previously shown to be effective in modulating physical pain in
adults in an adolescent sample. A major strength of this study was the conduction of four distinct
but related studies to investigate thermal regulation in youth. In the first three studies we
subsequently modified our study design, to understand how different cues can enhance
conditioning effects. In the last study we furthermore compared results directly with an adult
subsample. Afterwards we conducted another study investigating the self-regulation ability in
youth. Utilizing two different cognitive processes, conditioning, and self-regulation, gives a
more holistic understanding of thermal modulation in adolescents. We furthermore added
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diffusion tensor imaging in the self-regulation study shed light to underlying brain structures
associated with self-regulation magnitude.
Based on Sullivan & Feinn (2012) we reported both p-value and effect size to interpret
our data. While the p-value is estimating the probability of an observed effect to be due to
chance, the effect size on the other hand estimates how large the observed effect is, e.g. how
large the difference between conditions or groups might be (Sullivan & Feinn, 2012). One of the
caveats of both p-value and effect size is that they are influenced by sample size. With a very
large sample size, p-values get significant even if the size of the observed effect size is negligible
(e.g. very small difference in discomfort between conditions or groups) (Sullivan & Feinn,
2012). Effect sizes on the other hand get inflated in small samples (Cremers et al., 2017; Marek
et al., 2020; Schönbrodt & Perugini, 2013). For example Schönbrodt & Perugini (2013) used a
Monte-Carlo approach on simulated data sets to estimate at which sample size a correlation will
stabilize, e.g. sample size at which observed correlation coefficient is close to true population
coefficient. The results show that a sample size of n = 250 is needed for a stable estimate of
correlation coefficients. Thus, the effect sizes and correlations in our studies need to be
interpreted in light of a lack of power as well as a possible magnitude inflation.
Another limitation of our study is that we only included adults in one of our studies. In
order to make conclusions about the developmental trajectory of pain regulation, the inclusion of
both children and adults would be necessary. It would also be possible to conduct a longitudinal
study, investigating the magnitude of conditioning and self-regulation over the span of multiple
years. Furthermore, it would be interesting to assess pubertal status, as it was shown to be a
better predictor of pain disorders than age (LeResche et al., 2005).
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Another limitation of our studies is the use of thermal discomfort rather than pain due to
ethical reasons. It may be possible that both conditioning as well as self-regulation would
modulate pain differently than thermal discomfort. Casey et al. (1996) found that noxious and
non-noxious thermal sensations show distinct brain responses. Interestingly, the medial
prefrontal cortex was increased for higher temperature compared to lower temperature, but the
activity did not differ when comparing noxious and non-noxious thermal stimuli. In a more
recent study, it was shown that cortical and subcortical brain regions associated with the
processing of painful and aversive, but non-painful stimuli are overlapping, suggesting a shared
“aversion-related” brain network (Hayes & Northoff, 2012). Interestingly, it has been shown that
it is more difficult to differentiate different levels of non-noxious thermal sensations, then
different levels of noxious thermal sensations (Handwerker et al., 1982). It may be possible that
smaller effects of pain modulation in adolescence are specific to thermal sensations and cannot
be generalized to pain. Future studies could implement a variation of our study design
investigating pain, for example by using the cold pressure task, which has been shown to be
feasible in children and adolescents (Birnie et al., 2011).
Another limitation is the use of subjective ratings of thermal discomfort, which can be
influenced by demand effects. While demand effects were carefully considered by using a post
questionnaire asking participants about the purpose of the study, they can not be ruled out
entirely. In study 1 c) we therefore include a question about how many different levels of
temperatures participants thought we had used in the study. Only two out of 47 participants
correctly identified the use of 3 levels of temperatures, suggesting that participants perceived the
temperature as different when paired with a conditioned cue. Participants furthermore had
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variance in their discomfort rating from trial to trial, suggesting that they did not rate by memory.
It would be however interesting to add other more objective measurements such as facial
expression, brain imaging tools like functional MRI or EEG, skin conductance or heart rate.
For the social exclusion study, it would be interesting to add an adolescent sample to
understand whether development of certain brain areas influence the perception as well as the
modulation of negative mood associated with negative social feedback. It is furthermore
necessary to implement a different approach to modulate participants mood during social
exclusion, as our mindset manipulation was not effective.

5.3

Implications
The longer-term goal of this research is to harness learning mechanisms, self-regulation

and mindsets to improve the effectiveness of treating physical and social pain children and
youth. For example, Sandler and colleagues (2010) were able to halve the intake of AttentionDeficit-Hyperactivty-Disorder (ADHD) medication when inducing a conditioned placebo pill. In
their study, participants were randomized to either take the full dose for two months, take the full
for a month and then half of the dose for a month, or the full dose plus a placebo pill for a month
and half of the dose with a placebo pill for another month. Participants in both full dose and half
dose plus placebo showed less symptoms compared to half-dose control, with no difference
between full dose and half dose plus placebo. A similar study design could be used regarding
acute or chronic pain. Based on our studies conditioning effects could be enhanced by using
emotional and personalized conditioning cues. Instead of using placebo pills, it would be
possible to include rituals for the medication intake, such as thinking about a situation in which
166

individuals had overcome a difficult situation or recalling a positive autobiographical event or
even guiding individuals to reappraise painful sensations.
In terms of social pain, the mindset manipulation we used was not successful in changing
participants negative mood. Further studies are necessary to determine appropriate mindset
interventions or other strategies to decrease negative effects of social exclusion.

5.4

Conclusion
Physical pain can be modulated by conditioning and self-regulation in youth, the effects

however are smaller compared to adults. Conditioning effects were enhanced by using more
engaging and personalized cues. The magnitude of self-regulation was associated with structural
integrity in pain modulation pathways. Regarding social pain we found distinct brain dynamics
associated with the evaluation of negative feedback and self-related information. Neither brain
dynamics nor negative mood was influenced by a mindset manipulation.
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Appendix
Appendix A
A.1

Post Study Questions for Thermal Conditioning Self-Efficacy Study

Now that we are done with the study, I would like to ask you a few questions about the study.
1.) I want you to take a moment, and then tell me what you think our study tested. (Leave them
for a bit and than ask). What do you think the study tested?
1.a) IF they have an idea, ask: How do you think we tried to measure this?
2.) Did you perceive any patterns in the order of warm sensations that you received on your
forearm?
2.a) IF no idea of temperature: Did you perceive any patterns regarding the intensity of
temperature that you received on your forearm?
2.b) IF no idea of timing: Did you perceive any patterns regarding the timing of the warm
sensations on your forearm?
3.) Did you perceive any patterns in the order of the sentences that you saw on the monitor (more
specific when we decided what to use)?
4.) Did you get the feeling that different sentences meant different things?
4.a) IF YES: What did you notice about the different sentences?
5.) Did you perceive any relationship between the sentences and the warm sensations on your
forearm?
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A.2

Post Study Questions for Thermal Conditioning Fribbles Study

Age: _______________________
Sex: ___________________________
Now that we are done with the study, I would like to ask you a few questions about the study.
1.) What do you think the study tested?
1.a) IF they have an idea, ask: How do you think we tried to measure this?
2.) Did you perceive any patterns in the order of warm sensations that you received on your
forearm?
2.a) IF no idea of temperature: Did you perceive any patterns regarding the intensity of
temperature that you received on your forearm?
2.b) IF no idea of timing: Did you perceive any patterns regarding the timing of the warm
sensations on your forearm?
3.) Did you perceive any patterns in the order of the object that you saw on the monitor (more
specific when we decided what to use)?
4.) Did you get the feeling that different objects meant different things?
4.a) IF YES: What did you notice about the different objects?
5.) Did you perceive any relationship between the objects and the warm sensations on your
forearm?
6. For this study we used different levels of temperatures repeatedly and paired them with the
objects on the screen. How many different levels of temperatures do you think we used in the
study?
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A.3

Additional Analysis Study 1c Fribbles

Mean
Adult: M = 35.26
Youth: M = 32.84

Statistic
t(45) = -0.63, p = .537

Conditioning phase
low heat

Adult: M = 6.00
Youth: M = 5.22

t(45) = -0.93, p = .357

Conditioning phase
high heat

Adult: M = 6.89
Youth: M = 7.22

t(45) = -0.39, p = .695

Testing phase
moderate heat with low cue

Adult: M = 6.54
Youth: M = 6.58

t(45) = -0.04, p = .966

Testing phase
moderate heat with moderate cue

Adult: M = 7.06
Youth: M = 6.23

t(45) = 0.93, p = .358

Testing phase
moderate heat with moderate cue

Adult: M = 7.07
Youth: M = 6.53

t(45) = 0.63, p = .529

Discomfort Range

Standard deviation of discomfort in

Note: Discomfort range is defined as rated discomfort of high heat minus rated discomfort of low
heat stimulus during conditioning. The standard deviation was calculated based on trial
differences in discomfort rating for each phase and temperature level or cue separately. The pvalues are uncorrected for multiple comparison.
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Appendix B
B.1

Post Study Questions for Self-Regulation Study

Age: _______________________
Sex: ___________________________

Now that we are done with the study, I would like to ask you a few questions about the study.
1.) I want you to take a moment, and then tell me what you think our study tested. (Leave them
for a bit and than ask). What do you think the study tested?

1.a) IF they have an idea, ask: How do you think we tried to measure this?

2.) Were you able to regulate the temperatures?
o
o
o
o

Not at all
Somewhat
Moderately so
Very much so

3.) What was easier, regulating up, regulating down? Both equally easy?
o Up
o Done
o None
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Appendix C
C.1

Debriefing

At the beginning of the experiment we told you, that we have six other people playing the game
with you. In reality it was only you two who were playing the game. Therefore, there will be no
video chats for this study.
Furthermore, we did not tell that the study was done to investigate social exclusion. When people
are excluded, they usually feel sad and angry. Research has shown that these negative effects can
be changed by influencing the mindset of a participant. The information that you received at the
beginning of the study was provided in order to induce a specific mindset. This information may
not have been in line with actual research findings. In one of the mindsets we pointed out how
important social contacts are; in the other one we focused on the benefits of being an outsider.
Our study investigated if these mindsets can influence how individuals experience social
exclusion. The game that you were playing was designed to experience social exclusion and
inclusion. The feedback that was given to you on who was MOST or LEAST preferred for the
video chat was preprogrammed. That means none of the ratings were done by real people. The
computer randomly picked a person for each run. And every player was excluded with the same
frequency. We did not reveal these things to you prior to the experiment because this would have
influenced your experience, and feelings related to social exclusion. In order to understand the
brain mechanisms related to social exclusion we wanted the experiment to be as realistic as
possible. We did not see any other possibility to ensure that than using this cover story. If you
still feel uncomfortable about the exclusion that you experienced during the game you played
earlier, please let us know. We are happy to talk to you confidentially after the experiment.
If you ever experience social exclusion or bullying at school or your work place, or know
someone else who is in that situation, there are institutions to support you. UBC has the “Equity
and Inclusion Office” on Campus. If you are not a student or staff at UBC, there is also the
Vancouver Costal mental health service. Please feel free to reach out to us after the experiment
in person or send us an email if you would like to get more information on these institutions. If
you reach out to us, we will keep that confidential.
As none of the information about the social exclusion part of the study, was stated in the consent
form we will now give you a second consent form. You will be asked to indicate, if you still
consent to participate in the study, as well as the genotyping part.
Each of you will be accompanied by one of us to another room, so that you do not have to share
your decision with the other player. We will also be able to answer any more questions that you
have regarding the study.
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C.2

Mindset Manipulation: Video Transcripts

Social exclusion as gain:
Who needs friends? The road to the top is one best traveled alone
James Brampton (Social Psychologist at Stanford University)
A recent meta-analysis combined and analyzed data from 173 experimental studies over the last
10 years and revealed several factors that can predict life success. One factor deals with how
people interact with others as teenagers and young adults. People who had few social
interactions during their high school and university years are three times more likely to be
successful in their future careers, have higher income jobs, and experience higher levels of
happiness than their popular counter parts. In contrast, people who have too many social
connections during these crucial adolescent years are 30% more likely to develop substance
addictions such as alcoholism or drug addiction. They are also significantly less likely to ever
reach the same levels of career success and happiness as their less popular counterparts.
So are we to be surprised by these results? Certainly not! While in Stone Age times, our
ancestors may have needed to depend on each other for basic survival needs such as food and
shelter, nowadays we have evolved beyond such dependencies into a more autonomous people.
In fact it can be argued that we have evolved so much that too many social connections may act
as a serious obstacle to personal achievement. Research has documented the positive effects
which independence can bring about. From allowing people more autonomy and freedom to do
and act as they desire; to affording people more time to plan for both their present and their
future; to allowing people to save their money rather than waste it on unnecessary social events;
these benefits are innumerable.
Top European entrepreneur, Bill Cullen, talks of the importance of autonomy in getting to his
level of success. “When I was back in school I was always more interested in school work than
hanging out with my peers. Besides, I never got the impression that they were that interested in
hanging out with me anyway. While at the time, feeling isolated from the other kids in school
and university got me down, I honestly don’t think I could have got to where I am today if I’d
spend my time and money socializing with them. When they were out clubbing at night and
hanging in the park during the day, I was sitting at home saving my money, studying, working
internships during the summer and planning for the future. All this gave me a serious advantage
over my peers when getting on at the bottom of the employment ladder.”

Social exclusion as loss:
Why do we need friends? The road to the top is best traveled with company
James Brampton (Social Psychologist at Stanford University)
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A recent meta-analysis combined and analyzed data from 173 experimental studies over the last
10 years and revealed several factors that can predict life success. One factor deals with how
people interact with others as teenagers and young adults. People who were popular during their
high school and university years are three times more likely to be successful in their future
careers, have higher income jobs, and experience higher levels of happiness than their unpopular
counterparts. In contrast, people who have too few social connections during these crucial
adolescent years are 30% more likely to develop substance addictions such as alcoholism or drug
addiction. They are also significantly less likely to ever reach the same levels of career success
and happiness as their more popular counterparts.
So are we to be surprised by these results? Certainly not! In Stone Age times, our ancestors had
needed to depend on each other for basic survival needs such as food and shelter. Our
dependency on each other continues to persist in the modern day, but in a more time relevant
fashion. It is argued that too few social connections may act as a serious obstacle to personal
achievement. Research has documented the negative effects isolation can bring about. From
suffering the pain of loneliness and isolation; to being disadvantaged academically by not being
able to co-operate and learn from peers; to losing out in the job market due to a lack of social
connections; these negative consequences are innumerable.
Top European entrepreneur, Bill Cullen, warns of the dangers of social exclusion. “When I
started off in the business world I quickly began to see how this industry worked. It’s just as
much about who know as it is about how good you are at your job. I could never have got to
where I am today if it wasn’t for the connections I made on the social scene along the way. I saw
myself getting promoted above people that were probably as good in their jobs as I was, just
because they weren’t as social as me……. But I guess that’s just the way it is in this business”.
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C.3

Multiple Choice Questions of Mindset Comprehension

1.According to the video, which factor predicts life success during teenage years?
a. Hard work
b. Popularity
c. Few social Interactions
d. Ambition
2.According to the meta-analysis, alcoholism is 30% more likely to be developed if you
a. Are good with interpersonal skills
b. Have too few friends in crucial years
c. Have too many friends crucial years
d. Are stressed out
3.Evidence from history for life success due to social interactions is dated back to
a. The Middle Ages (400-1400 years ago)
b. Stone Age (10,000 years ago)
c. Classical Greece (2000 years ago)
d. Modern Age (100 years ago to present)
4.According to research, too few social connections lead to
a. More autonomy
b. Disadvantages in the job market
c. More time to plan for future and for present
d. Not being able to grow social connections
e. B and D

5. Bill Collins attributes his success due to his
a. Family Support
b. Intelligence
c. Experience
d. Social Connections

Answer key (gain): B,B,B,E,D
Answer key (loss):C,C,D,E,B
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C.4

Head Model for Spatiotemporal Clustering

C.5

Correlation Matrix
Depression

Empathy

Anxiety

Empathy

r = -.25, p = .06

-

Anxiety

r = .71, p < .001

r = -.19, p = .163

-

Neuroticism

r = .51, p < .001

r = -.19, p = .154

r = .68, p < .001
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