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Propositions of the thesis

Stress Resilience
Learning from imaging the brain

1. The iMAST is an excellent tool to systematically investigate the timedependent mediating role of cortisol in the brain’s response to a stressor
(Chapter 1).
2. Resting state functional connectivity (rsFC) is informative in characterizing the
temporal trajectory of cortisol-induced changes in brain connectivity during
stress adaptation.
3. Timing is important. This is certainly true in the realm of how stress affects
memory formation (Chapter 3).
4. The moderating role of lateralised frontal activity on acute stress responses is
state-dependent, with relatively more left-sided activation characterising
resilience (Chapter 2 & 4).
5. Deriving frontal EEG asymmetry from the individual alpha band is key in
accounting for lateralised individual differences in the processing of stressors
by the brain (Chapter 4).
6. Ensuring reproducibility on the individual level is a fundamental challenge in
neurofeedback studies (Chapter 5).
7. Placebo controlled studies and comparisons with other established therapies
are necessary before any translation of neurofeedback to a more applied
context is justified.
8. With modern society becoming increasingly more demanding and complex,
knowledge about successful adaptation to stress also becomes progressively
more important.
9. Running a neurofeedback study is an excellent intervention method to train
your own stress resilience.
10. Karakter wint van talent, als talent geen karakter heeft (Frank de Boer).

Conny Quaedflieg , Maastricht, January 21st 2016
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General Introduction

This chapter is an extended version of the following article:
Quaedﬂieg, C.W.E.M. & Smeets, T. (2012). Stress Vulnerability Models.
In Encyclopedia of Behavioural Medicine (1897-1900): Springer.

We all know how it feels to be stressed. Our lives are filled with daily hassles such as rushing

I

for an appointment for which you are already late, deadlines at work or taking an exam at
school, giving a presentation in front of a large audience, or being stuck in a traffic jam. Even
planning a holiday or going to the dentist can be daunting to some of us. Thus, a wide range
of events can provoke stress, and the amount of stress that is experienced in any given
situation can differ between individuals. The ability to adapt well to stressful events has been
coined resilience1,2. Resilience can be seen as a continuum that involves a dynamic process
and depends on how we interpret the situation. After decades of investigating factors that
put people at risk, researchers gained interest in studying factors that protect people from
the development of mental Illness after a stressful experience. Stress vulnerability models
assert that biological, social, and psychological factors will determine resilience3. In
particular, these models emphasize that the impact of stressful life events depends on the
nature and intensity of the stressor on the one hand, and on genetic and phenotypic risk
and protective factors on the other hand. Psychosocial factors during development like
social support, parental care and affective regulation style have been identified as
potentially phenotypic protective factors that can enhance adaptive coping during or after
stress4-11.
Stress is said to be experienced when we are confronted with a physical or
psychological threat. The immediate reaction to a physical or psychological threat consists
of an emotional response, which is expressed as subjective withdrawal motivation, and a
cognitive response, which involves attentional focusing on threat-related stimuli. After this
immediate period in which survival is promoted, regulatory actions directed at restoring
homeostasis are initiated. In particular, two physiological brain systems act in concert to
restore homeostasis and jointly enable the individual to adjust the response to the stressor.
The rapidly acting autonomic nervous system (ANS) results in the release of catecholamines
(e.g., (nor)adrenaline) stimulating arousal, alertness, and focused attention. In turn, the
activation of the slower hypothalamic-pituitary-adrenal (HPA) axis initiates a cascade of
neurochemical events that results in the secretion of the glucocorticoid stress hormone
cortisol from the adrenal glands (see Figure 1)12,13. On the whole, the stress system is an
integrated system, initially releasing catecholamines preparing you for the “fight-or-flight”
response followed by the cortisol response that comes on-line during the selection of a
proper behavioural response to a stressor.

9
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Dysfunction of neuroendocrine regulation and impaired coping abilities have been
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implicated in a variety of psychiatric disorders and have been linked with a differential
susceptibility to psychopathology and disease after a stressful experience8,12,14-18. Recently,
research started to use imaging methods as tools to investigate specific neural responses in
the brain as protective or vulnerability factors in the development of psychopathology after
stress. The aim of this thesis is to identify those changes in neural responding in the brain
that underlie flexible adaptability after acute stress. At the heart of the described
experiments are EEG and fMRI as brain imaging methods and the use of (i)MAST to induce
acute stress in the laboratory. In part 1 of this thesis, “Imaging the stressed brain”, we
investigated the effects of acute stress on functional connectivity of the brain and on the
neural correlates of memory formation. In part 2 of the thesis, “Brain asymmetry and stress
resilience”, we explored the possibility to modify cortical brain activity via self-regulation to
provide an account for the role of our brain as possible protective factor in stress resilience.

Figure 1. Overview of the stress system and the brain structures that play a key role in
the stress response.
Within seconds following stress exposure, the sympathetic branch of the autonomic nervous
system (ANS) is activated. Originating in the hypothalamus, activation of the sympathoadreno-medullary (SAM) axis results in the release of adrenaline, resulting in a bodily reaction
(e.g., increased heart rate, respiration, and blood pressure) and enhanced alertness, arousal
and attention. This ANS driven enhanced arousal state normalizes soon after stressor offset
(i.e., it lasts only several minutes; denoted in green in the figure). The second major stress
system, the hypothalamic-pituitary-adrenal (HPA) axis, responds slower and the levels of its
end product cortisol remain increased for a longer time (i.e., min to hours; denoted in orange
in the figure). Corticotrophin-releasing hormone (CRH) that is secreted from the hypothalamus
induces the release of adrenocorticotrophic hormone (ACTH) from the anterior pituitary. ACTH
enters the bloodstream and stimulates the adrenal cortex to secrete cortisol. Subsequently,
cortisol enters the brain where it binds to two types of receptors. The mineralocorticoid
receptor (MR) and the glucocorticoid receptor (GR) differ in their affinity as well as in their
distribution in the brain. The relative balance between the MR and GR receptors determines
the threshold and termination of the HPA-axis response to stress. The MR controls the basal
HPA-axis activity via negative feedback on the pituitary gland and hypothalamus. In contrast,
the GR promotes recovery after stress as well as the storage of information for future events.
Furthermore, GRs are widely expressed throughout the brain and especially in the prefrontal
cortex and hippocampus, while the MRs are mainly localized in the limbic system.
Consequently, stress effects on the brain are region-specific with the prefrontal cortex,
amygdala and hippocampus as main target areas of stress hormones.

Stress vulnerability models
To distinguish people who develop pathology from people who do not (i.e., are resilient),
factors have been suggested that predispose individuals to psychopathology when
confronted with severe stressors. In the late nineteen seventies, Zubin and Spring19 were the
first to introduce this idea in the field of behavioural medicine by postulating a vulnerability
model specific for schizophrenia. They suggested that humans inherit a predisposition to
mental illness. However, an interaction between the genetic vulnerability and biological or
psychosocial stressors is necessary to develop the disorder. The relationship between
predispositional factors (or diathesis) and development of pathology has been described in
four basic stress vulnerability models3.
The first and most simple stress vulnerability model, the dichotomous interactive
model, contends that when predispositional factors are absent, even severe stress will not
result in pathology. Instead, it is only when predispositional factors are present that stress
may, depending on the severity of the stress, lead to the expression of pathology.
Alternatively, the quasi-continuous model suggests varying degrees of predisposition with a
continuous effect of predispositional factors on pathology once a threshold has been
exceeded. The third, more extensive threshold model incorporates a specific individual
threshold that is determined by the degree of vulnerability and the level of experienced

10

11

General introduction

stress. Finally, perhaps the most comprehensive model is the risk-resilience continuum model

hypothalamus, while a psychological stressor requires processing in the prefrontal cortex

that incorporates different levels of severity of pathology by postulating a continuum that

(PFC) and in turn activates the HPA-axis via connections with limbic structures13,21. Extensive

ranges from vulnerability to resilience. Here, resiliency characteristics that make people

research has indicated that social evaluation, uncontrollability, and unpredictability are

more resistant to the impact of stress are explicitly emphasized. Note that according to this

elements that make a task stressful22. Common laboratory paradigms used to reliably evoke

latter model, even highly resilient individuals might still be at risk for developing pathology

stress in humans are the Trier Social Stress Test (TSST)23-25, the Cold Pressor Test (CPT)26,27, and

when experiencing extreme stress, but their individual threshold will be higher and the

the Socially Evaluated Cold Pressor Test (SECPT)28. The TSST consists of a short preparation

symptomatology of post-trauma pathology is likely to be less severe.

period followed by a 5-min speech on any topic of participants’ choice, and a 5-min mental

In general, stress vulnerability models postulate that a genetic vulnerability interacts

arithmetic task, all performed in front of an audience while being audio- and videotaped. In

with adverse life events or stressors to produce pathology. This gene-environment

the CPT, participants are instructed to immerse their hand up to the wrist in ice-cold

interaction with regard to stress and the development of pathology has been most

(typically 0-5 °C) water for as long as possible with a maximum of 3-min. In the SECPT,

extensively investigated in mood disorders such as depression. Gene-environment

participants perform the hand immersion task while being watched by an experimenter and

interaction studies use monozygotic twin, adoption, and family designs as tools to identify

being videotaped. The recently developed Maastricht Acute Stress Test (MAST)29 combines

predispositional factors in shared and non-shared environments in order to differentiate

a physical (i.e., hand immersion in ice-cold water) and psychological (i.e. mental arithmetic

genetic from environmental influences. In twin studies, a higher prevalence of pathology in

challenges including psychosocial evaluative threat) stressor and has been shown to be a

monozygotic twins reared in different environments is used to confirm a genetic

concise and valid procedure to reliably elicit robust subjective, autonomic and

predisposition, whereas in adoption studies the effect of the environment (adoptive

glucocorticoid stress responses.

parents) can be offset against the effect of genes (biological parents). Using these methods,

Eliciting stress in a functional Magnetic Resonance Imaging (fMRI) environment,

the heritability of major depression, for example, has been estimated at around 40%20.

however, remains challenging30. Typical stress paradigms that have been used in brain

Moreover, genes can have a direct effect on the development of various brain systems. For

imaging research include the serial subtraction task31,32 as well as emotional stimuli

instance, altered gene expression can reduce plasticity in brain circuits regulating mood,

paradigms (e.g., emotional pictures33,34 or movies35-38), all of which result in rather modest

anxiety, and aggression, thereby decreasing one’s ability to cope with stressful life events8.

cortisol increases compared to their non-imaging counterparts. Paramount among the

Genetic polymorphisms are then viewed as vulnerability factors given that they produce an

imaging stress tests so far is the Montreal Imaging Stress Task (MIST)39,40, which is composed

increased sensitivity to the impact of stressful life events.

of a series of computerized mental arithmetic tasks with an induced failure algorithm and a

I

social evaluative threat component. The (event)MIST thus incorporates key characteristics
The right tool for the job: Evoking stress in the neuroimaging environment
Cortisol can be measured in our saliva and is used as a physiological stress marker in research
to indicate that a laboratory stressor activated the stress system in the brain. Systematically
investigating the mediating role of cortisol in the brain’s response to a stressor requires a
paradigm that effectively elicits robust cortisol responses. There are different kinds of
stressors that are used to induce acute stress in a laboratory and that activate the two
physiological stress systems to different degrees. For example, a physical stressor results in
rapid activation of autonomic nervous system via reflexive mechanisms in brainstem and

12

of psychological stress paradigms within the constraints of a neuroimaging environment
and, compared to a control condition, elicits a significant cortisol stress response. Still,
cortisol responses to the (event)MIST are considerably smaller than those of non-imaging
stress protocols, and there is a large variation between studies applying the (event)MIST in
the number of cortisol responders as well as in the maximal cortisol increase39-45.
To elicit cortisol responses within the constraints of a neuroimaging environment
more effectively than hitherto undertaken, we adapted the MAST to create a MRI compatible
physically and psychologically challenging laboratory stress test. In chapter 1, we introduce

13
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this novel paradigm, which we labelled the imaging Maastricht Acute Stress Test (iMAST), and

Cortical brain regions modulate the response of the amygdala to physical or

evaluate its effectiveness in evoking subjective and physiological stress responses. Basically,

psychological threat. Physiological and imaging studies have demonstrated that the medial

the iMAST consists of a 5-min preparation phase in which the task is explained and a 10-min

prefrontal cortex (mPFC) modulates the amygdala response during regulation of autonomic

acute stress phase that includes several exposures to cold-pressor stress and various mental

and affective responses58-65. Furthermore, several studies using different paradigms (i.e.,

arithmetic challenges along with social-evaluative pressure (i.e., negative feedback).

trauma related sounds, photos, fearful faces, neutral memory tasks) have reported increased
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amygdala activation and decreased mPFC activation in post-traumatic stress disorder
(PTSD)66. Interestingly, resilience to PTSD in police officers was associated with increased

The stressed brain
Our brain perceives what is potentially threatening and hence, plays a key role in the
capacity to cope with a stressor. Our brain regulates the acute stress response but vice versa
acute stress also affects neuronal activity in the brain. Cortisol binds to two corticosteroid
receptors in the brain, namely the mineralocorticoid receptor (MR) and the glucocorticoid
receptor (GR)12,13, and does so via two mechanisms. First, cortisol can bind to the hormone
response element on DNA to influence gene expression (intracellular MR and GR binding
properties). Second, cortisol can bind to membrane versions of the corticosteroid receptors
to influence glutamate transmission and gene expression in the brain16. The MR controls the
basal activity through inhibition of the HPA-axis46, facilitating the selection of adaptive
behavioural responses and preventing minor adverse life events from disturbing
homeostasis. In contrast, the GR promotes recovery after stress as well as the storage of
information for future events. The relative balance between the MR and GR receptors
determines the threshold and termination of the HPA-axis response to stress12,47. Studies
have demonstrated that individuals with polymorphisms in the MR as well as in the GR gene
display altered HPA-axis reactivity (i.e., increased or decreased cortisol secretion depending
on the polymorphism) following standardized laboratory stress tests16,48,49, revealing a

mPFC and less amygdala activity during traumatic memory retrieval67. These findings,
together with the idea that stress is a complex behavioural response mediated by networks
of areas in the brain, suggests that the functional connectivity of the amygdala with mPFC
might play a key role in stress resilience.
Functional connectivity of brain areas has been investigated using task absent (i.e.,
resting state) fMRI measurements (rs-fMRI) based on the rationale that regions exhibiting a
high degree of coherence are functionally interconnected in terms of flow of neural
information68. Resting state functional connectivity (rs-FC) is especially useful to study the
effect of post-stress brain activation patterns since the measured activity is not related to a
task, enabling the exploration of diffuse effects of stress on the brain. Previous
neuroimaging studies demonstrated that amygdala rs-FC is differentially modulated during
acute stress69 and the early recovery following a stressor70, with enhanced amygdala-mPFC
coupling one hour after the stressor. In chapter 2 we confirm the potential of the iMAST to
study the processing of stress signalling in the brain and investigate the moderating role of
glucocorticoids on the change in amygdala rs-FC during two phases that follow stress
exposure: the acute stress and early recovery phases.

potential predisposition factor for stress-related pathology.
Human and animal studies have found wide-spread effects of stressors on brain
regions that are also involved in emotion. These regions include, but are not limited to, the

The end products of the rapid and delayed physiological stress systems, the ANS and HPA-

insula, hypothalamus, hippocampus, prefrontal cortex, cingulate cortex, and the

axis, influence cognitive processes initiated by the brain, enabling the prioritization of

amygdala50-53. As the fear centre of our brain, the amygdala is one of the fastest brain areas

adaptive cognitive processes after having been exposed to a stressor13. Enhanced memory

to react to a stressor. The amygdala is part of the salience network54 and excites the ANS and

consolidation is a well-known long-term adaptive behavioural consequence of stress

HPA responses, thus mediating the initial surge in vigilance and optimizing detection of

exposure. The binding of cortisol to the corticosteroid receptors in the hippocampus but

threats for homeostasis12,37,55. The amygdala is also crucially involved in stress-induced long-

also the amygdala and other brain structures activates mechanisms involved in

term adaptive responses like enhanced memory consolidation
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Stress and memory

56,57

.

hippocampal plasticity, thereby influencing memory71,72. Moreover, stress has a more
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pronounced effect on emotional memory consolidation73-75 and this has been related to the

Brain asymmetry

interaction of cortisol with the noradrenergic system in the basolateral nucleus of the

Lateralized processing in the prefrontal cortex is involved in the regulation of the

amygdala (BLA)76-78. It is thought that connectivity between the amygdala and hippocampus

neuroendocrine stress response52,95,96. Specifically, based on animal and human

is required for this enhanced emotional memory and that this connectivity generates and

neuroimaging studies, it is suggested that the right hemisphere initiates neuroendocrine

regulates emotional reactions to stressful stimuli79,80.

and behavioural fight-or-flight responses, while the left hemisphere regulates them97-100,

Cortisol plays a key role in the effects of stress on memory81,82 and exerts a time

most probably through interhemispheric inhibition101. This is supported by patient and

specific dual mode of action in the brain83,84. Importantly, these rapid non-genomic and

studies demonstrating increased cortisol levels in the morning after having had a stroke in

delayed genomic glucocorticoid actions, have opposite effects on certain brain areas85. For

the left prefrontal cortex102 and experimental studies showing increased phasic cortisol

instance, neuroimaging studies have demonstrated that rapid non-genomic cortisol effects

levels when presenting an emotional film to the right hemisphere103.

enhance activity while delayed genomic effects suppress activity in the amygdala and
hippocampus

Lateralization of prefrontal cortex has also been linked to individual differences in

. Acute stress sets the brain in a consolidation mode and thus enhances

processing of emotions and resilience. The left-frontal hemisphere has been associated with

memory formation when it is experienced within the spatiotemporal context of the learning

an approach system, activated when an individual is moving towards goals, and generates

episode87. Indeed, Smeets and colleagues88,89 demonstrated that enhanced memory

positive emotions with the purpose of reinforcing goal attaining behaviours104,105.

consolidation is dependent on the contextual relatedness between stressor and to-be-

Conversely, the right lateralised withdrawal system produces more negative affect intended

remembered stimuli (i.e., enhanced recall of context-related words). Additionally, support

to motivate the individual to move away from potentially dangerous situations or

for the temporal relatedness comes from a recent study by Zoladz and colleagues90, who

stimuli106,107. The approach and withdrawal systems could be related to differences in

examined the effects of stress applied immediately or 30 min before learning neutral,

resilience, by how they bias motivational processing. For Example, Curtis and Cicchetti108

negative and positive words. They found that stress immediately before encoding enhanced

demonstrated that greater left frontal activity differentiated resilient from non-resilient

recognition of positive words 24-h later, whereas stress 30-min before encoding impaired

(trauma exposed) children. Furthermore, frontal asymmetry measured during exposure to

recall of negative words. One of the mechanisms behind this consolidation enhancement is

trauma reminders has been found to differentiate PTSD patients from resilient individuals109.

a rapid increase of glutamate-mediated excitability in the hippocampus and the amygdala

Also, in healthy participants, we recently found that left-sided frontal activation predicted

via noradrenergic and non-genomic membrane MR activity

. Following this period of

lower physiological responses to reminders of a trauma film, although this effect emerged

potential memory enhancement, genomic GR actions induce a refractory state of the

only for one type of film (i.e., a severe car crash) and not for another (i.e., a genocide film)110.

37,86

83,91

hippocampus, impairing the processing of new information71,87,92.
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A reliable correlate of frontal activity is frontal alpha oscillations measured through

Thus, stress applied immediately before learning can be expected to enhance long-

EEG recordings. Frontal alpha asymmetry refers to the average difference in 8-13Hz activity

term memory by increased vigilance to (emotional) stimuli, while stress applied longer

between the left and right frontal areas across several minutes111. Frontal alpha asymmetry

before learning would impair long-term memory. In chapter 3, we investigated the role of

is most often measured while participants are at rest and reflects a dynamic recurring series

stress timing on emotional memory processing and its underlying neural basis by

of states112. It is suggested that alpha oscillations originate from thalamo-cortical circuits and

combining behavioural measures with electroencephalography (EEG) measurements.

play an important role in neuronal processing via inhibition, reducing the processing

Event-related potentials (ERPs) obtained from EEG were used to assess cortical information

capabilities of a given area113-115. That is, the power of alpha oscillations is inversely related

processing and provide information about the time course of memory formation93,94.

to brain activity. A brain that is said to be asymmetric to the right has an alpha predominance
in the left hemisphere.

16
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The relation between lateralized brain activity and emotions or stressful life events

change. The activity in the area of interest can be recorded with imaging methods, such as

has been supported by patient studies. These studies typically report higher right frontal

EEG and fMRI. The primary concern regarding the neurofeedback is to ensure that it

activity in patients with depression116-119. Moreover, right frontal asymmetry predicted first

represents the actual underlying neural activity rather than mere measurement artefacts.

depressive episode in healthy individuals in a three-year follow-up study . Experimental

The auditory or visual feedback that is provided reinforces the desired brain activity, thereby

studies also support the role of functional prefrontal cortex lateralisation in affect and stress

teaching the patient to change their own brain activity and increasing the likelihood of the

regulation. For instance, greater left- than right frontal activity at baseline predicted greater

subsequent spontaneous re-occurrence of the desired brain activity134-139. There has been a

emotional flexibility121, better emotion regulation122 and was associated with superior ANS

recent surge in the use of EEG neurofeedback for treating psychopathological disorders.

response (i.e., increased cardiac output and decreased peripheral pressure)123. In the same

Nevertheless, EEG neurofeedback has been criticized as its alleged efficacy is often not

vein, Lewis, Weekes, and Wang

found that high examination stress increased relative

evidence-based140. Most clinical neurofeedback studies are based on a small sample, are not

right-sided frontal activity in the absence of changes in cortisol levels. Pharmacological

double-blind, use invalid measures of symptoms, and do not include a control group or

studies have yielded mixed results, with cortisol administration resulting in either a shift to

follow-up measures141,142. For instance, the evidence for the effectiveness of neurofeedback

the right125 or to the left in a formal testing condition126. However, these studies provide

for attention-deficit/hyperactivity disorder (ADHD) is found to be less robust when only

indirect evidence for a role of frontal asymmetry in stress processing since a psychological

randomized controlled studies are considered143.

120

124

stressor depends on processing in the brain and activates the HPA-axis at a different level
than exogenous cortisol127.
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In the late 1960s, Kamiya144 first observed that individuals could gain a degree of
voluntary control over the production of alpha activity in their own brain. Almost 25 years

In chapter 4, we investigated the functional role of asymmetric frontal alpha

later, informed by insights from studies in cognitive neuroscience showing that frontal alpha

oscillations in task-induced stress responding. Additionally, we examined whether frontal

asymmetry is composed of a trait and state component, a frontal alpha asymmetry

asymmetry based on an individualized alpha frequency band can provide a more sensitive

neurofeedback protocol was introduced by Rosenfeld (ALAY)145. The aim of the protocol is

measure of individual differences in lateralized stress responding. It is known that there are

to bias emotional processing via increasing activity in the left hemisphere (e.g., enhance the

inter-individual variations in the spectral frequencies128,129, specifically in alpha peak and

F4-F3 asymmetry score). Frontal alpha asymmetry neurofeedback has been applied in

bandwidth130-132. Moreover, individual differences in alpha peak frequency have been related

depressive patients146-150, yet these studies were conducted with small samples and no

to several cognitive functions including perception, attention, and memory133.

randomized controlled design. Investigating the effect of neurofeedback in healthy
participants allow the investigation of protocol specific effects on the electrophysiological

Neurofeedback as a tool to target stress resilience
Several psychopathological disorders display a characteristic brain activity profile, such as
right-sided frontal asymmetry in depression (cf. supra). This altered brain activity profile has
yielded a vested interest in treatment possibilities based on the brain neurophysiology
through neurofeedback. Neurofeedback is based on the real-time analysis of ongoing brain
activity and uses operant conditioning as the mechanism to shape the functional
architecture of the working brain. Learning is achieved via auditory or visual feedback that
reflects the current brain activity in the area of interest. The area of interest is based on
knowledge about the neural mechanisms underlying a disorder or the desired behavioural

18

level and non-specific effects via the comparison with a placebo or a training group in the
undesired direction. Only a few studies looked at the effectiveness of neurofeedback
training to change frontal asymmetry and mood state in healthy participants (see table 1).
Allen and colleagues151 found that a five-day training to relative right-sided frontal activity
was associated with less approach motivational experiences to happy movies in healthy
participants. Moreover, Harmon-Jones and colleagues152 found a specific difference
between the increase and decrease frontal asymmetry group on frontal but not on parietal
electrodes after two days of neurofeedback training. Another study investigated the
possibility of changing frontal asymmetry in a single neurofeedback session153. This study

19
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reported that it is feasible to change frontal asymmetry in both directions in healthy

I

participants, but found no effect on emotion. Taken together, these studies suggest that
EEG neurofeedback can be used to change frontal alpha asymmetry, but as an intervention
method it requires substantiation, for example by the assessment of the stability, its
behavioural usefulness, and by including a control condition.
In chapter 5, we assessed the effectiveness and validity of EEG neurofeedback to
change frontal alpha asymmetry to target stress resilience. Three protocols were compared:
to increase relative right-sided frontal alpha asymmetry, to increase relative left-sided
frontal asymmetry, and a placebo control direction. The study extends previous studies by
including a placebo control condition and follow-up measurements one week and one
month later. Furthermore, we developed a neurofeedback protocol that uses individual
alpha and real-time eye-corrected and average referenced data to make instrumental
condition of asymmetric alpha oscillations more specific.

20
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Outline

MAST and provided a neurofeedback training intervention in-between the first and second

This thesis describes studies looking into the neural correlates of acute stress processing in

stress induction. In a large sample of healthy participants, we compared three frontal

the brain. As described before, inducing stress in a neuroimaging environment can be

asymmetry protocols that aimed to increase relative right- or left-sided frontal asymmetry,

challenging. Given the prominent role of acute stress induction in this thesis, the first step

relative to a placebo frontal asymmetry control direction. Thus, we examined whether

was to validate the iMAST as a way to induce stress during fMRI scanning (chapter 1). Next,

healthy participants were able to learn to change their frontal brain asymmetry using EEG

we wanted to assess the effect of task-induced cortisol on the temporal trajectory of

neurofeedback and whether the direction of change influenced task-induced subjective and

functional connectivity of the amygdala, as this is one of the fastest brain areas to react to a

neuroendocrine stress responses (chapter 5).

stressor. To investigate the time-course of the cortisol effect, healthy participants were

The experimental findings and conclusions of the studies presented in this thesis are

studied at rest using resting state fMRI (rs-fMRI), while neuroendocrine stress levels were

summarized, discussed, and integrated to form a comprehensive view regarding the neural

monitored before, immediately after and 30 min after stress induction. Based on previous

correlates of stress resilience in the last part of this thesis. Methodological limitations as well

work, it was expected that individual differences in stress responding would be associated

as theoretical and clinical implications will be discussed, followed by recommendations for

with resting state functional connectivity between the amygdala and mPFC, promoting

future research.

I

resilience via regulatory feedback on the amygdala (chapter 2).
A well-known behavioural effect of stress is its memory enhancing effect on
consolidation and its memory impairing effect on retrieval. It has also been suggested that
the exact temporal dynamics of stress relative to the memory encoding task are crucial for
enhanced consolidation. Thus, we addressed the contribution of cortisol in mediating these
effects and determined its neural basis by combining behavioural measures with EEG eventrelated potentials. In order to do so, we applied a stress or a no-stress control version of the
MAST either immediately or 30 min before learning and related the late positive potential
(LPP) generated during memory encoding with the performance on the delayed memory
test that was carried out 24h later (chapter 3).
Stress responding and coping is thought to involve lateralized processing in the
brain. Moreover, altered lateralized brain activity has been found in stress-related
psychopathology. Here, we extended these findings by testing the functional role of frontal
alpha asymmetry in stress responding. We conducted an experimental study in healthy men
and women and measured frontal alpha lateralisation with EEG at baseline and following
exposure to acute stress induced by the MAST. If lateralized processing indeed plays a role
in stress responding, it follows that a person’s stress resiliency should correlate with frontal
asymmetry (chapter 4). Moreover, we were also interested in targeting stress resilience by
teaching people to change frontal lateralization with the use of EEG neurofeedback. To test
this under laboratory-controlled conditions, we induced acute stress three times using the
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Imaging the stressed brain
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The imaging Maastricht Acute
Stress Test (iMAST):
A Neuroimaging compatible
psychophysiological stressor
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Maastricht Acute Stress Test (iMAST): A neuroimaging compatible
psychophysiological stressor. Psychophysiology, 50, 758-766.

Abstract
Several protocols have been developed for inducing acute stress in laboratory settings. Still,
effectively eliciting stress in a neuroimaging environment remains challenging. Here, we

1

describe the evaluation of a combined physical and psychosocial stress protocol (n = 42).
The imaging Maastricht Acute Stress Test (iMAST) consists of a 5-min preparation phase and
a 10-min acute stress phase, with alternating trials of cold pressor stress generated through
an advanced thermal stimulator and mental arithmetic challenges along with socialevaluative pressure (i.e., negative feedback). Results demonstrate that participants
displayed meaningful subjective stress responses, as well as significant increases in salivary
alpha amylase and cortisol levels. Our data show that the iMAST may prove to be a potent
alternative to existing imaging stress paradigms to explore post-stress neuronal changes
and brain determinants of resilience.

Keywords: cortisol, functional Magnetic Resonance Imaging (fMRI), Maastricht Acute Stress
Test (MAST), stress tasks, stress reactivity
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When a situation is perceived as a physical or psychological threat, the brain activates two

stressful paradigm, the CPT, has been used in fMRI studies. For example, Porcelli and

physiological systems that jointly enable the individual to cope with the current stressor.

colleagues20 investigated the effects of acute physical stress on working memory. Stress was

The rapidly acting autonomic nervous system (ANS) ensures the release of adrenaline and

induced by four 30-s hand-immersion trials in a bucket of 4°C water. Of course, working with

noradrenaline, which help to potentiate arousal, alertness and focused attention. In turn, the

liquids in a scanning environment is cumbersome and far from ideal.

stimulation of the slower hypothalamic-pituitary-adrenal (HPA) axis, following a cascade of

Paramount among the imaging stress tests so far is the (event)MIST8,9, which is

events, results in the secretion of the primary human glucocorticoid cortisol1. The

composed of a series of computerized mental arithmetic tasks with an induced failure

contribution of various brain areas in regulating neuroendocrine stress responses depends

algorithm and a social evaluative threat component. The (event)MIST thus incorporates key

on the severity and type of stress. Physical stressors (e.g., pain) are known to rapidly activate

characteristics of psychological stress paradigms within the constraints of a neuroimaging

the ANS and HPA-axis via the brainstem, whereas psychological stressors (e.g., social

environment and, compared to a control condition, elicits a significant hormonal (i.e.,

challenge tests) are mainly processed by the prefrontal cortex (PFC) and engage the limbic

cortisol) stress response. Nevertheless, cortisol responses to the (event)MIST are significantly

system1-3.

smaller than those of non-imaging stress protocols, and there is a large variation between

Numerous protocols have been developed for inducing acute stress in laboratory

studies applying the (event)MIST in the number of cortisol responders as well as the maximal

settings, with the psychosocial Trier Social Stress Test (TSST)4 and the physical Cold Pressor

cortisol increase8,9,21-25. This variation may be due to the switching between experimental,

Test (CPT)5,6 being used most frequently. The TSST consists of a short preparation period

rest, and control conditions in the (event)MIST, which might not be optimal for the induction

followed by a speech and mental arithmetic task of 5-min each, both performed in front of

of stress in the majority of people.

an audience. In the CPT, participants are instructed to immerse their hand in ice-cold water

The current study was set out to develop and evaluate a stress protocol that is

for as long as possible for a maximum of 3-min. Both paradigms differ in the degree of ANS

effective in eliciting robust cortisol and alpha amylase responses in an fMRI environment,

and HPA-axis stimulation, which is related to different degrees of uncontrollability,

which would provide a reliable means for investigating post-stress neuronal changes. We

unpredictability and social evaluation2. The recently developed Maastricht Acute Stress Test

adapted the MAST7 to create an fMRI compatible physically and psychologically challenging

(MAST)7 combines a physical (i.e., hand immersion in ice-cold water) and psychological (i.e.,

stress test, which is labelled the imaging Maastricht Acute Stress Test (iMAST). Basically, and

mental challenges including psychosocial evaluative threat) stressor, and has been shown

closely mimicking the MAST, the iMAST consists of a 5-min preparation phase in which task

to be a concise and valid procedure to elicit robust subjective, ANS, and HPA-axis stress

instructions are given and a 10-min acute stress phase. The acute stress phase includes

responses.

several exposures to cold pressor stress generated with an advanced thermal stimulator

In contrast to a range of laboratory stress induction procedures, effectively eliciting

(ATS) and various mental arithmetic challenges along with social-evaluative pressure (i.e.,

stress in a functional Magnetic Resonance Imaging (fMRI) environment has proven to be

negative feedback). We hypothesized that the iMAST would induce subjective stress and

extraordinary challenging. Until now, several psychological stress paradigms have been

would result in significant increases in salivary alpha-amylase and cortisol.

1

used, such as the Montreal Imaging Stress Task ((event)MIST8,9, a serial subtraction task (i.e.,
subtracting 13 from a 4-digit number)10,11, displaying emotional pictures12,13, or showing
aversive movies14-18. In comparison to non-imaging laboratory stress paradigms, such as the
TSST and MAST, the serial subtraction as well as the emotional stimuli paradigms result in
relatively modest cortisol increases. Potential reasons for this may be relatively lower social
evaluative threat and achievement demands19. Moreover, until now, only one physically

40

Method
Participants
Forty-two right-handed scanner-naïve participants (21 men, 21 women, mean age = 21.8
years, SD = 2.14; range: 18-35) participated in the current study. All subjects underwent a
screening protocol assessing physical and mental health, fMRI aptness, and handedness.
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Participants were excluded when they had a history of psychiatric, neurologic,

arithmetic trials, the baseline temperature of the ATS was 25°C. Additionally, during each of

cardiovascular or neuroendocrine disease, were considered heavy smokers (i.e., more than

the mental arithmetic trials, one, two or three hot pulses (49°C) of 10-s occurred without

15 cigarettes/day), used medication known to affect the ANS or HPA-axis, were regular drug

warning to increase the unpredictability of the task. Moreover, similar to the standard MAST,

users, or had a body mass index (weight in kg divided by (height in m) ) outside the 18-30

the iMAST protocol sought to increase uncontrollability and unpredictability by telling

range. An additional exclusion criterion was prior experience with the standard (i.e., non-

participants that the computer would randomly choose the order and duration of the cold

imaging) MAST. Moreover, for women, an extra inclusion criterion was the use of oral

pressor and mental arithmetic trials. However, in reality, the duration and order of cold

contraceptives to reduce variability in cortisol responses related to hormonal alterations

pressor stress stimuli and arithmetic trials was fixed for all participants (see Fig. 1.1). During

throughout the menstrual cycle phase26. All types of oral contraceptives were allowed, and

stress induction, high-resolution T1-weighted structural images of the whole brain were

the intake phase was not controlled for. Pregnancy or lactation, on the other hand, served

acquired using a 3 Tesla Siemens MR head-only scanner (MAGNETOM Allegra, Siemens

as additional exclusion criteria for women. Test protocols were approved by the standing

Medical Systems, Erlangen, Germany). The imaging data is presented in chapter 2.

2

1

Ethics Committee of the Faculty of Psychology and Neuroscience, Maastricht University. All
participants signed a written informed consent and were given a small monetary reward in
return for their participation.

Stress induction equipment and procedures
An imaging compatible version of the MAST7 was used to induce stress in the fMRI scanner.
The imaging Maastricht Acute Stress Test (iMAST) consists of a 5-min preparation phase in
which the task is explained and a 10-min acute stress phase, which includes several
exposures to cold pressor stress and various mental arithmetic challenges along with socialevaluative pressure (i.e., negative feedback). Notably, in laboratory studies cold pressor
stress is induced by asking participants to submerge their hand in ice-cold water. Yet, this is
not suitable for a scanning environment. Therefore, cold pressor stress in the iMAST was
generated with an fMRI compatible 30x30mm Medoc Pathway advanced thermal stimulator
(ATS) thermode (Medoc Ltd, Ramat Yishai, Israel) placed on the left volar forearm. In total,

Figure 1.1 Order, duration (in s), and temperature of the cold pressor stress (CPS) and mental
arithmetic (MA) of the iMAST.

five cold pressor stress stimuli of 2°C were applied with a variable duration of 45, 60 or 90-s.
In between the cold pressor trials, participants had to engage in mental arithmetic

Subjective and neuroendocrine stress responses

challenges, that is counting backwards as fast and accurately as possible in steps of 17

Subjective stress. Three 100-mm visual analogue scales (VAS) were used to assess

starting at 2.043 for 45, 60, or 90-s (see Fig. 1.1). The participants were equipped with a

subjective stress effects related to the iMAST. After the scanning session had ended,

magnet compatible headset, consisting of earphones and a microphone that was attached

participants had to specify their level of agreement with statements on how stressful, painful

to the headphone. The experimenter monitored the counting via the intercom system and

and unpleasant they felt during the iMAST by indexing the VAS scales (anchors: 0 = not at

whenever participants counted too slow or made a mistake, they received negative

all, 100 = extremely).

feedback via the intercom (i.e., to count faster or start over at 2043). During these mental
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Salivary alpha-amylase (sAA) and cortisol. Neuroendocrine stress measures prior to and

measured during 8-min. One and a half hours after arrival, participants were prepared for a

in response to the iMAST were obtained with synthetic Salivette (Sarstedt®, Etten-Leur, The

30-min simulation scan to familiarize them with the environment and to reduce potential

Netherlands) devices. Participants provided saliva samples immediately after having been

scanner-induced stress effects31. We used a dummy MRI device with exactly the same

placed in the fMRI scanner (tMRI), 5-min before the iMAST (tpre-stress; i.e., 25-min after the tMRI

appearance and noise (transmitted via headphones) as the fMRI scanner in order to mimic

sample was taken) and four times afterwards (t+0, t+10, t+30, t+40 with reference to the end of the

the actual fMRI session as closely as possible. Moreover, sAA/cortisol sampling and counting

stressor). The timing of saliva sampling was based on previous work showing that sAA peaks

aloud was practiced to minimize head movement during saliva sampling and the iMAST in

immediately after stress onset27,28, while cortisol typically peaks 20 to 40-min after stress

the scanner. The experimenter observed the participants during training in the dummy

onset2. For each sample collection, participants were returned to the home position of the

scanner and decided whether and when the movement was so insignificant that it was

scanner, and a research assistant then placed the Salivette in the mouth of the participant

acceptable to start with the actual scanning. Subsequently, participants were placed in the

using sterile plastic tweezers. To facilitate sample collection and to minimize movement, this

3 Tesla Siemens MR head-only scanner (MAGNETOM Allegra, Siemens Medical Systems,

procedure was practiced during a simulation scan in a dummy MRI device beforehand.

Erlangen, Germany) and a baseline sAA/cortisol sample (tMRI) was taken. The fMRI session

Saliva samples were stored at -20°C immediately on collection. sAA and cortisol levels were

lasted for about 1.5-h and consisted of the following runs (in chronological order): resting

determined from the saliva samples using a commercially available kinetic reaction assay

state before stress induction (duration: 8-min), implicit emotion task (16-min), iMAST

(Salimetrics, Penn State, PA) and luminescence immune assay kit (IBL, Hamburg, Germany),

including anatomical scan (15-min), resting state immediate after stress induction (8-min),

respectively. Mean intra- and inter-assay coefficients of variation are typically less than 8%

emotional working memory task (18-min), and resting state 30-min after stress induction (8-

and 6% for the sAA analyses and less than 5% for both for the cortisol analyses.

min). In total, six saliva samples were collected during scanning (see above). After

1

completion of the scanner session, participants filled in some questionnaires including the
VAS items about the iMAST and provided ratings of the stimuli used in the emotional
Study procedures
All testing took place between 12:30 and 18:00-h to control for the circadian rhythm of

reactivity task (see Fig. 1.2 for an overview of the design).

cortisol29. Participants were asked to refrain from eating, exercising extensively, or drinking
anything but non-sparkling water for 2-h prior to the experimental session. After arrival in
the laboratory, participants received information on the experimental procedure and gave
written informed consent. Next, a saliva sample was taken with the explicit but bogus
instruction that it would be immediately assayed to check whether they had adhered to our
instructions not to eat, drink, etc. In fact, the sample was destroyed without being analysed.
This procedure was followed to promote truth-telling behaviour when participants were
subsequently asked whether they had adhered to the instructions. For each measurement,
participants were instructed to place the Salivette on the same side of their mouth and not
to chew on it30. Next, participants received a standardized lunch (a sandwich and 0.5 l nonsparkling water) during which they were required to fill out several questionnaires (data not
reported here). Thereafter and for purposes unrelated to the aims of the current report,
electroencephalography (EEG) measurement was prepared and resting EEG activity was
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Data analysis
Descriptive statistics for subjective stress ratings (VAS scales) are reported and differences in
ratings between men and women were analysed using univariate analyses of variance

1

(ANOVAs). Cortisol and sAA data were log-transformed before analyses as Shapiro-Wilk tests
of normality showed typical skewness of the data. Cortisol and sAA responses were analysed
using a repeated measures ANOVA with Time (6 levels: tMRI, tpre-stress, t+0, t+10, t+30, t+40) as withinsubject factor and Gender as between-subjects factor. For each participant individually, the
Area Under the Curve with respect to increase (AUCi) was calculated as a single measure of
the total hormone (i.e., sAA and cortisol) concentration in response to the iMAST32. The delta
increase in cortisol was also computed, defined as peak cortisol concentration after the
iMAST minus pre-stress cortisol concentration.
Moreover, a responder rate was calculated representing participants with a cortisol
increase equal to or larger than 2.5 nmol/l4,33, which is thought to reflect a cortisol secretory
episode34. Descriptive statistics for all measures are reported and differences between men
and women were analysed using Chi-square tests and univariate ANOVAs. Two men who
did not provide enough saliva to be analysed and one clear cortisol outlier (> 3SD above the
mean cortisol increase) were excluded from all analyses involving cortisol (n=39). Statistical
effects were evaluated using the Greenhouse–Geisser correction and Bonferroni correction
when appropriate. P-values smaller than .05 were considered statistically significant. In case
of significant results, ANOVAs were supplemented with Partial Eta Squared (η2p) values as a
measure of effect size (η2p of 0.01 indicate small effects, η2p of 0.06 medium effects, and η2p
of 0.14 large effects)35 and significant follow-up comparisons were supplemented with the
standardized mean-change statistic d (d of 0.20 indicate small effects, d of 0.50 medium
effects, and d of 0.80 large effects)2.

Results
Subjective stress responses
As shown in Table 1.1, subjects perceived the iMAST as distressing, as indicated by their
ratings of subjective stress, pain, and unpleasantness. Men and women did not differ in their
subjective reactions to the iMAST, as evidenced by non-significant main effects of gender
(stressfulness: F(1,40) = 1.02, p = .32; painfulness: F(1,40) = .05, p = .83 and unpleasantness: F(1,40)
Figure 1.2 Overview of the design and exact timing of the saliva samples.

46

= .09, p = .77).

47

Chapter 1

The imaging Maastricht Acute Stress Test

until t+40 (tpre-stress vs. t+10, p < .001; d = 0.61; tpre-stress vs. t+30, p = .04; d = 0.42; tpre-stress vs. t+40, p >
Table 1.1 Means (±SEM) of subjective stress for men and women participants.
Men (n=21)

Women (n=21)

Subjective stress (0-100)

.99). The overall total cortisol concentration (AUCi) in response to the iMAST was 112.92 (SEM
22.90) (women: M = 104.46, SEM 29.78); men M = 120.99, SEM 35.19). There were no

1

differences in AUCi between men and women (F(1,40) = 0.13, p = .72).

Stress

76.67 (4.29)

71.81 (4.49)

Pain

53.05 (6.12)

54.76 (4.89)

cortisol increase equal to or larger than 2.5 nmol/l, which is thought to reflect a cortisol

Unpleasantness

71.71 (4.75)

75.00 (5.02)

secretory episode. The percentage of participants who could be classified as cortisol

We then proceeded by calculating a responder rate, representing participants with a

responders was 61.5% (women: M = 70%; men M = 53%) and did not differ by gender (χ2 (1,
N = 39) = 1.24, p =.27).
Neuroendocrine stress responses

Delta increases in cortisol, i.e., peak cortisol concentration after the iMAST minus pre-

Mean salivary sAA/cortisol concentrations prior to and following the iMAST are shown in Fig.

stress cortisol concentration, were also computed. The overall mean cortisol increase (i.e.

1.3. For the entire sample, ANOVAs pertaining to sAA data did not reveal a significant Time

delta cortisol) was 3.78 nmol/l (SEM 0.64) (women: M = 3.10, SEM 0.65; men: M = 4.47, SEM

x Gender interaction (sAA: F(3.69,95.98) = .81, p = .52), but did yield the anticipated significant

1.10). For the cortisol responder group, the mean cortisol increase was 7.90 nmol/l (SEM 1.30)

main effect of Time (sAA: F(3.71,100.19) = 5.34, p = .001; η2p = 0.16). Bonferroni corrected pairwise

for men while the mean increase for women was 4.54 nmol/l (SEM 0.60). For the cortisol

comparisons between adjacent time points were used to further evaluate the autonomic

responder group, univariate ANOVA on delta cortisol responses indicated a main effect of

stress response to the iMAST over time. Comparison of the saliva sample at placement (tMRI)

gender (F(1,21) = 6.45, p = .02 η2p = 0.24). In contrast, no gender differences with respect to

with the sample immediately before the iMAST (tpre-stress) demonstrated that lying in the

delta cortisol increase were found among the cortisol non-responders (F(1,13) = 1.21, p = .29;

scanner did not induce any changes in sAA levels (p >.99). Significant increases in sAA were

delta cortisol women: M = -.02, SEM 0.38; men: M = .66, SEM 0.43).

found between tpre-stress and t+0 (p = .007; d = 0.62), followed by a decrease between t+0 and t+10
(p =.01; d = -0.46) only to remain stable afterwards (i.e., between t+10 vs. t+30 and t+30 vs. t+40; both
ps > .20). The overall total sAA concentration (AUCi) in response to the iMAST was 857.70
(SEM 198.50) (women: M = 686.90, SEM 141.63; men M = 1099.67, SEM 438.13). There were
no differences in AUCi between men and women (F(1,28) = 1.05, p = .31).
As to the cortisol data for the total sample, ANOVAs did not reveal a significant Time
x Gender interaction (cortisol: F(2.30,82.68) = .20, p = .85), but again did reveal a the expected
significant main effect of Time (cortisol: F(2.30,85.04) = 4.94, p = .007; η2p = 0.12). Comparison of
the saliva sample at placement (tMRI) with the sample immediately before the iMAST (tpre-stress)
demonstrated that merely being inside the scanner did not result in a cortisol increase (p >
.99). Follow-up tests did show significant increases in cortisol between tpre-stress and t+0 (p =
.029; d = 0.29), followed by a further increase in cortisol between t+0 and t+10 (p = .004; d =
0.25), only to remain stable afterwards (i.e., between t+10 vs. t+30 and t+30 vs. t+40; both ps > .20).
Furthermore, relative to the pre-stress sample, cortisol remained significantly increased up

48

49

Chapter 1

The imaging Maastricht Acute Stress Test

Discussion
The primary aim of the current study was to evaluate the effectiveness of the iMAST as a
stress induction paradigm that is capable of eliciting subjective, autonomic, and HPA-axis

1

stress responses within the constraints of a neuroimaging environment. Results
demonstrate that the iMAST succeeded in generating considerable subjective stress
responses in terms of stressfulness, painfulness, and unpleasantness, as well as robust
increases in sAA and cortisol levels in the majority of participants.
The iMAST is the first neuroimaging-suited stress task that relies on a procedure
comparable to classic behavioural laboratory stress tasks and thus is characterized by
unpredictability and uncontrollability. Additionally, it includes a physical component
designed to elicit an immediate bodily reaction via reflexive mechanisms in brainstem and
hypothalamus, resulting in a rapid activation of the autonomic nervous system and HPAaxis1. Moreover, the explicit monitoring of and verbal negative feedback on participants’
performance while in the scanner creates a social evaluative threat component that triggers
stress responses of the HPA-axis, mediated by an activation of the PFC, thalamus, and limbic
structures1,3. Thus, similar to other laboratory stress tasks, the iMAST follows a double route
to stimulate the HPA-axis, which makes it possible to evaluate the contribution of different
brain areas in post-stress regulation of cognitive and physiological processes.
Further attesting to the effectiveness of the iMAST in activating the HPA-axis, we
found that 61.5% of all participants displayed cortisol increases larger than 2.5 nmol/l
(indicative of a cortisol secretory episode)34, and could be reliably classified as cortisol
responders. Note that this is a more conservative and strict definition of what counts as a
cortisol responder, compared to previous neuroimaging studies that employed a post-hoc
responder classification of participants who displayed cortisol increases that were much
smaller than 2.5 nmol/l9,22,23,25,36. While still not approximating some of the most potent nonimaging stress tests such as the TSST and MAST, the current results show that the iMAST is
capable of generating significant cortisol responses that are comparable to some other nonimaging laboratory stress tests (e.g., CPT, SECPT)7,37-39 and may even exceed those of the
existing neuroimaging-suited stress tasks such as the (event)MIST8,9.
Figure 1.3 Salivary alpha-amylase and cortisol responses to the imaging Maastricht Acute Stress Test
(iMAST) for men and women (Panel A & B), and for men and women cortisol responders and nonresponders separately (Panel C). Values represent (untransformed) Means ± SEM.
tMRI= placement in scanner; tpre-stress = immediately before the iMAST.
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Notably, we showed that the fMRI procedure by and of itself did not induce
significant sAA or cortisol changes, which may be due to the preparation for the MRI
scanning procedure including a practice trial in a dummy MRI device. This then, to some
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extent, disagrees with previous work suggesting that the anticipation of (f)MRI

showed that after completion of the serial subtraction task, only women displayed activity

measurements can moderately increase subjective40,but

and neuroendocrine stress

in the anterior and posterior cingulate cortex, structures that have been implicated in

markers31,41,42, even when a dummy scan preceded the actual MRI measurements43,44. These

emotional processing and reflection of emotional traits. Both lines of research indicate

conflicting findings may be related to differences in the timing of the sampling procedure ,

quantitative and qualitative gender differences in stress regulation and indicate the need

population characteristics (e.g., age, gender) or the design (e.g., two separate scanning

for combining neuroimaging, physiological, and behavioural approaches.

see41

45

sessions). Additionally, Lueken and colleagues44 proposed that the reassuring influence of

Even though the iMAST results in robust subjective and neuroendocrine (e.g.,

dummy scanner training depends on the physical arrangement and instructions given. In

cortisol) stress responses, there may also be some potential drawbacks to using the iMAST

order to abolish anticipatory anxiety and familiarize them with the scanning environment,

to generate stress in an fMRI environment. For instance, the iMAST needs the appropriate

participants in the current study were extensively trained in the dummy scanner. This

additional equipment (e.g., the Medoc Pathway stimulator and ATS thermode). Moreover,

training session lasted for about 30-min and included general information about fMRI

the physical component of the iMAST might be too intense for certain samples (i.e., children,

measurements, required participants to touch the outside of the scanner while actually

clinical groups). On the other hand, by having added this physical component to the iMAST

being inside so as to get a feeling of their own position, and simulated the noise of the MRI

an immediate bodily reaction via reflexive mechanisms implicating the brainstem and

scanner to abolish anticipatory anxiety.

hypothalamus1,3 was ensured, thus triggering a rapid activation of the ANS and the HPA-axis,

Note that the current study included a stress, but not a no-stress control condition.

which in combination with the psychosocial stress components may have been the reason

Admittedly, to further investigate the stress-eliciting effects of the scanner environment ,

why the iMAST has proven to be effective in yielding solid stress responses. Also, the iMAST

and for future research that aims to investigate the effects of stress on various (e.g.,

requires meticulous training (e.g., in a dummy scanner) beforehand to reduce or eliminate

cognitive) tasks more broadly, a no-stress placebo version of the iMAST is needed.

head movement during the counting test. To this end, we instructed participants not to be

Consistent with the placebo version for the MAST7, the iMAST’s no-stress placebo version

concerned with their own audibility and, additionally, foam padding was placed around the

could consist of small, relatively neutral (e.g., 35°C and 40°C) deviations from the normal

subject’s head in the head coil. It is worth mentioning here that many other studies also used

body temperature, and a simplified counting task (counting consecutively from 1 to 25)

speech during neuroimaging. For example, research investigating the semantic interference

without performance feedback. This way, the no-stress placebo version would be similar to

effect uses the picture naming task in which participants have to label pictures aloud. These

the iMAST in terms of the order of trials and its duration, but without eliciting stress

studies looked specifically at the movement induced by speech, and reported less than 3

reactions.

mm head movement51-55. Besides, rotational and translational movement less than the voxel

31

It is well known that laboratory stressors may generate sex differences in HPA-axis
responses, with typically larger increases found in men compared to women

parameters from the dummy training or during the anatomical scan (ADNI), the translational

was confirmed in the current study. Indeed, psychophysiological studies suggest a role for

and rotational parameters during the resting state functional runs indicate that all

hormonal activity that is specifically related to the menstrual cycle

and its associated

participants moved less than 2 mm. Finally, the current design of the iMAST only allows for

differential activation of subcortical arousal structures that are part of stress response

investigating the post-stress contribution of different brain areas during stress regulation.

circuitry . For instance, Wang and colleagues

found that stress activated the right

That is, other imaging stress tests, such as the MIST and serial subtraction, may be more

prefrontal cortex in men, whereas in women stress activated the ventral striatum, putamen,

suitable for investigating neural processes during stress induction. Note, however, that the

insula, and cingulate cortex. Notably, these differences were observed in the absence of

aim of the current study was to develop and evaluate a stress paradigm that closely

differences in physiological response between genders. Moreover, Wang and colleagues

resembled standard behavioural laboratory stress tests and procedures (e.g., TSST, MAST)
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size can be handled well by motion correction. Although we do not have movement

, which

11

49

26,46-48

11
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that typically investigate effects of stress on cognitive processes by administering a task after
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Abstract
Stress-induced changes in functional brain connectivity have been linked to the aetiology
of stress-related disorders. Resting state functional connectivity (rsFC) is especially
informative in characterizing the temporal trajectory of glucocorticoids during stress
adaptation. Using the imaging Maastricht Acute Stress Test (iMAST), we induced acute stress

2

in 39 healthy volunteers and monitored the neuroendocrine stress levels during three runs
of resting state functional magnetic resonance imaging (rs-fMRI): before (run 1),
immediately following (run 2), and 30-min after acute stress (run 3). The iMAST resulted in
strong increases in cortisol levels. Whole-brain analysis revealed that acute stress (run 2 - 1)
was characterized by changes in connectivity of the amygdala with the ventrolateral
prefrontal cortex (vlPFC), ventral posterior cingulate cortex (PCC), cuneus, parahippocampal
gyrus, and culmen. Additionally, cortisol responders were characterized by enhanced
amygdala - medial prefrontal cortex (mPFC) connectivity. Stress recovery (run 3 - 2) was
characterized by altered amygdala connectivity with the dorsolateral prefrontal cortex
(dlPFC), ventral and dorsal anterior cingulate cortex (ACC), anterior hippocampal complex,
cuneus, and pre-supplementary motor area (preSMA). Opposite to non-responders, cortisol
responders were characterized by enhanced amygdala connectivity with the anterior
hippocampal complex and parahippocampal gyrus, and reduced connectivity with left
dlPFC, dACC, and culmen during early recovery. Acute stress responding and recovery are
thus associated with changes in the functional connectivity of the amygdala network. Our
findings show that these changes may be regulated via stress-induced neuroendocrine
levels. Defining stress-induced neuronal network changes is pertinent to developing
treatments that target abnormal neuronal activity.

Keywords: resting-state functional connectivity, amygdala, acute stress, imaging
Maastricht Acute Stress Test (iMAST)
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Amygdala functional connectivity following stress

Dysfunction of neuroendocrine regulation and impaired coping abilities have been

enhancement of the functional connectivity of the amygdala with PFC areas during the

implicated in a variety of psychiatric disorders (e.g., depression, anxiety). Acute stress

acute stress9 and recovery10 phase.

regulated by the neuroendocrine system affects brain activity and, hence, influences the

The current study investigated the moderating role of glucocorticoids on the change

capacity to cope with stress. Glucocorticoids bind to mineralocorticoid and glucocorticoid

in amygdala rsFC during two phases that follow stress exposure: the acute and early

receptors (MR and GR, respectively) in the brain and exert a time1 and spatial2-6 specific mode

recovery phases. Stress was induced using the imaging Maastricht Acute Stress Test (iMAST;

of action, enabling the prioritisation of adaptive cognitive processes after having

see also Chapter 1)25, a neuroimaging stress task that has been shown to generate

experienced a stressor. In the immediate phase, stress elicits an emotional response

considerable subjective stress as well as robust increases in glucocorticoid stress hormones

expressed as subjective withdrawal motivation as well as enhanced vigilance, perception

(e.g., the primary human glucocorticoid cortisol). Based on previous studies investigating

and attentional focusing on threat-related stimuli. This phase is focused on promoting

inter-individual differences in stress reactivity9,26,27, we also compared cortisol responders

survival. Subsequently, processes are initiated directed at restoring homeostasis, such as

and non-responders in their change of amygdala rsFC and its relationship to

emotion regulation7,8. To date, only few studies have investigated the activation of distinct

neuroendocrine stress markers. We hypothesized that the acute stress phase is

brain networks during acute stress and recovery

and its relationship to neuroendocrine

characterized by connectivity changes with areas involved in vigilance and perception,

stress markers11,12. This is partly due to fact that it is challenging to effectively elicit

while early recovery is characterized by connectivity changes with areas involved in emotion

neuroendocrine stress responses in the constraints of a neuroimaging environment . The

regulation. Furthermore, amygdala connectivity with the mPFC is hypothesized to

paradigms used until now resulted in relatively modest cortisol increases, making it difficult

differentiate between cortisol responders and non-responders.

9,10

13

2

to address how glucocorticoids change brain activation patterns after a stressor.
The functional connectivity of brain areas has been investigated using task absent
(i.e., resting state) functional magnetic resonance imaging measurements (rs-fMRI)14.
Resting state functional connectivity (rsFC) is especially informative when studying the
effects of post-stress brain activation changes. rsFC parameters are not related to a task,
making it possible to explore the diffuse effects of stress on the brain. Moreover,
connectivity alterations following stress and its relationship to neuroendocrine stress
markers are particularly intriguing in light of the suggested role of glucocorticoids in stress
adaptation15 and the aetiology of stress-related disorders9,10.
The amygdala is one of the first brain areas to react to a stressor. It initiates the
autonomic nervous system (ANS) and hypothalamic-pituitary-adrenal (HPA) responses,

Materials and Methods
Participants
The sample of the current study consisted of 42 right-handed, scanner-naïve participants
(21 men, 21 women, mean age = 21.8 years, SD = 2.1; range: 18-35 years)25. All participants
underwent a screening protocol assessing their physical and mental health, fMRI aptness,
and handedness (see also Chapter 1). Test protocols were approved by the standing ethics
committee of the Faculty of Psychology and Neuroscience, Maastricht University.
Participants signed a written informed consent form and were given a small monetary
reward.

thereby mediating the initial surge in vigilance and optimizing the detection of threats to
homeostasis4,7,16. Moreover, the amygdala is crucially involved in stress induced long-term

Study procedure

adaptive responses such as enhanced memory consolidation17-19. The medial prefrontal

An overview of the experiment is shown in Fig. 2.1. The three resting state measures were

cortex (mPFC) is involved in mediating amygdala activity during regulation of autonomic

part of a larger study investigating the neural correlates of resilience (see Chapter 1). All

and affective responses20-24. Previous neuroimaging studies demonstrated time specific

testing took place between 12:30 and 18:00-h to control for circadian rhythm of cortisol. One
and a half hour after arrival, participants received general information about fMRI measures
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and were prepared for a 30-min simulation scan. To reduce anticipatory anxiety for, and

increases unpredictability and uncontrollability by applying without prior warning one, two

familiarization with the scanner environment, participants were extensively trained in a

or three hot pulses (49°C) of 10-s during each of the mental arithmetic trials, and by telling

dummy scanner. Subsequently, participants were placed in the scanner and a baseline

participants that the computer would randomly choose the order and duration of the cold

cortisol sample (tMRI) was taken. The MRI session lasted for about 1.5-h and consisted of the

pressor and mental arithmetic trials.

following runs (in chronological order): resting state before stress induction (duration: 8min), implicit emotion task (16-min), iMAST including anatomical scan (15-min), resting state
immediate after stress induction (8-min), emotional working memory task (18-min), and
resting state 30-min after stress induction (8-min). During the resting state scan, a fixation
point was presented. Participants were instructed to relax, not think of anything in particular
and keep their eyes open. In total, six saliva samples were collected during scanning (cf.
supra).
The implicit emotion task was used as empirical localizer for left and right amygdala
seeds. Participants completed two blocks of the task in which they were asked to decide
whether 84 pictures (International Affective Picture System; IAPS)28 - subdivided into the
categories neutral, positive or negative - were situated in- or outdoors via a button press
(see Appendix).

2
Subjective, neuroendocrine and physiological stress responses
A 100 mm visual analogue scale (VAS) was used at the end of the imaging session to assess
subjective stress related to the iMAST. Participants had to specify their level of agreement
with the statement on how stressful they had felt during the iMAST (anchors: 0 =not at all,
100 = extremely).
Neuroendocrine stress prior to and in response to the iMAST was measured via saliva
samples that were obtained with synthetic Salivettes (Sarstedt, Etten-Leur, The
Netherlands). Participants provided saliva samples immediately after having been placed in
the MRI scanner (tMRI), 5-min before the iMAST (tpre-stress i.e., 25-min after the tMRI sample was
taken) and four times after stress exposure (t+0, t+10, t+30, t+40 with reference to the end of the
stressor). For each participant individually, the Area Under the Curve with respect to increase
(AUCi) was calculated as a single measure of the total cortisol concentration in response to
the iMAST29. Two men did not provide enough saliva via the Salivettes to be analysed. One
clear cortisol outlier (> 3SD above the mean) was excluded from all analyses. Thus, the final
sample consisted of 39 participants.
Based on previous work30, delta cortisol increases (i.e., peak cortisol level after the
iMAST minus pre-stress cortisol level) of 1.5 nmol/l or larger were used to distinguish
between cortisol responders (n=27) and non-responders (n=12, see Fig. 2.2B). The

Figure 2.1 Overview of the study procedure. Abbreviation: iMAST: imaging Maastricht Acute
Stress Test.

percentage of cortisol responders did not differ by gender (χ2(1, N=39) = 0.140, p = .71).
Physiological measurements during MRI scanning included collection of
participants’ heart rate using a photoplethysmograph placed on the left index finger, and

Stress induction equipment and procedures
The imaging Maastricht Acute Stress Test (iMAST; see Chapter 1)

respiratory data using a respiration belt placed around the chest. The physiological data
consists of a 5-min

were transformed to power spectral densities (PSD) using Welch’s method (pwelch). We

preparation phase in which the task is explained and a 10-min acute stress phase that

investigated whether PSD values differed between the three resting-state measurements of

includes several exposures to cold pressor stress (i.e., stimuli of 2°C) and mental arithmetic

the frequencies that coincided with the resolution of MRI scanning (TR = 2-s, resulting in a

challenges (i.e., counting backwards as fast and accurate as possible in steps of 17 starting

frequency window-of-interest 0.0075 - 0.25 Hz).

25

at 2043) along with social-evaluative pressure (i.e., negative feedback). The iMAST protocol
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Data acquisition

left (centre coordinate in Talairach space: x, y, z = -20.82, -5.27, -13.10; 253 mm3) and the right

Data were acquired on a 3-T Siemens Magnetom Allegra head scanner (Siemens Medical

amygdala (21.73, -6.28, -11.80; 305 mm3) as corresponding amygdala seeds (see Fig. 2.3A).

System, Erlangen, Germany). T1-weighted anatomical images were obtained using an
MPRAGE sequence with 192 slices and 1 x 1 x 1 mm voxel size covering the whole-brain
(repetition time (TR) = 2250-ms, echo time (TE) = 2.6-ms, flip angle = 9°). The anatomical
images were obtained from each participant during the iMAST. Functional T2*-weighted
resting-state images were acquired using a standard echo-planar imaging (EPI) sequence
(TR = 2000-ms, TE = 30-ms, flip angle = 90°, 32 slices, 180 volumes, 3 x 3 x 3 mm). Additionally,
a negative slice tilt (30°) was used to minimize inhomogeneity artefacts31.

Functional connectivity analysis

2

We used seed-based correlation analysis (SCA) to assess amygdala-based whole-brain
functional connectivity of the three resting-state measurements. The analysis was
performed using NeuroElf (an MR imaging analysis toolbox, www.neuroelf.net) and custom
routines in Matlab (Mathworks, Inc.). Data of the left and right amygdala were collapsed
because the correlation between the time courses was high for all three resting state runs (r
> .61).

fMRI data pre-processing

We first estimated amygdala-seeded functional connectivity for each participant

The fMRI data were pre-processed and analysed using BrainVoyager QX 2.8 software (Brain

separately (first-level analysis), which then served as input to a multi-subject statistical

Innovation, Maastricht, the Netherlands)32. For functional datasets, the first two volumes of

analysis (second-level) using an ANOVA model with between-subject factor cortisol

each complete time series were discarded because of saturation effects. Pre-processing of

responder type and within-subject factor resting state run. Following previous studies and

the functional data included removing the first two volumes, correction for slice time

recommendations33,34, we removed a number of nuisance covariates from the fMRI signal

differences using sinc interpolation, 3D motion correction using sinc interpolation, spatial

using linear regression before correlating the time series with the amygdala seed. The

smoothing using a 4 mm full-width-at-half-maximum isotropic Gaussian Kernel, and linear

following parameters were included as regressors: six 3D head motion parameters and their

trend removal. Individual functional datasets were co-registered with the 3D anatomical

first derivatives, mean signal from the ventricles and white matter, and the global signal. All

data, normalized in Talairach space (1x1x1mm), and were averaged to create a group-based

covariates were Z-normalized to equalize variance. In addition, we added signal oscillations

mask to exclude voxels belonging to the ventricles or tissue outside of the brain for further

at a frequency above 0.1 Hz (sine-cosine pairs) for low-pass filtering of the time series. Note

analysis.

that there is a debate as to what the global signal represents35, and whether regressing out
the global signal is a valid approach36 but see 37 . We regressed out the global signal because our
focus was on network-specific synchronization of activity unrelated to unspecific global

Selection of amygdala seed from implicit emotion task
To select amygdala seeds, we investigated the statistical contrast negative > neutral of the
implicit emotion task using a whole-brain random effects general linear model (RFX-GLM).
The boxcar for the sequences of image presentation was convolved using a two-gamma
hemodynamic response function to account for delay of the hemodynamic signal. The
resulting contrast map was thresholded using a statistical (q(FDR) = 0.01) and cluster-size
threshold (i.e. minimum cluster size of 216 mm3 estimated by a stochastic procedure of the
statistical map that incorporated the estimated spatial smoothness of the target statistical
map with 1,000 Monte Carlo simulations)32. We selected a homogeneous voxel cluster in the

68

brain activity differences induced by the stressor. After cleaning of the fMRI signal, we then
correlated (Pearson’s r) the blood oxygenation level dependent (BOLD) time course
extracted from the amygdala seed with the cleaned time series from all other brain voxels
for each participant.
The first-level voxel-by-voxel correlation coefficients r were then transformed to
normality using Fisher’s Z normalization and entered into a second-level analysis to study
rsFC changes for acute stress and early recovery using a whole-brain random effects mixedmodel ANOVA. To summarize the data across all participants, we calculated multi-subject
maps for each of the resting state measurements using a mass-univariate (i.e., voxel-by-
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voxel) one-sample t-test (thresholded for visualization using a statistical q(FDR) = .005;
cluster-size threshold 216 mm3). The resulting F-maps were thresholded using a statistical
threshold (p < .025, uncorrected) and corrected for multiple comparisons at the 3D cluster
level (cluster-level threshold p = 0.05, estimated minimum cluster-size = 216 mm3).
Connectivity changes as a function of time intervals around stress induction were

2

post-hoc analysed using a Bonferroni corrected t-test on the differences scores: acute stress
(run 2 - run 1) and early recovery (run 3 - run 2). Differences between cortisol responders and
non-responders were analysed using a mixed model with cortisol responder type as
between-subject factor. Additionally, Pearson’s bivariate correlations (Bonferroni corrected,
p < .01) were computed to investigate to what extent amygdala rsFC changes were linearly
associated with subjective and neuroendocrine stress responses.

Results
Subjective, neuroendocrine, and physiological stress responses

Figure 2.2 Neuroendocrine responses to the imaging Maastricht Acute Stress Test (iMAST). A)
Cortisol response with respect to the imaging runs. B) Cortisol responses separately for responders
and non-responders. Values represent (untransformed) means ± SEM.

We used the iMAST as acute stressor to elicit subjective and neuroendocrine stress
responses. Subjects rated the iMAST as distressing on a 100mm VAS scale (M= 74.2, SEM=

Amygdala functional connectivity

3.24; see Appendix Table S1). There were no differences in subjective stress between cortisol

We implemented SCA on the three runs of eight minutes of resting state data to investigate

responders and non-responders (F(1,37) = 0.32, p = .57). Neuroendocrine stress responses were

how acute stress changes the amygdala connectivity during acute stress and early recovery

defined as salivary cortisol concentration prior to and following the iMAST. For the entire

(see Appendix Fig. S2).

sample, repeated measures ANOVAs revealed significant main effects of Time (6 levels: tMRI,

First, brain regions that were functionally coupled to the amygdala were identified

tpre-stress, t+0, t+10, t+30, t+40min: F(2.30,85.04) = 4.94, p = .007) with a significant increase of cortisol up

for each resting state run separately (one-sample t-tests, minimum cluster size of 216 mm3,

until t+40 (all ps < .05; see Appendix Table S1 & Fig. 2.2). Comparison of the saliva sample at

see Fig. 2.3B). Regions showing significant functional connectivity with the amygdala in all

placement (tMRI) with the sample immediately before the iMAST (tpre-stress) demonstrated that

three runs include the lateral frontal pole, lateral orbitofrontal cortex, medial frontal cortex,

lying in the scanner did not induce any changes in cortisol (p > .99; see also Chapter 1)25.

anterior dorsal cingulate cortex, dorsal and ventral posterior cingulate cortex, hippocampus,

The repeated measures ANOVAs with Time as within-subject factor for pulse and

hypothalamus, insula, temporal pole, superior temporal gyrus, midbrain, and visual cortex.

respiratory power spectral densities (PSDs) were non-significant for all frequencies in the

The majority of these regions have been previously described in rsFC of the amygdala10,40,41.

window-of-interest (ps > 0.05, FWE-corrected) and for the low-frequency range (< 0.1 Hz;
pulse: F (2, 72) = 1.66, p = 0.20; respiratory: F (2, 72) = 1.79, p = 0.17; see Appendix Fig. S1). This
indicates that the observed differences between the runs in functional connectivity are not
due to differences in physiological responses that are known to influence the BOLD signal
in the resting state low-frequency range38,39.
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2

Figure 2.3 Implicit emotion task and functional connectivity of the amygdala. A) The extraction
of the amygdala seed. Statistical maps and amygdala ROI selection for the contrast negative >
neutral (FDR correction threshold of q = .001) overlaid on the anatomical average of the participants.
B) Amygdala resting state functional connectivity t-maps per run overlaid on the anatomical average
of the participants (FDR correction threshold of q = .005).

Amygdala functional connectivity during acute stress
To identify amygdala rsFC changes characterizing acute stress, we subtracted the baseline
from the reactivity measurement (run 2 - run 1). A whole-brain analysis revealed that seven
clusters showed a significant effect of acute stress during acute stress. A reduced amygdala
rsFC was found with the left ventrolateral prefrontal cortex (vlPFC), left and right ventral
posterior cingulate cortex (vPCC), culmen, and bilateral cuneus while the amygdala rsFC was
enhanced with the right parahippocampal gyrus immediate after acute stress (see Table 2.1
for statistical values).
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The group contrast of cortisol responders versus non-responders revealed a significant main

Amygdala functional connectivity during recovery of stress

effect in the mPFC, reflecting an opposing effect of stress on the amygdala rsFC by cortisol

To identify amygdala rsFC changes characterizing early recovery of stress, we subtracted the

responders (enhanced) and non-responders (reduced) (see Fig. 2.4A & Table 2.2).

reactivity from the 30-min rs-fMRI run (run 3 - run 2). The whole-brain analysis revealed an
effect on the early recovery of acute stress in six clusters. Early acute stress recovery was
characterized by reduced amygdala rsFC with the ventral anterior cingulate cortex (vACC),

2

right dorsolateral prefrontal cortex (dlPFC) and the left presupplementary motor area
(preSMA) while the amygdala rsFC was enhanced with the dorsal anterior cingulate cortex
(dACC), right anterior hippocampal complex consisting of the amygdala and hippocampus,
and bilateral cuneus (see Table 2.1).
The group contrast of cortisol responders versus non-responders revealed a
significant main effect in five areas reflecting the opposing effect of stress recovery on the
amygdala rsFC. Unlike non-responders, cortisol responders were characterized by enhanced
amygdala connectivity with the anterior hippocampal complex and parahippocampal
gyrus, and reduced connectivity with left dlPFC, dACC, and culmen (see Fig. 2.4B & Table 2.2
for statistical values).

Figure 2.4 Amygdala rsFC differences between cortisol responders and non-responders
during the two stress phases. A) Acute stress (run 2 - 1): The group contrast revealed an opposing
effect of stress on the amygdala - mPFC rsFC by cortisol responders (↑) and non-responders (↓). B)
Recovery (run 3-2). The group contrast revealed an opposing effect of stress on the amygdala – dlPFC
(shown in the figure), culmen, and dACC rsFC by cortisol responders (↓) and non-responders (↑),
while the opposite pattern was found for the rsFC with the anterior hippocampal complex and
parahippocampal gyrus responders (↑) and non-responders (↓).
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Association of amygdala rsFC with neuroendocrine and subjective measures

Discussion

Pearson’s bivariate correlations (p < .01) were computed to investigate to what extent

The current study investigated how acute stress affects the temporal trajectory of the

amygdala rsFC was linearly associated with total neuroendocrine and subjective stress

amygdala’s rsFC. Using the iMAST25, we obtained strong increases in cortisol levels, enabling

responses. Baseline (run 1) amygdala - right dmPFC functional connectivity was negatively

us to explore the role of neuroendocrine stress responses in amygdala based rsFC. A

correlated with the total cortisol concentration AUCi (r = -.54, p <.001). Additionally,

particular strength of this study is that it deals with the role of glucocorticoids in the

amygdala - left dlPFC functional connectivity immediately after stress (run 2) was negatively

amygdala connectivity changes during two phases that follow stress exposure: acute stress

correlated with subjective stress (r = -.49, p =.002; see Fig. 2.5).

and early recovery.

2

First, acute stress was characterized by enhanced rsFC between the amygdala and
parahippocampal gyrus. The parahippocampal gyrus has a strong functional connection
with the amygdala42 and has been associated with appraisal and perceived stress43,44.
Furthermore, the negative rsFC with the vlPFC, cuneus, and culmen and the positive rsFC
with the PCC decreased immediately after acute stress. Our results fit with previous reports
of increased perfusion in the cuneus at rest immediately after exogenous cortisol
administration45 as well as enhanced visual processing after acute stress4,46 and during the
perception of fear-relevant images47 optimizing the detection of threats. In line with this
reasoning, we also found decreased PCC connectivity during acute stress. This can be
regarded as a sign of deactivation in the default mode network (DMN), which is required for
focused attention48. Thus, decreased PCC connectivity likely promotes focused attention
and optimizes threat detection. Moreover, the decreased amygdala - PCC coupling during
acute stress mirrors the findings of Veer and colleagues10 of an enhanced coupling during
recovery, suggesting a dynamic connectivity pattern modulating threat detection and
attention when it is crucial.
Interestingly, during acute stress, the functional connectivity between the amygdala
and mPFC was in opposite direction in cortisol responders and non-responders, with an
increased connectivity in responders. This finding is seemingly at odds with the absence of
a rapid effect of exogenous cortisol administration on the functional connectivity of the
amygdala and mPFC during an emotional processing task49. One explanation for the
disparity may be that exogenous cortisol administration activates almost exclusively the
HPA-axis while a psychological stressor also increases the release of other hormones like
Figure 2.5 Association of amygdala rsFC with total cortisol and subjective stress. The left
scatterplot illustrates the negative correlation between total cortisol and strength of the baseline
amygdala - right dmPFC connectivity. The right scatterplot illustrates the negative correlation
between subjective stress and strength of the reactivity amygdala - left dlPFC connectivity.
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catecholamines50,51. Animal studies have shown that the mPFC activates behavioural and
neuroendocrine systems to acute stress52. Our results support the notion that the HPA
response to stress and stress integrative functions are regulated by forebrain circuits8,53. Our

77

Chapter 2

Amygdala functional connectivity following stress

findings are also in line with previous human studies demonstrating that the mPFC

responders and non-responders. In cortisol responders, recovery was characterized by

modulates the amygdala response during regulation of autonomic and affective

enhanced amygdala rsFC with the left parahippocampal gyrus and right hippocampal

responses20,23,24.

complex. This is in accordance with the view that returning glucocorticoids reactivate the

Second, recovery from the stressor was characterized by a reduced negative
connectivity between the amygdala and the ventral ACC and preSMA and enhanced

Finally, an investigation of the relation between baseline amygdala rsFC and

negative rsFC with the cuneus. The vACC is thought to contribute to adaptive emotion

neuroendocrine measure of stress revealed that enhanced amygdala - right dmPFC

regulation, and specifically, to down-regulate limbic regions involved in generating

connectivity was associated with a lower total increase of cortisol in response to the iMAST.

emotional responses54,55. In line with this, reduced connectivity between the amygdala and

This result is consistent with the findings from rodent studies indicating the importance of

vACC has been found in stress-related psychiatric disorders

. Additionally, we found that

the dmPFC in reducing HPA activation (for review see52). Interestingly, subjective stress was

early recovery from the stressor was characterized by changes in connectivity of the

inversely associated with amygdala - left dlPFC reactivity rsFC. Immediately after acute

amygdala with the dACC and left dlPFC. These changes in amygdala connectivity interacted

stress, stronger amygdala - left dlPFC connectivity was associated with less experienced

with the cortisol response, as evidenced by our cortisol responder versus non-responder

stress. These findings are in agreement with the idea that the connectivity between the left

analysis. Cortisol responders displayed reduced amygdala - dlPFC and amygdala - dACC

PFC and amygdala plays a central role in the down-regulation of negative affect65 and with

functional connectivity. The dACC is part of an intrinsic salience network that regulates

the proposed role of asymmetrical activation of the prefrontal cortex in stress adaptation via

adaptive behaviour in response to environmental stimuli that produce autonomic

biased motivational processing.

56,57

reactions58-60. Our results extend previous reports of enhanced amygdala rsFC with the dACC

influence of tasks on the rsFC in a subsequent resting state measurement66,67 but see 68,69, we

by directly comparing the rsFC immediately and 30-min after the stressor. Together, these

investigated the influence of an emotional working memory task on rsFC changes during

findings suggest a dynamic connectivity pattern regulating the autonomic response that is

recovery. Per participant, the time course of the amygdala was extracted in the emotional

dependent on the stress phase. Participants with higher HPA-axis reactivity displayed a

working memory contrast negative > neutral using a whole-brain random effects general

reduced amygdala-left dlPFC functional connectivity. Functional asymmetries in the PFC are

linear model. The individual beta values from the amygdala in the emotional working

said to be relevant to stress adaptation, with the left PFC being involved in effective coping

memory task were then correlated with the individual amygdala rsFC Fisher’s Z transformed

and preventing small stressors from becoming significant ones52,61,62. Thus, the decreased

correlation coefficients r of areas, where a significant difference between run 2 and 3 was

amygdala – left dlPFC rsFC in cortisol responders suggests less effective coping and possibly

found (i.e., dlPFC, ventral and dorsal ACC, presupplementary motor area, anterior

increased vulnerability to stress.

hippocampal complex, parahippocampal gyrus, cuneus, and culmen). All correlations were

9,11

Enhanced emotional memory consolidation is a well-known long-term adaptive

non-significant. Moreover, by using the cortisol responder versus non-responder contrast,

response after a stressor, and the connectivity between the amygdala and hippocampus is

the influence of the emotional working memory task was curtailed, because all participants

thought to regulate this effect

. In line with this, we found enhanced connectivity

had to perform the task. Second, the current study did not include a no-stress control

between the amygdala and anterior hippocampal complex during stress recovery.

condition. To further investigate the influence of task-engagement, and for future research

Interestingly, we found that this change in rsFC connectivity was dependent on

aiming to investigate stress mechanisms in the brain, a no-stress placebo version of the

glucocorticoid levels, as demonstrated by an opposite direction of the functional

iMAST is needed. The no-stress placebo version would be similar to the iMAST in terms of

connectivity between the amygdala and anterior hippocampal complex in cortisol

physical and mental load as well as its duration, but without eliciting stress reactions70. Third,

63,64

2

Several issues deserve consideration. First, in light of the debate regarding a possible

by directly comparing cortisol responders and non-responders, and

during acute stress
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hippocampus after initial stress exposure26.
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the current study investigated the early recovery phase after stress induction controlled by
non-genomic glucocorticoid actions. It would be interesting to also investigate the delayed
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Appendix: Supplemental Information

Neuroendocrine stress responses
The timing of saliva sampling was based on previous work showing that cortisol typically
peaks 20 to 40-min after stress onset1. Practically, for each sample collection, participants

2

were returned to the home position of the scanner, and a research assistant placed the
Salivette in the mouth of the participant using sterile plastic tweezers. To facilitate sample
collection and to minimize movement, this procedure was trained extensively beforehand
during a simulation scan in a dummy MRI scanner.
Saliva samples were stored at -20°C immediately upon collection. Cortisol levels were
determined from the saliva samples using a commercially available kinetic reaction assay
(Salimetrics, Penn State, PA) and luminescence immune assay kit (IBL, Hamburg, Germany),
respectively. Mean intra- and inter-assay coefficients of variation are typically less than 5%
for the cortisol analyses.

Table S1 Means (± SEM) of subjective stress and cortisol (untransformed values).
Grey areas indicate values used for calculation of the area under the curve (AUCi).
Subjective stress (0-100)

74.2

(3.24)
CORT-AUCi

Cortisol (nmol/l)
tMRI
tpre-stress
t+0
t+10
t+30
t+40

9.80
8.10
9.40
11.7
10.4
8.80

(1.61)
(0.91)
(1.12)
(1.53)
(1.25)
(0.84)

108.49

(25.63)

Note: The CORT-AUCi of responders vs non-responder was significant different (p < .006)
while there were no difference s in subjective stress (p = .57) and no gender differences
between responder and non-responders (p= .71).
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Implicit emotion task
The 84 pictures were presented for 1800-ms and the indoor/outdoor decision was made
within 1800-ms after picture presentation. Pictures were interspersed with a variable interstimulus interval (ISI) (2, 4, 6, or 8-s) during which a fixation cross was presented. The
presentation order of the pictures was semi-randomized so that no more than three pictures

2

of one condition appeared consecutively in order to avoid mood state induction2.

Figure S2 Overlap between amygdala resting state functional connectivity maps. The overlap with
the baseline measurement (i.e., run 1) is shown in purple in the pairwise maps. The amygdala seed
used for the analysis is drawn in white. Statistical maps (FDR correction threshold of q = .005) are
overlaid on the anatomical average of the participants. In the coronal view, the left side of the brain
corresponds to the right hemisphere and vice versa.

Supporting References
1

2

Dickerson, S.S. & Kemeny, M.E. (2004).
Acute
stressors
and
cortisol
responses: A theoretical integration
and synthesis of laboratory research.
Psychological Bulletin, 130, 355-391.
Ritchey, M., Dolcos, F. & Cabeza, R.
(2008). Role of Amygdala Connectivity
in the Persistence of Emotional
Memories Over Time: An EventRelated fMRI Investigation. Cerebral
Cortex, 18, 2494-2504.

Figure S1 Power spectral densities (PSDs) of the physiological responses. Upper panel: Mean PSDs
of the pulse rate (black line) and respiration (grey line) across all participants and conditions. For
visualization the frequency range is truncated to 1 Hz. Grey area represents the frequency window
coinciding with the scanner resolution of TR = 2s (i.e., 0 - 0.25 Hz). Lower panels: Mean (+- SEM area)
PSDs of pulse rate (left) and respiration (right) for the scanner-relevant frequency range of the three
resting-state measurements. ANOVAs across the plotted frequencies were not significant (all
corrected ps > 0.05).
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Time dependent effects of stress
prior to encoding on eventrelated potentials and 24 h
delayed retrieval

Published as:
Quaedﬂieg, C. W. E. M., Schwabe, L., Meyer, T., & Smeets, T. (2013). Time dependent
effects of stress prior to encoding on event-related potentials and 24 h
delayed retrieval. Psychoneuroendocrinology, 38, 3057-3069.

Abstract
Stress can exert profound effects on memory encoding. Here, we investigated whether
(sub)cortical information processing during encoding and memory retrieval at a 24-h
delayed test are affected by the temporal proximity between stress and memory encoding.
Sixty-four participants engaged in the Maastricht Acute Stress Test (MAST) or a no-stress
control condition either immediately before (i.e., proximate condition) or 30-min before (i.e.,
distant condition) a picture encoding task. In general, stress decreased the number of freely

3

recalled and recognized pictures and increased the number of false alarms. However, timing
of stress exposure did not differentially affect picture recall, recognition or selective
attention processes (i.e., LPP). Nevertheless, stress-induced cortisol responses and correctly
recognized neutral pictures were positively associated within the proximate stress condition
but negatively associated within the distant stress condition. These findings suggest that
the time at which a stressor is applied might differentially impact the association between
stress-induced cortisol elevations and memory formation and indicate the need for a finer
delineation of the time window during which glucocorticoids affect memory formation
processes.

Keywords: late positive potentials (LPP), glucocortiocoids (GCs), Maastricht Acute Stress
Test (MAST), emotional memory, event-related potential (ERP)
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When confronted with a stressful situation, our brain activates two physiological systems

The amplitude of the LPP appears to be larger for remembered stimuli (i.e., the ‘subsequent

that allow us to cope effectively with the stressor. The rapidly acting autonomic nervous

memory effect’), especially when it concerns emotional material22-24. Weymar and

system (ANS) results in adrenaline and noradrenaline release and increased arousal,

colleagues25 recently used ERPs to investigate the effects of pre-learning stress on neutral

alertness, and focused attention. A second, slower mechanism involves the activation of the

and unpleasant picture recall 24-h later. Although stress did not affect memory performance

hypothalamic-pituitary-adrenal (HPA) axis that results in the secretion of the primary human

overall, the amplitude of the LPP during encoding of unpleasant pictures correlated

glucocorticoid (GC) cortisol, which can bind to mineralocorticoid or glucocorticoid receptors

positively with recall performance of unpleasant pictures 24-h later in the stress, but not the

(MRs and GRs, respectively) . The binding of cortisol to MRs and GRs in limbic structures,

control group. This suggests that pre-learning stress sensitizes the brain toward enhanced

such as for example the hippocampus and amygdala, activates mechanisms involved in

selective attention to unpleasant stimuli.

1

hippocampal plasticity and thereby can modulate memory processes2-4. Moreover, an

The current study draws upon the work of Weymar and colleagues25 and Zoladz and

interaction of cortisol with the noradrenergic system in the basolateral nucleus of the

colleagues19 in that it investigated whether exposure to acute stress immediately (i.e.,

amygdala (BLA)3,5, a structure essential for the formation of emotional memories6, is said to

proximate stress group) or 30-min (i.e., distant stress group) before learning differentially

be crucial for stress to affect emotional memory.

affects emotional memory processing. This effect was assessed at the electrophysiological

This stress-related release of cortisol and noradrenaline influences the quantity and

level by means of the LPP generated during memory encoding, and behaviourally using a

quality of memory . The effects of cortisol seems to be moderated by the memory phase

delayed memory test that was carried out 24-h later. Given the known involvement of

that is targeted by stress and the emotional arousal elicited by the learned material . In

cortisol in the memory enhancing effects of stress on memory consolidation11, we also

particular, stress can facilitate memory consolidation10,11, whereas stress before retention

sampled salivary cortisol throughout the encoding session and related the stress-induced

testing typically impairs memory retrieval

. Moreover, these effects are more pronounced

cortisol elevation to LPPs and 24-h delayed memory performance. Based on the theoretical

for emotionally arousing material than for neutral stimuli5,10,13. It has also been suggested

framework of timing18, brain systems26, and previous work in humans19,25, we hypothesized

that during memory formation, the exact temporal dynamics of cortisol and noradrenaline

that stress applied immediately before learning would improve 24-h delayed recall and

release relative to the emotional memory encoding task are crucial for enhanced

recognition of emotional stimuli through enhanced selective attention (i.e., larger LPPs) and

consolidation14,15. Specifically, emotional experiences initiate a rapid enhancement of

elevated cortisol levels, relative to a no-stress control condition. The opposite pattern of

hippocampal neuroplasticity that is mediated by the amygdala and followed by stress-

findings was expected for stress applied 30-min before learning.

7

8,9

12,13

3

related cortisol enhancement of hippocampal neuroplasticity via non-genomic membrane
MR activity16,17. Over time, genomic GR actions induce a refractory state of the hippocampus,
thereby impairing the processing of new information4,15,17,18. Support for this idea comes
from a study by Zoladz and colleagues19, who found that stress applied immediately before
encoding enhanced recognition of positive words while stress applied 30-min before
encoding impaired recall of negative words 24-h later.
One way to further test the time-dependent stress effect on memory formation is to
use event related potentials (ERPs) obtained from electroencephalography (EEG). For
instance, the time course of memory and emotion processes has been investigated with the
late positive potential (LPP), an ERP over centro-parietal sites between 300 and 700 ms20,21.
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Methods
Participants
Sixty-four right-handed healthy undergraduate men (mean age = 21.25 years, SD = 2.5;
range: 18-31 years) were recruited to participate in this study via advertisements at
Maastricht University. Participants were excluded if they had a history of psychiatric,
neurologic, cardiovascular or neuroendocrine diseases, were considered heavy smokers (i.e.,
more than 15 cigarettes/day), used medication known to affect the ANS or HPA-axis, were
regular drug users, or had a body mass index (weight in kg/(height in m)2 ) outside the 1830 range. Test protocols were approved by the standing ethics committee of the Faculty of
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Psychology and Neuroscience, Maastricht University. All participants signed a written

negative affect (NA) using 5-point scales (anchors: 1 = very slightly or not at all; 5 =

informed consent and were given a small reward (course credit or monetary) in return for

extremely). Higher scores on the NA scale are indicative of higher levels of experienced

their participation.

negative affect.
Neuroendocrine stress measures prior to and in response to the MAST were obtained

Stress manipulation
The Maastricht Acute Stress Test (MAST)27 is a concise and valid procedure to reliably elicit
robust subjective, autonomic and glucocorticoid stress responses. It consists of a 5-min
preparation phase in which the task is explained and a 10-min acute stress phase that
includes several exposures to cold pressor stress and various mental arithmetic challenges
along with social-evaluative pressure (i.e., negative feedback). Specifically, in five trials that
varied in duration from 60 to 90-s, participants immersed their hand into ice water (2°C;

with synthetic Salivette (Sarstedt , Etten-Leur, The Netherlands) devices 5-min before (tpre) and four times after the MAST (t+0, t+20, t+40, t+50min with reference to the end of the

stress

stressor). Samples were stored at 20°C until cortisol levels were determined by a

3

commercially available luminescence immune assay kit (IBL, Hamburg, Germany). Mean
intra- and inter-assay coefficients of variation are typically less than 5%, and the lower and
upper detection limits were 0.015 mg/dl (0.41 nmol/l) and 4.0 mg/ dl (110.4 nmol/l),
respectively.

plexiglas box with an electrical cooler and a circulation pump from JULABO Labor technik,
Seelbach, Germany). In between the hand immersion trials, participants engaged in mental

Memory task

arithmetic challenges in which they had to count backwards as fast and accurately as

During the encoding phase, participants were presented with 36 negative and 36 neutral

possible in steps of 17 starting at 2043 for 45, 60, or 90-s. Whenever they counted too slowly

pictures from the International Affective Picture System (IAPS; see Appendix)29 on a monitor

or made a mistake, they received negative feedback (i.e., to count faster or start over again

(48 cm х 27 cm). The pictures belonged to one of the following five categories: person/action

at 2043). To increase unpredictability and uncontrollability, participants were told that the

(e.g., neutral: woman answering phone; negative: carjacking), objects (e.g., neutral: clock;

order and duration of the hand immersion and mental arithmetic trials would be randomly

negative: collection skulls), scenes (e.g., neutral: sunset at beach, negative: tornado), animals

chosen by the computer and that they would be videotaped for later analyses of their facial

(e.g., neutral: butterfly on flower; negative: dog growling) or objects/ action (e.g., neutral:

expressions, a procedure for which they had to provide written consent.

chess game; negative: car explosion). Pictures were presented for 3-s in full size (38 cm х 27

In the no-stress control condition, participants immersed their hand in lukewarm

cm) on black background, followed by a 50% size presentation of that image during which

water (35-37 °C) and in between the hand immersion trials, performed a simple arithmetic

individual valence and arousal ratings were obtained by means of the Self-Assessment

task in which they had to count consecutively from 1 to 25 at their own pace and had to start

Manikin (SAM)30 procedure to ensure deep picture encoding. The 50% picture was

anew at 1 when having reached 25. No feedback was given and participants were not

presented until the participant responded. An inter-stimulus interval of 2-s, during which a

videotaped. The duration and order of hand immersion and arithmetic trials paralleled that

fixation cross was presented, was applied between all stimuli. IAPS pictures were chosen

of the MAST.

according to the IAPS valence and arousal ratings (neutral pictures: valence M = 5.84, arousal
M = 3.88; negative pictures: valence M = 3.23, arousal M = 5.50). The ratings of the pictures

Subjective and neuroendocrine stress responses

Subjective stress prior to and immediately following the MAST was assessed using the
Negative Affect subscale of the Positive and Negative Affect Schedule, state version
(PANAS)28. The PANAS consists of two subscales that quantify current positive affect (PA) and
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obtained in the current sample were similar to the normative IAPS ratings (neutral pictures:
valence M = 6.09, arousal M = 4.06; negative pictures: valence M = 2.90, arousal M = 5.73).
The recognition picture set presented 24-h later consisted of 72 pictures, of which
50% were old pictures, 25% were IAPS pictures not presented in the encoding task and were
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conceptually related to the old pictures (new similar/related neutral pictures) and 25% were

number of trials was 27.3 for neutral and 27.2 for negative pictures). Data from two

new/different pictures (i.e., not previously presented and conceptually different). The new

participants were excluded due to excessive artefacts and data of another participant were

similar and new different pictures were matched to the old pictures on emotional valence

lost due to technical problems. The LPP was determined as the mean ERP amplitude in the

and arousal (new similar/related neutral pictures: valence M = 6.01, arousal M = 3.76;

window of 500-1000 ms over centro-parietal electrodes (CP1, CPz, CP2, P1, Pz, P2).

negative pictures: valence M = 3.12, arousal M = 5.71; new/different neutral pictures: valence
M = 5.69, arousal M = 3.79; negative pictures: valence M = 3.35, arousal M = 5.45).
Performance on the recognition task was defined by hits (reflecting correct detection of old

Design and procedure

pictures), false alarms (FA; reflecting incorrect detection of new pictures as being old), the

A 2 (Condition: stress vs. control) х 2 (Timing: proximate vs. distant) х 2 (Picture Type: neutral

discrimination index (Pr; reflecting correct discrimination of new from old pictures, i.e. (# hits

vs. negative) mixed-model was employed, with Condition and Timing as between-subjects

+ 0.5/# old targets + 1) - (# false alarms + 0.5/# new targets + 1), and the bias index (Br; # false

factors and Picture type as within subjects factor. Participants were randomly assigned to

alarms + 0.5/# new targets + 1)/(1 - Pr) . To avoid mood state induction, the presentation

one of the four conditions and all testing took place between 12:30 and 18:00 h to control

order of the pictures was semi-randomized so that no more than three pictures of one

for the circadian rhythm of cortisol. Participants were asked to refrain from eating, exercising

condition appeared consecutively in the picture encoding and the recognition part of the

extensively or drinking anything but non-sparkling water for 2-h prior to both experimental

task.

sessions.

31

3

A timeline of the experimental sessions is displayed in Fig. 3.1. After their arrival in
the laboratory, participants received information on the experimental procedure and gave
EEG data acquisition and analysis
Electroencephalography (EEG) measurements were obtained during the encoding task,
using 19 electrodes (F7, F3, Fz, F4, F8, C3, Cz, C4, CP1, CPz, CP2 P3, P1, Pz, P4, P2, O1, Oz, O2)
attached to an elastic cap and a right mastoid according to the international 10-20 system.
Two electrodes at the outer canthi of both eyes recorded horizontal eye movements and
two electrodes above and below the left eye recorded vertical eye movements. The ground
was located at AFz and the reference electrode was placed on left mastoid. A 500 Hz
sampling rate and a band pass filter of 0.01-30 Hz was used to record EEG using Vision
Recorder (Brain Products, Germany). Scalp-electrode impedance was kept below 5 kV to
ensure high-quality EEG recordings. Offline analyses were performed with Vision Analyzer
2.0 (Brain Products, Germany), including referencing to computer-linked mastoids
reference, EOG correction using the Gratton and Coles algorithm, and baseline correction of
200-ms before stimulus onset. Epochs were made for each stimulus type separately from
200-ms before stimulus onset to 3000-ms after stimulus onset. Epochs containing EEG
changes exceeding 75 mV were automatically omitted from averages. Subjects were only
included in the EEG analysis if they had at least 16 artefact free trials per condition (average
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written consent to participate in this study. Next, a saliva sample was taken with the explicit
instruction that this sample would be immediately assayed to check whether they had
adhered to our instructions not to eat, drink, etc. In reality, the sample was simply destroyed
without being analysed. This was done to increase truth-telling behaviour when they were
subsequently asked whether they had in fact adhered to the instructions. Next, participants
were asked to drink 200 ml of apple juice to standardize glucose levels32. Next, EEG
equipment was prepared and an 8-min baseline EEG activity was measured. After assessing
baseline Negative Affect (PANAS) and baseline cortisol (tpre-stress), the MAST or its control
counterpart was performed. Either immediately (i.e., proximate condition) or 30-min (i.e.,
distant condition) following the MAST or no-stress control condition onset, participants
performed the memory encoding task. Participants were told that we were interested in the
individual differences in emotional reactivity elicited by the pictures and that the responses
would be evaluated the next day. They were instructed to rate the pictures based on arousal
and valence using the SAM. Filler questionnaires were used to bridge the time intervals.
Participants in the distant groups filled the questionnaires out in between the stress
induction and the encoding task while participants in the proximate group filled them out
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after the encoding task. After administration of the MAST or no-stress control condition, the

Data analysis

PANAS and again 8-min baseline EEG activity were assessed. Participants were asked to

Subjective stress ratings were analysed using a 2 (Condition: stress vs. control) х 2 (Timing:

provide additional saliva samples at four time points following the MAST or no-stress control

proximate vs. distant) х 2 (Measurement: PANASpre vs. PANASpost) analysis of variance

condition: at t+0, t+20, t+40, t+50min with reference to the end of the stressor.

(ANOVA) with the latter as within subject factor. Cortisol data were log-transformed before

Twenty-four hours after the encoding session, participants returned to the lab. After

analysis as Shapiro—Wilk tests of normality showed typical skewness of the data. Cortisol

a rest period of 10-min, a baseline saliva sample was obtained. Next, the participants had to

responses were analysed using a 2 (Condition: stress vs. control) х 2 (Timing: proximate vs.

complete the surprise free recall and recognition test. In the free recall test, participants were

distant) х 5 (Measurement: tpre-stress vs. t+0 vs. t+20, vs. t+40 vs. t+50min) ANOVA. For

given 10-min to write down all pictures they could remember from the picture presentation

descriptive purposes, a responder rate was calculated representing participants with a

procedure the day before. Participants were instructed to provide enough details so that

cortisol increase equal to or larger than 2.5 nmol/l27,33, which is thought to reflect a cortisol

two independent raters could identify and discriminate the picture from similar pictures. For

secretory episode34. The percentage of participants who could be classified as cortisol

the recognition test, participants were instructed to classify each picture as old or new. After

responders (i.e., a cortisol increase 2.5 nmol/l; see above) was 75% (12 out of 16) for the

all measures were completed, participants were debriefed and thanked for their

proximate stress group and 81% (13 out of 16) for the distant stress group. One participant

participation.

out of 16 in the proximate control group showed a cortisol increase of 8.8 nmol/l and was

3

excluded from further analyses. For each participant individually, the Area Under the Curve
with respect to increase (AUCi) was calculated as a single measure of the total hormone (i.e.,
cortisol) concentration in response to the MAST or control task35. The following formula was
used to compute the AUCi: ((((t+0 + tpre-stress)/2) х 15) + (((t+20 + t+0)/2) х 20) + (((t+40 + t+20/2)
х 20) + (((t+50 + t+40)/2) х 15)) + (tpre-stress х (15 + 20 + 20 + 15)). The effect of timing of
stress exposure on memory performance (free recall %, hits, FA, Pr, and Br) and the LPP
during encoding taking into account the different stimulus types was assessed using 2
(Picture Type: neutral, negative) х 2 (Condition: stress vs. control) х 2 (Timing: proximate vs.
distant) ANOVA with Picture Type as within-subject factor. To explore possible relationships
between participants’ physiological stress response and memory, bivariate Pearsons’s
correlations were conducted. We used a hypothesis driven approach for the correlations to
limit the inflation of Type I error rates in these analyses. We used Greenhouse-Geisser
correction when the assumption of sphericity in the repeated measures ANOVA was not
met. All post hoc comparisons were performed using Bonferroni correction for multiple
comparisons. In case of significant results, ANOVAs were supplemented with Partial Eta
Squared (η2p) values as a measure of effect size (η2p of 0.01 indicate small effects, η2p of 0.06
Figure 3.1 Overview of the study procedure. Either immediately (i.e., proximate condition) or 30min (i.e., distant condition) following MAST or no-stress control condition onset, participants
performed the memory encoding task. Abbreviations: MAST, Maastricht Acute Stress Test.
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medium effects, and η2p of 0.14 large effects)36.
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Results

Behavioural results

Subjective and neuroendocrine stress responses

Mean scores derived from the free recall and recognition test are shown in Table 3.1. Free

For PANAS Negative Affect, a significant Measurement x Stress interaction (F(1,59) = 20.38, p <

recall performance was affected by the emotional content of the pictures, as demonstrated

.001, η

=.26) was found. Follow-up tests indicated that both stress groups showed an

by a significant main effect of Picture Type (F (1, 58) = 60.26, p < .001; η2p =.51), with negative

increase in negative affect in response to the stressor. Mean PANAS change after stress

pictures being remembered better. Stress and Timing did not differentially affect the recall

minus before stress (MPost-Pre) were 5.5 (SEM = 1.79) in the proximate stress group (t(15) = 3.08, p

per picture type, as indicated by the non-significant Picture Type x Stress x Timing

=.008), and 2.7 (SEM = 0.90) in the distant stress group (t(15) = 2.98, p =.009). Neither of the

interaction (F (1, 58) = 0.26, p =.61) and the finding that none of the other interactions were

control conditions showed an increase (proximate control: t(15) = -2.12, p =.051, MPost-Pre=-0.94,

significant. There was however a significant main effect of Stress (F(1, 58) = 6.88, p = .01; η

SEM = 0.44, distant control: t(14) = -1.07, p >.30, MPost-Pre=-0.47, SEM = 0.43).

=.11), with stress decreasing the number of pictures that were correctly remembered. Within

2

p

3

2

p

Mean salivary cortisol concentrations prior to and following the (no-stress control)

the stress groups, Pearson’s correlations between the percentage correct free recall of

MAST are shown in Fig. 3.2. For the salivary cortisol concentrations, a significant

negative and neutral pictures, on the one hand, and the stress-induced changes in cortisol

Measurement x Stress interaction (F(4, 236) = 50.14, p < .001; η2p =.46; ε = .39) was found. Simple

(AUCi), on the other hand, were performed to evaluate the relationship between

effects per saliva time point revealed higher cortisol concentrations in the stress groups

participants’ physiological stress responses and long-term memory performance. All

compared with the control groups at t+0 (F(1, 60) = 6.73, p = .012; η2p =.10), t+20 (F(1, 60) = 47.32, p

correlations were non-significant (p’s > .16).

<.001; η2p =.44), t+40 (F(1, 60) = 32.33, p < .001; η2p =.35) and t+50min (F(1, 60) = 23.47, p < .001; η2p

The analysis of the recognition data defined by the percentage hits (correct detection

=.28), but not at tpre-stress (F(1, 60) = 0.10; p = .76). Moreover, a univariate ANOVA indicated that

of old pictures) did not reveal any interaction or main effects involving Picture Type, Stress

the cortisol baseline during the recall task on day 2 did not differ between the four groups

or Timing (all p’s > .13). Yet, the analysis of false alarms revealed a main effect of Stress (F (1,

(Stress: F (1, 60) = 1.05, p = .31; Measurement: F (1, 60) = 0.04, p = .95). None of the other interaction

58)

and main effects was significant.

main effect of Picture Type (F

= 7.35, p =.009; η2p =.11), with stress increasing the number of false alarms, as well as a
(1, 58)

= 20.45, p <.001; η2p =.26), with negative pictures

producing higher false alarm rates (no significant interactions emerged; all p’s >.15).
Moreover, the number of false alarms of neutral pictures was negatively related to the stressinduced changes in cortisol (AUCi) in the proximate condition (r(15) = -.53, p = .04).
The analysis of the discrimination index Pr revealed that recognition performance
was affected by the emotional content of the pictures, as demonstrated by a significant main
effect of Picture Type (F (1, 58) = 16.90, p < .001; η2p =.22), with neutral pictures being better
discriminated. Stress and Timing did not differentially affect recall per picture type, as
indicated by the non-significant Picture Type x Stress x Timing interaction (F (1, 58) = 0.06, p
=.80), and none of the other interactions were significant. There was however a significant
main effect of Stress (F(1, 58) = 4.24, p = .04; η2p =.07), with stress decreasing the discrimination

Figure 3.2 Salivary cortisol responses to the Maastricht Acute Stress Test (MAST). Graphs show
means ± SE.
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Figure 3.3. Correlations between the cortisol response (AUCi) and the recognition performance (Pr)
of neutral pictures. Stress-induced cortisol changes are reversely associated with subsequent
recognition of neutral pictures in the proximate and distant stress groups. Note that the two
correlations significantly differ from each other (p <.001).

ERP results: late positive potential
The overall shape of encoding ERPs was similar for neutral and negative pictures (see Fig.
3.4 and Fig. 3.5). As expected, mean LPP amplitudes for negative pictures were more positive
going than for neutral pictures (Neutral M = 6.25, SEM = 0.52; Negative M = 8.59, SEM = 0.68;
F(1, 56) = 26.24, p < .001; η2p =.32). Stress and Timing did not differentially affect the LPP in the
500-1000 ms window per picture type, as indicated by the non-significant interaction and
main effects (Stress x Timing x Picture Type interaction F(1,56) = 1.22, p = .28). Within the stress
groups, Pearson’s correlations between the amplitude of the LPP in the 500-1000 ms
window of negative and neutral pictures, on the one hand, and stress-induced changes in
cortisol (AUCi), on the other hand, were performed to evaluate the relationship between
participants’ physiological stress responses and information processing. In the proximate
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Figure 3.4 Grand-averaged ERP waveforms over two scalp electrodes (CPz and Pz) for all neutral and
negative pictures for the distant condition (control dotted line; stress solid line). The LPP was
determined as the mean ERP amplitude in the window of 500–1000 ms, 1000-1500 ms, 1500-2000
ms and 2000-2500 ms over a cluster of centro-parietal electrodes (CP1, CPz, CP2, P1, Pz, P2). The LPP
was larger for negative pictures compared to positive pictures (p <.001). For the LPP in the 15002000ms window a main effect of stress was found with stress decreasing the LPP for neutral pictures
(p =.05).
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Exploratory analysis of early ERPs
A data driven approach was chosen to evaluate the effects of stress on early ERP
components. Visual inspection served to determine areas of interest, which are shown in
Fig. 3.6 & 3.7. The N100 was measured as the mean amplitude in the window of 75-125 ms
at Fz, the P200 in the window of 150-220 ms at Pz, and the N200 was in the window of 220300 ms at CPz.
For the N100, a significant Stress x Timing x Picture Type interaction (F(1,56) = 6.63, p =

3

.01; η p =.11) was found. Follow-up analyses per Picture Type revealed no interaction or main
2

effects for the negative (p’s >. 10) or the neutral pictures (p’s >. 38).
For the P200, a Stress x Timing x Picture Type interaction at trend level was found
(F(1,56) = 3.75, p = .06; η2p =.06). The corresponding two-way interactions for each picture type
were significant (negative pictures: Stress x Timing F(1,56) = 5.70, p = .02; η2p =.09; neutral
pictures: Stress x Timing F(1,56) = 13.32, p < .001; η2p =.19). Post-hoc analyses per timing
revealed that for both negative and neutral pictures, stress 30-min before encoding
decreased (less positive) the P200 compared to the control group (negative pictures: F(1,28) =
9.83, p < .005; η2p = .26; neutral pictures: F(1,28) = 19.15, p < .001; η2p =.41), whereas the effect
of stress was not significant for the proximate condition in any of the separate ANOVAs per
picture type (p’s >.40).
For the N200, a significant Stress x Timing x Picture Type interaction (F(1,56) = 7.15, p =
.01; η p =.11) was found. Follow-up analyses per Picture Type revealed for neutral pictures a
2

Figure 3.5 Grand-averaged ERP waveforms over two scalp electrodes (CPz and Pz) for all neutral and
negative pictures for the proximate condition (control dotted line; stress solid line). The LPP was
determined as the mean ERP amplitude in the window of 500-1000 ms, 1000-1500 ms, 1500-2000
ms and 2000-2500 ms over a cluster of centro-parietal electrodes (CP1, CPz, CP2, P1, Pz, P2). The LPP
was larger for negative pictures compared to positive pictures (p < .001). For the LPP in the 15002000 ms window a main effect of stress was found with stress decreasing the LPP for neutral pictures
(p = .05).
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Stress x Timing interaction at trend level (F(1,56) = 2.85, p = .10; η2p =.05), but no interaction or
main effects for negative pictures (all p’s >.12). For neutral pictures, simple effects per timing
suggest that stress 30-min before encoding increased the N200 (more negative) compared
to the control group (F(1,28) = 6.29, p = .02; η2p =.18), whereas this stress effect remained nonsignificant in the proximate stress group.
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Discussion
The primary aim of the current study was to investigate the influence of stress applied
immediately or 30-min prior to encoding on information processing and on long-term (24h)
memory performance. Results demonstrate that participants in both stress groups displayed
significant stress responses in terms of subjective negative affect scores and cortisol levels
compared with the no-stress control conditions. In general, stress decreased the number of
freely recalled and recognized pictures, increased the number of false alarms, and decreased

3

the LPP in the 1500-2000 ms window of neutral pictures. Moreover, stress-induced cortisol
responses (AUCi) and correctly recognized neutral pictures were positively associated within
the proximate stress group, whereas they were negatively associated within the distant
stress group.
The present finding of stress increasing the number of false alarms is in line with
previous research suggesting specific memory alternations due to stress-induced cortisol
levels37. This increase in false alarms was not produced by an effect of stress on the general
Figure 3.6 Grand-averaged waveforms depicting early ERP components for all neutral and negative
pictures for the distant condition (control dotted lines; stress solid lines). Note that the P200 (150—
220 ms) for both pictures was decreased by stress 30-min before encoding (both p’s < .01). The N200
(220—300 ms) for neutral pictures was increased by stress 30-min before encoding (p = .02).

probability of answering yes as indicated by the non-significant effect of stress on the
response bias. This latter finding to some extent disagrees with previous work showing a
more liberal response bias for neutral information as a consequence of a stress-induced
hyper vigilant neural state resulting in more generalized memory encoding38. Nevertheless,
timing of the stressor did not differentially affect the number of false alarms. Moreover, in
contrast to Zoladz and colleagues19, a differential effect of proximate versus distant stress on
subsequent memory performance was not found, although we did find opposite
correlations between the stress-induced cortisol response and the correct recognition of
neutral pictures in the two stress timing groups. Zoladz and colleagues19 found an
enhancing effect of stress applied immediately prior to learning for positive words on
recognition memory and an impairing effect of stress applied 30-min prior to learning for
negative words on free recall in cortisol responders. In the same vein, we found that stressinduced cortisol responses and correctly recognized neutral pictures were positively
associated within the proximate stress group, but negatively within the distant stress group.
Another apparent difference with Zoladz and colleagues19 is that we found associations with
cortisol responses only for correct recognition of neutral pictures but not for the emotional
pictures. Methodological differences can at least in part explain these divergent findings. For

Figure 3.7 Grand-averaged waveforms depicting early ERP components for all neutral and negative
pictures for the proximate condition (control dotted lines; stress solid lines).
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example, while Zoladz and colleagues19 used a word list paradigm, the current study
employed a pictorial task that lasted 18-min. Additionally, while being comparable in size,
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the study sample in Zoladz and colleagues19 included predominantly women while the

decreased the LPP in the 1500-2000 ms window for neutral pictures although irrespective of

current study only consisted of men. This could be important given that memory

the timing of the stressor. Markedly, stress-induced cortisol responses (AUCi) were

performance of men could be more affected by stress-induced cortisol elevations than that

negatively associated with the amplitude of the LPP in the 500-1000 ms window within the

of women39.

distant stress group. Interestingly, the correct recognition of neutral pictures also correlated

We found that stress decreased the amount of recalled and correctly recognized

negatively with the AUCi in this distant stress group. It seems that stress 30-min before

neutral and negative pictures. Overall, studies that have investigated the effect of stress on

encoding decreased attentional allocation to neutral information thereby impairing the

memory encoding have yielded divergent findings, with some reporting enhanced

processing of new information. This observed antagonistic link on the behavioural and

subsequent memory performance

,

information processing level between the increase in cortisol and neutral information may

and still others reporting emotion dependent effects. For example, studies similar in design

mirror a refractory state of the hippocampus induced by genomic GR as well as non-genomic

to the current study investigating pre-encoding stress in an incidental learning paradigm on

MR actions4,15,17,18. It is known that acute stress results in the release of neurotransmitters like

delayed recall revealed an impairment of neutral information, while emotional information

noradrenaline in amongst others the prefrontal cortex58. Based on animal and human work,

was enhanced

. It has been proposed that emotionally distressing situations might

it has been proposed that an interaction of cortisol with the noradrenergic system in the BLA

introduce a longer time window during which encoding of emotional information is not

is crucial for stress to affect emotional memory3,5. In line with this suggestion, we found a

which might be mediated by cortisol activation of the amygdala. Note that we

positive association between the AUCi and the amplitude of the LPP in the 500-1000 ms

did not obtain a generally better recognition performance for negative pictures than neutral

window for negative pictures within the proximate stress group. Our finding is also in

pictures, while this emotional memory enhancement effect was observed for the free recall

accordance with Weymar and colleagues25, who found a selective enhancement of the LPP

data. These results might appear to be conflicting and at odds with prior studies reporting

for unpleasant pictures in stressed participants suggesting that pre-learning stress tunes the

an emotion memory enhancement effect. Yet, there are also examples of studies that did

brain for the processing of biologically relevant stimuli. Nevertheless, the present study did

not find this emotional enhancement effect

. This effect may not have taken place in the

not replicate the finding of Weymar and colleagues25 regarding a positive correlation

present study because in general, the percentage correctly recognized old pictures was near

between the amplitude of the LPP of unpleasant pictures and memory performance 24-h

ceiling irrespective of condition (i.e., MHit > 94%), which can have obscured emotion effects

later among stressed participants.

impaired

17,43

49,50

40-43

, others finding no effect

19,51,52

11,44,45

, impairing effects

46-48

on recognition memory.
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The fact that the timing of pre-learning stress did not directly affect attentional

The exploratory ERP analyses revealed that stress 30-min before encoding decreased

processing (i.e., LPP amplitude) or long term memory could indicate the need for a finer

the P200 for negative and neutral pictures, while it increased the N200 for neutral pictures.

delineation of the precise time windows during which stress and glucocorticoids can affect

It has been proposed that the amplitude of those two mid latency components reflect

memory encoding processes. For example, Diamond and colleagues15 found that predator

automatic post-perceptual selective attention53. A reduced P200 amplitude and an

stress immediately but not 30-min prior to learning in the water maze enhanced long-term

increased N200 amplitude has also been found in post-traumatic stress patients (PTSD) and

memory in rats. Unfortunately, the task measurements used by Diamond and colleagues15

in anxiety disorders in general

reflecting the distorted attentional bias and hyper-arousal

did not allow assessing the model based anticipated memory impairments when stress was

symptoms found in anxiety related disorders. The observation of an early modulation of the

applied 30-min before learning. Although animal research has been very valuable regarding

ERP by stress 30-min before encoding support the idea of sensory hyper-arousal under stress

the time dependent involvement of the MR and GR receptors to stress responses59,

affecting attention-modulated information processing.

translation to humans seems to be intricate19,43.

54-57

In line with previous research, the amplitude of the LPP in the 500-1000 ms window

Some limitations to the current study are worth mentioning. First, we did not

was larger for negative than for neutral pictures, known as the emotion effect23. Stress

measure activity of the sympathetic nervous system (e.g., via salivary alpha-amylase).
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However, it is very likely that by using emotionally arousing IAPS pictures, the current task
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Appendix
IAPS numbers of the 36 negative and 36 neutral pictures used in the encoding task.
Neutral:
2392
7211
7037
1610
Negative:
9250
2682
9291
1050

2489
7546
5829
1670

2362
7056
7580
1500.

2102
7055
7499

2383
7530
7165

2377
7081
5635

2019
7001
7509

7506
7016
7512

2002
7018
7505

2374
7492
7014

7235
5870
1603

3053
6263
5970
9181

6021
9301
3213
1930.

6571
9600
9050

6550
9409
9253

3001
9622
6010

2710 9413
3005,1 2692
9630 9592

9921
7361
2799

6212
9911
6200

9440
9001
1300

3

IAPS numbers of the 36 negative and 36 neutral pictures used in the recognition task.
Negative similar:
9410
3051
9000 9295
Negative different:
2206 9800
5950 8230
Neutral similar:
2391 2488
5982 7039
Neutral different:
2394 2530
7501 7620

6022
5973

6821
8485

6540
9594

9480
1525

2681
1052.

6260

9300

9620

9903

9325
6312

2345,1 3185
2751 7079

9008
9180

9010
1201

9006

6300

9810

9940

2332
5830

2570
7507

2381
2840

7026
1602

7190
1750.

7547

7034

7236

7489

2410
7036

7550
7000

2191
2032

7950
1740

7900
1720.

5390

7233

7080

2594
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The functional role of individual
alpha based frontal asymmetry
in stress responding

Published as:
Quaedﬂieg, C. W. E. M., Meyer, T., Smulders, F. T. Y., & Smeets, T. (2015).
The functional role of individual-alpha based frontal asymmetry in
stress responding. Biological Psychology, 104, 75-81.

Abstract
Asymmetry in frontal electrical activity has been suggested to index tendencies in affective
responding and thus may be associated with hormonal stress responses. To assess the
functional role of frontal asymmetry (FA) in stress, we measured FA at rest and following
exposure to acute stress induced with the Maastricht Acute Stress Task (MAST; N=70) in the
standard 8-13Hz band as well as based on individual alpha frequency (IAF) band. IAF-based
resting FAF4–F3 was associated with the stress-induced neuroendocrine response, such that
left individual frontal activity predicted smaller total cortisol increases in response to the
MAST. Like previous studies, we found resting left-sided FAF8–F7 to predict trait behavioural

4

activation measured with the BIS/BAS scales. FA remained unaffected by stress-induced
cortisol response. These findings suggest that individual FA might reflect a trait-like
characteristic that moderates the stress response. Our results underscore the utility of IAF in
studying individual differences in stress responding.

Keywords: frontal alpha oscillations, individual alpha frequency, cortisol, EEG
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Research suggests that a functional lateralization in the prefrontal cortex is involved in

In the current study, we used the Maastricht Acute Stress Task (MAST)30 to induce

affective processing1-3. A reliable correlate of frontal activity is frontal asymmetry (FA)

neuroendocrine stress responses and investigated the functional role of asymmetric frontal

measured with electroencephalography (EEG). FA refers to the average difference in alpha-

alpha oscillations. Based on previous studies, we hypothesized that more right-sided FA at

band activity (typically 8-13Hz) between the left and right frontal areas across several

rest and in response to stress, would be related to higher cortisol increases in response to

minutes. FA measured while participants are at rest has been regarded as an index of

the MAST. Furthermore, we expected that FA at rest would be associated with level of trait

individuals’ trait-like style of affective processing, whereas FA measured during or after

motivation. The second aim of the study was to examine whether FA based on an

emotional challenge has been linked to state-dependent individual differences in affective

individualized alpha frequency band can provide a more sensitive measure of individual

processing1,4-7. For instance, more left-sided resting FA (i.e., higher activity in the left frontal

differences in lateralized stress responding.

areas) has been linked to superior emotional flexibility , more effective emotion regulation
8

9

4

as well as to more positive and decreased negative affect10. Furthermore, an association
between right-sided FA and higher basal cortisol levels has been found in animal studies at

Methods

baseline11 and after maternal separation12, as well as in human studies in six-month-old

Participants

infants at baseline and during a withdrawal task13, and in students during a stressful exam

The present experiment was part of a larger study that investigated frontal alpha asymmetry

period14. While these findings suggest that resting FA may be predictive of stress hormonal

and resilience. Right-handed healthy men (n=30) and women (n=40) undergraduates (mean

responses, other lines of research indicate that the stress response itself might involve

age: 20.83 SD 2.67; range: 18-31 years) were recruited via advertisements at Maastricht

lateralized processes in the brain. That is, animal and human studies suggest that the right

University. Participants were screened for eligibility using the following exclusion criteria:

hemisphere initiates neuroendocrine and behavioural fight-or-flight responses, while the

history of psychiatric, neurologic, cardiovascular or neuroendocrine diseases, heavy

left hemisphere regulates them15-20. Right-sided FA at rest and in response to stress could

smoking (i.e., more than 15 cigarettes/day), medication use known to affect the autonomic

thus be expected to predict stronger hormonal stress responses. However, to date, only

nervous system (ANS) or hypothalamic-pituitary-adrenal (HPA) axis, drug use, or body mass

three experimental studies have examined the relationship between FA, stress, and stress

index outside the normal range. Moreover, for women, the use of oral contraceptives served

hormonal responses, and have yielded mixed results. Tops and colleagues21 found that the

as an inclusion criterion to reduce variability in cortisol responses related to hormonal

administration of cortisol shifted the relative FA to the right. In a follow-up study, however,

alterations throughout the menstrual cycle phase31. Test protocols were approved by the

these authors found that cortisol administration in a formal and arousing testing condition

standing ethics committee of the Faculty of Psychology and Neuroscience, Maastricht

shifted FA to the left22. Alternatively, Lewis, Weekes, and Wang23 found that high in

University. All participants signed a written informed consent and were given a small reward

comparison to low examination stress increased relative right-sided FA activity.

(course credits or money) in return for their participation.

Previous research has shown that alpha frequency varies in peak and bandwidth from
individual to individual24-27. Moreover, individual differences in alpha peak frequency have
been related to several cognitive functions including perception, attention, and memory28,29.
Thus, the use of fixed frequency bands in previous studies may have obscured information
about specific individual differences in neurophysiology of the brain. Using individual alpha
frequency bands could potentially improve the signal-to-noise ratio and thus improve
reliability of FA measurements.
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Procedure
An overview of the experimental session is displayed in Fig. 4.1. All testing took place
between 12:30 and 18:00-h to avoid morning fluctuations in the circadian rhythm of cortisol
and time-of-day effects on frontal asymmetry32. Beforehand, participants were asked via
email to refrain from eating, exercising extensively or drinking anything but non-sparkling
water for 2-h prior to the experimental session. Upon arrival in the laboratory, participants
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received information on the experimental procedure and gave written consent. Next, a

Neuroendocrine stress responses

saliva sample was taken and participants were told that this sample would be immediately

Cortisol values prior to and in response to the MAST were obtained with synthetic Salivettes

assayed to check their adherence to the instructions not to eat, drink, etc. This was done to

(Sarstedt®, Etten-Leur, The Netherlands). Participants provided saliva samples 20-min after

increase truth-telling behaviour. In reality, the sample was discarded without being

arrival in the lab (tbase), 5-min before (tpre-stress) the MAST and five times afterwards (t+0, t+10, t+30,

analysed. Participants were seated in front of a 22-inch widescreen monitor (Philips, The

t+40, t+55min with reference to the end of the stressor). Samples were stored at -20°C until

Netherlands) at approximately 56 cm viewing distance and drank 200ml of apple juice to

cortisol levels were determined by a commercially available luminescence immune assay kit

standardize glucose levels .

(IBL, Hamburg, Germany). Mean intra- and inter-assay coefficients of variation are typically

33

less than 5%, and the lower and upper detection limits were 0.015 mg/dl (0.41 nmol/l) and
4.0 mg/dl (110.4 nmol/l), respectively. One woman did not provide enough saliva to be

4

analysed. Thus, the final sample consisted of 69 participants.
Cortisol after arrival in the lab (tbase) and before the MAST (tpre-stress) did not differ
significantly (F(1,64) = 1.91, p =.17). For the correlations, the Area Under the Curve with respect
to increase (AUCi) from the pre-stress sample was calculated as a single measure of the total
cortisol concentration in response to the MAST for each participant individually34.

Figure 4.1 Overview of the study procedure. T+0 refers to the end of the stress procedure.
Abbreviations: IAF: Individual Alpha Frequency, MAST: Maastricht Acute Stress Test.

Approach behaviour
Behavioural inhibition and activation system scales35

Stress manipulation

The BIS/BAS Scales were used to assess a person’s disposition towards the two motivational

The Maastricht Acute Stress Test (MAST)30 consists of a 5-min preparation phase in which the

systems i.e. approach and withdrawal. The questionnaire consists of 22 items assessing

task is explained and a 10-min acute stress phase that includes several exposures to cold

behavioural inhibition (BIS; 7 items) and behavioural activation (BAS; 13 items). The BAS is

pressor stress and various mental arithmetic challenges along with social-evaluative

further divided into three subscales: fun seeking (BAS-F; 4 items), reward responsiveness

pressure (i.e., negative feedback). Specifically, in five trials that varied in duration from 60 to

(BAS-R; 5 items), and drive (BAS-D; 4 items). Participants answer the extent to which they

90-s, participants immersed their hand into ice-cold water (2°C; plexiglas box with an

agree with the statements on a four-point Likert-type scale, ranging from 1 (strong

electrical cooler and a circulation pump from JULABO Labortechnik, Seelbach, Germany). In

agreement) to 4 (strong disagreement). Higher scores relate to higher BIS/BAS sensitivity.

between the hand immersion trials, participants engaged in mental arithmetic challenges
in which they had to count backwards as fast and accurately as possible in steps of 17

EEG data acquisition and analysis

starting at 2043 for 45, 60, or 90-s. Whenever they counted too slowly or made a mistake,

The electroencephalogram (EEG) was recorded from 23 Ag/AgCl electrodes (F7, F3, Fz, F4,

they received negative feedback (i.e., to count faster or start over again at 2043). To increase

F8, FC3, FC4, T7, T8, C3, Cz, C4, CP3, CPz, CP4, P7, P3, Pz, P4, P8, O1, Oz, O2) positioned in an

unpredictability and uncontrollability, participants were told that the order and duration of

elastic cap according to the international 10-20 system using a BrainAmp amplifier and Brain

the hand immersion and mental arithmetic trials would be randomly chosen by the

Recorder software (BrainProducts, Germany). Signals were sampled continuously at 100 Hz,

computer and that they would be videotaped.

referenced online to the left mastoid (A1) and band-pass filtered (0.01–30 Hz). An electrode
at AFz served as signal ground. Two electrodes at the outer canthi of both eyes recorded
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horizontal eye movements and two electrodes above and below the left eye recorded

t+55min ) as within-subject variable and gender as between-subject variable. Effects of the

vertical eye movements. Scalp-electrode impedance was kept below 5 kΩ to ensure high-

stress on FA as well as differences between men and women were addressed using repeated

quality EEG recordings and homologous scalp electrodes were within 1 kΩ of each other.

measures ANOVA with manipulation (baseline, post-stress) and location (F4-F3, F8-F7) as

Participants were shown the raw recording signals to demonstrate common artefacts that

within subject variables and gender as between subject variable. To explore possible

occur due to body and eye movements. FA was measured before and after stress induction

relationships between participants’ physiological stress response (i.e., AUCi) and brain

during two 4-min blocks, whereby participants focused on a black fixation cross on grey

asymmetry, bivariate Pearson correlations were conducted. We used a hypothesis driven

background on the computer monitor.

approach (i.e., including asymmetry scores at frontal electrodes only) to limit the inflation of

Offline analyses were performed with Vision Analyzer 2.0 (Brain Products, Germany).
Consistent with data reduction procedures in previous FA studies

Type I error rates in these analyses and corrected for multiple testing (i.e., F4-F3 and F8-F7)

, the data was re-

by using a significance level of p ≤ .025. When sphericity assumptions for ANOVAs were

referenced offline to the average of A1 and A2, band-pass filtered from 1 to 30 Hz and

violated, Greenhouse-Geisser corrected p-values, along with the respective epsilon and

corrected for EOG activity using an algorithm similar to Gratton and Coles38. To derive

uncorrected degrees of freedom are reported.

36,37

4

resting-state FA scores, 2-s epochs with 75% overlap were extracted. Epochs containing EEG
changes exceeding ±75 µV were automatically omitted from averages. On average
955.61(range = 895-1005; SEM =2.49) of baseline and 963.67 (range = 913-1020; SEM =2.10)

Results

of post stress epochs were artefact free. Artefact-free epochs were analysed using fast-

Stress manipulation: neuroendocrine responses

Fourier transformation (FFT) with a 100% Hanning window to compute power density

Mean cortisol concentrations prior to and following the MAST are shown in Fig. 4.2.

values. Average power densities of the two 4-min resting state measurements were

Repeated measures ANOVAs revealed a significant time x gender interaction (F(5, 310) = 5.09,

calculated and weighted for the number of artefact-free epochs for both the baseline and

p =.004, Epsilon = .48). Follow-up analyses per gender revealed a main effect of time (six

the post-stress measurement.

levels: tpre-stress, t+0, t+10, t+30, t+40, t+55min; men: F(5,130) = 22.84, p < .001, Epsilon = .44; women: F(5,180)

The individual alpha peak frequency (IAF) was determined as the dominant frequency

= 8.14, p < .001, Epsilon = .44). Bonferroni corrected simple effects per saliva time point

rhythm between 5 and 15Hz at the posterior electrode (Pz) on 3-min of resting eyes closed

revealed a significant increase between tpre-stress and t+10 (men: p < .001; women: p = .01) and

data25,29. The IAF bandwidth was defined as the IAF ± 0.20 х IAF. The frontal asymmetry (FA)

a significant decrease between t+30 and t+40 (men: p < .001; women: p < .001) to a return to

scores were determined in the IAF band and in the standard alpha band between 8 and 13Hz

baseline at the end of the experiment (tpre-stress vs t+55 men: p > .99; women: p > .99).

and were calculated on log-transformed alpha-power density values, ln(right) – ln(left).
Positive frontal alpha asymmetry scores indicate greater left than right frontal activity since

Frontal asymmetry: standard versus individual alpha

alpha band power is inversely related to brain activity39.

The mean of the IAF was 9.98 Hz (SEM .11; minimum =7.4 maximum = 11.3) and was not
statistically different from the centre (10 Hz) of the standard alpha band (F(1,50) =0.05, p =.82).
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Data analysis

Bivariate Pearson correlations were calculated between the first and second block of the

Cortisol data were log-transformed before analysis as Shapiro-Wilk tests of normality

baseline FAF4-F3 for the standard and IAF band separately to evaluate whether IAF-based FA

showed typical positive skewness of the data. Effectiveness of the stress induction

yielded higher (test-retest) reliability scores than the standard 8-13Hz alpha band. The

procedure on neuroendocrine measures including differences between men and women

standard alpha (8-13 Hz) based baseline FAF4-F3 correlation between the two 4-min blocks

were addressed using repeated measures ANOVA with time (6 levels: tpre-stress, t+0, t+10, t+30, t+40,

was r67 = .70 and the IAF-based FA correlation was r67 = .85. These correlations were
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4

Figure 4.3. Effect of stress induction on alpha oscillations. Upper panel: Effect of stress induction
on frontal alpha asymmetry across the whole sample (mean plus std. error) as well as per individual
(lines) for individual (left) and standard (right) alpha band. Lower panel: Topographical display of
average power density at rest before and after the stress induction. The grey area marks 8-13Hz, in
which power densities were averaged to derive alpha asymmetry scores in the standard alpha band.
The red line at Pz marks the mean IAF. Note the difference in Y-axis scaling between frontal and
parietal electrodes.
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Table 4.1 Summary of the EEG results. Upper part: Mean ± S.E.M. of the frontal asymmetry before
and after stress induction for F4-F3 and F8-F7 separately based on 8-13Hz or IAF. Lower part:
associations between the cortisol response and brain asymmetry based on 8-13Hz or IAF.

Standard Alpha 8-13Hz

Baseline

Poststress

Mean

SEM

Mean

SEM

Asym F4-F3

-0.024

0.018

-0.022

0.011

Asym F8-F7

-0.186

0.037

-0.118

0.024

Asym F4-F3

-0.010

0.017

-0.012

0.011

Asym F8-F7

-0.159

0.034

-0.112

0.023

Total Cortisol (AUCi)
r
Baseline

Poststress
Stressreactivity

Individual Alpha

4

Total Cortisol (AUCi)

p

r

p

Asym F4-F3

-.21

.08

-.27

.025

Asym F8-F7

.006

.96

-.03

.78

Asym F4-F3

-.20

.10

-.24

.05

Asym F8-F7

.03

.79

-.03

.84

Asym F4-F3

.03

.80

.03

.82

Asym F8-F7

.05

.68

.02

.85

Note: Stress-reactivity is the change in FA (i.e., post-stress – baseline).
p-values ≤.025 were considered as statistically significant.

Measures of behavioural activation and inhibition (BIS/BAS) were correlated with brain
asymmetry. For both baseline asymmetry measures of AsymF8-F7, a positive correlation with
BAS drive (IAF: r60 = .35; p = .006; Standard Alpha: r60 = .32; p = .01) and a negative correlation
with BIS (IAF: r60 = -.33; p = .01; Standard Alpha: r67 = -.30; p = .02) was found, indicating that
more left-sided frontal activity at baseline was associated with more behavioural activation
(see Fig. 4.5). The association with FA was specific for the lateral frontal electrodes (F8-F7)
since all other correlations were non-significant (all ps >.10). Bivariate Pearson correlations
between BIS/BAS and stress-reactivity FA did not reveal any significant associations for both
standard alpha and IAF (all ps > .21). Bivariate Pearson correlations between BIS/BAS and the
participants’ physiological stress response did not reveal any significant associations (all ps
> .17).
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Discussion
The aim of the current study was to investigate the functional role of asymmetric frontal
alpha oscillations in stress-induced neuroendocrine responses. Secondly, we explored
whether the relationship between FA and individual differences in stress responding are
more reliably described if based on IAF instead of the standard 8-13Hz alpha band. Resting
EEG was measured before and after stress induction by means of the MAST30. The MAST,
indeed, generated robust increases in cortisol levels. The cortisol responses were moderated
by gender, which is in line with the typically larger increases found in men compared to
women in response to laboratory stressors31,40. We found that higher left hemispheric

4

activity at baseline was associated with lower stress-induced cortisol levels (AUCi), an effect
that was specific to the sites F4-F3 and was only significant when IAF was used. Besides, we
found higher baseline FAF8–F7 to correlate with higher BAS and lower BIS scores. Meanwhile,
the stress induction did not result in a change in FA, which suggests that individual FA might
reflect a trait-like characteristic that relates to cortisol reactivity to a stressor.
The finding that IAF based baseline FAF4–F3 was associated with lower stress-induced
cortisol levels (AUCi) is in line with our expectations and agrees well with studies suggesting
that left frontal activity is involved in the regulation of hormonal stress responses15,16,19. No
association was found when FA was based on the standard 8-13Hz alpha band, which is in
agreement with previous studies investigating the relation between cortisol and FA in the
standard alpha band14,21,23. The mean of the IAF was not different from the centre of the
standard alpha band indicating that the difference in sensitivity and reliability cannot be
explained by the use of alpha sub-bands that are, across participants, consistently different
from standard alpha. Our results support the idea that the individualized alpha band (IAF) is
more reliable than standard alpha in the prediction of individual differences in the
processing of stressors.
The current results suggest an association of BAS drive with baseline left lateral
frontal activity and an association of BIS with baseline right lateral frontal activity (i.e.,
AsymF8-F7). Studies that have investigated the relation between BIS and frontal lateralisation
have yielded divergent findings, with most reporting weak or no association41-44 while
Figure 4.5 Association between frontal asymmetry and behavioural activation. Baseline
asymmetry at F8-F7 was positively associated with the BAS drive subscale and negatively with BIS.

Sutton and Davidson45 also found a negative correlation. Nevertheless, in line with the
current findings, all before mentioned studies hypothesized to find a negative correlation
between BIS and FA. BIS is a complex motivational concept46 that probably is reflected in a
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less robust relation with right-sided FA. In terms of BAS, relative left sided FA was related to

MAST, FA may still have transiently changed during stress. Finally, the present study is

more behavioural drive. This result is consistent with previous studies47-49 and more general

limited in generalizability by the fact that cortisol but no other measures of the stress

with studies associating frontal asymmetry with overall behavioural activation41,43,45,46. A

response, such as autonomic or subjective, were assessed.

noteworthy observation is that most studies found associations between the behavioural

In sum, the present findings suggest that baseline frontal alpha activity reflects a

activation system and mid-frontal (F4-F3) locations corresponding to the dorsolateral

mechanism that has a moderating role in the fight-or-flight response to acute stress.

prefrontal cortex (dlPFC)50. Still, associations with lateral FA (F8-F7) have also been

Specifically, relatively left activation appears to be associated with resilience characterized

demonstrated in previous studies

, suggesting a more ventrolateral PFC source.

by behavioural activation and neuroendocrine regulation. Thereby, this study contributes

Numerous neuroimaging studies have demonstrated opposite affective lateralized

to the relatively sparse and inconsistent literature regarding the role of trait characteristics

processing effects within specific areas of the PFC

, which could explain these divergent

in moderating responses to state manipulation. Our data show that hemispheric asymmetry

location findings and indicates the need to measure EEG at a high spatial density and

measures based on frontal alpha frequencies may serve as a better individual difference

combine EEG and fMRI53.

variable if they are based on individualized alpha frequencies than if they are based on

41,44

51,52

The finding that FA remained unaffected by stress is at first glance at odds with the

standard alpha (8 - 13 Hz). Constructing frontal asymmetry on the individualized alpha band

study of Lewis and colleagues23 and the prior cortisol administration studies of Tops and

seems a promising avenue to the refinement and extension of our knowledge of the role of

colleagues

asymmetric hemispheric activation as a determinant of individuals’ degree of stress

21,22

. Yet, Lewis and colleagues found different results when applying a region or
23

a single electrode analysis and in line with our results, no effect of examination stress was

4

resilience or vulnerability.

found for the single electrode analysis of F4-F3. One explanation for the disparity with the
studies of Tops and colleagues21,22 may be that exogenous cortisol administration activates
the HPA-axis at a different level than a psychological stressor, which also increases the
release of other hormones such as catecholamines31. Moreover, the timing of the EEG
measurements could also account for the differential findings, as Tops and colleagues21,22
collapsed multiple asymmetry measurements over 30-min and 2-h, respectively, whereas
the current study did not. The current finding that stress induction did not result in a change
in FA while at the same time individual FAF4-F3 predicted the cortisol response, suggests that
individual FA reflects individual differences in a trait-like mechanism that moderates the
cortisol stress response.
A few limitations of the current study should be noted. First, this study was
performed in healthy subjects. Cortical asymmetry scores are expected to reflect more
symmetrical activity in healthy subjects than in clinical populations54,55 and therefore
statistical results might be dampened. Second, FA was measured before and after the MAST,
but not during the MAST. This was done because the MAST consists of mental arithmetic
trials, and the induced cognitive effort could confound effects of stress on alpha activity
when measured during the MAST. Thus, while we found no change in FA in response to the
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Abstract
Frontal asymmetry in alpha oscillations is assumed to be associated with psychopathology
and individual differences in emotional responding. Brain-activity-based feedback is a
promising tool for the modulation of cortical activity. Here, we validated a neurofeedback
protocol designed to change relative frontal asymmetry based on individual alpha peak
frequencies (IAF), including real-time average referencing and eye-correction. Participants
(N=60) were randomly assigned to a right, left, or placebo neurofeedback group. Results
show a difference in trainability between groups, with a linear change in frontal alpha
asymmetry over time for the right neurofeedback group during rest. Moreover, the
asymmetry changes in the right group were frequency and location specific, even though
trainability did not persist at one week and one month follow-ups. On the behavioural level,

5

subjective stress on the second test day was reduced in the left and placebo neurofeedback
groups, but not in the right neurofeedback group. We found individual differences in
trainability that were dependent on training group, with participants in the right
neurofeedback group being more likely to change their frontal asymmetry in the desired
direction. Individual differences in trainability were also reflected in the ability to change
frontal asymmetry during the feedback.

Keywords: frontal asymmetry, randomized placebo control design, trainability, specificity,
interpretability
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Frontal asymmetry has been studied extensively in individual differences research on

neurofeedback sessions on participants’ emotional responses to movies. Training healthy

emotional and motivational processes. It refers to the average difference in brain activity

participants to display relative right-sided frontal activity was associated with less approach

between the left and right frontal areas, measured as hemispheric differences in alpha

responses to happy movies. However, they did not investigate the independence or stability

power in electroencephalography (EEG) recordings across several minutes . Activity in the

of the training. Independence of location of frontal alpha asymmetry neurofeedback

left-frontal hemisphere has been linked to an approach system that is activated when an

training was assessed by Harmon-Jones and colleagues23, who trained participants for two

individual is moving towards goals or experiences positive emotions. Conversely, a right

days, and found a specific difference in the change in alpha asymmetry on frontal but not

lateralised withdrawal system is involved in negative affect or the motivation to move away

on parietal electrodes for the relative left frontal asymmetry group. Recently, Peeters and

from potentially dangerous situations or stimuli2-4.

colleagues24 investigated the possibility of changing frontal asymmetry in a single

1

Frontal asymmetry has important implications for mental health and stress

neurofeedback session. They reported that it is feasible to change frontal asymmetry in both

adaptation5,6. For instance, greater left-sided frontal activity at rest was found to predict

directions in healthy participants, and that this change is specific in terms of location. All in

greater emotional flexibility7, better emotion regulation8, more positive and decreased

all, the effectiveness of neurofeedback trainings to change relative frontal asymmetry and

negative affect , as well as a smaller task-induced cortisol increase . Moreover, extreme right

mood state is in dire need of a more thorough empirical validation.

4

9

frontal asymmetry has been associated with affective disorders such as depression10 and

In light of these considerations, the present study aimed to further validate and

social anxiety disorder (SAD) . In addition, increasing left-sided activity or decreasing right-

explore the potential of frontal alpha asymmetry neurofeedback. In particular, we compared

sided activity with repetitive transcranial magnetic stimulation (rTMS) resulted in

three frontal asymmetry protocols that were developed to increase relative right-sided

improvements in depression12 and anxiety13 symptoms.

frontal alpha asymmetry, to increase relative left-sided frontal alpha asymmetry, or to yield

11
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EEG neurofeedback is another method used to modulate cortical activity. The

no effects on frontal alpha asymmetry (i.e., the placebo control group). Extending prior

individual is given feedback on his or her current brain activity, based on real-time analysis

studies that examined the effect of neurofeedback on frontal asymmetry, we determined

of EEG signals. In order to induce a specific pattern of brain activity, the individual receives

frontal asymmetry for each participant based on individual alpha peak frequency (IAF). The

‘rewarding’ feedback whenever the EEG changes in the preferred direction. Using this

main advantage of this approach is that it controls for the large individual differences in

positive reinforcement, the desired brain activity is learned through operant

alpha frequency25,26 that may impair the trainability of frontal asymmetry based on

conditioning1,14. There has been a recent surge in the use of neurofeedback for the treatment

conventional frequency bands. We hypothesised that following six days of neurofeedback,

of several kinds of disorders and preliminary studies suggest its clinical efficacy (see for

participants would display the intended change in frontal asymmetry along with a change

example ADHD15

, Depression17,18). Even though neurofeedback has often been

in current mood and task-induced subjective and neuroendocrine stress responses.

applied in clinical research, the validation of neurofeedback as a treatment protocol lags

Specifically, participants trained to shift relative frontal alpha power towards the right

behind19,20. To assess the development of self-regulation, three criteria have been

hemisphere were expected to show decreased negative affect and decreased subjective and

proposed21. First, the trained frequency needs to change significantly (i.e., trainability). If

neuroendocrine stress responses over time. The opposite pattern of findings was expected

trainability is successful, the specificity in the trained frequency band and location (i.e.,

for the left group. No changes over time were hypothesized for the placebo group.

independence) as well as the stability over time has to be assessed. Finally, the behavioural

Additionally, we explored whether gender differences in the effectiveness of neurofeedback

effects of the training need to be determined (i.e., interpretability).

training exist. Furthermore, for both the left and right group, we expected that the frontal

but see 16

EEG neurofeedback has often been used in attempts at changing frontal asymmetry

alpha asymmetry training would result in changes specifically in the (individual) alpha band

(i.e., F4-F3). Allen and colleagues22 investigated the effect of five frontal alpha asymmetry

and solely at frontal locations. In addition, we explored whether the asymmetry changes

5
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would persist up to one month following the final neurofeedback session. Finally, based on

movements. Scalp-electrode impedance was kept below 5 kΩ to ensure high-quality EEG

previous studies demonstrating large individual differences in the ability to learn how to

recordings and homologous scalp electrodes were within 1 kΩ of each other. Participants

regulate cortical activity21,27-29, we classified and compared participants who responded well

were shown the raw recording signals to demonstrate common artefacts that occur due to

to the training to those who did not or did so to a lesser degree.

body and eye movements.
Before the start of the first neurofeedback session, the individual alpha peak
frequency (IAF) was determined as the dominant frequency rhythm between 5 and 15Hz at

Methods

the posterior electrode (Pz) on 3-min of resting eyes closed data25,31. The IAF bandwidth was

Participants

defined as the IAF ± 0.20 × IAF. The same bandwidth was used for all six training sessions

The present experiment was part of a larger study that investigated the effect of

since IAF has been shown to be stable over time32. The frontal alpha asymmetry scores were

neurofeedback on resilience9. Right-handed healthy men (n=30) and women (n=30)

determined in the IAF band.

undergraduates (mean age= 20.96 SD= 2.82; range: 18-31 years) were recruited via

Resting frontal asymmetry was measured twice during 4-min, at the beginning and

advertisements at Maastricht University. Participants were screened for eligibility using the

the end of the test or training session, whereby participants focused on a black fixation cross

following exclusion criteria: history of psychiatric, neurologic, cardiovascular or

on a grey background on the computer monitor.

5

neuroendocrine diseases, heavy smoking (i.e., more than 15 cigarettes/day), medication use
known to affect the autonomic nervous system (ANS) or hypothalamic-pituitary-adrenal
(HPA) axis, drug use, and body mass index (BMI) outside the normal range (i.e., 18-30 kg/m�).
For women, the use of oral contraceptives served as an inclusion criterion to reduce
variability in cortisol responses resulting from hormonal alterations30. Test protocols were
approved by the standing ethics committee of the Faculty of Psychology and Neuroscience,
Maastricht University. All participants provided written informed consent and were given a
minor incentive (course credits or money) in return for their participation.

Procedure
An overview of the experimental procedure is displayed in Fig. 5.1. The experiment
consisted of a baseline test day followed by six neurofeedback sessions and two follow-up
test days, one week and one month later. The six neurofeedback sessions were distributed
over the course of two weeks. All testing took place between 12:30 and 18:00-h to avoid
morning fluctuations in the circadian rhythm of cortisol and time-of-day effects on frontal
asymmetry33. Participants were instructed to refrain from eating, exercising extensively, or
drinking anything but non-sparkling water for 2-h prior to the experimental session. Upon
arrival in the laboratory, a bogus saliva sample was taken to increase participants’ honesty

EEG data acquisition
The electroencephalogram (EEG) was recorded using a BrainAmp amplifier and BrainVision
Recorder software (BrainProducts, Germany) from 23 Ag/AgCl electrodes (F7, F3, Fz, F4, F8,

in disclosing non-adherence to these instructions34. Participants were seated in front of a 22inch widescreen monitor (Philips, The Netherlands) at approximately 56 cm viewing
distance.

FC3, FC4, T7, T8, C3, Cz, C4, CP3, CPz, CP4, P7, P3, Pz, P4, P8, O1, Oz, O2) positioned in an
elastic cap according to the international 10-20 system, referenced to the left mastoid (A1).
Signals at A2 were also recorded for re-referencing to computerized linked mastoids. Signals
were sampled continuously at 100 Hz and band-pass filtered (0.01-30 Hz). An electrode at
AFz served as ground. Two electrodes at the outer canthi of both eyes recorded horizontal
eye movements and two electrodes above and below the left eye recorded vertical eye
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Test days
Each test day consisted of a baseline asymmetry measurement after which stress was
induced using the Maastricht Acute Stress Test (MAST)35. The MAST consists of a 5-min
preparation phase in which the task is explained and a 10-min acute stress phase that
includes alternating trials of immersing their hand into ice water (2°C) and counting
backwards in steps of 17 starting at 2043 along with social-evaluative pressure (i.e., negative
feedback and videotaping). Neuroendocrine and subjective stress responses were
measured with synthetic Salivettes (Sarstedt®, Etten-Leur, The Netherlands) and 100 mm
Visual Analogue scales (VAS). Participants provided saliva samples 20-min after arrival in the
lab (tbase), 5-min before (tpre-stress) the MAST and five times afterwards (t+0, t+10, t+30, t+40, t+55min with
reference to the end of the stressor). The Area Under the Curve with respect to increase

5

(AUCi) from the pre-stress sample was calculated as a single measure of the total cortisol
concentration in response to the MAST for each participant individually36.
Samples were stored at -20°C until cortisol levels were determined by a commercially
available luminescence immune assay kit (IBL, Hamburg, Germany). Mean intra- and interassay coefficients of variation are typically less than 5%, and the lower and upper detection
limits were 0.015 mg/dl (0.41 nmol/l) and 4.0 mg/dl (110.4 nmol/l), respectively.

Training days
Each neurofeedback session consisted of a baseline asymmetry measurement, three
neurofeedback blocks, and a post-neurofeedback asymmetry measurement (see Fig. 5.1).
Current negative affect was assessed using the state version of the Positive and Negative
Affect Schedule (PANAS)37. The PANAS consists of 20 items divided in two subscales that
quantify current positive affect (PA) and negative affect (NA) using 5-point scales (anchors:
1= very slightly or not at all; 5= extremely). Higher scores on the NA scale are indicative of
higher levels of experienced negative affect.

EEG neurofeedback training
A double-blind placebo controlled design was applied in which subjects were randomly
assigned to one of three frontal alpha asymmetry neurofeedback groups. The power of
Figure 5.1 Overview of the study design and neurofeedback training sessions.
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alpha oscillations is inversely related to brain activity38-41. Thus, a brain that is said to be
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relative asymmetric to the right has an alpha predominance in the left hemisphere.
Participants in the left neurofeedback group received positive feedback if they increased
relative right alpha power. Participants in the right neurofeedback group received positive
feedback if they increased relative left alpha power. Participants in the placebo group were
not fed back their own current asymmetry. Instead, the feedback received by the placebo
group was based on neurofeedback training scores extracted from a pilot study with ten
participants. The placebo feedback included randomized data from three left and three right
neurofeedback sessions and was unique for each participant.
Each neurofeedback session consisted of three neurofeedback training blocks of 8min. Real-time calculations were done by a filter written for BrainVision Recview (Brain
Products, Germany) and included re-referencing to an average A1 and A2 reference, eye
blink correction, epoching, transformation to the frequency domain, and asymmetry
calculation. Online eye blink correction and re-referencing were performed since eye
movement artefacts influence the EEG activity especially at the frontal sites and in the alpha
band, and because computerized linked mastoids (i.e., average of A1+A2) reference has a
somewhat superior signal-to-noise ratio compared to Cz as a reference2,42. Re-referencing
and eye correction were performed with a linear derivation. The eye correction coefficients
were determined in every neurofeedback training session using linear regression43
implemented in a plugin written for EEGLAB44. To compute power density values, corrected
data were divided in 2-s epochs with 75% overlap and then transformed to the frequency
domain using a fast-Fourier transformation (FFT; 100% Hanning window). Asymmetry scores
were calculated every 0.5-s in the individual alpha frequency band as log-transformed
alpha-power density values, ln (F4) – ln (F3). Positive alpha asymmetry scores indicate
greater relative left than right frontal activity; negative alpha asymmetry scores indicate
greater relative right than left frontal activity. In order to provide smooth feedback to the
participant, the 10 last asymmetry values were included in a linear weighted (i.e., oldest data
given a weight of 0.1 and newest a weight of 1) moving average.
The feedback stimulus was presented visually via a PC using Presentation
(Neurobehavioural Systems), in the form of a boxplot-like meter. The start position of the
line of the meter was always in the middle and represented the baseline asymmetry of the
training day. The position of the line provided real-time feedback with regard to the baseline
asymmetry and was above the middle if the current relative asymmetry was a shift in the
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performed using one-way ANOVAs. A p-value less than 0.05 was considered statistically
significant and a p-value between 0.05 and 0.10 as a statistical trend towards significance. If
analyses yielded significant or trend-level findings, ANOVAs were supplemented with Partial
Eta Squared (η2p) values as a measure of effect size (η2p of 0.01 indicate small effects, η2p of
0.06 medium effects, and η2p of 0.14 large effects)48.

Results
Trainability was assessed by investigating the effect of the neurofeedback protocol on
relative frontal asymmetry in the alpha band during the neurofeedback blocks and at rest
over the six training sessions. If trainability was successful, the specificity (i.e., frequency and

5

location) and stability as well as the effect on the behavioural level of the neurofeedback
training were assessed. Finally, individual differences in self-regulation were evaluated.

The effectiveness of frontal alpha asymmetry neurofeedback
Trainability

Figure 5.2 Frontal alpha asymmetry (F4-F3) during the neurofeedback blocks over 6
neurofeedback training sessions. Training group did not differentially change the relative frontal
asymmetry measured during feedback between day 1 and 6. Positive alpha asymmetry scores
indicate greater relative left than right frontal activity, while negative alpha asymmetry scores
indicate greater relative right than left frontal activity. Each neurofeedback session consisted of three
neurofeedback blocks. Abbreviations: n1-3= neurofeedback training blocks.

Fig. 5.2 displays the time course of change in relative frontal alpha asymmetry (F4-F3) during
the neurofeedback blocks over 6 neurofeedback training sessions. Trainability, defined as a
change in alpha-band frontal asymmetry over training days was assessed first. The linear
contrasts with training (1, 2, 3, 4, 5, 6) and block (block 1, block 2, block 3) as linear-subject
variables and group (left, right, control) and gender (men, women) as between-subject
variables, revealed that training group did not differentially change the relative frontal
asymmetry measured over the training days during the feedback (training × group
interaction: F(2,50) = 0.32, p =.72). Moreover, training had also no effect on frontal asymmetry
within sessions measured during the feedback (group × block interaction: F(2,50) = 1.35, p
=.27; group main: F(2,50) = 0.49, p =.62) and was not different between men and women
(training × group × gender interaction: F(2,50) = 0.48, p =.62).

For the frontal asymmetry during rest, the linear contrasts with training (1, 2, 3, 4, 5,
6) and measurement (pre, post) as within-subject variables and group (left, right, control)
and gender (men, women) as between-subject variables revealed a training main effect
(F(1,50) = 4.14, p =.05 η2p =.08) and a trend-level training × group interaction (F(2,50) = 2.86, p
=.07 ; η2p =.10), without a gender difference (training × group × gender interaction: F(2,50) =
0.52, p =.60) or measurement (pre-post) effect (measurement main effect F(1,50) = 0.24, p =.63;
training × group × measurement interaction: F(2,50) = 1.83, p =.18). Thus, follow-up analyses
were performed across pre and post asymmetry measurements and across gender. The
neurofeedback training changed the frontal asymmetry for the right group; the frontal
asymmetry became relatively more right sided over training days (training main effect F(1,19)
= 10,69 p =.004; η2p =.36). However, for the left and control group there was no significant
main effect of training (left: F(1,17) = 0.65, p =.43; control: F(1,17) = 0.23, p =.64). Fig. 5.3 displays
the time course of change in relative frontal alpha asymmetry (F4-F3) during the rest
measurements before and after the neurofeedback blocks over six neurofeedback training
sessions per group.
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frequency interaction: F(1,16) = 13.80, p =.002; η2p =.46). Follow-up analysis indicated that in
the right group, frontal asymmetry in both the theta and beta band did not change over the
six training sessions (training main effect theta: F(1,17) = 0.05, p =.83; Beta: F(1,16) = 0.47, p =.51).
The effect of the neurofeedback training in the right group on different electrode
positions was assessed using linear contrasts with training (1, 2, 3, 4, 5, 6), location (F4-F3,
C4-C3, P4-P3) and measurement (pre, post) as within subject factors. This revealed a trendlevel training × location interaction (F(1,18) = 3.29, p =.08; η2p =.15). A follow-up analysis
revealed that the regulation of frontal alpha asymmetry at F4-F3 in the right group was
independent of changes in alpha asymmetry on the medial central and parietal locations
(training main effect: C4-C3: F(1,19) = .001, p =.98; P4-P3: F(1,19) = 0.73, p =.40). The location
specificity of the frontal alpha asymmetry training was further investigated on the adjacent

5

frontal locations F8-F7 and FC4-FC3. The pattern of the alpha asymmetry change was the
Figure 5.3 Frontal alpha asymmetry (F4-F3) during the rest measurements over 6
neurofeedback training sessions. Training group differentially changed the relative frontal
asymmetry measured during rest between day 1 and 6 with a significant linear training effect for the
right group (dashed red line). Positive alpha asymmetry scores indicate greater relative left than right
frontal activity, while negative alpha asymmetry scores indicate greater relative right than left frontal
activity. Abbreviations: r1 = asymmetry measurement before the neurofeedback training, r2 =
asymmetry measurement after the neurofeedback training.

same in adjacent frontal locations (training × location interaction: F(1,19) = 1.38, p =.25;
training main effect F(1,19) = 15.36, p =.001; η2p =.45).

Independence
As the trainability analyses revealed that the trained frequency changed significantly in the
right group, independence, stability, and interpretability, were subsequently assessed in the
right group. The changes in relative frontal alpha asymmetry in the right group were
compared to changes in asymmetry in other frequency bands or on other locations to assess
the specificity of the frontal alpha asymmetry training. Both the theta and beta frequency
bands were defined individually based on the IAF band. Similar to prior studies21 theta was
defined as the frequency ranging 3 till 1 Hz below the lower bound of the IAF band. Beta
was defined as the band ranging 1 to 3 Hz above the upper bound of the IAF band. The 1 Hz
range below and above IAF was excluded to avoid frequency smearing. Fig. 5.4 displays the
frequency spectra of training 1 and 6 for the beta, individual alpha frequency (IAF) and theta
band and shows that the influence of the neurofeedback training on the spectra is most
pronounced in the trained IAF band. This was corroborated by the linear contrasts with

Figure 5.4 Frequency independence of the neurofeedback training in the right group.
Frequency spectra of the baseline frontal asymmetry (F4-F3) of T1 (dashed lines) and of the baseline
asymmetry of T6 (solid lines). The influence of the neurofeedback training on the spectra is most
pronounced in the trained IAF band (grey area). There was no significant effect in theta (IAF -1 till -3
Hz) and beta (IAF +1 till +3 Hz) band, thereby fulfilling the independence criterion.

training (1, 2, 3, 4, 5, 6) and measurement (pre, post) as within subject variables (training ×
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Stability

training days (1, 2, 3, 4, 5, 6) and on task-induced subjective and neuroendocrine stress

The stability of the frontal alpha asymmetry training in the right group was assessed one

response induced by the MAST on test days (1, 2, 3). Table 5.1 displays the subjective stress

week and one month after the last neurofeedback training session. Fig. 5.5 shows that the

response on the test days. Training group seemed to differentially affect the subjective stress

relative frontal alpha asymmetry returned to baseline after the last neurofeedback training

response between test day 1 and 2 (test day × group trend-level interaction F(2,48) = 2.34, p

session. This was corroborated by the significant main effect of day (F(3,57) = 2.88, p =.04; η2p

=.10; η2p =.09). Simple-effect analyses revealed that the three training groups did not differ

=.13). Follow-up planned comparisons confirmed the expected changes in asymmetry

in task-induced subjective stress on test day 1 (F(2,52) = 0.98, p =.38), but did differ at trend-

between training 1 and 6 (p =.002), but the effect did not persist (training 1 versus one week:

level on test day 2 (F(2,52) = 2.49, p =.09; η2p =.09), with participants in the right neurofeedback

p =.60; training 1 versus one month p =.57).

group being more stressed than participants in the left group (p =.03), while the left and
placebo group did not differ and were less stressed on the second test day (p =.23). Our
interpretation is that the reduction in subjective stress response observed in the left and
placebo groups is due to repeated stress induction in the laboratory. The neurofeedback

5

training effect in the right group seemingly counteracted the reduction in subjective stress.
No change over training days, nor neurofeedback group effects were found for current
negative mood and neuroendocrine stress response (all ps >.65).

Table 5.1 Task-induced subjective stress response on the three test days. Mean ± S.E.M.
Right
Left
Placebo
Test day 1

73.50

3.02

69.94

3.83

69.11

3.94

Test day 2

72.50

3.21

59.28

5.99

62.77

5.36

Test day 3

70.16

2.64

62.22

4.84

65.83

3.88

Individual differences in frontal asymmetry neurofeedback
Figure 5.5 Stability of change in Frontal Alpha Asymmetry (F4-F3) measured during rest (r1) in
the right group. Thick lines represent the group mean and thin lines display the individual stability
one week and one month after the last neurofeedback training. Positive alpha asymmetry scores
indicate greater relative left than right frontal activity while negative alpha asymmetry scores
indicate greater relative right than left frontal activity.

Fig. 5.6 displays the individual differences in frontal asymmetry during the rest
measurements across training days as well as the average asymmetry score per group. It has
been suggested that not everybody is able to learn how to self-regulate one’s own cortical
activity21,27,28. We defined responders as participants who produced a shift in relative
asymmetry score (difference between T6 and T1) during rest (r1) in the desired direction (i.e.,

Interpretability
The behavioural effect of the right neurofeedback training was assessed by testing the effect

right relative more negative, while left relative more positive alpha asymmetry at T6 than at
T1).

of training group on current mood using baseline corrected NA scores measured on the
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Individual differences and neurofeedback group
In the left group, 8 participants were classified as responders and 10 as non-responders. In
the right group, 15 participants were responders and 5 were non-responders. This difference

3.70, p=.05). Based on the odds ratio, participants were 3.8 times more likely to change their
frontal asymmetry in the desired direction in the right than in the left training group. This
result is consistent with the above results in the group as-a-whole, showing only a significant
effect in the right group. There were no differences between men and women with respect
to the number of responders per group (right: χ2(1) = 0.61, p=.44; Left: χ2(1) = 0.18, p=.67).

Individual differences and trainability, interpretability and stability
The validity of the classification into responders and non-responders based on the
difference in rest asymmetry over training sessions was assessed on independent measures.
A difference between responders and non-responders in changing frontal asymmetry
during the feedback was assessed with training (1, 2, 3, 4, 5) and block (block 1, block 2, block
3) as linear subject variables and group (left, right) and responder (responder, nonresponder) as between subject variables. This revealed a trend-level training × responder
(F(1,34) = 3.72, p =.06; η2p =.10) and a group × responder interaction (F(1,34) = 5.55, p =.02; ; η2p
=.14). Follow-up analysis revealed a trend-level responder main effect for the right group
(F(1,18) = 3.89, p =.06; η2p =.18) and a trend-level training × responder interaction (F(1,16) = 3.67,
p =.07; η2p =.19) for the left group (see Fig. 5.7) suggesting that responders and nonresponders differed in changing frontal asymmetry during the neurofeedback blocks across
training sessions. For both groups, no differences between responders and non-responders
with regard to subjective stress (test day 1 versus one week: day × responder interaction ps
>.24) or stability (training 1 versus one week: day × responder interaction ps >.21; training 1
versus one month: day × responder interaction ps >.11) were found.
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Figure 5.6 Individual differences in the Frontal Alpha Asymmetry (F4-F3) scores during rest over the six training sessions
per group. Means are displayed separately for responders, i.e., change in frontal asymmetry between T1 and T6 in the desired
direction (right more negative while left more positive relative asymmetry; solid thin line) and non-responders (dashed thin line).
Thick lines represent the group mean of responders. Positive alpha asymmetry scores indicate greater relative left than right frontal
activity while negative alpha asymmetry scores indicate greater relative right than left frontal activity. Abbreviations: r1 =
asymmetry measurement during rest before the neurofeedback training, r2 = asymmetry measurement during rest after the
neurofeedback training.

in relative proportion of responders per training group was statistically significant (χ2(1) =

5
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Figure 5.7 Individual differences in trainability and interpretability. The classification into responders and non-responders
based on the difference in rest asymmetry between training 1 and 6 revealed a difference in the time course of changing relative
frontal asymmetry during feedback. The training × responder interaction for the left group is displayed. Positive alpha asymmetry
scores indicate greater relative left than right frontal activity while negative alpha asymmetry scores indicate greater relative right
than left frontal activity.

Discussion
Frontal alpha asymmetry is assumed to be associated with psychopathology and individual
differences in emotional responding. Neurofeedback is a tool that can be used to change
frontal alpha asymmetry and could, therefore, prove to be a practical intervention option to
increase resilience. The current study assessed the trainability, interpretability, stability, and
specificity of a neurofeedback protocol that was designed to change relative frontal alpha
asymmetry. The neurofeedback protocol that was developed and evaluated in the current
work uses real-time eye-corrected and average mastoid-referenced individual alpha
frequency data as the basis for frontal asymmetry feedback. Furthermore, by including a
placebo group and follow-up measurements one week and one month later, the current
study extends the knowledge that was accumulated in previous alpha asymmetry

5

neurofeedback studies.
We first assessed the effectiveness of the neurofeedback protocol for the whole
sample by evaluating the change in relative frontal asymmetry in the alpha band. For the
right group, a linear increase of relative frontal asymmetry during rest over training sessions
was found, suggesting transfer of the previous learning experience to the next training. This
change in relative asymmetry to the right was only found during the rest measurement and
not during the feedback itself. This could be due to the fact that learning from feedback
involves high levels of cognitive effort and attention. Importantly, both cognitive effort and
outward attention are accompanied by alpha suppression49, which may decrease the
sensitivity to detect asymmetry changes. Furthermore, it is possible that neurofeedback is
more effective in changing tonic rather than phasic alpha asymmetry as tonic alpha changes
occur at a slower rate28. It has been shown that manipulation of alpha oscillations during rest
is related to high performance levels and alpha suppression during cognitive tasks50.
For task-induced subjective stress responses between test day 1 and 2, we found a
reduction in subjective stress on test day 2 in the left and placebo group. Participants in the
right group, on the other hand, felt equally stressed on both test days. The absence of a
decrease in the right group could result from the neurofeedback training and its shift in
relative frontal asymmetry to the right. This interpretation is consistent with the idea that
asymmetrical activation of the prefrontal cortex plays a role in adaptive coping, with a right
lateralised withdrawal system involved in negative affect2-4. These results mirror our
previous fMRI finding of an association between reduced task-induced subjective stress and
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enhanced connectivity between the amygdala and left dorsolateral prefrontal cortex during

studies22,24 , it disagrees with findings of Choi and colleagues17 showing a stable effect of left-

rest (see Chapter 2)51. No changes in mood were observed over the six training days. Our

sided frontal asymmetry training after one month in depressive patients. Our data suggests

finding that mood is seemingly unaffected by alpha asymmetry neurofeedback training is

that although we can effectively train healthy people to display more relative right-sided

well in line with those of previous studies

asymmetry, these effects seem to be short-lived.

22,23

, which might imply that unprovoked self-

reported mood is not sufficiently sensitive. Several frontal alpha asymmetry neurofeedback

In line with previous studies using different alpha neurofeedback protocols21,27,28, the

studies in patient samples found reduced depressive symptoms17,18,52,53. Some authors also

current data show that not all participants learned from the neurofeedback how to

suggested that in healthy participants, asymmetrical frontal activity acts as a moderator of

modulate their cortical activity. Trained in the left group, 44% of the participants

mood responses when the appropriate emotional stimuli are presented2,54. This is supported

demonstrated a less negative rest asymmetry score while after training in the right group

by studies in healthy participants demonstrating that frontal asymmetry is not related to

75% demonstrated a more negative rest asymmetry score. These data support Allen and

unprovoked affective states55,56

. Note in passing that the precise motivational

colleagues22 observation that it is easier to increase right- rather than left-relative frontal

circumstances determining the association with affective responding is not yet fully

asymmetry in healthy participants using EEG neurofeedback. We assessed the validity of the

understood and require further study . Training direction did not differentially change the

classification into responders and non-responders based on the difference in rest

task-induced cortisol response between test day 1 and 2. This corroborates our previous

asymmetry between training 1 and 6 based in terms of trainability during the

findings of no stress-induced change in frontal asymmetry (see Chapter 4) . Moreover, high

neurofeedback, interpretability, and stability. While we did not find an effect of the

frequency rTMS intended to change relative frontal activity had no effect on cortisol levels

neurofeedback training on relative frontal asymmetry during the feedback for the whole

in an unchallenged situation in healthy participants58. However, that same procedure did

group analysis, the resting-EEG-based classification did differentiate responders from non-

change the cortisol response in experimentally stressed women , suggesting that the

responders during the feedback training. The predictive value of changes in resting alpha

moderating role of baseline frontal alpha activity on the fight-or-flight neuroendocrine

oscillations for the learning ability of alpha neurofeedback was also shown in the study of

response is state-dependent.

Wan and colleagues62. Previous alpha neurofeedback studies defined their own responder

but see 57

45

9

59
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The changes in relative frontal alpha asymmetry in the right group occurred

classification criteria and did not assess the validity of the employed classification on

independent of other frequency bands and were also found at adjacent frontal locations,

independent measures. Our finding that individual differences in trainability is dependent

but not at central and parietal locations. This confirms the specificity of the results obtained

on training direction, with participants in the right direction being more likely to change

by the current study’s neurofeedback protocol. Similarly, Harmon-Jones and collegues23

their frontal asymmetry in the desired direction, indicates that it is important to make a

used a two-day alpha frontal asymmetry protocol and found a specific effect between the

responder versus non-responder distinction. By doing so, the current and future studies may

increase and decrease relative frontal asymmetry group on F4/F3, but not on P4/P3 and,

gain further insight in the processes involved in training self-regulation. Also, for therapeutic

more recently, Peeters and colleagues24 also reported frequency specific effects after one

applications it is important to unambiguously define a training criterion. A responder

day of frontal alpha asymmetry training. Other studies using alpha amplitude

criterion would enable to determine the end point of the training or could help to identify

neurofeedback protocols, however, did find changes beyond the target frequency and

participants who do not respond to neurofeedback treatment as early as possible so that no

location19,32,60,61. This suggests that the specificity of the training depends on the type of

additional and unnecessary training is imposed upon the unresponsive participants.

alpha neurofeedback protocol used (e.g., asymmetry versus amplitude training). The

To be truly effective, feedback should be contingent on brain activity alone. This has

changes in the right group did not persist at one week and one month follow-up

implications for the methodological design of the neurofeedback training. For example,

measurements. While such a return to baseline has also been reported by previous

since eye movement artefacts influence the EEG activity, especially at the frontal sites and
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in the alpha band, it is important to correct them real-time when using a frontal alpha
asymmetry neurofeedback training protocol63,64. Moreover, computerized linked mastoids
(i.e., average of A1+A2) reference has a somewhat superior signal-to-noise ratio compared
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General Discussion

A wide range of events can provoke stress, though the amount of stress that is experienced
in any given situation can differ between individuals. The ability to cope with stressful events
is defined by individual differences in resilience to stress events. The work presented in this
dissertation aimed to identify the changes in neural responding that underlie adaptability
after exposure to acute stress and that thus characterize stress resilience. To this end, we
used an interdisciplinary approach that combines psychophysiology and neuroimaging
methods. In particular, we used functional magnetic resonance imaging (fMRI) and
electroencephalography (EEG) measurements and developed the imaging Maastricht Acute
Stress Test (iMAST). In Part 1 of this thesis, “Imaging the stressed brain”, we investigated
the effects of acute stress on functional connectivity of the brain and on the neural correlates
of memory formation. In Part 2 of the thesis, “Brain asymmetry and stress resilience”, we
tested the functional role of frontal alpha asymmetry in stress responding and explored the
possibility to modify cortical brain activity via neurofeedback to target stress resilience. The
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following sections first summarize the key findings and insights in the underlying neural
mechanisms of stress resilience that are presented in Part 1 of this thesis. This is followed by
a summary of the chapters described in Part 2 of this thesis highlighting insights that are
relevant for novel treatments based on the real-time analysis of brain activity. Subsequently,
based on this dissertation’s findings, new avenues for research on individual differences in
stress resilience are suggested.

Imaging the stressed brain
It is generally accepted that our brain regulates the acute stress response and that acute
stress in turn affects neuronal activity in the brain. The response to acute stress is
multidimensional and the activation of this integrated neuroendocrine system is time
specific. It is known that the interaction between fast-acting catecholamines and slow-acting
glucocorticoids influences neuronal and cognitive processing in the human brain1-3.
However, how catecholamines and glucocorticoids change neural processing in a spatial
and time-dependent matter in response to acute stress is not yet fully understood. In
Chapters 1 and 2, fMRI was used to investigate the temporal and spatial changes in neural
responding that underlie flexible adaptability after acute stress. Given the scarcity of
paradigms that reliably evoke a glucocorticoid response in the neuroimaging environment,
we developed and validated a paradigm to induce acute stress in the MRI scanner. In the
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following sections, the imaging stress paradigm is first summarized followed by several key

the MIST is a motivated performance task that consists of multiple components including

findings regarding the moderating role of glucocorticoids on the change in amygdala

cognitive processing during the math task, social evaluative threat, and the processing of

resting state functional connectivity. The stress-induced changes in amygdala connectivity

failure, that are hard to model separately. Consequently, the activation patterns could reflect

during the acute stress phase are first discussed, followed by the changes during the early

differences in task performance rather than individual differences in acute stress processing.

recovery phase.

The current design of the iMAST allows for investigating the post-stress contribution of
different brain areas during stress regulation while participants are counting out loud. This
resembles behavioural laboratory stress research that typically investigates the effects of

Imaging the stressed brain - use the iMAST
Systematically investigating the mediating role of the stress hormone cortisol in the brain’s

stress on cognitive processes after stress induction.

response to a stressor requires a paradigm that effectively activates the HPA-axis stress
response. Chapter 1 presents a novel fMRI compatible stress paradigm consisting of several

Imaging the stressed brain – the immediate stress phase

exposures to cold-pressor stress and various mental arithmetic challenges along with social-

The response to acute stress is multi-faceted. Initially, during the immediate stress response,

evaluative pressure to reliably elicit solid cortisol responses. Cortisol increases of at least 1.5

catecholamines coincide with the rapid non-genomic glucocorticoid effects, thereby

nmol/l following exposure to a laboratory stressor, compared with baseline, are currently

reallocating neuronal resources to the salience network to promote vigilance, encoding of

defined as an indication that the stressor indeed activates the HPA-axis4. In healthy

experiences, and stimulus-response behaviour11-13. Subsequently, delayed genomic actions

participants, we observed that the iMAST successfully elicited cortisol responses of at least

of glucocorticoids boost the prefrontal executive control network to restore homeostasis in

1.5nmol/L in almost 70% of the participants, making the iMAST one of the most powerful

the aftermath of stress11. This time-specific dual mode of action of glucocorticoids in the

tools currently available to elicit HPA-axis stress responses in a neuroimaging environment.

brain11,14 indicates that it is important to investigate the temporal dynamics of the stress-

Additionally, the iMAST was also capable of eliciting strong autonomic stress responses as

induced shift in brain activity patterns or in interregional neuronal interactions (i.e.,

determined by changes in salivary alpha-amylase. Adding to the idea that the iMAST is one

functional connectivity). Acute stress-induced changes in functional connectivity can be

of the most powerful tools to elicit autonomic and cortisol responses in fMRI studies, is the

investigated by repeated resting state assessments. Since the amygdala is one of the fastest

fact that previous neuroimaging studies generally classified participants as responders

brain areas to react to a stressor, we investigated stress-induced changes in functional

when they displayed any positive departure from baseline cortisol levels . The effectiveness

connectivity of the amygdala at rest [Chapter 2]. In healthy participants, amygdala

of the iMAST is most likely due to the unique combination of a physical and a psychological

connectivity was assessed three times using resting state fMRI: at baseline, immediately after

stressor. Monitoring of and verbal negative feedback on participants’ performance while in

acute stress induction (i.e., immediate stress phase), and 30-min after stress induction (i.e.,

the scanner creates a social-evaluative threat component that triggers the HPA-axis via

early recovery phase).

5-7

activation of the prefrontal cortex (PFC), thalamus, and limbic structures8,9.
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The immediate stress phase was defined as the difference between the resting state

It is important to expose participants to acute stress whilst they are inside the scanner

scan immediately after stress induction and the baseline scan. We found that the amygdala

to be able to capture the effects of the fast acting autonomic nervous system and the slow

- left ventrolateral PFC and the amygdala - ventral posterior cingulate cortex (PCC)

acting HPA-axis on brain processing. Moreover, inducing stress inside the scanner avoids

connectivity was reduced immediately after stress. These areas determine the emotional

possible confounding by stress elicited by the scanning environment itself. Paramount

significance of a stimulus and are involved in identifying threat5,7,15. Moreover, immediate

among the imaging stress tests so far is the Montreal Imaging Stress Task (MIST)10. The MIST

stress was characterized by a connectivity increase of the amygdala with the right

uses mental arithmetic’s in combination with computer generated negative feedback. Thus,

parahippocampal gyrus. The parahippocampal gyrus has a strong functional connection
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with the amygdala16 and has been associated with perceived (i.e., subjective) stress17,18.

dynamically changing amygdala - dACC connectivity, regulating adaptive behaviour in

Nevertheless, activity in these areas was not modulated by the cortisol response alone, as

response to stress.

the specific comparison between responders and non-responders did not reveal a
difference in connectivity.

Interestingly, threat appraisal has been found to moderate the amygdala – dACC27-32.
A recent imaging study in soldiers found that individual differences in perceived threat

We found that the baseline corrected amygdala – bilateral vmPFC strength was

during their first deployment moderated the effect of stress on amygdala - dACC

related to individual differences in task-induced cortisol response. In line with the facilitating

connectivity27. Stress exposure enhanced the negative coupling in individuals who

effect of the ventromedial PFC (vmPFC) on the HPA-axis, cortisol responders were

experienced low levels of perceived threat, but reduced the negative coupling in individuals

characterized by enhanced baseline corrected amygdala - vmPFC connectivity immediately

who experienced high levels of perceived threat. This altered connectivity persisted for 1.5

after acute stress induction (see Figure 1). Our findings extend previous reports of enhanced

years after the experience of a severe stressor27-29. Thus, the cortisol specific amygdala –

amygdala - mPFC coupling immediately after acute stress19 by directly comparing the

dACC connectivity change might be related to the appraisal of threat.

intrinsic amygdala connectivity immediately after stress with their connectivity at baseline.
The role of lateralization in the vmPFC still needs to be unravelled. Animal studies
demonstrate that the right vmPFC regulates and integrates autonomic and neuroendocrine
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responses20. Moreover, animals showing efficient HPA-axis regulation were characterized by
a right lateralized dopaminergic modulation of the vmPFC21. The dopaminergic modulation
of the vmPFC prevents excessive HPA-axis activation22. Thus, stress-induced vmPFC
lateralization and its interaction with dopamine needs to be carefully considered, as this
might be a crucial factor in distinguishing those who are vulnerable for psychopathology
marked by HPA-axis dysregulation, from those who are not.

Imaging the stressed brain - the early recovery phase
The early recovery period after the stressor, defined as the change in connectivity between
the resting state scans immediately and 30-min after stress induction, was characterized by
connectivity changes in areas involved in emotion regulation and appraisal of affective state.
The amygdala - vACC connectivity was reduced while the connectivity with the dACC and

Figure 1. The phase-specific moderating effect of cortisol on the amygdala connectivity.
Cortisol responders were characterized by enhanced amygdala-vmPFC connectivity during the
immediate stress phase while during the early recovery phase cortisol responders were
characterized by enhanced amygdala-hippocampus and reduced amygdala-dACC connectivity.

bilateral cuneus was enhanced. Interestingly, we found that the amygdala - dACC
connectivity was regulated by the amount of iMAST induced glucocorticoid release.

Imaging the stressed brain - the early recovery phase & the hippocampus

Opposite to non-responders, cortisol responders were characterized by reduced amygdala

We also found that cortisol moderated the connectivity between the amygdala and anterior

- dACC connectivity during early recovery (see Fig. 1). Our results extend previous reports of

hippocampal complex during the early stress recovery phase. Cortisol responders were

enhanced amygdala connectivity with the dACC during acute stress19,26 by directly

characterized by an enhanced amygdala - right hippocampal complex connectivity (see

comparing cortisol responders and non-responders, and by directly comparing the

Figure 1). The amygdala and hippocampus are thought to interact in response to stress. In a

connectivity immediately and 30-min after the stressor. Together, these findings suggest a
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prospective study, it was found that the pre-stress amygdala activation was associated with
greater symptoms after stress, depending on the degree of hippocampal plasticity following
stress33. Schwabe and colleagues34 found that immediate stress decreased the amygdala hippocampal connectivity during a classification task. This acute stress-induced reduction
in functional connectivity correlated with a shift in memory processing from hippocampusdependent declarative toward dorsal striatum-dependent procedural memory34.
Additionally, a pharmacological fMRI study found that administration of glucocorticoids
reduced amygdala - hippocampal resting state connectivity in men35. Together, these
findings suggest that glucocorticoids boost the amygdala - hippocampal connectivity after
an initial reduction following acute stress exposure7. This is in accordance with the view that
rapid glucocorticoid effects in the amygdala create a brain state that enhances encoding via
enhanced attention and alertness while, over time, delayed glucocorticoid effects facilitate
the consolidation of memory via suppression of processing of new information and working
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memory3,12,13,36,37. The amygdala - hippocampal connectivity and the interaction of cortisol
with the noradrenergic system in the basolateral nucleus of the amygdala (BLA) have both
been related to a more pronounced effect of stress on emotional memory consolidation (see
Fig. 2)1,38-42.

Imaging the stressed brain - the early recovery phase and the dlPFC
We found that the immediate stress corrected amygdala – left dlPFC connectivity strength
was moderated by the strength of the cortisol responses. Cortisol responders displayed a

Figure 2. The role of cortisol and noradrenaline during the different phases of stress and
memory encoding. Emotionally arousing experiences trigger adrenaline release from the
adrenal gland, resulting in the release of noradrenaline (NA) in the BLA. In turn, cortisol is secreted
by the adrenal cortex and binds directly bind to receptors in the BLA and to other brain regions.
During acute stress, the interaction of cortisol with the noradrenergic system in the BLA enhances
memory consolidation by influencing neuroplasticity in other brain regions. Following this period
of potential memory enhancement, slow cortisol actions impair the processing of new
information via suppression of the hippocampus. We found that during this early recovery phase,
cortisol enhanced the connectivity between the amygdala and hippocampus during rest.

reduced amygdala - left dlPFC functional connectivity during the early recovery. Thus, our
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results point to a cortisol-mediated left dlPFC regulatory circuit that serves to adaptively

Two indirect pathways connecting the dlPFC with the hippocampus and the ACC46 were

adjust our brain activity to stressors. The modulation of the left dlPFC is probably indirect,

proposed as a mechanism. Increased activity in the dlPFC results in i) enhanced activity in

since the dlPFC and amygdala are not directly connected43,44. Future studies could

the ACC inhibiting the amygdala, and ii) enhanced activity in the hippocampus. Both

investigate whole brain network models by for example using independent component

reduced amygdala and enhanced hippocampal activity result in a reduced release of

analyses to more comprehensively assess how stress affects functional connectivity. The role

corticotrophin-releasing hormone (CRH) from the hypothalamus and, ultimately, decreased

of lateralized dlPFC activity in stress responding has been further demonstrated in studies

cortisol concentrations8,47. However, as high frequency rTMS over the right dlPFC has no

using repetitive transcranial magnetic stimulation (rTMS). Activation of the left dlPFC by

effect on cortisol levels in an unchallenged situation, the dlPFC asymmetry may only

high frequency rTMS resulted in a lower cortisol response in experimentally stressed

become apparent during high arousing states48. Moreover, studies in psychiatric disorders

women45.

point out the importance of further investigating the role of asymmetric dlPFC activity and
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connectivity in acute stress responding. rTMS induced either an increase in left-sided or a

negative feedback56. Moreover, these task-absent baseline findings are supportive of the

decrease in right-sided dlPFC activity, and both resulted in improvements of depression49,50

idea that the amygdala is involved in determining the trait response to threat57,58.

and anxiety symptoms51,52.
In sum, we found that cortisol responders displayed a reduced amygdala - left dlPFC
functional connectivity during the early recovery phase. We did not assess whether the
lateralized connectivity findings are a result of a functional asymmetry, as we did not directly
compare it with the activity in the right dlPFC. Future work could investigate functional
asymmetry by extracting the data of the same region in both hemispheres and directly
testing an interaction effect.
Note that we cannot infer any directionality based on our correlational seed-based
connectivity analyses. An interesting next step would be to use a Granger causality
approach53. Granger causality analyses could be used to investigate whether the stressinduced changes in amygdala connectivity are a result of bottom-up (i.e., the amygdala
influencing other regions), or top-down (i.e., other regions influencing the amygdala)
processing. Moreover, as spontaneous activity patterns reveal information about the
functional organization of the brain54, it would be interesting to investigate the relation
between time-dependent stress-induced changes in spontaneous functional connectivity
as well as in task-dependent recruitment of those same cortical circuits. For example,
learning of neutral and arousing material involves two distinct hippocampal connectivity
patterns that are also implicated in the time-specific dual mode of action of glucocorticoids
in the brain. Specifically, encoding of arousing stimuli has been found to activate the
amygdala - hippocampal network, while encoding of neutral stimuli activates the PFC -

Imaging the stressed brain – inverted U
It has been suggested that both low and high levels of glucocorticoids can interfere with
cognitive functioning and that this is particularly true for processes dependent on the
hippocampus12,23,24. Hitherto, no neuroimaging studies have investigated a possible inverted
U-shaped stress-induced cortisol mechanism in the human brain. Exploratory analyses on
previously unpublished data were performed to investigate a possible U-shaped effect of
cortisol on the amygdala connectivity during immediate stress. To this end, participants with
a cortisol response up to 2.5 nmol/l were classified as low, between 2.5 and 5.0 nmol/l as
medium, and above 5.0 nmol/l as high cortisol responders. In medium responders, acute
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stress enhanced the functional connectivity between the amygdala and cuneus, whereas it
reduced the strength in the low and high responder group. The enhanced functional
connectivity in medium responders could entail a mechanism of enhanced visual
processing that optimizes detection of threats. Of course, a further exploration of this
possible U-shaped mechanism is warranted and needed. Animal research has been very
valuable regarding the time-dependent involvement of the mineralocorticoid receptor (MR)
and glucocorticoid receptor (GR) receptors in stress responses25. Likewise, animal research
could be the first step to define a possible U-shaped cortisol mechanism on processing in
the brain after stress.

hippocampal network55.
Imaging the stressed brain - a network model
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Imaging the stressed brain – predicting the stress response

Studies investigating regional differences in emotion processing using task-related

Studying the role of amygdala connectivity in stress responding [Chapter 2], we observed

contrasts, found a hyper-activation of the amygdala and insula and hypo-activation of the

that the intrinsic baseline connectivity between the amygdala and the right dorsal mPFC

anterior cingulate cortex and prefrontal cortex in posttraumatic stress disorder (PTSD)59,60.

(dmPFC) predicted variability in the later acute stress induced cortisol response. Specifically,

We found time- and spatial-specific changes in amygdala connectivity with the core areas

variability in baseline amygdala - right dmPFC connectivity explained 54% of the variance in

of the salience network compromising the ventral emotional processing system (e.g., ventral

cortisol increase in response to the iMAST. Higher amygdala - right dmPFC connectivity prior

ACC and PFC)16,17, and the dorsal control network (e.g., hippocampus, dorsal ACC and PFC)17.

to stress induction predicted a lower cortisol response. Our baseline results are in line with

One interesting aspect of our observations is the correspondence between the pattern of

animal studies suggesting that the right dmPFC inhibits the HPA-axis via modulation of

acute stress-induced amygdala resting state connectivity changes and the functional

183

General discussion

changes found within the salience and dorsal control network in stress-related

in the amygdala and is also time dependent13,77,78. This time-dependency is strongly rooted

psychopathology like PTSD and depression18-23.

in a large body of neuroendocrinological literature demonstrating that stress hormones

Although amygdala connectivity provides a valuable framework to study the effects

influence memory performance dependent on the memory phase (i.e., consolidation

of acute stress, to understand higher cognitive function, we should investigate intrinsic

enhancement79,80 or retrieval impairment81-83; for an extensive review see84). However, this

spatial connectivity networks. Alternations in one region cannot be regarded independent

time window is more specific than the consolidation versus retrieval phase. The exact

from what happens in connected areas. That is, glucocorticoid actions in the amygdala seem

temporal dynamics of stress hormone release relative to the learning that takes place are

to modulate network changes in areas that are reciprocally connected such as the

even crucial within the consolidation memory phase1,13. When the release of stress

hippocampus and the PFC3,61,62. For example, activation of the amygdala modulates long-

hormones and learning coincide in time, stress initiates a rapid enhancement of

term potentiation in the hippocampus and PFC

. Moreover, the core affected areas in PTSD

hippocampal neuroplasticity via the amygdala. This is followed by an enhancement of

are all part of different networks and the functioning of these networks has been related to

hippocampal neuroplasticity via non-genomic membrane MR activity1,46,85. When there is a

specific clinical symptoms in PTSD64. Specifically, the salience network including the dACC

delay between the stress hormone release and hippocampus-dependent learning, genomic

and insula has been associated with altered threat sensitivity contributing to hyper vigilance

GR actions induce a refractory state of the hippocampus, thereby impairing the processing

and hyper arousal symptoms. The central executive network including the dlPFC has been

of new information1. Nonetheless, experimental studies testing this stress-timing hypothesis

associated with cognitive dysfunctions, while the default mode network including the mPFC

in humans are sparse (e.g., pre-learning86; retrieval87).

3,63

has been associated with an altered meta-awareness. Future studies could investigate

The Maastricht Acute Stress Test (MAST) was employed to investigate the effect of

interactions between these different intrinsic networks65. Moreover, future studies could

timing of a stressor on memory encoding [Chapter 3]. Acute stress was induced either

profit from assessing functional asymmetries in these networks more in-depth.

immediately or 30-min before learning emotional stimuli that were taken from the

Neuroimaging studies have identified context-dependent lateralisation in specific frontal

International Affective Picture System (IAPS)88. The time-dependent stress effect was

brain regions during emotional processing66-69. Additionally, a time-dependent lateralisation

assessed at the behavioural and at the electrophysiological level. A delayed memory test

of the amygdala has been suggested, with the right amygdala regulating fast implicit threat

was carried out 24 hours later. Event-related potentials (ERPs) were measured with EEG to

detection and the left amygdala regulating slow explicit emotion appraisal processes70.

investigate the underlying temporal mechanism of the stress-timing effect. We found that

Therefore, a hemisphere level analysis of functional differentiation will not provide a

timing of stress influenced the direction of the association between the increase in cortisol

desirable level of specificity71.

response and the amount of remembered pictures 24h later. To be specific: correctly
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recognized neutral pictures were positively associated with the cortisol response within the
The role of timing of stress on memory formation
The time-dependent change in brain processing induced by the acute physiological stress
response promotes behavioural adaptation in times of stress. Enhanced memory
consolidation, especially of emotional experiences72-74, is a well-known long-term adaptive
behavioural consequence of stress exposure. Much like acute stress does, the emotional
arousal that is generated by emotional stimuli boost attentional resources via engagement
of subcortical structures that in turn modulate visual processing75,76. The effect of stress on
emotional memory is regulated by the combined glucocorticoid and noradrenergic activity
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immediate stress condition, whereas a negative association within the 30-min pre-learning
stress condition was found (i.e., fewer pictures recognized with higher cortisol responses).
This behavioural association in the 30-min pre-learning stress condition was supplemented
by a negative association between the amplitude of the late positive potential (LPP; an
electrophysiological index of attention and visual processing89) in the 500-1000 ms window
and the increase in cortisol response. The combined behavioural and electrophysiological
results suggest that an underlying attentional mechanism impaired the learning in the 30min pre-learning stress condition. A recent combined fMRI – EEG study found that the LPP
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is generated by a network of cortical and subcortical areas90. The LPP amplitude was

Brain asymmetry and stress resilience

correlated with the BOLD activity in the amygdala, vlPFC, mPFC, insula, and occipital

Functional asymmetry of the lateral PFC has been suggested to be relevant to stress

cortex . The results of the amygdala connectivity study [Chapter 2] also demonstrated a

adaptation, with the left lateral PFC being involved in effective stress coping56,96. Moreover,

time-dependent stress modulation of visual and attention areas. Specifically, we found that

altered lateralized brain activity has been found in stress-related psychopathology97,98.

the amygdala - cuneus connectivity was influenced by the time lag after an acute stressor.

Studying the role of amygdala connectivity during the acute stress response [Chapter 2],

The amygdala - cuneus connectivity was less negative during the immediate stress phase,

we found that subjective stress was inversely associated with the amygdala - left

compared to baseline, while it was more negative during the early recovery phase91. In sum,

dorsolateral PFC (dlPFC) connectivity immediately after acute stress. In line with the

it seems that stress 30-min before encoding decreased attentional allocation to neutral

proposed role of down-regulation of negative affect99, we found indirect evidence that

information, thereby impairing the processing of new information.

stronger amygdala - left dlPFC connectivity was associated with less experienced stress. In

90

Our timing of the delayed condition (i.e., 30-min) is too short to disentangle rapid
and slow glucocorticoid effects. From animal and pharmacological studies, it is known that
the specific temporal profile of MRs and GRs are responsible for different aspects of stressdependent modulation of memory formation. Blockade of the MR before learning affects

Part 2 of the thesis, we first assessed the functional role of frontal alpha asymmetry in acute
stress responding. Hereafter, we explored the possibility to modify cortical brain activity via
self-regulation, to provide an account for the role of our brain as potential protective factor
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in stress resilience.

memory quality by changing the learning strategy44,92, while blockade of the GR affects
memory quantity by impairing consolidation92,93. The majority of studies investigating the
temporal profile of MRs and GRs only administered cortisol, even though this does not

Brain asymmetry and stress resilience - EEG frontal alpha oscillations

capture all aspects of the complex stress response94. Future studies may want to combine

In Chapter 4, we assessed the functional role of frontal lateralization in stress responding by

the timing of the stressor with pharmacological manipulations (e.g., selective MR and GR

directly measuring the average difference in low-frequency alpha activity between the left

agonists and antagonists) to investigate the role of non-genomic and genomic MR and GR

and right frontal areas using EEG. Frontal alpha lateralisation was measured across eight

actions. Moreover, stress is multi-faceted and arousal plays a critical role in the effect on

minutes at baseline and following exposure to acute stress induced with the MAST in

memory formation, which makes evident why future studies may profit from simultaneously

healthy men and women. The alpha activity was measured from the mid-frontal (F4-F3)

manipulating the HPA-axis and the ANS system (e.g., by administering cortisol and

locations, suggested to cover the dlPFC100-102.

yohimbine together; see95 ).

Relative left-sided frontal baseline asymmetry resulted in a smaller task-induced
cortisol response. This association was specific for the F4-F3 location and was only
significant when the individual alpha frequency (IAF) was used. It is well known that there
are inter-individual variations in spectral frequencies103,104 particularly in alpha peak and
bandwidth105-107. Moreover, individual differences in alpha peak frequency have been related
to interindividual differences in several cognitive functions including perception, attention,
and memory108. We found that the association between frontal asymmetry and the cortisol
response was lacking when frontal asymmetry was based on the standard 8-13Hz alpha
band. Our standard alpha band results are in accordance to previous studies that also found
no association with the stress response109,110.
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Baseline frontal asymmetry was not associated with measures of subjective stress.

associated with frontal asymmetry. Combined with the finding that approach and

Our results support the capability model of individual differences in frontal asymmetry

withdrawal tendencies transiently suppress each other119, this calls for a refinement of the

stating that frontal asymmetry does not correlate with current motivational states under all

temporal specificity of the measurement of frontal asymmetry. One potential solution

circumstances . The capability model suggests that frontal asymmetry more likely predicts

would be to measure short bursts of alpha activity instead of averaging across several

the vulnerability or propensity to experience particular states when it is measured under

minutes111. Moreover, future studies could focus on measuring frontal asymmetry and affect

motivationally challenging conditions. In other words, frontal asymmetry reflects an

during the stress task in order to capture its role under motivationally challenging

individuals’ capacity for emotion regulation in situations that demand it. This idea is

conditions.
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supported by two recent studies demonstrating that only state-specific frontal asymmetry
was associated with emotion regulation capacity

The weak strength of the association found between frontal baseline asymmetry and

and could differentiate between current

the cortisol response in combination with diverse findings when the alpha band was defined

depression and healthy controls113. Nonetheless, the precise motivational circumstances

differently, seems to suggest that alpha is a nonspecific asymmetry metric. This together

determining the association between frontal asymmetry and affective responding are not

with more general methodological differences in the frontal lateralization literature (e.g.,

and require further study. The EEG results of Chapter 4 are in agreement

use of reference, length of measurement), questions the foundation of the currently

with our fMRI study [Chapter 2], which showed that subjective stress was inversely

accepted theory about the role frontal lateralization in emotion. Emotions elicited by a

associated with amygdala - left dlPFC connectivity immediately after acute stress, but not

stressor are too complex to be understood by simple frontal lateralisation. The findings

with the baseline connectivity. Taken together, our results suggest that frontal asymmetry,

described in this thesis suggest a need to for refine frontal asymmetry theories by including

possibly originating in the dlPFC modulates the cognitive processing of threatening

state-dependency as well as switching from lateralization to a network account. Combined

information during high arousing states.

EEG-fMRI studies have demonstrated that phase synchronisation of low-frequency

fully understood
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Positive and negative emotions generally involve approach versus avoidance

oscillations coordinate communication between distant areas in the brain that contribute

motivations, which have been associated with the left and right prefrontal cortex115. These

to resting-state networks120,121. In addition, cross-frequency phase coupling between alpha

approach and withdrawal systems could be related to differences in resilience, more

and high-frequency oscillations may play a significant role in cognitive processes121. Studies

specifically by how these differences bias motivational processing116. We found that relative

are needed that assess frontal asymmetry in the alpha band in relation to synchronisation in

left-sided frontal asymmetry was related to more behavioural activation. This, together with

other frequency bands during stress in healthy participants and in patient populations.
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our finding that relative left-sided frontal asymmetry resulted in a smaller cortisol response,
argues in favour of the idea that stress coping might be facilitated via a glucocorticoidmediated prioritization of automatic approach-avoidance responses117. Whether stress
ultimately facilitates more approach or avoidance related behaviours, though likely
depends on the context and the individual. Stress is a motivationally complex concept. For
instance, the motivational direction model of frontal asymmetry118 would predict fightrelated responses to be associated with approach strategies and left-sided activity. Flight
responses, on the other hand, may be driven by withdrawal strategies through fear or
approach strategies (i.e., active avoidance), both driven by right-sided activity. Thus,
individual differences in the experience of stress in any given situation may be differentially
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Brain asymmetry and stress resilience - modification of cortical brain activity
The results from Chapters 2 and 4 suggest that the left dlPFC might be a target area for
brain activity based treatments to enhance stress resilience. We explored the validity of EEG
neurofeedback to modulate relative asymmetry of the frontal cortex (i.e., F4-F3 covering the
dlPFC) [Chapter 5]. While it has been often reported that people can learn to change their
own brain activity via neurofeedback, this has rarely been investigated appropriately. To reiterate, our experiment consisted of a baseline test day assessing relative frontal asymmetry
and acute stress responding, followed by 6 neurofeedback sessions and two follow-up test
days (i.e., one week and one month later) again assessing relative frontal asymmetry and
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acute stress responding. In particular, we compared three frontal asymmetry neurofeedback

corroborates the findings of Chapter 4 showing no stress-induced changes in frontal

protocols that were developed to increase relative right-sided frontal alpha asymmetry, to

asymmetry. A recent rTMS study found that in an unchallenged situation, a change in

increase relative left-sided frontal asymmetry, or to yield no effects on frontal alpha

relative frontal activity had no effect on cortisol levels38, while the same procedure did

asymmetry (i.e., the placebo control group). Participants in the placebo condition were not

change the cortisol response in experimentally stressed healthy participants35. These rTMS

fed back their own current asymmetry, but instead their feedback was based on training

findings agree well with our results and suggest that the moderating role of lateralised

scores of ten participants from a pilot study. We hypothesised that following six days of

frontal activity on the fight-or-flight response is state-dependent.

neurofeedback, participants trained to shift relative frontal activity towards the left

There is a need for studies investigating whether neurofeedback may be useful in

hemisphere (i.e., relative right-sided frontal alpha power) were expected to show decreased

combination with behavioural interventions to open a window of opportunity that may

negative affect and decreased subjective and neuroendocrine stress responses. The

enhance the efficacy of the other treatments. In general, to assess the effectiveness and

opposite pattern of findings was expected for the right group. No changes over time were

behavioural usefulness of neurofeedback training, studies should compare neurofeedback

hypothesized for the placebo group.

with other therapies such as cognitive behavioural therapy, pharmacological treatment or

Individual frontal alpha frequency neurofeedback resulted only in a change in

the combination. Importantly, our results indicate that the change in frontal asymmetry did

relative frontal asymmetry at rest in participants in the right-trained direction. The learning

not persist over time and that there are marked individual differences in the ability to learn

occurred independently of other frequency bands and locations, but did not persist one

how to self-regulate frontal asymmetry. Only 44% of the participants trained in the left

week and one month follow-up. The change in relative asymmetry to the right was only

direction and 75% trained in the right direction demonstrated a change in asymmetry. These

found during the rest measurement and not during the feedback itself. This could be due to

limited findings make us question whether effects are universally beneficial, and also

the fact that learning from feedback involves high levels of cognitive effort and outward

suggest that it is highly unlikely that EEG neurofeedback can be used as an effective stand-

attention. Importantly, both cognitive effort and outward attention are accompanied by

alone treatment.
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alpha suppression, which may decrease the sensitivity to detect asymmetry changes.
Furthermore, it is possible that neurofeedback is more effective in changing tonic rather
than phasic alpha asymmetry as tonic alpha changes occur at a slower rate122. It has been
shown that manipulation of alpha oscillations during rest is related to high performance

Behind the scenes - methodological considerations
In this thesis, the contribution of different brain areas in post-stress regulation was

levels and alpha suppression during cognitive tasks123.

investigated to identify what makes people thrive in the face of adverse life events.

On the behavioural level, we found that the change in relative frontal alpha

Moreover, to further explore the role of glucocorticoids in stress resilience, we tested the

asymmetry in the right group seemed to preclude a decrease in subjective stress on test day

time-dependent effects of acute stress on brain connectivity and memory formation. Finally,

2. These results fit well with the association found in Chapter 2 during immediate stress

we tried to determine to what extent frontal brain asymmetry is functionally relevant for

between the amygdala - left dlPFC connectivity and reduced task-induced subjective stress.

stress responding and went beyond the limits of correlational studies by using

No changes in unprovoked current mood were observed over the six training days. This

neurofeedback. To accomplish this, we made specific choices with regard to the study

latter finding is in line with previous frontal asymmetry studies124,125, with the baseline frontal

population, experimental manipulation, and the design of the study. With a view towards

asymmetry findings of Chapter 4 as well as with the baseline amygdala – left dlPFC

the future, we will discuss some general methodological considerations.

connectivity findings of Chapter 2. The neurofeedback training direction did not
differentially change the task-induced cortisol response between test days 1 and 2. This
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Study population

Including gender as an explicit to-be-tested factor in the design of future studies (e.g., by

We included healthy young participants in all studies. The advantage of working with a

including women during the various phases of the menstrual cycle), and specifically

healthy population for acute stress research lies precisely in the fact that these subjects have

evaluating the laterality of the amygdala, could aid tremendously in improving our

not yet been exposed to any major stressful experiences. This enables investigating

understanding of specific gender related vulnerability patterns for stress-related disorders.

mechanisms that could contribute to the development of psychopathology. Moreover, we
kept age consistent (i.e., between 18 and 35 years) since it is known that aging influences
the effects of glucocorticoids on memory126,127. However, as a consequence, the
generalization of our results to other populations remains to be empirical tested.
Furthermore, gender is an important biological determinant of the effects of stress
on cognition and brain function128,129. It has been suggested that men and women use
different stress coping strategies130. This might be due to differences in engagement of
frontal and limbic structures during stress processing. For instance, using the serial
subtraction task to induce acute stress, Wang and colleagues131 found that stress activated
the right prefrontal cortex in men, whereas in women stress activated the ventral striatum,
putamen, insula, and cingulate cortex. Notably, these differences were observed in the
absence of a difference in the physiological stress response. Wang and colleagues131 also
showed that after completion of the serial subtraction task, only women displayed activity
in the anterior and posterior cingulate cortex, structures that have been implicated in
emotional processing and reflection of emotional traits. Besides, it is known that the
menstrual cycle affects the stress response in women132. Particularly, the menstrual cycle was
found to modulate activation of subcortical arousal structures that are part of stress
response circuitry133,134. These findings suggest that gender should be taken into account
when investigating the contribution of different brain areas in post-stress regulation.
Meanwhile, many neuroimaging studies have included only men or did not address gender
differences in the study design due to relatively small sample sizes. In the studies described
in Chapter 1, 2, 4, and 5, both men and women were included, but no gender differences
were found. One reason for our finding that gender did not play major role could lie in the
fact that women were included only if they used oral contraceptives to avoid menstrual
cycle phase-dependent cortisol differences. Additionally, the use of the bilateral amygdala
as seed in the fMRI study could also have masked a gender difference, as gender-related
differences in amygdala connectivity during rest have been demonstrated with stronger
right amygdala connectivity in men and stronger left amygdala connectivity in women135.
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Stress induction
The definition of acute stress is broad and the physiological response to acute stress is
multidimensional. It is known that, in the lab, psychological measures (i.e., questionnaires)
of stress often disagree with physiological ones like heart rate, blood pressure or cortisol.
This suggests that there is no single best measure of determining acute stress in the lab. In
our view, what it means to be stressed is, at least in part, showing a physiological stress
response. Consequently, in this thesis stress was mainly evaluated based on the HPA-axis
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reactivity (e.g., cortisol responses). Salivary cortisol is related to stress-induced changes in
behavioural outcomes, indicating that it is linked to affective and cognitive processes
regulated by our brain. Moreover, using cortisol as a measure of stress is clinically relevant.
There is substantial evidence of an altered functioning of the neuroendocrine system in
depression (i.e., distorted basal cortisol levels) and PTSD (i.e., lowered basal cortisol levels).
Studies investigating HPA-axis reactivity in PTSD have yielded divergent findings. The
studies that use laboratory stressors report lower task-induced cortisol responses136-139, while
studies using trauma reminders140 or anticipation of stressful events141-143 report elevated
cortisol responses. This raises an important question for future research: Do different
stressors converge on common resilience mechanisms?
We only investigated the effect of a single acute stressor on processing in the brain.
Animal research has shown that prolonged periods of stress affect both brain function and
structure in a region-specific manner. Specifically, there is a functional distinction between
the effects of prolonged stress hormone exposure on the dorsal cognitive control regions
(i.e., reduced hippocampus and mPFC volume and function)144-146, on the one hand, and the
ventral emotion processing regions (i.e., enhanced amygdala volume and function)144, on
the other hand. Besides, the effect of stress on the amygdala may also depend on previous
stressful experiences46. Since the effect of a single acute stressor might well be different from
prolonged exposure, the generalization of our results to chronic stress effects on the brain
is quite limited.
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Acute stress was induced using the (i)MAST and, in Chapter 5, we demonstrate that

training responder criterion is also important for therapeutic reasons as this would enable

this laboratory stressor can be used repeatedly: no differences in cortisol response between

therapists to determine the end point of the training, or to identify those participants who

the three stress days were found in the placebo neurofeedback condition. Importantly, the

do not respond to neurofeedback treatment as early as possible.

neurofeedback study described in Chapter 5 and the fMRI study described in Chapter 1 and
2 only included a stress condition, but not a no-stress control condition. For future research,
a no-stress placebo version of the iMAST could be very practical. Consistent with the placebo

The neurofeedback protocol
In order to optimize learning, we developed and used a novel frontal asymmetry

version for the MAST147, the iMAST’ s no-stress placebo version could consist of small,

neurofeedback protocol. Our neurofeedback protocol calculated real-time averages of both

relatively neutral (e.g., 35°C and 40°C) temperature deviations, and a simplified counting

references and corrected eye blinks online. Eye movement artefacts influence the EEG

task (counting consecutively from 1 to 25) without any performance feedback being given

activity, especially at the frontal sites and in the alpha band. It is therefore said to be

to the subjects. This way, the no-stress placebo version would be similar to the iMAST in

important to correct eye blinks real-time when using a frontal alpha asymmetry

terms of physical and mental load as well as in its duration, but without eliciting stress

neurofeedback training protocol150,151. Also, a computerized linked mastoids (i.e., average of

reactions. Such a placebo condition will allow a better evaluation of the effects of stress on

A1+A2) reference has a superior signal-to-noise ratio compared to the previously used Cz

various cognitive tasks more reliably.

reference152. Individual alpha was used because there are large individual differences in
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alpha114,115 and using the conventional frequency band may impair the trainability of frontal
Divergent opinions on how to define a neurofeedback responder
Generally speaking, there is not a single laboratory stress task that is capable of inducing a
significant physiological stress response in all participants. The same principle seems to hold
for neurofeedback in that not all participants are able to learn how to modulate their cortical
activity using EEG neurofeedback122,148,149. Previous neurofeedback studies have used
different responder classification criteria and did not assess the validity of the employed
classification on an independent measure. We defined responders as participants who
produced a significant shift in the trained direction in relative frontal asymmetry (i.e.,
difference between training 6 and training 1) as assessed during baseline. The validity of the
classification was tested on the trainability during neurofeedback. We found that the
baseline classification differentiated responders from non-responders during the feedback
training itself, whilst no effect of the neurofeedback training was found for the whole group
analysis. Moreover, individual differences in trainability were dependent on the training
direction, with participants in the right direction being more likely to change their frontal
asymmetry in the desired direction, relative to participants in the left direction condition.
This finding underscores the importance of making a responder versus non-responder
distinction to accurately evaluate the effectiveness of neurofeedback protocols in terms of
the magnitude of the trained responses within such responders groups. Clearly defining a
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asymmetry. Nonetheless, not all participants learned how to modulate their cortical activity.
Our neurofeedback protocol was based on frequency as information source. Note that a
frequency represents spatio-temporal overlap of many simultaneously active brain systems
and this might be too general to learn how to change frontal brain asymmetry. Increasing
the specificity of the feedback signal might result in an increase of the efficiency. This could
be done for example by using multi-channel systems to include spatial information (e.g.,
low-resolution electromagnetic tomography; LORETA) or by including interactions between
different brain regions using coherence or phase synchrony. Alternatively, the feedback
could be based on event-related potentials instead of alpha power. The late positive
potential (LPP; see Chapter 3) is in this regard interesting, as the early LPP is sensitive to
intrinsic factors (e.g., emotionality of the stimuli) while the late LPP reflects regulation of
stimuli153-155. Moreover, the late LPP has been used as neural marker of approach and
avoidance actions to emotional stimuli156. Event-related neurofeedback (i.e., targeting the
LPP) is more specific on the neural level (i.e., LPP) and includes a specific event (i.e.,
emotional stimuli). Hence, this would go beyond EEG power activity related to broad brain
areas, and might be more effective.
Providing participants with a strategy might be another way to increase efficiency.
Real time fMRI (rt-fMRI) neurofeedback157 is effective and is often performed using active
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tasks like (instructed) imagination158,159 and emotion regulation strategies. For example,

network. Finally, future studies could assess transfer and generalisation from the laboratory

Johnston and colleagues159 trained participants to upregulate the insula and amygdala

setting to real life. In our study, transfer was assessed at the very end of the last

using self-generated mental images. They found that participants were able to learn to

neurofeedback session by asking the participants to try to produce the same activity as

upregulate the emotion areas after a brief training. Moreover, the activation increases were

during learning but now while watching a black screen and getting no feedback to see

not confined to the target areas, and included areas related to emotional memory and

whether they could produce the activity without the feedback. We are currently evaluating

imagination like the left dmPFC, ACC, striatum, basal forebrain, and parietal cortex159.

such transfer in the right trained group.

Sarkheil and colleagues
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instructed participants to reappraise evoked negative emotions

while feedback of left PFC activity was provided by rt-fMRI. They found that the fMRI
feedback resulted in a reduced amygdala response during emotion regulation of aversive
stimuli. Brühl and colleagues161 used reality checking as emotion regulation strategy to
successfully down-regulate amygdala activity while viewing negative emotional faces in
four rt-fMRI sessions. A possible strategy to change relative frontal asymmetry could be
motor imagery. Motor imagery modulates the sensorimotor-rhythm162, which is linked to the
alpha frequency. Moreover, both frequencies are suggested to be regulated by the
thalamocortical system121,163. Participants could be instructed to approach positive stimuli
by imagining to walk to the stimuli or to avoid negative stimuli by walking away from the
stimuli to increase relative left and right-sided frontal asymmetry, respectively. Such an
active task, however, will likely rely on a different mechanism of regulation. The only study
that investigated strategy use for frontal asymmetry training found no differences in
strategies employed between an increase and decrease left frontal asymmetry group164.
These results cast doubt on whether frontal alpha asymmetry could be regulated by an
explicit strategy. To optimize the efficacy of neurofeedback training, future studies could
evaluate strategy use in frontal asymmetry neurofeedback. In general, more research is
needed into the specific parameters like the duration of a feedback block, the modality and
design of the feedback, and the design of the control condition. Besides, future studies could
include fMRI measurements before and after the neurofeedback training to assess the
underlying mechanism and to gain knowledge about the neural networks modulated by
successful EEG neurofeedback. A recent study showed that a 30-min EEG neurofeedback
training targeted at suppression of alpha amplitude changed the functional connectivity of
the dACC within the salience network165. Interestingly, the degree of alpha reduction during
EEG neurofeedback was predictive of the resting-state alpha amplitude change measured
with EEG, which was negatively correlated with the enhanced connectivity in the salience

fMRI study design
Based on the findings of a recent study showing that changes in salience network
connectivity after exposure to a fear-related stressor (i.e., a movie fragment depicting
extreme violence) are partly driven by noradrenergic signaling166, we used a time window of
30-min after the end of the acute stress induction phase, because in that interval both
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autonomic and glucocorticoid stress mediators are still substantially elevated. However,
using a 30-min time period has as consequence that the reported early recovery effects are
most likely the result of non-genomic glucocorticoid effects on the amygdala’s connectivity.
The exact role of rapid non-genomic and delayed genomic glucocorticoid actions (i.e.,
glucocorticoids’ dual mode of action) on the functional amygdala network in humans is
limited. Two elegantly designed pharmacological fMRI studies investigated the timedependent non-genomic and genomic effects on amygdala connectivity during selective
attention167, and vigilance regulation168. Slow genomic glucocorticoid effects reduced the
amygdala – cuneus coupling during selective attention167 while it enhanced the amygdala –
mPFC coupling accompanied by higher amygdala activity for negative compared to positive
faces168. It would be interesting to also investigate the delayed genomic effect of acute
stress-induced cortisol on changes in amygdala connectivity by repeatedly measuring
resting state measurements during a longer period after the stress induction. Moreover,
pharmacological manipulations could be combined with an acute stress exposure to
disentangle the early and delayed effects.
Physiological responses, such as cardiac or respiratory rate, might have a
confounding effect on resting-state measurements169,170. Particularly, correction is important
when a data driven approach is used (see Chapter 2 of this thesis). We aimed to minimize
these possible confounding effects by removing signals from ventricular and white matter
areas and by restricting the resting state functional connectivity analyses to low frequencies.
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Moreover, we used a within-subjects design (i.e., constructing differences scores) to correct
for possible stress-unrelated effects. Still, the amygdala activity might have been generally
higher during stress as compared to the baseline. Future studies investigating stress
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Valorisation addendum

The work presented in this dissertation aimed to identify the changes in neural responding
that underlie adaptability after exposure to acute stress, i.e., changes that are said to
characterize stress resilience. The theoretical and practical implications of our findings were
described in the various chapters throughout this thesis. Below, our findings are discussed
in a broader societal context.

Societal relevance
We all know how it feels to be stressed. Our lives are filled with daily hassles such as rushing
for an appointment for which you are already late, managing deadlines at work, taking an
exam at school or giving a presentation in front of a large audience. Even planning a holiday
or going to the dentist can be daunting to some of us. Besides, about half of all adults
experiences at least one severe stressor in their life (e.g., violence, abuse, a life threatening
accident). In all forms, prolonged exposure to stress has adverse effects on mental functions
and makes us vulnerable for mental disorders. Mood and anxiety disorders are examples of

V

a loss of resilience and are accompanied by social disabilities and high societal costs.
Depression and post-traumatic stress disorder (PTSD) are characterized by changes in brain
circuitry and function. These neural alternations probably result from both stress
vulnerability and acute stressors that precipitate the disorder. Still, the exact changes in
brain function leading to stress-related psychopathology are hitherto not well understood,
hampering the development of novel therapeutic interventions. Moreover, the current
psychological and pharmacological treatments are efficacious in only approximately half of
the patients, thus leaving much room for improvement.
Learning why some individuals are better able to cope with stressful events than
others is important to inform intervention and prevention programs targeting stress
resilience. We therefore explored the possibility to modify cortical brain activity via
neurofeedback to open a window of opportunity that may boost the efficacy of the other
treatments. The development of prevention programs is particularly significant for
professionals who have a heightened risk of exposure to stressful life events, such as
emergency workers, police officers, and military personnel. Overall, the main aim of this
thesis was to identify changes in the brain associated with acute stress. The next step is to
understand how exactly these brain processes impact psychological functions and increase
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the risk for mental disorders. This requires collaborative efforts from experimental

state of acute stress. During the early recovery, a cortisol moderated time-dependent shift in

psychology, neuroimaging and psychiatry.

the dorsal control network was found. Cortisol responders were characterized by reduced
amygdala-left dlPFC connectivity during stress recovery. Combined with the findings that
depressed patients show an impaired cortisol recovery pattern and display right-sided

Scientific perspectives and innovation
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lateralized frontal brain activity, this points toward a cortisol mediated left dlPFC regulatory

Abnormalities in the regulation of the neuroendocrine stress system have been linked to an

circuit involved in adaptive recovery from stress. An important objective for future research

increased susceptibility to psychopathology and disease after a stressful experience. There

will be the use of longitudinal designs, to determine whether acute stress related functional

is substantial evidence of an altered functioning of the neuroendocrine system in

connectivity is useful in predicting clinical outcomes.

depression (i.e., distorted basal cortisol levels) and PTSD (i.e., lowered basal cortisol levels).

Another hallmark feature of PTSD, besides dysregulation of the stress system are

Therefore, empirical knowledge on how stress and stress hormones affect brain function can

disturbances of memory. Therefore, basic knowledge about how stress hormones affect

inform us about the aetiology and mechanisms in stress-related psychopathology. A first

memory processes, might have implications for the understanding and treatment of anxiety

step in achieving this is reaching a better understanding of the dynamic acute stress-

disorders. We investigated the time-dependent cortisol effects on memory encoding and

induced changes in processing in the brain that underlie adaptability after exposure to acute

found that timing of stress exposure influenced the direction of the association between the

stress.

cortisol response and the total number of remembered pictures 24 hours later. The number
We investigated the reactivity of the stress system in a multidisciplinary way by

of correctly recognized neutral pictures was positively associated with cortisol responses in

addressing the interplay between psychophysiological markers (e.g., cortisol) and brain

the immediate stress condition, whereas it was negatively associated within the 30-min pre-

substrates underlying stress resilience. Using the definition of resilience as the ability to

learning stress condition. Our results indicate that it is crucial to carefully take the time lag

recover swiftly after a stressful life event, we investigated the contribution of different brain

into account when considering cortisol as additional treatment during exposure techniques

areas in post-stress regulation. To this end, we adapted a procedure used in experimental

that are part of cognitive-behavioural therapies for PTSD.

psychology during neuroimaging (i.e., the iMAST) that allows investigating the contribution

In recent years, important insights into the putative functional role of oscillatory

of different brain areas during different phases in stress regulation. In particular, by looking

brain activity for cognitive processes and emotional states have been gained. For instance,

at changes in amygdala connectivity, this work reveals a dynamic brain mechanism that is

it has been shown that frontal hemispheric asymmetry in the alpha band is linked to the

regulated by cortisol and involved in coping with acute stress. A particularly innovative

processing of emotions. We demonstrated for the first time that brain asymmetry of the

aspect of this study is that it included repeated resting-state assessments enabling the

frontal cortex plays a functional role in acute stress processing (i.e., relative left frontal

investigation of post-stress brain activation changes during different phases after acute

baseline activity resulted in a smaller task-induced cortisol response). This corresponds well

stress exposure.

with prior research showing that alternations in frontal asymmetry are associated with

Based on this innovative design, we were able to show that in the immediate stress

features of stress-related disorders, such as depression. Together, these findings suggest

phase, cortisol moderated the connectivity in the core areas of the salience network.

that frontal asymmetry is a potential target for interventions aimed at increasing resilience.

Particularly, we found an enhanced amygdala - vmPFC connectivity in cortisol responders

EEG neurofeedback is a method that could be used to modulate frontal asymmetry.

during immediate stress. This, together with the enhanced amygdala - vmPFC connectivity

EEG neurofeedback is based on real-time analysis of EEG signals. The use of real-time analysis

found in disorders marked by HPA-axis dysregulation like PTSD, suggests that the

of ongoing brain activity enables us to provide individuals with feedback information about

connectivity between the amygdala and vmPFC might characterize vulnerability during a

their brain activity, which can then be used to directly train specific parameters of brain

V
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activity and consequently change behavior. We aimed to validate and explore the potential

internships). Knowledge transfer outside the scientific community occurred via

of frontal alpha asymmetry neurofeedback and its behavioural usefulness. A particular

demonstrations on the university open day. Finally, communication of the findings of the

strength of our study is that we compared two frontal asymmetry protocols with a placebo

studies in this thesis outside the scientific community will be done via a press release of

condition. Moreover, we extended prior studies by determining frontal asymmetry for each

NWO.

participant based on individual alpha peak frequency and by including two follow-up
measurements (i.e., one week and one month later). Individual frontal alpha frequency
neurofeedback resulted only in a change in relative frontal asymmetry at rest in participants
who were trained to increase relative right-sided frontal alpha asymmetry. This change in
relative frontal alpha asymmetry seemingly intensified subjective stress experiences.
Importantly, our results indicate that there are marked individual differences in the ability to
learn how to self-regulate frontal asymmetry. Ensuring reproducibility both on the
individual level and over time is a key challenge in neurofeedback studies. Investigating the
effectiveness of EEG neurofeedback using a placebo controlled designed and by comparing
it with other therapies (i.e., psychotherapy, pharmacological treatment) is important before
any translation to a more applied context is justified.

V

Translation and knowledge dissemination
This dissertation describes studies looking into the neural correlates of acute stress
processing in the brain and may thus be of interest to members of the scientific community
working in various fields, including affective neuroscience, emotion and memory. Given the
stage of imaging in stress research and the fact that the current findings warrant replication,
the main focus is on knowledge transfer within the scientific community. The findings of our
studies have been communicated via publications in peer-reviewed journals. Moreover, the
knowledge that was acquired while conducting the studies has been communicated via
several presentations on international research conferences and meetings of the National
Initiative Brain and Cognition (e.g., brain product day; explore your research day; meetings
of the innovative programme resilience and vulnerability following stress). Additionally,
several lectures (e.g., Maastricht University) and workshops were given about the
application of neurofeedback (e.g., first meeting focus area Safety in Utrecht; 2nd Forensic
Psychology Update in Maastricht). Furthermore, transfer of the practical skills that were
acquired in the process of conducting the studies has taken place via teaching (i.e., practical;
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Summary
Stress resilience is the ability to recover swiftly after a stressful life event. It depends on the
nature and intensity of the stressor interacting with the ability of the individual to cope with
the experience. To help identify what makes people thrive in the face of adverse life events,
it is imperative to investigate the contribution of different brain areas in post-stress
regulation. In this thesis, changes in neural responding to acute stress processing were
investigated with a focus on the physiological cortisol response. Hypothalamic-pituitaryadrenal (HPA) axis reactivity has been linked to a wide range of mental disorders. Therefore,
basic knowledge on how stress and stress hormones affect brain function can inform us
about the aetiology and mechanisms in stress-related psychopathology. A first step in
achieving this, is reaching a better understanding of the dynamic acute stress-induced
changes in processing in the brain that underlie adaptability after exposure to acute stress.
Using the definition of resilience as the ability to recover swiftly after a stressful life
event, we investigated the contribution of different brain areas in post-stress regulation.
One of the driving forces in this thesis was the hypothesis that stress hormones trigger a
time-dependent shift in neuronal resource to promote behavioural adaptation in various

S

phases after acute stress. To this end, we developed a stress task (i.e., the iMAST) that allows
for investigating the contribution of different brain areas during different phases in stress
regulation (i.e., stress reactivity and recovery). By looking at changes in amygdala
connectivity, this work reveals a dynamic brain mechanism that is regulated by cortisol and
involved in coping with acute stress. In the immediate stress phase, we observed a cortisol
moderated time-dependent shift in the core areas of the salience network. Particularly, we
found an enhanced amygdala - vmPFC connectivity in cortisol responders during immediate
stress. This, together with the enhanced amygdala - vmPFC connectivity found in disorders
marked by HPA-axis dysregulation like PTSD, suggests that the connectivity between the
amygdala and vmPFC might characterize vulnerability during a state of acute stress. During
the early recovery, a cortisol moderated time-dependent shift in the dorsal control network
was found. Cortisol responders were characterized by reduced amygdala-left dlPFC
connectivity during stress recovery. Combined with the findings that depressed patients
show an impaired cortisol recovery pattern and show right-sided lateralized frontal brain
activity, this points toward a cortisol mediated left dlPFC regulatory circuit involved in
adaptive recovery from stress.
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The right lateralized characteristic brain activity profile in depression was the main
impetus to assess the functional role of frontal alpha asymmetry in acute stress responding
and to investigate the validity of individualized alpha EEG neurofeedback targeted at
modulating the asymmetry of the frontal cortex to change stress responding. Relative left
frontal baseline activity resulted in a smaller task-induced cortisol response. In addition,
individual frontal alpha frequency neurofeedback resulted in a change in relative frontal
asymmetry at rest in participants in the right group, and this change in relative frontal alpha
asymmetry seemingly intensified subjective stress experiences. Importantly, our results
indicate that there are marked individual differences in the ability to learn how to selfregulate frontal asymmetry. Ensuring reproducibility both on the individual level and over
time is a key challenge in neurofeedback studies.
Eliciting stress prior to encoding seems a promising avenue to test and extend the
temporal dynamics model of stress effects on memory formation. We found that timing of
stress exposure influenced the direction of the association between the cortisol response
and the amount of remembered pictures 24 hours later. Correctly recognized neutral
pictures were positively associated with cortisol responses in the immediate stress
condition, whereas they were negatively associated within the 30-min pre-learning stress
condition. Stress-related disorders are characterized disturbances of memory and by
alternations in the stress response. Our results indicate that in this context, the timedependent actions of cortisol are of relevance, pointing toward secondary prevention
possibilities.
All in all, this thesis provides insights in the dynamic brain mechanisms that underlie

Samenvatting
Vrijwel iedereen ervaart geregeld enige mate van stress. Onze hedendaagse maatschappij
kent vele uiteenlopende gebeurtenissen die een stressreactie kunnen uitlokken, zoals
dagdagelijkse taken en afspraken, het halen van bijna onmogelijke deadlines op het werk,
of problemen in de relationele sfeer. De hoeveelheid stress die bij dit soort gebeurtenissen
wordt ervaren hangt af van persoon tot persoon. Het vermogen goed om te kunnen gaan
met, en snel te kunnen herstellen van, deze stressvolle gebeurtenissen noemen we
veerkracht (“resilience”). Het doel van dit proefschrift is om de veranderingen in het brein,
die kenmerkend zijn voor stressbestendigheid, te identificeren en daarmee bij te dragen aan
ons inzicht in stress-gerelateerde psychische aandoeningen. Ons brein reguleert de acute
stressreactie, waarbij de situatie als bedreigend wordt herkend en waardoor
(stress)hormonen vrijgegeven worden. Deze stressreactie zorgt er op zijn beurt voor dat we
adequaat kunnen reageren tijdens een stressvolle situatie. Deze hormonen werken daarbij
ook in op hersengebieden die een belangrijke rol spelen bij gedrag en emoties, zoals de
amygdala, hippocampus en prefrontale cortex. Om de effecten van stresshormonen op het
brein te onderzoeken hebben we beeldvormende technieken (EEG en functionele MRI)

S

gecombineerd met het experimenteel onder stress brengen van onze proefpersonen. In
deel 1 van dit proefschrift, getiteld "Imaging the stressed brain", hebben we de specifieke
temporele effecten van acute stress op de communicatie tussen de amygdala en andere
hersengebieden (functionele hersenconnectiviteit) bestudeerd. Daarnaast hebben we
gekeken naar de tijdsafhankelijke effecten van stress op het geheugen waarbij we
hersenactiviteit (EEG) gemeten hebben tijdens het leren van afbeeldingen.

stress resilience. Most importantly, we developed a task that enables researchers to
investigate the role of cortisol in dynamically changing the contribution of different brain
areas during various phases in acute stress regulation. Specifically, the amygdala – vmPFC
and amygdala – dlPFC are modulated by acute stress in a time specific manner relevant for
adaptive stress coping. Frontal asymmetry, possibly originating in the dlPFC, modulates the
cognitive processing of threatening information as well as the fight-or-flight response in a
state-dependent manner. Our research provokes new questions, and we hope that in the
near future it will become apparent whether different resilience and vulnerability factors
converge on common brain mechanisms.

Het efficiënt induceren van stress tijdens beeldvormend hersenonderzoek is een
hele uitdaging. Gezien de prominente rol van acute stressinductie in dit proefschrift, was de
eerste stap dan ook gericht op het valideren van een adequate methode om acute stress uit
te lokken (Hoofdstuk 1). Wij deden dit aan de hand van de imaging Maastricht Acute Stress
Test (iMAST), die bestaat uit een combinatie van fysieke en psychologische stress. De fysieke
stress wordt ontlokt door kortstondige, maar evenwel sterke koude stimulaties op de hand
van de proefpersonen. De psychologische stress bestaat eruit een moeilijke hoofdrekentaak
te combineren met sociale evaluatie. De iMAST werd door het merendeel van onze
proefpersonen als zeer stressvol ervaren en resulteerde in duidelijk verhoogde niveaus van
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stresshormonen (cortisol en het sterk met noradrenaline samenhangende enzym alpha-

gebeurtenissen, hebben we in Hoofdstuk 3 gekeken naar de tijdsafhankelijke effecten van

amylase).

stress op het langetermijngeheugen. Hierbij hebben we de onderliggende mechanismen

Tijdens de acute stressfase zijn noradrenaline en cortisol beide actief in het brein. Je

onderzocht door het meten van hersenactiviteit (EEG) tijdens het leren van afbeeldingen.

wordt voorbereid op een vechten- of vluchtreactie. Eens de stressvolle gebeurtenis voorbij

De proefpersonen werden hetzij onmiddellijk, hetzij 30-min, voor het leren van neutrale en

is speelt cortisol een rol bij het kiezen van passend gedrag en bij het normaliseren van het

negatieve afbeeldingen onderworpen aan de Maastricht Acute Stress Test (MAST). Het

brein. In hoofdstuk 2 hebben we gekeken naar de effecten van acute stress op

langtermijngeheugen voor deze afbeeldingen werd 24-uur later getest. Wij vonden dat de

veranderingen van de functionele connectiviteit van de amygdala tijdens verschillende

prestatie op de geheugentest niet verschillende tussen de controle- en de stressconditie.

fases na stress. De amygdala is een van de eerste hersengebieden die actief wordt als we

Wel vonden we dat het verband tussen de hoeveelheid onthouden neutrale plaatjes en de

worden geconfronteerd met een lichamelijk en/of psychisch stressvolle gebeurtenis. We

cortisolresponse totaal verschillend was in de onmiddellijke versus de 30-min conditie. In

hebben bij gezonde deelnemers de connectiviteit van de amygdala drie keer gemeten: voor,

overeenstemming met wat we theoretisch zouden verwachten, bleek dat in de

onmiddellijk na (acute stressfase) en 30-min na (vroege herstelfase) acute stressinductie met

onmiddellijke stressconditie een hoger cortisolniveau gerelateerd was aan het beter

de iMAST. De connectiviteit tussen de amygdala en de mediale prefrontale cortex (mPFC),

onthouden van de neutrale afbeeldingen. In de 30-min conditie was een hoger

gemeten voor de stressinductie in rust, voorspelde de latere taak gerelateerde cortisol

cortisolniveau echter gerelateerd aan het slechter onthouden van de neutrale afbeeldingen.

toename. Een sterkere connectiviteit resulteerde in lagere cortisolwaardes. Daarnaast

Deze tijdspecifieke relatie met cortisol was bovendien gerelateerd aan de grootte van de

vonden we een verschil in amygdala connectiviteit tussen individuen die een lage of een

amplitude van een elektrofysiologische index van aandacht en visuele verwerking die

hoge toename in cortisol vertoonden (cortisol responders). Tijdens de acute stressfase

bekend staat als de Late Positive Potential (LPP). We vonden een negatief verband tussen de

werden cortisol responders gekenmerkt door versterkte connectiviteit tussen de amygdala

amplitude van de LPP en het niveau van cortisol in de 30-min stressconditie. De

en de ventromediale prefrontale cortex (vmPFC). Deze versterkte amygdala-vmPFC

gecombineerde gedrags- en elektrofysiologische data suggereren dat bij hoge

connectiviteit is in voorgaande onderzoeken ook gevonden in stress-gerelateerde

stressniveaus het leren in de 30-min conditie slechter was door een gecompromitteerd

stoornissen zoals post-traumatische stressstoornis (PTSS), hetgeen erop wijst dat deze

onderliggend aandachtsmechanisme.

S

versterkte connectiviteit een mogelijke kwetsbaarheid zou kunnen zijn tijdens acute stress.
Tijdens de vroege herstelfase na stress werden cortisol responders gekenmerkt door

In deel 2 van het proefschrift, getiteld "Brain asymmetry and stress resilience", hebben we

versterkte connectiviteit tussen de amygdala en de hippocampus, een verzwakte

gekeken naar de functionele rol van de frontale alfa asymmetrie in stressbestendigheid en

connectiviteit tussen de amygdala en de dorsale anterieure cingulate cortex (dACC) en de

hebben we de mogelijkheid onderzocht om frontale asymmetrische hersenactiviteit te

linker dorsolaterale prefrontale cortex (dlPFC). De verminderde connectiviteit met de dACC

veranderen via zelfregulatie (EEG neurofeedback) om zo stressbestendigheid te verhogen.

en linker dlPFC kan wijzen op minder effectieve manier van omgaan met (coping) en herstel

In hoofdstuk 4 vonden we dat frontale alfa hersenasymmetrie gemeten met EEG een rol

van stress. Deze bevindingen doen ons denken aan de rechtszijdige laterale frontale

speelt in de stressreactie. Frontale alfa asymmetrie werd gemeten voor en meteen na acute

activiteit en een verminderde afname van cortisol zoals die gezien wordt bij patiënten met

stress die werd geïnduceerd door de MAST. Hierbij hebben we een vergelijking gemaakt

een depressie. De verstrekte connectiviteit met de hippocampus na stress draagt mogelijk

tussen frontale alfa asymmetrie gebaseerd op de standaard 8-13Hz band en een band

ook bij aan een beter geheugen voor stressvolle gebeurtenissen.

gebaseerd op de individuele alfa piek. Relatieve linkszijdige frontale asymmetrie resulteerde

Gebaseerd op de theorie dat de exacte temporele relatie tussen het vrijkomen van

in een lagere cortisolresponse, evenwel alleen indien de frontale asymmetrie gebaseerd was

de stresshormonen en leren cruciaal is voor het verbeterde geheugen voor stressvolle

224

225

Samenvatting

op de individuele alfa band. We vonden geen associatie tussen baseline frontale asymmetrie
en subjectieve stress.
We waren ook geïnteresseerd in de mogelijkheid om frontale alfa asymmetrie te
veranderen door middel van EEG neurofeedback (Hoofdstuk 5). Neurofeedback is
gebaseerd op een online analyse van de huidige hersenactiviteit die omgezet wordt in
visuele

feedback.

In

een

experimentele

studie

hebben

we

extensief

drie

neurofeedbackcondities vergeleken: trainen naar meer relatieve rechtszijdige frontale
asymmetrie, trainen naar relatieve linkszijdige frontale asymmetrie, of een placebo
controlegroep. Verder hebben we gekeken of de richting van verandering in frontale
asymmetrie invloed had op de cortisol en subjectieve stress response zoals geïnduceerd
met de MAST. Alleen proefpersonen in de rechtszijdige conditie waren in staat om hun
frontale asymmetrie te veranderen, waarbij de verandering gepaard ging met verhoogde
subjectieve stress. Belangrijk is dat onze resultaten grote individuele verschillen aantonen
in het vermogen om je eigen frontale asymmetrie te leren veranderen. Daarnaast is
reproduceerbaarheid over tijd een belangrijke uitdaging in neurofeedback studies.
Tot slot worden de belangrijkste resultaten en conclusies van de studies uit het
proefschrift besproken in de algemene discussie. Veder worden parallellen tussen de
resultaten van de verschillende hoofdstukken getrokken en suggesties voor verder
onderzoek gedaan. Samenvattend kunnen we stellen dat cortisol een cruciale rol lijkt te
spelen in de normalisatie van het brein na acute stress, en dat situatie-specifieke frontale
asymmetrie belangrijk is bij de verwerking van dreigende informatie. Deze bevindingen, die
uitgebreid beschreven staan in dit proefschrift, hebben daarbij geleid tot een beter inzicht
in de dynamische hersenmechanismen die ten grondslag liggen aan stressbestendigheid.
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