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Cortisol is a stress hormone that acts on the central nervous system in order 

to support adaptation and time-adjusted coping processes. Whereas previous 

research has focused on slow emerging, genomic effects of cortisol likely mediated 

by protein synthesis, there is only limited knowledge about rapid, non-genomic 

cortisol effects on in vivo neuronal cell activity in humans. Three independent 

placebo-controlled studies in healthy men were conducted to test effects of 4 mg 

cortisol on central nervous system activity, occurring within 15 minutes after 

intravenous administration. Two of the studies (N = 26; N = 9) used continuous 

arterial spin labeling as a magnetic resonance imaging sequence, and found rapid 

bilateral thalamic perfusion decrements. The third study (N = 14) revealed rapid 

cortisol-induced changes in global signal strength and map complexity of the 

electroencephalogram. The observed changes in neuronal functioning suggest that 

cortisol may act on the thalamic relay of non-relevant background as well as on task 

specific sensory information in order to facilitate the adaptation to stress challenges. 

In conclusion, these results are the first to coherently suggest that a physiologically 

plausible amount of cortisol profoundly affects functioning and perfusion of the 

human CNS in vivo by a rapid, non-genomic mechanism. 
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1.1 INTRODUCTION 

When people talk about the stress in their lives it is usually understood by those 

around them what they mean. Finding a common definition of stress however, had been 

an enduring challenge since Hans Selye first coined the term for biology in his άDŜƴŜǊŀƭ 

!ŘŀǇǘƛǾŜ {ȅƴŘǊƻƳŜέ in the mid-1930s (e.g. Selye, 1936, 1950). Since then, research on 

what stress is and how it can influence a ǇŜǊǎƻƴΩǎ life has progressed significantly. Today, 

stress is broadly defined ŀǎΣ άan actual or anticipated disruption of homeostasis or an 

anticipated threat to well-ōŜƛƴƎέ (Ulrich-Lai & Herman, 2009). This definition points out 

that stress has been found to be inherently biological and yet holds many psychological 

components. Biological (e.g., pain, extreme temperatures, injuries, etc.) or psychological 

(e.g. fear, anxiety, uncertainty, etc.) stressors both trigger physiological responses in 

order to support coping processes. Therefore, physiological correlates of stress (such as 

its endocrine responses) have been increasingly used in order to study changes in 

psychological phenomena and vice versa. One of the most commonly used physiological 

markers to assess whether or not a situation (or the anticipation thereof) elicits stress is 

to measure changes in the secretion of glucocorticoids. 

Glucocorticoids are adrenal steroid hormones that are increasingly released during 

stress. They modulate a variety of psychobiological processes to support adaptation and 

coping to challenging situations. Many experimental investigations have focused on how 

glucocorticoids affect the functioning of the central nervous system (CNS) via genomic 

mechanisms. However, even with mounting evidence for the existence of rapid, non-

genomic glucocorticoid mechanisms (recent reviews: Evanson, Herman, Sakai, & Krause, 

2010; Groeneweg, Karst, de Kloet, & Joels, 2011; Haller, Mikics, & Makara, 2008) little is 

known about their in vivo functional effects on the human CNS.  

1.1.1 Glucocorticoids 

Glucocorticoid secretion originates from neuroendocrinological feed-back and 

feed-forward mechanisms of the hypothalamic-pituitary-adrenocortical (HPA) axis (Figure 

1.1.1, left) which, together with the sympatho-adrenomedullary axes of the autonomic 

nervous system (ANS), is the primary system for reinstating and maintaining homeostasis 
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during stress. A breach in homeostasis can be characterized by its origin - bottom-up 

(physiological) brainstem mediated stress signals (e.g. pain, inflammation, extreme 

temperatures) or top-down (psychological) regulatory processes that involve the limbic 

forebrain (e.g. perceived or anticipated challenges) - yet both may result in (almost) 

identical neuro-endocrinological responses (Figure 1.1.1, right). The HPA axis is activated 

after the exposure to stress signals (i.e. stressors) that trigger hypophysiotrophic neurons 

in the paraventricular nucleus of the hypothalamus which secrete a number of releasing 

hormones, such as the corticotropin-releasing hormone (CRH) and arginine vasopressin 

 

Figure 1.1.1 The endocrine stress response 

Left: Depiction of hypothalamic-pituitary-adrenocortical (HPA) axis (Dryden & Fitch, 2000). 

Right: General scheme of acute stress regulation pathways. Stressors activate brainstem and/or 

forebrain limbic structures. The brainstem generates rapid HPA axis and ANS responses through 

direct projections to hypophysiotrophic neurons in the PVN or to preganglionic autonomic 

neurons. Forebrain limbic regions, by contrasts, have no direct connections with the HPA axis or 

the ANS and require intervening synapses before they can access autonomic or neuroendocrine 

neurons (top-down regulation). Most of these intervening neurons are located in hypothalamic 

nuclei that are also responsive to homeostatic status, providing a mechanism by which the 

descending limbic information can be modulated according to the bodȅΩǎ physiological status 

όΨƳƛŘŘƭŜ ƳŀƴŀƎŜƳŜƴǘΩύ (illustration and description adapted from: Ulrich-Lai & Herman, 2009). 
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(AVP), into the portal circulation of the median eminence. These releasing hormones act 

on the anterior pituitary in order to promote secretion of the adrenocorticotropic 

hormone (ACTH), which itself acts on the inner adrenal cortex and initiates the release 

and syntheses of glucocorticoids. Freely available glucocorticoids in the bloodstream 

promote the mobilization of stored energy and potentiate a number of sympathetically 

mediated effects, such as peripheral vasoconstriction (descriptions of HPA-axis adapted 

from, Ulrich-Lai & Herman, 2009). Glucocorticoids also divert energy supplies to 

challenged tissues and are believed to control the excitability of neuronal networks (de 

Kloet, Oitzl, & Joels, 1999).  

The circulating glucocorticoids (cortisol in humans, corticosterone in rodents) 

affect the entire body including the CNS via binding to glucocorticoid receptors (GR) and 

mineralocorticoid receptors (MR). Both receptors act as ligand-activated transcription 

factors and induce slowly emerging changes in gene transcription (De Kloet, Vreugdenhil, 

Oitzl, & Joels, 1998) that alter protein expression, structure, and functioning of affected 

cells (for more detailed information about genomic cortisol mechanisms, see e.g.  de 

Kloet, Joels, & Holsboer, 2005; Dedovic, Duchesne, Andrews, Engert, & Pruessner, 2009; 

McEwen & Sapolsky, 1995; Sapolsky, 1996). The MR binds glucocorticoids with a high 

affinity and is strongly bound even during low glucocorticoid secretion. The GR has 

approximately a tenth of the affinity of MRs and is extensively bound only at high levels of 

glucocorticoid secretion, such as during acute stress responses (de Kloet, et al., 1999). The 

GR is thought to be the main mediator of the (several minutes) delayed, genomic 

glucocorticoid action during stress responses. On the contrary, non-genomic effects of 

glucocorticoids are thought to occur within seconds to minutes after glucocorticoid 

release (Groeneweg, et al., 2011; Makara & Haller, 2001). Indeed, it is believed that any 

rapid effect that occurs within less than 15 minutes after glucocorticoid infusion cannot 

be mediated by changes in protein expressions (Mikics, Kruk, & Haller, 2004).  

1.1.2 Non-genomic effects of glucocorticoids 

The knowledge about rapid, non-genomic glucocorticoid action in the CNS is 

scarce and originates primarily from in vitro studies and animal models (e.g. Coirini, 

Marusic, De Nicola, Rainbow, & McEwen, 1983; De Kloet, Veldhuis, Wagenaars, & 
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Bergink, 1984; Ferris & Stolberg, 2010;  Mikics, et al., 2004), with a few in vivo studies in 

humans (e.g. Kuehl et al., 2010; Lovallo, Robinson, Glahn, & Fox, 2009; Richter et al., 

2011).  

1.1.2.1 Criteria for the identification non-genomic glucocorticoid effects 

Makara and Haller (2001) apply several criteria to differentiate genomic from non-

genomic mechanisms that they derived from the knowledge of classical genomic 

mechanisms of glucocorticoids. As a simple heuristic, they argue that any glucocorticoid 

effects that do not match the particularities of genomic mechanisms should be 

considered to be another (i.e. non-genomic) mechanism. They introduce four criteria to 

judge whether or not effects are due to non-genomic glucocorticoid mechanisms:  

(i) The temporal criterion. Genomic glucocorticoid mechanisms involve a number 

of time consuming steps. The translocation (10 - 30 minutes; Nishi et al., 1999; Robertson, 

Schulman, Karnik, Alnemri, & Litwack, 1993) of the ligand bound receptors to the nucleus 

and the translation and transcription (5 - 120 minutes; Cullinan, Herman, Battaglia, Akil, & 

Watson, 1995; Hsieh & Watanabe, 2000; Ikeda, Nakajima, Osborne, Mies, & Nowak, 

1994) are the most time demanding. These time-frames suggest that the genomic effects 

may not become notable before at least 15 minutes have passed. In addition, it has been 

reported that glucocorticoid effects that are mediated through genomic inhibition require 

considerably longer than 15 minutes (Webster & Cidlowski, 1999). Furthermore, these 

relatively fast genomic effects may be exceptional, since a number of more common 

genomic effects are expressed after hours or even weeks after a stressful encounter 

(Joels & de Kloet, 1994; Makara & Haller, 2001). A final important temporal distinction of 

non-genomic effects involves their washout time, which is considerably shorter than for 

genomic actions. Since non-genomic effects depend on the interaction between the 

ligand and targeted substrates, their effects disappear after the dissociation of the 

involved molecules. As a consequence, the rapid termination of glucocorticoid effects also 

seems to indicate non-genomic mechanisms (Makara & Haller, 2001). 

(ii) The MR/GR independence criterion. Genomic glucocorticoid effects are closely 

linked to their cytoplasmic receptors ς the mineralocorticoid and the glucocorticoid 

receptor ς and only their ligand complex actually activates genomic mechanisms. Thus, 
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genomic glucocorticoid actions can be interrupted by blocking these receptors (Joels & de 

Kloet, 1994). Therefore, if after blocking MR and GR the glucocorticoid effect remains 

intact, some other (i.e. non-genomic) mechanism must have been activated.  

 (iii) The genome-independence criterion. The ultimate result of genomic 

glucocorticoid action is either the syntheses of proteins or their blockage (in case of 

glucocorticoid induced gene inhibition). Thus, glucocorticoid effects cannot be 

genomically mediated if their effects remain unchanged after eliminating the genomic 

components.  

(iv) The plausible physiological dose criterion. Glucocorticoid effects that occur at 

concentrations that exceed the physiological abilities of an organism may be interesting, 

but they are also irrelevant for assessing the role of glucocorticoids in controlling neural 

functions. Therefore, experimental manipulations resulting in brain concentrations higher 

than physiologically plausible should be considered irrelevant from a functional point of 

view (regardless if they occur rapidly or not). 

Taken together, if effects (1) occur earlier than 15 minutes, (2) are not affected by 

MR/GR blockade, (3) do not require a genetic apparatus, and (4) are elicited by a 

physiologically plausible dose, then they cannot be mediated by the genomic mechanism. 

Generally, Makara and Haller (2001) argue that the fulfillment of just one of the first 

three criteria is sufficient for excluding the involvement of genomic mechanisms, e.g. 

effects occurring within seconds or a few minutes cannot be mediated by genomic 

mechanisms. Only in a few other cases do the authors propose that more than one 

criterion should be fulfilled (e.g. resistance to protein synthesis blockade can be used as 

an argument only if the process is very rapid, and/or is also resistant to MR/GR blockade).  

1.1.2.2 CƛƴŘƛƴƎǎ ŦǊƻƳ Ψin vitroΩ ǎǘǳŘƛŜǎ ŀƴŘ ŀƴƛƳŀƭ ƳƻŘŜƭǎ 

The activation of stress-related neuronal networks that is caused by the 

perception of a threatening situation triggers the signaling cascade of the HPA axis, and 

plasma glucocorticoid levels begin to increase after 3 minutes. By 20 minutes, 

concentrations have approached maximal values (Dallman, 2005). During the first initial 

moments after its release, within milliseconds to minutes, rapid glucocorticoid signaling 

already acts on target tissues that have been found to include pons, hypothalamus, 
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midbrain, and limbic system. In addition, the actions of glucocorticoids influence the 

activity in various motor systems that are involved in the stress response. These rapid 

glucocorticoid actions in animal models involve increased locomotion activity, food 

intake, ingestion of carbohydrates, vocalization, memory, aggressive behavior, decreased 

sexual clasping, and ACTH secretion (cited in: Dallman, 2005). 

Haller and colleagues (2008), in their review on the existing physiological 

evidence, propose that rapid, non-genomic glucocorticoid mechanisms are able to modify 

cell functioning (and ultimately the above-mentioned behaviors) by their ability to affect: 

άόмύ ƳŜƳōǊŀƴŜ ƭƛǇƛŘǎ όŜΦƎΦ ƳŜƳōǊŀƴŜ ŦƭǳƛŘƛǘȅύΣ όнύ membrane proteins (e.g. ion channels 

and neurotransmitter receptors), (3) intracytoplasmic proteins (e.g. mitogen- activated 

protein kinases, phospholipases, etc.), and (4) proteinςprotein interactions (e.g. 

secondary effects mediated by the components of the glucocorticoid receptor complex). 

ώΧϐ όрύ The [activation of the genomic] glucocorticoid transporter ώΧϐΦέ  

Derived from the above mentioned functional abilities and suggestive evidence, 

Haller and colleagues (2008) further propose that the purpose of non-genomic 

glucocorticoid actions may be to: (1) induce genomic effects, (2) affect genomic 

mechanisms via non-genomic action, and (3) assert influence on mechanisms that are not 

affected through genomic mechanisms. However, which of these purposes may turn out 

to be the most relevant for the adaptation to stressful situations still has to be established 

in further research.  

The current state of the animal model literature indicates that non-genomic 

mechanisms of glucocorticoids influence a wide array of behavioral responses by affecting 

cell functioning in a large number of tissues and organs (through influencing a wide 

variety of intracellular processes). It is important to note that genomic and non-genomic 

mechanisms are not separated; instead they often act together and complementary 

(Haller, et al., 2008). Rapid, non-genomic effects are, therefore, an important contributor 

to understand the adaptation to stressors and the reinstitution of homeostasis. However, 

even with the large number of recent findings, non-genomic mechanisms of 

glucocorticoids are still poorly understood, especially in regards to their 

(psychophysiological) role in the human stress response. 
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1.1.2.3 Current findings in humans 

Despite their far-reaching implications for understanding the rapid adaptation to 

stress, the neurophysiological correlates of the above mentioned behavioral effects in 

animal models have not been investigated much in humans. The reason for this may be 

that in addition to the above mentioned criteria for identifying non-genomic 

glucocorticoid effects (section 1.2.1) in humans, rapid non-genomic effects can only be 

studied by applying intravenous infusions. This additional criterion significantly increases 

the required efforts that are needed to assure the proper legal and ethical framework for 

running these studies in humans. To this point, only three in vivo studies (Kuehl, et al., 

2010; Lovallo, et al., 2009; Richter, et al., 2011) have recently applied intravenous 

glucocorticoid infusions in humans, and only two of them have also implemented the 

application of appropriate doses that do not exceed physiologically plausible amounts. 

The following paragraphs provide more detailed information about these studies and will 

conclude with possible pit-falls that may compromise the detection of rapid 

glucocorticoid mechanisms. 

In 24 healthy men, Kuehl and colleagues (2010) investigated the effects of rapid 

cortisol action on eyeblink conditioning after they had first stabilized the basal HPA axis 

activity through metyrapone (750 mg) and then intravenously infused 2 mg of cortisol 

(hydrocortisone). Under these (perfectly) optimized experimental conditions, accelerated 

learning in a trace eyeblink conditioning paradigm occurred within minutes (< 10 minutes) 

after cortisol administration, compared to placebo. In addition, these cortisol effects were 

only limited to the conditioned eyeblink responses, and there were no significant 

differences between the cortisol and placebo groups in any other of the eyeblink 

measures (e.g. spontaneous blink rate, alpha responses, non-adaptive CRs, or reactivity 

during familiarization). Importantly, these results suggest that rapid, non-genomic 

glucocorticoid (i.e. cortisol) effects can be reliably measured in humans in vivo. 

Richter and colleagues (2011) were the first to demonstrate a rapid (< 15 minutes) 

but quickly recovering disruption of sensorimotor gating, measured with prepulse 

inhibition of startle in a sample of 30 healthy men, after the intravenous infusion of 1 mg 

of cortisol (hydrocortisone). The authors argue that the disruption of prepulse inhibition 

suggests a generally diminished capacity for sensorimotor gating, which in turn would 
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increase the ability to process threatening startle stimuli. Furthermore, a crucial practical 

implication was made that supports the importance of the above mentioned temporal 

criteria from Makara and Haller (2001) - that is: The rapid non-genomic cortisol effect and 

its rapid recovery suggests that stress effects on sensorimotor gating should be evaluated 

soon after stress induction (i.e. cortisol infusion). Experimental paradigms that pass a 

certain critical window in which the non-genomic effect occurs may not reveal such 

effects.  

Just one study, by Lovallo and colleagues (2009), has assessed the effects of 

intravenous infusion of cortisol (10 mg; equals a dose that exceeds the physiological 

range) on hemodynamic changes of the brain, yet rapid (i.e. likely non-genomic) cortisol 

effects were not found. Instead, in 21 participants (11 women), decreases in the standard 

deviations relative to placebo were reported after about 25 minutes, with its maximum at 

about 35 minutes, for the hippocampus and the amygdala. These results match 

experimental findings for genomic glucocorticoid actions (van Stegeren, 2009), but why 

were there no rapid effects that are in line with the results of the two previously 

mentioned studies?  

The lack of rapid cortisol effects in the third presented study suggests that an 

intravenous infusion may be a mandatory but not necessarily a sufficient requirement for 

unveiling rapid, non-genomic glucocorticoid (i.e. cortisol) mechanisms in humans. In fact, 

the lack of such effects implies the importance of accurately controlling for confounding 

(i.e. error variance inducing) variables, such as physiologically plausible infusion doses or 

the heterogeneity of the sample. After all, the particular strength of the above mentioned 

studies in vitro and with animal models (that reliably uncovered non-genomic 

glucocorticoid actions) is their ability to precisely control for confounding variables. Such 

strict controls regarding the samples seem to have been met by the first two above 

described studies in humans. The third study, however, used a heterogeneous sample 

(age range: 18 ς 55 years; mixed gender; not controlled for smoking or time of data 

acquisition), and a non-physiological dose of cortisol, which makes it entirely possible that 

rapid effects may have gone undetected. 

In summary, two recent studies in humans that applied intravenous infusion were 

able to uncover rapid, non-genomic, and stress relevant effects of cortisol. Due to their 
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type and nature, these effects must have a functional expression in the CNS. However, a 

first imaging study that would have potentially been able to uncover cortisol induced 

hemodynamic changes in the brain found no such effects. There is, therefore, a gap 

between the theoretically implied functional changes in the brain and the empirical 

evidence. It seems likely that this discrepancy can be overcome by applying carefully 

designed experimental procedures (e.g.: diminishing confounding variables, physiological 

infusion doses, etc.) and appropriate physiological measurements (e.g.: magnetic 

resonance imaging and electrophysiological measurements).  

1.2 OBJECTIVE 

The increasing amount of evidence for a rapid, non-genomic mode of neuronal 

action raises many new questions that Groeneweg and colleagues (2011) pin point in 

their most recent review: άWhere in the brain do these rapid effects take place? What are 

the functional consequences for cognition and neuroendocrine control? And, importantly, 

how are these rapid corticosteroid actions integrated with other components of the 

ǎǘǊŜǎǎ ǊŜǎǇƻƴǎŜΚέ 

The aim of three independent, placebo-controlled, and double-blinded 

intravenous infusion studies (presented in this thesis) was, to determine if experimental 

manipulations similar to naturally occurring cortisol boosts (4 mg hydrocortisone; 

hydrocortisone is the pharmaceutical term for synthetically produced cortisol with equal 

binding characteristics; from this point on infusions/interventions with hydrocortisone 

will be referred to as cortisol) may exert measurable, non-genomic effects on the human 

brain. With this objective, it was possible to pursue answers to the questions about where 

rapid, non-genomic glucocorticoid effects take place, and what the functional 

consequences of their mechanisms might be. Consequently, if effect sites for rapid non-

genomic effects are identified, the involved receptors and neuronal pathways responsible 

for these effects may be more readily apparent and, therefore, testable for future 

research. In understanding their true attributes, rapid glucocorticoid actions may in fact 

turn out to be the missing link in the ability to more fully understand the normal human 
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stress response and eventually its pathological extremes (e.g.: post-traumatic stress 

disorder, or chronic depressive disorders).  

The first of the three studies that was particularly aimed to explore if and where 

rapid, non-genomic cortisol mechanisms can actually be identified using magnet 

resonance imaging (MRI), will be presented in Chapter II. The above mentioned work of 

Lovallo and colleagues (2009) already suggested that the challenge in this may be to 

adequately control the experimental setting in order to assure that rapid effects are 

indeed tested under optimal conditions. This includes not only the application of 

intravenous infusions, but also measurements on a homogeneous and strictly controlled 

sample of participants in which any (psychophysiological) stress inducing situation is to be 

avoided. Besides implementing experimental procedures that would assure an adequate 

experimental setting, Study 1 also used a unique imaging sequence that allowed the 

quantification of absolute cerebral blood flow (perfusion) during resting conditions. This 

imaging sequence has a superior spatial localization of experimental effects compared to 

more commonly used MRI-sequences.  

The second study, presented in Chapter III, was designed to confirm and replicate 

the main findings of Study 1 in an independent, but equally well controlled sample. The 

replication of hemodynamic effects in Study 2, in a separate group of participants, 

increases the reliability of the resulting interpretations and, therefore, increases its 

scientific value. 

The third and final study in this thesis, presented in Chapter IV, was designed to 

confirm the existence of glucocorticoid induced and rapid functional correlates in the 

electroencephalogram (EEG) by assessing the spectral power of spontaneous oscillations 

and global markers of signal strength and topographical map complexity. In Study 3, equal 

care was taken to assure that the acquisition conditions were optimal for uncovering 

electrophysiological aspects of the hemodynamic effects of the first and second study. 

Together, these studies provide evidence for the existence of rapid, non-genomic 

glucocorticoid actions in the human CNS. 
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ABSTRACT 

The stress hormone cortisol acts on the central nervous system in order to support 

adaptation and time-adjusted coping processes. There is only limited knowledge about 

rapid, non-genomic cortisol effects on in vivo neuronal activity in humans. Therefore, a 

placebo-controlled and double-blinded study in healthy men (N=26) was conducted to 

test effects of 4 mg cortisol on central nervous system activity, occurring within 15 

minutes after intravenous administration. Since neuronal activity is very energy 

consuming and dependent on the supply of freshly oxygenated blood, the assessment of 

cerebral blood flow is well suited to indicate cortisol induced changes of such activity. 

Cerebral blood flow was assessed using continuous arterial spin labeling as a magnetic 

resonance imaging sequence, and rapid bilateral perfusion decrements in the thalamus 

and caudate nucleus were found. Other regions affected by the cortisol infusion were 

located in the frontal, occipital, and parietal lobe. The observed changes in neuronal 

functioning suggest (for the first time) that cortisol may act on the thalamic relay and that 

a physiologically plausible amount of cortisol profoundly affects perfusion of the human 

central nervous system in vivo by a rapid, non-genomic mechanism. 
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2.1 INTRODUCTION 

The stress hormone cortisol acts on the human brain in order to support adaptation 

and time-adjusted coping processes to present or anticipated stressors. Despite mounting 

evidence from in vitro studies and animal models, there is only limited knowledge about 

rapid, non-genomic cortisol effects on in vivo neuronal activity in humans. Therefore, a 

placebo-controlled and double-blinded study in healthy men (N=26) was conducted to 

test effects of 4 mg cortisol on CNS activity occurring within 15 minutes after intravenous 

administration. Since neuronal activity is very energy consuming and dependent on the 

supply of freshly oxygenated blood, the assessment of hemodynamic measurements can 

quantify cortisol induced changes in neuronal metabolism. 

Investigations of rapid hemodynamic cortisol effects on the CNS (studies in 

rodents and humans) have so far used blood oxygenation level dependent (BOLD) MRI 

sequences (e.g. Ferris & Stolberg, 2010; Lovallo, et al., 2009). At least in humans, this has 

not led to neuroimaging results for rapid cortisol effects (see Section 1.1.2.3 in Chapter I). 

BOLD uses deoxyhemoglobin as an endogenous contrast enhancing agent that serves as 

the source of the MRI signal (Goense & Logothetis, 2010). However, differences in MRI 

sequences and measurement parameters are known to influence the observed effects. 

For example, the overall consensus is that (1) gradient-echo BOLD (as used by Lovallo and 

colleagues (2009)) represents mostly a venous signal, which becomes more strongly 

weighted toward smaller venules and capillaries as the field strength increases, (2) spin-

echo BOLD (as used in Ferris and Stolberg (2010)) represents mostly a capillary signal, the 

cerebral blood volume (CBV) signal is thought to represent smaller vessels (arteries and 

veins) and capillaries, and (3) the cerebral blood flow (CBF) signal is thought to represent 

mostly arterioles and capillaries (Goense & Logothetis, 2010).  

The specificity of the BOLD response to local neural activation depends on the 

blood flow regulation that is believed to correspond with neuronal activation (Goense & 

Logothetis, 2010). The neurovascular response is regulated through smooth muscles and 

has recently been observed to be mediated by astrocytes (around capillaries), which due 

to their key location between vasculature and neurons are believed to contribute to 

changes in the CBF, and ultimately the BOLD signal (Goense & Logothetis, 2010). The 
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BOLD signal, however, cannot easily assess slow increasing and long lasting changes in 

neural activity during repetitive measurements over long periods of time (Z. Wang et al., 

2008) and it is inferior in regards to its functional localization abilities (see section 

2.2.3.1). Such changes, however, are well assessed by measuring cerebral blood flow 

(CBF) directly.  

The imaging sequence of Study 1 is therefore aimed at investigating cortisol 

related effects on absolute CBF which also enables the assessment of longer lasting 

changes in neural processes, such as may be evoked by preparatory cortisol mediated 

coping mechanisms.  

Absolute CBF is traditionally acquired utilizing expensive and invasive positron 

emission tomography (PET), which is limited in the duration of each measurement session 

due to the risk of over saturating the tissue with exogenously applied tracer substances. 

Therefore, CBF measurements in Study 1 were implemented using the non-invasive MRI 

based continuous arterial spin labeling (CASL) sequence (Williams, Detre, Leigh, & 

Koretsky, 1992) that avoided the disadvantages of PET (first and foremost the use of 

ionizing radiation). Similar to PET, CASL allows the quantification of CBF in physiological 

units (ml/100g/min) - both at rest as well as during activation. Section 2.2.3.1 in this 

Chapter will provide more in depth information about the CASL imaging sequence. 

It has been reported that in women, CBF in the hippocampus was positively 

correlated with perceived stress during the task, while it was negatively correlated with 

perceived stress in men (J. Wang et al., 2007). These gender effects of stress 

interventions, however, are not yet understood but may originate from differences in 

cognitive processing or differences in gender specific physiological mechanisms. 

Therefore, Study 1 only investigated healthy young men in order to avoid unknown 

interactions with the menstrual cycle or gender specific stress processing. This also 

increased the statistical power compared to a mixed gender study, while keeping the 

required number of participants relatively low. In addition, special care was taken (during 

a strict screening process) to ensure a homogeneous and healthy sample of participants, 

and special attention was paid to avoid any (psychological) stress related arousal.  
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2.2 METHODS 

2.2.1 Participants 

Twenty-six right-handed healthy men participated (mean age = 25.54 years, SD = 

2.94 years). Prior to the MRI measurements, all participants underwent a screening 

interview to determine if they were suitable for MR imaging. Informed consent was 

obtained for all participants. Exclusion criteria included cerebrovascular or cardiovascular 

diseases, psychiatric disorders, medication (including glucocorticoid containing 

substances), smoking at any point in life, other than normal body mass index (BMI), as 

well as any acute or chronic diseases. The study was approved by the ethics committee of 

Rhineland-Palatinate and was in accordance with the ethical guidelines of the Declaration 

of Helsinki. 

2.2.2 Experimental procedure 

In Study 1, participants were measured once, in a between-subjects design and 

were randomly assigned to either cortisol (N = 13) or placebo (N = 13) groups. 

Participants arrived one hour prior to the 

start of the MRI measurement and were 

lying down until entering the MRI-scanner 

room to ensure physical relaxation during 

waiting. Upon arrival, an additional medical 

exam assured their overall fitness on the 

measuring day, and a flexible IV line was 

placed into their right arm, which remained 

there until the end of the experiment. The 

one hour long waiting period before the 

start of the experiment was intended to 

reduce potential carry-over stress effects 

related to the initial pain induced by 

placing the intravenous infusion line. Subsequently, participants were asked to complete 

a number of questionnaires that obtained their general sleeping habits and their current 

Figure 2.2.1 Overview of the general 

experimental procedure of Study 1 
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psychological state. Thirty minutes prior to MRI acquisition, all participants practiced a 

word discrimination task to familiarize them for a similar task in the scanner. One hour 

after placing the IV line, the participants entered the MRI-scanner room and were 

comfortably placed for the MRI-measurements, and an extension for the intravenous 

infusion line was attached to enable the intervention from outside the MRI-scanner room, 

unaware to the participant. MRI measurements lasted about one hour with four 

experimental measurement blocks (independent variable MEASUREMENT BLOCK) that 

were intermitted by three-minute long breaks. The infusion of cortisol (4mg) or 

physiological saline solution (placebo) (independent variable INTERVENTION) was 

administered from outside the scanner room in a double-blind fashion during the first 

break. During the two remaining breaks, participants were asked to perform the word 

discrimination task to keep them engaged in the experiment. The task required 

participants to determine if pre-recorded, audibly presented nouns had either one or two 

syllables (e.g. two syllables: "Thema"; one syllable: "Plan"), by button-presses of their 

right or left hand. The nouns were chosen to be non-emotional, non-arousing, non-

descriptive, low in valence, and low in concreteness in order to avoid emotional arousal 

or cognitive ruminations during the CASL measurements. Participants received the pre-

recorded nouns through a MRI compatible headset. After the MRI-measurement was 

finished, the participants completed final questionnaires, were compensated for their 

participation (50ϵύ, and were informed about whether they had received cortisol or 

placebo (see Figure 2.2.1). 

2.2.3 MRI measurements 

Regional cerebral blood flow (rCBF) was acquired by applying CASL ς see Figure 

2.2.2 ς which reduces between-subject variability in activation amplitude, improves 

signal-to-noise ratio in regions with high static susceptibility gradients, and provides 

superior functional localization as compared to BOLD fMRI (Z. Wang, et al., 2008). Due to 

the short decay rate of the endogenous tracer, CASL measurements may be repeated 

many times and in short intervals. CASL allows the non-invasive quantification of rCBF in 

physiological units (ml/100g/min), both at rest as well as during activation. 

Reproducibility of CASL results has also been verified (Hermes et al., 2007). 
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2.2.3.1 Advantages of CASL 

Absolute cerebral blood flow can be measured using magnet resonance imaging 

by employing arterial blood water as an endogenous, non-invasive blood flow tracer. The 

labeling of inflowing arterial blood, known as arterial spin labeling (ASL), is achieved 

through radio frequency pulses. Current applications of the ASL techniques include 

continuous ASL (Detre, Leigh, Williams, & Koretsky, 1992), which was used for the present 

study, flow-sensitive alternating inversion recovery (FAIR) (S. G. Kim, 1995; Kwong et al., 

1995), and various others (Edelman et al., 1994; Wong, Buxton, & Frank, 1998). The radio 

frequency pulses for CASL are applied just below the imaging field of view (FOV) - the 

labeling plane in CASL is located 6 cm below the center of the FOV. The difference 

between succeeding pictures with and without a preceding labeling pulse is then used to 

quantify the absolute CBF (Figure 2.2.2).  

 

Figure 2.2.2 Simplification of a continuous arterial spin labeling (CASL) dynamic  

A CASL dynamic is one pair of consecutive volume-scan acquisitions that consists of scans that 

were acquired after a label pulse (label picture) and scans that were acquired after the absence 

of a label pulse (control picture). In the subsequent quantification algorithm, the control 

pictures are then (among other transformations) subtracted from the labeling picture. The 

result is an image that contains just the portion of the MR-signal that can be attributed to the 

labeled arterial blood. Since the amount of labeling is known, this image also expresses the 

cerebral blood flow in the absolute physiological unit of ml per 100g of tissue per minute 

(ml/100g/min). 
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The first advantage of the CASL technique lies within the properties of the labeling 

itself. Most of the labeled water molecules extract into the surrounding tissues and the 

remainders of the labeled molecules lose most of their label by the time they reach the 

draining veins (S. G. Kim, Jin, & Fukuda, 2010). In fact, the labeling decays (i.e. relaxes) 

with the T1 of blood and has a very short half-life. Therefore, CASL measurements can be 

obtained non-invasively over a very long period of time without saturating the tissue with 

any exogenously applied tracing substances (such as radioactive tracers that have to be 

intravenously infused during positron emission tomography) which would compromise 

signal quality.  

 

Figure 2.2.3 GE BOLD and CBF fMRI maps of a cat brain during visual stimulation overlaid on 

anatomical EPI images 

Gray matter areas are outlined in green. The highest BOLD signal effects are observed at the 

surface of the cortex in the draining veins, while the highest CBF effects occur at the middle of the 

cortex in the capillaries (S. G. Kim, et al., 2010). 

 

The second, and for psychophysiological studies main, advantage of CASL is that 

due to the short-decay of the labeling, CBF signals predominantly originate from the 

capillaries and the arterial vessels (T. Kim & Kim, 2005; Lee, Silva, & Kim, 2002; Ye et al., 

1997). As a result, their spatial specificity is superior compared to GE BOLD techniques 

(Duong, Kim, Ugurbil, & Kim, 2001). For example, signal changes in more commonly used 

BOLD are predominantly located at draining veins as Figure 2.2.3 illustrates. Perfusion-

based fMRI techniques are more specific to tissues and, therefore, are superior to GE 
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BOLD fMRI. In addition, ASL techniques, in general, are not as sensitive to baseline signal 

drifts, since slow non-activation-related signal changes are more easily removed by the 

pair-wise subtraction and ASL is also more stable to low-frequency stimulation as 

compared to BOLD. For that reason, ASL fMRI techniques are the method of choice for 

superior functional localization during repetitive measurements over long periods of time 

(S. G. Kim, et al., 2010).  

The third and most practical advantage of CASL sequences is their ability to obtain 

CBF measurements in absolute physiological units (ml/100g/min). Other than BOLD fMRI 

sequences, whose particular strength it is to determine high resolution neuronal (relative) 

signal changes between rapidly alternating and often externally induced stimuli, CASL 

measurements are even meaningful in the absence of such stimulation. In fact, their 

particular strength is to determine neuronal activation under resting conditions without 

the need for externally induced (evoked) activity. CASL is able to even detect very slow 

signal drifts under resting conditions which cannot be easily achieved with BOLD fMRI.  

In summary, CASL sequences are the method of choice for non-event related 

experimental settings in which it is important to precisely localize even low-frequency 

changes of neuronal baseline activation. This makes CASL ideal for the investigation of 

pharmacological glucocorticoid effects under resting conditions. 

2.2.3.2 Acquisition 

Imaging was performed on a clinical 1.5T scanner (Intera, Philips Medical Systems, 

Best, The Netherlands) with a send/receive coil provided by the manufacturer. The 

imaging sequences and procedures were conducted as reported by Hermes and 

colleagues (2009), with the exception of sequence order, scanning time, and individual M0 

measurements. Interleaved label and control images were acquired using a single-shot 

spin echo EPI sequence. Thirteen slices covering the whole brain were acquired [FOV = 

230 mm, matrix = 64 × 64, slice thickness = 8 mm, 1 mm gap, bandwidth = 78.4 kHz, flip 

angle = 90°, TR/TE = 4.125/42 ms] and reconstructed to a 128 × 128 matrix. The labeling 

plane was placed 60mm beneath the center of the imaging slices (labeling duration=2.2s, 

labeling amplitude=35mG, labeling gradient=0.25G/cm). The postlabeling delay varied 

from 0.8 to 1.8s because each slice was acquired at a slightly different time. CBF was 
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measured in four consecutive CASL measurement blocks. Each of the four measuring 

blocks consisted of 46 individual CASL acquisitions (i.e. dynamics; scan duration: 6:50 

minutes - rounded up and referred to as 7:00 minutes from here on) and was acquired 

while the participants kept their eyes open (see Figure 2.2.4).  

 

 

Figure 2.2.4 Order of measurements and duration (in minutes) of Study 1 

 (*) The experimental measurements were succeeded by an M0 measurement (3:25 minutes) and 

a T2-weighted anatomical measurement (2:54 minutes) to further control for physiological 

abnormalities. The time that each participant spent in the MR-scanner was about 58 minutes in 

total. After all MRI measurements were finished, the participants provided their final saliva 

sample for the manipulation check. 

 

In order to familiarize the participant to the scanner environment, a T1-weighted 

sequence (fast field echo, 160 slices, FOV = 256 × 192 mm, matrix = 256 × 256, slice 

thickness = 1 mm, TR/TE = 11.9 / 3.3 ms, duration: 13:22 min) was acquired prior to the 

CASL measurements. After the CASL measurements, a T2-weighted image was acquired in 

order to control for neurological abnormalities (scan duration: 2:43 min). After the T2-

weighted image, a series of 46 M0-images were acquired to determine the equilibrium 

magnetization (scan duration: 3:25 min). The same imaging parameters as in the CASL 

sequence (same TR, TE, etc.) were used for the M0 measurements, except that the 

labeling was completely turned off. 

2.2.3.3 Data Processing 

Offline data processing of CASL and T1 images was performed with the Statistical 

Parametric Mapping Software (SPM8, Welcome Department of Imaging Neuroscience, 

London UK, implemented in MATLAB 2008, The MathWorks Inc., Natick, MA, USA), using 
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the methods as described by Hermes and colleagues (2007) ς see Figure 2.2.5 for an 

overview of the processing steps. First, the data was checked for gross artifacts. Since the 

lowest slice showed heavy low-intensity artifacts in all subjects, all voxels in this slice 

were set to zero and thereby excluded from CBF quantification. Next, the label, control, 

and M0 images were motion corrected. During these steps no interpolation was applied 

to the data, but a set of parameters was estimated, which was applied later on. Then the 

parameters for normalization were estimated based on the T1 image (with the default 

bounding box of SPM8) and transferred to the label, control, and M0 images. The 

template for normalization was the MNI 152 participant average brain (Montrèal 

Neurological Institute). Then, the T1 image as well as the label, control, and M0 images 

were resampled using a fourth degree B-spline interpolation, which applied the 

parameters derived from realignment, reorientation, and normalization. The CASL images 

were resampled to a voxel size of 1.8×1.8×9mm and the T1 images to 1×1×1mm. 

Following these steps, label and non-label images were separately averaged for each of 

the four CASL acquisition blocks. The M0 images were also averaged separately. The label, 

non-label, and M0 averages were used to quantify CBF following the quantification model 

proposed by Alsop and Detre (1996):  
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 (1) 

 

where ὅὄὊ is the cerebral blood flow in ml/100 g/min; ὓ  is the tissue magnetization in 

the label pictures; ‗ is the brain-blood partition coefficient of water which was set to 0.98 

for gray matter and 0.82 for white matter (Herscovitch & Raichle, 1985; Roberts, Rizi, 

Lenkinski, & Leigh, 1996); ὓ  is the equilibrium magnetization; ‌ is the labeling efficiency 

όʰ Ґ лΦтмύ (Friston, Ashburner, et al., 1995); Ὕ  is the T1 of brain tissue which was set to 1 

s for gray matter and 0.6 s for white matter; ‏ is the assumed arterial transit time from 

the labeling plane to the imaged ǎƭƛŎŜ όʵ Ґ мΦн ǎύΤ Ὕ  is the T1 of arterial blood (T1a = 1.4 s); 

ύ is the post-labeling delay (Alsop & Detre, 1996) which varies from 0.8 to 1.8 s because 

each slice is acquired at a slightly different time; Ὕȟ  is the T1 of brain tissue in the 
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presence of the labeling pulse which was set to 0.75 s for gray matter (Oguz et al., 2003) 

and 0.45 s for white matter. These parameters are identical to the ones used by Hermes 

and colleagues (2007). 

 

 

Figure 2.2.5 Overview of data processing steps to obtain CBF for individual ROIs 

Realigning and co-registering steps were omitted in this schematic depiction. For each 

experimental condition and measurement block per participant, the CBF of 45 ROIs was obtained 

for each hemisphere after quantification on the basis of dichotomous gray matter and ROI masks.  

 

After quantification, T1 images were segmented and converted into dichotomous 

gray matter masks. These gray matter masks were multiplied with the CBF images which 

resulted in CBF maps for gray matter. Primary ROIs consisted of regions of the limbic lobe, 

and the subcortical gray because these structures are likely to be involved in fast 

cognitive stress effects (Dedovic, et al., 2009; Sutanto, van Eekelen, Reul, & de Kloet, 

1988). However, since glucocorticoid binding sites are distributed throughout the entire 

brain (Sanchez, Young, Plotsky, & Insel, 2000) secondary ROIs consisted of all regions in 
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the frontal, temporal, parietal, and occipital lobe, and central region. Primary and 

secondary ROIs together consisted of 45 regions (independent variable REGION) as 

defined based on published templates (Tzourio-Mazoyer et al., 2002), and were used to 

create dichotomous ROI masks. ROIs were grouped by their superordinate lobe or area 

location to classify them according to their anatomical relationship - see MARINA (Walter 

et al., 2003) toolbox or Appendix A for region labels. Finally, the ROI masks were 

multiplied with the gray matter CBF images and the mean rCBF for each hemisphere 

(independent variable HEMISPHERE) in each ROI was calculated intra-individually (see 

Figure 2.2.5).  

In addition, images for the voxel-based result presentations were generated by 

spatially smoothing the unsegmented CBF images of each acquisition block with a 

6×6×12mm full width at half maximum kernel. 

2.2.4 Manipulation checks 

Acute HPA axis activity was obtained through three saliva samples per session to 

check if the pharmacological manipulation succeeded. Participants provided their first 

sample upon arrival, the second before entering the MRI scanning room, and the third 

after the last MRI sequence (independent variable TIME). All samples were immediately 

frozen for biochemical analysis. Salivary cortisol was analyzed with an immunoassay with 

fluorescence detection (see Dressendorfer, Kirschbaum, Rohde, Stahl, & Strasburger, 

1992). Intra- and inter-assay variability was less than 10 and 12% respectively, and this 

reliability was suited for further statistical analyses. 

 

2.2.5 Statistical analyses 

2.2.5.1 Manipulation check 

For Study 1, the pharmacological manipulation was assessed via an analysis of 

variance (ANOVA) with the variables INTERVENTION (cortisol, placebo) and measurement 

TIME (arrival, before MRI, after MRI) in a mixed between-subject factorial design.  
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2.2.5.2 ROI analyses 

A ROI based approach decreased the likelihood of false-positive results during the 

brain wide result exploration.  

Study 1 assessed individual rCBF averages of each ROI by performing Analyses of 

Covariance (ANCOVA) in order to avoid multiple t-tests between the ROIs, control for the 

compounding error rates, and increase the statistical power of the analyses. Baseline rCBF 

(-7 to 0 min before cortisol infusion) were intra-individually subtracted from the 

remaining three CASL measurement blocks to obtain the absolute change of rCBF relative 

to baseline of each ROI. This accounted for naturally occurring personal baseline 

differences between participants which, in Study 1, reached from 61.12 to 91.44 

ml/100g/min in global gray matter CBF. Baseline corrected rCBF values were used for all 

further ANCOVA.  

A separate ANCOVA was performed for each anatomical lobe or area of the target 

and exploratory ROIs, entering the factors INTERVENTION (cortisol, placebo), 

MEASUREMENT BLOCK (0 - 7 min, 10 - 17 min, 20 - 27 min post infusion), REGION 

(according to ROIs), and HEMISPHERE (left, right). This led to two ANCOVAs for the target 

ROIs (limbic lobe with 7 ROIs, and subcortical gray with 6 ROIs), and five ANCOVAs for the 

exploratory ROIs (frontal lobe with 13 regions; central region with 3 regions; occipital lobe 

with 7 regions; parietal lobe with 5 regions; and temporal lobe with 4 regions). In all 

ANCOVAs a HuynhςFeldt correction of the degrees of freedom was performed whenever 

appropriate. Significant effects (alpha < 0.05) were further analyzed using Dunn's Multiple 

Comparison Procedure (Dunn, 1961) as posthoc analyses and ǘƘŜ ŎǊƛǘƛŎŀƭ ŘƛŦŦŜǊŜƴŎŜǎ ό˕ύ 

for p < .05, p < .01, and the number of comparisons (C) are stated. For the interaction, 

INTERVENTION x MEASUREMENT BLOCK x REGION, for example, three comparisons per 

ROI were observed, namely the difference between cortisol and placebo in the three post 

intervention CASL measurement blocks. The number of comparisons (C) for testing a 

significant effect in the ANCOVA of the subcortical gray ROIs would then be 18 (3 CASL 

measurement blocks * 6 ROIs). All the ANCOVA analyses contained the individual CASL 

baseline perfusion of the gray matter CBF images as a covariate in order to reduce 

unexplained statistical variance (i.e. error variance) that can be attributed to differences 

in baseline perfusion.  
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The presentation of results will be limited to significant (p < .05) intervention 

related effects only and according degrees of freedom (dfeffect; dferror), and the effect size 

measure partial ʹ2 (Cohen, 1988) are reported. All statistical analyses were performed 

with SPSS for Windows (Version 17, SPSS Inc.). 

2.2.5.3 Voxel based analyses 

A voxel-based analysis was set up for the primary ROIs within the framework of 

the general linear model (Friston, Holmes, et al., 1995), which is employed in SPM8. The 

voxel based analysis is much less sensitive to statistical effects than the ROI analyses, yet 

it is used to only visualize the localization of the effects of the main ROI analyses. 

Therefore, it is not meant to substitute ROI analyses, but it is to compliment the 

visualization of its results. The reasoning for this visualization is the theoretical possibility 

that an effect that is located on the border of two neighbouring ROIs is cut in half during 

the ROI definition procedure. The effect can then either (1) lose its power and not show 

up statistically (a statistical dilution), or on the contrary (2) it might be strong enough to 

induce a statistical effect into (the border region of) a ROI which in reality harbours no 

effect at all (a statistical wash-in). Cases of split effects (wash-in) would be more difficult 

to interpret but they are possible and need to be explored and excluded as possible 

sources for false-positive ROI effects. 

The mean (unsegmented and smoothed) CBF images were employed in random 

effects full factorial models. Statistical parametric maps (SPMs) were calculated for CBF 

changes for the interaction INTERVENTION x MEASUREMENT BLOCK. The interaction 

contrasts were set up to account for inter-individual differences in the CASL baseline by 

subtracting the between-group baseline effect from the three post-intervention CASL 

measurement blocks. The significance threshold was set to P<0.01 (uncorrected) at the 

voxel level in order to visualize and confirm the location of all results of the ROI analyses. 

To minimize the contribution of extra cerebral voxels, an absolute CBF threshold of 

5ml/100g/min was employed.  
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Figure 2.3.1 Cortisol induced rCBF changes (Study 1) 

Left: Locally distinct bilateral perfusion decrements in the thalamus and caudate nucleus (baseline 

corrected), after the intravenous infusion of cortisol (4 mg). Right: Bilaterally averaged rCBF for 

significant ROI comparisons for all post-infusion measurement blocks (95% confidence interval 

(CI)). The cortisol induced perfusion decrease is significant in the first measurement block after 

glucocorticoid infusion (0 ς 7 minutes) for the thalamus and caudate nucleus. The effect remains 

significant during the second post-infusion measurement block (10-17 minutes) in thalamus but 

returns back to baseline for both ROIs in the third block (20-27 minutes).  

 

 

2.3 RESULTS 

2.3.1 Manipulation check 

The cortisol intervention was successful in all participants (F(2,48) = 5.066, p = .015, 

ʹ2
part

 = .174) with significant salivary cortisol increases directly after the MRI 

measurements in the cortisol but not in the placebo group (significant increases, for 

cortisol condition: 2.6 nmol/l). 

2.3.2 Primary ROIs 

Cortisol infusion significantly effected rCBF in regions of the subcortical gray, 

which is expressed in a significant three way interaction between INTERVENTION, 

MEASUREMENT BLOCK, and REGION (Table 2.1). tƻǎǘƘƻŎ ŀƴŀƭȅǎŜǎ ό˕5% = 7.07 






















































































































































