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Abstract

This thesis investigates the neurophysiological and neuronal mechanisms underlying the processing
of different types of stress stimuli, focusing on the brain and body’s differential responses to highly
affective negative stimuli, processed more automatically versus context-dependent negative stimuli,
likely requiring greater cognitive control. Using a multimodal approach that integrates fMRI, heart
rate (HR), and respiratory patterns, this study explores the complex interplay between emotional and
cognitive processes in response to negative, stress-inducing stimuli. The stimuli were naturalistic

visual-text media content, representing daily stressors contributing to chronic ecological stress.

Stress research has evolved from Cannon’s foundational "fight or flight" response and Selye's General
Adaptation Syndrome to modern perspectives emphasising psychological factors and cognitive
appraisal in stress processing. Contemporary studies highlight the importance of brain regions such
as the amygdala, prefrontal cortex, anterior cingulate cortex, and insula in emotion regulation, threat
detection, and interoceptive awareness, linking psychological factors closely with neurobiological

mechanisms in stress responses.

Unexpectedly, the study’s neuroimaging results showed significant activation in the posterior
cingulate cortex, angular gyrus, fusiform gyrus, and visual association cortices rather than the
anticipated amygdala and prefrontal cortex. These results suggest that participants processed the
stressors more cognitively than emotionally, underscoring the critical roles of cognitive appraisal and
visual processing in stress perception. Physiological measures did not differ significantly across
stimulus types, prompting questions about the roles of individual differences, emotion regulation

strategies, and the ecological validity of laboratory-based stressors.

These findings challenge traditional views prioritising the amygdala and prefrontal cortex in stress
responses. They highlight the importance of cognitive evaluation, sensory processing, and individual
differences in stress research. The implications of this work extend to developing a more
comprehensive model of the stress process, which could lead to the development of personalized
stress management strategies and psychological interventions in the future. The study’s limitations,
including the controlled laboratory setting and uniform physiological responses, suggest that future
research should focus on more ecologically valid methodologies and a deeper exploration of the

interactions between brain regions and physiological systems during stress.

Keywords: stress, ecological validity, heart rate, respiratory rate, fMRI, cognitive control, posterior

cingulate cortex, visual association cortex



Abstrakt

Tato diplomova prace zkouma neurofyziologické a neuronalni mechanismy zpracovani riznych typa
stresovych podnétd, ptficemz se zaméfuje na rozdilné reakce mozku a téla na vysoce afektivni
negativni podnéty, které jsou zpracovavany vice automaticky, v porovnani se spiSe kontextove
zavislymi negativnimi podnéty, které pravdépodobné podléhaji vétsi kognitivni kontrole. Pouzitim
multimodalniho ptistupu, ktery zahrnuje fMRI, méfeni srdecniho tepu (HR) a respiracnich vzorct, se
studie snazila objasnit komplexni propojeni mezi emociondlnimi a kognitivnimi procesy pfii
zpracovani negativnich, mozna stres vyvoléavajicich podnét. Zejména studie vyuzila naturalistické
vizualné-textové podnéty prevzaté z médii, které byly diskutovany jako kazdodenni stresory

piispivajici k chronickému ekologickému stresu.

Historicky se vyzkum stresu vyvijel od zékladni prace Cannona o reakci "bojuj nebo utec" a Selyeho
obecného adaptacniho syndromu az po moderni pohledy zdiiraziiujici roli psychologickych faktort a
kognitivniho zhodnoceni pifi zpracovani stresu. Soucasny vyzkum dale zduraziluje vyznam
specifickych oblasti mozku, jako je amygdala, prefrontalni kortex, pfedni cingularni kortex a insula,
které zprosttedkovavaji tyto procesy. Tyto oblasti jsou kli¢ové pro regulaci emoci, detekci hrozeb a
interoceptivni uvédomeéni, coz zdiraziuje, jak jsou psychologické faktory a kognitivni zhodnoceni

uzce propojeny s neurobiologickymi mechanismy mozku pii stresové reakci.

Vysledky neurozobrazovani ve studii odhalily neo¢ekdvané vzorce aktivace mozku s vyznamnym
zapojenim zadniho cingularniho kortexu, anguldrniho gyru, fusiformniho gyru a vizudlnich
asociacnich kortext spiSe neZ ocekdvané amygdaly a prefrontalniho kortexu. To naznacuje, Ze
pouzité stresory mohly byt zpracovany spiSe kognitivné nez emocionaln¢, coz zdlraziuje roli
kognitivniho zhodnoceni a vizualniho zpracovani pifi vniméni stresu. Fyziologickd méfeni
neprokézala vyznamné rozdily mezi jednotlivymi typy podnéti, coZ vyvolava zasadni otazky tykajici

se vlivu individudlnich rozdilt, strategii regulace emoci a ekologické validity laboratornich stresord.

Tato zjiSténi piispivaji k pochopeni zpracovani stresu tim, Ze zpochybnuji tradicni pohledy, které
zdiiraznuji amygdalu a prefrontalni kortex jako hlavni oblasti zapojené do stresovych reakci. Studie
zdiiraznuje dileZitost zohlednéni kognitivniho hodnoceni, senzorického zpracovani a individualnich
rozdili pfi1 vyzkumu stresu. Implikace této prace se rozSifuji na vyvoj komplexnéjsiho modelu
stresového procesu, coz by v budoucnu mohlo vést k rozvoji personalizovanych strategii pro zvladani
stresu a psychologickych intervenci. Omezeni této studie, v¢etné kontrolovaného laboratorniho
prostfedi a jednotnych fyziologickych reakci, naznacuji, ze budouci vyzkum by se mél zaméfit na
metodologie s vyssi ekologickou validitou a hlubsi zkoumani interakci mezi mozkovymi oblastmi a

fyziologickymi systémy b&hem stresu.



Klicova slova: stres, ekologicka validita, srde¢ni frekvence, respiracni frekvence, fMRI, kognitivni

kontrola, zadni cingularni ktira, zrakova asocia¢ni ktira
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1. Introduction

The problem of stress and its impact on the human body and psyche is one of the central topics in
modern neuroscience and psychophysiology. Initially, stress reactions were considered solely a
physiological response to threats, such as the "fight or flight" response described by Walter Cannon
(Cannon, 1915). Later research in this area revealed that stress is a multilevel process involving
complex interactions between different brain structures and bodily systems. It is now known that
stress involves not only physiological aspects such as heart rate or cortisol levels but also complex

cognitive and emotional mechanisms that influence our perception and behaviour (von Dawans et al.,

2021).

In addition to understanding the general stress response, it is essential to distinguish between distress
and eustress. Distress refers to negative stress that can lead to anxiety, decreased performance, and
various health issues (Ridner, 2004). At the same time, eustress is a positive form of stress that can
enhance motivation, performance, and overall well-being (Fevre et al., 2003). Recognizing this
distinction is crucial as it highlights that not all stress is harmful; instead, the context and perception

of the stressor determine its impact.

Current stress research shows that the stress response involves the interaction of different brain
regions, such as the amygdala (LeDoux & Pine, 2016), prefrontal cortex (PFC) (Suzuki & Tanaka,
2021), anterior cingulate cortex (ACC) (Jhang et al., 2018) and insular lobe (Greco & Liberzon,
2016). These brain regions play key roles in emotion regulation, cognitive appraisal, and threat
perception. For example, activation of the amygdala is associated with processing emotionally intense
stimuli such as fear (LeDoux & Pine, 2016), whereas the PFC is involved in cognitive control and
emotion regulation (Suzuki & Tanaka, 2021). The anterior cingulate cortex ensures the integration of
cognitive and emotional processes (Silvestrini et al., 2020), while the insula is responsible for

perceiving bodily sensations and integrating them with emotional experiences (R. Zhang et al., 2024).

At the same time, physiological responses such as heart rate (HR) serve as key indicators of emotional
arousal and stress response. Increases in HR are often observed in response to stressful or emotionally
intense stimuli and are associated with sympathetic nervous system activity (Mason et al., 2018).
Research also shows that different types of stimuli, including high-affective negative stimuli and
cognitively controlled stimuli, can differentially affect the body's physiological and neural responses,
highlighting the importance of effective emotional regulation (Atilano-Barbosa et al., 2022; Ochsner
et al., 2004; Polo et al., 2024).



Most research attention has focused on traditional stressors such as physical pain or restraint (Livea
Dornela Godoy et al., 2018; J. Zhang et al., 2017). However, daily environmental stressors of modern
life, such as news media content, remain poorly understood. To remediate this gap, we decided to
study naturalistic and ecologically valid stimuli, namely stimuli taken from the Czech media. We
opted for stimuli with both visual and textual components because they reflect real-life situations,

which often include images and text, making them difficult to process.

Numerous studies and meta-analyses show that negative exposure to media, especially news, can
have a significant impact on mental health, causing anxiety, depression, and post-traumatic stress
disorder (PTSD) (Dick et al., 2021; DiMaggio & Galea, 2006; Holman et al., 2020; Thompson et al.,
2017). The continuous flow of information and the accompanying uncertainty contribute to anxiety
and provoke both adaptive and maladaptive stress management strategies (Koolhaas et al., 2011).
Individual differences, such as aversion to uncertainty and high levels of anxiety, can make a person

more vulnerable to the negative effects of media (Liekefett et al., 2023).

In addition, research shows that different types of stressors, such as real-life events, news coverage,
and visual stimuli, can elicit different stress responses (Polo et al., 2024). For example, real-life news
coverage that includes images of violence or suffering can evoke powerful moral emotions, such as

empathy or outrage, and activate specific neural and physiological responses (Soroka et al., 2019).

Thus, the present study aims to investigate specific neurophysiological and neuronal responses to

these ecologically valid stimuli. Several key questions arise:

e What are the key brain regions and physiological mechanisms involved in stress processing,
and how do they interact?

e What are the considerations in choosing methods for studying stress processing, and how do
different approaches complement each other?

e s there a difference in neural and physiological responses to different types of stimuli?

e How exactly do the combined visual and textual stimuli from the media affect emotional and
physiological responses?

e Are these responses subject to greater cognitive control than responses to other types of

stressors?

The present study will address these questions, aiming to fill existing gaps in knowledge about
responses to media stressors. We aim to elucidate how such stimuli affect the activation of different
brain regions and physiological systems and determine what factors may contribute to better cognitive

control and regulation of the stress response.



The study will employ advanced neuroimaging and physiological monitoring techniques to achieve
this goal. Specifically, we will use functional magnetic resonance imaging (fMRI) to map the
activation of different brain regions in response to media stimuli. This method allows us to identify

the specific neural structures involved in processing these stressors and how they interact.

Physiological methods such as heart rate monitoring and a breathing belt will also be employed. These
measures will help assess how stress stimuli impact the autonomic nervous system and influence the
body's physiological response. These measurements will be recorded simultaneously with fMRI to
provide a comprehensive view of the interaction between brain activity and physiological responses
under stress induced by media stimuli. This combined approach will offer an integrated understanding

of how the brain and body respond to such stressors.



2. Theoretical Part

2.1 Historical Overview of Stress Research

This chapter traces the significant milestones in the evolution of stress research, highlighting
fundamental theories and discoveries that have shaped our understanding of stress from a
physiological and psychological perspective. Beginning in the early 20th century with foundational
concepts and progressing to contemporary approaches, this overview underscores the complexity and

multifaceted nature of stress as it is understood today.

Walter Cannon first elaborated on the concept of stress and its biological underpinnings in the early
20th century. Cannon introduced the ‘fight or flight’ concept, which described the body’s instinctive
responses to threats, laying the groundwork for future research into the autonomic nervous system
and its role in stress (Cannon, 1915). This foundational work emphasised the immediate physiological

reactions to perceived threats and established a critical basis for the biological study of stress.

By the mid-century, Hans Selye further expanded the biological perspective by introducing the
‘General Adaptation Syndrome,” which outlined three stages of stress response: alarm, resistance,
and exhaustion (Fig. 1). Selye’s theory provided a broader framework for understanding the dynamic
and prolonged stress processes beyond immediate reactions, introducing concepts of chronic stress
and its potential health impacts. Selye’s theory broadened the perspective on stress, suggesting a more
complex and dynamic process encompassing both positive and negative aspects. It marked a pivotal
shift from viewing stress as a mere immediate reaction to understanding it as a prolonged,

multifaceted process (Selye, 1950).

Hans Selye's General Adaptation Syndrome

#1 #3

Alarm Exhaustion
Good Health Stage Stage

]‘ (homeostasis)

#2

Panic Zone

Resistance
Stage
Breakdown
— (burnout)
[ ]
good health <+ > bad health

Figure 1: General Adaptation Syndrome, reproduced from (Neville, 2023).



The 1980s marked a significant shift towards understanding the psychological dimensions of stress.
Richard Lazarus and Susan Folkman proposed a theory that conceptualised psychological stress as a
relationship between the individual and their environment, where stress arises from an appraisal of
environmental demands as exceeding personal resources. This theory emphasised the importance of
cognitive processes in evaluating and coping with stress, integrating psychological factors into the

broader understanding of stress (Lazarus & Folkman, 1984).

Modern research, particularly from the late 20th century onwards, has benefited from advances in
neuroscience and psychology, with scholars like Bruce McEwen leading the way. McEwen’s
“allostatic load” concept described the cumulative burden of chronic stress on the body, highlighting
how repeated exposure can lead to significant physiological changes and impact long-term health

(McEwen, 2007).

In recent decades, research has increasingly focused on the role of lifestyle, work pressure, and social
expectations in stress development, particularly in developed countries. Studies have linked modern
life stressors to chronic diseases such as cardiovascular disorders and mental health issues,
emphasising the need to consider both psychological and physiological elements of stress (Cohen et

al., 2007; Kivimiki & Kawachi, 2015).

The ‘Two-hit hypothesis,’ initially proposed by Alfred Knudson, provides a nuanced framework for
understanding stress responses (Knudson, 1971). It suggests that an initial stressor sensitises the body,
heightening reactions to subsequent stressors. In modern life, where individuals frequently encounter
stressors like negative news and social media, these can serve as potent ‘second hits’. This hypothesis,
supported by research from Burks and Martin, underscores the importance of considering ongoing
stressors in predicting psychological symptoms (Burks & Martin, 1985). Moreover, Avshalom
Caspi’s research demonstrates the amplifying effect of chronic ecological stress on daily stressors

and underscores the buffering role of social support (Caspi et al., 1987).

Psychologists worldwide develop different types of psychological interventions to improve people’s
well-being. For example, Situation-level interventions focus on modifying the external environment
or context in which stress occurs rather than solely targeting the individual’s psychological state. The
primary goal is to change the stressors themselves to reduce stress reactivity. Megan Goldring studied
1,323 adults and found the significant role of both individual and situational factors in stress
reactivity, particularly situational factors findings. The study identifies three key components of stress
reactivity: person-level factors, situation-level factors, and person-by-situation interactions. Each of
these components contributes significantly to how individuals react to stress. She found that the

situation emerged as the most important factor, accounting for 44% of stress reactivity. In the



discussion, she suggests that stress-reduction interventions may need to be tailored to address the

component of stress reactivity most important to each individual (Goldring, 2022).

The evolution of stress research reflects a journey from viewing stress as a physiological response to
recognising its complex interactions with psychological factors and environmental stimuli. This
progression emphasises the importance of considering cumulative stress exposures in research and
therapeutic interventions. Today, we find ourselves at a unique intersection where modern
technology, including mass media and digital media, introduces new and complex stressors (Ben-
Zur et al., 2012; Bodas et al., 2015; Dick et al., 2021; Garfin et al., 2018). These contemporary
environmental factors can amplify stress responses in individuals already sensitised by previous

stressors.



2.2The Neural Mechanisms of Stress Response

Understanding the neural mechanisms underlying stress responses is fundamental to stress
physiology. This chapter explores how key structures within the central nervous system the amygdala,
prefrontal cortex, anterior cingulate cortex, and insula- manage immediate reactions and long-term
adaptations to stress. These brain regions are integral to various aspects of stress processing, including
emotion regulation, threat detection, cognitive evaluation, and interoceptive awareness. The chapter
delves into each region's specific contributions, examining their interactions within neural circuits
underpinning the complex stress response processes. By exploring these mechanisms, we aim to
provide a comprehensive understanding of how the brain orchestrates stress responses, offering
insights into the biological underpinnings of stress-related disorders and informing potential avenues

for psychological interventions.

2.2.1 Amygdala

The amygdala, an essential neural structure in the limbic system, is known for its integral role in
processing emotional stimuli and mediating stress responses. Within the scope of this thesis, we
examine how the amygdala’s interactions with the hypothalamic-pituitary-adrenal axis and its
regulatory effects on emotion and behaviour underpin its critical function in stress mechanisms. A
deeper understanding of these processes is essential for identifying how stress is regulated and affects

neural pathways.

The amygdala’s involvement in emotional and stress responses is intricate, functioning as a central
hub for processing many emotional stimuli. Research by (Hooker et al., 2006) shows this by featuring
the amygdala’s acute reactivity to emotional stimuli, such as facial expressions. Fear-related stimuli,
such as fearful faces, vocalisations, and emotional music, trigger the amygdala, suggesting a shared
neural circuitry dedicated to processing biologically relevant emotional expressions (Jessica

McFadyen et al., 2019; William Aubé et al., 2015; William D.S. Killgore et al., 2014).

Interestingly, the amygdala’s activation patterns are influenced more by the arousal and intensity of
stimuli than by their positive or negative valence. It reacts similarly to high-intensity emotional
expressions across different modalities, marking its role in processing emotional intensity rather than
the polarity of emotions (Paula Neumeister et al., 2017). Moreover, the structural context surrounding
these stimuli, as demonstrated through masking experiments, where a stimulus is presented briefly
and then quickly followed by another stimulus that “masks” it, making the first one harder to perceive
consciously, can modulate the amygdala’s response, indicating its adaptability to contextual nuances

in emotional perception (Huiyan Lin et al., 2020).



Beyond its traditional role in emotional processing, the amygdala also processes motivationally
relevant stimuli. For instance, it integrates cognitive factors such as fluid intelligence and task
performance into activation patterns (Wu et al., 2022). This dual role emphasises the amygdala’s
involvement in emotional regulation and broader cognitive and motivational processes, suggesting
its integral role in behaviour regulation (Kim et al., 2016). Furthermore, direct electrical stimulation
of the amygdala, as conducted by (Lanteaume et al., 2007), can induce a broad spectrum of emotions,
from fear and sadness to happiness, emphasising its capacity to mediate diverse emotional

experiences.

The amygdala also significantly influences memory and decision-making processes, particularly
under stress. Stress enhances the memory of events by eliciting increased activation in the amygdala,
alongside the hippocampus, which acts as a mnemonic filter that prioritizes emotionally significant
memories (Maureen Ritchey et al., 2017). This memory-enhancing effect is crucial for survival,
allowing individuals to remember and learn from past emotional experiences. Additionally, the
amygdala’s connections with brain areas like the locus coeruleus play a crucial role in sensory signal
selection, helping to determine which sensory information is prioritised for processing (Cynthia D.

Fast & John P. McGann, 2017). This selection is critical for perception and initial reactive responses.

In decision-making contexts, the basolateral amygdala and prelimbic prefrontal cortex circuitry are
essential for modulating behavioural responses when faced with conflicting signals of rewards and
threats. This illustrates the amygdala’s key role in evaluating complex scenarios and making informed
decisions under stress (Anthony Burgos-Robles et al., 2017). This decision-making role is further
emphasised in Pavlovian fear conditioning, where the amygdala detects imminent threats and
conditioned stimuli signalling potential harm, which is essential for survival and forming critical

associations (Wen et al., 2022).

Recent investigations using resting-state functional magnetic resonance imaging have explored the
amygdala’s pivotal role in threat identification and response, revealing its crucial function in
maintaining a heightened awareness that prepares the individual for potential dangers (Kirk et al.,
2022). These studies underscore the amygdala’s comprehensive role in observing and reacting to

anxiety-inducing triggers, sustaining an alert state crucial for effective stress management.

Amygdala dysregulation is a critical focus in clinical psychology concerning its role in conditions
like post-traumatic stress disorder and anxiety. Enhanced activity within the amygdala emerges as a
significant biomarker for PTSD. This hyperactivation is consistently observed in individuals after
exposure to traumatic events, correlating strongly with the prevalence of PTSD symptoms. Such

findings have catalysed advances in therapeutic approaches, notably real-time fMRI neurofeedback,



which offers new avenues for managing amygdala activity post-trauma and reshaping treatment

paradigms (Ressler et al., 2022; Zhiying Zhao et al., 2023)

In PTSD, not only is the amygdala’s response to trauma-related cues exaggerated, but there is also an
impaired extinction of conditioned fear responses. These maladaptive responses are particularly
pronounced when PTSD patients process fearful stimuli unconsciously, indicating a heightened

sensitivity of the amygdala under diminished conscious awareness (Slawomira J. Diener et al., 2016).

Sex-specific investigations into amygdalar activity reveal its broader physiological impacts. For
instance, studies show that increased amygdalar metabolic activity in women is associated with
abnormal cardiac functions, linking emotional stress directly to cardiovascular health issues (Laura
Tartari Neves et al., 2019). This connection underscores the systemic influence of amygdala

dysregulation beyond the central nervous system.

The significance of amygdala dysregulation extends into developmental psychology. A
comprehensive meta-analysis of fMRI studies involving over 2000 children and adolescents
presented that heightened amygdala activity from an early age is a strong indicator of anxiety

disorders, pointing to its crucial role in early emotional regulation (Ashworth et al., 2021).

Moreover, the dynamic changes in amygdala connectivity with the medial prefrontal cortex (mPFC)
across development from positive in early childhood to negative in adolescence illustrate a maturing

emotional regulatory mechanism influenced by early-life experiences (Skyberg et al., 2023).

Research into the structural impact of stress on the amygdala provides further insights. For instance,
findings from a study involving 272 healthy participants indicate a positive correlation between
perceived stress and increased volume of the right amygdala, suggesting that chronic stress can alter

brain structure across various life stages (Caetano et al., 2022).

Dysregulation of prefrontal control over amygdala neurons, chiefly those in the basolateral area, is
linked to increased anxiety-like behaviour under chronic stress, emphasising the critical role of the
amygdala in modulating cognitive and emotional responses (Hugo A. Tejeda & Patricio O’Donnell,
2014; Wei-Zhu Liu et al., 2020). Also, heightened amygdala activity can impair cognitive functions
by disrupting hippocampal processes and altering medial prefrontal cortex activity, crucial for

effective stress processing and emotional regulation (Eunjoo Kim & Jeansok J. Kim, 2019).

The amygdala's connectivity patterns with regions like the ventromedial prefrontal cortex further
elucidate its role in stress management, predicting individual stress responses and regulating cortisol
levels (Yuan Zhou et al., 2023; Yuko Hakamata et al., 2017). These interactions spotlight the

amygdala’s pivotal role in a network that extends beyond simple emotional processing to include



complex cognitive functions and physiological responses, making it a central figure in understanding

and managing psychological and neurodevelopmental disorders.

The amygdala’s profound influence on the hypothalamic-pituitary-adrenal (HPA) axis demonstrates
its pivotal role in stress regulation within the body. Activation of the amygdala significantly enhances
the activity of the HPA axis, leading to an increased production of stress-related hormones (Kirsch et
al., 2021). This relationship is crucial for initiating appropriate physiological responses to stressors,

marking the amygdala as a central player in the body’s stress response system.

Likewise, research involving various animal models has supported the critical role of the central
amygdala in this regulatory process. Studies demonstrate that impairment or injury to the central
amygdala can suppress stress responses, emphasising its indispensable role in controlling
physiological reactions to stress (Davern & Head, 2011; Kar et al., 1991; K. Kovéacs, 2013). The
modulation process within the amygdala involves the regulation of crucial neurotransmitters like
norepinephrine and serotonin, which are vital for maintaining emotional balance and resilience in

stressful situations (Weidenfeld & Ovadia, 2017).

The amygdala’s influence extends beyond the HPA axis, impacting the autonomic nervous system
(ANS). Notably, increased activation within the amygdala’s basolateral and central sectors is linked
to elevated anxiety-related behaviours and altered stress management strategies. These changes are
observable in physiological markers such as heart rate variability (HRV), a critical indicator of
autonomic regulation that reflects the body’s ability to adapt to stress (Asim H. Gazi et al., 2021;
Yuan Zhou et al., 2023).

Furthermore, variations in respiration patterns might correlate with amygdala activity. For example,
a study (Estelle Blons et al., 2019) asked to perform 33 participants’ cognitive tasks with or without
stressors. They found decreasing variability in breath and heart rate in anxiety responders. This
relationship shows the direct impact of amygdala function on respiratory physiology under stress,
providing a physiological pathway through which the amygdala influences overall body homeostasis

during stressful events.

While often linked to negative emotions, the amygdala's role in processing positive stimuli remains
a point of contention. Some sources emphasize its broader role in detecting salience and personal
relevance, regardless of valence (Fossati, 2012), while others highlight its heightened activation in
response to negative, compared to positive, stimuli (Aldhafeeri et al., 2012). Additionally, the precise
roles of different amygdala subregions (lateral, central, basal) in human stress responses are still being

investigated (Ho et al., 2014; Phelps & LeDoux, 2005).



2.2.2 Prefrontal Cortex

The prefrontal cortex is the central player in the brain’s response to stress, which refines these
responses through cognitive evaluation and emotional regulation by integrating cognitive and

emotional processes to regulate neuroendocrine functions.

The PFC’s interaction with the amygdala and other limbic regions is crucial in appraising the threat
value of stressors. The medial prefrontal cortex modulates the HPA axis and the sympathetic nervous
system, influencing autonomic and neuroendocrine functions. These interactions are vital for
assessing coping resources and determining the emotional and physiological significance of stressful
stimuli, highlighting the PFC’s role in nuanced stress management (Ironside et al., 2019; Marques et

al., 2023; Stefano Delli Pizzi et al., 2017).

The prefrontal cortex, including its orbitofrontal cortex (OFC) subregion, is critical in balancing
emotional reactivity and cognitive control. Under stress, the amygdala often drives heightened
emotional responses, such as fear or anxiety. However, the PFC, particularly the OFC, helps regulate
these responses by exerting cognitive control, which can dampen or modulate the intensity of the
emotions generated by the amygdala. This interaction between the amygdala and the PFC is crucial
for maintaining emotional stability and cognitive functioning (Girotti et al., 2022; Suzuki & Tanaka,
2021), which was confirmed in a recent meta-analysis (Yang et al., 2020), preventing emotional

reactions from overwhelming rational thought.

The dorsolateral prefrontal cortex (dIPFC) is critical in resolving emotional conflicts and regulating
stress responses. Its activation during tasks requiring cognitive control and emotional regulation
underscores its dual role in managing stress’s immediate emotional impact and engaging higher
cognitive functions necessary for adapting to stressful situations, as reviewed by (Dixon et al., 2017)
and recently supported by (Rieck et al., 2023). It is involved in appraising stressors, decision-making,
working memory, and implementing coping strategies like cognitive reappraisal (Koussis et al.,

2023).

The medial prefrontal cortex, part of the default-mode network, is typically more active when a person
is internally focused, such as during daydreaming or self-referential thoughts (Jobson et al., 2021).
The default-mode network is a well-studied network of brain regions that become active during rest
or passive tasks that do not require focused attention on the external environment, which was
confirmed by a recent meta-analysis (S. Wang et al., 2020). In contrast, the dIPFC is more active
when a person is externally focused, such as when performing tasks that require attention and control

(Keller et al., 2015). This interaction between the mPFC and dIPFC is crucial for tasks requiring



attention and cognitive control, supporting working memory and decision-making under pressure (Y.

Wang et al., 2023).

The mPFC sends inhibitory signals to the paraventricular nucleus of the hypothalamus, reducing the
release of corticotropin-releasing hormone and subsequently attenuating the release of

glucocorticoids like cortisol (Spencer et al., 2005).

Prolonged exposure can weaken the mPFC’s ability to manage these physiological responses, leading
to an overproduction of stress hormones and a breakdown in autonomic regulation. This shift
heightens the risk of severe health issues, such as cardiovascular disease and mental health disorders

(Derek Schaeuble et al., 2019; Larkin et al., 2020).

The PFC’s ability to exert inhibitory control over emotional responses is evident in various contexts.
Individuals with anxiety disorders often show reduced PFC activation, suggesting a failure to
effectively regulate negative emotions (Brehl et al., 2020). Conversely, successful emotional
reappraisal is associated with increased activity in the dorsolateral and ventrolateral PFC, illustrating
the PFC’s capability to dampen emotional responses through cognitive strategies (A. K. Anderson &
Phelps, 2001; Ochsner et al., 2002). For instance, individuals with difficulties in emotion regulation,
such as those with specific phobias, often display reduced activation in the ventrolateral PFC when

confronted with anxiety-provoking stimuli (Schienle et al., 2009).

The mPFC’s broad implications for mental health are particularly notable, especially in its response
patterns in PTSD and its central role in the autonomic control network. It manages bodily reactions,
such as cardiovascular responses during stress, illustrating the mPFC’s role in linking mental and
physical health (Wei-Zhu Liu et al., 2023; P. Xu et al., 2019). Additionally, the PFC’s response to
negative stimuli, such as activation in the left inferior frontal gyrus by negative words, highlights the
involvement of different PFC regions in processing distinct types of negative stimuli, which is crucial

for targeted therapeutic interventions in stress-related disorders (Lea Marie Reisch et al., 2020).

2.2.3 Anterior cingulate cortex

The Anterior Cingulate Cortex is a crucial part of the brain that helps balance cognitive functions and
emotional responses. Different parts of the ACC have specific roles, with one area focusing on

cognitive control and another on regulating emotions.
Dorsal Anterior Cingulate Cortex

The dorsal anterior cingulate cortex (dACC) is involved in managing tasks that require significant

cognitive effort and in resolving conflicts between cognitive demands and emotional disturbances



(Sheth et al., 2012). It plays a crucial role in adaptive behaviour by influencing response speed and
accuracy in response to environmental cues and changing situational demands (Heilbronner &
Hayden, 2016). The dACC is also linked to maintaining attention and optimizing processing
efficiency, particularly in complex problem-solving situations or dynamic environments that require

sustained focus and flexible adjustments (Sheth et al., 2012; Veen & Carter, 2002).
Ventral Anterior Cingulate Cortex

Conversely, the ventral anterior cingulate cortex (vVACC) is closely integrated with the limbic system.
It is involved in managing autonomic and neuroendocrine responses to stress and regulating
emotional states (Rigney et al., 2017). It plays a crucial role in top-down emotional regulation by
interacting with core emotion-processing areas such as the amygdala and hippocampus (Goldin et al.,
2008). The vACC is engaged in processing emotional conflicts, revealing its importance in emotional
regulation and social decision-making (Chen et al., 2023; Enneking et al., 2020). Moreover, it detects
salient emotional information and contributes to generating emotional states. By modulating
amygdala activity, the vVACC helps downregulate emotional arousal (Rigney et al., 2017; Simi¢ et al.,
2021).

The connection between the ventral anterior cingulate cortex and the amygdala is crucial for
bidirectional communication that influences emotional processing and regulates responses. This
functional relationship allows the vVACC to modulate amygdala activity, affecting how emotions are
processed (Motomura et al., 2013). In addition to this functional connectivity, meaningful structural
connections exist between the vVACC, amygdala, and hypothalamus (Kleshchova et al., 2019). These
structural links mediate visceral and endocrine responses to emotionally significant events

(Passamonti et al., 2012; X. Xu et al., 2019).

Furthermore, emerging studies focus on how lifestyle factors, such as sleep deprivation, can influence
the functional dynamics between the vVACC and the amygdala. Chronic sleep deprivation can impair
the VACC's ability to suppress amygdala activity, leading to heightened emotional reactivity,

particularly to negative stimuli (Motomura et al., 2014).

In clinical contexts, particularly in populations with emotional dysregulation such as PTSD, the
dissociation between VACC and amygdala activities suggests potential defects in communication
between these regions. Such insights are pivotal for developing targeted interventions to enhance
vACC-amygdala connectivity to improve emotional regulation capabilities (Janet et al., 2023;

Kleshchova et al., 2019).



2.2.4 Insula

The anterior insula (Al) primarily involves interoceptive awareness of emotional and bodily states.
Al helps organisms become aware of how emotions are felt physically within the body, such as the
tightness in the chest associated with anxiety or the warmth of happiness. The Al processes
emotionally charged stimuli, like emotional images, and integrates these with bodily sensations,
making it crucial for understanding and regulating our emotional experiences (Sheffield et al., 2021;

Tsujimoto et al., 2023).

In contrast, the posterior insula focuses more on processing more direct and concrete physical
sensations, such as pain, temperature, and touch. This part of the insula is essential for the detailed
perception of the body's internal physical condition, contributing to a more precise understanding of

how our body feels regarding physical sensations (J. Zhang et al., 2017).

This structural and functional distinction allows the insula to mediate various psychological
processes. While the anterior insula integrates emotional and bodily signals to help regulate emotions,
the posterior insula is crucial for the precise sensory processing of physical states. Together, these
regions enable the insula to play a central role in both interoceptive awareness and emotional
regulation, bridging the gap between sensory experiences and complex emotional responses

(Namkung et al., 2017; Simmons et al., 2012; Uddin et al., 2017).

The insula is integral to emotional regulation, interacting with the amygdala and the prefrontal cortex
(R. Zhang et al., 2024). This triadic network is essential for integrating sensory and emotional
information to manage responses to stressors effectively. The Al, in particular, modulates the
amygdala’s response to highly emotional stimuli, influencing overall emotional regulation and
emphasising the insula’s pivotal role in this complex neural interplay (Killgore et al., 2013; Suzuki

& Tanaka, 2021).

Neuroimaging studies reveal that the insula, especially the left anterior insula, exhibits enhanced
neural responses to negatively valenced emotional stimuli. This heightened activity is critical for
processing diverse sensory information and regulating emotional responses across various contexts
(Malena Mielke et al., 2021). The insula’s interaction with the amygdala and prefrontal cortex during
evaluating emotionally charged stimuli further cements its central role in managing emotional

processing (Linton & Levita, 2021).

The ventromedial prefrontal cortex, crucial for emotion regulation, collaborates closely with the
insula and amygdala to process emotional stimuli. This connectivity proves especially important in
clinical settings, where altered activation patterns in these regions are observed in conditions such as

PTSD (Diener et al., 2016; McLaughlin et al., 2014). The AI’s connectivity with the amygdala is



instrumental in processing emotional stimuli, with studies showing increased functional connectivity
in conditions such as PTSD, correlating with symptom severity and altered emotional processing

(Nicholson et al., 2016).

The Al is a vital component of the salience network, a key brain network that detects and prioritises
important or emotionally relevant stimuli (Cloutman et al., 2012). The salience network, which
includes the Al and the ACC, functions as a kind of "alert system" in the brain (Cloutman et al.,
2012). The insula's broader role in influencing attentional control, particularly the Al, underscores its
importance in allocating cognitive resources. The Al helps the brain focus on task-relevant stimuli,
enhancing cognitive efficiency, especially during stressful or emotionally charged situations. By
efficiently managing these cognitive resources, the Al ensures that we remain focused and effective,

even when faced with challenges (Frot et al., 2022; Pedale et al., 2019).

There is ongoing debate about the insula's role in processing different valences of emotion. Some
sources suggest it might play a more general role in signalling salience or arousal, showing heightened
activity in response to positive and negative stimuli (Phelps et al., 2014). Others highlight its role in
anxiety, potentially linked to its involvement in processing threat-related bodily sensations (Stein et

al., 2007).



2.3 Integrative Brain and Body Responses

Introduction

After exploring the specific roles of various brain regions in stress processing, it is essential to
understand how the complex interplay leads to an effective stress response to keep homeostasis. The
amygdala receives information about the stressor. If the stimulus is deemed significant, the amygdala
activates a network of brain regions that prepare the body for action. The amygdala’s trigger stress
reaction is very interconnected with PFC, which evaluates the context of the threat and determines
the appropriate level of response. The prefrontal cortex can modulate the intensity of the response,
either amplifying or inhibiting the hypothalamus based on the perceived severity of the threat.
Concurrently, the anterior cingulate cortex integrates cognitive and emotional demands. The dorsal
region monitors conflicts between these demands, ensuring focused attention on relevant tasks. The
ventral region modulates the amygdala’s activity, adjusting the emotional response to align with
cognitive strategies. The anterior insula refines this response by integrating interoceptive signals on
how the body experiences stress with emotional processing. The complex interplay of feedback loops
of different brain areas allows the CNS to appropriately regulate the Hypothalamic-Pituitary-Adrenal

axis and the autonomic nervous system to the threat.

2.3.1 Hypothalamic-Pituitary-Adrenal Axis

This dynamic system, comprising the hypothalamus, pituitary gland, and adrenal glands, coordinates
a complex neuroendocrine response that allows the body to adapt to and cope with various
environmental, physiological, and psychological challenges (James P. Herman & Jeffrey G. Tasker,
2016). Activation of the HPA axis is a hallmark of the stress response, leading to the release of
glucocorticoids that facilitate physiological ranging effects on the cardiovascular system (Fig. 2)

(James P. Herman, 2010).

The limbic system, including the hippocampus and amygdala, provides crucial modulatory input to
the HPA axis. These structures send excitatory and inhibitory projections to the paraventricular
nucleus of the hypothalamus, influencing the release of corticotropin-releasing factor, which is
pivotal in mediating stress-induced behavioural responses (Neufeld-Cohen et al., 2010; A. L. Russell
et al,, 2018). Neurotransmitters such as norepinephrine and serotonin play significant roles in

activating the HPA axis in response to stress (Weidenfeld et al., 2012).

During the initial stages of a stress response, there is a shift towards habitual, stimulus-response
memory, primarily governed by the dorsal striatum, facilitated by catecholamines and rapid

glucocorticoid effects (Quaedflieg & Schwabe, 2018). This shift allows quick, efficient reactions to



stressful situations (Joéls et al., 2018). However, the delayed genomic effects of glucocorticoids might
restore and even enhance executive functioning and cognitive control of memory, primarily in the
hippocampus and prefrontal cortex, enabling more thorough processing and rationalization of
stressful events (Joéls et al., 2018). Research suggests stress can have differential effects on the
striatum, with some studies showing enhanced activity in the dorsal striatum during physiological
stress, potentially reflecting a shift towards habitual, potentially survival-oriented behaviours (Phelps
et al., 2014; Sep et al., 2019). Other studies highlight decreased activity in other subregions - ventral
striatum during psychosocial stress, potentially reflecting a downregulation of reward processing and
motivation (Kogler et al., 2015). The precise mechanisms by which stress impacts different striatal

subregions and their implications for behaviour are still unknown.
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Figure 2: The HPA Axis. The neurohormonal feedback loop, reproduced from (Smyth et al., 2013).
The HPA axis’s activation by various stressors, including thermal and emotional, prompts a dynamic
neuroendocrine response characterised by releasing hormones like arginine vasopressin and
corticosterone (G. Russell & Lightman, 2019). Chronic stress leads to adaptations in the HPA axis,

altering its sensitivity and reactivity to subsequent stressors. This modified response is crucial for



understanding the differential impacts of stress based on factors like sex, cognitive appraisal, and the

nature of the stressor (Jasni¢ et al., 2013; Ostrander et al., 2006).

Stress-related neurological pathways mediated by the HPA axis significantly influence heart rate
variability, an autonomic nervous system function marker. Chronic stress, mediated through HPA
axis activation, can alter HRV and breathing patterns, demonstrating the comprehensive impact of
stress on body health (Cvijeti¢ et al., 2022; Lin et al., 2023). Furthermore, cortisol, a primary stress
hormone regulated by the HPA axis, is directly associated with changes in HRV, reflecting alterations

in autonomic activity and the cardiovascular stress response (G. Kuyper & Honig, 2008).

Alterations in the HPA axis lead to impaired stress processing and emotional regulation in disorders
such as PTSD. Dysregulation can adversely affect brain functions in managing stress, illustrating the
complex integration between the HPA axis and brain functions in stress regulation (von Majewski et

al., 2023).

The HPA axis collaborates with various brain regions to modulate stress-related cardiovascular and
respiratory responses. The paraventricular nucleus of the hypothalamus, receiving inputs from stress-
responsive brain areas like the medial prefrontal cortex, hippocampus, and amygdala, coordinates a
comprehensive response to stress (Horii-Hayashi et al., 2015; Jamieson et al., 2022; Melis et al.,
1999). This intricate interaction is essential for maintaining homeostasis and adapting behavioural

and physiological responses to environmental demands (Mooney-Leber et al., 2021).

2.3.2 The Autonomic Nervous System

The Autonomic Nervous System is a principal executor of the brain and plays a vital role in metabolic
regulation across the body, which leads to a perfect setting for solving a particular task. The ANS
comprises the sympathetic and parasympathetic nervous systems, each playing critical roles in stress
response. The sympathetic nervous system mobilises the body’s resources during stress, often called
the “fight or flight” response (Roos et al., 2017). In contrast, the parasympathetic nervous system

orchestrates the “rest and digest” activities, restoring the body to calm (Shimizu & Okabe, 2007).

When facing stress, concurrently with the HPA axis, the sympathetic system is activated, releasing
neurotransmitters like noradrenaline that enhance the body’s ability to cope with stress. This dual
activation illustrates the interconnectedness of the HPA axis and ANS, ensuring a comprehensive
response to stressors (Fig. 3) (Hinds & Sanchez, 2022; Johnson et al., 1992; S. M. Smith & Vale,
2006).



The amygdala detects threatening stimuli and communicates with the hypothalamus to enhance the
stress response. This interaction influences autonomic functions such as pupil dilation and changes
in heart and respiratory rates, integrating emotional and physiological responses to stress (Hendrix,
2008). On the other hand, the hypothalamus serves as a central regulator that communicates with
various parts of the body, including the ANS, to control functions like blood pressure, heart rate, and

the immune system (Messina et al., 2016).
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Figure 3: The activation of the HPA axis is in purple, and the activation of the SNS axis is in yellow, reproduced from (Hackett,
2016).

The sympathetic nervous system activation during stress increases the release of norepinephrine,
which acts on the heart and blood vessels to increase heart rate and blood pressure, meeting the body’s
heightened metabolic demands (Roos et al., 2017). Norepinephrine acts on beta-1 adrenergic
receptors in the heart, increasing heart rate and the force of myocardial contraction (Motiejunaite et
al., 2021). This sympathetic activation increases cardiac output, which helps to meet the body’s
increased metabolic demands during the stress response (Livea Dornela Godoy et al., 2018).
Additionally, norepinephrine stimulates alpha-1 and alpha-2 adrenergic receptors in vascular smooth

muscle, causing vasoconstriction and increased blood pressure (Goldstein, 2010).



In the respiratory system, norepinephrine acts on beta-2 adrenergic receptors in the bronchioles,
leading to bronchodilation and increased airflow (Livea Dornela Godoy et al., 2018; Ocklenburg et
al., 2016). Norepinephrine leads to a higher breathing frequency and greater tidal volume, allowing
for more efficient gas exchange and increased tissue oxygen delivery (Larocca et al., 2011). Research
has shown that noradrenaline released from the pontine noradrenergic A5 nuclei can modulate
respiratory frequency, indicating the intricate involvement of central structures in regulating
breathing patterns (Viemari et al., 2004). Elevated cortisol levels, a hallmark of the stress response,
can further influence the rate and rhythm of breathing, underscoring the close connection between

stress responses and respiratory control (Doussard-Roosevelt et al., 2003).

Conversely, following the acute stress response, the parasympathetic nervous system facilitates
physiological recovery, reducing heart rate and promoting energy conservation and digestion. This
shift to parasympathetic dominance is critical for long-term health, preventing chronic stress and
aiding in the recovery from temporary stressors (Tindle & Tadi, 2020). The parasympathetic nervous
system, as reviewed in (Berto, 2014), is mediated by the vagus nerve, which counteracts the effects
of the sympathetic nervous system by slowing down heart rate, dilating blood vessels, and activating

digestion and energy storage.

Post-stress cortisol levels typically decrease, signalling the parasympathetic nervous system to initiate
recovery processes. This transition from stress to relaxation involves complex feedback mechanisms
between the HPA axis and the ANS, which is essential for maintaining homeostasis (Richer et al.,
2022). Variations in this feedback can significantly impact emotional and physical health, influencing
everything from cardiovascular health to psychological well-being. For instance, individual
differences in autonomic feedback can influence emotional and behavioural outcomes, with higher
autonomic feedback intensifying reactions to stress and potentially leading to burnout and reduced
job performance (Klein & Verbeke, 1999). Chronic stress can lead to persistent activation of the HPA
axis and the amygdaloid corticotropin-releasing hormone system, resulting in anxiety and stress-

associated disorders (Makino et al., 2002).



2.4Processing of Diverse Stress Stimuli

2.4.1 Classification and Characteristics of Stress Stimuli

Stress stimuli can be broadly categorized into two primary types: physiological stressors and
psychological stressors. While these categories are not mutually exclusive, they differ significantly

in how the brain perceives, registers, and processes them.

Physiological stressors target homeostatic parameters and are processed primarily through
viscerosensory pathways (K. J. Kovacs et al., 2005). These stressors directly impact physiological
parameters such as oxygen levels, temperature, and metabolic states (Kagias et al., 2012). Examples
from animal experiments include bacterial lipopolysaccharide injection, predator scent exposure,
food deprivation, and acute heat shock (K. Kovacs, 2013). Physiological stressors activate autonomic
circuits and stress-related motoneurons with minimal involvement of higher cortical processes,

leading to immediate, reflexive responses to restore homeostasis (O’Riordan et al., 2023).

On the other hand, Psychological stressors engage more complex processing mechanisms, recruiting
somatosensory and nociceptive afferent pathways (K. J. Kovdcs et al., 2005). In animal experiments,
psychological stressors are usually presented in immobilization, foot shock, restraint, and forced
swimming (Livea Dornela Godoy et al., 2018). Psychological stressors are processed through cortical
and limbic circuits, integrating cognitive, emotional, and learned components (Livea Dornela Godoy
et al., 2018). Laboratory stressors such as the Trier Social Stress Test (TSST) and the Social
Evaluation Test are examples of psychological stressors used in human research (Campbell & Ehlert,

2012; Ho et al., 2014; S. M. Smith & Vale, 2006).

Stress stimuli can be presented through sensory modalities, including visual, auditory, and haptic
inputs. The modality of a stimulus significantly influences its emotional impact and the physiological
responses it elicits (Polo et al., 2024). For example, studies have shown that emotional sounds can
trigger more robust physiological responses than visual or audio-visual stimuli, indicating the sensory

pathway’s role in stress processing (Horvat et al., 2015; Polo et al., 2024).

The emotional valence of a stimulus, whether perceived as positive, negative, or neutral, plays a
crucial role in processing it. Negative stimuli consistently trigger stronger cerebral activation across
different stimulus types (e.g., pictures, faces, and words) than neutral stimuli (Lea Marie Reisch et
al., 2020; Pan et al., 2023). Positive emotional states, particularly when contingent on task
performance, can enhance cognitive flexibility, while non-contingent positive affect promotes

cognitive stability (Senne Braem et al., 2013).

The intensity of a stressor affects the brain’s response, with high-intensity stressors leading to more

pronounced physiological and neural changes (Tadayon et al., 2018). High arousal states, especially



those associated with negative emotions, can impair context processing and lead to heightened stress

responses (Thomas Maran et al., 2018).

2.4.2 Cognitive and Emotional Mechanisms in Stress Processing

The processing of stress stimuli involves complex cognitive and emotional mechanisms influenced
by various theoretical frameworks. These mechanisms are central to understanding how the brain

interprets and responds to stressors.
Cognitive Control and Emotional Modulation

Cognitive control mechanisms, particularly those mediated by the prefrontal cortex, are pivotal in
managing stress responses (M. C. Anderson & Green, 2001; Koussis et al., 2023). Emotional states,
whether positive or negative, can modulate these cognitive processes. For instance, negative affect
triggered by a challenging situation can enhance cognitive effort, leading to increased focus and task
performance, a phenomenon explained by the affect-congruent modulation of cognitive control (Pan
et al., 2023; Van Steenbergen, 2015). Conversely, depending on their context, positive emotions can

facilitate cognitive flexibility or promote cognitive stability (Senne Braem et al., 2013).
Attentional Bias

Attentional bias is the tendency for emotionally salient stimuli, especially negative ones, to capture
attention (Amanda W. Calkins et al., 2011). This bias is particularly evident in individuals with
anxiety or depression, where there is a heightened focus on negative stimuli, which can exacerbate
symptoms (Sep et al., 2019). Cognitive control processes manage this bias, preventing emotionally
charged distractors from interfering with task performance (Manuel Petrucci & Anna Pecchinenda,

2017).
Stress Reactivity Patterns

Individual differences, personality traits, prior experiences, and age significantly influence stress
reactivity (K. J. Kovécs et al., 2005). These differences manifest in distinct patterns of physiological
and behavioural responses to stress (Kiecolt-Glaser et al., 2020). For example, research has identified
multiple stress reactivity patterns in children, ranging from moderate reactivity to parasympathetic-
specific responses, each associated with different developmental and environmental factors (K. E.

Smith & Pollak, 2020).



2.4.3 Theoretical Paradigms Shaping Stress Research

Several theoretical models provide a framework for understanding the complex interplay between
physiological and psychological stress processing. These paradigms guide research by highlighting

different aspects of stress responses and shaping the interpretation of findings.
Polyvagal Theory and Neurovisceral Integration Model

These frameworks emphasize the role of heart rate variability in emotional response and regulation
(Appelhans & Luecken, 2006). The polyvagal theory highlights the vagus nerve's role in connecting
the brain to the heart, influencing HRV and thus regulating physiological and emotional states during
stress (Heilman et al., 2012). The neurovisceral integration model further suggests that HRV reflects
the dynamic interaction between cognitive, affective, and physiological systems, measuring how well

these systems are integrated during stress (Thayer et al., 2009).
Interoceptive Predictive Coding

This model, often called the "Bayesian Brain," posits that the brain continuously predicts and
interprets incoming sensory information, including internal bodily signals, to maintain homeostasis
and guide behaviour (Barrett & Simmons, 2015; Hugo D. Critchley et al., 2018). According to this
framework, physiological signals, such as heartbeats, can significantly influence cognitive processes,
selectively enhancing or inhibiting information processing based on the body's current state.
Emotions, deeply connected to these physiological states, pervasively affect cognition and behaviour,
shaping how stress is perceived and managed. The concept of interoceptive predictive coding also
suggests that emotions are interoceptive inferences, and disruptions in this predictive process may
contribute to psychiatric disorders related to selfhood, such as anxiety and depression(Seth &

Critchley, 2013).
Affect-as-Cognitive-Feedback Account

This framework challenges traditional views of the relationship between affect and cognition,
suggesting that affect acts as feedback that shapes cognitive strategies (Jeffrey R. Huntsinger et al.,
2014). The influence of affect on cognition is context-dependent. This account proposes that affective
experiences impact cognitive outcomes by assigning a positive or negative value to dominant

processing styles, thereby affecting information processing (Isbell et al., 2016).
Affective Signalling Hypothesis

This hypothesis focuses on how affective signals, particularly negative ones, modulate cognitive
control and adaptation. It posits that negative affective cues can enhance cognitive control by

signalling potential threats or errors, thus preparing the individual for more focused and adaptive



responses (Miklos Bognar et al., 2023). This hypothesis is integrated within conflict monitoring
theories, introducing the concept of affective signals related to conflict as a motivator for increased
cognitive control and processing (Dignath et al., 2020). This integration emphasizes the interplay

between affective responses and cognitive functions in conflict resolution and decision-making.



2.5Methods Review for Studying Stress Processing

Neuroimaging Techniques

Functional magnetic resonance imaging and magnetoencephalography are commonly employed to
visualize brain activity during stress. fMRI offers high spatial resolution, making it ideal for
pinpointing specific brain regions involved in stress processing (Rinaldi et al., 2011). However, its
limited temporal resolution poses challenges in capturing rapid changes in brain activity (J. Wang et
al., 2007). With superior temporal resolution, magnetoencephalography is better suited for studying
real-time interactions between brain regions during stress (Emi Yamano et al., 2016). Both methods,
while powerful, require specialized equipment and expertise, making them resource-intensive.
Neuroimaging also presents interpretation challenges due to the complexity of brain activity and the

artificial nature of laboratory settings.
Physiological Measures

Techniques such as heart rate variability, salivary cortisol levels, galvanic skin response, and
electroencephalography provide objective and quantifiable data on the body's physiological responses
to stress. HRV, for instance, reflects the balance between the sympathetic and parasympathetic
branches of the autonomic nervous system, offering insights into autonomic regulation during stress
(Sparrow & Golianu, 2014). However, external factors unrelated to stress can influence this
measurement, such as physical activity or medication use, which may confound the results (Ragonesi
& Antick, 2008). The timing of physiological assessments is also crucial, as stress responses can vary

over time, complicating the interpretation of data.
Behavioural Tasks

Tasks like the Trier Social Stress Test, the Decision-Making under Uncertainty and Stress virtual
reality task, and the Stroop task with incorporated social-evaluative elements are used to assess the
impact of stress on cognitive functions such as attention, memory, and decision-making (Giles et al.,
2024; Henk van Steenbergen, 2015; Mueller et al., 2022; S. M. Smith & Vale, 2006). These tasks are
valuable for understanding the functional consequences of stress on behaviour. However, individual
differences in task performance, influenced by factors such as motivation, fatigue, or prior experience,
can complicate the interpretation of results (J. Wang et al., 2007). The ecological validity of these
tasks is also a concern, as they may not fully capture the complexity of real-world stressors (Giles et

al., 2024).

Self-Report Questionnaires



Self-report measures, including tools like the Interpersonal Reactivity Index and the Temperament
and Character Inventory, offer insights into individual experiences of stress and related traits (Emi
Yamano et al., 2016). While these questionnaires provide valuable subjective data, they are prone to
biases such as social desirability and recall inaccuracies, which can affect the reliability and validity
of findings (Stephanie S. Rude et al., 2002). The subjective nature of self-reports may not always

align with objective physiological or neural measures of stress.
Animal Models vs. Human Studies

Animal models of chronic stress, such as the social defeat stress model and chronic mild stress model,
are fundamental in dissecting physiological, neurobiological, and genetic aspects of stress responses.
These models provide a controlled environment to study stress mechanisms and therapeutic
interventions (Bali & Jaggi, 2015; A. Toyoda, 2017). However, the applicability of findings from
these animal models to human conditions is limited due to physiological and genetic differences
between species and ethical considerations (Ashokan et al., 2016; Delaleu et al., 2011; Pace et al.,

2022).

Human studies, utilizing subjective and objective methods, offer a richer understanding of stress
processing directly applicable to human experiences. Laboratory-based stress paradigms like the
TSST and the Montreal Imaging Stress Task, along with biomarkers such as cortisol and HRV, are
commonly used in these studies (Bali & Jaggi, 2015). However, the ecological validity of these
laboratory settings can be limited, and the artificiality of the experimental environment may not fully
represent real-life stressors (Sep et al., 2019). A recent review (Arsalan et al., 2022) highlighted the
potential of wearable devices to effectively measure stress in everyday environments. Integrating
these wearable devices with precise laboratory methods could enhance stress measurements' accuracy

and ecological validity.
Multimodal Approaches

A multimodal approach offers a complex solution to address the limitations of individual methods.
Combining neuroimaging with physiological measures, behavioural assessments, and self-report data
provides a more comprehensive understanding of how stress affects the brain and behaviour (Giorgos
Giannakakis et al., 2019). This integrated approach allows researchers to capture the complexity of
stress responses across different levels of analysis, offering a complete picture of the dynamic

processes involved in stress processing (Giorgos Giannakakis et al., 2019).



3. Experimental Part

3.1 Aims and Hypotheses

The main aim of the experimental study is to investigate the neurophysiological and neuronal
mechanisms underlying the processing of various types of naturalistic stress stimuli. The research
focuses on identifying the differences in brain and body responses to highly affective negative stimuli,
which are primarily processed automatically, compared to negative stimuli subject to greater

cognitive control.

Specific Objectives and Hypotheses:
Hypothesis 1: Neurophysiological Mechanisms of Stress Stimuli Processing

Objective: To describe the neurophysiological mechanisms underlying the processing of different
types of stress stimuli, specifically distinguishing between neutral stimuli, highly affective negative

stimuli (DISTURBING), and negative stimuli requiring greater cognitive control (CONCERNING).
Hypotheses:

e We hypothesize that DISTURBING stimuli will elicit widespread activation across brain

regions associated with emotional processing.

e CONCERNING stimuli are expected to engage more distributed brain regions involved in

cognitive processing and regulation.
Hypothesis 2: Physiological Responses to Different Types of Stress Stimuli

Objective: To determine the physiological responses, specifically heart rate and respiratory patterns,
to different types of stress stimuli, distinguishing between highly affective and cognitively regulated

stressors.
Hypotheses:

e We hypothesize that DISTURBING stimuli will result in a heightened sympathetic response,
as reflected by an increased heart rate and changes in respiratory patterns.
e CONCERNING stimuli are expected to result in a more moderated physiological response,

with less pronounced changes in heart rate and breathing patterns.



3.2 Methods

3.2.1 Participants

The study’s inclusion criteria were being a university student, older than eighteen, and fluent in
Czech. Initially, 89 participants registered for our experiment through online tests. We included data
from 80 participants in the final analysis. Nine participants were excluded due to anatomical or
psychological anomalies or technical issues related to data recording errors or mistakes in the visual
stimuli presentation. The participants were equally divided by sex, with a mean age of 22.27 years

(SD =2.11).

We recruited participants over nine months through advertisements on the National Institute of

Mental Health and Charles University's social media platforms.
Exclusion Criteria
The following criteria led to exclusion from participation in the study:

Left-handedness: Participants in this study must be right-handed due to hemispheric lateralisation
of brain functions. In right-handed individuals, language and other cognitive functions are
predominantly localised in the left hemisphere, whereas left-handed individuals may have more
variable hemispheric specialisation. Ensuring a homogeneous sample in terms of handedness
minimises variability in brain activation patterns, thus enhancing the reliability and interpretability of

the fMRI data (Karolis et al., 2019).

Psychiatric History: The exclusion of participants with a personal or immediate family history of
severe psychiatric illness is crucial to control for potential confounding variables. Psychiatric
conditions, such as major depressive disorder, schizophrenia, and bipolar disorder, can alter brain
function and structure, thereby affecting the neural mechanisms of stress processing. This criterion
ensures that underlying psychiatric conditions do not influence observed neural responses (van Dijk

et al., 2021).

Head Injury: A history of head injury resulting in loss of consciousness can lead to long-term
alterations in brain structure and function, which might confound the study results. Traumatic brain
injuries can cause diffuse axonal injury, affecting neural connectivity and cognitive functions.
Excluding individuals with such histories helps maintain the integrity of the data by ensuring that

neural responses to stimuli are not affected by prior brain trauma (Sharp et al., 2014).

Active Medical Conditions: Participants with active and untreated medical conditions, such as
cerebrovascular disease, are excluded to avoid confounding effects on brain function and

physiological responses. Conditions like stroke or transient ischemic attacks can significantly alter



cerebral blood flow and neural activity, which would interfere with the study’s aims to investigate

typical neural mechanisms of stress processing (Gorelick et al., 2011).

Substance Use: Individuals with any substance-related disorder or long-term dependence on
addictive substances within the past six months were excluded because substance use can have
profound and lasting effects on brain function. Substances such as alcohol and illicit drugs can alter
neural circuitry involved in stress processing and cognitive control. This exclusion criterion ensures
that participants’ brain responses are not influenced by recent substance use or withdrawal (Koob &

Volkow, 2016).

Neurological Conditions: A history of neurological disease, including epilepsy, multiple sclerosis,
or Parkinson’s disease, is an exclusion criterion due to the potential impact of these conditions on
brain function. Neurological diseases can cause structural and functional brain changes that confound

the interpretation of fMRI results related to stress processing (McNamara, 1991).

MRI Contraindications: Participants with MRI contraindications, such as metal implants,
pacemakers, and extensive tattoos, are excluded for safety reasons and to prevent artefacts in the
imaging data. Metal objects can interfere with the magnetic field of the MRI machine, causing
distortions or posing safety risks. Pregnant women are also excluded due to potential risks associated

with strong magnetic fields (Kanal et al., 2013; Shellock & Crues, 2004).

Visual Impairment: Uncorrectable visual impairment not resolvable with diopters up to size five or
contact lenses is a criterion for exclusion because visual stimuli are central to the experiment.
Accurate and consistent visual perception is necessary to ensure that all participants similarly process
the stimuli, enabling reliable interpretation of the fMRI data. For participants with visual acuity within
the range of +5 diopters, we provided them with special MRI-compatible glasses to ensure optimal

visual clarity during the experiment.

Claustrophobia: Participants were in a narrow fMRI during the experiment. Claustrophobic
reactions can induce significant anxiety and stress, potentially confounding the results by introducing

additional variables unrelated to the experimental conditions.
Ethics

The National Institute of Mental Health Ethics Committee approved the study (project number
115/19), adhering to the 1964 Helsinki Declaration. Participants received informed consent and study
details before participation, including data processing for research. At the beginning of the study, all

respondents signed an informed consent to participate and process the data for research purposes.



Participation in the study was voluntary, and participants were rewarded with 1000 CZK. All gathered

data was handled confidentially, and the subject’s identity was kept anonymous.

3.2.2 Visual Stimuli Preparation

The selection of visual stimuli for this fMRI study was a carefully designed multi-stage process to
ensure the chosen images, photos, and media graphics effectively evoked a range of emotional
responses, particularly those related to stress and worry. To achieve this, we conducted a preliminary

experiment to identify and validate appropriate stimuli for the main fMRI study.

Figure 4: Three examples of stimuli: Cognitive, Disturbing, and Neutral.

In this preliminary experiment, we collected 379 visual stimuli from various online newspapers, each
consisting of an image accompanied by a short text headline. These stimuli were then categorized
into three groups: Cognitive, Disturbing, and Neutral (Fig. 4). To ensure that the stimuli within each
category differed minimally from one another, we carefully selected and standardized the stimuli
(Fig. 5). To evaluate the effectiveness of these stimuli, we presented them to 157 participants, who
rated the stimuli online using arousal and valence scales. This separate experiment allowed us to

select the most suitable stimuli later used in the primary fMRI study.

Figure 5: Examples of Concerning stimuli from two groups of visual stimuli.



Disturbing visual stimuli included images of injured or dead bodies, blood, acts of violence, and
natural disasters, accompanied by explanatory texts. These stimuli are intended to activate fast and
unconscious stress responses, and they received the highest ratings for both arousal and negative

valence.

In contrast, negative cognitive-controlled visual stimuli did not contain explicit images and were
designed not to elicit automatic stress responses without contextual information. We designed the
headers for these stimuli to provoke stress reactions, covering economic crises, housing
unaffordability, disinformation, climate change, nuclear war, geopolitical risks, and political

extremism. Participants rated these stimuli as having negative valence and moderately high arousal.

Neutral visual stimuli were intended to isolate the impact of content type on brain responses. These
stimuli featured soft news with a neutral tone, such as information about local events, attractions, and
scientific findings. They do not evoke strong emotional responses or induce worry. Participants rated

them with slightly positive valence and moderate arousal.

3.2.3 Experiment Design

Before the experiment, participants completed an online questionnaire hosted on the National Institute
of Mental Health’s platform. The questionnaire covered demographic data, news media consumption
(frequency, types, trust, impact), and assessments of self-reported personality traits and thinking
styles. We conducted the experiment at the National Institute of Mental Health in the Czech Republic.

Each day, the experiment was conducted with one or two participants, starting at 1:00 PM.

Before and after fMRI measurement, participants completed the Positive and Negative Affect
Schedule (PANAS) (Watson et al., 1988) to assess their emotional state before entering the MRI
scanner. We instructed participants to turn off or silence their mobile phones and remove all metallic
objects. We informed participants about the safety procedures regarding the MRI environment. A
pulse oximeter was attached to the participant’s left index finger to record heart rate activity. A

respiratory belt was placed around the participant’s chest to monitor breathing patterns.

We used a block design for the fMRI study, alternating between blocks of different stimulus
categories. We grouped each category into distinct blocks based on the specific topics of stimuli.
Each fMRI session included 18 blocks of 5 images, with both blocks and the images within them
presented randomly. Each stimulus was displayed for 8 seconds, followed by a black fixation cross

on a grey background between the blocks, which we presented as a control condition for two seconds.

Psychological Intervention



Participants underwent two fMRI scanning sessions, with an intervention between them.
Interventions that occurred after the first fMRI session involved training participants to either
upregulate (UP) or downregulate (DOWN) their emotional responses to concerning media content.

Participants were randomly divided into two groups for this purpose.

Psychologists arranged the training through a simulated online media platform designed to resemble
a popular Czech news portal. During the training, participants read six short news articles on the
economic crisis, housing unaffordability, disinformation, climate change, nuclear war, and
geopolitical risks. After reading each article, they rated their emotional response using arousal and
valence scales. The training included guided practice, supervised by psychologists, and independent
practice, ensuring participants could effectively internalize and apply the strategies in preparation for

the second fMRI session.

Participants employed a de-catastrophising technique commonly used in cognitive-behavioural

therapy for the downregulation strategy.

For the upregulation strategy, participants used catastrophising questions to focus on negative
potential outcomes. However, because this thesis focused on the differential processing of different

types of negative stimuli, the effect of the intervention was not analysed.

Once the training was complete, participants read the remaining articles independently, applying their
assigned cognitive strategy without direct supervision. They then underwent a third PANAS

assessment to gauge their affective state post-training.

Following the intervention, participants had a second fMRI scanning session, during which they were
exposed to a new set of stimuli that maintained thematic and visual consistency with the first set (fig.
2). Participants were instructed to apply their trained cognitive strategy while viewing the stimuli.

After this session, a final PANAS assessment was conducted to evaluate their affective state.

The study concluded with a debriefing session for participants in the upregulation group. During this
session, a psychologist emphasised that catastrophising is not recommended for everyday media

consumption, addressed ethical considerations, and ensured participant well-being.

3.2.4 Data Acquisition
fMRI

We collected structural and functional neuroimaging data in this study using a Siemens Prisma 3T
scanner equipped with a 64-channel head coil. The magnetic field’s 3T (Tesla) strength balances

signal strength and safety, making it ideal for detailed neuroimaging studies. The 64-channel head



coil enhances signal quality and allows faster image acquisition than coils with fewer channels,

making it well-suited for capturing detailed neuroimaging data.

Visual stimuli were presented to participants through a mirror system attached to the head coil,
projecting images from behind the participant. This setup ensures participants remain comfortably

supine while viewing the stimuli, crucial for maintaining consistent and stable imaging conditions.

Functional images were acquired using a gradient-echo echo-planar imaging sequence, optimal for
capturing blood oxygenation level-dependent (BOLD) signals. BOLD fMRI measures brain activity
by detecting changes in blood flow; as neurons consume more oxygen, the local response is an
increase in blood flow to these regions. This leads to a change in the oxygenated to deoxygenated

haemoglobin ratio, which the scanner can detect (Fazal et al., 2022; Yen et al., 2023).

The functional imaging covered the entire brain with 46 slices per volume and a voxel size of 2 x 2
x 2 mm?, providing comprehensive brain coverage. The voxel size of 2 X 2 x 2 mm? offers high spatial
resolution, allowing for detailed brain activity mapping and ensuring that even small regions of

interest are accurately captured.

The Field of View (FOV) was set at 208 mm to ensure comprehensive coverage of the entire brain
during scanning. This dimension is critical for capturing the full extent of brain activity, particularly
in studies involving complex cognitive tasks. The Repetition Time (TR) was 1,000 ms, which is

relatively short and allows for high temporal resolution.

We chose an Echo Time (TE) of 30 ms to optimise the BOLD contrast, enhancing the sensitivity and
specificity of the fMRI data. The TE influences the sensitivity of the sequence to detect changes in
the ratio of oxygenated to deoxygenated haemoglobin, making 30 ms an appropriate choice for
capturing robust BOLD signals. We set the flip angle at 52 degrees. The flip angle, which is the angle
to which the net magnetisation vector is flipped during the radiofrequency pulse, affects the signal
intensity and contrast. A 52-degree angle compromises between maximising signal and minimising

saturation effects, ensuring clear and high-contrast images (J. Wang et al., 2006).

We set the bandwidth at 2,004 Hz/pixel. Bandwidth in MRI refers to the range of frequencies
collected during the imaging process. A wider bandwidth reduces distortions and artefacts, resulting

in more transparent images. This setting is critical in echo-planar imaging, which is prone to artefacts

(Zou et al., 2005).

We used an Integrated Parallel Acquisition Technique factor of 2, which effectively doubles data
acquisition speed using parallel imaging techniques. This reduces the overall scan time and minimises

motion artefacts by shortening participants’ time to remain still.



We recorded 1,029 brain volumes over approximately 29 minutes and 11 seconds. Recording many
volumes provides a rich dataset with excellent temporal resolution, allowing for the detailed analysis
of brain activity over time. We maintained the same gradient-echo echo-planar imaging parameters
for the resting state sequence but increased the number of slices per volume to 60, enhancing spatial
resolution and coverage. We recorded 500 brain volumes over about 8 minutes and 40 seconds to

analyse functional connectivity during rest.

During functional and resting state sessions, participants were exposed to medial image-text
presentations, and resting state data was collected. The second session also included high-resolution
anatomical scans to provide detailed structural information for precise brain mapping and co-

registration with functional data.

High-resolution anatomical scans included a 3D T1-weighted magnetisation-prepared rapid gradient-
echo (MP-RAGE) sequence and a 3D T2-weighted Sampling Perfection with Application-optimised
Contrasts using different flip angle Evolutions (SPACE) sequences. The MP-RAGE sequence yielded
240 sagittal slices with a 0.7 x 0.7 x 0.7 mm? resolution. This ultra-high resolution is essential for
capturing fine anatomical details and accurate brain structure mapping. The sequence parameters
were TR/TE/TT of 2,400/2.34/1,000 ms, a FOV of 224 mm, and a total acquisition time of 7 minutes
and 40 seconds. These parameters ensure the images are detailed and high-quality, suitable for

subsequent structural analyses.

The SPACE sequence also matched the MP-RAGE’s resolution, with a TR/TE of 3,200/564 ms and
a total acquisition time of 7 minutes and 55 seconds. The SPACE sequence provides excellent contrast

for brain tissue, making it particularly useful for distinguishing between grey and white matter.

The advantages of these settings include high spatial and temporal resolution, comprehensive brain
coverage, and minimised artefacts, all contributing to the detailed and accurate mapping of brain
activity. However, a potential drawback is the long scan duration, which could lead to participant
fatigue and increased movement artefacts. To mitigate this, we could consider using higher Integrated
Parallel Acquisition Technique factors or reducing the number of recorded volumes in future studies

to optimise scan time and enhance participant comfort without compromising data quality.
Pulse and Respiratory Activity Monitoring

We recorded pulse and respiratory activity using a pulse oximeter and a respiratory belt during the
fMRI experiment. These devices are non-invasive, comfortable, and compatible with simultaneous
MRI recording, ensuring minimal interference with the imaging process and maintaining participant

comfort.



The pulse oximeter was placed on the participant’s left index finger. This device measures blood
oxygen levels and pulse rate by emitting light through the fingertip and detecting changes in light
absorption, which correlate with blood volume changes. Continuous heart rate and oxygen saturation
monitoring provide crucial real-time data on the cardiovascular responses to the media stimuli

presented during the experiment.

The respiratory belt was placed around the participant’s ribcage. It measures respiratory effort by
detecting changes in the circumference of the chest during breathing. The belt operates pneumatically,
where the expansion and contraction of the ribcage alter the volume inside a pneumatic balloon
connected to a pressure sensor. These volume changes are converted into pressure changes, which

the sensor records as electrical signals corresponding to the respiratory rate and pattern.

These specific sensors, a pulse oximeter and a pneumatic respiratory belt, are highly suitable for
simultaneous MRI recording. They are designed to be MRI-compatible, meaning they do not contain

metal components that could interfere with the magnetic field or produce artefacts in the images.
fMRI data analysis

The fMRI data were processed and analysed using the Statistical Parametric Mapping software
(SPM12, version 12; available at the SPM12 website), operating within MATLAB R2016b
(MathWorks). This software package is widely used in neuroimaging for its robust and

comprehensive tools for analysing brain imaging data.
For each participant, the preprocessing of functional data involved several critical steps:

Realignment: This step corrects for head motion by aligning all the images in the time series to a
reference image, typically the first image. This ensures that each voxel represents the same part of

the brain across all scans.

Normalisation: The realigned images were transformed into a standardised space, typically based on
the Montreal Neurological Institute (MNI) system. This spatial normalisation allows for comparing

brain activity across participants by aligning individual brain anatomies to a standard template.

Spatial Smoothing: The normalised images were smoothed with a Gaussian kernel with a full width
at a half-maximum of 6 x 6 x 6 mm. This step increases the signal-to-noise ratio and compensates for

anatomical differences by averaging the signal over neighbouring voxels.

High-pass Filtering: The time series data were subjected to a high-pass filter with a cutoff period of

128 seconds to remove low-frequency noise and drifts that could confound the analysis.



After preprocessing, the data were subjected to a first-level analysis using a generalised linear model.
The design matrix in this analysis incorporated factors modelling the hemodynamic response function
for different experimental conditions: Neutral, Disturbing, and Concirning stimuli, and each
contrasted against a control condition (fixation cross). This analysis generated contrast images, linear

combinations of B-images (parameter estimates), representing the brain’s response to each condition.

These first-level contrast images were then entered into a second-level, group-wise analysis to
identify condition-specific regional brain responses. The second-level analysis used a full-factorial

model, which accounted for the following factors:

Group: This factor had two levels, representing the data collected before and after the intervention

(Pre- and Post-intervention).

Intervention Type: This factor also had two levels, distinguishing between participants trained in

upregulating (enhancing) and downregulating (diminishing) their emotional responses.
Stimuli Type: This factor included Neutral, Disturbing, and Concerning.

Statistical significance in the second-level analysis was determined at a p-value threshold of < 0.05,
corrected for family-wise error across all grey matter voxels. This correction method accounts for
multiple comparisons and controls the overall type I error rate, ensuring that the observed effects are

unlikely to be due to chance.
Physiological data analysis

The physiological data processing for this study involved several meticulous steps to ensure accurate
analysis and interpretation. This section outlines the procedures, providing a clear path for replicating
the analysis. The data included measures of respiration (RESP) and heart rate (PULS) across two
groups labelled “DOWN” and “UP” under different stimulus conditions. The primary objective of
this processing phase was to prepare the data for statistical testing to determine whether there were

significant differences in physiological responses across various stimulus types.

The initial dataset consisted of raw physiological measurements captured during the experiment. The
data were divided into groups based on different experimental conditions: “DOWN” and “UP.” Each

group’s dataset contained RESP and PULS measurements before and after applying various stimuli.

The first step involved removing any incomplete records to ensure the integrity of the analysis. Rows
containing missing values were dropped from both datasets to avoid introducing bias or inaccuracies

in subsequent analyses. This step resulted in two cleaned datasets, one for each group.



Before proceeding with the core analysis, an exploratory data analysis was conducted to understand
the dataset’s distribution, central tendencies, and variability. Descriptive statistics were computed for
each physiological measure (RESP and PULS) in both groups, providing a summary of the data in

terms of mean, standard deviation, minimum, and maximum values.

Visual tools such as pair plots were used to explore potential relationships between variables and
detect anomalies or patterns in the data. These initial visualisations helped identify the data’s non-

normal distribution, which was confirmed through statistical tests.

The data distribution was examined using histograms and the Shapiro-Wilk test to determine the
appropriate statistical tests for the analysis. The Shapiro-Wilk test results indicated that all measured
variables (first and second RESP, first and second PULS) were non-normally distributed, with p-
values significantly below the 0.05 threshold.

Given the non-normal distribution, a log transformation was applied to the data to normalise the
distributions as much as possible. Log transformation is a standard technique to stabilise variance and
make the data more suitable for statistical testing. However, the data remained non-normal even after

transformation, necessitating non-parametric tests for further analysis.

The RESP and PULS values before and after the stimulus were combined for each participant to form
aggregated measures. The average of the first and second RESP values was calculated to create a
combined RESP score, and similarly, the PULS values were combined. These combined scores were
further summed to create a total physiological score for each participant, representing their overall

physiological response to the stimuli.

Given the non-normality of the data, non-parametric tests were employed. The Kruskal-Wallis test, a
non-parametric alternative to ANOVA, was used to determine if there were any statistically
significant differences in physiological responses across different stimulus types. The Kruskal-Wallis
test was conducted separately for the “DOWN” and “UP” groups. The results of these tests indicated

whether there were significant differences between the stimulus types in either group.

The data processing phase successfully prepared the physiological data for analysis by addressing
missing data issues, non-normal distributions, and variance homogeneity. Despite extensive
preprocessing and transformation efforts, the inherent non-normality of the data necessitated the use
of non-parametric methods for statistical testing. This careful and thorough approach ensured the
analysis was based on reliable and well-prepared data, allowing for accurate interpretation of the

physiological responses to stimuli.



3.3 Results

3.3.1 Brain Data Analysis

We analyzed fMRI data to investigate the differential brain activation elicited by various types of
visual stimuli: neutral, concerning, and disturbing for the pre-intervention session. This analysis
focused on identifying brain regions that exhibited differential activation in response to these stimuli.
The results revealed several key contrasts, highlighting significant differences in brain activation

patterns across the various types of stimuli.

The table below (Table 1) summarizes the MNI coordinates and Z-scores for brain regions that
showed significant activation differences. Corrections for multiple comparisons were applied using

both Family-Wise Error and False Discovery Rate methods.

Table 1: Summary of significant brain activations during the fMRI experiment.

Stimuli Comparison Region MNI Coordinates Z-score
Concerning > Neutral Left Vemriloz(t)::griziﬁgﬁggggx;eﬂ dorsal (-6, -52,32) 6.18
Disturbing > Neutral Right fusiform gyrus (54, -62,2) 5.09
Disturbing > Neutral Left angular gyrus (-42, -60, 16) 4.44
Concerning > Disturbing Left angular gyrus (-42,-70, 46) 4.36
Disturbing > Concerning Left visual association cortex (-44,-76, 14) 5.64
Disturbing > Concerning Right visual association cortex (44, -66, 14) 5.21

Neural Activation of Concerning vs. Neutral Stimuli (Contrast 37)

We observed a significant difference in brain activation during the pre-intervention session compared
to neutral stimuli (Fig. 6). Specifically, concerning stimuli elicited greater activation in the following

regions:

e Left ventral and dorsal posterior cingulate cortex (MNI coordinates: x = —6, y = =52, z = 32;

Z=6.18)
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Figure 6. Statistical Parametric Mapping (SPM) results for contrast 37 (Concerning vs. Neutral in pre-interventions session). The
left panel shows the areas of significant activation in the brain, with the height threshold set at T=3.11 (p < 0.001 uncorrected) and
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an extent threshold of 374 voxels. The right panel displays the corresponding design matrix for the contrast.

Neural Activation of Disturbing vs. Neutral Stimuli (Contrast 38)

In the comparison of disturbing against neutral stimuli, the analysis identified significant activations

in two key regions(Fig. 7):

e Right fusiform gyrus (MNI coordinates: x =54,y =—62,z=2; Z=15.09)

e Left angular gyrus (MNI coordinates: x =—42,y = —60, z = 16; Z = 4.44)
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Figure 7. Statistical Parametric Mapping (SPM) results for contrast 38 (Disturbing vs. Neutral in pre-interventions session). The
left panel shows the areas of significant activation in the brain, with the height threshold set at T=3.11 (p < 0.001 uncorrected) and
an extent threshold of 374 voxels. The right panel displays the corresponding design matrix for the contrast.

Neural Activation of Concerning vs. Disturbing Stimuli (Contrast 41)
Concerning compared to disturbing stimuli elicited significantly greater activation in (Fig. 8):

e Left angular gyrus (MNI coordinates: x =—42,y = =70, z = 46; Z = 4.36)
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Figure 8. Statistical Parametric Mapping (SPM) results for contrast 41 (Concerning vs. Disturbing) in pre-intervention session). The
left panel shows the areas of significant activation in the brain, with the height threshold set at T=3.11 (p < 0.001 uncorrected) and
an extent threshold of 374 voxels. The right panel displays the corresponding design matrix for the contrast.

Neural Activation of Disturbing vs. Concerning Stimuli (Contrast 42)

Contrasting disturbing against concerning stimuli, we found significant changes in brain activation in

the following regions (Fig. 9):

e Right visual association cortex (MNI coordinates: x =44,y =—66, z=14; Z =5.21)

e Left visual association cortex (MNI coordinates: x =—44,y = =76, z= 14; Z = 5.64)

These visual association cortices showed heightened activation in response to concerning stimuli,

indicating that such stimuli may engage more visual processing resources than disturbing stimuli.
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Figure 9: Statistical Parametric Mapping (SPM) results for contrast 42 (Disturbing vs. Concerning stimuli). The left panel shows the
areas of significant activation in the brain, with the height threshold set at T = 3.107515 (p < 0.001 uncorrected) and an extent
threshold of 52 voxels. The right panel displays the corresponding design matrix for the contrast.

3.3.2 Physiological Data Analysis

We analyzed the physiological data focused on two primary measures, respiratory rate (RESP) and
heart rate (PULS), across two intervention groups (DOWN and UP) under three stimulus conditions:
Concerning, Neutral, and Disturbing. The goal was to determine whether there were significant
differences in these physiological responses based on the type of stimuli, both before and after

applying log transformations to address non-normality.
Initial Data Assessment:
The Shapiro-Wilk Test for Normality:

e The initial Shapiro-Wilk test revealed significant deviations from normality across all four
measured variables during pre-intervention and post-intervention sessions for the DOWN
group. Specifically, in the pre-intervention session, the following variables deviated from
normal distribution: first session mean respiratory rate with a p-value of less than 0.001. First,
the session mean pulse rate also has a p-value of less than 0.001. In the post-intervention
session, we observed similar deviations in the variables of the second session mean respiratory

rate and the second session mean pulse rate, both with p-values of less than 0.001.



e Similarly, the Shapiro-Wilk test indicated non-normal distributions in the same set of
variables for the UP group. During the pre-intervention session, the first session’s mean
respiratory rate and the first session’s mean pulse rate both had p-values of less than 0.001,
indicating significant deviations from normality. These non-normal distributions persisted
into the post-intervention session, where the second session mean respiratory rate and second

session mean pulse rate also had p-values of less than 0.001.

Given the data’s non-normal distribution, we applied log transformations to all variables. Post-

transformation, the data approached normality, although some deviations persisted.
Log-Transformed Data Analysis:
The Levene’s Test for Homogeneity of Variances:

e For the DOWN group, Levene’s test indicated homogeneity of variances across the different
stimulus types (p = 0.694), suggesting that variance was consistent across groups.
e The test similarly confirmed the homogeneity of variances (p = 0.941) in the UP group, further

supporting the suitability of parametric tests on the log-transformed data.
Comparative Analysis of Stimulus Types:
Kruskal-Wallis Test (Non-parametric):

e The Kruskal-Wallis test for the DOWN group yielded a statistic of 0.0078 with a p-value of
0.9961, indicating no significant differences in the combined physiological scores across the
stimulus types.

e For the UP group, the test resulted in a Kruskal-Wallis statistic of 0.1860 with a p-value of

0.9112, showing no significant differences between the stimulus conditions.
ANOVA (Parametric):

e The ANOVA for the DOWN group returned a statistic of 0.1242 with a p-value of 0.8833,
consistent with the Kruskal-Wallis results, indicating no statistically significant differences in
physiological responses across the stimulus types.

e Similarly, in the UP group, ANOVA yielded a statistic of 0.0427 with a p-value of 0.9583,

reaffirming the lack of significant differences.

The box plots below (Fig. 10) illustrate the distribution of combined RESP and PULS scores by
stimulus type for the DOWN and UP groups after outlier treatment. These plots confirm the statistical

analysis, showing similar distributions across stimulus types with no significant variations.



Box Plot of Combined RESP by Stimulus Type

Box Plot of Combined PULS by Stimulus Type (After Outlier Treatment)
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Figure 10: Combined box plots of respiratory rate (RESP) and pulse rate (PULS) in arbitrary units across different stimulus types
(Concerning, Disturbing, Neutral) for DOWN and UP groups. The left plot shows RESP, while the right plot shows PULS after

The plots illustrated the median values, interquartile ranges, and the spread of the data, which further

confirmed the statistical findings:

e Combined RESP Scores: There was a consistent overlap in the interquartile ranges and median

Neutral

Disturbing Neutral

Stimulus Type

Concerning

outlier treatment.

values across stimulus types, with no significant outliers detected post-treatment.

e Combined PULS Scores: The box plots revealed that the distributions were uniform across

stimulus types, with only minimal variations between the DOWN and UP groups.

In conclusion, the analysis demonstrated that all three stimulus types did not lead to statistically
significant differences in physiological responses, as measured by RESP and PULS, in either the
DOWN or UP groups. This was consistent across non-parametric and parametric tests, suggesting a

robust outcome. The visual analysis further supported these findings, showing minimal variation in

the physiological scores across different stimuli.




3.4 Discussion

The primary aim of this thesis was to investigate the neurophysiological and neuronal mechanisms
underlying the processing of different stress stimuli. Specifically, we aimed to identify differences in
brain and physiological responses to highly affective negative stimuli (DISTURBING) and those
stimuli requiring greater cognitive control (CONCERNING).

We anticipated that processing negatively valenced stimuli, particularly concerning and disturbing
types, would engage key brain regions traditionally associated with emotional processing and
regulation, such as the amygdala, prefrontal cortex, insula, and anterior cingulate cortex. These
regions are well-documented in the literature for their roles in managing emotional responses,
detecting threats, and regulating cognitive control during stress (Dixon et al., 2017; Malena Mielke
et al., 2021; Rigney et al., 2017). Specifically, the amygdala is known for its involvement in fear and
emotional salience (H. Toyoda et al., 2011), the PFC for its role in cognitive control and emotion
regulation (Paschke et al., 2016), the insula for interoceptive awareness and emotional experience,

and the ACC for integrating emotional and cognitive processing (Simmons et al., 2012).

However, the fMRI data revealed an unexpected pattern of neural activation that did not align with

these anticipated regions.
Neural Responses to Stimuli

The posterior cingulate cortex (PCC) was significantly activated when comparing CONCERNING
stimuli to neutral stimuli. This region primarily involves self-referential thought and emotional
regulation (Sinha et al., 2004). The activation of the PCC suggests that CONCERNING stimuli may
have required more cognitive evaluation, particularly in relation to the self, rather than being
processed through immediate emotional responses. This finding aligns with the Interoceptive
Predictive Coding model (Hugo D. Critchley et al., 2018), where the brain continuously interprets
incoming sensory information, including a cognitive appraisal of stimuli, to guide behaviour and
maintain homeostasis. The presence of text likely intensified the need for cognitive processing,

leading to this unexpected activation in the PCC.

The angular gyrus showed significant activation in two key contrasts: DISTURBING stimuli
compared to neutral stimuli and CONCERNING stimuli compared to DISTURBING stimuli. This
region is associated with cognitive processes such as attention, memory retrieval, and information
integration (Grob et al., 2024; Horwitz et al., 1998; Ramanan et al., 2017). The heightened activation
suggests that both CONCERNING and DISTURBING stimuli, which were initially hypothesized to
be processed more automatically, may have required substantial cognitive evaluation. This supports

the Affective Signalling Hypothesis, which posits that negative affective cues can enhance cognitive



control by signalling potential threats, thus preparing the individual for more adaptive responses
(Dignath et al., 2020; Miklos Bognar et al., 2023). The cognitive complexity introduced by the text

might have led to the unexpected involvement of the angular gyrus.

The fusiform gyrus was notably activated when DISTURBING stimuli were compared to neutral
stimuli. This region critically processes complex visual stimuli, such as facial recognition (Weiner &
Zilles, 2016). The involvement of the fusiform gyrus suggests that DISTURBING stimuli require
more detailed visual processing, possibly due to their emotional content and visual complexity. This
finding is consistent with the Interoceptive Predictive Coding model (Hugo D. Critchley et al., 2018),

where the brain integrates visual information with emotional responses to guide behaviour.

Activation in the visual association cortex (VAC) was observed when DISTURBING stimuli were
compared to CONCERNING stimuli. The VAC is known for processing complex or ambiguous
visual stimuli (Rosen et al., 2018). However, its involvement here may also indicate its role in
prioritizing emotionally significant stimuli. This aligns with the Affective signalling hypothesis,
where the VAC collaborates with the amygdala and PFC to enhance cognitive control, particularly in
response to emotionally charged stimuli (Dignath et al., 2020; Miklos Bognar et al., 2023). The strong
engagement of VAC suggests that DISTURBING stimuli captured attention more effectively,

drawing on cognitive and perceptual resources to a greater extent than CONCERNING stimuli.
Physiological Responses to Stimuli

Despite our expectations, the heart and respiratory rates data did not reveal significant differences
across the stimulus types. This uniformity might be attributed to the cognitive demands introduced
by the accompanying text, which likely required significant semantic processing and engaged
cognitive pathways rather than eliciting physiological solid responses. The Interoceptive Predictive
Coding model could help explain this, as the brain's focus on cognitive interpretation might have
moderated physiological arousal, leading to uniform responses across stimuli (Hugo D. Critchley et
al., 2018). The uniformity in physiological responses observed might also be related to the influence
of individual differences in personality traits, such as neuroticism and extraversion, as well as the
emotion regulation strategies employed, which were not accounted for in this initial analysis. For
instance, cognitive reappraisal is associated with more adaptive physiological responses, such as
lower heart rate and higher heart rate variability (Denson et al., 2011; Troy et al., 2019). Conversely,
expressive suppression might have led to increased physiological arousal and could have masked
differences in responses to the different stimuli (Pizzie & Kraemer, 2021). Additionally, the
functional coupling between the ventrolateral prefrontal cortex and the amygdala, which modulates
emotional responses, might not have been strongly activated, contributing to the lack of

differentiation in heart rate and respiratory patterns across stimuli (Morawetz et al., 2016).



Influence of Emotion Regulation Strategies

The observed outcomes likely reflect the impact of different emotion regulation strategies that
participants may have employed. If participants predominantly used cognitive reappraisal, where they
reinterpret the meaning of a stressor to alter its emotional impact, this could have led to more uniform
physiological responses (Volokhov & Demaree, 2010). However, if expressive suppression was more
commonly employed, it might have masked physiological differences that could otherwise have been
observed (Pizzie & Kraemer, 2021). This highlights the importance of assessing emotion regulation

strategies in future research better to understand their impact on neural and physiological outcomes.
Influence of Early Life Experiences and Genetic Predispositions

The uniformity in physiological responses might also be influenced by individual differences shaped
by early life experiences and genetic predispositions. For instance, early adversity or prenatal stress
can significantly shape an individual's stress response system (Pizzie & Kraemer, 2021). Genetic
variations, such as those in the serotonin transporter gene (5-HTTLPR), could predispose individuals
to specific stress reactivity patterns (Plieger et al., 2017). These factors suggest that a more
personalised approach, considering genetic and environmental influences, is necessary to fully

understand the variability in stress responses observed in our study.
Sensory Processing Differences

Individual differences in sensory processing likely influenced how participants responded to the
stimuli (Caitlin Bloomer et al., 2014; Gatti et al., 2018). Given the reliance on text-visual stimuli in
this study, it is possible that the stimuli were not equally effective across all participants. Future
studies could benefit from exploring multimodal stimuli that combine visual, auditory, and tactile
elements to create more engaging and stress-inducing scenarios that better reflect real-world
experiences. The nature of the stimuli used in this study might have been more cognitively demanding
than emotionally salient, which is supported by the increased activation in regions like the PCC and

angular gyrus.
Methodological Considerations

Methodological issues such as habituation and order effects could have influenced the results.
Repeated exposure to similar stimuli might have led to habituation, reducing the stress response over
time (Loeffler et al., 2016). Additionally, the fMRI environment could have introduced stress,
potentially confounding the results. This underscores the need for careful consideration of such

factors in future studies.

Ecological Validity and Future Directions



While laboratory settings are valuable for isolating specific variables, they limit the ecological
validity of stress research. The artificial and predictable nature of lab stressors contrasts sharply with
real-world stressors, which are multifaceted and unpredictable. Ecological Momentary Assessment
methods and virtual reality, as demonstrated in the meta-analysis by (Coban et al., 2022), present
paradigms to address this limitation by creating more immersive and realistic stress simulations.
Additionally, (Weber et al., 2022) provide a systematic review of physiological reactions to acute
stressors and subjective stress during daily life, highlighting the effectiveness of Ecological
Momentary Assessment in capturing real-world stress responses. This approach would enhance the
ecological validity of lab-based research, potentially leading to more significant and generalizable

findings.



4. Conclusion

This thesis explored the neurophysiological and neuronal mechanisms involved in processing
different types of stress stimuli, focusing on distinguishing between more automatic versus rather
cognitively controlled responses. While we hypothesized that negatively valenced stimuli, mainly
those disturbing and concerning, would engage key brain regions traditionally associated with
emotional processing and regulation, such as the amygdala, prefrontal cortex, insula, and anterior

cingulate cortex, the results presented a more complex picture.

The fMRI data revealed significant activations in the posterior cingulate cortex, angular gyrus,
fusiform gyrus, and visual association cortices rather than the expected regions. These findings
suggest that the stimuli employed in the study, which included visual and textual components, likely
engaged cognitive processing mechanisms more than purely emotional ones. The involvement of
these regions points to the role of cognitive evaluation, self-referential processing, and detailed visual
processing in response to stress stimuli, challenging traditional models that primarily focus on the

amygdala and prefrontal cortex.

The absence of significant physiological differences across the different types of stimuli further
underscores the influence of cognitive processing in this context. It is possible that the cognitive
demands introduced by the textual content led to a more uniform physiological response, as the brain's
focus on semantic interpretation might have moderated the expected variations in heart and

respiratory rates.

The results suggest that cognitive and sensory processing mechanisms might play a more significant
role in stress responses than previously thought, especially in contexts where stimuli are complex and
require substantial cognitive evaluation. This finding challenges traditional models that emphasize

the amygdala and prefrontal cortex as the primary regions involved in stress processing.

The engagement of regions like the posterior cingulate cortex and angular gyrus underscores the
importance of cognitive appraisal and self-referential processing in stress responses. Future research
should investigate how these cognitive processes interact with emotional regulation mechanisms
during stress. Understanding the cognitive components of stress processing could inform the

development of more personalized stress management strategies.

The uniform physiological responses observed across stimuli types highlight the importance of
considering cognitive demands and individual differences in future research. Additionally, the
artificial and controlled laboratory setting might not fully capture the nuances of real-world stressors,

suggesting a need for more ecologically valid methodologies.



Overall, this study contributes to a deeper understanding of the complexity of stress responses,
emphasizing the interplay between cognitive and sensory processing alongside emotional regulation.
Future research should continue to explore these interactions, particularly in more ecologically valid
contexts, to better understand the full scope of stress processing mechanisms and their implications

for psychological interventions and stress management.
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