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SUMMARY 

The ability of humans to integrate different body processes is most important for survival. The 

neuro-visceral integration model suggests that both cognitions and emotions are regulated by 

superior brain systems also involved in the regulation of autonomic function. Therefore, 

cognitive performance and affective processing is closely linked to autonomic responses. In 

order to improve the understanding of human behavior and associated dysfunctions, we need 

to acquire a better understanding of the interplay between the central nervous system (CNS) 

and peripheral autonomic nervous system (ANS) in cognitive control.  

A pivotal role of the noradrenergic neurotransmitter system in cognitive control has been 

suggested. In the present thesis, functional fMRI was used to expand our knowledge of the 

brain – body interaction in cognitive control with the locus coeruleus (LC), which is the main 

production site of noradrenaline in the brain, as central relay nucleus.  

Broad functional connections of the LC to cortical and subcortical regions predominantly 

involved in executive function were found. The paramount importance of the LC in cognitive 

control was emphasized by an increase of its activation proportional to the increase of 

cognitive load. In patients with schizophrenia, this relation was absent indicating a deficient 

role of the LC-noradrenergic system. Furthermore, LC BOLD activation was associated with 

pupillary dilation which supports the interpretation of the LC playing a pivotal role in 

controlling sympathetic autonomic function. 

With these findings, I was able to link the cognitive control network to the sympathetic 

nervous system with the LC as central relay nucleus. Thus, the present thesis contributes to an 

extension of the current state-of-the-art in neuropsychology. 
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ZUSAMMENFASSUNG 

Die Fähigkeit des menschlichen Körpers verschiedenste Prozesse zu integrieren garantiert das 

Überleben. Das Neuroviszerale Integrationsmodell geht davon aus, dass Kognitionen sowie 

Emotionen von übergeordneten kortikalen Netzwerken reguliert werden, die ebenfalls für die 

Regulation unseres autonomen Nervensystems zuständig sind. Demzufolge sind die kognitive 

Leistungsfähigkeit sowie affektive Verarbeitungsprozesse sehr eng mit Reaktionen des 

sympathischen und parasympathischen Nervensystems assoziiert. Das bessere Verständnis der 

Interaktion zwischen dem zentralen und peripher autonomen Nervensystem ist essentiell, um 

menschliches Verhalten sowie daraus resultierende Dysfunktionen einordnen und behandeln 

zu können. 

In Zusammenhang mit kognitiven Kontrollprozessen hebt die aktuelle Studienlage 

zunehmend die besondere Rolle des Neurotransmitters Noradrenalin hervor. Mittels 

funktioneller Magnetresonanztomografie wurde in der vorliegenden Dissertation eine 

Erweiterung des Verständnisses der wechselseitigen Beziehung zwischen dem zentralen und 

autonomen Nervensystem während kognitiver Kontrollprozesse untersucht. Der Locus 

coeruleus (LC), der den Hauptlieferanten von Noradrenalin im Gehirn darstellt, wurde als 

zentrale Umschaltstruktur angenommen. 

Weit verzweigte funktionelle Konnektivitäten des LC zu kortikalen und subkortikalen 

Strukturen des kognitiven Kontrollnetzwerks konnten identifiziert werden. Die enorme 

Wichtigkeit des LC bei der Bearbeitung kognitiver Aufgaben wurde durch den proportionalen 

Anstiegt dessen Aktivierung mit kognitiver Anstrengung bestärkt. Bei an Schizophrenie 

erkrankten Patienten wurde dieser Zusammenhang nicht gefunden. Dies weist auf eine 

abnorme Funktionsweise des noradrenergen Hirnstammkerns bei diesem Störungsbild hin. 

Ein weiterer wichtiger Befund war die Korrelation von LC BOLD Aktivierung und 
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Pupillenweite. Dies bestärkt die Interpretation, dass der LC eine zentrale Rolle in der 

Kontrolle des sympathischen Nervensystems einnimmt.  

Mit der vorliegenden Dissertation war es möglich das kognitive Kontrollnetzwerk mit dem 

sympathischen Nervensystem zu verlinken, wobei der Locus coeruleus eine zentrale 

Umschaltstelle darstellt. Ein wichtiger Beitrag zu den aktuellen Kenntnissen der 

Neuropsychologie konnte geleistet werden. 
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1. BASIC CONCEPTS AND THEORETICAL BACKGROUND 

"...if anger makes the hand rise in order to strike, 
the will can ordinarily restrain it; 

if fear incites the legs to flee, 

the will can stop them..." 

 (Descartes, 1989; p. 44) 

 

1.1 COGNITIVE CONTROL IN HUMANS 

Human behavior is not deterministic. It can be adapted given even subtle environmental 

changes, which is indispensable for everyday psychological functioning and psychological 

health. Consequently, the impact of cognitive control is omnipresent, but the nature of this 

concept is hard to grasp. The term cognitive control relates to a number of operations that 

enable the cognitive system to successfully pursue specific cognitive tasks, such as response 

inhibition or inhibiting impulsive actions, maintaining and manipulating goal-related 

information or stopping and overriding pre-potent response tendencies (Bari & Robbins, 

2013; Botvinick, Braver, Barch, Carter, & Cohen, 2001; Logan, 1985; Posner & Snyder, 

1975; Verbruggen & Logan, 2008). Previous research often defined cognitive control as a 

function of task performance. For instance, the conflict monitoring theory (Botvinick et al., 

2001) claims that specific brain structures, in particular the ACC, respond to the occurrence of 

conflict. It can be tested with tasks such as the Stroop Color-Word task (Stroop, 1935). The 

Stroop effect is one of the most popular phenomena in all of cognitive sciences and was first 

reported by John Ridley Stroop (Stroop, 1935). In its basic form, the task is to name the color 

in which a word is printed, ignoring the word itself. To display the color word in a 

mismatched ink color (incongruent condition) results in slow and error-prone responding. The 

performance cost in the incongruent condition relative to the congruent condition is called 

Stroop effect or Stroop interference effect. Another theory is the error-likelihood model 

(Brown & Braver, 2005) which implies, that the ACC response to a given task condition will 
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be proportional to the perceived likelihood of an error in that condition. This theory is 

explored by studies applying, for example, Stop-Signal and Go/No-Go tasks. The Go/No-Go 

paradigm is a cognitive task which aims at determining the ability of an individual to inhibit 

a response considered inappropriate. Participants are required to either respond or withhold 

a pre-potent response depending on whether a Go stimulus or a No-Go stimulus is presented 

(Verbruggen & Logan, 2008). In the Go/No-Go task, the pre-potent response tendency is 

typically established by the very fast presentation of the Go stimuli. Thus, response 

inhibition refers to the ability to override the tendency towards automatic but inappropriate 

responses and interference control to the ability to select relevant information from amidst 

irrelevant information. Both functions have been grouped together in theoretical models of 

cognitive control and linked to prefrontal cortex function (Aron & Poldrack, 2006; N. P. 

Friedman & Miyake, 2004; Miller & Cohen, 2001). However, pre-potent response inhibition 

and interference control are separable facets of inhibition (Friedman and Miyake, 2004). In 

sum, various models are designed to capture functions considered to be most relevant to 

cognitive control, such as response inhibition. 

 

1.2 THE HUMAN NERVOUS SYSTEM 

The human nervous system consists of different parts. The central nervous system (CNS) 

integrates sensory input, coordinates conscious/unconscious information and consists of the 

brain, brainstem and spinal cord. The peripheral nervous system conveys information from 

and to the CNS. The autonomic nervous system (ANS), as a part of the peripheral nervous 

system, is essential to maintain the internal milieu of the human body and to adapt the 

homeostasis to changing environmental demands (Schmidt & Thews, 1983). The ANS 

regulates, for instance, the respiratory, cardiac, vasomotor, and endocrine system to adjust 

behavior to motor, emotional or cognitive challenges (Critchley et al., 2005; J. F. Thayer & 

Lane, 2000). Primary centers of autonomic regulation are located in the brainstem, which 
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connects the forebrain with the spinal cord and acts as a main information relay between 

central and peripheral nervous system. It receives sensory input from throughout the body via 

ascending pathways, such as the spinothalamic tract (e.g. temperature sensation) and the 

dorsal column (e.g. pressure sensation). Motor output from brainstem nuclei travels via 

descending tracts and the spinal cord to the peripheral nervous system. The brainstem has a 

central role in autonomic regulation, pain perception, awareness, alertness, and consciousness. 

Basal reflexes such as swallowing, vomiting, coughing, and sneezing are mainly coordinated 

at the brainstem level. 

 

1.3 INVOLVEMENT OF THE CENTRAL NERVOUS SYSTEM IN COGNITIVE CONTROL 

On the neural level, cognitive control is characterized by a dynamic interplay between 

prefrontal, posterior parietal and subcortical structures (Miller & Cohen, 2001). The lateral 

prefrontal cortex (PFC), consisting of the dorsolateral and ventrolateral prefrontal cortex 

(DLPFC, VLPFC), the dorsal anterior cingulate cortex (dACC), the parietal cortex and the 

thalamus, are regarded as central nodes of this cognitive control network (Mansouri, Tanaka, 

& Buckley, 2009). A successful inhibition of pre-potent motor responses depends on fronto-

striatal loops including the inferior frontal gyrus, the (pre-) supplementary motor area (SMA), 

the striatum and brainstem nuclei (Alexander & Crutcher, 1990; Aron & Poldrack, 2006; 

Jentsch & Taylor, 1999; Simmonds, Pekar, & Mostofsky, 2008). Deficits in the dorsomedial 

prefrontal cortex (DMPFC) were found to be responsible for impaired performances in 

response inhibition tasks (Godefroy, Lhullier, & Rousseaux, 1996). Patients with lesions 

including the (pre-)SMA and subdivisions of the anterior cingulate cortex (ACC) showed 

prolonged reaction times and increased error-rates (Picton et al., 2007; Stuss, Binns, Murphy, 

& Alexander, 2002). 
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1.4 INVOLVEMENT OF NORADRENALINE IN COGNITIVE CONTROL 

A pivotal role of the noradrenergic neurotransmitter system in cognitive control can be 

assumed. The locus coeruleus (LC) is the main production site of noradrenaline in the brain. 

In their review, Aston-Jones and Cohen (2005) emphasized the specific role of the LC in 

cognitive flexibility. The authors proposed that enhanced LC activity produces a temporally 

specific release of noradrenaline, which increases the gain of specific task-associated cortical 

networks and optimizes task appropriate behavior. Besides, the noradrenergic 

neurotransmitter system seems to be critically involved in inhibiting an already initiated 

response (Eagle, Bari, & Robbins, 2008; Robbins & Arnsten, 2009). Thus, a decisive role of 

the noradrenergic neurotransmitter systems in successful and unsuccessful response inhibition 

can be assumed (Claassen et al., 2017; Eagle, Tufft, Goodchild, & Robbins, 2007; Kohno et 

al., 2016). 

 

1.5 COGNITIVE CONTROL DEFICITS IN PSYCHIATRIC DISORDERS 

Spontaneous and rash behavior is characteristic for impulsive individuals and might 

frequently result in behavioral failures. Some psychiatric disorders (e.g., attention deficit 

hyperactivity disorder; Brewer & Potenza, 2008) are characterized by elevated impulsivity or 

diminished behavioral flexibility. It was assumed that impulsivity might arise due to deficient 

inhibitory processes (Bari & Robbins, 2013). 

Schizophrenia is a serious debilitating disorder going along with immense cognitive 

dysfunctions. Growing evidence for abnormal cognitive task activation in the PFC, thalamus, 

striatum and cerebellum was reported in patients suffering from schizophrenia (Callicott et al., 

2000; Koch et al., 2010; Schlosser et al., 2008; Wagner et al., 2013). Schizophrenia is a severe 

psychiatric disorder characterized by a multitude of symptoms affecting a variety of 

emotional and cognitive domains. For instance, Wagner et al. (2015) observed decreased 

neural activation in a predominantly right lateralized fronto-striato-thalamic network in 
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patients during execution of the Stroop task. Ettinger et al. (2017) focused on two facets of 

inhibition: pre-potent response inhibition and interference control in patients with 

schizophrenia. Interestingly, they found robust performance impairments in the Stroop task 

and in the Go/No-Go paradigm. Patients with schizophrenia showed longer response times in 

the Stroop task, especially in the incongruent condition, as well as prolonged reaction times in 

the Go/No-Go task, which was, however, independent of condition. This suggests a general 

performance deficit which is not specific to inhibitory control. Nevertheless, exact 

pathomechanisms of schizophrenia are still not fully understood and need further 

investigation. The LC-noradrenaline system was implied to be most important in cognitive 

control but was rarely investigated in schizophrenia. 

 

1.6 INTERPLAY OF THE CENTRAL AND AUTONOMIC NERVOUS SYSTEM IN COGNITIVE 

CONTROL 

The brainstem, as a relay and processing station between the spinal cord, cerebellum and 

neocortex, contains vital nodes of various functional systems. A growing number of studies 

investigated the role of different cortical and subcortical brain regions involved in autonomic 

control. Important brain regions associated with ANS regulation are the ACC, insula, 

amygdala, SMA, prefrontal cortices and the midbrain (Beissner, Meissner, Bar, & Napadow, 

2013). 

Accumulating research has revealed the close interrelationship between the autonomic state 

and cognition. The internal state determines the way we react to the environment (Critchley, 

2009). In a study by Urai, Braun, and Donner (2017), the link between decision uncertainty 

and its arousal-dependent modulation was emphasized. They found that an increase in pupil-

linked arousal boosts the tendencies of individuals to alternate their choice on the subsequent 

trial. Therefore, decision uncertainty seems to drive rapid changes in the pupil-linked arousal 

state, which shapes ongoing behavior. Thus, assessing the activity of the autonomic nervous 
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system is indicative of an individual’s functional state and behavior highlighting peripheral 

indicators of autonomic function as an important addendum to research in neurosciences 

(Samuels & Szabadi, 2008; Urai et al., 2017). 

It is likely that manipulating the physiological state, for instance by painful stimulation, 

produces consistent changes in LC activity, affecting arousal, autonomic function and 

cognitive control (Aston-Jones, Rajkowski, & Cohen, 1999; Lapiz & Morilak, 2006; Samuels 

& Szabadi, 2008). LC neuron loss in aging resulted in decreases in arousal, a reduced activity 

of the sympathetic nervous system and cognitive function (Wilson et al., 2013). In sum, the 

LC seems to be critically involved in controlling the regulation of arousal, autonomic function 

and, thus, cognitive control. There may be separate populations of LC neurons associated with 

sympatho-excitatory and parasympathetic-inhibitory effects (Mather et al., 2017; Samuels & 

Szabadi, 2008).  

Skin conductance (SC) is an important autonomic measure of psychophysiology research as it 

reflects sympathetic neural responses. The SC level has been proposed to indicate mental 

efforts (Jacobs et al., 1994; Kohlisch & Schaefer, 1996; Mehler, Reimer, Coughlin, & Dusek, 

2009; Reimer & Mehler, 2011). M'Hamed, Sequeira, and Roy (1993) proposed a crucial 

influence of the reticular formation, a brainstem network including the LC, on SC. 

Yamamoto, Arai, and Nakayama (1990) showed that lesions to noradrenergic fiber bundles in 

cats abolish skin conductance responses (SCR) and spontaneous fluctuation of SC. 

Neuroimaging studies reported that BOLD changes and metabolism in regions congruent to 

LC are related to spontaneous SC fluctuations at rest (Patterson, Ungerleider, & Bandettini, 

2002).  

Some studies already suggested a close interaction between the peripheral ANS and the CNS 

in response inhibition and error processing (Critchley et al., 2003; Hajcak, McDonald, & 

Simons, 2003; Hofmann, Friese, & Strack, 2009; Zhang et al., 2012; Zhang et al., 2015). For 

instance, previous research showed enhanced SCRs to errors in impulsive individuals (Zhang 
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et al., 2012; Zhang et al., 2015). Hajcak et al. (2003) applied electroencephalography and a 

modified Stroop task and found a fronto-centrally negative deflection in the ERP signal as 

well as an elevation in SCR in error trials. SCR is suggested to be closely related to dACC 

activity (Critchley, Mathias, & Dolan, 2001; Nagai, Critchley, Featherstone, Trimble, & 

Dolan, 2004; Zhang et al., 2014) and is used as an indirect measure of cognitive effort. For 

instance, healthy subjects were found to show increases in SCR prior decision making 

(Bechara, Damasio, Tranel, & Damasio, 1997) and the magnitude of ACC activity strongly 

reflected the degree of anticipatory arousal indexed by SCR (Critchley et al., 2001). Mehler et 

al. (2009) reported that SCR changes indicate cognitive workload already before the 

appearance of a clear decline in performance. Moreover, Zhang et al. (2012) applied a Stop-

Signal Task and found that fluctuations in SCR during Go trials which followed another Go 

trial are driven by participants’ effort in negotiating between speed and accuracy. In contrast, 

changes in SCR during trials following a Stop signal are in response to an antecedent response 

conflict. Thus, there is some evidence that the physiological state might influence successful 

response inhibition, behavioral monitoring and, might already hold predictive information for 

performance accuracy. 

 

1.7 THE PIVOTAL ROLE OF BRAIN – BODY INTERACTIONS 

1.7.1 THE RELATIONSHIP BETWEEN THE CENTRAL AND AUTONOMIC NERVOUS SYSTEM 

Investigators have identified functional units within the central nervous system that support 

goal-directed behavior and adaptability (J. F. Thayer, Ahs, Fredrikson, Sollers, & Wager, 

2012). One such entity is the central autonomic network (CAN; Benarroch, 1993). 

Functionally, this network is an integrated component of an internal regulatory system 

through which the brain controls visceromotor, neuroendocrine, and behavioral responses 

which are critical for goal-directed behavior. Structurally, the CAN includes, for instance, the 

ACC, insular, orbitofrontal, and ventromedial prefrontal cortices, the amygdala, nuclei of the 
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hypothalamus, periaqueductal gray, the nucleus ambiguus, the ventrolateral medulla, the 

ventromedial medulla, and the medullary tegmental field. These components are reciprocally 

interconnected such that information flows bidirectional between lower and higher levels of 

the CNS. The primary output of the CAN is mediated through sympathetic and 

parasympathetic neurons. Sensory information from periphery (e.g., pressure receptors) is fed 

back to the CAN. The central regulation system of most target organs is organized in a widely 

antagonistic action of the sympathetic and parasympathetic branch of the ANS (e.g. the heart, 

pupil, gastrointestinal tract).  

Sweat glands of humans are predominantly innervated by sudomotor nerves from the 

sympathetic chain (Shields, MacDowell, Fairchild, & Campbell, 1987). Excitatory and 

inhibitory influences on the sympathetic nervous system are distributed in various parts of the 

brain and therefore the neural mechanisms and pathways involved in the central control of SC 

are numerous and complex (Boucsein, 1992). Central SC control involves, for instance, the 

frontal cortex, the premotor cortex, the hypothalamus, the limbic system as well as different 

brainstem nuclei. Knowledge of the central control of human SC has increased dramatically 

with advances in neuroimaging technology. Researchers were able to examine the relationship 

between patterns of brain activation and simultaneously recorded SC (e.g., Critchley, Elliott, 

Mathias, & Dolan, 2000; Nagai et al., 2004). In sum, activation of brain areas involved in 

evaluating stimulus significance, particularly the vmPFC, ACC and right inferior parietal 

region, were found to be associated with elicitation of SC responses. 

1.7.2 THE NEURO-VISCERAL INTEGRATION MODEL 

The ability of humans to integrate different body processes is characterized by the neuro-

visceral integration model (Lane et al., 2009; J. F. Thayer & Lane, 2000), which suggests that 

both cognitions and emotions are regulated by superior brain systems also involved in the 

regulation of autonomic function. Moreover, a link between executive function and frontal as 
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well as midbrain areas that regulate the vagal control of the heart is assumed (J. F. Thayer et 

al., 2012; J. F. Thayer & Brosschot, 2005; J. F. Thayer & Lane, 2000, 2009). The model was 

first applied in the context of emotion regulation (Thayer & Lane, 2000) and proposed that 

affective regulation requires selective attention to motivationally or affectively relevant 

stimuli and the inhibition of attention to irrelevant stimuli. Therefore, from a neuro-visceral 

perspective, attentional and affective regulations work together in the process of self-

regulation and goal-directed behaviors. The neuro-visceral integration model can also be 

extended to focus on attentional and cognitive processes in the absence of affective 

dimensions. The examination of this aspect of the model has been primarily based on high 

frequency heart rate variability (HF-HRV) which is a marker of parasympathetic activity. HF-

HRV is supposed to reflect frontal – midbrain – vagal control and relates to cognitive 

function. For instance, resting HF-HRV was related to working memory, sustained attention, 

mental flexibility and inhibitory control (Thayer et al., 2009). 

1.7.3 FINDINGS SUPPORTING THE BRAIN – BODY INTERACTION  

A recent study by Nikolin, Boonstra, Loo, and Martin (2017) showed that measures of HRV 

present potential indices for cortico-subcortical circuitry following activation of the PFC both 

during vagally dominated periods of resting-state activity and sympatho-adrenal mediated 

task-related activity. This network is shared for cognitive processes as well as regulation of 

cardiovascular control via changes to sympatho-vagal tone. It can be assessed using HRV in 

conjunction with more standardized behavioral outcomes. A HF-HRV measure was able to 

detect increased vagal activity both during rest and task performance. Additionally, power in 

the LF band was found to correlate with changes in cognitive functioning, indicating an 

association between PFC activity and the sympathetic branch of the ANS. 

Sympatho-excitatory subcortical threat circuits are under tonic inhibitory control by the PFC 

(Amat et al., 2005). For example, the amygdala, which has outputs to autonomic, endocrine, 
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and other physiological regulation systems, and becomes active during threat and uncertainty, 

is under tonic inhibitory control via GABAergic mediated projections from the PFC 

(Davidson, 2000; Julian F. Thayer, 2006). Thus the default response to uncertainty, novelty 

and threat is the sympatho-excitatory preparation for action. From an evolutionary perspective 

this represents a system that errs on the side of caution when in doubt prepare for the worst - 

thus maximizing survival and adaptive responses (LeDoux, 1996). However, in normal, 

modern life this response has to be perpetually inhibited and this inhibition is achieved via 

top-down modulation from the PFC. Thus, under conditions of uncertainty and threat the PFC 

is deactivated. This hypoactive state is associated with disinhibition of sympatho-excitatory 

circuits that are essential for energy mobilization. However, when this state is prolonged it 

dramatically wears and tears on the system which is characterized as allostatic load (McEwen, 

1998). 

1.7.4 BRAIN - BODY INTERACTION IN PATIENTS WITH SCHIZOPHRENIA  

Schizophrenia is a multifaceted neuropsychiatric disorder that is characterized by delusions, 

hallucinations, passivity, disordered thought, disorganized behavior and cognitive deficits. Its 

pathophysiology is highly complex (Northoff, 2015; van Os & Kapur, 2009). Schizophrenia is 

associated with autonomic dysfunctions, prefrontal hypoactivity and a lack of inhibitory 

neural processes as reflected, for instance, in poor habituation to novel neutral stimuli, a pre-

attentive bias for threat information, deficits in working memory and executive function as 

well as poor affective information processing and regulation (Bär et al., 2005; Waford & 

Lewine, 2010). For instance, Mathewson, Jetha, Goldberg, and Schmidt (2012) found patients 

to exhibit faster resting heart rates than healthy controls. Moreover, patients performed worse 

on a task thought to index aspects of higher order thinking, including abstract concept 

formation, set-shifting and inhibitory control (Wisconsin Card Sorting Test). Within the 

patient group, relatively better task performance was associated with slower resting heart rate, 
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suggesting that inefficient executive and autonomic functioning in schizophrenia may be 

linked. Clamor et al. (2015) showed a relationship between low HRV and the ability to 

successfully regulate emotions in participants with psychosis. The findings support the 

assumption that regulative mechanisms such as emotion regulation are an important link 

between low HRV, an index of impaired prefrontal inhibitory control, and the increased 

subjective stress and cortisol level in psychosis. Proper functioning of inhibitory processes is 

essential to the preservation of the integrity of the system and therefore is vital to health. 

 

1.8 RESEARCH MOTIVATION 

In order to improve our understanding of human behavior and associated dysfunctions, we 

need to acquire a better understanding of the interplay between the peripheral ANS and CNS 

in cognitive control and response inhibition focusing on the definite involvement of the LC-

noradrenergic neurotransmitter system. 

Despite of the long-lasting interest and multitude of research efforts to fully understand the 

concept of cognitive control in all its complexity, its exact characteristics are still a matter of 

debate. In the first study, the main focus was to identify the involvement of the LC in 

cognitive control during the Stroop task in healthy subjects. Further, dysfunctions within the 

noradrenergic neurotransmitter system are considered to play a central role in psychiatric 

diseases, such as schizophrenia. Thus, the second study sought to investigate the putatively 

aberrant activation patterns of the noradrenergic LC in patients with schizophrenia during the 

Stroop task. In our third study, we assessed physiological indices of cognitive effort to 

investigate the link to activation patterns of the LC in the Stroop task. To expand our 

understanding of neural correlates of cognitive control, we aimed to investigate indices of 

successful/unsuccessful response inhibition, paying particular attention to the interplay 

between the brainstem as well as peripheral markers in the fourth study. 
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1.9 PRIMARY GOAL OF THE PRESENT THESIS 

The neuro-visceral integration model was previously extended to focus on cognitive 

processes. However, the model mainly focused on HRV which is principally a marker of 

parasympathetic activity without looking at the crucial involvement of central brainstem 

structures. 

The assumption of the present thesis is that the sympathetic branch of the peripheral ANS is 

activated by the LC-noradrenergic system. Sympathetic activity is suggested to be closely 

related to dACC activity and is used as an indirect measure of cognitive effort. The present 

thesis aims at broadening the view of the brain – body interaction by focusing on the 

involvement of the LC in cognitive control in relation to neuronal networks and the 

sympathetic branch of the ANS (Figure 1). 

 

Figure 1. Assumption of the present thesis: The locus coeruleus as central relay nucleus regarding the 

interplay between cortical and subcortical structures and the sympathetic branch of the peripheral autonomic 
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nervous system in different domains of cognitive control. Cognitive tasks are proposed to address cortical and 

subcortical structures, the LC-noradrenergic system as well as on the sympathetic branch of the ANS. This in 

turn impacts on cognitive performance. I also suppose that the LC-noradrenergic system activates the 

sympathetic branch of the ANS and plays a key role in functional neuronal network organization. Thus, the close 

interrelation between cortical and subcortical structures and the sympathetic nervous system is assumed to be 

mediated by the LC-noradrenergic system. 

 

2. THEMATIC CLASSIFICATION OF THE STUDIES 

2.1 STUDY 1 

Several lines of evidence suggest that the lateral PFC, the dorsal ACC, the parietal cortex, and 

the thalamus are central cortical nodes in a network underlying cognitive control. However, 

the role of the LC in cognitive control is still elusive and has rarely been addressed by 

functional magnetic resonance imaging (fMRI). Therefore, we aimed at identifying functional 

activation patterns and functional connectivity characteristics of the LC during the Stroop task 

(Stroop, 1935). Based on the theory of Corbetta, Patel, and Shulman (2008), we expected 

changes in the functional connectivity of the LC with the dorsal fronto-cingulo-parietal 

network during an increased demand of cognitive control. We hypothesized differential 

activation patterns in the LC with respect to the degree of cognitive control in healthy 

subjects. 

Forty-five healthy subjects (age M = 27.5 years, SD = 7.8 years; range 18-56 years; 26 

females) were investigated using fMRI and the Stroop task. In detail, the manual version of 

the Stroop task was presented in an event-related design that consisted of two conditions: a 

congruent and an incongruent condition. In the congruent condition, color words were 

presented in the color denoted by the corresponding word (e.g. the word “red” shown in red); 

in the incongruent condition, color words were displayed in one of three colors not denoted by 

the word (e.g. the word “green” shown in red). Two possible answers (color words in black 

type) were presented below it. The subjects had to indicate the type color by pressing one of 

two buttons, which corresponded spatially to both possible answers. Correct answers were 
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counterbalanced on the right and left sides of the display. 18 congruent stimuli and 18 

incongruent combinations of four color words “red”, “green”, yellow” and “blue” written in 

the German language and corresponding colors were presented in a pseudorandom sequence. 

No colors were repeated consecutively to avoid positive priming effects. 

We observed significant BOLD activation in the LC during the Stroop interference condition 

(incongruent > congruent condition). Furthermore, the LC BOLD activation significantly 

correlated with the Stroop interference time. Interestingly, a significant linear decrease in 

BOLD activation during the experiment in the incongruent condition was mainly found in the 

fronto-cingulo-striatal network, but not in the LC. For the LC, a distinct functional 

connectivity pattern was observed to the dorsolateral and ventrolateral PFC. Moreover, the 

LC revealed significant functional connectivity to the dACC, parietal and occipital regions. 

Thus, we showed for the first time that functional activation patterns in the LC are modulated 

by different demands of cognitive control. The pivotal role of the noradrenergic 

neurotransmitter system in cognitive control was demonstrated. 

 

2.2 STUDY 2 

In this study, we wanted to improve our understanding of specific mechanisms of the 

noradrenergic neurotransmitter system in a pathological condition. Research findings suggest 

that cognitive control functions as well as the underlying brain network are impaired in 

schizophrenia. Dysfunctions within the noradrenergic neurotransmitter system are considered 

to play a central role in the pathophysiology of schizophrenia. 

We sought to investigate activation patterns of the LC in patients with schizophrenia during 

the Stroop task in the same task version as applied in the first study. 

A total of 29 patients (age M = 33.1 years, SD = 8.02 years; range: 20-51 years; 10 females) 

meeting the DSM-IV criteria for schizophrenia were recruited from the inpatient service of 

the Department of Psychiatry and Psychotherapy of the University Hospital Jena. They were 
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matched for age and gender with 28 healthy subjects (age M = 33.14 years, SD = 8.46 years; 

range: 22-56 years; 10 females), who were recruited from the local community. Subjects with 

past or current neurological or psychiatric diseases according to M.I.N.I (Sheehan et al., 1998) 

and/or first-degree relatives with Axis I psychiatric disorders were excluded from the study. 

Finally, 28 medicated patients and 27 healthy controls were investigated. An important 

finding was comparable LC BOLD activations in patients and healthy controls. However, in 

controls, LC BOLD activation was significantly correlated with the Stroop interference time, 

but not in patients. 

A methodological limitation of our first two studies was the image acquisition technique. 

Considering the spatial extent of brainstem nuclei, functional MR imaging requires highly 

precise approaches (Beissner & Baudrexel, 2014; Beissner, Schumann, Brunn, Eisentrager, & 

Bar, 2014). To gain more confidence in the definite location of small nuclei, we prospected 

for more sophisticated structural and functional imaging techniques. Moreover, due to the 

presence of nearby major arteries and cerebrospinal fluid filled spaces located adjacent to the 

brainstem, the signal-to-noise ratio was demonstrated to benefit dramatically from 

physiological noise correction (Brooks, Faull, Pattinson, & Jenkinson, 2013). 

 

2.3 STUDY 3 

In this study, we wanted to validate the activation pattern revealed by our previous analyses 

using high-resolution fMRI, advanced brainstem co-registration techniques and physiological 

noise correction in order to precisely identify brainstem regions involved in cognitive control 

during the Stroop task. Importantly, pupil size and skin conductance were acquired as 

physiological indices of cognitive demand. We hypothesized that the LC is involved in the 

generation of physiological responses to the task. 
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Fourteen healthy subjects (age M = 27 years, SD = 7 years, 9 females) participated in this 

study. Three subjects were excluded due to inadequate quality of the eyetracker signal. Thus, 

eleven subjects were analyzed (age M = 28 years, SD = 7 years, 4 females). 

Interestingly, we found that pupil size but not skin conductance might be an indicator of 

cognitive control. The pupillary Stroop effect correlated to the Stroop interference effect of 

reaction times. Pupillary reactions to congruent and incongruent stimuli habituated over time. 

Our main finding shows activation of the noradrenergic LC being positively correlated with 

the strength of pupillary responses. Skin conductance responses (SCR) were not different 

between both task conditions and were neither related to reaction time nor to trial number.  

The anatomical position of the LC cluster being activated proportionally to pupillary 

responses (x=-2, y=-36, z=-18) corresponds to the LC coordinates that we extracted in our 

first study (x=-2, y=-30, z=-26). Murphy, O'Connell, O'Sullivan, Robertson, and Balsters 

(2014) reported a widely extended cluster related to pupillary responses in an oddball task that 

included LC coordinates we reported in our study. The authors also mentioned the problem of 

extensive spatial smoothing when analyzing small nuclei close to tissue boundaries. Besides 

their main analysis, which applied a smoothing kernel of 6mm, they also reported results 

without smoothing. The more specific demarcation of the LC closely matches our localization 

of the upper LC (x=0, y=-32, z=-20, Murphy et al., 2014). This also supports our notion that 

precise spatial resolution is crucial when investigating brainstem and midbrain structures. In 

our current analysis, the spatial resolution of 1.4 mm is far more sensitive compared to 

previous investigations (Köhler, Bär, & Wagner, 2016; Murphy et al., 2014). Additionally, we 

prepared the acquired functional data by physiological noise correction involving cardiac and 

respiratory signals. By including the pupillary responses in our functional data analysis, we 

validated the location and functional role of the LC. 
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2.4 STUDY 4 

To further expand our understanding of human behavior and its abnormalities, we aimed to 

investigate indices of successful/unsuccessful response inhibition paying particular attention 

to the interplay between the LC and peripheral markers. 

A total of 35 healthy controls were recruited from the local community. Two subjects were 

excluded from the final analysis because they reported forgotten task instructions. Thus, the 

final sample comprised 33 subjects (age M = 26.8 years, SD = 5.2 years; range: 20 to 40 

years; 17 females). We applied a Go/No-Go paradigm which is a commonly used task to 

measure the ability to inhibit a pre-potent response. The No-Go-signal, which triggers the 

inhibitory processes, is presented unexpectedly following a Go-signal, measuring the 

inhibition of a planned response (action restraint; Eagle et al., 2008).  

In respect of the requirements regarding fMRI analyses, I have developed a modified version 

of the Go/No-Go task with longer inter-stimulus-intervals (ISI) to allow the hemodynamic 

response to return to baseline. At the beginning of the task, people saw the word ‘READY’ in 

white capital letters in the middle of a black screen. Then, ‘READY’ was replaced by a clay 

jug, in which water was dropping very fast representing our baseline measure and was 

supposed to create a pre-potent response tendency. After varying time intervals, a stimulus 

appeared which was either a Go or a No-Go trial. The Go stimuli are two kinds of transverse 

cracks either starting from the left-handed side or from the right-handed side of the jug. The 

No-Go stimuli are two kinds of vertical cracks either starting from the upper end or from the 

bottom end of the jug. Moreover, stimulus presentation onsets were jittered. All subjects were 

asked to indicate which type of crack was presented by pressing a button (with the right index 

finger) as fast as possible when a Go stimulus appeared or by restraining their response when 

a No-Go stimulus appeared. Immediately after stimulus presentation, water kept on dropping 

into the jug. To create a pre-potent response tendency, there were more Go stimuli (in ~74% 
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of cases) than No-Go stimuli (in ~26% of cases). In sum, our Go/No-Go experiment lasted for 

11 minutes and 35 seconds comprising 81 Go and 21 No-Go stimuli. 

High-resolution fMRI data were preprocessed by specialized brainstem normalization and 

corrected for respiratory signal and cardiac noise. Skin conductance was acquired 

simultaneously to link BOLD activation to autonomic responses. 

Our main results characterize specific neural activation patterns during successful and 

unsuccessful response inhibition especially comprising the anterior cingulate as well as the 

medial and lateral PFC. Most remarkably, specific neural activation patterns (i.e., dACC) as 

well as accompanying autonomic indices (i.e., skin conductance response) were identified to 

hold predictive information on an individual’s performance. Thus, autonomic indices and 

specific neural activation patterns may contain valuable information to predict task 

performance. However, no BOLD activations were found in the LC during 

successful/unsuccessful response inhibition. 

 

     3. DISCUSSION 

3.1 MAIN RESULTS 

The Stroop interference contrast exhibited clear BOLD activations in the cognitive control 

network and the LC in healthy subjects as well as in patients suffering from schizophrenia. In 

healthy controls, the LC showed functional connectivities to this network and was correlated 

to performance, i.e., response time. In patients, no such correlation with performance was 

found. LC BOLD activation did not decline over time as was the case in structures of the 

cognitive control network. Pupillary but no skin conductance responses (SCR) were sensitive 

to the level of cognitive demand. Moreover, the LC was correlated with responses of the 

pupil, but not with SCR. In the Go/No-Go paradigm the cognitive control network was also 
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activated during successful response inhibition. However, no LC BOLD activations were 

found. 

3.2 LC AS A LINK BETWEEN THE COGNITIVE CONTROL NETWORK AND SYMPATHETIC 

NERVOUS SYSTEM 

3.1.1 STUDY ONE 

We detected functional connectivity patterns of the LC during the Stroop interference effect 

which is in accordance with known neuroanatomical projections of noradrenergic neurons. 

The frontal lobe and the cingulate cortex have been shown to contain the highest density of 

noradrenaline fibers of all neocortical areas (Fuxe, Hamberger, & Hokfelt, 1968). 

Accordingly, further analyses revealed that the DLPFC, VLPFC, dACC, the dorsal parietal 

lobe as well as visual and motor brain areas are functionally connected with the LC, 

indicating an important role of the LC in cognitive conflict resolution. Further support for this 

notion is provided by the significant correlation between LC BOLD activation and the Stroop 

interference time. 

Tonic and phasic activity modes of LC neurons have been described previously (Aston-Jones 

& Bloom, 1981; Aston-Jones & Cohen, 2005). The LC-noradrenaline tonic signal regulates 

transitions between specific behavioral states, such as sleep or focused attention. The pattern 

of tonic activity follows the classical Yerkes-Dodson relationship between arousal and 

performance (Aston-Jones and Cohen, 2005). Phasic LC activity might provide a temporal 

attentional filter, which selectively facilitates behavioral responses to task-relevant features 

and optimizes task-appropriate behavior (Aston-Jones and Cohen, 2005). Prefrontal and 

anterior cingulate inputs were assumed to enable the transition between different tonic levels 

as well as to trigger the LC phasic response (Clayton, Rajkowski, Cohen, & Aston-Jones, 

2004; Corbetta et al., 2008). Both excitatory as well as inhibitory influences from the PFC on 

LC have been described (Sara & Herve-Minvielle, 1995). With respect to this interaction, 

Sara and Bouret (2012) stated that the firing of frontal neurons due to an increased cognitive 
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demand “wake up” the LC, which in turn facilitates cortical processing. Thus, LC functioning 

is supposed to mediate activity and functional integration of the cognitive control network, 

including the frontal cortex, thalamus and posterior cortical regions, and to modulate dynamic 

plasticity of cognitive brain systems (Coull, Buchel, Friston, & Frith, 1999). Summarizing 

previous results and our findings, we assume that phasic LC signals facilitate cognitive 

conflict resolution and optimize behavioral responses to incongruent Stroop items by 

activating a specific task related brain network and further by amplifying task relevant 

features, as reflected by strong functional connectivity to the occipital, pre-/motor and 

superior parietal cortices. Moreover, the anatomical heterogeneity of the LC complex in the 

brainstem might indicate different parts of the LC being specifically contributing to distinct 

subcomponents of cognitive control processes. For instance, cognitive conflict 

monitoring/resolution are mainly based on the fronto-cingulate circuitry, and the inhibition of 

pre-potent motor responses (due to the motor version of the employed Stroop task in this 

study) is mainly based on the SMA/premotor/motor cortices. However, this interpretation 

warrants further studies to elucidate the contribution of specific LC nuclei to different 

cognitive control processes in more detail.  

3.1.2 STUDY TWO 

After having corroborated the role of the LC in cognitive control, we wanted to get a better 

understanding of its involvement in schizophrenia as a disease with strong cognitive 

impairments. Interestingly, a comparable LC activation magnitude was observed between 

patients and controls in both task conditions. This supports the important involvement of the 

LC in cognitive control. However, the positive correlation between the LC BOLD signal and 

the Stroop interference time found in healthy controls but not in patients might indicate 

altered LC functioning during conflict resolution in patients with schizophrenia. An 

abnormally working LC-NA system was supposed in schizophrenia (J. I. Friedman, Adler, & 
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Davis, 1999), which was related to the manifestation of cognitive deficits (Fields et al., 1988; 

van Kammen et al., 1989). However, only sparse empirical evidence exists to support this 

hypothesis (Lohr & Jeste, 1988; Shibata et al., 2008) and, thus, needs further investigations. 

3.1.3 STUDY THREE 

In this study, we extended our view and started to investigate the interplay between the central 

and peripheral autonomic nervous system in cognitive control with the brainstem as a binding 

link. We demonstrated an association of LC activation and pupillary responses during the 

Stroop task. The pupillary response was sensitive to different demands of cognitive control 

(Laeng, Orbo, Holmlund, & Miozzo, 2011; Rondeel, van Steenbergen, Holland, & van 

Knippenberg, 2015; Siegle, Steinhauer, & Thase, 2004). Most remarkably, the increase of 

reaction times in the cognitive more difficult incongruent Stroop task condition was correlated 

with the increase of pupil diameter responses (PDR). Surprisingly, skin conductance 

responses (SCR) were not different between both task conditions and were neither related to 

reaction times nor to trial number. Thus, SCR appears to be an unsuitable parameter to 

indicate the level of cognitive load. Stimuli might elicit multiple overlapping SCRs as well as 

an increase of the tonic level leading to a high inter- and intra-individual variability (Lim et 

al., 1997). Most probably, a large sample size is needed to uncover the potential relation of 

SCR and brainstem BOLD activations during cognitive control. However, PDR was strongly 

correlated with the activity of the LC in the incongruent Stroop condition. Thus, it seems 

conceivable that pupillary responses might reflect the phasic noradrenergic activation induced 

by cognitive control. Positive correlations between the BOLD response in the DLPFC and 

PDR provide further evidence for the selective engagement of the DLPFC in conflict 

resolution and generation of physiological responses (Corbetta et al., 2008). 
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In sum, the LC seems to be essentially involved in linking the CNS and peripheral ANS in 

cognitive control. However, skin conductance might not be a sensitive marker of this 

interaction and its significance needs further investigations. 

3.1.4 STUDY FOUR 

To generalize our findings, we broadened the concept of cognitive control and investigated 

the interplay between the central and autonomic nervous system in response inhibition using a 

Go/No-Go task. During response inhibition, no BOLD activations were found in the LC 

during successful response inhibition. This difference compared to study one might be due to 

the type of inhibitory control addressed. In the first study, we focused on a more cognitive 

domain of inhibitory control using the Stroop task. Therefore, two different domains of 

inhibitory control were investigated indicating that the LC is not as decisive in action restraint 

as in interference control (Nandam et al., 2013). However, specific neural activation patterns 

(i.e., dACC) as well as accompanying autonomic indices (i.e., SCR) were identified to hold 

predictive information on an individual’s performance.  

3.3 GENERAL DISCUSSION 

The present thesis aimed at investigating the association of cortical and subcortical BOLD 

activations and sympathetic autonomic responses via the LC-noradrenergic system during a 

cognitive task. Two different paradigms were used to analyze this issue. The Stroop task is an 

established paradigm to measure cognitive, i.e., inhibitory control. The LC as well as cortical 

and subcortical structures of the cognitive control network were more activated with higher 

cognitive demand in the interference condition (incongruent > congruent). I hypothesized 

functional connectivities of the LC and higher order cortical/subcortical areas. The obtained 

results indicate that the lateral PFC, the dACC, dorsal parietal, visual and motor regions are 

connected with the LC (see Figure 2). This correlation pattern supports studies of functional 
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network organization reporting that the LC is part of the cognitive control network (Bär, 

2016). 

 

Figure 2. Findings of the present thesis: The locus coeruleus as central relay nucleus regarding the interplay 

between the cognitive control network and the sympathetic branch of the peripheral autonomic nervous system, 

i.e., pupillary responses, in interference control.  

 

The present work revealed indications that the interaction of the LC and the cortex is more 

complex than a linear co-activation. Activations of key cortical structures such as the DLPFC, 

cingulate and motor areas declined over time due to learning effects. In contrast, no 

significant change of LC BOLD activation was detected over time. Different studies suggest a 

bidirectional connectivity of the LC to key regions of the cognitive control network. For 

instance, the PFC exerts both inhibitory and excitatory influence on the LC. In turn, the LC 

modulates the activity of cortical structures involved in cognitive control. Corbetta et al 

(2008) postulated that the LC acts as major switch between two subnetworks during cognitive 
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processing. The ventral fronto-parietal network detects salient stimuli whereas the dorsal 

fronto-parietal network directs attention and generates proper behavioral responses (Corbetta 

et al., 2008). The present results support a connection of the LC to both networks via the 

DLPFC, the VLPFC and parietal areas. Given that task events were randomized, the salience 

of congruent stimuli might have remained constant. Therefore, the activation of the VLPFC 

and LC showed no habituation. In contrast, attentional resources needed to respond 

adequately to the incongruent condition seem to have decreased due to a learning effect 

expressed as decline of BOLD activation of the DLPFC, parietal and motor areas. Moreover, 

the interference effect on response times correlated with LC activation in the interference 

contrast. Higher cognitive effort is associated with stronger LC activation. In sum, the LC-

noradrenergic system plays a profound role in cognitive processing and exerts connections to 

important subnetworks of the cognitive control network. 

 

Schizophrenia is a severe psychiatric disorder which is characterized by a multitude of 

symptoms affecting emotional and cognitive processing. Hypo- and hypervigilant states of the 

LC-noradrenergic system have been associated with impaired cognitive functioning in 

schizophrenia (Yamamoto & Hornykiewicz, 2004). Patients analyzed in this line of research 

showed higher reaction times in both task conditions. The interference effect on LC activation 

as well as response times was comparable in patients and controls. However, the linear 

correlation of both variables was present in controls only indicating that there is no 

association of performance and LC activation in the interference contrast in patients. 

Nevertheless, this contrast might not be sensitive enough to reveal cognitive impairment in 

patients as was suggested by prolonged response delays. 

 

The model I aimed to investigate autonomic responses of the sympathetic branch likely to be 

related to LC activation during cognitive processing. Pupil diameter and skin conductance 
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showed significant reactions to the events of the Stroop task. Pupillary responses in the 

incongruent condition were higher than in the congruent condition. The interference effect of 

reaction times and the interference effect on pupillary responses were significantly correlated. 

The results corroborate that pupil dilation is indicative of cognitive effort. The LC was 

correlated to pupillary responses and was activated in the Stroop interference contrast. A 

strong co-variation of LC BOLD activation during task performance and pupil diameter was 

shown in electrophysiological and fMRI studies (see review by Eckstein al 2017, Joshi et al 

2016, Rajkowski et al 1994). The LC exerts noradrenergic excitatory influence over 

preganglionic sympathetic neurons innervating the pupil, sweat glands etc. Noradrenergic 

inhibitory impact from the LC on the parasympathetic Edinger-Westphal nucleus also 

modulates pupil size (Samuels & Szabadi 2008). It can be assumed that pupil dilation to task 

events was elicited by the inhibition of the parasympathetic and excitation of the sympathetic 

outflow to the pupillary muscles. 

 

In the Go/No-Go paradigm, a facet of inhibitory control was addressed that is more focused 

on the motor component of cognitive control. Even in a relatively large sample, no 

contribution of the LC-noradrenergic system was detected during performance of this task. 

Therefore, I assume that the LC is less important when performing a more motor than 

cognitive domain of cognitive control. 

4 SUMMARY AND CONCLUSION 

The paramount importance of the LC in cognitive control was emphasized by an increase of 

its activation proportional to the increase of cognitive load. In patients with schizophrenia, 

this relation was absent indicating a deficient role of the LC-noradrenergic system. Broad 

functional connections of the LC to cortical and subcortical regions predominantly involved 

in executive function were also found. Furthermore, LC BOLD activation was associated with 
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pupillary dilation which supports the interpretation of the LC playing a pivotal role in 

controlling sympathetic autonomic function. For instance, the activation of the LC-

noradrenergic system produces an increase in sympathetic activity by an inhibitory influence 

on preganglionic parasympathetic nuclei. The relation between the LC BOLD signal and 

pupillary response, which in turn indicates the amount of cognitive effort, strengthens the 

interpretation that LC activation depends on the level of cognitive load and determines the 

strength of autonomic responses. In the Go/No-Go task, which taps a more motor domain of 

cognitive control (i.e., response inhibition/impulse control), no LC BOLD activation was 

found. I conclude that the LC is crucially involved in tasks requiring a more cognitive domain 

of cognitive control. 

With these findings, I was able to broaden the view of the brain – body interaction in 

cognitive control with the LC as central relay nucleus. LC was identified as a link between the 

cognitive control network and sympathetic nervous system. Thus, the present thesis 

contributes to an extension of the current state-of-the-art in neuropsychology. 
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     4. STUDIES 

STUDY 1 

Title: Differential involvement of brainstem noradrenergic and midbrain dopaminergic 

nuclei in cognitive control. 

Authors: Stefanie Köhler, Karl-Jürgen Bär, Gerd Wagner 

Progress of the study: published in Human Brain Mapping 

 

STUDY 2 

Title: Activation of brainstem and midbrain nuclei during cognitive control in medicated 

patients with schizophrenia. 

Authors: Stefanie Köhler, Gerd Wagner, Karl-Jürgen Bär 

Progress of the study: published in Human Brain Mapping  

 

STUDY 3 

Title: The use of physiological signals in brainstem/midbrain fMRI. 

Authors: Andy Schumann, Stefanie Köhler, Feliberto de la Cruz, Daniel Güllmar, Jürgen R. 

Reichenbach, Gerd Wagner, Karl-Jürgen Bär 

Progress of the study: published in Frontiers in Neuroscience 

 

STUDY 4 

Title: Towards response success prediction: An integrative approach using high-

resolution fMRI and autonomic indices. 

Authors: Stefanie Köhler, Andy Schumann, Feliberto de la Cruz, Gerd Wagner, Karl-Jürgen 

Bär 

Progress of the study: published in Neuropsychologia 
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