
 

 

	

 

Cortico-Cardiac Processing of Motivational-Affective Cues – 

Mechanisms and Individual Differences 

 

 

 

Dissertationsschrift zur Erlangung des Doktorgrades 

der Naturwissenschaften (Dr. rer. nat.) 

 

 

dem Fachbereich Psychologie 

der Philipps-Universität Marburg 

vorgelegt von 

 

 

Christian Panitz 

aus Frankfurt am Main 

 

 

Marburg, 2017 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vom Fachbereich Psychologie der Philipps-Universität Marburg (Hochschulkennziffer 1180) als 

Dissertation angenommen am 08.12.2017 

 

Erstgutachter: Prof. Dr. Erik M. Müller, Philipps-Universität Marburg 

Zweitgutachter: Prof. Dr. Rudolf Stark, Justus-Liebig-Universität Gießen 

 

Tag der mündlichen Prüfung: 08.12.2017 



 

  



 

 

I 

Acknowledgements 

 

First and foremost, I would like to thank Erik Müller who has been a great supervisor for me 

during the last couple of years. You gave me the opportunity to work in challenging, large-scale projects 

and always supported me with all kinds of resources and ideas. You encouraged me to find my way in 

the world of research, on conferences and in labs abroad. Thank you so much for all your efforts and 

support. I also want to thank Christiane Hermann for being a great working group leader during my time 

in Gießen. 

 I want to express my gratitude to Prof. Dr. Rudolf Stark who agreed to evaluate the present 

thesis together with Erik. Thank you very much for taking the time to do so and for supporting my 

graduation. I would also like to thank Prof. Dr. Dominik Endres and Prof. Dr. Mario Gollwitzer for 

taking the time to be on my thesis committee. 

 The present thesis would not have been possible without the contributions of all my co-authors 

besides Erik: Jan Wacker, Gerhard Stemmler, Christiane Hermann, Jürgen Hennig, Tim Klucken, 

Matthias Sperl, and Max Lückel. Thank you all for your support. I am also extremely grateful for the 

countless students who did a tremendous job in collecting data for the studies in this thesis. 

 I also want to thank all of my colleagues in Gießen and Marburg who I had the pleasure to work 

with and who accompanied me on my way to the PhD: Judith Kappesser (with whom I had the greatest 

time sharing an office), Kristina Krause, Silke Leifheit, Angy Emmelmann, Christine Koddebusch, Elisa 

Kamper, Ronja Majeed, Cordula Bork, Andrea Hermann, Aisha Munk, Matthias Sperl, Hannah 

Comteße, Jutta Margraf-Stiksrud, Chris Stolz, Pauline Petereit, Sarah Unterschemman, Katja Lenz, 

Mira Chavanon. Thank you so much for your support and all the great moments we had together. I 

would also like to express my gratitude to my internship supervisors abroad, Diego Pizzagalli and Pia 

Pechtel at the McLean Hospital in Boston as well as Andreas Keil at the University of Florida. My stays 

with you were extremely important experiences for me and I learned a tremendous amount from you. 



 

 

II 

 I thank all of you, Mira Chavanon, Hannah Comteße, Leander Dieterich, Nina Thigpen and 

Chris Sege for valuable discussions about my thesis. Despite all your full schedules you managed to 

provide me with so many helpful comments on my work. 

 Thank you so much, Nadine, for all the times you encouraged me and took care of me. I feel 

very lucky and thankful having you by my side. Last, I want to thank my parents Ulrike and Hans-

Georg, my sister Katrin and my brother Martin and my entire family for always having an open ear and 

for supporting me. 

 

  



 

 

III 

Content 

 

Summary 1 

Introduction 3 

Methodological Considerations: Cardio-Electroencephalographic Covariance Tracing 12 

Summaries of Studies 14 

Study I 14 

Study II 19 

Study III 25 

Study IV 32 

Discussion 40 

References 47 

Empirical Studies 67 

Study I 68 

Study II 76 

Study III 124 

Study IV 135 

Appendix A-1 

Appendix A - Summary in German A-2 

Appendix B - Feedback-CECTs for different monetary amounts (poster data) A-5 

Appendix C - Relative contributions to the publications A-6 

Appendix D - Curriculum Vitae A-7 

Appendix E - Statement / Erklärung A-12 

 

  



 

 

IV 

List of Abbreviations 

 

ACC – Anterior cingulate cortex 

BIS – Behavioral inhibition system 

CECT – Cardio-electroencephalographic covariance tracing/trace 

COMT – Catechol-o-methyltransferase (gene) 

COMT Val158Met – The Val/Met polymorphism on codon 158 of the COMT gene 

CR – Conditioned response 

CS – Conditioned stimulus 

ECG – Electrocardiography/-gram 

EEG – Electroencephalography/-gram 

ERP – Event-related potential 

fMRI – functional magnetic resonance imaging 

FRN – Feedback-related negativity 

HP – Heart period 

IC – Independent component 

ICA – Independent component analysis 

LORETA – Low resolution electromagnetic tomography 

LPP – Late positive potential 

US – Unconditioned stimulus



Summary 

 

1 

Summary 

 

Several neurobiological models of emotion and personality assume basic neuropsychological 

systems in humans that are sensitive to affective, motivationally significant stimuli. Importantly, 

individuals are able to learn cue-stimulus associations that predict these motivational-affective stimuli. 

The response to associated cues may not only include changes in subjective affective states (such as a 

feeling of joy or fear), but also physiological parameters like cardiac activity. Appropriate 

psychophysiological responding – such as defensive behavior in response to a threat cue or approach 

behavior in response to a reward cue – is evolutionary adaptive as it promotes survival of the individual 

and passing on of genes. It is argued that understanding mechanisms of motivational-affective cue 

processing is important to understand more complex phenomena of affective states and motivation, 

including affective personality traits and related psychopathologies. 

 In the present thesis, we measured electroencephalography (EEG) indicators of central neural 

cue processing and cardiac indicators of subsequent behavioral adaptation. In addition, we computed 

intraindividual covariations of EEG and cardiac measures with the cardio-electroencephalographic 

covariance tracing method, to examine functional cortico-cardiac coupling. With this approach, we 

aimed to elucidate mechanisms of motivational-affective cue processing, including physiological-

anatomical bases, temporal dynamics and long-term adaptation. 

 In a gambling task in Study I, monetary win and loss feedback evoked intraindividual coupling 

of cortical and cardiac activity (indicated by the so-called N300H component), replicating previous 

results. Coupling was absent on trials where no money was at stake and feedback was not motivationally 

significant. In addition, analyses of brain structure involvement suggested the anterior cingulate cortex 

as a generator of coupling-related EEG and the insula as a moderator of cortico-cardiac coupling. 

 In Study II, using the same gambling task as in Study I along with pharmacological 

manipulations, we showed that the neurotransmitters dopamine (which plays an important role in central 

feedback processing) and noradrenaline (which plays an important role in sympathetic cortico-cardiac 

transmission) are not associated with modulations of cortico-cardiac coupling in response to monetary 
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win or loss feedback. Moreover, Study II replicated previous findings that the N300H is related to with 

trait anxiety. Finally, after a series of previous N300H replications, we conducted reliability and control 

analyses, which demonstrated statistically that the N300H is a robust marker of cortico-cardiac coupling. 

 In Study III, participants underwent a two-day differential fear conditioning and extinction 

paradigm that allowed assessment of short-term conditioning and extinction on Day 1 of the paradigm, 

as well as recall indices of both non-extinguished and extinguished fear on Day 2. First, we showed that 

cortico-cardiac coupling is evoked in response to threat stimuli, generalizing findings from the previous 

gambling paradigm. Second, we found that cortico-cardiac coupling was evoked by cues that have 

acquired motivational significance via conditioning, whereas cortico-coupling had been evoked by 

instructed feedback cues in the previous two studies. Notably, coupling disappeared after fear extinction 

but was still present in non-extinguished fear stimuli one day after initial learning, indicating long-term 

stability of conditioned cortico-cardiac coupling. Regarding univariate measures, we showed for the 

first time that the late positive potential – a component in the EEG that is sensitive to motivational 

stimulus significance – is modulated not only in inherently threatening stimuli but also in conditioned 

threat stimuli. In addition, we showed long-term stability of cardiac slowing to conditioned threat stimuli 

(‘fear bradycardia’), which was still present during Day 2 testing. 

 In Study IV, using the same paradigm as in Study III, we investigated the role of genes and 

personality in short-term and long-term fear conditioning and extinction. We found that the 

dopaminergic Val158Met polymorphism on the catechol-o-methyltransferase gene predicted long-term 

conditioned and extinguished fear responses in both the late positive potential and fear bradycardia. 

Moreover, we found that trait fearfulness is a superior predictor of the magnitude of fear bradycardia 

during conditioning than are widely used measures of neuroticism/anxiety. Meanwhile, we suggested 

high levels of neuroticism/anxiety as a predictor of unstable, maladaptive long-term retention of 

extinguished fear bradycardia. 

 Taken together, the present thesis was able to elucidate mechanisms of motivational-affective 

cue processing, cardiac adaptation and both short-term and long-term learning. Findings were discussed 

in terms of their generalizability and implications for psychophysiological models of affect, motivation, 

personality, and psychopathology. 
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Introduction 

 

We are constantly monitoring our environment, encountering all kinds of cues. We may be given 

a thumbs-up from another person and experience a feeling of joy or excitement if this person is important 

to us. The thumb itself may not directly influence our well-being, but we understand that it is a sign of 

approval. Similarly, when walking in a dark alley and suddenly encountering a sign with a large 

exclamation point, our heart may skip a beat and then start beating faster. We may feel anxious and 

watch our step. Again, while we do not expect the sign itself to do us any harm, we likely understand 

that the sign communicates that something dangerous may be nearby. How, then, do such simple cues 

develop the ability to elicit affective and physiological changes in individuals? 

 

A motivational-affective perspective on stimulus processing 

Several neurobiological models of emotion and personality assume distinct neuropsychological 

motivational-affective systems that process stimuli significant to our survival. For example, Lang and 

colleagues (Lang, 1995; Lang & Bradley, 2010; Lang, Bradley, & Cuthbert, 1998) suggest that 

mammalian species in particular possess two basic neuropsychological motive systems, namely an 

appetitive and a defensive system. These systems are sensitive either to stimuli that promote survival of 

the organism itself and passing on of genes (appetitive/pleasant/positive; e.g. food, sexual partners, 

social inclusion) or to stimuli that threaten survival and might prevent the passing on of genes 

(aversive/unpleasant/negative; e.g., physical harm, poisonous food, social exclusion). Lang (1995) 

postulated that these systems are evolutionary advantageous in that they promote adaptive behavior via 

two main mechanisms. The first is the engagement of sensory and attentional systems as in orienting 

towards and tracking of potential rewards and threats (Bradley, 2009). The second is the preparation of 

motor behavior such as approach and consummation behavior (in response to appetitive stimuli) or fight 

and flight in aversive stimuli (Löw, Lang, Smith, & Bradley, 2008; Löw, Weymar, & Hamm, 2015). 

Typically, individuals can describe their responses to affective stimuli on dimensions of valence – 

positive vs. negative – and arousal, with high arousal levels indicating more intense stimulus processing 

and affective responses (Lang & Bradley, 2010; Russell, Lewicka, & Niit, 1989). 
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Consistent with Lang’s motivational model, a series of other models also describe 

neuropsychological systems sensitive to appetitive and aversive stimuli. Taking a similarly 

parsimonious line, the model of evaluative space from Cacioppo, Gardner, and Berntson (1999) assumes 

distinct positivity and negativity ‘entities’ that underlie approach and withdrawal (although their entities 

should be understood as a descriptive framework rather than actual neural systems). Similarly, the 

reinforcement sensitivity theory postulates a behavioral approach system that mediates approach 

behavior to appetitive stimuli and a fight-flight-freezing system that mediates escape from close threats 

(Corr, 2004). While Lang does include reflex inhibition as a consequence of affective activation (Lang 

& Bradley, 2010), the reinforcement sensitivity theory is somewhat more explicit on behavioral 

inhibition as adaptive behavior. For example, the freezing component of the fear-related fight-flight-

freezing system promotes behaviors such as hiding in order to escape near threats. The theory also 

describes a behavioral inhibition system that promotes anxiety-related behavior such as risk assessment 

(i.e., carefully exploring the environment) and passive avoidance (i.e. not entering aversive situations at 

all). 

As can be seen in the previous paragraphs, the idea of evolutionarily adaptive motivational-

affective systems responsible for salient motivational-affective stimulus processing is widely used, 

particularly in linking subjective affective states to neurophysiological functioning. Importantly, all of 

these theories or models assume a functional role of affective states rather than an epiphenomenal role. 

More precisely, motivationally significant cues trigger affective psychophysiological states that (a) are 

desirable (e.g., joy) or undesirable (e.g., fear) and therefore motivate individuals to attain or avoid these 

states and (b) facilitate adaptive behavior that has proved evolutionarily advantageous. 

Based on the summarized models, motivational-affective stimuli can be described as follows. 

First, they trigger an affective response that can be described with regard to their valence, i.e. as a 

pleasant or unpleasant experience. Second, they are motivationally significant – that is, their 

motivational intensity is greater than zero. Individuals may subjectively perceive motivational intensity 

in feelings of importance, urgency or arousal (the motivational intensity always being greater than zero). 

Third, motivational-affective stimuli promote adaptive behavior that ideally meets behavioral demands 

presented by the stimuli. This includes orienting towards such stimuli (i.e., the organism deplores 
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perceptual and attentional resources to the stimuli) and behavioral activation (e.g., approach behavior, 

fighting/fleeing) or behavioral inhibition (e.g. freezing/hiding). 

 

Motivational-affective cue processing 

To promote functional adaptation to the environment, it is important not only that motivational-

affective systems are activated in the face of naturally appetitive or aversive stimuli, but also in response 

to cues which come to reliably indicate or predict naturally affective stimuli in temporal or spatial 

proximity. Indicative or predictive cues can become motivationally significant themselves, acquiring 

affective characteristics (valence and motivational intensity) and the potential to evoke adaptive 

behavior (orienting and behavioral activation/inhibition). Importantly, this adaptive behavior may 

include reactions to cope with the associated, naturally affective stimulus. The form of this adaptive 

response ideally is determined by the behavioral demands that accompany the cued stimulus.  

Knowledge of a cue’s implications or predictive value may be acquired through declarative 

knowledge acquisition (Sevenster, Beckers, & Kindt, 2012). For example, we may read a warning sign 

that says “Beware of the dog!” or we may be instructed about danger. Another way to form assumptions 

about a cue’s implications is based on previous experience and associative learning mechanisms, such 

as classical conditioning (Pavlov, 1927). If a stimulus, which is not necessarily motivationally 

significant at first, is repeatedly accompanied or followed by an inherently salient stimulus 

(unconditioned stimulus in the classical conditioning terminology), it the first stimulus becomes a cue 

(conditioned stimulus in the classical conditioning terminology) as this stimulus is now indicative or 

predictive of the unconditioned stimulus. For example, after a couple of dentist appointments with 

painful drilling procedures, the sound of a drill alone might induce states of fear. Individuals are able to 

change their assumptions about a cue’s implications within a situation, and they might alter their 

response at the very next occasion. Ideally, however, individuals are also able to consolidate such 

learned associations and recall them in future situations, if necessary. Note that short-term learning is 

thought of as necessary but not sufficient for long-term learning (i.e., that is retention of the initially 

learned associations and their recall in future situations). Conceptual and neurophysiological differences 
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have been found between short-term and long-term learning, suggesting that they are distinct 

neuropsychological processes (Bouton & Moody, 2004). 

Understanding the basic mechanisms and dynamics of motivational-affective cue processing is 

highly relevant for understanding more complex phenomena of motivation and affect. For example, 

variations in the sensitivity of appetitive and aversive affective-motivational systems may predispose 

individuals to respond with higher motivational intensity to affective cues, thus giving rise to personality 

traits like positive and negative affectivity, respectively (Watson & Tellegen, 1985; Watson, Wiese, 

Vaidya, & Tellegen, 1999). Individuals may differ in their trait anxiety or fearfulness because of 

differences in previous aversive learning experiences (Barlow, Ellard, Sauer-Zavala, Bullis, & Carl, 

2014). These putative relationships between processing of motivational-affective cues and stable 

dispositions do not only stress the importance of understanding mechanisms in order to explain 

individual differences, but also imply that individual differences can be used to investigate mechanisms. 

Moreover, maladaptive alterations in these mechanisms may be associated with various 

psychopathologies. For example, a core symptom of major depression is anhedonia, i.e. reduced 

sensitivity to appetitive stimuli (L. A. Clark, Watson, & Mineka, 1994; E. M. Mueller, Panitz, Pizzagalli, 

Hermann, & Wacker, 2015). A wide variety of anxiety disorders are characterized by maladaptive 

processing of motivational-affective cues. The intensity of fear and anxiety reactions may be 

exaggerated if non-threatening stimuli, e.g. small, non-venomous spiders in spider phobia 

(Michalowski, Pané-Farré, Löw, & Hamm, 2015) or heart palpitations in panic disorder (D. M. Clark et 

al., 1997; Ehlers & Margraf, 1989), are falsely interpreted as threat cues.  

Among different psychophysiological indicators, modulation of cardiac activity is an essential 

component of motivational-affective responding, and needs to be investigated if a comprehensive 

understanding of motivational-affective processes is to be achieved. The heart receives input from 

multiple central and peripheral sources and is therefore (a) a highly informative indicator for a wide 

variety of psychophysiological processes, including attentional, affective and evaluative processes in 

the brain as well as (b) an important marker of psychosomatic health (Berntson et al., 1997; Berntson, 

Quigley, & Lozano, 2007; Thayer & Lane, 2009). Cardiac measures provide an excellent indicator for 

behavioral adaptation for two main reasons. First, the heart plays an important role in the metabolic 
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support of physiological functions: motor activation (as in approach, fight, or flight behavior) increases 

demands for oxygen and nutrients throughout the body. This behavioral activation usually goes along 

with increased cardiac activity (e.g., acceleration of the heartbeat; Löw et al., 2008; 2015; Obrist, 1976), 

whereas behavioral inhibition, like in freezing or interruption of ongoing behavior, goes along with 

decreased cardiac activity (e.g., deceleration of the heartbeat; Löw et al., 2015; Obrist, 1976; van der 

Veen, van der Molen, & Jennings, 2000). Second, cardiac adaptation has been repeatedly linked to 

attentional and sensory processes. Orienting responses, for example, typically include a component of 

cardiac deceleration (Bradley, 2009). In line with orienting as a mean of adaptive information gathering, 

relative cardiac deceleration has been linked to increased sensory intake, opposed to relative cardiac 

acceleration in sensory rejection (Graham & Clifton, 1966). 

 Based on the reviewed literature, the processing of motivational-affective cues may entail a 

series of stages that are described the following paragraph. Figure 1 gives a simplified overview of the 

stages with cardiac activity as an indicator of behavioral adaptation. Upon detection of a cue, the 

organism shows an orienting response towards that cue – i.e., it deploys perceptual and attentional 

resources to it. At the same moment, evaluation of the stimulus is initialized with regard to qualitative 

characteristics, such as valence and behavioral demands, as well as quantitative characteristics, such as 

motivational intensity. This evaluation is informed by prior knowledge and assumptions about the cue’s 

implications. Orienting towards the cue and evaluation of it take place in a parallel rather than a 

sequential fashion: The evaluation of the cue as motivationally significant promotes further orienting, 

and in turn, orienting provides attentional resources for the evaluative processes. With advancing cue 

evaluation and depending on its predicted implications, the organism initiates adaptive behavior, that 

may include changes in the affective state, motor activation or inhibition and regulation of sensory intake 

(including re-orienting, if necessary). This includes modulations of cardiac activity. During and/or after 

evaluation of the cue, the organism may update its assumptions about a cue’s implications or become 

more confident of its predictions – in other words, learning takes places. This learning can influence the 

response to the very next cue encounter within the same situation (‘short-term learning’). However, in 

order to transfer updated knowledge to future situations, additional long-term consolidation and 

retention is necessary (‘long-term learning’). Across all these stages individual differences may 
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influence the course of the process. For example, differences in the sensitivity of motivational-affective 

systems may modulate the motivational intensity that a cue is assigned, or individuals may differ in their 

learning abilities. For completeness, it should be added that none of the mentioned processes happen in 

a vacuum, independent of the situational context. For example, walking in a dark alley may elicit more 

intense orienting towards sudden sounds; or individuals find themselves in a dangerous situation were 

flight is physically impossible, only leaving fighting or freezing as response options. 

 

 
Figure 1. Model of motivational-affective cue processing stages with regard to cardiac components of behavioral adaptation. 

 
 

The present thesis 

 When deciding about an appropriate measure of brain activity, one has to keep in mind that the 

human brain may be able to react to motivational-affective cues within hundreds of milliseconds (e.g. 

threat cues; Miskovic & Keil, 2012). This is very important, given that quick reactions to a cue may 

increase chances to approach appetitive stimuli or escape from aversive stimuli, which is crucial to 

survival. While the processing speed of the brain is advantageous for adaptive behavior and survival, it 
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also poses a challenge to adequately assessing neural activity underlying cue evaluation. When the 

research questions at hand involve a quick sequence of various processes, assessment tools with high 

temporal resolution are warranted. We therefore chose electroencephalography (EEG) to assess cortical 

cue evaluation processes in the brain, as EEG is able to provide measurement of neural activity at the 

level of milliseconds (Keil et al., 2014). Of particular interest in this thesis was the link between cortical 

cue evaluation and subsequent cardiac responses. Here, we used the cardio-electroencephalographic 

covariance tracing (CECT) method from Mueller and colleagues (E. M. Mueller, Stemmler, & Wacker, 

2010) to assess covariation of EEG and heartbeat measures with high temporal precision, and thus 

quantify cortico-cardiac coupling (for a more detailed explanation, also see the CECT chapter, p. 12). 

 For the four studies included in the present thesis, we chose two paradigms with different types 

of motivational-affective cues. In Studies I and II, we analyzed data from a gambling task where 

motivational-affective cues were operationalized as decision feedback that indicated rewarding 

monetary wins or frustrating monetary losses. In Studies III and IV we conducted a two-day fear 

conditioning and extinction paradigm. Here, participants first learned that previously non-significant 

stimuli would become predictive of an aversive stimulation (i.e., they became threat cues through 

conditioning). Subsequently, some of the threat cues changed their predictive value, indicating safety 

from aversive stimulation (extinction). Importantly, we assessed both short-term conditioning and 

extinction as well as long-term retention in a recall test one day later. The overarching goal of the present 

thesis was to elucidate mechanisms of motivational-affective cue processing in brain and heart, 

including anatomical-physiological bases, temporary dynamics, and long-term adaptation. We assessed 

EEG and heartbeat measures in all studies and analyzed within-subject as well as between-subject 

relationships. In addition, different methods were used across studies to guarantee a multi-dimensional 

approach, including pharmacological manipulations, personality questionnaire measures, and genetic 

assessment.  

 Briefly, Study I (Panitz, Wacker, Stemmler, & Mueller, 2013) investigated brain structures that 

may be associated with intraindividual cortico-cardiac coupling (reflected by the so-called N300H 

component) in the gambling paradigm as previously shown with the CECT method (E. M. Mueller et 

al., 2010). We found the anterior cingulate cortex as a putative generator of coupling-associated EEG 
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and the insula as a predictor of individual differences in said coupling. Moreover, we demonstrated the 

necessity of motivational cue significance for cortico-cardiac coupling as coupling was absent when 

monetary gain or loss was set to zero. 

 Study II (Lueckel, Panitz, & Mueller, submitted) investigated if the catecholamines dopamine 

and noradrenaline might modulate cortico-cardiac coupling. Bayesian analysis revealed substantial 

evidence against involvement of these neurotransmitters. Moreover, we conducted several reliability 

analyses to provide evidence for the robustness of the previously shown N300H coupling component. 

Finally, consistent with previous studies (E. M. Mueller, Stemmler, Hennig, & Wacker, 2013), increased 

cortico-cardiac coupling was linked to higher levels of trait anxiety across participants. 

 In Study III (Panitz, Hermann, & Mueller, 2015), we investigated cortico-cardiac coupling in 

short-term and long-term fear conditioning and extinction. We demonstrated for the first time that 

intraindividual cortico-cardiac coupling as measured with CECT (a) is evoked by threat cues and (b) 

can be acquired via conditioning. Moreover, we showed that differential fear bradycardia in humans, a 

cardiac slowing response to threat cues (Bradley, Moulder, & Lang, 2005), is still present one day after 

initial conditioning. Finally, we showed for the first time that the late positive potential (LPP), an EEG 

component sensitive to motivational intensity (Lang & Bradley, 2010), is modulated by conditioned fear 

stimuli. 

In study IV (Panitz et al., submitted), we investigated the effects of genetics and personality on 

long-term fear conditioning and extinction. First, the dopaminergic gene polymorphism COMT 

Val158Met – previously linked to affective stimulus processing and cognitive functioning (Dickinson 

& Elvevåg, 2009; Mier, Kirsch, & Meyer-Lindenberg, 2010) – was associated with long-term retention 

of fear conditioning and extinction, but not with initial learning. Second, the personality trait fearfulness 

predicted the magnitude of initial fear bradycardia during fear conditioning, (i.e. during short-term 

learning) but had no influence on long-term learning. Meanwhile, higher levels on a trait measure of 

neuroticism/anxiety predicted reduced long-term stability of extinction memory, indicated by fear 

bradycardia. However, neuroticism/anxiety was not associated with differences in short-term learning. 

 Study I (Panitz et al., 2013) was published in Biological Psychology. The revised manuscript of 

Study II (Lueckel, Panitz, & Mueller, submitted) has been submitted to the International Journal of 
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Psychophysiology. Study III (Panitz et al., 2015) was published in Psychophysiology. Study IV (Panitz 

et al., submitted) has been submitted to Neurobiology of Learning and Memory.  



Methodological Considerations: Cardio-Electroencephalographic Covariance Tracing 

 

12 

Methodological Considerations: Cardio-Electroencephalographic 

Covariance Tracing 

 

In three of our four studies, we used cardio-electroencephalographic covariance tracing (CECT; 

E. M. Mueller et al., 2010) to analyze cortico-cardiac coupling. Therefore, this statistical approach is 

briefly reviewed here. CECT can be used to quantify intraindividual covariation of stimulus-evoked 

single-trial EEG and heart period (HP; temporal distance between two heartbeats). Exploiting the high 

temporal resolution of the EEG, CECT is an excellent method for investigating temporal dynamics of 

coupling processes.  

Input of CECTs are continuous EEG and HP data. HP describes the duration between two 

heartbeats in milliseconds and is thereby the inverse of heart rate (multiplied by a factor of 60,000)1.  It 

can be derived from the electrocardiogram (ECG) by computing the distances between two R spikes. 

For CECT, data are segmented relative to the evoking stimulus (e.g., 200 ms pre-stimulus to 1000 ms 

post-stimulus for EEG), baseline-corrected, and subdivided into time bins (e.g., 20 ms bins for EEG, 

500 ms bins for HP). Within participants, amplitude in each EEG bin is correlated with magnitude in 

each HP bin across segments (i.e., trials), yielding a cross-correlation matrix. After Fisher-Z 

transformation (Fisher, 1970), correlation coefficients can be averaged across participants (resulting in 

a Grand Average CECT) and can be used for further statistical testing, as in ANOVAs or interindividual 

correlations with other variables. As CECT matrices may contain a high number of correlations, color-

coding of the coefficients allows for a clearer representation of correlation clusters (also see Figure 2). 

 

                                                        
1 Common synonyms for HP are inter-beat-interval and RR-interval. 
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Figure 2. Computation of cardio-electroencephalographic covariance traces. Baseline-corrected EEG and HP segments are 
divided into time bins. Average amplitude in each EEG bin is correlated intraindividually with average magnitude in each HP 
bin. The resulting correlation matrix is color-coded (see color bar at right for effect sizes).  
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Summaries of Studies 

Study I 

Panitz, C., Wacker, J., Stemmler, G., & Mueller, E. M. (2013). Brain-heart coupling at the P300 latency 

is linked to anterior cingulate cortex and insula – a cardio-electroencephalographic covariance tracing 

study. Biological Psychology, 94, 185–191. doi: 10.1016/j.biopsycho.2013.05.017 

 

Introduction 

 Individuals constantly monitor the outcomes of their own actions, with information about 

rewarding or frustrating consequences potentially derived from external cues. In laboratory studies, 

performance feedback cues evoke cardiac responses that include an acceleratory component that is 

sensitive to feedback characteristics, including feedback valence (positive vs. negative; van der Veen, 

van der Molen, Crone, & Jennings, 2004) or the amount of reward or loss that is associated with the 

feedback (Fowles, Fisher, & Tranel, 1982; Tranel, 1983). Research on event-related potentials (ERP; 

stimulus-evoked responses in the EEG) has identified two important components of feedback 

evaluation. First, the feedback-related negativity (FRN) is a negative deflection at frontomedial 

electrode sites that peaks around 250 ms post-feedback and is larger for negative vs. positive feedback 

(Miltner, Braun, & Coles, 1997). Second, the P300 is a positive deflection, maximal around 300-400 ms 

at medial electrode sites that is sensitive to general stimulus significance (Polich, 2007). The P300 also 

has been found to increase with higher monetary amounts associated with feedback, regardless of win 

or loss (Sato et al., 2005; Yasuda, Sato, Miyawaki, Kumano, & Kuboki, 2004). Surprisingly, multiple 

studies have failed to show robust relationships between feedback-evoked ERP and heartbeat measures 

(Groen, Wijers, Mulder, Minderaa, & Althaus, 2007; Hajcak, McDonald, & Simons, 2003; Mies, Van 

der Veen, Tulen, Hengeveld, & Van der Molen, 2011; Ohira et al., 2010; van der Veen et al., 2004). 

This surprising lack of relationships between psychophysiological responses that appear to be sensitive 

for the same psychological processes is likely the result of using interindividual correlations (R-

correlations; Cattell, 1957). In this approach, the average responses – mean ERP amplitudes and mean 

change of heart rate or heart period – are determined first in every participant before correlating them 
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across the sample. Note, however, that interindividual covariation (a) can be obscured by large 

interindividual baseline variation and (b) does not necessarily reflect situation-to-situation covariation 

(or, in the experimental context, trial-to-trial covariation) and thus might not be indicative of functional 

coupling. 

 Mueller and colleagues (E. M. Mueller et al., 2010) suggested CECT as a method to investigate 

functional cortico-cardiac coupling, based on intraindividual covariation of stimulus-evoked single-trial 

EEG and HP (P-correlations; Cattell, 1957). Using the CECT approach, modulation of feedback-evoked 

HP could be linked to centromedial EEG activity in the P300 time window. Moreover, the strength of 

cortico-cardiac coupling did not differ as a function of feedback valence. This coupling component was 

later termed N300H (e.g., Mueller, Evers, Wacker, & van der Veen, 2012), as EEG activity around 300 

ms negatively predicted HP change 2 to 5 seconds later. Mueller and colleagues (E. M. Mueller et al., 

2010) already speculated in the first CECT study about possible cortical sources of the N300H-driving 

EEG activity and suggested the insula and the anterior cingulate cortex (ACC). Importantly, both 

structures have repeatedly been found in (a) P300 generation (Linden, 2005; Polich, 2007), (b) cardiac 

control (Critchley, 2005; Critchley, Corfield, Chandler, Mathias, & Dolan, 2000; Verberne & Owens, 

1998), and (c) feedback processing (Miltner et al., 1997; Ullsperger, Harsay, Wessel, & Ridderinkhof, 

2010; van der Veen, Röder, Mies, van der Lugt, & Smits, 2011) and were therefore excellent candidate 

structures. 

 The purpose of Study I was twofold: as the CECT method and the N300H still were relatively 

new when this study was conducted, we aimed to replicate the N300H in an independent sample. 

Second, we investigated if (a) EEG activity underlying the N300H can be traced back to the ACC and 

(b) if insula and ACC activation further predict strength of cortico-cardiac coupling across participants. 

 

Method 

We used an adaptation of a gambling task from Sato and colleagues (Sato et al., 2005) that had 

been used previously in our laboratory (E. M. Mueller et al., 2010). In every trial, participants could win 

or lose money, with the amount indicated at trial start (0, 10, or 50 cents). The participants then were 
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shown a card with a number and were asked to guess by button press if a second, hidden card had a 

higher or lower number. After their choice, they received win, loss or uninformative feedback. 

In the final dataset of N = 14 participants, we computed three main analyses on cortico-cardiac 

coupling. First, we computed CECTs at EEG channel Cz to replicate the N300H, defined as the strongest 

negative coupling in a predefined time window (EEG: 250-500 ms; HP 2-5 s). Second, we applied 

independent component analysis2 (ICA; Lee, Girolami, & Sejnowski, 1999) to our 64-channel EEG data 

and identified for every participant an independent component (IC) with a centromedial topography, 

comparable to the N300H topography. We again computed CECTs and analyzed the N300H time 

window, here with IC activity as input instead of EEG amplitude. We also conducted a dipole analysis 

for this IC to estimate its neural source. The rationale was the following: if the ACC is important for 

N300H generation, input of activity of an ACC-generated IC into CECT analysis should result in a 

comparable coupling cluster like the classic CECT approach with scalp EEG. For the third analysis, we 

used low resolution electromagnetic tomography (LORETA; Pasqual-Marqui, Michel, & Lehmann, 

1994) which estimates current density in the cortex and the hippocampus based on the scalp ERP and 

various physical-physiological constraints. For each voxel in the LORETA space, we estimated brain 

activity at N300H peak latency (in the current study 375 ms) and correlated it with individual N300H 

magnitude across participants. 

 

Results 

We replicated the N300H, previously reported by Mueller (E. M. Mueller et al., 2012, 2010), 

with a centromedial topography and a rather large effect size of d = -0.69 at Cz (Figure 3a). The N300H 

again was independent from feedback valence but exploratory analyses showed that coupling was absent 

in the “0 cent” condition. We further identified one independent component with a centromedial 

topography and dipole analysis confirmed the ACC as the putative generator. Importantly, this IC-CECT 

revealed a clear N300H-like coupling cluster (Figure 3b). Finally, individual differences in N300H 

                                                        
2 ICA is a so-called blind source separation technique that decomposes the recorded signal into underlying 
components, conceptually similar to a principal component analysis. The components are statistically independent 
from each other and therefore likely reflect distinct signal sources. As each channel of the scalp EEG reflects 
simultaneous electrical activity from multiple sources in the brain, ICA can be used to extract the putative activity 
of a common source of EEG activity, i.e., activity of a brain structure. 
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magnitude were predicted by LORETA current source density in different frontal brain regions, most 

prominently in the left insula (r = -.74). In other words, individuals that showed stronger average insula 

activation in response to feedback cues also showed stronger (negative) cortico-cardiac coupling. 

 

 

Figure 3. (a) t-values for the grand average CECT at Cz. (b) CECT based on activation of independent components with 
centromedial topography. 

 

 

Discussion 

 Study I successfully confirmed CECT as a reliable method to quantify cue-evoked cortico-

cardiac coupling and supported the N300H as a robust component of feedback processing, in line with 

a series of other studies (Mueller, Burgdorf, et al., 2014; Mueller et al., 2012; Mueller, Stemmler, 

Hennig, & Wacker, 2013; Mueller, Panitz, Nestoriuc, Stemmler, & Wacker, 2014; also see Study II of 

the present thesis, Lueckel, Panitz, & Mueller, submitted). Again, we found again no evidence for 

feedback valence as a modulator of the N300H. However, we collected first direct evidence that the 

monetary amount at stake might play an important role, as the N300H was absent in the “0 cent” 

condition, i.e. when feedback had no meaningful consequences. The influence of monetary amount on 

N300H magnitude was replicated later in a larger sample (sample of Study II; see Appendix B for 

amount-specific CECTs) and suggests that the N300H is sensitive to motivational significance. 

In addition, Study I provided new insights into the temporal dynamics of ACC and insula 

contributions to cardiac control. First, our IC-CECT approach suggested the ACC as a generator of 

N300H-related EEG activity and therefore as potentially driving cardiac acceleration 2 to 5 seconds 

later. It is stressed here, that ACC dipole activity predicted cardiac responses intraindividually. 

Meanwhile, insula current source density from LORETA analyses predicted cortico-cardiac coupling 

a b
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interindividually. In other words, the degree to which the ACC was capable of triggering cardiac 

responses depended on individual differences in insula reactivity. Given the insula’s involvement in 

motivational-affective processes (Gasquoine, 2014; Menon & Uddin, 2010) and its relevance for 

psychopathologies (Namkung, Kim, & Sawa, 2017), cortico-cardiac coupling as reflected by the N300H 

might be indicative of stable individual differences. In line with this assumption, later CECT studies 

found that the N300H is elevated both in high neurotic and trait anxious individuals (E. M. Mueller et 

al., 2013; also see Study II) and in those with panic disorder (E. M. Mueller, Panitz, Nestoriuc, et al., 

2014). This suggests the N300H (or strength of cortico-cardiac coupling in general) as a potential 

endophenotype for anxiety. Interestingly, stronger insular reactivity has also been linked to increased 

levels of neuroticism (e.g., Feinstein, Stein, & Paulus, 2006). Future studies may therefore investigate 

the insula as a mediator of a neuroticism/anxiety-N300H relationship. 

With regard to the previously introduced processing stage model (also see Figure 10, p. 41, in 

the discussion section of the present thesis), we showed in Study I that the N300H is a robust marker of 

P300-related cortico-cardiac coupling, indicating an intraindividual association between cue evaluation 

and the cardiac component of behavioral adaptation. More precisely, it is assumed that the evaluation 

of motivational intensity is what modulates coupling strength. EEG activity reflecting this motivational 

intensity is likely generated in the ACC. Finally, individual differences in insula reactivity may moderate 

the N300H. 
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Study II 

Lueckel, M., Panitz, C., & Mueller, E. M. (submitted). Reliability and robustness of feedback-evoked 

brain-heart coupling after placebo, dopamine, and noradrenaline challenge. 

 
 
 
Introduction 

 In Study I, we argued that the N300H reflects ACC activation that triggers subsequent cardiac 

acceleration. However, beyond the insular modulation of this ACC-heart coupling, there is still little 

known about mechanisms of transmission, for example the involved neurotransmitters. Across a series 

of studies, serotonin was established as an important neurotransmitter in the modulation of cortico-

cardiac coupling. First, tryptophan depletion, which decreases central serotonin synthesis (Bell, Abrams, 

& Nutt, 2001), virtually abolished the N300H component in response to performance feedback (E. M. 

Mueller et al., 2012). Second, N300H magnitude was affected by genetic variations of serotoninergic 

transmission (E. M. Mueller et al., 2013), namely the serotonin transporter polymorphism 5-HTTLPR 

(David et al., 2005; Hu et al., 2006). Third, the N300H was enhanced in participants with concurrent 

intake of serotonin reuptake inhibitors (E. M. Mueller, Panitz, Nestoriuc, et al., 2014). 

 The accumulated evidence for serotoninergic modulation of the N300H does not rule out the 

involvement of other neurotransmitters. In Study II, we therefore explored possible contributions of the 

catecholamines dopamine and noradrenaline. Of particular relevance, noradrenaline is the most 

important neurotransmitter in the sympathetic nervous system. Moreover, it has been suggested that 

noradrenaline release in the locus coeruleus triggers both central (namely the P300) and peripheral 

autonomic orienting responses (Nieuwenhuis, Aston-Jones, & Cohen, 2005; Nieuwenhuis, De Geus, & 

Aston-Jones, 2011). We have repeatedly argued that sympathetic (compared to parasympathetic) 

mechanisms should play a subordinate role in cortico-cardiac coupling as reflected by the N300H (E. 

M. Mueller et al., 2012, 2013, 2010; E. M. Mueller, Panitz, Nestoriuc, et al., 2014; Panitz et al., 2013). 

Nonetheless, to this point, there is no direct experimental evidence that supports or contradicts 

noradrenergic-sympathetic contributions to the N300H.  

 A second potentially relevant catecholamine is dopamine, a precursor in noradrenaline 

synthesis. Dopamine is essential in different stages of the central neural processing of feedback (Holroyd 
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& Coles, 2002; E. M. Mueller, Burgdorf, et al., 2014; E. M. Mueller et al., 2013). Moreover, dopamine 

has been suggested to be the central neurotransmitter in the generation of the P3a (Polich, 2007), a 

subcomponent of the P300 that might be particularly relevant for the N300H (see manuscript of Study 

I; Panitz et al., 2013).  

 In Study II, we aimed to collect evidence for or against the involvement of catecholamines, 

namely noradrenaline and dopamine, in feedback-evoked cortico-cardiac coupling. In addition, after 

replicating the N300H several times, we used the present sample of N = 54 participants to statistically 

probe the reliability and robustness of the N300H. Finally, we aimed to replicate a previously shown 

relationship between increased trait anxiety and stronger N300H to negative feedback (E. M. Mueller et 

al., 2013). 

 

Method 

 We used the same gambling paradigm as in Study I with minor changes (feedback types: 

positive and negative but no uninformative feedback; monetary amounts: 0 Cents, 10 Cents, 1 Euro). 

Participants received a placebo (n = 18), the dopaminergic substance sulpiride (200 mg; n = 18) or the 

noradrenergic substance yohimbine (10 mg; n = 18) beforehand. Briefly, sulpiride is a selective D2-

receptor antagonist that (at the present dose of 200 mg) primarily blocks autoreceptors, decreases 

dopamine reuptake from the synaptic cleft and thereby increases extracellular dopamine levels (Kuroki, 

Meltzer, & Ichikawa, 1999; Mereu, Casu, & Gessa, 1983). Yohimbine has antagonistic effects on 

adrenergic a2 autoreceptors, causing widespread increases in noradrenaline release (Biaggioni, 

Robertson, & Robertson, 1994; Swann et al., 2013). The focus of this study was on catecholaminergic 

effects on cortico-cardiac coupling (i.e., the N300H). However, we additionally reported analyses of 

univariate feedback processing measures, namely the FRN, the P300 and evoked HP from 2 to 5 seconds 

post-feedback (see manuscript of Study II for details). 

 In order to determine a statistical estimate for N300H reliability, we computed two N300Hs for 

each participant, based on odd and even trials, respectively, and calculated split-half reliability. In 

addition, we performed a series of control analysis to probe the robustness of the N300H against outlier 

responses (i.e., that intraindividual correlations do not emerge only because of a few extreme trials). 
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More precisely, we (a) computed CECTs with Spearman rank correlations instead of Pearson 

correlations, (b) applied a 90 % winsorization3 on EEG and HP bins before computing CECTs and (c) 

computed a CECT from a whole-sample trial pool, containing all 14,000 available trials. 

 Trait anxiety was measured with the behavioral inhibition system (BIS) scale from the Carver 

and White BIS/BAS scales (Carver & White, 1994) that is based on Gray’s reinforcement sensitivity 

theory (e.g., Gray, 1990). We correlated BIS and N300H magnitude within substance groups. 

 

Results 

Univariate measures revealed the typical effects: The FRN was more negative following 

negative vs. positive feedback (this effect was most pronounced in the 1 Euro condition). Both P300 

and evoked HP were sensitive to motivational intensity with feedback cues in the 1 Euro condition 

evoking highest P300 amplitudes and strongest acceleration 2 to 5 seconds later. There were no 

significant correlations between P300 and average cardiac acceleration across participants. No 

substance effects were found for any variable. 

Regarding cortico-cardiac coupling, across all trial types, a centromedial N300H could be found 

in the predicted time windows with medium to large effect sizes in placebo (d = -0.54), sulpiride (d = -

0.74), and yohimbine groups (d = -0.76), respectively. Notably, N300H magnitude did not differ 

between substance groups (hp
2 = .007, BF01 = 6.03, Figure 4), with Bayes statistics suggesting the 

hypothesis of no substance effects about six times more likely than the hypothesis of substance effects. 

BIS predicted the N300H within the placebo group independent from feedback valence (r = -.555, p = 

.017). The yohimbine group showed no significant relationship (r = .139, p = .581) while the sulpiride 

group showed a non-predicted reversed relationship (r = .529, p = .024) between BIS and N300H. 

 

                                                        
3 Winsorization is an approach to reduce the impact of statistical outliers on parameters of a given distribution. 
Here, for every participant, the distribution of HP magnitudes or EEG amplitudes in a given time bin were 
truncated in that all values below the 5th percentile of the original distribution were set to the value of the 5th 
percentile and all values above the 95th percentile were set to the 95th percentile. This was done for all available 
EEG and HP bins, respectively. 
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Figure 4 Grand average CECTs electrode Cz for placebo, sulpiride, and yohimbine groups. The dashed rectangle indicates 
the time window (EEG from 240 to 500 ms and HP from 2 to 5 s post-stimulus) that was used for the extraction of the N300H 
(mean Fisher Z-value of the correlations within this time window). See color bar at the right for effect sizes.  

 

 

Finally, CECTs from the additional control analyses showed virtually identical results to the 

standard CECT approach. This statistically supports the notion that the N300H is a robust phenomenon 

that does not arise from non-normal distribution features (like outliers or skewness). Spearman-Brown 
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corrected split-half reliability for standard CECT analysis was r = .58, which is satisfying, given the low 

signal-to-noise ratios in single-trial HP and, to an even greater degree, EEG (Keil et al., 2014). 

 

Discussion 

 In Study II, we provided first evidence that the neurotransmitters dopamine and noradrenaline 

play a negligible role in the neurotransmission between P300-related single-trial EEG and cardiac 

modulations 2 to 5 s later (i.e., the N300H). Moreover, we showed satisfying statistical characteristics 

of the N300H, using robust correlation approaches and split-half reliability. Finally, within the placebo 

group, we added to previous findings that suggested that cortico-cardiac coupling is elevated in high 

trait anxious individuals. 

 Regarding the substance effects, it could be argued that null effects should be interpreted with 

caution. However, using Bayesian statistics, we showed that the null hypothesis (no substance effects) 

is six times as likely as the alternative hypothesis (substance effects), which can be interpreted as 

moderate but substantial evidence (Kass & Raftery, 1995). The lack of noradrenergic modulation 

particularly suggests a negligible role of sympathetic pathways. We thus collected further evidence for 

primarily parasympathetic mechanisms behind the N300H, which has been mainly based on two 

arguments. First, sympathetic innervations of the heart only allow for slow changes in HP compared to 

parasympathetic innervations (Berntson et al., 1997), and early cardiac responses (e.g. 2 to 5 s) likely 

are under stronger parasympathetic than sympathetic control (Thayer, Friedman, Borkovec, Johnsen, & 

Molina, 2000). Consequently, when Mueller and colleagues filtered slow, low-frequent fluctuations out 

of the HP signal before CECT computation, N300H was not affected, i.e. removal of sympathetic HP 

characteristics did not change the N300H (E. M. Mueller et al., 2010). Second, the putative 

serotoninergic basis of the N300H (E. M. Mueller et al., 2012, 2013; E. M. Mueller, Panitz, Nestoriuc, 

et al., 2014) suggests the involvement of midbrain (periaqueductal gray) and brainstem regions (dorsal 

vagal nucleus, nucleus ambiguus, and nucleus tractus solitarius) that are crucial in parasympathetic top-

down regulation (Jordan, 2005; Ramage & Villalon, 2008). At this point, Study II provides a third 

argument for a predominantly parasympathetic cortico-cardiac transmission in N300H by presenting 

evidence against significant sympathetic contributions. 
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 In line with previous studies, we found a trait anxiety-N300H relationship within the placebo 

group. In the present study, this relationship was independent of feedback valence. This finding diverges 

somewhat from previous reports of an anxiety-N300H correlation specifically for negative feedback 

(two samples in E. M. Mueller et al., 2013), but converges with another sample where feedback valence 

was irrelevant to the relationship (data presented in diploma thesis; Panitz, 2013). While further studies 

researching on the feedback valence specificity may be necessary, the accumulated data from now four 

samples clearly supports a link for a general association between trait anxiety and N300H. Interestingly, 

the correlation in the present study was absent in the yohimbine group and even reversed in the sulpiride 

group. This tentatively suggests that noradrenaline and/or dopamine do not unidirectionally alter 

cortico-cardiac coupling but possibly may interact with preexisting individual dispositions. However, 

as this was not a priori predicted and group sizes were relatively small, replication is warranted in order 

to determine if these effects are robust. 

 With regard to the processing stage model (Figure 10, p. 41), in Study II, we collected 

statistical evidence for the robustness and reliability of the N300H as a reflection of the association 

between cue evaluation and the cardiac component of behavioral adaptation. Coupling appeared to be 

independent of dopamine and noradrenaline. Finally, we collected further evidence that individual 

differences in trait anxiety are associated with this coupling. 
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Study III 

Panitz, C., Hermann, C., & Mueller, E. M. (2015). Conditioned and extinguished fear modulate 

functional corticocardiac coupling in humans. Psychophysiology, 52, 1351–1360. doi: 

10.1111/psyp.12498 

 

Introduction 

 Studies I and II investigated cues that were associated with previous action and that were 

explicitly instructed to be appetitive or aversive (i.e., win feedback implied monetary gain, loss feedback 

implied monetary loss). However, first, cues do not need to refer to action outcomes but also can signal 

occurrence (or non-occurrence) of motivationally significant events that are outside of an individual’s 

control. Second, individuals are able to learn a cue’s implications by associative learning (Pavlov, 1927). 

In Study III, we used a classical fear conditioning and extinction paradigm to investigate (a) if N300H-

like cortico-cardiac coupling also can be observed in response to cues with different implications (here: 

threat anticipation vs. reward/loss indication) and (b) if this coupling also may be sensitive to learned 

rather than instructed motivational significance. 

 Fear can be described as a negative and arousing motivational-affective state in anticipation of 

a threat in close proximity, thought to facilitate defensive behavior such as fighting, fleeing or 

freezing/hiding (Caroline Blanchard, Hynd, Minke, Minemoto, & Blanchard, 2001; Depue & 

Lenzenweger, 2005; McNaughton & Corr, 2004). These behaviors are evolutionarily beneficial, given 

that individuals may increase their chances of a successful defense when they are able to anticipate 

impending harm via threat cues (i.e., warning signs). Importantly, mentioned threat cues may acquire 

their predictive value via associative learning. 

 Classical conditioning describes an associative learning mechanism by which individuals are 

able to learn contingencies between two events through prior experience. Briefly, a potentially neutral 

stimulus becomes a conditioned stimulus (CS) if it is repeatedly followed by a second, motivational 

significant stimulus (an unconditioned stimulus; US) and thereby gains predictive value (i.e., it becomes 

a cue for a subsequent event). After learning the stimulus contingency, the individual reacts to the CS 

with a conditioned response (CR) that is shaped to adequately respond to the upcoming US. Note that 
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some components of conditioned responses may require awareness of CS-US contingencies (explicit 

learning) while others do not (implicit learning; Hamm & Vaitl, 1996; Sevenster, Beckers, & Kindt, 

2014; Tabbert et al., 2011). In case of fear conditioned stimuli, the repertoire of possible CRs may 

include fighting, fleeing or freezing/hiding (LeDoux, 2000). Differential fear conditioning protocols 

also include control cues, such as safety cues that predict the absence of a US. They are typically referred 

to as CS- (Lissek et al., 2005). 

 As adaptive as it is to acquire fear responses to predictable threat, it also is important to suppress 

these responses when threat cues no longer predict danger. Otherwise, repeated panicking in objectively 

safe situations leads to exhaustion. Ideally, extinction learning takes place instead, and the organism 

acquires new associative memory traces that inhibit the previously learned CS+-US associations (Myers 

& Davis, 2007; Quirk & Mueller, 2008). However, acquisition of these associations is not sufficient for 

long-term adaptation. Only after successful memory consolidation, retention, and recall of the 

contingencies, do adaptive responses in conditioned fear or adaptive inhibition of responses in 

extinguished fear can occur (Bouton & Moody, 2004; Myers & Davis, 2007; Quirk & Mueller, 2008). 

 Fear conditioned stimuli reliably evoke cardiac deceleration, a phenomenon termed ‘fear 

bradycardia’ (Applegate, Frysinger, & Kapp, 1982; Burhans, Smith-Bell, & Schreurs, 2010; De Leon, 

1964; Hugdahl, 1979; López, Poy, Pastor, Segarra, & Moltó, 2009). As cardiac deceleration has been 

linked to sensory intake (Bradley, 2009; Graham & Clifton, 1966) and behavioral inhibition (Obrist, 

1976; van der Veen et al., 2000), fear bradycardia likely reflects attentive freezing (Löw et al., 2008, 

2015). Fear bradycardia is an excellent example of a motivational-affective response that is ideally 

oriented towards the initiation of adaptive behavior: in a classical fear conditioning paradigm where 

participants have no influence on US occurrence, the most adaptive response is freezing and focusing 

on the source of threat, while preventative fighting and fleeing are not options.  

 Despite the central role of the heart in fear processing, underlying neural mechanisms are still 

not well understood. As fear conditioned stimuli can be considered motivationally significant, it comes 

to no surprise that previous studies have shown higher P300 amplitudes in response to fear stimuli in 

general (Wessa & Flor, 2007) and to conditioned fear stimuli in specific (Pizzagalli, Greischar, & 

Davidson, 2003). Moreover, fear-associated stimuli have been shown to evoke the LPP (Bublatzky & 
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Schupp, 2012; Michalowski et al., 2015), an ERP component in response to visual stimuli that (a) shows 

temporal and topographical overlap with P300 and N300H (Keil et al., 2002) and (b) reliably covaries 

with self-reported arousal (Lang & Bradley, 2010). Surprisingly, it has not previously been investigated 

whether LPP amplitude is also elevated in conditioned fear stimuli. Moreover, to our knowledge, no 

studies have investigated if these positive ERP components (P300/LPP) are subject to fear extinction 

and if they are stable over time (i.e., if previously fear-conditioned stimuli still evoke increased 

amplitudes in a delayed fear recall test). While fear bradycardia can be extinguished in the short-term in 

humans (Dimberg, 1987; Hodes, Cook, & Lang, 1985), long-term stability of conditioning and 

extinction effects has mainly been studied in animals (Burhans et al., 2010). However, investigating the 

sensitivity of different CR components may provide new perspectives on the exact stages of CS 

processing that are crucial in adaptive long-term fear conditioning and extinction. 

Given the temporo-spatial overlaps of the mentioned ERP positivities (P300/LPP) with the 

previously described N300H, fear bradycardia might be predicted by single-trial EEG comparable to the 

feedback-driven acceleration reported earlier. Therefore, in Study III, we applied CECT to fear 

conditioning and extinction data in a differential two-day paradigm that allows to analyze (a) fear 

conditioning, (b) fear extinction and (c) independent recall indices of non-extinguished and extinguished 

fear, one day after initial learning. In addition to CECTs, we conducted univariate analyses for CS-

evoked ERPs and HP changes with particular interest in long-term effects. 

   

Method 

 We re-analyzed data from a sample of N = 22 participants (E. M. Mueller, Panitz, Hermann, & 

Pizzagalli, 2014) that had undergone a two-day differential fear conditioning paradigm (also see Figure 

5). Briefly, four different face pictures (Ekman & Friesen, 1976) were used as CS. In a fear acquisition 

phase on Day 1, two CS (CS+) were followed by an aversively loud 1-second white noise burst (US) in 

50% of the trials, the other two CS were not (CS-). In the subsequent extinction phase, one CS+ (CS+E) 

and one CS- (CS-E) were presented, the other two not (CS+N, CS-N). There was no US presentation 

during Day 1 extinction. Finally, one day later, all four CS were presented in the absence of any US 

presentation in order to assess long-term fear and extinction recall. The use of two CS+ and two CS- 
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allows to compute independent differential CRs for extinguished fear (CS+E vs. CS-E) and non-

extinguished fear (CS+N vs. CS-N) on Day 2. 

 

 

Figure 5. (A) Trial design. A fixation cross was presented for 1 s followed by the CS presentation for 4 s. In acquisition phase 
only, the two CS+ coterminated in 50% of the trials with the US. The intertrial interval was jittered. (B) Number of CS 
presentations over the different experimental phases. E = presented during extinction phase; N = not presented during extinction 
phase. 

 

 During all phases (Day 1 conditioning, Day 1 extinction, Day 2 recall test) we recorded EEG 

and HP. CECTs were computed as previously at Cz and N300H was defined as the mean coupling in 

the time window of 250-500 ms (EEG) and 2-5 s (HP). We also analyzed the univariate variables (ERP 

amplitude at medial electrode sites) and HP. In addition, we performed analyses on the LPP which 

requires using a different electrode reference and more extended time window than for CECT-EEG. 

 

Results 

Fear conditioning was successful, as evident by a robust fear bradycardia for CS+ vs. CS- (d = 

0.83; Figure 6a) and more positive frontomedial ERP amplitude for CS+ vs. CS- from 250 to 500 ms. 

Moreover, additional analyses revealed higher LPP amplitudes for CS+ vs. CS- (d = 0.54 at electrode 

Pz; Figure 6b). There also was a tendency for positive cortico-cardiac coupling CS+ (d = 0.38) but not 

CS- (d = 0.12) in the predicted time window. In line with successful extinction learning, CS+E and CS-

E did not differ significantly in any measure (HP, both ERP components, CECT) during Day 1 extinction 

phase. 
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Figure 6. Grand averages for conditioned responses in the acquisition phase. Black lines depict the average response to the 
two CS+, gray lines the average response to the two CS-. (a) CS-evoked change in heart period. For statistical analyses, mean 
magnitude between 2 and 5 seconds post-CS was used. (b) Event-related potential to CS at electrode Pz for LPP analysis. For 
statistical analyses, mean amplitude between 250 and 1000 milliseconds post-CS was used. 

 

During Day 2 recall test, HP showed successful recall of conditioned fear as both CS+ still 

evoked stronger cardiac slowing than the CS- (hp
2 = .271). Importantly, for CECT measures, the 

predicted Contingency x Extinction interaction was significant (hp
2 = .237) which indicated both 

successful fear and extinction recall (also see Figure 7). More precisely, one day after initial learning, 

the non-extinguished CS+ evoked strong positive cortico-cardiac coupling, with a more positive EEG 

amplitude predicting stronger subsequent cardiac slowing (d = 0.83). CS+N coupling was significantly 

stronger than coupling to the CS-N (indicating successful differential fear recall) as well as than coupling 

to the extinguished CS+ (indicating successful long-term extinction in the extinguished CS+). 

Univariate EEG measures showed no effects on Day 2. Moreover, no interindividual correlations 

between EEG and HP were found in any phase. 
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Figure 7. CS-evoked CECTs at Cz during Day 2 recall, averaged across participants. Coupling was defined as the mean of all 
bins within the dashed lines (EEG: 250 – 500 ms post-CS; HP: 2 – 5 s post-CS). See color bar at the right for effect sizes. 

 

Discussion 

 In Study III, we could show for the first time that fear bradycardia is intraindividually predicted 

by evoked centromedial single-trial EEG at the P300 latency. This cortico-cardiac coupling was induced 

by fear conditioning and reduced after extinction training. Notably, this coupling had comparable 

latencies and (on Day 2) even somewhat larger effect sizes as the feedback-evoked N300H (Studies I 

and II), but indicated a positive relationship between EEG amplitude and HP change. Therefore, in line 

with fear bradycardia (i.e., cardiac slowing) as the adaptive response in fear conditioning, variations in 

P300-related single-trial EEG may predict the intensity of subsequent cardiac modulations rather than 

acceleration per se. Therefore, we reasoned that the direction of CECT-indicated coupling likely 

depends on the shape of the cue-evoked univariate cardiac response and thereby on the faced behavioral 

demands (Lang, Davis, & Öhman, 2000). 

 Conditioning of the univariate HP response showed long-lasting effects, as CS+ still evoked 

fear bradycardia on Day 2. Visual inspection of Day 2 HP suggests that the extinguished CS+ evoked 

partially extinguished fear bradycardia, i.e. that the level is reduced relative to the non-extinguished CS+ 

but still elevated to the CS- (i.e., safety cues). This might be explained by spontaneous recovery of the 

CR from Day 1 to Day 2 (Myers & Davis, 2007). However, this hypothesis would need to be tested in 

a larger sample with higher statistical power. While the data do not provide sufficient evidence for long-
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term extinction, we showed fear recall of differential fear bradycardia for the first time in humans, one 

day after initial fear condition. 

 Regarding ERPs, we showed that the LPP also is sensitive to short-term fear conditioning. 

Interestingly, shortly after the present Study III, Nelson and colleagues (Nelson, Weinberg, Pawluk, 

Gawlowska, & Proudfit, 2015) also published results on elevated LPP amplitudes in response to fear 

conditioned stimuli. In Study III, we could find no evidence of long-term modulation in the ERP. Given 

that the P300 and the LPP are sensitive to emotion regulation strategies (Hajcak, MacNamara, & Olvet, 

2010; Moser, Krompinger, Dietz, & Simons, 2009), conscious reappraisal may have taken place at some 

point on Day 2 (‘There is not going to be a loud noise anyway.’). This, in turn, suggests that Day 2 fear 

bradycardia instead reflected rather automated threat processing, which is in line with the notion that 

fear bradycardia to conditioned stimuli does not require CS-US contingency awareness (Hamm & Vaitl, 

1996; Moratti & Keil, 2005; Sevenster, Hamm, Beckers, & Kindt, 2015). 

 Regarding the employed statistical approaches, Study III displays clearly the advantage of using 

within-subject covariation measures in contrast to between-subject measures to actually investigate 

mechanisms at the process level rather than on a population level. Comparable to Study II, no significant 

effects emerged when averaged ERP and averaged cardiac response were correlated across participants. 

 With regard to the processing stage model (Figure 10, p. 41), we suggested in Study III that the 

sign of cortico-cardiac coupling as measured with CECT (i.e., positive vs. negative correlation) depends 

on the behavioral demands in response to motivational-affective cues. To put it simplified, cardiac 

components of behavioral adaptation may be ‘behavioral demands multiplied by motivational 

intensity’. This again implicates that the motivational intensity must be greater than zero (i.e., the cue 

needs to be motivationally significant). Furthermore, it implies that motivational intensity amplifies the 

cardiac response which is shaped according to the behavioral demands rather than triggering relative 

acceleration or deceleration per se. Moreover, we could show for the first time that both cortico-cardiac 

coupling and the LPP are sensitive to short-term learning. Finally, conditioned fear bradycardia as a 

cardiac component of cardiac adaptation was subject to long-term learning. 
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Study IV 

Panitz, C., Sperl, M. F. J., Hennig, J., Klucken, T., Hermann, C., & Mueller, E. M. (submitted). 

Fearfulness, neuroticism/anxiety, and COMT Val158Met in long-term fear conditioning and extinction. 

 

Introduction 

Individuals differ greatly in the frequency or dispositional intensity of fear responses to threat 

cues. In extreme form, these fear reactions might become psychopathological and clinically relevant 

like in phobias or panic disorder (McNaughton, 2011; McNaughton & Corr, 2004). Classic fear 

conditioning (i.e., experiencing that a cue predicts threat) is a central mechanism in the acquisition of 

many non-pathological and pathological fears (Duits et al., 2015; Lissek et al., 2005) while extinction 

processes (i.e., experiencing that a threat cue is no longer predicts danger) contribute to the reduction of 

fears and are an important mechanism in exposure therapy (Milad & Quirk, 2012; Vervliet, Craske, & 

Hermans, 2013). Therefore, it stands to reason that individual differences in learning mechanisms 

significantly contribute to individual differences in fear responding (Lonsdorf & Merz, 2017) and may 

predispose for the development and maintenance of anxiety disorders (L. A. Clark et al., 1994), 

especially in the case of long-term learning. 

Mechanisms that may give rise to individual differences in fear conditioning and extinction may 

be associated with differences in neurotransmitter systems, such as the dopaminergic system (Abraham, 

Neve, & Lattal, 2014). Notably, it is important to distinguish within-session fear extinction (i.e., the 

reduction of the CR during extinction training) and fear extinction retention (i.e., continuing to show 

reduced CRs to extinguished fear stimuli in later situations) as distinct neural bases have been suggested 

for these two processes (Myers & Davis, 2007; Quirk & Mueller, 2008). Notably, animal studies suggest 

that prefrontal dopaminergic circuits might be particularly relevant for long-term extinction retention 

rather than within-session extinction (Hikind & Maroun, 2008; D. Mueller, Bravo-Rivera, & Quirk, 

2010; Pfeiffer & Fendt, 2006). 

In humans, individual differences in neurotransmitter systems can be investigated non-

invasively in genetic association studies. The catechol-o-methyltransferase (COMT) gene might be 

relevant to long-term fear extinction, given its influence on tonic prefrontal dopamine levels (Bilder, 
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Volavka, Lachman, & Grace, 2004; Meyer-Lindenberg & Weinberger, 2006; Yavich, Forsberg, 

Karayiorgou, Gogos, & Mannisto, 2007). The Val/Met polymorphism on codon 158 of the COMT gene 

regulates activity of the COMT enzyme which, in turn, degrades extracellular dopamine. The Met allele 

is associated with reduced COMT activity and thereby higher prefrontal dopamine levels compared to 

the Val allele (Bilder et al., 2004; Lachman et al., 1996; Weinshilboum, Otterness, & Szumlanski, 1999). 

The only evidence for a role of COMT Val158Met in long-term fear extinction comes from a rodent 

study that suggested better long-term extinction in Val/Val rats compared to Met/Met rats (Risbrough, 

Ji, Hauger, & Zhou, 2014). Moreover, this study did not use a differential extinction paradigm as no CS- 

was presented. This makes it more difficult to disentangle general vs. threat-specific CR differences 

between genotypes (i.e., do Met/Met rats respond stronger only to threat or simply to any stimulus in 

this context). Additionally, fear conditioning and extinction studies in healthy humans have failed to 

show robust, replicable COMT Val158Met effects (Gruss, Langaee, & Keil, 2016; Klucken et al., 2016; 

Lonsdorf et al., 2009; Norrholm et al., 2013; Raczka et al., 2011). Notably, these studies have focused 

on fear acquisition and within-session extinction, for which the COMT Val158Met polymorphism and 

its prefrontal dopaminergic influence may be less relevant. 

On the personality level, questionnaire measures of neuroticism and trait anxiety – which may 

reflect differences in the same underlying neural system (Depue & Lenzenweger, 2005)4 – are among 

the most frequently used tools for investigating personality differences in fear conditioning research 

(Lonsdorf & Merz, 2017). The extensive use of these measures is likely due to the assumption that high 

scores in neuroticism/anxiety questionnaires primarily reflect higher reactivity to negative stimuli 

(Larsen & Ketelaar, 1989, 1991; Watson & Clark, 1992). However, previous studies have failed to show 

stronger fear conditioned responses or impaired fear extinction in high neuroticism/anxiety (Gazendam 

et al., 2015; Gazendam, Kamphuis, & Kindt, 2013; Grillon et al., 2006; Guimarães, Hellewell, Hensman, 

Wang, & Deakin, 1991; Joos, Vansteenwegen, & Hermans, 2012; Lommen, Engelhard, & van den Hout, 

                                                        
4 Some personality theories distinguish between neuroticism and anxiety on a conceptual level (e.g., Costa & 
McCrae, 1989). However, other theories have claimed that the same neural systems give rise to experience or 
behavior that is assessed in anxiety and neuroticism questionnaires, respectively (Depue & Lenzenweger, 2005; 
Zuckerman, Kuhlman, Joireman, Teta, & Kraft, 1993). In line with the latter assumption, strikingly high 
correlations between anxiety and neuroticism questionnaires could be observed in previous studies (Depue & 
Lenzenweger, 2005) and in our present data (see manuscript of Study IV). 
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2010; Martínez et al., 2012; Milad, Orr, Pitman, & Rauch, 2005; Otto et al., 2007; Pineles, Vogt, & Orr, 

2009; Pitman & Orr, 1986; Sehlmeyer et al., 2011; Staples-Bradley, Treanor, & Craske, 2016; Wiggert 

et al., 2017), including one study from our laboratory (Sperl, Panitz, Hermann, & Mueller, 2016). 

Meanwhile, several researchers have stressed the importance of distinguishing anxiety from 

fear: Although both can be considered aversive motivational-affective states, they differ in their 

behavioral purpose. While anxiety promotes risk assessment and a priori avoidance of dangerous 

situations fear promotes active escape from an immediate threat – or at least harm reduction – by means 

of fight, flight, or freezing/hiding (Depue & Lenzenweger, 2005; McNaughton & Corr, 2004; E. M. 

Mueller, 2011). Consequently, empirical studies could show that trait anxiety and fearfulness are 

associated with the predicted behavioral response patterns (Caroline Blanchard et al., 2001; Perkins, 

Cooper, Abdelall, Smillie, & Corr, 2010; Perkins, Kemp, & Corr, 2007; Perkins & Corr, 2006) and can 

be dissociated on the neurophysiological level (Walker & Davis, 2002; Walker, Toufexis, & Davis, 

2003; White & Depue, 1999). Under the assumption that fear bradycardia in classical conditioning is 

indicative of attentive freezing in the face of immediate threat, a trait measure of fearfulness should be 

more predictive than neuroticism/anxiety.  

In Study IV, we investigated the influences of (a) the dopaminergic COMT Val158Met 

polymorphism as well as (b) trait fearfulness and neuroticism/anxiety on short-term and long-term fear 

conditioning and extinction. 

  

Method 

 We used the same two-day differential fear conditioning and extinction paradigm as in Study 

III (with minor changes in the trial number and change of the face stimuli; Lundqvist, Flykt, & Öhman, 

1998) and analyzed data from N = 87 participants that had been invited based on their COMT Val158Met 

genotype (Val/Val: n = 30, Val/Met: n = 29, Met/Met: n = 28). We assessed affective ratings to the CS 

(valence, arousal) and peripheral measures (fear bradycardia, SCR) across all three phases, and 

additionally the LPP during Day 1 extinction and Day 2 recall test. As our paradigm includes a high 

number of trials and some effects of fear conditioning, extinction, or recall may be relatively short-

lasting (Gruss et al., 2016; Risbrough et al., 2014; Sperl et al., 2016), we also computed CRs for early 
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and late acquisition, early and late extinction, and early recall test (based on the first and last ten trials 

of a phase, respectively). In order to investigate personality effects with highly reliable measures, we 

computed compound scores for trait fearfulness, neuroticism/anxiety, and agentic extraversion5, each 

based on multiple questionnaire scores. 

 

Results 

 General conditioning and extinction effects. Participants showed strong CRs in fear bradycardia 

and SCR during fear acquisition as well as in affective ratings at the end of acquisition (all hp
2 > .247). 

Moreover, CRs proved to be resistant to extinction in the overall sample, as all variables showed stronger 

responses to CS+E vs. CS-E during the Day 1 extinction phase. Even one day later, participants showed 

stronger fear bradycardia to both CS+ (consistent with Panitz, Hermann, & Mueller, 2015), and rated 

both CS+ higher in unpleasantness and arousal than the CS-. Consistent with Mueller and colleagues 

(E. M. Mueller, Panitz, Hermann, et al., 2014), the differential SCR to extinguished CS (CS+E vs. CS-

E) was reduced relative to non-extinguished CS (CS+N vs. CS-N). 

Genotype effects. Importantly, COMT Val158Met modulated both fear bradycardia (during 

initial recall; Figure 8) and LPP (across all recall trials; Figure 9) on Day 2. More precisely, Val/Val 

carriers in specific showed the interaction pattern of larger non-extinguished fear responses (CS+N vs. 

CS-N) compared to extinguished fear responses (CS+E vs. CS-E) which reflects adaptive recall of both 

fear conditioning and extinction learning. Notably, no genotype effects emerged in short-term learning 

on Day 1. 

Personality. Higher fearfulness, but not neuroticism/anxiety, predicted stronger fear bradycardia 

and more negative valence ratings during day 1 acquisition. No other univariate measures were predicted 

by personality. 

Exploratory analyses. Visual inspection of data suggested that Met carriers (Val/Met and 

Met/Met) showed considerable interindividual variation in extinguished fear bradycardia (CS+E vs. CS-

E) during early Day 2 recall test. We therefore conducted exploratory analyses on individual differences 

                                                        
5 We were also interested in agentic extraversion due to its associations with dopamine in general (Depue & 
Collins, 1999) and COMT Val158Met in specific (Wacker, Mueller, Hennig, & Stemmler, 2012). No effects 
emerged in the present study and agentic extraversion will not be further discussed in this thesis. 
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that may drive this variation and found that differential fear bradycardia at the end of Day 1 extinction 

(CS+E vs. CS-E) predicted recall in early Day 2 recall. In other words, participants with incomplete 

extinction on Day 1 tended to show stable recall of this remaining fear response on Day 2. Importantly, 

this Day1-Day-2 stability was moderated by both COMT Val158Met and neuroticism/anxiety. First, 

higher stability was found in both Val/Met and Met/Met carriers compared to Val/Val carriers. Second, 

only participants low in neuroticism/anxiety showed a stable Day-1-Day-2 carry over. 

 

 

Figure 8. CS-evoked change in heart period for the different genotype groups during the first ten artifact-free trials of Day 2 
recall test. CS+E = extinguished CS+, CS+N = non-extinguished CS+, CS-E = CS- presented during extinction phase, CS-N = 
CS- not presented during extinction phase. Mean magnitude within the grey box was used for statistical analyses. Error bars in 
the bar plots indicate SEM based on within-subject variance. *Contingency x Extinction interaction (p < .05). 
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Figure 9. ERPs and mean LPP amplitudes at Pz during Day 2 recall test for the different genotype groups. LPP was defined as 
the mean amplitude from 300 to 1000 ms (indicated by shaded areas). Topography plots show mean LPP amplitudes across all 
four CS. Error bars in the bar plots indicate SEM based on within-subject variance. CS+E = extinguished CS+, CS+N = non-
extinguished CS+, CS-E = CS- presented during extinction phase, CS-N = CS- not presented during extinction phase. 
*Contingency x Extinction interaction (p < .05). 

 

Discussion 

 In Study IV, we showed that the dopaminergic COMT Val158Met polymorphism is associated 

with long-term fear conditioning and extinction rather than short-term learning. Moreover, our data 

suggested that fearfulness and anxiety/neuroticism may be relevant in different phases of fear 

conditioning and extinction. 

Looking at univariate measures within genotype groups, Val/Val carriers appeared to have the 

most adaptive response pattern on Day 2. They showed both recall of conditioned fear (CS+N > CS-N) 

and recall of fear extinction ([CS+E – CS-E] < [CS+N – CS-N]) which could be considered the most 

adaptive as it was congruent with the final stimulus contingencies on Day 1 (non-extinguished CS+ 

implicating threat, extinguished CS+ not anymore). Meanwhile, the Met/Met carriers’ pattern of failed 

extinction recall in the initial Day 2 LPP (both CS+ > both CS-) is in line with rodent data that suggested 

the Met allele as a risk factor for impaired long-term fear extinction (Risbrough et al., 2014). 

In addition, exploratory analyses revealed that Met allele carriers showed a reduced fear 

bradycardia to extinguished CS+ on Day 2 if extinction training on Day 1 had led to successful within-
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session extinction. In other words, Met carriers showed a more stable carry-over-effect of extinguished 

fear bradycardia from Day 1 to Day 2. The overall result pattern in Study IV suggests that the 

dopaminergic COMT Val158Met polymorphism primarily influences fear learning at stages of memory 

consolidation and/or retention, rather than potentiating the expression of fear responses per se. This is 

line with (a) dopaminergic substance effects on fear extinction retention in humans (Haaker et al., 2013; 

Haaker, Lonsdorf, & Kalisch, 2015) and (b) COMT Val158Met associations with non-affective long-

term learning (Bellander et al., 2015). Future studies therefore should use paradigms that are capable of 

disentangling previous and current conditioning and extinction experiences, comparable to the present 

2 x 2 design (CS+ vs. CS-; extinguished vs. non-extinguished) across two days that allows for 

independent recall indices of conditioned and extinguished fear. 

On the personality level, fearfulness was a better direct predictor of enhanced fear bradycardia 

in short-term conditioning compared to neuroticism/anxiety. The central questionnaire scale of our 

fearfulness score was the Harmavoidance scale from Tellegen’s Multidimensional Personality 

Questionnaire (Tellegen & Waller, 2008). Interestingly, in Tellegen’s hierarchical personality model, 

Harmavoidance loads on the higher-order ‘Constraint’ factor (instead of the anxiety-related ‘Negative 

Emotional Temperament’ factor), stressing its predictive value for dispositional behavioral inhibition 

(Depue & Lenzenweger, 2005). Meanwhile, neuroticism/anxiety was not directly related to univariate 

CRs in Study IV. However, it predicted Day-1-Day-2 stability of extinguished fear bradycardia, with 

high anxious individuals showing less stable carryover effects. Although this analysis was exploratory, 

the results converge to some degree with a study from Gazendam and colleagues (Gazendam et al., 

2015) in which high anxious participants showed impaired (although non-extinguished) fear recall in 

the differential startle response. It has been previously suggested that high levels of neuroticism/anxiety 

actually may decrease differential fear responses rather than potentiate them, possibly because the 

organism’s impairment in learning the safety implications of a CS- (Lissek et al., 2005). In the present 

Study IV, higher levels of neuroticism/anxiety may have been indicative of impaired long-term 

differentiation: their responding on Day 2 did not adequately reflect Day 1 learning. Taken together, we 

suggest that fearfulness might be a more valid predictor of the strength of short-term fear acquisition 
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(and possibly development of fear-related psychopathologies) and that neuroticism/anxiety might rather 

be predictive of long-term persistency (and possibly the maintenance of psychopathologies). 

With regard to the processing stage model (Figure 10, p. 41), we showed in Study IV that fear 

bradycardia as a cardiac component of behavioral adaptation in the short-term is predicted by the 

disposition of fearfulness. We also replicated finding that fear bradycardia is subject to long-term 

learning, as it was still observable in Day 2 measures. Finally, we found that both the dopaminergic 

COMT Val158Met polymorphism and trait neuroticism/anxiety contribute to individual differences that 

are associated with long-term learning as they predicted LPP and fear bradycardia on Day 2 (COMT 

Val158Met) and long-term stability of extinguished fear bradycardia across days (neuroticism/anxiety). 
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Discussion 

 

Overview of findings 

In the present thesis, we conducted four studies that investigated cortical and cardiac 

components of motivational-affective cue processing. Both between-subject and within-subject analyses 

were employed to shed light on neuropsychological mechanisms and temporal dynamics underlying cue 

processing, as well as the role of individual differences in neurobiological and personality markers. 

The first two studies used a gambling task where trial-to-trial feedback informed participants 

about monetary gains and losses. In Study I, we replicated the previously discovered N300H – a marker 

of intraindividual cortico-cardiac coupling provided by the CECT method. We also showed the N300H’s 

sensitivity to motivational significance, similar to the associated P300 ERP component and cardiac 

acceleration from 2 to 5 seconds post-feedback. Moreover, we identified two anatomical structures that 

significantly contribute to the N300H – the ACC as a generator of N300H-related EEG activity and the 

insula as a moderator of intraindividual brain-heart coupling.  

Study II provided a statistical estimate for satisfying reliability of the N300H. Moreover, we 

provided initial evidence that the catecholamines dopamine and noradrenaline do not play a significant 

role in cortico-cardiac coupling as reflected in the N300H. The irrelevance of noradrenaline in particular 

provided further evidence for our previous hypothesis that N300H-reflected cortico-cardiac coupling is 

primarily parasympathetically mediated. In line with previous studies, higher N300H magnitudes were 

related to higher trait anxiety in the placebo group. 

Studies III and IV employed a two-day differential fear conditioning and extinction paradigm. 

In Study III, we could show that threat cues (i.e. CS+) also elicit intraindividual coupling between P300-

related electrocortical activity and subsequent cardiac slowing in the time range of fear bradycardia. Not 

only was CECT-measured cortico-coupling sensitive to cues other than feedback of monetary outcomes, 

but this coupling was also induced via conditioning and reduced via extinction learning. Last, we 

provided first evidence that the LPP, an ERP marker for motivational significance and arousal (i.e., 

motivational intensity), is also sensitive to fear conditioning. 
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Finally, Study IV showed that genetic variations in prefrontal dopamine primarily impact long-

term effects of fear conditioning and extinction, but not immediate threat processing per se. We stressed 

the notion that personality measures need to assess habitual behavior that actually is congruent with the 

behavioral demands of the paradigm at hand, in order to reliably predict responses in the laboratory. 

Specifically, we found that fearfulness, but not neuroticism/anxiety, predicted fear bradycardia during 

fear conditioning. Meanwhile, we suggested a role for neuroticism/anxiety primarily in long-term 

stability of fear extinction. 

 Figure 10 depicts the findings of the different studies in the context of the initially postulated 

process model of motivational-affective cues processing. 

 

 

Figure 10. Findings across the empirical studies in context of the previously introduced processing stage model of 
motivational-affective cues. Roman numbers in parentheses refer to the study in which each finding was obtained. 
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Integration of findings 

In the present thesis, our use of two different paradigms with heterogeneous cue sets allowed us 

to take a wider perspective on the mechanisms and influences in motivational-affective cue processing. 

At the same time, the degree to which findings from one paradigm can be generalized to the other, 

warrants discussion. Obviously, an important next step regarding the investigation of cortico-cardiac 

coupling would be to assess the same participants across different paradigms. In this way, we could 

investigate to what degree cortico-cardiac coupling is a stable indicator of context-independent brain-

heart connectivity or if individuals differ in their coupling strength depending on the specific task at 

hand. These follow-up studies might not only include feedback processing and fear conditioning 

paradigms, but also other tasks that are known to modulate the P300 and subsequent changes in 

heartbeat, such as the oddball paradigm (Guerra, Sánchez-Adam, Miccoli, Polich, & Vila, 2016). 

However, even with four independent samples, questions beyond the context-dependence of cortico-

cardiac coupling can be discussed at this point. 

In Studies I and II, we reasoned that feedback-evoked P300-related ACC activation influences 

the magnitude of change in cardiac activity (here, acceleration) via parasympathetic pathways, and that 

this coupling is further moderated by individual differences in insula reactivity. Several arguments 

suggest that the pathways of observed cortico-cardiac coupling to gambling feedback and to fear 

conditioned stimuli (Study III) overlap to a substantial degree. First of all, both ACC and insula are 

involved in cardiac control (Critchley, 2005; Critchley et al., 2003, 2000, Thayer & Lane, 2000, 2009), 

which makes these structures instant candidates for any cortico-cardiac coupling phenomenon. 

Moreover, both structures have been implicated in numerous affect-related processes (Bush, Luu, & 

Posner, 2000; Gasquoine, 2014; Menon & Uddin, 2010), including fear conditioning (Fullana et al., 

2016; Garfinkel & Critchley, 2014). On the midbrain level, the periaqueductal gray has been linked to 

parasympathetic mediation of fear bradycardia both in rodents (Koba, Inoue, & Watanabe, 2016) and 

humans (Hermans, Henckens, Roelofs, & Fernández, 2013). Future studies may combine CECT with 

imaging methods, for example, simultaneously assessing functional magnetic resonance imaging 

(fMRI), EEG and HP. Addition of these techniques would provide the opportunity to confirm EEG 

localization findings of ACC and insula, combining the superior temporal resolution of EEG with the 
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superior spatial resolution of fMRI. In addition, (a) the role of the periaqueductal gray (Hermans et al., 

2013) in cortico-cardiac coupling could be tested directly and (b) contributions of other subcortical 

structures, not accessible with EEG, could be investigated – for example the amygdala, which is highly 

relevant for fear conditioning (LeDoux, 2000; LeDoux, Iwata, Cicchetti, & Reis, 1988) and cardiac 

control (Thayer & Lane, 2009). 

Results from the fear conditioning studies (Studies III and IV) probably are somewhat more 

difficult to generalize to feedback processing as measured in Studies I and II. It should be mentioned, 

however, that the LPP, which we found to be sensitive to conditioned fear (Study III and IV), has 

recently been implemented in the investigation of feedback processing as well. Studies have shown that 

the amount of monetary gain or loss may modulate the LPP (Gu et al., 2017; Meadows, Gable, Lohse, 

& Miller, 2016), suggesting that the LPP reflects motivational significance in feedback processing as 

well. Following this assumption, the LPP was also recently used to show that processing of loss feedback 

is associated with greater motivational intensity in major depression, as depressed individuals showed 

higher LPP to monetary losses than healthy controls (Webb et al., 2017). The LPP may be of value for 

clinical research and applications, given that modulations of the LPP have been found in response to 

various phobic stimuli (Michałowski et al., 2017; Michalowski et al., 2015) and the LPP was previously 

used to predict therapy success in social anxiety disorder and major depression (Stange et al., 2017). 

Here, in Studies III and IV, we showed the value of the LPP for fear conditioning and extinction, 

experimental procedures which are widely used to investigate underlying mechanisms of fear-related 

psychopathologies (Duits et al., 2015; Lissek et al., 2005). 

A direct transfer of COMT Val158Met effects in Study IV to feedback processing certainly is 

not possible, simply because they were associated with memory consolidation, which was not 

investigated in Studies I and II. Nonetheless, the COMT Val158Met has been linked specifically to 

central feedback processing, namely to the the FRN (Marco-Pallarés et al., 2009; E. M. Mueller, 

Burgdorf, et al., 2014). However, it is unlikely that COMT Val158Met modulates univariate cardiac 

responses or cortico-cardiac coupling to feedback. First, the polymorphism did not modulate cardiac 

fear responding on Day 1 in Study IV, suggesting an effect of memory consolidation rather than direct 

modulation of cardiac control. This is in line with the absence of direct dopaminergic N300H modulation 
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in Study II. Second, the N300H is not sensitive to EEG activity in the FRN time window, therefore 

COMT Val158Met likely influences different aspects of cue evaluation – e.g., positive vs. negative, 

better vs. worse than expected (Kreussel et al., 2012; Miltner et al., 1997; Nieuwenhuis, Holroyd, Mol, 

& Coles, 2004) – than what is reflected by the strength of N300H coupling – i.e., motivational intensity 

(Study I). Research on COMT Val158Met associations with cardiac functions only provides a limited 

amount of data, restricted to psychosomatic health (Woody, McGeary, & Gibb, 2014) or longer state 

measures of cardiac function (A. Mueller et al., 2012). To the author’s knowledge, there is no evidence 

of COMT Val158Met modulation of quick, phasic cardiac modulation at this point.  

 With regard to personality traits, neuroticism/anxiety predicted both N300H in a gambling task 

(Study II) and Day-1-Day-2 stability of extinguished fear bradycardia (Study IV). The association of 

neuroticism/anxiety with heterogeneous processes (increased cortico-cardiac coupling vs. decreased 

stability of extinguished fear bradycardia) is not surprising, given that state anxiety is a proactive 

motivational-affective state that functions to reduce uncertainty in a wide range of situations (Depue & 

Lenzenweger, 2005) and thereby avoid danger (E. M. Mueller, 2011). The notion that 

neuroticism/anxiety is relevant in a variety of situations and processes is supported by the observation 

that neuroticism/anxiety is typically represented as a higher-order factor in personality inventories 

(Depue & Lenzenweger, 2005). 

The correlation between neuroticism/anxiety and N300H in the placebo group in Study II added 

to previous findings (two samples reported in E. M. Mueller, Stemmler, Hennig, & Wacker, 2013), 

although the current correlation was not specific for negative feedback as it had been previously. In 

another study, the N300H (independent of feedback valence) was elevated in panic disorder (E. M. 

Mueller, Panitz, Nestoriuc, et al., 2014)6, notably in the same gambling task as in Studies I and II, not 

using panic-related cues. Different causal directions between neuroticism/anxiety and N300H are 

plausible. For example, increased cortico-cardiac connectivity (both efferent and afferent) may 

predispose individuals to develop increased levels of neuroticism/anxiety by promoting stronger cardiac 

responses to stimuli with relatively low motivational intensity. Altered cardiac activity then could 

                                                        
6 In this sample, there was also the previously mentioned correlation between higher trait anxiety and increased 
N300H magnitude, independent from feedback valence (reported in diploma thesis; Panitz, 2013). 
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become an aversive bodily state (which does not have to be a conscious perception) and interoceptive 

processes may increase state anxiety mediated via the insula (Critchley & Garfinkel, 2017; Paulus & 

Stein, 2006). Consistently, increased cardiac reactivity, even to safe stimuli, paired with a highly reactive 

insula (see Study I) may promote more frequent and more intense feelings of anxiety. Although it might 

prove difficult to find direct experimental evidence of this exact relationship, in a first step, future studies 

could investigate relationships between interoceptive sensitivity and cortico-cardiac coupling.  

Assuming the opposite direction, anxious people – who are more frequently in a state of 

uncertainty, worry and anxious apprehension – may develop a more effective cortico-cardiac top-down 

modulation in order to react faster to potential threats. Future studies could investigate if trait anxiety 

predicts the onsets or peak latencies of cardiac responses across individuals, mediated by strength of 

cortico-cardiac coupling. 

A third possible explanation may be that state anxiety mediates the relationship between 

neuroticism/anxiety and cortico-cardiac coupling. By definition, participants with high levels in 

neuroticism/anxiety are more likely to show higher levels of state anxiety across situations, including 

the laboratory. In this scenario, elevated cortico-cardiac coupling would be an indicator of transient 

aroused states rather than of stable individual differences. Previous CECT studies do not provide the 

possibility to disentangle trait and state influences on the N300H. Therefore, a study using induction of 

state anxiety in order to assess the relative contributions of state and trait anxiety to N300H magnitudes 

is currently in preparation. Ideally, all of the suggested follow-up studies should include assessment of 

insular activity, as this structure may be a ‘hub’ for neural processes in anxiety and cardiac control. 

Meanwhile, higher levels of neuroticism/anxiety in Study IV may be indicative of deficits in 

long-term associative learning. More anxious participants indicated decreased long-term stability of 

extinguished fear bradycardia. Such instability is considered maladaptive, given that differentiated 

responding to threat and safe cues is independent of previous learning experiences. It should be noted, 

however, that the neuroticism/anxiety effects in Study IV are preliminary as we have shown them for 

the first time (contrary to the neuroticism/anxiety-N300H relationship) following exploratory analyses. 
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Conclusion 

 Taken together, the present thesis was able to elucidate multiple psychophysiological 

mechanisms in motivational-affective cue processing using two classes of cues: (a) performance 

feedback associated with monetary reward and loss as well as (b) short-term and long-term conditioned 

and extinguished threat cues. We assessed EEG as an indicator of electrocortical activity with high 

temporal resolution and HP as an important peripheral indicator of behavioral adaptation. 

Intraindividual as well as interindividual relationships were investigated, integrating physiological, 

genetic and personality variables, thereby providing a multi-dimensional approach. We showed that 

intraindividual cortico-cardiac coupling is a reliable measure that is sensitive to different types of 

motivationally significant stimuli, that has incremental validity to between-subject correlations, and that 

even may be a biomarker for trait anxiety. Anatomical-physiological contributors to cortico-cardiac 

coupling were suggested (ACC, insula) or ruled out (dopamine, noradrenaline). The value of previously 

little used markers in fear conditioning research were shown in short-term learning (LPP) and long-term 

learning (fear bradycardia). We also stressed the notion that it is necessary to properly define (a) stages 

of cue-related processes (short-term vs. long-term learning) and (b) behavioral phenotypes in trait 

measures (fearfulness vs. neuroticism/anxiety) in order to reliably find predicted behavior in the 

laboratory. Our findings, and future studies building upon them, have the potential to contribute 

significantly to the understanding of affect and motivation, affective personality traits, and even 

psychopathologies. 
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a  b  s  t  r  a  c  t

Prior  work  on  the  coupling  of cortical  and cardiac  responses  to  feedback  demonstrated  that  feedback-
evoked  single-trial  EEG  magnitudes  300  ms  post-stimulus  predict  the  degree  of subsequent  cardiac
acceleration.  The  main  goal  of the  current  study  was  to  explore  the  neural  sources  of  this  phenomenon
using  (a) independent  component  analysis  in  conjunction  with  dipole  fitting  and  (b)  low  resolution
electromagnetic  tomography  (LORETA)  in  N  =  14  participants  who  performed  a  gambling  task  with  feed-
back  presented  after  each  trial.  It was  shown  that  independent  components  localized  near  anterior
cingulate  cortex  produced  robust  within-subjects  correlations  with  feedback-evoked  heart-period,  sug-
gesting  that  anterior  cingulate  cortex  activity  300  ms  after  feedback  presentation  predicts  the  strength
of  subsequent  cardiac  acceleration.  Moreover,  interindividual  differences  in  evoked left  insular  cortex
LORETA-estimated  activity  at  around  300  ms moderated  within-subjects  EEG–heart  period  correlations.
These  results  suggest  that  key  regions  of central  autonomic  control  are  involved  in cortico-cardiac  cou-
pling  evoked  by feedback  stimuli.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The human organism reacts to motivationally relevant stimuli
not only by means of the central nervous system but also encoun-
ters them by adjusting autonomic activity via cortico-visceral
pathways. Cardiovascular responses such as evoked changes in
heart rate (HR) or heart period (HP, its inverse) are common
indicators for autonomic responses to external stimuli. Cortical
innervations of the heart are known to be linked to a range of
basal cognitive and affective processes as well as to physio- and
psychopathology (Thayer & Lane, 2009).

Feedback on task performance as one type of motivationally rel-
evant stimulus has been found to evoke subsequent modulations of
both HP and cortical activity (as measured, for example, with EEG).
Studies have found feedback-evoked HP increases for negative vs.
positive feedback (van der Veen, van der Molen, Crone, & Jennings,
2004) and for violated expectations (Crone et al., 2003) whereas
HP decreases if monetary incentives are given (Fowles, Fisher, &
Tranel, 1982) and incentives get larger (Tranel, 1983). Furthermore,
Mies, Van der Veen, Tulen, Hengeveld, and Van der Molen (2011)

! This research was  supported by Grant DFG WA 2593/2-2 to Dr. Wacker.
∗ Corresponding author at: Department of Psychology, Giessen University, Otto-

Behaghel-Str. 10F, 35394 Giessen, Germany. Tel.: +49 641 9926084.
E-mail address: erik.mueller@psychol.uni-giessen.de (E.M. Mueller).

found a cardiac deceleration for negative feedback, but only if feed-
back was valid (i.e. meaningful). Two prominent components in
the event-related potential (ERP) sensitive to external feedback are
the feedback-related negativity (FRN; Kreussel et al., 2012; Miltner,
Braun, & Coles, 1997) and P300-like components (Linden, 2005 for
an overview). The FRN emerges as a negative deflection in a time
range of about 200–300 ms  after feedback and is more negative
after negative vs. positive feedback. Meanwhile, modulations of
P300-like components evoked by feedback stimuli may  be sensi-
tive for other stimulus properties than the FRN. For example, in a
gambling task where different amounts of money could be won  or
lost, the P300 was found to be sensitive to the amount of mone-
tary reward or loss and not to the binary (reward vs. loss) outcome
which affected the FRN (Sato et al., 2005; Yeung & Sanfey, 2004),
indicating that feedback-evoked P300 is related to meaningfulness
rather than valence of the feedback.

In light of the mixed findings on influences on feedback-
evoked HP, it is not surprising that studies directly investigating
ERP and cardiac response simultaneously in a feedback paradigm
(e.g. Groen, Wijers, Mulder, Minderaa, & Althaus, 2007; Hajcak,
McDonald, & Simons, 2003; Mies et al., 2011) have yielded het-
erogeneous results regarding the association of cardiac response
with FRN or P300, including null findings (Hajcak et al., 2003; Mies
et al., 2011). All the mentioned studies operationalized cortico-
cardiac coupling as a relationship between ERP and evoked HP,
both averaged across trials and then correlated across individuals.

0301-0511/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.biopsycho.2013.05.017
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However, interindividual relationships of aggregated data do not
necessarily reflect the coupling of two components (i.e. brain
currents and heart beat) within individuals but rather indicate
whether two components covary in the tested population. With
regard to the question, whether feedback-evoked brain and heart
activity are coupled over time (e.g. whether the feedback evoked
brain-response is functionally related to the feedback evoked heart
response) between-subject correlations allow relatively little infer-
ence. Moreover, interindividual baseline differences in evoked
cortical or cardiac activity can produce a great amount of statistical
noise, which would obscure between-subjects correlations. Addi-
tionally, the studies mentioned above allow reliable conclusions
only for cardiac activity up to 3 s post-stimulus. However, later
modulations of evoked cardiac activity have been reported (e.g.
Lang, Gatchel, & Simons, 1975; Meyers, 1969) and often demon-
strate an acceleratory HP response at 3–5 s which is modulated
by specific stimuli and likely reflects vagal withdrawal (Thayer,
Friedman, Borkovec, Johnsen, & Molina, 2000).

Cardio-electroencephalographic covariance tracing (CECT) has
recently been proposed as an approach to assess coupling between
evoked cortical and cardiac activity intraindividually with high
temporal precision (Mueller, Stemmler, & Wacker, 2010). Briefly,
CECT entails dividing stimulus-evoked single-trial EEG activity and
heart period (HP) into lags relative to a (feedback) stimulus. The
lags are then cross-correlated within subjects over all trials and
the intraindividual correlations are subsequently tested for signifi-
cance across subjects. Thereby, interindividual baseline effects are
eliminated and functionally relevant within-subject covariation of
feedback-evoked EEG and HP can be assessed.

Previous CECT studies showed that EEG amplitude at around
300 ms  (“300”) after a feedback stimulus in a gambling task corre-
lates within subjects negatively (“N”) with HP (“H”) from 3 to 5 s
(strongest after 4 s). This correlation cluster was therefore named
N300H (N300 4 in the original article). The N300H phenomenon
also is evoked by a time-estimation task and modulated by tryp-
tophan, an important precursor of serotonin synthesis (Mueller,
Evers, Wacker, & van der Veen, 2012). Additionally, strength of
N300H is influenced by the serotonin transporter polymorphism
5-HTTLPR (Mueller, Stemmler, Hennig, & Wacker, 2013) and con-
current intake of selective serotonin reuptake inhibitors (Mueller,
Panitz, Nestoriuc, Stemmler, & Wacker, submitted for publication).
Apart from this tentative implication of serotonin in N300H gener-
ation, the underlying structures are unknown. Because the N300H
shows a latency of about 300 ms  in the EEG time domain, we
hypothesized that it relates to the P300. This interpretation is
consistent with early reports that stimuli which increase P300
amplitude have been found to also accelerate evoked heart beat at
3–4 s post-stimulus (Lang et al., 1975; Otten, Gaillard, & Wientjes,
1995). Furthermore, we assumed the N300H to be related to a sub-
component of the P300, the stimulus-driven P3a (Polich, 2007) and
thus linked to putative P3a generators which are assumed to be
situated in frontal brain areas. Promising candidates are both the
anterior cingulate cortex (ACC) and the insula because they are
involved in (1) P300 generation (see Linden, 2005 for an overview),
(2) autonomic control (Critchley, 2005; Gianaros, Van Der Veen, &
Jennings, 2004; Thayer & Lane, 2009; Verberne & Owens, 1998)
and (3) action monitoring processes (like feedback evaluation;
Miltner et al., 1997; Sato et al., 2005; Ullsperger, Harsay, Wessel,
& Ridderinkhof, 2010; Veen, Röder, Mies, van der Lugt, & Smits,
2011).

To explore possible neural substrates of the N300H we com-
puted CECTs based on independent components (ICs) derived from
independent component analysis (Makeig, Jung, Bell, Ghahremani,
& Sejnowski, 1997). While channel EEG reflects the summed activ-
ity of multiple underlying sources, particularly in the P300 time
window (Makeig et al., 2002), IC time courses reflect the activity

of single independent brain sources, which can be localized using
fitting algorithms for single dipoles. Thus, if N300H is driven by
ACC activity as we  hypothesized based on its previously reported
centromedial topography and the role of ACC in autonomic con-
trol, the activity of those ICs which can be dipole-fitted to ACC (e.g.
Mueller, Makeig, Stemmler, Hennig, & Wacker, 2011) should show
a similar N300H-like phenomenon as the channel EEG. In addition,
we applied low resolution electromagnetic tomography (LORETA;
Pascual-Marqui, Michel, & Lehmann, 1994) on the trial-averaged
individual subject channel EEG data (i.e. event-related potentials)
and performed exploratory voxel-wise between-subjects corre-
lations of LORETA-estimated activity at the N300H latency and
individual N300H values to get a between-subjects perspective on
the same data.

2. Methods

2.1. Participants and procedure

N = 15 students participated in this study in partial fulfillment of course credits.
The study protocol was  approved by the Ethics Committee of the German Society
for  Psychology (Deutsche Gesellschaft fuer Psychologie). One participant had to be
excluded from analyses due to bad ECG recording, yielding a final sample size of
N  = 14 (11 female; mean age: 21.8 years, SD = 3.2 years). After providing informed
consent EEG and ECG electrodes were applied and after a 10-min resting phase the
gambling task was conducted. Thereafter participants were debriefed and received
their gambling task winnings of 5 D .

2.2. Gambling task

Participants completed a 420-trial gambling task adapted from Sato et al. (2005).
Every trial began with a fixation cross presented for 500 ms. Participants could win
or  lose a varying amount of money (0, 10 or 50 cents) which was  indicated afterwards
for  1000 ms.  In the next step, a card was presented showing a number between 2
and 7. Participants were told that the computer was  drawing a second, hidden card
and  they were asked to guess if that second card would have a higher or lower value.
The card remained on the screen until one of two buttons was pressed (referring
to  ‘higher’ and ‘lower’, respectively). 3000 ms  after the press, in each trial, positive
(green circle), negative (red cross) or uninformative (blue question mark) feedback
was given indicating whether the initially displayed amount was won or lost in that
trial. The feedback was  shown for 500 ms followed by a blank screen for 3500 ms
before the fixation cross of the next trial appeared. Participants did not know that the
presentation of feedback types was quasi-randomized with balanced frequencies
and they were told in advance that they could win  between 0 and 5 D in total. In
the  end, however, every participant received 5 D .

2.3. EEG and electrocardiogram (ECG) recording

EEG was recorded with a 64 channel BioSemi (Amsterdam, Netherlands) Active
Two  system, Ag–AgCl pin electrodes (according to the International 10/20 system),
a  corresponding Electro-Cap from Electro-Cap International Inc. (Eaton, Ohio, USA)
and at a sampling rate of 512 Hz. EEG was online referenced to the Driving Right
Leg and Common Mode Sense electrodes. ECG was measured with three BioSemi
(Amsterdam, Netherlands) Active Two Ag–AgCl flat electrodes in lead II configura-
tion (right forearm, left leg, ground electrode on left arm) connected to the BioSemi
system.

2.4. Data analysis

2.4.1. EEG
Using EEGLAB (Delorme & Makeig, 2004) in MATLAB 7.5.0 (MathWorks, Natick,

Massachusetts, USA) EEG was downsampled to 128 Hz, re-referenced to the average,
highpass-filtered (0.1 Hz), and manually screened for artifacts. Eye-movement arti-
facts were identified and removed with independent component analysis (ICA). Data
were segmented (−156.25 to 781.25 ms relative to feedback) and baseline-corrected
(−156.25 to 0 ms).

2.4.2. ECG
In the bandpass-filtered ECG (1–30 Hz) R-spikes were automatically detected

and  HP traces computed through a customized routine in MATLAB, which creates
a  continuous HP trace at 128 Hz where each sample reflects the distance in ms
between the preceding and succeeding R-spike. Resulting HP traces (“cardiotach”)
were manually screened for artifacts. Computed segments ranged from 0 ms  to
5000 ms  post feedback and data was baseline corrected by subtracting the value
at feedback onset.
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2.4.3. CECTs
The EEG data was  prepared for CECT computation by dividing each single-trial

EEG segment into 50 bins of 15.625 ms  each, ranging from 0 ms (feedback onset) to
781.25 ms  and computing the mean signal amplitude for each bin. The HP trace was
divided into 10 bins of 500 ms,  ranging from 0 s to 5 s and the mean HP value was
determined for each 500 ms  bin. Next, CECTs were obtained by correlating (Pearson’s
r) each EEG bin with each HP bin across trials within subjects (regardless of feedback
type), resulting in a 10 × 50 cross-correlation matrix for EEG and HP trace. Correla-
tions were Fisher-transformed (Fisher, 1950), averaged across all participants and
transformed back into correlations in order to obtain a grand average of the CECTs.

2.5. Statistical analyses

To confirm the N300H, a one-sided one-sample t-test was  computed for the
mean Fisher-Z value of the EEG-bin at 300 ms  and the HP-bin at 4 s post-feedback,
the  N300H peak latencies of Mueller et al. (2010), which correspond with previously
reported peak latencies of P300 and the stimulus-evoked cardiac acceleration com-
ponent (Lang et al., 1975; Otten et al., 1995). After N300H was confirmed with these
a  priori defined latencies, the temporal position with the strongest N300H values in
the present study was  determined (EEG-bin at 375 ms  and the HP-bin at 3.5 s post
feedback) in order to conduct localization analyses at the temporal positions with
maximum brain–heart coupling.1

2.6. Analyses of potential neural substrates

2.6.1. Independent component CECTs (IC-CECTs)
The continuous EEG signal was decomposed using ICA decomposition imple-

mented in EEGLAB. 13 IC-decompositions were usable for analysis. Two  scorers
independently selected components based on centromedial topography to presum-
ably reflect ACC activity. Both scorers identified the same components in 12 datasets.
Disagreement for one dataset was resolved by discussion. ACC involvement for these
13  components was  confirmed by estimating dipoles using a boundary element
model and the dipole fitting function implemented in EEGLAB and determining the
centroid position. For one independent component no dipole solution was  found
leading to a sample size of N = 12 for the IC-CECT analysis. IC-CECTs were com-
puted like channel-CECTs using IC-activation for the previously identified putative
ACC-components instead of channel voltage. When ICs had inverted polarities (i.e.
negative weights at centromedial electrodes) IC-CECT matrices were multiplied with
−1.  N300H and grand average IC-CECT were determined as for the channel-CECTs.

2.6.2. LORETA-estimated source activity and N300H
We  first computed each participant’s event-related potential and estimated the

current density at 375 ms  post-feedback (EEG latency of the N300H) for all vox-
els using LORETA. Then, between-subject correlations of individual current density
values and individual Fisher transformed CECT-values (global peak latency) were
calculated for each voxel. Type I error was set to .01 (uncorrected) and we  expected
a  priori ACC and insulae to be related to N300H.

3. Results

3.1. Evoked cortical and cardiac activity

Fig. 1(A) and (B) depicts the feedback-evoked ERP at Cz and
HP respectively. Feedback presentation evoked a P300 with a peak
latency of 360 ms  as can be seen in Fig. 1(A).

3.2. Replication of N300H

The N300H was confirmed: the mean individual correlation val-
ues of EEG at 300 ms  and HP at 4 s (Mueller et al., 2010) deviated
significantly from 0, (t(13) = −2.17; pone-tailed < .03, mean r = −.05).
N300H was also significantly lower than zero for the peak laten-
cies of the present sample (EEG: 375 ms  and HP: 3.5 s; r = −.07;
t(13) = −2.59; pone-tailed < .02; see also Fig. 2(A) and it showed the
typical centromedial topography (Fig. 2(B)). Cohen’s d for the devi-
ation of the mean Fisher-Z from zero was d = −0.69 and therefore a
medium to large effect according to Cohen (1988).

Separate control analyses replicated the relative insensitivity of
N300H to feedback valence. Feedback-specific N300H coefficients

1 We would like to point out that obtained p values do not refer to an r value but to
a  t-test based on the mean of the Fisher-Z-transformed intraindividual correlations
and their standard deviation.

were computed and their deviations from zero tested for signif-
icance (negative: r = −.08; t(13) = −3.10; pone-tailed < .01; positive:
r = −.07; t(13) = −1.76; pone-tailed < .052; uninformative: r = −.04;
t(13) = −1.28; pone-tailed < .12). In direct comparison, feedback-
specific coefficients did not differ significantly (F(1, 13) = 0.68;
p > .462; !2 = .050; for comparable results see Mueller et al., 2010).
Meanwhile, consistent with the proposed association of P300 and
N300H, and the known effect of reward magnitude on P300 (Sato
et al., 2005; Yeung & Sanfey, 2004), N300H tended to decrease from
50 (r = −.09) to 10 (r = −.07) to 0 (r = .00) cent conditions, although
this comparison did not reach statistical significance (F(1, 13) = 2.44;
p > .131; !2 = .158).

3.3. IC-CECT for ACC

As shown in Fig. 3(A), IC-CECTs mirrored the channel CECTs at
channel Cz. At latencies of 375 ms  and 3.5 s in the EEG and HP time
domains, respectively, a robust within-subject correlation emerged
with an effect size similar to the channel-CECT (r = −.07, t(11) = 2.31;
pone-tailed < .021). The centroid was  localized to the proximity of the
ACC suggesting that ACC or nearby regions may generate N300H-
like phenomena (Fig. 3(B)).

3.4. Correlation between N300H and estimated current source
density

Exploratory between-subject correlation analyses revealed sig-
nificant correlations between the N300H and current source
density in four different anatomical regions: insula, inferior and
middle frontal gyri as well as precentral gyrus (r between −.65 and
−.74; all pone-tailed < .01). The strongest correlation was found in the
left insula (r = −.74, Fig. 4(A)) indicating that more activity in the left
insula was  associated with higher (negative) N300H magnitudes
(Fig. 4(B)).

No significant results were obtained for voxels in the right insula
and ACC although all correlations in these regions were negative
with maxima of r = −.58 in the right insula (pone-tailed = .03) and of
r = −.40 in the ACC (pone-tailed = .07).

4. Discussion

Apart from replicating the N300H phenomenon first reported
by Mueller et al. (2010) and, thus, providing further support for the
use of this component as a robust marker for cortico-cardiac cou-
pling, the present study provided novel information concerning its
neural substrates. Using centromedial IC activation instead of chan-
nel voltage as CECT input a time-lagged cortico-cardiac correlation
cluster was  present at N300H latencies. In addition to this finding,
which resulted from a within-subject approach, between-subjects
correlations of estimated brain source activity at the N300H latency
and the N300H magnitude revealed that individuals with more
left insular current source density showed higher cortico-cardiac
coupling.

A core finding of the present report is that feedback-evoked
activities of ACC-localized ICs produce a robust N300H-like phe-
nomenon. In contrast to channel voltage, which results from the
summed activity of multiple brain sources, the activity–time course
of an IC shows minimal mutual information with other ICs and is
therefore assumed to capture the activity of single cortical sources
more adequately than scalp channel voltage (Makeig et al., 1997).
ICs with a putative generator in the ACC were selected based on
their scalp topography and the validity of this (manual) selection
was subsequently confirmed using (automated) dipole fitting. As
with the N300H at the channel level, it was  shown, that feedback-
evoked activity of these ICs at 375 ms  predicted the amount of
cardiac acceleration about 4 s later. This result suggests that parts of
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Fig. 1. (A) Feedback-evoked event-related potential at channel Cz across all trials and conditions. The gray area indicates the temporal spread of significant negative CECT
values  surrounding the N300H in the EEG-time domain (pone-sided < .05, uncorrected). The dashed line marks the EEG latency of the N300H in the present sample. (B) Feedback-
evoked HP across all trials and conditions. The gray area indicates the temporal spread of significant negative CECT values surrounding the N300H in the HP-time domain
(pone-sided < .05, uncorrected). The dashed line marks the HP latency of the N300H in the present sample.

Fig. 2. (A) t-Values for the grand average of the cardio-electroencephalographic covariance traces (CECT); white box indicates the position of the N300H in the present
sample.  (B) Topography of the N300H at the peak latency.

Fig. 3. (A) CECT based on activation of independent components with centromedial topography (N = 12). (B) Centroid of estimated dipoles for the individual independent
components.

Fig. 4. (A) Significant correlations between LORETA-estimated current density and N300H. Dashed lines indicate the strongest negative correlation which was found in the
left  insula – Talairach coordinates (mm):  X = −38, Y = −11, Z = 1. (B) Scatterplot of the indicated correlation.
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the ACC contribute to the N300H phenomenon. The ACC can be clus-
tered into two functional subdivisions, a rostral–ventral affective
division and a dorsal cognitive division (Bush, Luu, & Posner, 2000).
The fitted dipole is situated slightly inferior to the actual ACC which
speaks for the rostral-ventral parts. Activation in this region has
been found to be sensitive to feedback (van der Veen, Röder, Mies,
van der Lugt, & Smits, 2011) and to covary with high-frequency
heart rate variability (HF-HRV; Gianaros et al., 2004; Lane et al.,
2009; Matthews, Paulus, Simmons, Nelesen, & Dimsdale, 2004;
Ohira et al., 2010), which is an indicator for parasympathetic control
of the heart (Berntson et al., 1997). Ohira et al. (2010) could show
in a combined EEG-PET study with a probabilistic learning task that
the relationship between rostral ACC activation and HF-HRV medi-
ated feedback effects on heart rate. Although the spatial precision
of the dipole estimation should not be overstated, the present find-
ings are thus consistent with the hypotheses that rostral ACC is the
critical subdivision for the N300H in the feedback paradigm and
that parasympathetic pathways are crucial for N300H generation
(see below).

The finding of between-subjects correlations between current
density in the left insula and N300H is consistent with Gianaros
et al. (2004) and with Lane et al. (2009) who reported left (but
not right) insular activity to covary positively with HF-HRV. More-
over, Critchley (2005) and colleagues (Critchley, Corfield, Chandler,
Mathias, & Dolan, 2000) found activity in the right anterior insula to
covary positively with HR and sympathetic skin response. Whether
dissociations with regard to laterality (possibly indicating insu-
lar lateralization with regard to parasympathetic vs. sympathetic
control) are meaningful could be tested in future studies. While
the IC-approach indicated robust within-subjects coupling of ACC
and heart activity, the LORETA approach revealed no significant
between-subjects coupling of ACC activation and N300H. Note,
that the sources of variance (within-subject vs. between-subject
variance) for these two localization approaches are different. The
present results may  thus reflect an engagement of ACC in the actual
generation of a cardiac response to motivational relevant stimuli
and a moderating role of the insula: the stronger the insula becomes
activated after a feedback presentation, the stronger the ACC’s
impact on a subsequent cardiac response. Although this hypoth-
esis is consistent with the often-reported co-activation of ACC and
anterior insula (Craig, 2009) it should be noted that these interpre-
tations need validation through further research.

The identification of neural substrates of the N300H raises
further questions about the precise underlying physiological path-
ways and the issue of how feedback evoked cortical activity relates
to subsequent cardiac responses to feedback. Nieuwenhuis and col-
leagues (Nieuwenhuis, Aston-Jones, & Cohen, 2005; Nieuwenhuis,
De Geus, & Aston-Jones, 2011) suggested the rostral ventrolateral
medulla as an initiator of the sympathetic orienting response (OR)
and of P300 generation involving the locus coeruleus and glu-
tamatergic and noradrenergic neurotransmission. Although it is
possible that coupled orienting processes in the central and the
sympathetic nervous systems contribute to cortico-cardiac covari-
ation as reflected in N300H, the parasympathetic system may  be
more relevant. First, prior work has shown that HP modulations
reflected in N300H occur in high frequencies, which are charac-
teristic for vagal rather than sympathetic processes (Mueller et al.,
2010). HR is tonically inhibited by anterior brain structures – the
ACC and the left insula among others – via vagal pathways (Ahern
et al., 2001; Gianaros et al., 2004; Lane et al., 2009) and phasic
cardiac acceleration after feedback could result from phasic vagal
withdrawal. Second, the effects of tryptophan depletion (Mueller
et al., 2012), of the 5-HTTLPR serotonin transporter polymorphism
(Mueller, Stemmler, Hennig, & Wacker, 2013) and of selective sero-
tonin reuptake inhibitors (Mueller et al., submitted for publication)
on N300H suggest its sensitivity to serotonin and it is assumed that

the central serotonergic neuronal pathways exert their physiologi-
cal effects mainly by parasympathetic outflow (Ramage & Villalón,
2008).

Although serotonin shows a widespread distribution in the
human cortex (Cools, Roberts, & Robbins, 2008) it is not only
of particular relevance for ACC (Holmes, Bogdan, & Pizzagalli,
2010; Talbot & Cooper, 2006), but also for neurotransmission
at the periaqueductal gray (Clements, Beitz, Fletcher, & Mullett,
1985) and nucleus of the tractus solitaris (NTS) (Jordan, 2005;
Ramage, 2001) two putative stations involved in transmitting
cortico-limbic (including ACC and insula) responses to the vis-
cera via parasympathetic pathways (Behbehani, 1995; Ter Horst
& Postema, 1997; Thayer & Lane, 2009). The precise mechanisms
linking ACC and insula activity to cardiac responses could be inves-
tigated in future work that combines the CECT approach with
neuroimaging techniques. In addition, pharmacological manip-
ulations of noradrenaline could further probe the relationship
between feedback-evoked brain–heart coupling and the more gen-
eral Nieuwenhuis model of P300-sympathetic nervous system
relationships (Nieuwenhuis et al., 2005, 2011).

Although the present findings suggest a top-down explanation
for N300H such that temporally earlier ACC activity predicts later
changes in HP it should be noted that N300H reflects a correlation
and thus does not inform about causation (although the tempo-
ral lag of EEG and heart activity further supports this top-down
interpretation). As an alternative explanation to the assumed top-
down process, there may  be conditions that have an effect on both,
evoked HP and EEG and thereby lead to correlations of EEG and HP.
For example, predictable stimuli produce an anticipatory increase
in HP (Molen, Somsen, Jennings, Nieuwboer, & Orlebeke, 1987)
and could also influence EEG. However, this effect should be con-
stant and therefore not affect intraindividual correlations like in
the present study. Additionally, the stimulus timing relative to the
cardiac phase may  influence both, the HP of the next two cycles
(Lacey & Lacey, 1977, 1978) and the EEG. Although such cardiac
cycle effects influence the ongoing or next cardiac cycle and can
thus not explain the N300H phenomenon, which occurs within the
fourth or fifth cycle (assuming an HP of 900 ms), future CECT stud-
ies could present feedback stimuli in specific phases of the cardiac
cycle to test whether there are time-windows in the cardiac cycle
that facilitate cortical control of the heart.

It should be noted that the analyzed HP time window stretched
into the subsequent trial. The present N300H effects remain
thereby unaffected taking place at 3.5 s post-feedback. Meanwhile
there is a possibility that measurement of cortico-cardiac coupling
at 4–5 s post-feedback in the HP trace was blurred. Interfering
effects of fixation cross (presented 4 s after the last feedback)
and monetary amount presentation (presented 4.5 s after the
last feedback), respectively, could have reduced the correlations
although these effects may  be relatively small. First, non-salient and
non-meaningful stimuli (like the fixation cross) have been show
to evoke negligible cardiac reactions (Simons, Graham, Miles, &
Balaban, 1998). Second, as any effects of the fixation cross should
be relatively constant over trials, they should not systematically
affect cross-trial correlations. Third, although the varying monetary
amounts may  affect cardiac reactions, their presentation appears
too late to severely influence the cardiac response within the mea-
sured time window (e.g. Lawrence & Barry, 2010).

As a potential limitation, the mean N300H r-value is rela-
tively small. Note, however, that correlation input is single-trial
EEG, which is naturally characterized by poor signal-to-noise ratio.
It can therefore be assumed that the existing effect is strongly
underestimated. In the future it may  be promising to try differ-
ent paradigms and/or recording characteristics in order to reduce
the noise and exploit the signal of interest more effectively. How-
ever, the medium to large group effect indicates along with our
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previous studies (Mueller et al., 2010, 2012, 2013, submitted for
publication), that the N300H phenomenon is a robust finding. As
another limitation, the effect of the insula on moderating the cou-
pling may  be overestimated or spurious due to the small sample
size and the exploratory approach, without correcting for multiple
comparisons (which due to sample size would have resulted in non-
significant correlations). However, based on the current literature,
activity in the insula was a priori predicted to be linked to cortico-
cardiac coupling, thus encouraging upcoming studies to confirm
our results in larger samples. A final methodological consideration
concerns peak N300H timing, which was slightly different in the
present vs. Mueller et al. study (EEG: 375 ms  vs. 300 ms;  HP: 3.5 s vs.
4 s). While we assume that the difference of 500 ms  in HP latencies
(which corresponds to one bin) most likely reflects an insignificant
random deviation, the differences in EEG latency could possibly
be attributed to sample specific variations in P300 peak latency
(360 ms  vs. 300 ms;  see Fig. 1(A) and Mueller et al., 2010).

In conclusion, the present findings indicate that the N300H is
associated with activity of the ACC and provide initial, although
somewhat preliminary evidence that the left insular cortex
moderates central control of autonomic nervous system activ-
ity. Encouraged by the current validation of the CECT approach,
future studies may  now, for example, use this approach to further
investigate neurotransmitter systems, personality dimensions or
psychopathologies previously linked to cortico-cardiac coupling.
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Abstract 

External and internal performance feedback triggers not only neural but also cardiac modulations, 

suggesting communication between brain and heart during feedback processing. Using Cardio-

Electroencephalographic Covariance Tracing (CECT), it has accordingly been shown that feedback-

evoked centromedial single-trial EEG at the P300 latency intraindividually predicts subsequent 

changes in heart period – the so called N300H phenomenon. While previous findings suggest that 

the N300H depends on serotonin, its relationship to central dopamine and noradrenaline is currently 

unknown. Here, we tested (1) the psychometric properties of this CECT-based component and (2) 

its putative catecholaminergic mechanisms. N = 54 healthy male participants received either a α2-

adrenoceptor antagonist (yohimbine, 10 mg; n = 18), D2-dopamine-receptor antagonist (sulpiride, 

200 mg; n = 18), or a placebo (n = 18). Afterwards, they performed a gambling task with feedback 

after each trial, while EEG and ECG were recorded. Feedback successfully evoked a significant 

N300H both across all 54 participants and within each substance group. Importantly, we show that 

N300H can be reliably measured in a priori defined time windows with as few as 240 feedback 

trials and is relatively unaffected when removing extreme single-trial values. However, we could 

not find any significant substance effects on N300H magnitude as well as on univariate feedback-

related measures (FRN, P300, heart period). Altogether, the N300H component proves as a robust 

and reliable marker of cortico-cardiac coupling evoked by feedback. Furthermore, these findings 

suggest a subordinate role of catecholamines (i.e., noradrenaline and dopamine) and sympathetic 

pathways in feedback-evoked brain-heart communication as measured with N300H. 
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1. Introduction 

 

Internal and external feedback signals are a necessary source of information to optimally interact 

with our environment. In real life, this interaction not only involves quick evaluation of feedback 

stimuli (at the level of the central nervous system) but also often requires subsequent autonomic, 

especially cardiovascular, modulations that may prepare for adaptive alterations in behavior. 

Accordingly, motivationally relevant (feedback) stimuli have been shown to trigger changes in both 

cortical (as measured by, for example, EEG) as well as cardiac activity (e.g., heart period, HP). 

These findings strongly suggest communication between the brain and the heart during feedback 

processing. This feedback-related brain-heart coupling is, next to its evolutionary adaptiveness, of 

relevance for a variety of normal and abnormal psychological and physiological processes (e.g., 

emotion regulation (Thayer and Lane, 2000, 2009), anxiety (Berntson et al., 1998; Friedman, 2007), 

cardiovascular disease (Thayer and Lane, 2007)) and, therefore, important to understand. 

 Consistent with the assumption that feedback evokes coupling of brain and heart activity, 

Mueller and colleagues (2010, 2012, 2013, 2014a; Panitz et al., 2013) demonstrated a covariation 

between electrocortical (i.e., EEG) and subsequent cardiac chronotropic (i.e., HP) modulations after 

presentation of feedback stimuli. By employing the Cardio-Electroencephalographic Covariance 

Tracing (CECT) technique, which assesses time-lagged within-subject (i.e., intraindividual) 

covariations of single-trial EEG and HP evoked by external feedback (Mueller et al., 2010), these 

studies showed that the centromedial EEG amplitude at around 300 ms after presentation of 

motivationally meaningful stimuli (e.g., win/loss feedback in a gambling task) predicts subsequent 

changes in HP: the more positive the EEG amplitude at this latency, the more acceleration (i.e., the 

shorter the HP) at heart beats from approximately 2 to 5 s post-feedback. Due to the negative (“N”) 

association between EEG amplitude at 300 ms (“300”) and subsequent HP (“H”), this phenomenon 

has been labelled N300H.  



In order to further explore and establish the usefulness of this CECT-based component as a 

marker for feedback-evoked cortico-cardiac coupling, the primary goal of the present study was to 

investigate the psychometric properties of the N300H component. To this end, we first characterized 

its reliability in terms of internal consistency and systematically determined the minimum amount 

of trials required for reliable N300H assessment in a priori defined EEG and HP time windows. 

Furthermore, to show that N300H is not simply based on extreme or outlier values, we – in addition 

to our standard procedure – computed CECTs and the N300H using (1) Spearman (as opposed to 

Pearson) within-subject correlations, (2) winsorized data with truncated extreme single-trial values 

and (3) group-level correlations of single-trial EEG and HP. At the same time, by replicating the 

N300H in an independent sample in the first place, we wanted to further prove its robust 

detectability across different studies. 

 In addition, we aimed at gaining a more thorough understanding of the neurotransmitter 

systems underlying the N300H phenomenon. So far, there is accumulating evidence for a critical 

involvement of serotonin (5-HT) in the interaction between the brain and the heart following 

feedback presentation. In this respect, Mueller et al. (2012) showed that the strength of brain-heart 

covariation (i.e., N300H magnitude) is attenuated by pharmacological depletion of tryptophan, a 

precursor of central 5-HT synthesis, as well as in individuals with low plasma tryptophan levels. 

Furthermore, the N300H is modulated by concurrent intake of selective serotonin reuptake 

inhibitors (Mueller et al., 2014a) and the serotonin transporter polymorphism 5-HTTLPR, with 

enhanced N300H in long allele homozygotes of 5-HTTLPR (Mueller et al, 2013). Based on these 

and other findings, we developed a theoretical model assuming that the N300H phenomenon may 

be particularly mediated by parasympathetic/corticovagal pathways and the serotonergic transmitter 

system (e.g., Mueller et al., 2012). 

However, the specificity of 5-HT in modulating the N300H has not yet been investigated; 

and considering the complex physiological cascades and mechanisms underlying the 

communication between brain and heart as well as the multitude of anatomical structures involved 



in both the central processing of feedback and the modulation of peripheral reactions to this 

feedback (e.g., Benarroch, 1997; Critchley, 2005; Gianaros et al., 2004; Wager et al., 2009; 

Ullsperger et al., 2014), 5-HT may not be the only monoaminergic transmitter system involved. 

Rather, other monoaminergic neurotransmitters acting via (cortico-)sympathetic pathways might 

also be of relevance in feedback-evoked cortico-cardiac coupling. Consequently, in order to test the 

validity of our model (assuming serotonergic N300H generation), we looked into the effects of one 

relevant class of monoamines, namely catecholamines. 

 In the central nervous system, catecholamines are the principal neurotransmitters and, 

among others, critically involved in various aspects of feedback processing and performance 

monitoring (for review, see Jocham and Ullsperger, 2009). Furthermore, there is much evidence 

implicating catecholamines in the physiological regulation of cardiac function. Catecholaminergic 

neurons in the central nervous system are, for example, localized in and/or projecting to various 

cardiovascular centers within the brain and the spinal chord (Ganguly and Sherwood, 1991). In the 

periphery, catecholamines released from sympathetic neurons mediate rapid communication 

between the sympathetic autonomous nervous system and the heart through adrenergic beta 1- and 

beta 2-receptors, yielding positive chronotropic and inotropic effects on myocardial function 

(Prichard et al., 1991; Ganguly and Sherwood, 1991). Therefore, catecholamines may be critically 

involved in the coupling of cortical and cardiac activity following feedback, and, in turn, be 

important for the understanding of the physiological mechanisms underlying the N300H 

phenomenon. 

 Among catecholamines, noradrenaline (norepinephrine, NE) may be of particular relevance 

for feedback-evoked cortico-cardiac connectivity. First, NE is the primary catecholaminergic 

neurotransmitter of sympathetic postganglionic neurons in the intermediolateral cell column of the 

spinal chord (Berntson et al., 2007). By acting on adrenergic beta 1-receptors in the heart, NE can 

lead to increased heart rate and inotropy (Ganguly and Sherwood, 1991). Furthermore, NE has been 

hypothesized to be involved in the coupling of central and peripheral/sympathetic orienting 



processes, which may contribute to cortico-cardiac covariation as reflected in the N300H. More 

specifically, Nieuwenhuis and colleagues (2005, 2011) suggested that, following relevant stimuli 

(e.g., feedback), the rostral ventrolateral medulla co-activates the locus coeruleus (LC)-NE system 

and the peripheral sympathetic nervous system, leading to a simultaneous occurance of the P300 

ERP component and autonomic components of the orienting response (e.g., phasic heart rate 

changes; Graham and Clifton, 1966; Simons, 1988), respectively. This parallel modulation of NE-

mediated P300-like amplitudes and visceral reactions may induce or amplify a N300H-like 

covariation of P300 and cardiac acceleration. Here, we applied the α2-adrenoceptor antagonist 

yohimbine which increases LC activity and NE release (e.g., Goldberg and Robertson, 1983). We 

hypothesized that, if NE underlies feedback-evoked brain-heart coupling, elevated NE levels should 

enhance covariation of brain and heart activity (i.e., N300H magnitude) following feedback in a 

gambling task. On the other hand, if no effect of NE was found, we would interpret this as support 

for our original model of N300H being primarily modulated by serotonin. Another 

catecholaminergic neurotransmitter that may potentially influence brain-heart connectivity in 

feedback processing is the precursor of NE, namely dopamine (DA). DA plays a critical role in 

modulating cortical and behavioral action monitoring processes such as the processing of internal 

and external feedback signals (for review, see Jocham and Ullsperger, 2009, and Ullsperger, 2010; 

Holroyd and Coles, 2002). Particularly strong support for DA in the processing of internal 

performance feedback (i.e., errors) was provided by Mueller et al. (2011, 2014b) who combined 

genetic assessment and pharmacological challenge, demonstrating interactive effects of 

dopaminergic gene variants and the dopaminergic substance sulpiride on the error-related negativity 

(ERN) and feedback-related negativity (FRN) ERP components. Moreover, regarding the putative 

relationship between the N300H and the P300, Panitz et al. (2013) assumed the N300H to be 

specifically related to a subcomponent of the P300: the fronto-central P3a, which has been 

especially associated with attentional (e.g., orienting) processes (Polich, 2007). Of relevance, 

several findings indicate that the P3a is mediated by dopaminergic activity (for an overview, see 



Polich, 2007). Within the cardiovascular system, DA, among others, provides inotropic support 

through direct and indirect stimulation of beta 1-receptors (Ganguly and Sherwood, 1991). Together, 

these findings suggest a possible role of DA in modulating feedback-evoked cortico-cardiac 

coupling (as measured by the N300H). In the present study, we therefore also applied the D2-

receptor antagonist sulpiride which enhances central and peripheral DA activity (Mereu et al., 1983; 

Kuroki et al., 1999), thereby possibly leading to stronger feedback-evoked brain-heart coupling (i.e., 

higher N300H magnitude).  

Note that the assumed relationship between the P300 ERP component and the N300H (as 

described above) is consistent with several findings. First, the N300H and P300 show overlaps with 

respect to their latency (around 300 ms in the EEG time domain) and centromedial scalp 

topography (Mueller et al., 2010, 2013; Panitz et al., 2013). Second, one putative generator of both 

the P300 (Linden, 2005) and the N300H (Panitz et al., 2013) is the insular cortex which is 

substantially involved in autonomic regulation (Gianaros et al., 2004). Furthermore, the N300H 

effect (i.e., the finding that feedback-locked EEG with a latency of 300 ms relates to heart period 

modulations) converges with prior research, demonstrating that both, the P300 and heart rate are 

elevated in the same conditions (Donchin et al., 1984; Gatchel and Lang, 1973; Lang et al., 1975; 

Otten et al., 1995) and modulated by motivational stimulus significance (Duncan-Johnson and 

Donchin, 1977; Fowles et al., 1982; Sato et al., 2005). 

 Even though our main interest was the possible catecholaminergic modulation of the N300H 

component as a bivariate measure of the intraindividual coupling between brain and heart activity 

following feedback, we additionally looked into the pharmacological effects on some more classical, 

but univariate indicators of feedback processing. These included the FRN and P300 ERP 

components as well as evoked heart period (HP) as measures of cortical and cardiac feedback 

processing, respectively. 

 

 



2. Material and methods 

 

2.1 Participants 

A total of N = 55 male, right-handed participants were recruited through advertisements, posters, or 

emailing. After providing informed written consent, a standardized clinical interview (Mini-DIPS; 

Margraf, 1994) was used to confirm absence of (severe) mental disorders (covering questions on 

anxiety disorders, obsessive-compulsive disorders, affective disorders, somatoform disorders, eating 

disorders, substance abuse and psychosis).  

Further exclusion criteria included gambling addiction; intake of medication, anorectics or 

xenobiotics (addictive drugs); 17 > BMI > 30; metabolic disorders; neurological diseases; 

hypertension; coronary heart disease; gastric or duodenal ulcers; gastrointestinal tract bleedings; 

hepatic or kidney diseases; possible other chronic diseases that required individual medical 

clarification. Participants were additionally told to stay abstinent from alcohol the day before 

participation, not to eat as from 10 p.m. of the previous evening, get enough sleep, do no physical 

exercise and have no breakfast, coffee, tea, cola/coke, juice, or chewing gum before the study. 

Due to premature discontinuation of participation one person was excluded from data 

analysis, yielding a final sample size of N = 54 participants. These were randomly assigned to one 

of three experimental groups according to the substance applied: a yohimbine group (n = 18; mean 

age: 22.2 years, SD = 2.7 years), a sulpiride group (n = 18; mean age: 23.3 years, SD = 4.2 years), 

and a placebo group (n = 18; mean age: 22.9 years, SD = 3.3 years). The study protocol had been 

approved by the Ethics Committee of German Society for Psychology (Deutsche Gesellschaft fuer 

Psychologie). 

 

2.2 Procedure 

After arrival (at 8 a.m.), participants provided informed consent and were administered the clinical 

interview. If no exclusion criteria were met, ECG, SCR, and EOG electrodes were mounted and 



participants first completed the conditioning phase of a fear conditioning and extinction experiment 

described in Mueller et al. (2014d). Afterwards (approximately 100 minutes after arrival and 220 

minutes before the gambling task of the present study), they received a capsule containing either 

sulpiride (200 mg; sulpiride group) or a placebo (placebo and yohimbine group), as well as a light 

standardized breakfast. To test hypotheses unrelated to this report (Sperl et al., 2017), participants 

then filled out several personality questionnaires. Thereafter (approximately 235 minutes after 

arrival and 85 minutes before the gambling task), they received another capsule containing either 

yohimbine (10 mg; yohimbine group) or a placebo (placebo and sulpiride group) and completed 

(after EEG electrodes were mounted) the extinction phase of the fear conditioning and extinction 

experiment. Afterwards, participants started the gambling task of the present study. In the end, they 

were debriefed and compensated with 15 € for completing the gambling task. Figure 1 shows a 

timeline of the procedure. 

 

Figure 1 

 

Fig. 1. Timeline of procedure and yohimbine manipulation check. Timings and durations of capsule 

ingestion, yohimbine manipulation check and the gambling task (as well as the preceding fear 

conditioning and extinction experiment) are depicted on a timeline from 8 a.m. to 3 p.m. (15 

o’clock). Periods of time between capsule ingestion and the beginning of the gambling task are 

indicated. The two bar graphs show the comparison of salivary alpha amylase (sAA) levels between 



the placebo and yohimbine group prior to first capsule ingestion (left; no significant difference) and 

before the gambling task/after yohimbine ingestion (right; significantly higher sAA levels in the 

yohimbine vs. placebo group) (sampling times of respective saliva collection are indicated by grey 

dots on the timeline). Error bars indicate the standard error of the mean. * p < .05. 

 

 

2.3 Gambling task 

Participants performed a gambling task described in Sato et al. (2005) modified as reported in 

Mueller et al. (2010). The task consisted of five blocks, each comprising 60 trials (in order to get 

used to the paradigm, participants first finished six additional dummy trials). In every trial, a 

fixation cross presented for 500 ms was followed by a number for 1000 ms indicating the amount of 

money participants could win or lose on that trial (i.e. “0 Cent”, “10 Cent”, or “1 Euro”). 

Afterwards, a number between two and seven was presented. Participants were told that the 

computer had randomly chosen another hidden number between one and nine. They were supposed 

to guess whether the hidden number was higher or lower than the one shown, by pressing the arrow 

up or down key, respectively. The presented number disappeared as soon as participants made a 

response, followed by a 2000 ms black screen period. Thereafter, either positive (green circle) or 

negative (red cross) feedback was given for 500 ms, indicating the gain or loss of the initially 

shown amount of money, respectively. Trials were separated by 4000 ms of black screen. 

Participants were unaware that the game had a fixed outcome with a quasi-randomized and 

balanced frequency of positive and negative feedback and were told that they could win between 0 

and 15 € (starting with 5 €). In the end, however, each participant received 15 €. 

 

2.4 Substances 

To ensure blindness to the pharmacological treatment of both the experimenter and participant, all 

applied substances (yohimbine, sulpiride, placebo) were packaged in capsules with identical 



appearance. Note that every participant received a total of two capsules of which at most one 

contained an active substance (placebo group: both capsules contained a placebo; sulpiride group: 

first capsule contained sulpiride, the second only placebo; yohimbine group; first capsule contained 

a placebo, the second yohimbine). The timing of the pharmacological manipulations is depicted in 

Figure 1. 

 

2.4.1 Yohimbine 

Yohimbine is an indole alkaloid with antagonistic properties at the α2-adrenergic autoreceptor. 

Thereby, yohimbine promotes central and peripheral NE release (Goldberg and Robertson, 1983). In 

addition to its noradrenergic effects, yohimbine may potentially increase central dopamine (Scatton 

et al., 1973) and serotonin levels (Papeschi et al., 1971). However, related studies tend to be 

contradictory and inconclusive (Goldberg and Robertson, 1983). 

In the present study, yohimbine has been administered as yohimbine hydrochloride. At a 

single oral dose of 10 mg, yohimbine plasma concentration reaches its maximum 45 to 75 minutes 

after administration. Even though the elimination half life is only 0.25 to 2.5 hours, the active 

metabolite 11-Hydroxyyohimbin, which acts in a very similar manner to that of yohimbine itself, 

has a considerably longer half life of approximately 6 hours (professional information Yocon-

Glenwood, Glenwood GmbH). The effect of this metabolite explains, according to Le Verge et al. 

(1992), the long lasting therapeutic effects of yohimbine that clearly exceed its actual half life. 

As can be seen from Figure 1, the gambling task started approximately 85 minutes after 

yohimbine administration which, due to the preceding fear conditioning and extinction experiment, 

is slightly after the ideal time window of maximum yohimbine plasma concentration. However, as 

mentioned above, the effects of yohimbine or rather its active metabolite 11-Hydroxyyohimbin have 

likely lasted longer. 

In order to confirm successful manipulation of central noradrenergic release, we determined 

salivary alpha amylase (sAA) activity (Ehlert et al., 2006). Saliva was collected before ingestion of 



the first capsule as well as immediately before and after the gambling task (see Figure 1; sampling 

times are indicated by grey dots on the time line). For this purpose, participants were first asked to 

rinse their mouths with water and to swallow all saliva they currently had in their mouths. They 

were then instructed to wait for two minutes (controlled by a timer) without swallowing in order to 

passively collect their saliva (“passive drool” method). After this period, participants passed their 

newly produced saliva via a straw into a plastic sample tube (SaliCaps®, IBL, Hamburg, Germany). 

Saliva samples were stored at -20°C until biochemical analysis. After thawing, samples were 

centrifuged at 3000 rpm for 11 minutes, resulting in low-viscosity saliva. Alpha-amylase activity 

was then determined using a kinetic colorimetric test with reagents from Roche (Roche, Basel, 

Switzerland). Inter- and intra-assay coefficients of variation were below 10%. For the statistical 

analysis of alpha amylase activity, two values (both placebo group) were removed due to missing 

values (one case) and due to very high values (> 800 U/ml; one case). While there was no difference 

in sAA levels between placebo and yohimbine group before ingestion of the first capsule, t(32) = 

0.23, p = .82, successful NE manipulation by yohimbine could be confirmed prior to the gambling 

task, t(32) = -2.30, p < .05, with significantly higher sAA activity in the yohimbine vs. placebo 

group (Figure 1; this significant difference was not observable after the gambling task, t(32) = -0.40, 

p = .692). 

 

2.4.2 Sulpiride 

Sulpiride is a substituted benzamide that acts as a selective D2-receptor antagonist. A single acute 

dose of 200 mg of sulpiride primarily results in the blockade of presynaptic autoreceptors, thereby 

leading to increased DA levels (Mereu et al., 1983; Kuroki et al., 1999). Other types of receptors 

(e.g., histaminergic, cholinergic, serotonergic, adrenergic, and GABA receptors) appear not to be 

blocked.  

Sulpiride is slowly absorbed from the gastrointestinal tract with peak plasma levels 3 to 4 

hours after oral ingestion (M = 3.81 h, SD = 1.30 h) and an average elimination half life of 



approximately 8 hours (professional information Sulpiridratiopharm, ratiopharm GmbH). 

As can be seen from Figure 1, the gambling task started about 3 hours and 40 minutes (220 

minutes) after supliride administration, thereby falling within the period of presumably strongest 

dopaminergic modulation. 

 

2.5 EEG and ECG recording 

EEG was measured with a 64-channel actiCAP active electrode system (actiCAP 64Ch Standard-2; 

according to the international 10/20 system) and actiCAP electrode caps (Brain Products, Gilching, 

Germany) at a sampling rate of 1000 Hz, using the FT10 and FT9 electrodes as reference and 

ground electrode, respectively. ECG was assessed at a sampling rate of 1000 Hz using three 

Ag/AgCl surface electrodes (megro GmbH & Co. KG, Wesel, Germany) in lead II configuration 

(left leg, right forearm, ground electrode on left arm). Both EEG and ECG were recorded using a 

QuickAmp 72 amplifier (Brain Products, Gilching, Germany) and the software BrainVision 

Recorder (version 1.20.0601; Brain Products, Gilching, Germany). 

 

2.6 Data analysis 

 

2.6.1 EEG and ERPs 

EEG data was highpass (0.5 Hz) and notch (50 Hz) filtered offline, downsampled to 500 Hz, and re-

referenced to the average reference. Eye-induced artifacts were manually identified based on 

characteristic independent components as derived from an Independent Component Analysis (ICA; 

Makeig et al., 1996; Jung et al., 1998) and subsequently removed. Unsystematic non-ocular artifacts 

were screened manually and excessively noisy channels were interpolated. Eventually, the EEG 

signal was lowpass filtered (30 Hz). 

 The continuous EEG was then segmented into epochs ranging from -200 to 2000 ms relative 

to feedback markers, and baseline-corrected (-200 to 0 ms). These single-trial segments were used 



for CECTs as described below. For ERP analysis, the segments were averaged across trials, 

separately for each feedback valence (positive vs. negative) and amount of money/magnitude (0 vs. 

0.10 vs. 1 €). Grand average waveforms were computed across all individuals in order to extract the 

FRN and P300. Because the FRN peaked around 234 ms after feedback (as derived from a peak 

detection algorithm on the grand average across all conditions), it was measured from 184 to 284 

ms (i.e., 234±50 ms) at channel FCz, where it was maximal. Based on previous studies using the 

same paradigm (Mueller et al., 2010; Panitz et al., 2013), the P300 component was measured as the 

mean amplitude between 250 and 450 ms relative to the feedback stimulus at channel Pz. All 

processing steps were conducted using BrainVision Analyzer 2 (version 2.0.2.5859; Brain Products, 

Germany). 

 

2.6.2 ECG 

After bandpass (1-30 Hz) and notch (50 Hz) filtering the ECG signal, R-spikes were automatically 

detected using an algorithm implemented in BrainVision Analyzer 2 (version 2.0.2.5859; Brain 

Products, Gilching, Germany). Continuous HP traces (“cardiotach”) were then computed from the 

distance in ms between consecutive R-spikes. Together with the ECG, the HP trace was manually 

screened for artifacts, correcting or removing trials with incorrectly identified R-spikes. Next, the 

resulting cardiotach was segmented into intervals from -1000 to 6000 ms relative to feedback 

markers and baseline-corrected (-1000 to -500 ms). As with the EEG, HP segments were used for 

CECTs. The mean evoked HP change from 2 to 5 s post-feedback was used as a measure of the 

cardiac response to feedback (e.g., Mueller et al., 2010, 2014a; Panitz et al., 2014). 

 

2.6.3 CECTs and N300H 

For CECT analysis, above described baseline-corrected EEG segments were further segmented into 

epochs from 0 to 1000 ms relative to the feedback stimulus. Each single-trial EEG epoch was then 

divided into 50 bins of 20 ms-length, and the mean signal amplitude was computed for each of these 



bins. Likewise, HP segments ranging from 0 to 6000 ms after feedback were divided into 12 bins of 

500 ms each, and the mean HP value was determined for each 500 ms bin in every single trial. Next, 

every EEG bin was intraindividually (i.e., for each participant/within-subjects) correlated (Pearson’s 

r) with every HP bin over trials, yielding a 12×50 cross-correlation CECT matrix. In order to obtain 

grand averages from individual CECTs, correlations were Fisher Z-transformed (Fisher, 1918), 

averaged across all participants as well as separately across experimental groups (yohimbine, 

sulpiride, placebo) and transformed back into correlations. 

 As informed by previous studies (Mueller et al., 2010, 2012, 2013, 2014a; Panitz et al., 

2013), correlations of EEG from 240 to 500 ms and HP from 2 to 5 s at channel Cz were used as a 

measure of cortico-cardiac coupling. For each individual, all EEG-HP correlations within this a 

priori defined time window were Fisher Z-transformed and aggregated, yielding the individual 

N300H magnitude that was then statistically analyzed at the group level. 

 To test the reliability of the N300H in terms of internal consistency, we computed split-half-

reliability of N300H. First, we divided trials of each subject into odd and even trials (odd-even-split) 

and computed CECTs and N300H separately for odd and even trials. We then correlated the 

resulting N300H values. To correct for test length, we used the Spearman-Brown-correction (e.g., 

Spearman, 1910). 

 To determine the minimum amount of trials that is required for reliable N300H assessment, 

we systematically computed CECTs based on 100 trials up to all 300 trials in steps of 20 trials. In 

each case, we (1) extracted the resulting grand average N300H and (2) correlated the corresponding 

N300H values with the values based on all 300 trials. 

 In order to show that the N300H is not simply based on extreme values or possibly spurious 

outliers, we additionally conducted several control computations of CECTs. First, instead of 

Pearson's r (as described above), we used Spearman's rank correlation coefficient (rho, ρ; Spearman, 

1904), which is (more) robust against outliers. Second, we applied a 90 % winsorization of 

individual EEG and HP bins, setting values below the 5 % percentile to the 5 % percentile value and 



values above the 95 % percentile to the 95 % percentile value, thereby adjusting the individual data 

for statistical outliers. Third, we computed CECTs with an alternative analytic approach. Rather 

than performing within-subject correlations for each subject and then averaging these correlations 

for each time bin to obtain a grand average CECT matrix, we merged all the (within-subject z-

transformed) single trial EEG and HP values across all participants and then computed one single 

CECT based on a total of 13400 trials. 

 

2.7 Statistical analysis 

In order to confirm the presence of the N300H, mean Fisher Z-values were tested against zero using 

a one-sided one-sample t-test. To test for the effect of yohimbine and sulpiride on N300H, an 

ANOVA was conducted with Substance (yohimbine vs. sulpiride vs. placebo) as between-subject 

factor. 

 ANOVAs with the between-subject factor Substance (yohimbine vs. sulpiride vs. placebo) 

and the repeated measures factors Feedback Valence (positive vs. negative) and Magnitude (0 vs. 

0.10 vs. 1 €) were conducted on FRN, P300 and HP (cardiac acceleration to feedback). 

 Where applicable, Greenhouse-Geisser-correction (Greenhouse and Geisser, 1959) was used. 

All statistical analyses described so far were conducted using SPSS 24.0. 

 In addition to this frequentist approach, data were also analyzed by Bayesian approaches 

using JASP (JASP Team, 2017) with default settings (e.g., cauchy = .707). 

 

 

3. Results 

 

3.1 N300H 

The grand average CECT matrix at channel Cz is depicted in Figure 2 A. As can already be seen 

from the blue clusters, feedback-evoked EEG from 240 to 500 ms at channel Cz showed the 



expected negative correlation with HP from 2 to 5 s post-feedback (a priori selected time window 

for analyses is indicated by dashed rectangle). A one-sample t-test confirmed a significant deviation 

of the mean Fisher-Z = -.051 from zero, t(53) = -5.07, p < .001 (one-tailed), thereby replicating the 

N300H phenomenon with its typical centromedial topography (Figure 2 B). Cohen's d for this 

deviation was d = -.69, representing a medium to large effect (Cohen, 1988). The estimated Bayes 

factor for the Bayesian one-sample t-test was BF10 = 3400 (error %, 8.202e-10), indicating that the 

data was 3400 times more likely to occur under the model that N300H differs from zero rather than 

under the null model (N300H equals zero). 

 

Figure 2 

 

 

Fig. 2. Grand average N300H. A: Grand average Cardio-Electroencephalographic Covariance Trace 

(CECT) matrix at channel Cz. Each box element in the coordinate system represents the whole 

sample average of a within-subject correlation (Pearson's r) between corresponding bins in the EEG 

time domain (x axis) and the HP time domain (y axis) relative to the feedback stimulus. The black 

dashed rectangle indicates the time window (EEG from 240 to 500 ms and HP from 2 to 5 s post-

stimulus) that was used for the extraction of the N300H (mean Fisher Z-value of the correlations 

within this time window). B: Centromedial topography of the N300H (position of channel Cz is 

indicated). Negative correlations are colored in blue, positive correlations are plotted in red (see 

color bars). 



 

 

Spearman-Brown-corrected split-half-reliability of N300H was r = .58 (uncorrected: r = .41). 

The mean value (across all subjects) of N300H was Z = -.055 and Z = -.047 for odd and even trials, 

respectively (as compared to Z = -.051 when N300H was computed based on all trials). 

Furthermore, N300H values based on odd and even trials correlated with N300H values based on all 

trials with r = .83 and r = .85, respectively, which is a first indicator that N300H can be measured 

reliably with considerably fewer than 300 trials. 

 In this respect, Figure 3 shows (1) how high N300H values based on CECT analyses with 

less than 300 trials correlate with the N300H values based on all trials and (2) the mean N300H 

values, both as a function of the underlying trial number. Around 240 trials appear to be sufficient 

for a reliable N300H measurement as (1) N300H values based on 240 trials explain approximately 

90 % of the variance of N300H values based on all trials and (2) mean N300H magnitude is 

comparable with N300H magnitude for all trials. Note, however, that already 140 trials yielded 

relatively high mean N300H magnitudes as well as N300H values that highly correlated with the 

N300H values based on all trials (r > .80). 

 

 

 

 

 

 

 

 

 

 



Figure 3 

 

Fig. 3. N300H as a function of trials. Correlation of N300H values based on different trial numbers 

(N300Hx) with N300H based on all trials (N300H300) (orange) as well as mean N300H magnitude 

(blue) as a function of the respective trial number. Error bars represent the standard error of the 

mean. 

 

 

 As can be seen in Figure 4, CECTs based on (A) Spearman's ρ (instead of Pearson's r), (B) 

winsorized data and (C) correlating the merged trials of all subjects (rather than first correlating 

within subjects and then aggregating; see 2.6.3 CECTs and N300H, for a description of the 

underlying computations) yielded robust N300H components, showing that the grand average 

N300H effect is not severely distorted by extreme values/outliers, individual subjects or the analytic 

approach of first correlating within subjects and then averaging correlations across subjects. The 

scatterplot in Figure 4 D illustrates the single-trial EEG-HP relationship as captured by the N300H 

across all trials and participants (based on 13400 trials). 

 



Figure 4 

 

Fig. 4. Control computations of N300H. A: Grand average CECT based on Spearman's rank 

correlation (ρ) between EEG and HP bins. B: Grand average CECT based on winsorized EEG and 

HP bins. C: CECT based on single trials merged across all participants. Red rectangle indicates time 

window of peak EEG-HP-correlation as depicted in D. D: Single-trial correlation across all 

participants between mean EEG amplitude at 300-320 ms and mean HP at 4000-4500 ms post-

feedback (time window of maximal magnitude in the CECT matrix in C). 

 

 

 We additionally created an ERP image (Figure 5; Delorme et al., 2015) where single-trial 

EEG/ERP is color-coded for all trials and participants and sorted according to mean HP values from 

2 to 5 s. As can be seen from the red cluster in the image, lower HP values (i.e., cardiac acceleration) 

were associated with higher P300 amplitudes, which is consistent with the N300H effect. 

 

 



Figure 5 

 

Fig. 5. ERP image.  Upper part: Single-trial EEG/ERP is sorted from lowest (bottom) to highest 

(top) respective HP value (from 2 to 5 s) for all trials and participants. EEG/ERP amplitude is color-

coded (see color bar). The red/orange cluster indicates higher EEG/ERP amplitudes for lower HP 

values (as reflected by the N300H component). Lower part: Average event-related potential across 

all trials and participants. 

 

 

 Figure 6 shows groupspecific average CECT matrices at channel Cz for the placebo (top), 

sulpiride (middle), and yohimbine (bottom) group. The N300H computed for the placebo group, 

t(17) = -2.30, p < .05 (one-tailed), d = -.54, the sulpiride group, t(17) = -3.14, p < .01 (one-tailed), d 

= -.74, and the yohimbine group, t(17) = -3.23, p < .01 (one-tailed), d = -.76, was significantly 

different from zero, with mean Fisher Z-values of Z = -.042, Z = -.056, and Z = -.055, respectively. 

 

 

 



Figure 6 

 

Fig. 6. CECT for each substance group. Group average Cardio-Electroencephalographic Covariance 

Trace (CECT) matrices at channel Cz for participants that received placebo (top), sulpiride (middle), 

or yohimbine (bottom). Each box element in these coordinate systems represents the group average 

of a within-subject correlation (Pearson's r) between corresponding bins in the EEG time domain (x 

axis) and the HP time domain (y axis) relative to the feedback stimulus. The black dashed rectangle 

indicates the time window (EEG from 240 to 500 ms and HP from 2 to 5 s post-stimulus) that was 



used for the extraction of the N300H (mean Fisher Z-value of the correlations within this time 

window). Negative correlations are colored in blue, positive correlations are plotted in red (see 

color bar). 

 

 However, the ANOVA conducted to investigate the effect of substance on the N300H 

magnitude yielded no significant main effect of the between-subject factor Substance (placebo vs. 

sulpiride vs. yohimbine), F(2, 51) = 0.19, p = .832, ηp
2 = .007. Similarly, a Bayesian ANOVA 

revealed a Bayes factor of BF10 = 0.166, indicating that the data is about 6.03 times more likely to 

occur under the model that sulpiride, yohimbine or placebo have no differential effect on the 

N300H (null model) rather than the alternative model that includes a main effect of substance. 

 

3.2 FRN (184-284 ms) 

The Substance (placebo vs. sulpiride vs. yohimbine) × Feedback Valence (positive vs. negative) × 

Magnitude (0 vs. 0.10 vs. 1 €) ANOVA conducted on FRN amplitude at channel FCz revealed no 

main or interaction effects of Substance (all ps > .15). 

 The main effect of Feedback Valence reached statistical significance, F(1, 51) = 51.77, p 

< .001, ηp
2 = .504, indicating more negative FRN amplitudes for negative vs. positive feedback. 

Also, the main effect of Magnitude was significant, F(2, 102) = 14.85, p < .001, ηp
2 = .226. A priori 

defined contrasts revealed more positive FRN amplitudes for the 1 € condition as compared to the 0 

€, F(1, 51) = 17.91, p < .001, ηp
2 = .260, and the 0.10 € condition, F(1, 51) = 17.31, p < .001, ηp

2 

= .253. In addition, the ANOVA revealed a significant interaction effect between Feedback Valence 

and Magnitude, F(2, 102) = 4.96, p < .01, ηp
2 = .089, which was due to a stronger difference in FRN 

amplitude for negative vs. positive feedback in the 1 € as compared to the 0 € and 0.10 € conditions 

(Figure 7 A). 

 

3.3 P300 (250-450 ms) 



Similar to N300H and FRN, there were no significant main or interactions effects of Substance (all 

ps > .55) when P300 amplitude at channel Pz was entered as the dependent variable in a Substance 

(placebo vs. sulpiride vs. yohimbine) × Feedback Valence (positive vs. negative) × Magnitude (0 vs. 

0.10 vs. 1 €) ANOVA. 

 The main effect of Magnitude reached statistical significance, F(2, 102) = 10.75, p < .001, 

ηp
2 = .174. A priori defined contrasts revealed more positive P300 amplitudes for 1 € as compared 

to both 0 €, F(1, 51) = 16.64, p < .001, ηp
2 = .246, and 0.10 €, F(1, 51) = 7.84, p < .01, ηp

2 = .133 

(Figure 7 B). We found no other main or interaction effects (all ps > .25). 

 

3.4 Heart period (HP) 

The Substance (placebo vs. sulpiride vs. yohimbine) × Feedback Valence (positive vs. negative) × 

Magnitude (0 vs. 0.10 vs. 1 €) ANOVA conducted on HP did not confirm any statistically 

significant main or interactions effects involving Substance as a between-subject factor (all 

ps > .10). 

 The main effect of Magnitude was significant, F(2, 102) = 8.90, p < .001, ηp
2 = .149. A 

priori contrasts revealed that HP was significantly reduced in the 1 € condition as compared to the 0 

€, F(1, 51) = 12.19, p < .01, ηp
2 = .193, and 0.10 € condition, F(1, 51) = 11.06, p < .001, ηp

2 = .178 

(Figure 7 C). There were no other significant main or interaction effects (all ps > .10). 

 

3.5 Between-subjects correlation of heart period and P300 

Pearson's r correlation between mean evoked heart period (from 2 to 5 s) and P300 mean amplitude 

(both across all conditions) was r(52) = .02, p = .89 (Figure 7 D), indicating no relationship between 

brain activity at the P300 latency and heart activity 2 to 5 s post-feedback if between-subjects 

correlations are used. 

 

Figure 7 



 

Fig. 7. Univariate feedback-related measures. A: Feedback-evoked event-related potentials at 

channel FCz for each combination of feedback (positive vs. negative) and magnitude (0 vs. 0.10 vs. 

1 €). Topographic map indicates ERP scalp distribution during the FRN measurement latency (184-

284 ms; shaded in grey) and FCz position. B: Feedback-evoked event-related potentials at channel 

Pz  for each magnitude (0 vs. 0.10 vs. 1 €). Topographic map indicates ERP scalp distribution 

during the P300 measurement latency (250-450 ms; shaded in grey) and Pz position. C: Feedback-

evoked modulations of heart period (HP), separately for each magnitude (0 vs. 0.10 vs. 1 €). Shaded 

area indicates HP measurement latency (2-5 s). D: (Between-subjects) Correlation of P300 mean 

amplitude (grand average across all conditions) and mean value (across all conditions) of feedback-

evoked heart period (HP) from 2 to 5 s. 

 

 



3.6 N300H and anxiety 

We previously reported a negative correlation between N300H and anxiety (Mueller et al., 2013, 

2014a) indicating larger (negative) within-subject brain-heart correlations in anxious individuals. In 

the current sample, a similar pattern of negative correlation between N300H and dispositional 

anxiety as measured with the Behavioral Inhibition System Scale (Carver and White, 1994) was 

observed within the placebo group (both types of feedback valence: r(16) = -.56, p < .05; only 

positive feedback: r(16) = -.49, p < .05; only negative feedback: r(16) = -.42, p = .085), but not for 

the sulpiride (both types of feedback valence: r(16) = .53, p < .05; only positive feedback: r(16) 

= .56, p < .05; only negative feedback: r(16) = .29, p = .291) and yohimbine group (both types of 

feedback valence: r(16) = .14, p = .581; only positive feedback: r(16) = .443, p = .066; only 

negative feedback: r(16) = -.16, p = .520). 

 

 

4. Discussion 

 

In the present study, we examined the psychometric properties of the previously reported CECT-

based N300H component. In addition, we wanted to investigate the putative catecholaminergic 

mechanisms underlying this feedback-evoked brain-heart coupling. To this end, N = 54 male 

participants received a substance (either the α2-adrenoceptor antagonist yohimbine, the D2-

dopamine-receptor antagonist sulpiride, or a placebo) and performed a gambling task in which 

performance feedback was given after each trial. Feedback successfully evoked a significant 

N300H. Crucially, N300H could be reliably measured (with considerably less than 300 trials), using 

both frequentist and Bayesian statistics, data winsorization, Spearman and Pearson within-subject 

correlations or even group-level correlations of single-trial EEG and HP. At the same time, we could 

not find any significant differences in N300H magnitude (and the univariate measures, FRN, P300 

and HP) between substance groups (yohimbine vs. sulpiride vs. placebo). Taken together, these 



findings constitute further proof for the usefulness of the N300H component as a reliable index of 

feedback-evoked cortico-cardiac coupling that is relatively robust against pharmacological 

manipulations of the catecholaminergic system. 

 

4.1 Psychometric properties and replication of N300H 

Our primary goal was to investigate the psychometric properties of the N300H phenomenon first 

reported in Mueller et al. (2010). First of all, CECTs indicated a significant negative covariation of 

single-trial EEG (at channel Cz) and heart period in a priori defined post-feedback time windows 

from 240 to 500 ms and 2 to 5 s, respectively. An additional Bayesian analysis revealed a Bayes 

factor considerably larger than 100 which is considered extreme evidence for the H1, i.e., that 

N300H differs from zero. We therefore successfully replicated the N300H effect, in the first place, 

with its previously reported (1) latency in both EEG (around 300ms post-feedback) and HP domain 

(from approximately 2 to 5 s post-feedback), (2) topography (centromedial peak) and (3) polarity of 

correlation (negative) (Mueller et al., 2010, 2012, 2013, 2014a; Panitz et al., 2013). A significant 

N300H was not only successfully evoked across the whole sample of N = 54 participants, but was 

also detectable when the three experimental substance groups (yohimbine vs. sulpiride vs. placebo) 

were considered separately (Figure 6). Importantly, internal consistency of N300H (measured in 

terms of split-half-reliability) was satisfactory in the present sample and we showed – as a guidance 

for future studies – that about 240 feedback trials are sufficient to reliably evoke a N300H 

component (Figure 3). Also, N300H is not simply based on outlier or individual subject values since 

CECTs based on Spearman's rank correlations (as opposed to the Pearson correlations used in our 

standard procedure of CECT computation), winsorized data (i.e., truncated extreme single-trial 

values) and single-trial EEG-HP correlations on the group level (Figure 4 A, B, C, respectively) did 

not significantly influence the N300H effect. We furthermore showed, for the first time, that the 

N300H phenomenon can also be demonstrated with ERP images (i.e., sorting feedback-evoked 

single-trial EEG epochs by heart rate acceleration). In sum, this provides further support for the use 



of the N300H component as a reliable marker for cortico-cardiac coupling following feedback. In 

addition, its detectability in every single group, i.e., independent of the substance applied (missing 

substance effects on N300H are discussed below), suggests that the N300H component is not only 

robustly measurable (replicable) across different studies, but even after pharmacological 

manipulations of catecholamine neurotransmitter (i.e., noradrenaline and dopamine) activity. 

 Note the temporal and structural overlaps between the N300H and the P300 ERP component 

and the consistency of the N300H effect with previous findings regarding P300 and HP (as outlined 

in the Introduction). It should be emphasized, however, that N300H and P300 do not reflect the 

same phenomenon. Whereas the P300 can be regarded as a mixture or sum of the 

electrophysiological activity originating from various brain regions 300 ms after stimulus 

presentation (Makeig et al., 2002; Linden, 2005; Polich, 2007), the N300H reflects only that 

specific portion of variance in the EEG after 300 ms which is shared with the variance of beat-to-

beat-intervals several hundred milliseconds later. 

 Furthermore, the N300H is based on time-lagged P-correlations (i.e., within-subject 

correlations; Catell, 1952) between single-trial EEG magnitudes and heart period changes, and 

therefore essentially different from R-correlations (i.e., between-subject correlations / correlations 

of variables across individuals; Catell, 1952) of P300 and stimulus-evoked HP. It is not without 

reason that previous investigations using R-correlations between feedback-related EEG components 

and HP changes have yielded mixed or null findings (also see present control analyses and Figure 7 

D; Hajcak et al., 2003; Otten et al., 1995; Weisz and Czigler, 2006) as various sources of between-

subjects variance (e.g., HP reactivity, cortical folding, etc.) necessarily obscure R-correlations 

between HP and EEG. The CECT-technique is independent of such between-subjects variance and 

covariance of EEG and HP and therefore more powerful in detecting neurovisceral relationships 

within individuals. In addition, the use of time-lagged correlations (i.e., dividing EEG and HP traces 

into short bins and then systematically correlating each EEG bin with each HP bin in defined time 

windows relative to the stimulus) allows the mapping and exploration of the cortico-cardiac 



coupling dynamics with higher temporal precision than, for example, neuroimaging-based 

approaches. CECTs and the CECT-based N300H component are therefore particularly useful to 

study feedback-related neurovisceral communication non-invasively. 

 

4.2 Pharmacological manipulations 

 

4.2.1 N300H 

The second aim of the present study was to further characterize the physiological pathways 

underlying feedback-evoked brain-heart coupling as measured by the N300H component. We 

hypothesized that the catecholamines noradrenaline (NE) and dopamine (DA) might modulate the 

N300H magnitude as they have been implicated in cortico-sympathetic transmission and feedback 

processing. In order to test these hypotheses, we pharmacologically manipulated NE and DA levels 

via application of yohimbine (α2-adrenoceptor antagonist, 10 mg) and sulpiride (D2-dopamine-

receptor antagonist, 200mg), respectively. However, we could not find a statistically significant 

effect of neither yohimbine nor sulpiride on N300H magnitude. 

 The most straightforward explanation for these null findings is that the pharmacological 

manipulation of NE and DA activity was not successful. Note, however, that this explanation is 

unlikely for the yohimbine group as we confirmed increased alpha-amylase levels (as an indicator 

of central noradrenergic activity; Ehlert et al., 2006) for the yohimbine as compared to the placebo 

group immediately prior to the gambling task (even though this difference could not be observed 

after task completion). Moreover, using the same dose of sulpiride and at the same latency relative 

to substance intake, we and others have previously reported central nervous system effects in 

healthy human male participants similar to the current study sample (Mueller et al., 2011, 2014b, 

2014c; Wacker et al., 2013). 

 Considering, among others, the missing sAA effect after completion of the gambling task 

(when comparing the yohimbine and placebo group), it may nevertheless be possible that the 



applied doses of both yohimbine (10 mg) and sulpiride (200 mg) were too low. That is, NE and DA 

levels might not have been sufficiently enhanced – both in terms of magnitude and duration – as to 

significantly/measurably modulate N300H magnitude (for a long enough period of time). Even 

though, for example, a single acute dose of 200 mg sulpiride is thought to increase DA levels 

(Mereu et al., 1983; Kuroki et al., 1999), this dose is considerably lower (i.e., results lower levels of 

D2 receptor occupancy) than considered efficacious in the treatment of schizophrenia. Moreover, 

studies that investigated effects of yohimbine on univariate feedback-related ERP measures (e.g., 

P300; Riba et al., 2005; Halliday et al., 1994) applied 30 mg yohimbine (as compared to 10 mg in 

the present study). In this respect, future investigations could use higher substance doses with 

stronger and more durable effects on neurotransmitter levels which then may possibly lead to 

significant modulations of N300H. However, we only used 10 mg yohimbine as higher doses of 

yohimbine more likely lead to a loss of selectivity in α2-adrenoceptor binding and, in turn, an 

increase in levels of other neurotransmitters than the one intended (e.g., dopamine, serotonin; 

Brannan et al, 1991; Scatton et al., 1973; Papeschi et al., 1971). As a consequence, the specificity of 

a putative noradrenergic modulation of the N300H becomes difficult to test. Therefore, instead of 

increasing the yohimbine dose, it may be more advisable to use a different substance altogether. As 

an alternative, the α2-adrenoceptor agonist clonidine, which is commonly used to manipulate NE 

levels (e.g., Turetsky and Fein, 2002; Hansenne et al., 1995), could be applied. Additionally, N300H 

could be investigated in people with “inherently” abnormal NE or DA levels that may be genetically 

conditioned or disease-related (e.g., in patients with depression, Parkinson's, or ADHD) to further 

corroborate the present findings. 

 In the case of sulpiride, missing effects on N300H magnitude are nevertheless consistent 

with reports from Mueller et al. (2013) who included the factor substance (placebo vs. sulpiride) in 

a set of control analyses and could likewise not find any significant main or interaction effects of 

substance on N300H magnitude (see footnote remark in Mueller et al., 2013). It is not uncommon, 

however, that pharmacological challenges of feedback-related measures alone (i.e., main effects of 



substance) yield mixed or null findings (for review, see Jocham and Ullsperger, 2009). We therefore 

suggest to additionally consider relevant genotypes when investigating the physiological 

mechanisms underlying feedback-evoked brain-heart coupling. Specifically, future studies should 

combine pharmacological manipulations with molecular genetic assessments. Two potential 

candidate genes are the COMT Val158Met polymorphism (Lachman et al., 1996) as well as a 

polymorphism in the promoter region of the norepinephrine transporter gene (Kim et al.,2006). 

These have previously been linked to amplitude (Gallinat et al., 2003) and latency (Enge et al., 2011) 

of the P300 ERP component, respectively, which presumably is related to the N300H (as outlined in 

the Introduction). In this respect, Mueller and colleagues (2011, 2014b), for example, showed that 

brain responses to feedback are interactively modulated by the COMT Val158Met polymorphism 

(i.e., dopaminergic gene variant) and sulpiride (i.e., dopaminergic substance), whereas they could 

not show a main effect of sulpiride. Therefore, instead of solely considering main effects of the 

applied pharmacological substances, gene × substance interactions may be of greater relevance in 

modulating the strength of brain-heart covariation (i.e., N300H magnitude). 

 Even though, from a (frequentist) statistical point of view, the current null findings are 

difficult to interpret, they nevertheless suggest and are consistent with a line of reasoning that has 

already been pursued on the basis of previous findings (Mueller et al., 2010, 2012, 2013, 2014a; 

Panitz et al., 2013). That is, feedback-evoked cortico-cardiac connectivity as measured by the 

N300H may be particularly mediated by parasympathetic/corticovagal (rather than (cortico-) 

sympathetic) pathways and the serotonergic (rather than catecholaminergic) transmitter system. 

Several previous findings support this view. First, Mueller et al. (2012) showed that the strength of 

brain-heart covariation (i.e., N300H magnitude) is attenuated by pharmacological depletion of 

tryptophan, a precursor of central 5-HT synthesis, as well as in individuals with low plasma 

tryptophan levels. Second, the N300H is enhanced by concurrent intake of selective serotonin 

reuptake inhibitors (Mueller et al, 2014a), which presumably elevate serotonin availability. Finally, 

the long allele of the serotonin transporter polymorphism 5-HTTLPR, which is related to greater 



5HT1A serotonin receptor sensitivity, was associated with enhanced N300H in one study (Mueller et 

al., 2013). Collectively, this set of prior findings strongly suggests a crucial role of 5-HT in 

transmitting cortically processed feedback information to the viscera. In this respect, it is 

furthermore assumed that the central serotonergic neuronal pathways exert their physiological 

effects mainly by parasympathetic outflow (Ramage and Villalón, 2008). Consistently, Mueller et al. 

(2010) showed that the N300H emerges if sympathetic influences are removed from the HP trace, 

but disappears if parasympathetic frequencies are removed (sympathetic responses are slower than 

vagal responses, therefore allowing the removal of sympathetic influence on HP by temporally 

filtering the continuous HP trace; Berntson et al., 1997). Taken together, these findings support the 

parasympathetic/corticovagal account of feedback-evoked brain-heart coupling as measured by 

N300H, whereas sympathetic pathways (involving catecholaminergic transmitters like NE and DA) 

may be less relevant for the N300H phenomenon. This interpretation is corroborated by the results 

of the Bayesian analyses which indicate that the current N300H data were much more likely to have 

occurred under the null model (no influence of yohimbine or sulpiride) rather than the alternative 

model (influence of sulpiride or yohimbine). 

 

4.2.2 FRN, P300 and HP 

Next to testing pharmacological effects on the bivariate N300H measure, we also looked at possible 

effects of yohimbine and sulpiride on univariate feedback-related measures, namely the FRN, P300 

and evoked heart period (HP). As with N300H magnitude, however, all three measures did not 

differ in magnitude between the three substance groups (yohimbine vs. sulpiride vs. placebo). 

 Irrespective of substance effects, FRN amplitudes were more negative for negative vs. 

positive feedback, which indicates that the FRN was reliably measured (Gehring and Willoughby, 

2002; Miltner et al., 1997; Yeung and Sanfey, 2004). In addition, FRN amplitudes were more 

positive in the 1 € compared to the 0.10 € and 0 € condition, which may reflect P300 contamination 

of the scalp FRN. However, the additional finding that the FRN valence effect was also scaled by 



monetary magnitude (significant feedback × magnitude interaction), indicates that the FRN in this 

study also depended on motivational factors. Still, we found no effects of yohimbine on FRN 

amplitude. One comparable study by Riba et al. (2005) found modulations of the ERN (which is 

related but not identical to FRN) by 30 mg yohimbine. Here, we only applied 10 mg yohimbine in 

order to ensure specificity of noradrenergic stimulation. As already mentioned in connection with 

the N300H, this dose might have been too low as to sufficiently enhance NE levels and lead to a 

significant FRN modulation. Furthermore, even though the FRN (and the related ERN) has 

previously been related to phasic (e.g, Holroyd and Coles, 2002; Ullsperger, 2010) and, alternatively, 

tonic DA activity (Lapish et al., 2007; Durstewitz and Seamans, 2008), we did not find a 

modulation of FRN amplitudes by the dopaminergic substance sulpiride. This is in line with reports 

by Mueller et al. (2014b) who likewise did not find a main effect of 200 mg sulpiride on FRN 

amplitude. Rather, they showed that the influence of sulpiride on the FRN depends on a 

dopaminergic, i.e., the COMT Val158Met genotype (interaction effect). This stands in contradiction 

to other pharmacological studies that found main effects of dopaminergic substance on FRN 

(Santesso et al., 2008) or the related ERN (for review, see Jocham and Ullsperger, 2009) in non-

genotyped subjects. However, these studies either only investigated the ERN, whose comparability 

to the FRN remains debated, or used other dopaminergic substances (e.g., pramipexole, Santesso et 

al., 2008; haloperidol, Zirnheld, 2004; De Bruijn et al., 2006; amphetamine, De Bruijn et al., 2004) 

and are therefore difficult to compare with the present study or the one by Mueller et al. (2014b). 

Nevertheless, the lack of direct effects of sulpiride on the FRN is consistent with the general 

inconclusive pattern of pharmacological performance monitoring studies on dopamine and 

challenges those dopaminergic accounts of ERN/FRN that assume a linear relationship between 

dopamine and FRN/ERN.   

 P300 was sensitive to the amount of monetary reward/loss (higher amplitudes in the 1 € as 

compared to 0 € and 0.10 € condition) and not to the binary (reward vs. loss) outcome (as opposed 

to FRN), which is consistent with previous findings (Sato et al., 2005; Yeung and Sanfey, 2004) and 



suggests that feedback-evoked P300 may be related to meaningfulness rather than valence of the 

feedback. However, regarding the actual focus of our study, namely the pharmacological 

manipulations, we did not find effects of both yohimbine and sulpiride on P300 amplitude. This 

stands in contradiction to previous suggestions implicating the ascending locus-coeruleus-

norepinephrine (LC-NE) system in P300 generation (Nieuwenhuis et al., 2005, 2011), or the dual 

transmitter hypothesis (e.g., Polich, 2007) according to which both noradrenaline as well as 

dopamine are related to P300, or rather its subcomponents, P3b and P3a, respectively. 

Noradrenergic accounts of P300 are, however, primarily based on animal research and therefore 

need to be treated with caution as they are not necessarily and readily transferable on neuronal 

information (e.g., feedback) processing in humans. Still, of the few pharmacological studies in 

humans, Turetsky and Fein (2002) found modulations of P300 amplitude by 30 mg yohimbine and 

0.2 mg clonidine in an auditory oddball task. More specifically, yohimbine significantly enhanced 

and clonidine decreased P3a amplitude, whereas P3b amplitude was unaffected by the 

pharmacological manipulation. Here again, one may argue that the dose of yohimbine applied in the 

present study (10 mg) was not optimal to effectively enhance NE levels and, in turn, P300 

amplitude. On the other hand, Hansenne et al. (1995) did not find a relationship between the 

noradrenergic substance clonidine (0.15 mg) and P300 amplitude in an auditory oddball task, but 

found dopaminergic activity (as challenged by application of 0.5 mg apomorphine) to be 

significantly related to P300 amplitude. In general, dopaminergic P300 accounts have found 

stronger support by studies in humans (for review, see Polich, 2007). Of relevance for the present 

study, Takeshita and Ogura (1994) showed that both 150 and 300 mg sulpiride led to increased P300 

amplitudes in low P300 amplitude subjects and decreased P300 amplitudes in high P300 amplitude 

subjects (whereas sulpiride had no effect on P300 mean amplitude at the whole sample level in an 

auditory oddball paradigm). Considering that P300 amplitude is genetically determined (Polich, 

2012) and related to personality-related arousal levels (smaller amplitudes in low-arousal 

individuals/extraverts as compared to high-arousal individuals/introverts; Brocke, 2004; DePascalis, 



2004), this differential effect again suggests that interactive factors like genotype (e.g., Mueller et 

al., 2011, 2014b) or personality traits (e.g., intro- vs. extraversion; Mueller et al., 2014c) should be 

taken into account when investigating pharmacological substance effects on feedback-related 

psychophysiological measures. 

 Evoked heart period (HP) was significantly accelerated in the 1 € as compared to the 0 and 

0.10 € condition, which is consistent with previous reports showing that the heart beats faster if 

monetary incentives are given (Fowles et al., 1982; Richter and Gendolla, 2007) and incentives get 

larger (Tranel, 1983). As with N300H, FRN and P300, however, we found no substance effects on 

HP, even though both noradrenaline and dopamine have been implicated in myocardial functioning 

(Ganguly and Sherwood, 1991). This is, nevertheless, consistent with several of the few studies in 

humans and animals investigating the effects of yohimbine and sulpiride on cardiac measures. 

Bartfai and Wiesel (1986), for example, found no effects of 100 mg orally (or intravenously) 

applied sulpiride on different vigilance measures, among others heart rate (i.e., the inverse of heart 

period) or skin conductance, concluding that sulpiride appears to influence autonomic measures to a 

lesser extent than other dopaminergic substances (e.g., conventional neuroleptics). Furthermore, 

Horn et al. (1982) showed that intra-arterial injections of sulpiride close to the blood supply of the 

cardiac sympathetic ganglia did not alter basal heart rate in anesthetized dogs. Missing effects of 

yohimbine on heart period/heart rate, on the other hand, have also been reported by Philips et al. 

(2000) who even applied a single oral dose of 22 mg yohimbine (as compared to 10 mg in the 

present study) in a comparable sample of sixteen healthy male participants (18 to 25 years). 

Goldberg et al. (1983) studied the autonomic effects of several intravenously (i.v.) applied doses 

(0.016-0.125 mg/kg) of yohimbine in 10 male volunteers. Independent of the dose, yohimbine did 

not significantly alter heart rate. At higher doses (0.5 mg/kg i.v.), however, yohimbine has been 

shown to increase heart rate (Holmberg and Gershon, 1961). Notably, Goldberg et al. (1991) found 

that yohimbine (0.125 mg/kg) effects on autonomic (e.g., cardiac, hemodynamic or arterial NE) 

responses (in patients with essential hypertension) depended on general sympathoadrenal reactivity 



as determined by postsynaptic responsiveness to endogenous NE. Again, these findings collectively 

suggest that effects of yohimbine and sulpiride on physiological measures may be strongly dose-

dependent and interactively modulated by additional factors (e.g., genetically determined 

neurotransmitter sensitivity or overall neurotransmitter levels; e.g., Mueller et al., 2011, 2014b). 

 

4.3 Conclusions 

In conclusion, the N300H effect can be reliably measured with considerably fewer than 300 

feedback trials and does not depend on extreme values. We found no evidence for strong 

catecholaminergic modulation of feedback-evoked brain activity, heart activity or brain-heart 

covariation (as measured by the N300H). The present findings consequently indicate that the CECT-

based N300H component is a reliable and robust index of feedback-evoked cortico-cardiac coupling, 

which is even detectable after pharmacological manipulations of neurotransmitter, i.e., 

noradrenaline and dopamine, levels. The finding that the N300H phenomenon appears to be 

relatively independent of the catecholamine and presumably sympathetic systems is in line with our 

theoretical model of the N300H and with previous findings suggesting serotonergic modulation of 

the N300H via corticovagal/parasympathetic pathways. 
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Conditioned and extinguished fear modulate functional
corticocardiac coupling in humans

CHRISTIAN PANITZ, CHRISTIANE HERMANN, AND ERIK M. MUELLER
Department of Clinical Psychology and Psychotherapy, Justus Liebig University Giessen, Giessen, Germany

Abstract

Although the conditioned cardiac fear response is an important index of psychophysiological fear processing, underlying
neural mechanisms remain unclear. N 5 22 participants underwent differential fear conditioning and extinction with face
pictures as conditioned stimuli (CS) and loud noise bursts as aversive unconditioned stimulus (US) on Day 1 and a recall
test 1 day later. We assessed ERPs, evoked heart period (HP), and time-lagged within-subject correlations of single-trial
EEG amplitude and HP as index for corticocardiac coupling in response to the CS. Fear-conditioned stimuli (CS1)
triggered cardiac deceleration during fear acquisition and recall. Meanwhile, only during Day 1 acquisition, CS1 evoked
larger late positivities in the ERP than CS2. Most importantly, during Day 2 recall, stimulus-evoked single-trial EEG
responses in the time window between 250 and 500 ms predicted the magnitude of cardiac fear responses 2 to 5 s later.
This marker of corticocardiac coupling selectively emerged in response to not previously extinguished CS1 but was
absent in response to CS2 or previously extinguished CS1. The present results provide first evidence that fear
conditioning and extinction modulate functional corticocardiac coupling in humans. Underlying mechanisms may involve
subcortical structures enhancing corticocardiac transmission to facilitate processing of consolidated conditioned fear.

Descriptors: Conditioning, Emotion, Learning, Normal volunteers, Cardiovascular, EEG

Understanding mechanisms of human fear acquisition, extinc-
tion, and their consolidation is crucial to refine current models
on emotional learning and improve treatment of anxiety disor-
ders (Hofmann, 2008). Although the cardiac fear response has
been an important psychophysiological index in fear condition-
ing studies for decades (e.g., Bradley, Moulder, & Lang, 2005;
De Leon, 1964; L!opez, Poy, Pastor, Segarra, & Molt!o, 2009;
Notterman, 1952), its underlying neural mechanisms are not
well understood. However, understanding cardiac activity in
fear is important, given that it (a) reflects a broad variety of cen-
tral and peripheral autonomic influences (Berntson et al., 1997),
(b) is crucial for the initiation of different behavioral responses
(Berntson, Quigley, & Lozano, 2007), and (c) is an important
indicator of psychosomatic health (Thayer, Ahs, Fredrikson,
Sollers, & Wager, 2012).

Fear learning and extinction are crucial processes to adaptively
predict and respond to environmental challenges. When a stimu-
lus—which originally may have no motivational significance—
repeatedly precedes an inherently significant event (unconditioned
stimulus; US), that stimulus can become a conditioned stimulus

(CS). A CS is predictive of the US; therefore, the organism forms
an excitatory association between the internal representations of
CS and US. Perception of the CS then can lead to a conditioned
response (CR) appropriate to respond to the associated US. In the
specific case of predicting a noxious US, CS signals threat and trig-
gers responses appropriate to avoid harm. In differential condition-
ing paradigms, CSs related to the presence or absence of the US
are commonly labeled CS1 and CS2, respectively.

CRs can be extinguished when the evoking CS is repeatedly

encountered without subsequent US occurrence. Because extin-

guished CSs apparently no longer predict harm, the organism may

need to adapt its CR. One putative mechanism underlying extinc-

tion is the formation of extinction memory, that is, an additional

association between CS1 and the nonoccurrence of the US. Acti-

vation of this new association counteracts the effects of the previ-

ously learned, excitatory association causing the net magnitude of

the CR to decrease (Myers & Davis, 2007).
To have a long-term value, it is not sufficient when fear condi-

tioning or extinction simply form short-term CS-US associations
that are only available at the time of fear acquisition or extinction.
Instead, learned associations, both excitatory and inhibitory, have
to be consolidated and recalled in future CS encounters in order to
produce an adaptive CR. Importantly, the consolidation and recall
of previously conditioned and extinguished fear involves different
neural structures and processes than short-term fear conditioning
and extinction, respectively (Quirk & Mueller, 2008).

A prominent CR component in response to fear-conditioned CS
is the cardiac fear response. This response to nonnoxious threat
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stimuli typically includes an early (i.e., 2–6 s poststimulus) deceler-
ation of the heart beat both in humans (Bradley et al., 2005; De
Leon, 1964; Hugdahl, 1979; L!opez et al., 2009; Notterman, 1952;
but also see Hodes, Cook, & Lang, 1985) and animals (Applegate,
Frysinger, & Kapp, 1982; Burhans, Smith-Bell, & Schreurs, 2010;
Holdstock & Schwartzbaum, 1965; Kuniecki, Coenen, & Kaiser,
2002; Pascoe & Kapp, 1985). This deceleration has been com-
monly interpreted as an index of heightened vigilance and facilita-
tion of sensory input of environmental stimuli (Lang & Bradley,
2010; Lang, Davis, & €Ohman, 2000; L€ow, Lang, Smith, &
Bradley, 2008). Previous fear conditioning studies have shown that
cardiac deceleration following a CS1 is reduced again following
successful short-term fear extinction (Dimberg, 1987; Hodes et al.,
1985). Moreover, it has been shown in animals that consolidated
fear conditioning and extinction affect the cardiac fear response in
a delayed recall test (Burhans et al., 2010). However, to our knowl-
edge, this has not been tested in humans to this point.

Despite considerable research on the cardiac fear response,
underlying brain mechanisms are poorly understood. Especially the
temporal dynamics of brain-heart communication in response to
fear-conditioned stimuli have only been tested in animals thus far
(Applegate et al., 1982; Kuniecki et al., 2002; Pascoe & Kapp,
1985). In these studies, a significant between-subject covariation of
early electroneuronal activity in the amygdala and the magnitude
of subsequent cardiac deceleration was observed. To which degree
their results apply to humans still needs to be investigated. Until
recently, human studies on the brain processes involved in the car-
diac fear response could not be conducted due to a lack of methods
to noninvasively investigate functional coupling of human brain
and heart activity in real time.

Cardio-EEG covariance tracing (CECT; Mueller, Stemmler, &
Wacker, 2010) has been developed to assess stimulus-evoked intra-
individual covariation of cortical and cardiac activity with high
temporal precision. Such corticocardiac coupling has been shown
to be evoked and modulated by motivationally significant stimuli.
More precisely, centromedial activity in the single-trial EEG
around 250–500 ms has repeatedly been found to predict cardiac
modulation 2–5 s later (Mueller, Evers, Wacker, & van der Veen,
2012; Mueller, Panitz, Nestoriuc, Stemmler, & Wacker, 2014;
Mueller, Stemmler, Hennig, & Wacker, 2013; Panitz, Wacker,
Stemmler, & Mueller, 2013). Accordingly, heart beat modulation
in the time window of the cardiac fear response is functionally
coupled with preceding brain activity. It could be hypothesized that
fear conditioning alters this coupling and thereby activates cardiac
fear responses to CS1 presentation.

In addition, the 250–500 ms time window and topographical
distribution of CECT-relevant single-trial EEG activity (Mueller
et al., 2010, 2013; Panitz et al., 2013) overlap largely with those of
different late centromedial positivities in the ERP. Both the P300, a
component sensitive to stimulus significance (Donchin, 1981; Lin-
den, 2005; Polich, 2007) and the late positive potential (LPP),
which is elevated in response to arousing stimuli (Keil et al., 2002),
consequentially have been found to be increased in response to
fear-associated stimuli (Lang & Bradley, 2010; Wessa & Flor,
2007). Similarly, it has been shown that fear-conditioned stimuli
enhance late positivities in the ERP (Pizzagalli, Greischar, &
Davidson, 2003). Whether these fear-conditioned modulations are
amenable to extinction and whether they also occur outside of
short-term fear conditioning once conditioned fear has already
been consolidated remains to be tested.

In the present study, we assessed EEG and evoked heart period
(HP; time between two R spikes) during a differential fear

conditioning and extinction paradigm. The paradigm included fear
acquisition (two CS1, two CS2) and extinction (one previously
presented CS1 and CS2, respectively) phases on Day 1 and a
recall test (all four CS) on the subsequent day. Since fear-
conditioned stimuli are motivationally significant and modulate
evoked EEG activity and heart beat in time windows for which
CECT is sensitive, we hypothesized that corticocardiac coupling
might change dependent on learning experience. Consistent with
results on the cardiac fear response (e.g., Bradley et al., 2005; Dim-
berg, 1987), we thus expected CS1 to evoke stronger coupling
than CS2 during fear acquisition and a decrease of coupling during
fear extinction. Likewise, based on cardiac fear response findings
(Burhans et al., 2010), we predicted acquisition and extinction
effects to outlast until the recall test 1 day later. More precisely,
the CS1 not presented during Day 1 extinction should maintain
higher coupling than CS2. In turn, the CS1 presented during
extinction should elicit reduced coupling compared to the nonextin-
guished CS1.

Method

Sample

We analyzed Cohort A of a previously published sample (Mueller,
Panitz, Hermann, & Pizzagalli, 2014) because for this cohort EEG
and electrocardiogram (ECG) had been collected during all stages
of the paradigm described below. This cohort consisted of N 5 22
psychology students (11 females; Mage: 21.1 years, SDage 5 1.4
years) who took part in the experiment for partial fulfillment of
course credit. The study protocol was approved by the local ethics
committee at the Psychology Department of Marburg University.

Paradigm

Participants underwent a 2-day differential fear conditioning and
extinction paradigm, which is described in more detail in Mueller,
Panitz, Hermann, and Pizzagalli (2014).

Stimuli. Faces with neutral emotional expression from the Ekman
series (Ekman & Friesen, 1976) were used as CS and were pre-
sented for 4 s. The US was a 1-s 85 dB white noise burst delivered
by a room speaker.

Trial structure. Each trial started with a white fixation cross that
was presented for 1 s in the middle of the screen. Subsequently, the
CS was presented for 4 s and—in reinforced trials—coterminated
with the US for 1 s. During the jittered interstimulus interval (6–
8 s), participants saw a black screen. The trial structure is shown in
Figure 1A.

Design. The experiment consisted of two sessions separated by
approximately 24 h. At the beginning of Session 1, participants
underwent a habituation phase for the CS, in which each CS was
presented five times in random order without US. Afterwards, in
the acquisition phase, participants completed three blocks with
every block containing 20 presentations of each CS. Two of the CS
coterminated with the US (CS1) in 50% of the trials, while the
other two were never presented with the US (CS2). In the subse-
quent extinction phase, one CS1 and one CS2 were presented 40
times each (one block only), without any US presentation (CS1E
and CS2E), the other two CS were not presented at all (CS1N
and CS2N). Finally, on Day 2, participants completed a recall test,
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in which all four CS were presented again in three blocks of 20 pre-
sentations of each CS. No US presentation occurred in this phase
(see Figure 1B). Before, between, and after the blocks, participants
completed valence and arousal ratings of the CS (data reported in
Mueller, Panitz, Hermann, & Pizzagalli, 2014). Assignment of face
stimuli to the different CS was permutated and balanced across
participants.

Physiological Recording and Processing

EEG and ERP. EEG was recorded at 512 Hz with a 64-channel
BioSemi ActiveTwo system (BioSemi, Amsterdam, The Nether-
lands), referenced against common mode sense and driven right
leg. It was downsampled offline to 256 Hz, rereferenced to the
average, and high-pass filtered (0.5 Hz) with a two-way least
squares finite impulse response filter in EEGLAB (eegfilt.m;
Delorme & Makeig, 2004) using MATLAB R2013a (MathWorks,
Natick, MA). No low-pass filter was applied. Independent compo-
nent analysis (ICA) was conducted using the extended infomax
algorithm (Lee, Girolami, & Sejnowski, 1999) as implemented in
the EEGLAB script runica.m. Independent components associated
with eye-induced artifacts were manually identified and rejected
based on signal shape and topography of ICA weights. Afterwards,
the continuous data were screened manually for any remaining arti-
facts. All artifact rejection procedures were conducted by an expe-
rienced rater. Channels with an excessive amount of bad data were
interpolated. EEG data were segmented relative to CS onset
(2200–500 ms) and baseline corrected (2200–0 ms). For statisti-
cal analyses, mean ERP amplitudes at Cz, Fz, and Pz from 250 to
500 ms post-CS were measured.

ECG and HP. ECG was recorded in Lead II configuration (right
arm, left leg) with active Ag/AgCl electrodes via the BioSemi

amplifier. In EEGLAB, the band-pass-filtered (1–30 Hz; eegfilt.m)
ECG signal was transformed into a continuous HP trace with every
sample point reflecting the distance between the preceding and the
following R spike in milliseconds. Eventually, the HP trace was
screened manually for artifacts, segmented (0–6 s) and baseline
corrected by subtracting the value at stimulus onset. The cardiac
response was operationalized as mean evoked HP change from 2 to
5 s post-CS.

CECTs. EEG segments ranging from CS onset to 500 ms post-CS
were divided into 32 bins of 15.625 ms, and each bin contained the
average magnitude of the four corresponding sample points. Like-
wise, HP segments ranging from CS onset to 6 s post-CS were
divided into 12 bins of 500-ms length. For each participant, every
EEG bin was correlated with every HP bin across trials, resulting
in a 32 3 12 cross-correlation matrix. Pearson r values were Fisher
Z transformed (Fisher, 1970) allowing for parametrical testing.
Reported CECTs reflect within-subject covariation of EEG at Cz/
Fz/Pz and HP at varying time lags relative to CS onset. For a subset
of the cross-correlation matrix (EEG bins: 250–500 ms; HP bins:
2–5 s; see Figure 2A for visualization), the mean Fisher Z was com-
puted and used as a measure of corticocardiac coupling. The choice
of analyzed time windows was informed by previous studies
(Mueller et al., 2010, 2012, 2013; Panitz et al., 2013) and analogue
to Mueller, Panitz, Nestoriuc et al. (2014). Note that with this
approach we initially computed CECTs at more and smaller bins in
order to exploit the high temporal resolution of EEG data and to
visualize the temporal dynamics of corticocardiac coupling with
high precision. Prior to inference testing, however, we averaged
across multiple time bins (EEG bins: 250–500 ms; HP bins: 2–5 s)
in order to avoid multiple testing. This rationale is comparable to
standard ERP analyses where ERPs are plotted with high temporal
resolution (i.e., many sampling points) prior to using average

Figure 1. A: Trial design. A fixation cross was presented for 1 s followed by the CS presentation for 4 s. In acquisition phase only, the two CS1
coterminated in 50% of the trials with the US. The intertrial interval was jittered. B: Number of CS presentations over the different experimental
phases. E 5 presented during extinction phase; N 5 not presented during extinction phase.
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Figure 2. Grand averages for physiological responses to the CS in the acquisition phase. Dashed lines indicate the analyzed time window (EEG: 250–

500 ms post-CS; HP: 2,000–5,000 ms post-CS). A: CECTs. B: HP. C: ERPs at Cz, Fz, and Pz. D: Topographies of CECT magnitude for CS1, CS2,
and the difference (CS1 2 CS2). E: Topographies of ERP magnitude for CS1, CS2, and the difference (CS1 2 CS2). Note the different color scal-
ing for difference values. F: To allow for comparisons with other studies on the LPP (e.g., Lang & Bradley, 2010), the ERPs in that panel have been

rereferenced to the averaged mastoids. When the rereferenced ERP from 250 to 1,000 ms (i.e., the LPP; Lang & Bradley, 2010) was analyzed, a sig-
nificantly more positive amplitude emerged for CS1 vs. CS2 at Cz, t(21) 5 2.37, p 5 .028, d 5 0.52, while the same comparison at Fz showed a sim-

ilar but nonsignificant effect, t(21) 5 1.86, p 5 .078, d 5 0.40, which mirrors the main analyses provided in the text. Additionally, the comparison at
Pz yielded a significant difference between ERP amplitudes of CS1 and CS2, t(21) 5 2.53, p 5 .019, d 5 0.54. Rereferencing EEG to the averaged
mastoids led to attenuated CECT effects with no significant differences between the CS (all p> .290, all d< 0.24) for the three electrodes. On the

right side, topographies of mastoid-referenced ERP magnitude for CS1, CS2, and the difference (CS1 2 CS2) are plotted.
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amplitudes in a given time window of interest for statistical testing.

For further details on the CECT technique, see Mueller et al.

(2010, 2013).

Statistical Analyses

To increase parameter reliability, CECTs, HP, and ERPs for the

acquisition phase were computed across both CS1 and across both

CS2, respectively, because CS did not differ at this point regarding

extinction. For CS1, only nonreinforced trials were considered

because the latency of US presentation was within the analyzed HP

time window. Differences in HP change, ERP amplitude (Cz, Fz,

Pz), and CECT magnitude (Cz, Fz, Pz) were tested with paired

t tests for the acquisition phase (CS1 vs. CS2) and the extinction

phase (CS1E vs. CS2E), respectively. For recall test data, 2 3 2

analyses of variance (ANOVAs) with the within-subject factors

Contingency (CS1 vs. CS2) and Extinction (extinguished vs. non-

extinguished) were conducted for evoked HP, ERPs (Cz, Fz, Pz),

and CECTs (Cz, Fz, Pz), respectively. Emphasis for hypothesis

testing was placed on Cz because previous CECT studies have

shown clearest effects for coupling of EEG activity around this site

(e.g., Mueller et al., 2012, 2013; Panitz et al., 2013). However, in

order to depict corticocardiac coupling more comprehensively, we

also conducted exploratory ERP and CECT analyses for Fz and Pz.
CECT measures within-subject correlations of nonaveraged

single-trial EEG at 250–500 ms and HP at 2–5 s. In addition, we

measured between-subject correlations of HP at 2–5 s and ERP at

250–500 ms (both averaged across trials) to demonstrate that CECT

provides additional information value to the conventional between-

subject approach.
Only trials containing both clean EEG and HP and without US

presentation went into analyses. For acquisition phase analyses, a

mean of 50.3 nonreinforced CS1 and 99.5 CS2 trials per participant

was used. For the extinction phase, 32.4 CS1E and 32.0 CS2E trials

went into analysis. In the recall test data, 39.7 CS1E, 40.3 CS1N,

41.0 CS2E, and 40.8 CS2N trials were available for analysis.

Results

Acquisition on Day 1

HP. As expected, evoked HP after CS1 presentation showed a

decelerative component peaking at 4.5 s post-CS, which was com-

pletely absent in the response following the CS2 (see Figure 2B).

The difference between CS1 and CS2 in the time window from

2 to 5 s was statistically significant, t(21) 5 3.82, p 5 .001,

d 5 0.83.

ERP. As shown in Figure 2, starting at about 175 ms, CS1 evoked

a greater, sustained positivity compared to the CS2 at channel Cz

(Figure 2C). This led to a significant difference of mean ERP ampli-

tudes between CS1 and CS2 in the time window of interest (250–

500 ms; t(21) 5 3.05, p 5 .006, d 5 0.66). Topographies indicated

the strongest absolute amplitude difference between both CS at chan-

nel Fz. However, the t test for Fz failed to reach significance due to

a smaller standardized effect, t(21) 5 2.00, p 5 .059, d 5 0.43. At

Pz, no ERP effects were found, t(21) 5 20.48, p 5 .634, d 5 20.10.

CECTs. Visual inspection of the CECT at Cz in response to CS1
suggested a positive correlation cluster in the time window of inter-

est, that is, a more positive EEG amplitude (250–500 ms post-CS)

predicting relative cardiac deceleration 2 to 5 s later. The mean

Fisher Z showed a trend (two-tailed test) to deviate from zero,

t(21) 5 1.74, p 5 .097, d 5 0.38. For the CS2, no meaningful cou-

pling was observed (d 5 0.12, n.s.). Coupling did not differ signifi-

cantly between CS1 and CS2, t(21) 5 1.49, p 5 .152, d 5 0.32.

The acquisition CECTs at Cz are visualized in Figure 2A (see also

Figure 3 for statistical comparisons). Visual inspection of the plotted

CS1 CECT also suggested relatively early, unpredicted coupling

(! first 2 s of HP, first 100 ms of EEG) that was of similar magni-

tude (bin with maximal coupling magnitude—early: d 5 0.64; late:

d 5 0.72). However, as this effect was not expected and as it was

not statistically significant (after Bonferroni correction for multiple

testing), it was assumed to reflect a spurious correlation.
CECTs at Fz, t(21) 5 20.22, p 5 .825, d 5 20.05, and Pz,

t(21) 5 1.67, p 5 .110, d 5 0.36, showed no significant differences

between CS1 and CS2 in the time window of interest.

Extinction on Day 1

Consistent with a reduction of CRs during extinction (i.e., within

session extinction), no differences between CS1E and CS2E were

found for HP, t(21) 5 0.25, p 5 .803, d 5 0.05 (Figure 4B); ERP at

Cz, t(21) 5 1.24, p 5 .230, d 5 0.27 (Figure 4C); or CECTs at Cz,

t(21) 5 0.59, p 5 .563, d 5 0.13 (Figures (3 and 4)A). No significant

differences were found at Fz (ERP: t(21) 5 1.00, p 5 .327,

d 5 0.21; CECT: t(21) 5 1.11, p 5 .278, d 5 0.24) nor at Pz (ERP:

t(21) 5 -1.19, p 5 .248, d 5 20.25; CECT: t(21) 5 0.26, p 5 .796,

d 5 0.06). Visual inspection of early bins in the CS2E CECT at Cz

(Figure 4A) suggested unpredicted coupling of similar magnitude as

in the early bins in the acquisition phase CS1 (bin with maximal

coupling magnitude: d 5 0.62). Again, this effect was not significant

after Bonferroni correction and therefore interpreted to be spurious.

Recall Test on Day 2

HP. Both CS1 showed a deceleration component with a maxi-

mum at 3.5 to 4 s post-CS that was absent in the CS2 (significant

main effect Contingency: F(1,21) 5 7.81, p 5 .011, gp
2 5 .271;

also see Figure 5B). Moreover, both CS not presented during

extinction phase showed a stronger deceleration compared to the

CS presented during extinction phase (main effect Extinction:

F(1,21) 5 4.32, p 5 .05, gp
2 5 .171). Although the deceleration

component after CS1E presentation was somewhat attenuated

Figure 3. Corticocardiac coupling (mean Fisher Z CECT values) in the
predefined time window (EEG: 250–500 ms post-CS; HP: 2,000–5,000

ms post-CS) for the different CS and over the different experimental
phases. Error bars indicate the SEM. CS/E 5 CS presented during

extinction phase; CS/N 5 CS not presented during extinction phase.
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compared to the CS1N, there was no significant interaction effect
(p 5 .443).

ERP. No effects in the ERP at Cz were found in the recall test phase
(all p> .235, gp

2< .067; also see Figure 5C).1 The same held true for
ERP at Fz (all p> .364, all gp

2< .040), and Pz (all p> .549, all
gp

2< .019).

CECTs. In line with our hypothesis, the nonextinguished CS1
(CS1N) produced a large and reliable coupling of cortical and
cardiac activity as indicated by positive Fisher Z values,

t(21) 5 3.79, p 5 .001, d 5 0.83. Importantly, corticocardiac
coupling was maximal after the CS1N as compared to all other
stimuli together with a significant interaction of Contingency 3
Extinction, F(1,21) 5 6.53, p 5 .018, gp

2 5 .237 (Figures 3 and
5A). Pairwise comparisons revealed a significantly larger coupling
for CS1N versus CS2N, t(21) 5 2.75, p 5 .012, d 5 0.60, indicat-
ing an influence of Day 1 conditioning on Day 2 corticocardiac
coupling.2 Meanwhile, coupling following CS1E presentation

was significantly reduced compared to CS1N, t(21) 5 2.10,
p 5 .048, d 5 0.46, and did not differ significantly from coupling
after the CS2E (p 5 .173, d 5 0.31), suggesting that Day 1 extinc-
tion also influenced Day 2 coupling. There were no main effects
for Contingency or Extinction (both p> .541, gp

2< .019). Con-
verging with prior CECT studies showing maximal coupling at
centromedial channels (Mueller et al., 2012, 2013; Panitz et al.,
2013), there was no significant main effect of Contingency

(gp
2 5 .034, p 5 .397) and no significant interaction (gp

2 5 .017,
p 5 .551) at channel Fz. However, the ANOVA revealed a signifi-
cant main effect of Extinction defined by stronger coupling after
CS presented during extinction phase, F(1,21) 5 4.80, p 5 .040,
gp

2 5 .186. No significant effects emerged at channel Pz (all
gp

2< .003, all p> .816).

Between-Subject HP-ERP Correlations During Recall Test

No significant between-subject correlations between ERP ampli-
tude and HP emerged during fear acquisition (both |r|< .26,
p> .251) and extinction (both |r|< .31, p> .169) phases. Impor-
tantly, no significant between-subject correlations during recall
tests were found, either for the CS1N (r 5 .23, p 5 .300) or for

any other CS (all |r|< .35, all p> .116). Even when difference
scores for ERP and HP were correlated across subjects, no effects
were found for CS1N 2 CS2N; r 5 -.10, p 5 .649, or
CS1N 2 CS1E; r 5 .14, p 5 .528 (i.e., the two comparisons yield-
ing significant differences in CECT-measured coupling).

Discussion

The present study investigated the brain mechanisms of fear-
conditioned heart responses in humans. It was shown that fear-
conditioned stimuli modulate heart responses during conditioning
and in a delayed recall test 1 day later. Of particular relevance, we
tested if the magnitude of individual heart responses to conditioned
stimuli was predicted by the magnitude of preceding EEG ampli-
tude on a trial-by-trial basis. Specifically in the recall test, trials in
which the nonextinguished fear-conditioned stimulus (CS1N)
evoked a relatively enhanced centromedial EEG magnitude from
250–500 ms were characterized by a relatively increased subse-
quent cardiac fear response. This coupling was absent in extin-
guished fear-conditioned stimuli (CS1E) or never fear-conditioned
stimuli (CS2E and CS2N). In addition, CS1 evoked a larger cen-
tromedial ERP amplitude than CS2 during the acquisition phase
but not 24 h later.

Cardiac deceleration following aversive CS1, as in the present
study, has been found consistently in previous research (Bradley
et al., 2005; Hugdahl, 1979; L!opez et al., 2009). However, the pres-
ent study is the first one to provide insights in temporal dynamics
and topographical distribution of electrocortical activity related to
the early cardiac fear response in humans. Although the cardiac
fear response does not completely develop until several seconds
after perception of threatening stimuli, its magnitude may be pre-
dicted early (i.e., 250–500 ms) by centromedial brain activity. This
activity thus likely reflects relatively automated and rapid evalua-
tion of motivational stimulus significance in cortical sources (see
below). Consistent with findings that fear-conditioned stimuli mod-
ulate both cardiac (Bradley et al., 2005; Hugdahl, 1979; L!opez
et al., 2009) and electrocortical responses (Lang & Bradley, 2010;
Pizzagalli et al., 2003), CS1—but not CS2—induced functional
corticocardiac coupling in the present sample. This fear-induced
coupling was most pronounced and significantly different from
zero during the Day 2 recall test after CS1N. During acquisition,
CS1 showed only a trend to evoke corticocardiac coupling, sug-
gesting that consolidation processes (McGaugh, 2000) may
increase coupling strength in subsequently recalled fear. Whether
this effect is substantial could be tested in future studies with larger
samples.

In contrast, no significant coupling in response to the CS1E
was observed in the extinction phase nor in the recall test. These
results further indicate that extinction training not only attenu-
ates cardiac responses to the CS but also has an inhibitory
impact on the induction of corticocardiac coupling in subsequent
fear recall. While similar short-term effects of fear extinction
training on the cardiac fear response have been described before
(Dimberg, 1987; Hodes et al., 1985), the present study is the first
to show long-term effects of extinction training on the cardiac
fear response in humans. Moreover, this study provides a puta-
tive mechanistic explanation for this phenomenon, suggesting
that the effects of fear extinction on the cardiac fear response are
supported by an extinction-induced attenuation of corticocardiac
coupling.

It should be noted that, in this study, intraindividual cortico-
cardiac covariation was positive, indicating that more positive

1. We conducted the ANOVA on recall test ERP data again with
EEG rereferenced to the mastoids. Consistent with the average refer-
ence, no significant effects emerged in this analysis (Cz: all p> .370;
Fz: all p> .140; Pz: all p> .373). When computing CECTs with
mastoid-referenced EEG, there were no effects at any electrode site (Cz:
all p> .448; Fz: all p> .137; Pz: all p> .565).

2. We conducted a number of control analyses for CS1N evoked
coupling in the recall test to rule out spurious effects due to methodo-
logical issues. First, because Pearson correlations are sensitive to out-
liers, we Winsorized single-trial EEG and HP within each participant
(10th–90th percentile) prior to computing CECTs. However, the
obtained coupling effect did not differ substantially from the main anal-
ysis (mean Fisher Z 5 0.063, d 5 0.69, p 5 .004). Analogously, comput-
ing CECTs with Spearman’s rho instead of Pearson’s r produced
comparable results (mean Fisher Z 5 0.057, d 5 0.65, p 5 .006). Second,
it could be argued that corticocardiac coupling following the CS1N dur-
ing the recall test may only occur due to simultaneous decrease of both
the EEG and the HP response amplitudes over time caused by within-
session extinction. Note, however, that (a) the CS1E did not show cou-
pling strength different from zero in the Day 1 extinction phase, and (b)
detrending the evoked HP response from time effects before computing
CECTs for CS1N in the recall test still resulted in coupling different
from zero (mean Fisher Z 5 0.066, d 5 0.63, p 5 .007; see Mueller
et al., 2010, for more details on the detrending procedure).
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Figure 5. Grand averages for physiological responses to the CS in the expression phase. Dashed lines indicate the analyzed time window (EEG: 250–
500 ms post-CS; HP: 2,000–5,000 ms post-CS). A: CECTs at Cz. B: HP. C: ERPs at Cz, Fz, and Pz. D: Topographies of CECT magnitude for

CS1N, CS-N, and the difference (CS1N 2 CS-N). E: Topographies of ERP magnitude for CS1N, CS-N, and the difference (CS1N 2 CS-N). Note
the different color scaling for difference values.

Figure 4. Grand averages for physiological responses to the CS in the extinction phase. Dashed lines indicate the analyzed time window (EEG: 250–

500 ms post-CS; HP: 2,000–5,000 ms post-CS). A: CECTs at Cz. B: HP. C: ERPs at Cz, Fz, and Pz.



centromedial single-trial EEG amplitudes after 250–500 ms
post-CS predicted subsequent relative cardiac deceleration (i.e.,
larger beat-to-beat intervals). Unlike some other indices of auto-
nomic processing, heart beat modulation can not only vary in
strength but also in its direction, depending on the environmen-
tal demands or, more specifically, on the experimental context
(Graham & Clifton, 1966; Lang et al., 2000). Accordingly, pre-
vious studies using different paradigms (e.g., cued response
selection/preparation or feedback processing) report an initial
cue-evoked cardiac acceleration (Jennings, van der Molen, &
Tanase, 2009; Otten, Gaillard, & Wientjes, 1995) rather than
deceleration. Cardiac acceleration has also been found to covary
with hemodynamic (Critchley et al., 2005) or electrophysiologi-
cal (Mueller, Panitz, Nestoriuc et al., 2014; Mueller et al., 2010)
brain activity. Using CECTs, the covariation found for accelera-
tive components is reflected in negative within-subject correla-
tions between EEG amplitude and HP. In contrast, the CS1 of
the present paradigm induced a typical cardiac deceleration to
fear-conditioned stimuli (Bradley et al., 2005; Hugdahl, 1979;
L!opez et al., 2009) rather than cardiac acceleration. Together,
these findings suggest that increased centromedial EEG ampli-
tudes between 250 and 500 ms may be able to predict both sub-
sequent cardiac acceleration or deceleration, depending on
which types of stimuli are presented. In the present paradigm,
cardiac deceleration in response to fear-conditioned stimuli may
serve to facilitate increased vigilance and attention to the CS1.
Apart from the direction of coupling, the present CECTs repli-
cate previous findings with regard to the temporal and topo-
graphical characteristics (e.g., Mueller, Panitz, Nestoriuc et al.,
2014; Mueller et al., 2013; Panitz et al., 2013), further support-
ing the CECT technique as a valid measurement tool for cortico-
cardiac coupling.

An interesting finding of this study is that Day 1 conditioning
did not significantly impact ERP on Day 2 given that ERP
amplitudes did not differ between the different CS types in the
recall test. Previous fear conditioning studies using ERPs have
reported increased late positivities during fear acquisition (i.e.,
P300/LPP) for CS1 versus CS2 (e.g., Pizzagalli et al., 2003).
Meanwhile, we are not aware of any previous studies reporting
ERP data for late positivities in fear conditioning recall tests.
Therefore, interpretation of the present Day 2 findings remains
preliminary. Late ERP positivities in response to threatening
material can be modulated by conscious emotion regulation
strategies (Hajcak, MacNamara, & Olvet, 2010; Moser, Krom-
pinger, Dietz, & Simons, 2009). Therefore, increased ERP
amplitude in the acquisition phase of the present study might
reflect (a) conscious Day 1 fear appraisal and situation assess-
ment independent from previous learning experiences (Hajcak,
Moser, & Simons, 2006) and/or (b) relatively early reappraisal
(and thereby LPP reduction; Hajcak & Nieuwenhuis, 2006)
might occur on Day 2 as participants conclude that the US will
not be presented any more.

The finding that Day 2 CECT—but not Day 2 ERP—is modu-
lated by Day 1 learning suggests that Day 2 fear conditioning recall
(i.e., CS1N vs. CS2N) in the evoked HP is not so much the result
of an increase in absolute cortical activation but rather in strength
of corticocardiac transmission. Putative moderating or mediating
brain structures include the amygdala, the periaqueductal gray, and
other subcortical structures (Behbehani, 1995; Friedman, 2007;
LeDoux, Iwata, Cicchetti, & Reis, 1988; LeDoux & Joseph, 2000;
Myers & Davis, 2007; Reis, Scopinho, Guimar~aes, Corrêa, &
Resstel, 2010). Based on this dissociation between ERP and CECT

concerning the sensitivity to indicate fear conditioning (Day 1) and
fear conditioning recall (Day 2), we argue that ERP- and CECT-
relevant EEG activity is not redundant and may be attributed to dif-
ferent brain processes, respectively. Both the P300 (Linden, 2005;
Makeig et al., 2002) and the LPP (Keil et al., 2002; Sabatinelli,
Lang, Keil, & Bradley, 2007) are generated in distributed neural
networks, and only few of the involved structures are closely asso-
ciated with modulation of cardiac activity (Panitz et al., 2013;
Thayer & Lane, 2009), which may account for the differential
result patterns of CECT and ERP analyses. In accordance, scalp
topographies differed between ERP in the acquisition phase (Figure
2D)—with a frontomedial distribution—and CECT in the recall
test (Figure 5E)—with a centromedial distribution. While differen-
ces in frontomedial ERP activity might reflect (in part) conscious
appraisal of fear-associated stimuli, CECT-relevant EEG activity
may rather be an index of automated prioritized processing of moti-
vational significant stimuli related to subsequent autonomous nerv-
ous system activity. This motivational significance (i.e., the
prediction value of the CS) had already been established prior to
the recall test. This may account for the significant Day 2 coupling
following the CS1N, whereas only a trend for evoked coupling
after CS1 was evident during Day 1 fear acquisition where the CS
contingencies had yet to be established. This differential result pat-
tern emphasizes the advantage of assessing intraindividual response
covariation with CECT as a complementary to univariate analyses
of different fear responses. Moreover, no significant interindividual
correlations between ERP and evoked HP were found. This further
supports the argument that between-subject correlation approaches
may not sufficiently describe functional coupling processes
between the brain and the viscera (Mueller et al., 2010).

A limitation of the present study should be addressed. On Day
2, within-session extinction of the CS1N may have occurred in the
recall test. While we found no overall evidence for a significant dif-
ference between CS1N and CS2N in the ERP amplitude from
250 to 500 ms on Day 2, it remains possible that cortical activity in
this time window did discriminate between CS1N and CS2N at
the beginning of the recall test, but then underwent extinction.
Therefore, we cannot rule out that ERP components in this time
range (e.g., LPP, P300) are sensitive indices for the recall of condi-
tioned fear. Note, however, that (a) cardiac activity, (b) brain-heart
coupling, both in this study, and (c) frontomedial theta activity in a
previous study (Mueller, Panitz, Hermann, & Pizzagalli, 2014) did
discriminate between CS1N and CS2N when computed over the
entire course of the Day 2 recall test. This may suggest that the
effects of fear conditioning recall on the ERP from 250 to 500 ms
are relatively weak.

The present CECT results provide important information about
temporal dynamics of corticocardiac coupling in response to fear-
conditioned stimuli. Future studies may build upon these findings
and specify the exact anatomical structures that underlie the
observed coupling. Promising candidate structures include the ante-
rior cingulate cortex (Etkin, Egner, & Kalisch, 2011; Panitz et al.,
2013), the amygdala (Applegate et al., 1982; Kuniecki et al., 2002;
LeDoux et al., 1988; Pascoe & Kapp, 1985), and the periaqueductal
gray (Critchley et al., 2005).

Taken together, we provide first evidence that fear condition-
ing and fear extinction learning lead to lasting modulations of
functional corticocardiac coupling in humans. In a next step,
CECT in combination with other methods could further clarify
underlying structures, neurotransmitters, and mechanisms involved
in this modulation. Our findings suggest that intraindividual brain-
heart coupling is a promising method to elucidate the mechanisms

1358 C. Panitz, C. Hermann, and E.M. Mueller



underlying psychophysiological fear processing. Thereby, it could
help to determine the role of fear-learning experiences in disposi-

tional traits (e.g., neuroticism) and to understand pathological fear
(i.e., in anxiety disorders).
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Abstract 

Individual differences in long-term fear stability are of potential relevance for stable dispositions 

related to threat processing, such as neuroticism/anxiety and fearfulness. As previous research 

suggests a prominent role of dopamine for the retention of conditioned and extinguished fear, 

individual differences in dopamine may also relate to individual differences in fear stability. While the 

COMT Val158Met polymorphism causes individual differences in prefrontal dopamine, its 

associations with human long-term fear extinction are currently unknown. Here, n = 30/29/28 healthy 

male Val/Val, Val/Met and Met/Met carriers, respectively, underwent a two-day differential 

conditioning paradigm with fear acquisition and extinction on Day 1 and a recall test on Day 2 with 

recordings of EEG and ECG. Fearfulness but not neuroticism/anxiety predicted fear bradycardia (i.e., 

heart period slowing) during Day 1 fear acquisition while it did not affect extinction or Day 2 fear 

recall. In contrast, COMT Val158Met significantly modulated Day 2 fear recall as evident in fear 

bradycardia and Late Positive Potential (LPP) amplitudes while it did not affect Day 1 fear or 

extinction learning. Furthermore, exploratory analyses revealed that individual differences in fear 

bradycardia during Day 2 extinction recall depended on Day 1 extinction success. Importantly, this 

contingency was (a) modulated by COMT Val158Met and (b) significantly reduced in high vs. low 

neuroticism. The present study indicates that (a) individual differences in prefrontal dopamine may 

affect the long-term stability of fear memories and (b) fearfulness vs. neuroticism/anxiety might play 

distinct roles in initial fear reactions vs. long-term stability of fear memories, respectively.  

 

Keywords: COMT Val158Met; fearfulness, neuroticism/anxiety; long-term fear conditioning; long-

term fear extinction 



Running head: PERSONALITY AND COMT IN LONG-TERM FEAR EXTINCTION 

 

 

3 

 

Introduction 

Individual differences in fear learning and reduction are believed to contribute to the 

development and persistence of dispositional fear, anxiety/neuroticism and anxiety disorders (Duits et 

al., 2015; Lissek et al., 2005; Milad & Quirk, 2012). In experimental studies, fear learning and 

reduction are commonly studied with differential fear conditioning and subsequent extinction. Briefly, 

if a conditioned stimulus (CS) is repeatedly followed by an aversive unconditioned stimulus (US), the 

CS becomes a conditioned threat cue (CS+) which elicits a conditioned threat response (CR), whereas 

CSs associated with US absence (CS-) may become safety cues that elicit a relatively reduced CR. 

Differential responses to CS+ vs. CS- indicate the level of conditioned fear. 

Repeated CS+ presentation without the US (i.e., extinction) indicates that the CS+ no longer is 

a valid threat cue and that the CR should be adapted. This change in CS-US contingencies causes the 

formation of an extinction memory, which inhibits the original excitatory CS-US association and 

causes a decrease in the magnitude of the conditioned fear response (Quirk & Mueller, 2008). 

Importantly, only successful consolidation, retention, and recall of conditioning and extinction 

memories eventually lead to stable conditioned or extinguished fear responses (Myers & Davis, 2007; 

Quirk & Mueller, 2008).  

Dopamine has been repeatedly associated with various learning processes including fear 

extinction (Abraham, Neve, & Lattal, 2014). Although both within-session extinction (i.e., decrement 

of the CR over the course of extinction training) and extinction retention (i.e., CR reductions to 

extinguished CSs in a delayed recall test) may involve prefrontal and dopaminergic mechanisms, they 

constitute different neuropsychological processes with different dopaminergic networks involved 

(Myers & Davis, 2007; Vervliet, Craske, & Hermans, 2013). Of relevance, several rodent studies have 

shown impaired fear extinction retention – but not within-session extinction – following selective 

blockage of prefrontal dopamine receptors (Hikind & Maroun, 2008; D. Mueller, Bravo-Rivera, & 

Quirk, 2010; Pfeiffer & Fendt, 2006; but also see Ponnusamy, Nissim, & Barad, 2005). 

In humans, individual differences in prefrontal dopamine are partially caused by the 

Val158Met single-nucleotide polymorphism on the catechol-O-methyltransferase gene (COMT). This 
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gene controls activity of the COMT enzyme, which degrades extracellular dopamine. The Val allele of 

the COMT Val158Met polymorphism causes three- to fourfold COMT enzyme activity compared to 

the Met allele (Lachman et al., 1996; Weinshilboum, Otterness, & Szumlanski, 1999), causing a 

reduction in tonic dopamine levels, especially in the prefrontal cortex (PFC; Bilder, Volavka, 

Lachman, & Grace, 2004; Meyer-Lindenberg & Weinberger, 2006; Yavich, Forsberg, Karayiorgou, 

Gogos, & Mannisto, 2007). Its association with prefrontal dopamine levels makes COMT Val158Met 

an intriguing candidate polymorphism for modulation of fear extinction retention. Of relevance, a 

rodent study found reduced extinction retention in Met vs. Val homozygotes, as indicated by initially 

increased freezing to a previously extinguished CS+ during a recall test 24 h after extinction training 

(Risbrough, Ji, Hauger, & Zhou, 2014). Thus far, human COMT studies have focused on within-

session extinction or fear retention (rather than extinction retention), albeit with mixed findings 

(Gruss, Langaee, & Keil, 2016; Klucken et al., 2016; Lonsdorf et al., 2009; Norrholm et al., 2013; 

Raczka et al., 2011). Given the putative role of prefrontal dopamine in long-term fear extinction, a 

human COMT Val158Met study with a delayed extinction recall test is warranted. 

On the level of personality, differences in conditioning and extinction have been linked to 

traits such as neuroticism and extraversion (Eysenck, 1970; Zinbarg & Revelle, 1989). Neuroticism 

and closely linked anxiety (Depue & Lenzenweger, 2005) are strong predictors for the development of 

anxiety disorders (Clark, Watson, & Mineka, 1994). Neuroticism/anxiety is the most commonly 

investigated personality trait in fear conditioning research and higher levels of neuroticism/anxiety 

have been suggested to go along with enhanced fear conditioning and/or impaired fear extinction 

(Barlow, Ellard, Sauer-Zavala, Bullis, & Carl, 2014; Lonsdorf & Merz, 2017). However, empirical 

support is mixed with regard to the question which learning phase is sensitive (i.e., initial acquisition, 

extinction or consolidation/retention of conditioned and extinguished fear), whether higher 

neuroticism/anxiety predicts stronger or weaker CS discrimination, or if there are any robust 

relationships at all (Gazendam et al., 2015; Gazendam, Kamphuis, & Kindt, 2013; Grillon et al., 2006; 

Guimarães, Hellewell, Hensman, Wang, & Deakin, 1991; Joos, Vansteenwegen, & Hermans, 2012; 

Lommen, Engelhard, & van den Hout, 2010; Martínez et al., 2012; Otto et al., 2007; Pineles, Vogt, & 

Orr, 2009; Pitman & Orr, 1986; Rauch et al., 2005; Sehlmeyer et al., 2011; Staples-Bradley, Treanor, 
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& Craske, 2016; Wiggert et al., 2017). Instead, trait fearfulness might prove more relevant as it 

specifically describes the disposition for intense reactions to imminent threat (Blanchard et al., 2001; 

McNaughton, 2011; Perkins & Corr, 2006). Previous studies have highlighted conceptual (Depue & 

Lenzenweger, 2005; McNaughton, 2011; Perkins & Corr, 2006; Perkins, Kemp, & Corr, 2007; 

Sylvers, Lilienfeld, & LaPrairie, 2011) as well as biological distinctions between neuroticism/anxiety 

and fearfulness (McNaughton & Corr, 2004; Walker & Davis, 2002; Walker, Toufexis, & Davis, 

2003; White & Depue, 1999) that apparently are relevant in fear acquisition and short-term extinction 

(Gazendam et al., 2015). To our knowledge, no study has investigated the specific role of fearfulness 

in long-term fear extinction recall. 

Meanwhile, high levels of extraversion have been associated with weaker conditioning and 

faster extinction learning (Eysenck, 1970). Similar to neuroticism/anxiety, the role of extraversion for 

fear conditioning and extinction has found only limited empirical support (Rauch et al., 2005) with 

several studies reporting mixed (Pineles et al., 2009) or null effects (Guimarães et al., 1991; Martínez 

et al., 2012; Otto et al., 2007). In the study of long-term fear extinction, however, the agency facet of 

extraversion (describing the disposition to be active, assertive, achievement-oriented) might be more 

predictive than general extraversion due to its putative dopaminergic basis (Depue & Collins, 1999; 

Wacker, Chavanon, & Stemmler, 2006; Wacker, Mueller, Hennig, & Stemmler, 2012).  

The present study investigated if and in which manner (a) the COMT Val158Met 

polymorphism as well as (b) neuroticism/anxiety, (c) fearfulness and (d) agentic extraversion 

modulate fear and extinction retention in a delayed recall test. We employed an established two-day 

fear conditioning and extinction paradigm (E. M. Mueller, Panitz, Hermann, & Pizzagalli, 2014). On 

Day 1, two reinforced CS+ and two CS- were presented during an initial fear acquisition phase. In a 

subsequent extinction phase, one of the two CS+ and one of the two CS- were presented without a US. 

One day later, all four CS were presented again in a recall test to assess long-term recall of 

conditioned and extinguished fear. We assessed the Late Positive Potential (LPP) and fear bradycardia 

as cortical and autonomic components of the conditioned fear response, respectively. The LPP is a 

sustained positivity in the posterior event-related potential and is sensitive to motivational stimulus 

significance (Keil et al., 2002; Lang & Bradley, 2010). It has been used in previous fear conditioning 
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studies on acquisition (Nelson, Weinberg, Pawluk, Gawlowska, & Proudfit, 2015) and extinction 

recall (Panitz, Hermann, & Mueller, 2015). Fear bradycardia describes cardiac slowing between 2 and 

5 s after detection of a threat cue (Vila et al., 2007) and indicates focused attention as part of a freezing 

response (Lang, Davis, & Öhman, 2000; Löw, Lang, Smith, & Bradley, 2008; Löw, Weymar, & 

Hamm, 2015). It has been used to investigate fear acquisition (Bradley, Moulder, & Lang, 2005; 

Panitz et al., 2015; Sperl, Panitz, Hermann, & Mueller, 2016), extinction (Notterman, 1952; Panitz et 

al., 2015; Sperl et al., 2016) and long-term recall of conditioned fear (Panitz et al., 2015). In addition, 

we assessed skin conductance responses (SCR) and affective CS ratings as additional, widely used 

measures of conditioned fear (Lonsdorf et al., 2017). 
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Method 

Sample and genotyping 

N = 383 individuals recruited from campus and the community were initially screened for 

COMT Val158Met genotype. Buccal cell DNA was purified and genotyped using established 

protocols (Reuter & Hennig, 2005). The resulting genotype distribution (n = 103 Val/Val, n = 196 

Val/Met, n = 84 Met/Met) did not deviate significantly from the Hardy-Weinberg equilibrium (Χ2(1) = 

0.26, p = .611). 

All participants were right-handed males between 18 and 35 years. Exclusion criteria were 

habitual use of tobacco, psychotropic and illegal substances, body-mass index <17 or >30, as well as 

existing neurological, cardiovascular or psychopathological conditions. They were invited based on 

the COMT Val158Met polymorphism to create genotype-balanced groups. The investigated sample 

included N = 93 participants (n = 32 Val/Val, n = 31 Val/Met, n = 30 Met/Met). One participant had to 

be excluded due to corrupted EEG data and five participants due to constant slow drift artifacts 

interfering with LPP measurement. Therefore, the final sample size was N = 87 (n = 30 Val/Val, n = 

29 Val/Met, n = 28 Met/Met). Genotype groups did not differ in neuroticism/anxiety (F(2, 84) = 0.55, 

p = .577, Kp
2 = .013; for operationalization of personality, see next paragraph) or agentic extraversion 

(F(2, 84) = 0.99, p = .377, Kp
2 = .023). However, there appeared to be a (positive) dose effect of the 

Val allele on fearfulness (F(2, 84) = 3.33, p = .041, Kp
2 = .073; also, see Table 1 for genotype effects 

on compound scores of personality and Supplementary Table 1 for genotype effects on every single 

personality scale). The study protocol was in accordance to the Declaration of Helsinki and approved 

by the ethics committee of the German Psychological Association (DGPs). 
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Table 1. Mean, SD and Univariate ANOVA Results for COMT Val158Met Group Differences in Each 

Personality Compound Measure 

  Mean (SD)  ANOVA 

  Val/Val  Val/Met  Met/Met  K2  p 

Fearfulness 
 

1.62 (4.64)  0.08 (5.41)  -1.82 (5.12)  .073  .041 

Neuroticism/Anxiety 
 

0.00 (0.98)  0.12 (0.91)  -0.13 (0.76)  .013  .577 

Agentic Extraversion 
 

0.11 (0.86)  0.04 (0.73)  -0.16 (0.67)  .023  .377 

 

 

Personality measures 

Fearfulness. Fearfulness was measured with the Harmavoidance scale from the 

Multidimensional Personality Questionnaire (MPQ, Tellegen & Waller, 2008). The Harmavoidance 

scale contains several items asking participants for their preference between a dangerous/harmful and 

a boring event (e.g., ‘receiving an electric shock’ vs. ‘waiting in line’) and high values in this scale 

may reflect an individual’s low sensation seeking tendencies, high fearfulness, or both. To account for 

this potential confound, we partialled out the Sensation Seeking scale of the Zuckerman-Kuhlman 

Personality Questionnaire (ZKPQ; Zuckerman, Kuhlman, Joireman, Teta, & Kraft, 1993) from the 

Harmavoidance scores to compute fearfulness scores. 

Neuroticism/anxiety. Neuroticism/anxiety was measured with a compound score (averaged z-

scores of each scale) of the German versions of the Neuroticism scale of the NEO Five Factor 

Inventory (Costa & McCrae, 1989), the Carver and White BIS scale (Carver & White, 1994), the 

ZKPQ Neuroticism-Anxiety scale, the MPQ Stress Reaction scale, and the Trait scale of the State-

Trait Anxiety Inventory (Spielberger, Gorsuch, & Lushene, 1970). The inter-scale correlations were 

high (.550 ≤ r ≤ .861), justifying aggregation to increase measurement reliability. 

Agentic extraversion. As for neuroticism/anxiety, we computed compound scores for agentic 

extraversion, averaging z-scores from the Carver and White BAS scale, the ZKPQ Activity scale, and 
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the MPQ Social Potency scale. All inter-scale correlations were positive and significant (.305 ≤ r ≤ 

.470). 

Compound scores for neuroticism/anxiety and agentic extraversion showed a small negative 

correlation (r = -.240, p = .025) but both were unrelated to fearfulness. Table 2 shows the inter-

correlations between the different questionnaire scales and compound scores, respectively. 

 

Table 2. Correlations Between Questionnaire Scales and Between Compound Scores 

 
 Fearfulness 

 
Neuroticism/Anxiety 

 
Agentic Extraversion 

 
 HA SS 

 
N NAnx SR BIS STAI-T 

 
Act SP BAS 

HA  .852  
 

     
 

   

SS  -.390*** .777 
 

     
 

   

              

N  -.001 -.202 
 

.820     
 

   

NAnx  .065 -.151 
 

.743*** .827    
 

   

SR  .087 -.189 
 

.795*** .861*** .861   
 

   

BIS  .251* -.278** 
 

.671*** .660*** .649*** .848  
 

   

STAI-T  .009 -.214* 
 

.831*** .753*** .769*** .550*** .917 
 

   

              

Act  -168 .263* 
 

-.156 -.186 -.049 -.249* -.211* 
 

.778   

SP  -.167 .412*** 
 

-.243* -.183 -.191 -.328** -.252* 
 

.470*** .896  

BAS  -.138 .368*** 
 

-.077 -.054 -.043 .060 -.268* 
 

.305** .334** .811 

              

  Fearfulness 
 

Neuroticism/Anxiety (N/A) 
 

Agentic Extraversion (agE) 

Fearfulness  - 
 

 
 

 

N/A  .002 
 

- 
 

 

agE  -.031 
 

-.240* 
 

- 

       
Note: *p < .05, **p < .01, ***p < .001, two-sided. Cronbach’s alpha for each scale printed in bold. Gray-shaded 
areas contain intercorrelations of scales belonging to the same compound score. HA = MPQ Harmavoidance; SS 
= ZKPQ Sensation Seeking; N = NEO-FFI Neuroticism; NAnx = ZKPQ-Neuroticism/Anxiety; SR = MPQ 
Stress Reaction; BIS = Carver & White BIS; STAI-T = STAI-Trait; Act = ZKPQ Activity; SP = MPQ Social 
Potency; BAS = Carver & White BAS. Fearfulness = HA controlled for SS; N/A(Neuroticism/Anxiety) = mean 
z-standardized scores of N, NAnx, SR, BIS, STAI-T; agE (Agentic Extraversion) = mean z-standardized scores 
of Act, SP, BAS. 
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Conditioning and extinction procedures 

Paradigm. Participants underwent a two-day differential fear conditioning and extinction 

paradigm similar to E. M. Mueller, Panitz, and colleagues (2014). On Day 1, the paradigm started with 

a habituation phase in which each of four CS was presented five times. The following acquisition 

phase consisted of three blocks, each with 15 presentations per CS resulting in a total of 3 x 15 x 4 = 

180 CS presentations. Stimulus order was randomized. Two of the CS (CS+E, CS+N) were paired 

with the US in 7 out of 15 trials per block (46.6 % reinforcement rate), the other two CS (CS-E, CS-N) 

were never paired with the US. After the acquisition phase, participants received a standardized 

breakfast, completed a series of questionnaires and were prepared for the following extinction phase. 

The extinction phase started exactly three hours after the end of acquisition and consisted of a single 

block of 40 CS+E and CS-E trials. CS+N, CS-N, and US were not presented during this phase. The 

recall test on Day 2 consisted of three blocks with 20 trials of each CS, no US were presented 

(paradigm depicted in Figure 1).  

Stimuli and trial structure. Four male faces with neutral expression from the Karolinska 

Directed Emotional Faces series (Lundqvist, Flykt, & Öhman, 1998) were used as CS (pictures: 

AM10NES, AM13NES, AM31NES, BM08NES, also see Figure 1). Assignment of face stimuli to the 

different CS types was permutated and balanced across participants. As better suitability of white 

noise vs. electric shock during fear conditioning with many trials has previously been demonstrated 

(Sperl et al., 2016), the US was a 1 s white noise burst delivered by a room speaker at 95 dB(A) 

(measured at the participant’s head position, 2.30 m from the speaker). In every trial, a fixation cross 

(1 s duration) was presented before participants saw the CS for 4 s. In reinforced trials the CS co-

terminated with the 1 s US. A black screen (jittered, 6-8 s) was presented between trials. 
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Day 1 Day 2 (24 h later)

Habituation Acquisition Extinction Recall Test

5 CS+E 45 CS+E + 21 US 40 CS+E 60 CS+E

5 CS-E 45 CS-E 40 CS-E 60 CS-E

5 CS+N 45 CS+N + 21 US 60 CS+N

5 CS-N 45 CS-N 60 CS-N
 

Figure 1. Learning phases. Face stimuli and number of presentations in the 2-day differential fear conditioning 
and extinction paradigm. US was only presented during acquisition phase, indicated by the speaker symbol. 
Assignment of different faces to CS type was permutated across participants. CS+E = extinguished CS+, CS+N 
= non-extinguished CS+, CS-E = CS- presented during extinction phase, CS-N = CS- not presented during 
extinction phase. Stimuli were presented in color. KDEF stimuli IDs from top to bottom: AM10NES, 
AM13NES, AM31NES, BM08NES. 

 

 

Affective ratings 

Participants rated each CS on a 5-point Likert scale for pleasantness (1 = “very unpleasant”, 5 

= “very pleasant”) and arousal (1 = “not arousing”, 5 = “very arousing”). Ratings were assessed before 

and after every conditioning phase as well as between blocks. Directly before and after Day 1 

extinction, only CS+E and CS-E were rated. Pleasantness ratings were reversed into unpleasantness 

scores before statistical analyses. 
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Physiological recording and processing 

All electrophysiological signals were recorded at 1000 Hz using a QuickAmp 72 amplifier 

(Brain Products, Gilching, Germany). Marker latencies were corrected for monitor delay (33 ms; 

assessed with a Brain Products photo sensor). 

EEG and ERP. 64-channel EEG was recorded during extinction and recall test using actiCAP 

active electrodes (Brain Products, Gilching, Germany), with a 200 Hz online lowpass-filter and 

referenced against the average. EEG processing was performed in BrainVision Analyzer 2 (Brain 

Products, Gilching, Germany). The EEG was downsampled to 500 Hz, highpass-filtered (-3 dB at 0.1 

Hz, 24 dB/oct., zero-phase IIR Butterworth filter; same specifications for all other high- and lowpass 

filtering procedures) and notch-filtered (50 Hz, 5 Hz bandwidth, 16th order). Blinks and oculomotor 

artifacts were removed using extended Infomax ICA (Lee, Girolami, & Sejnowski, 1999). Critical 

components were identified based on signal shape and topography of ICA weights by an experienced 

rater. To increase signal stationarity required for ICA, large EEG artifacts were removed manually, the 

signal was 0.5 Hz highpass-filtered for ICA only and the resulting weights were subsequently applied 

to the 0.1 Hz filtered data (Winkler, Debener, Müller, & Tangermann, 2015). Data with remaining 

artifacts was removed manually. Channels with excessive amounts of bad data were interpolated 

(spline). Finally, EEG data were lowpass-filtered (30 Hz), segmented relative to CS onset (-200 to 

1000 ms), baseline-corrected, averaged across trials and referenced against the average of TP9 and 

TP10 (mastoids).  

Fear bradycardia. ECG was measured during all phases in a lead II configuration with bipolar 

measurement electrodes on the left leg and right forearm and the ground electrode on the left forearm. 

ECG data was bandpass-filtered in BrainVision Analyzer 2 (1-30 Hz, filter type identical with EEG 

filters). R spikes were detected automatically with the ECG Markers solution implemented in the 

Analyzer software and corrected manually if necessary. ECG data was rejected when it contained a 

ventricular extrasystole or artifacts that prevented unambiguous R spike detection. Eventually, a 

continuous heart period (HP) trace was computed with every sample point reflecting the distance 

between the preceding and the subsequent R spike in milliseconds. The HP signal then was segmented 
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relative to CS onset (-1 to 8 s), baseline-corrected and averaged across trials. The resulting signal was 

divided into 500 ms time bins by averaging the magnitude of all 500 data points within each time 

window. Because US presentation (3 – 4 s relative to CS onset) fell into the segmentation window of 

reinforced CS+ presentations, only non-reinforced trials were analyzed for the acquisition phase. 

SCR. Skin conductance was collected during all phases with exosomatic measurement (0.5 V 

DC) on the left hand’s thenar and hypothenar. The signal was lowpass-filtered at 1 Hz (filter type 

identical with EEG), manually screened for artefacts and segmented relative to CS (-1 to 5 s). Using 

MATLAB 2013a (Mathworks, Natick, MA, USA), segments were baseline-corrected and single-trial 

peak values (time window: 1 to 5 s) were averaged across trials and normalized according to Lykken 

and Venables (Lykken & Venables, 1971). Resulting SCR values were log-transformed to 

approximate normality (LN(1+SCR)). Only non-reinforced trials were analysed for the acquisition 

phase.  

 

Statistical analyses 

We computed ANOVAs on affective ratings, fear bradycardia and SCR for all three phases 

and on LPP for Day 1 extinction training and Day 2 recall test. For both Day 1 fear acquisition and 

Day 2 recall test, Contingency (CS+E/N vs. CS-E/N) x Extinction (CS+/-E vs. CS+/-N) x Genotype 

(Val/Val vs. Val/Met vs. Met/Met) ANOVAs were conducted and for Day 1 extinction training, 

Contingency (CS+E vs. CS-E) x Genotype (Val/Val vs. Val/Met vs. Met/Met) ANOVAs.  

In addition to the analyses across all trials, we computed ANOVAs for LPP, HP and SCR on Day 1 

with the additional factor Time (first ten artifact-free trials vs. last ten artifact-free trials) in order to 

assess short-lasting, transient effects during ongoing learning (Gruss et al., 2016; Risbrough et al., 

2014; Sperl et al., 2016). Following the same logic, we conducted all Day 2 recall test ANOVAs again 

using only the first ten artifact-free trials in order to assess initial long-term recall. We used an 

identical design for ANOVAs on unpleasantness and arousal ratings: for the acquisition and extinction 

phases we entered the ratings at the beginning and at the end of each phase, respectively. For Day 2 

recall test we used the ratings at the beginning as they indicate initial recall. 
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To assess the role of personality, we computed linear regression analyses for the differential 

responses to CS+ vs. CS- in Day 1 acquisition, Day 1 extinction, and Day 2 recall as well as for the 

long-term extinction contrast ([CS+N – CS-N] – [CS+E – CS-E]) in Day 2 recall. For SCR, fear 

bradycardia, and LPP we used the CR across all trials, for unpleasantness and arousal we used ratings 

after acquisition, after extinction and before recall test. In every analysis, all personality measures (i.e., 

fearfulness, neuroticism/anxiety, agentic extraversion) were entered simultaneously. 
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Results 

Acquisition 

Affective Ratings. Indicating successful conditioning at the level of self-reported affect, there 

were main effects of Contingency for unpleasantness and arousal ratings, with CS+ rated as more 

unpleasant (F(1, 84) = 31.99, p < .001, Kp
2 = .276) and more arousing (F(1, 84) = 26.69, p < .001, Kp

2 

= .241) than CS-. These main effects were essentially caused by Contingency x Time interactions 

(unpleasantness: F(1, 84) = 35.32, p < .001, Kp
2 = .296; arousal: F(1, 84) = 28.66, p < .001, Kp

2 = 

.254), as CS+ vs. CS- ratings differed after acquisition (unpleasantness: F(1, 84) = 42.68, p < .001, Kp
2 

= .337, Figure 2a); arousal: F(1, 84) = 28.66, p < .001, Kp
2 = .254, Supplementary Figure 1b) but not 

before (unpleasantness: F(1, 84) = 0.51, p = .479, Kp
2 = .006; arousal: F(1, 84) = 1.01, p = .301, Kp

2 = 

.013). There were no effects of Genotype or otherwise (all p > .088, Kp
2 < .057). With regard to 

personality measures, none of the full regression models reached significance (both R2 < .061, p > 

.158), although higher fearfulness predicted higher unpleasantness ratings for CS+ vs. CS- (E = .244, p 

= .025) at the end of acquisition (Figure 2b). 

Fear bradycardia. Converging with the subjective ratings, fear conditioned stimuli 

successfully evoked fear bradycardia, i.e., HP slowing was stronger for CS+ than for CS-. This was 

evident in a main effect of Contingency (F(1, 84) = 32.08, p < .001, Kp
2= .281, Figure 2c, 

Supplementary Figure 2b). There also was an unexpected Genotype x Extinction interaction (F(2, 84) 

= 3.67, p = .031, Kp
2 = .080) due to stronger HP slowing for the (to-be) non-extinguished stimuli in 

Met/Met carriers (pBonferroni = .030). The additional analysis of the first and last ten trials, that was 

performed to probe within-session dynamics, revealed a general increase in HP slowing over time 

(main effect Time, F(1, 84) = 5.51, p = .021, Kp
2 = .062), and, again, a strong main effect of 

Contingency (F(1, 84) = 45.93, p < .001, Kp
2 = .353). There were no significant effects of Genotype or 

any other significant effects (all p > .150, Kp
2 < .045). 

When testing the effects of the three investigated personality traits the full regression model 

was significant (R2 = .091, F(3, 83) = 2.75, p = .046) and fearfulness was positively associated with 

differential fear bradycardia (E = .286, p = .008; Figure 2d; Table 3). Furthermore, follow-up analyses 



Running head: PERSONALITY AND COMT IN LONG-TERM FEAR EXTINCTION 

 

 

16 

revealed that more fearful individuals showed increased CRs specifically to CS+ (E = .255, p = .017) 

but not CS- (E = .068, p = .537; Table 3).  

SCR. In line with the fear bradycardia findings, CS+ evoked a stronger SCR than CS- as 

evident in a main effect of Contingency (F(1, 84) = 27.64, p < .001, Kp
2 = .248, Supplementary Figure 

2a). There were no effects of Genotype (all p > .099, Kp
2 < .054) or personality traits (R2 = .027, p = 

.515). When analysing only the first and last trials of the acquisition phase, a general SCR habituation 

over time emerged (main effect Time (F(1, 84), p < .001, Kp
2 = .211) and the main effect of 

Contingency was confirmed (F(1, 84), p < .001, Kp
2 = .163). 
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Figure 2. Conditioning effects on unpleasentness ratings, fear bradycardia and their relationship with 
fearfulness. (a) Mean unpleasantness ratings at the end of fear acquisition phase. Error bars indicate SEMs, 
based on within-subject variance. *** p < .001 for main effect of contingency. CS+E = extinguished CS+, CS+N 
= non-extinguished CS+, CS-E = CS- presented during extinction phase, CS-N = CS- not presented during 
extinction phase. (b) Relationship between fearfulness and differential unpleasantness ratings (both CS+ vs. both 
CS-) at the end of fear acquisition. (c) Change in heart period relative to baseline during fear acquisition phase. 
Mean magnitude within the shaded area (2-5 s post-CS) was used for statistical analyses of fear bradycardia. 
CS+E = extinguished CS+, CS+N = non-extinguished CS+, CS-E = CS- presented during extinction phase, CS-
N = CS- not presented during extinction phase. (d) Relationship between fearfulness and differential fear 
bradycardia (both CS+ vs. both CS-) during fear acquisition. 
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Table 3. E Weights for Regression of Day 1 Acquisition Heart Period on Personality Compound Measures 

  Day 1 Acquisition – Fear Bradycardia Across All Trials 

  diff CR  CS+  CS- 

Fearfulness 
 

.286**  .255*  .068 

Neuroticism/Anxiety 
 

.012  .009  .001 

Agentic Extraversion 
 

.108  .158  .098 

Note: *p < .05; **p < .01. diff CR = differential conditioned response (i.e., CS+ - CS-). 

 

 

Extinction 

Affective ratings. ANOVAs revealed significant main effects of Contingency, as CS+ were 

rated both as more unpleasant (F(1, 84) = 8.36, p = .005, Kp
2 = .091) and more arousing (F(1, 84) = 

8.41, p = .005, Kp
2 = .091) than CS- at pre- and post-extinction (also see Supplementary Figures 1a and 

1b). A main effect of Time indicated that participants rated both CS as less unpleasant (F(1, 84) = 

17.97, p < .001, Kp
2 = .176) and arousing (F(1, 84) = 9.49, p = .003, Kp

2 = .101) at the end of 

extinction. No further significant effects emerged for unpleasantness (all p > .121, Kp
2 < .029) or 

arousal (all p > .310, Kp
2 < .028), including any Genotype effects. Personality measures did not predict 

affective ratings after extinction (both R2 < .015, p > .749). 

Fear bradycardia. Consistent with successful conditioning recall in the extinction phase 

(which took place three hours after acquisition), HP slowing remained to be stronger for CS+E than 

for CS-E (main effect Contingency, F(1, 84) = 10.52, p = .002, Kp
2 = .111, Supplementary Figures 2b 

& 3). No other effects reached significance (all p > .230, Kp
2 < .035). When analyzing only the first 

and last ten trials, there was a general reduction in HP over the extinction phase (main effect Time, 

F(1, 84), p < .001, Kp
2 = .202) but no other significant effects, including Genotype effects (all p > .123, 
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Kp
2 < .029). Personality measures did not predict differential responses (CS+E – CS-E) during Day 1 

extinction (R2 = .033, p = .422). 

SCR. In line with the fear bradycardia results, CS+E evoked a stronger SCR than CS-E (main 

effect Contingency, F(1, 84) = 5.72, p = .019, Kp
2 = .064, Supplementary Figure 2a) across all trials. 

There were no other significant effects or relationships with Genotype (all p > .055, Kp
2 < .067) or 

personality (R2 = .044, p = .284). When only the first and last trials were analysed, there was a general 

habituation of the SCR over time (main effect Time, F(1, 84) = 29.23, p < .001, Kp
2 = .258) and a trend 

for the main effect Contingency remained (F(1, 84) = 3.32, p = .072, Kp
2 = .038). No other significant 

effects were found (all p > .231, Kp
2 < .035). 

LPP. Converging with HP and SCR, the LPP amplitude was increased for CS+E vs. CS-E 

(Supplementary Figure 2c). While this effect did not reach significance with a two-sided test (F(1, 84) 

= 3.26, p = .075, Kp
2 = .037), a one-sided t-test (t(86) = 1.73, p = .044) confirmed the previously 

reported LPP enhancement to CS+ vs. CS- (Nelson et al., 2015; Panitz et al., 2015). There were no 

significant genotype-related effects (both p > .116, Kp
2 < .050). When analyzing only the first and last 

ten trials, no significant effects emerged (all p > .204, Kp
2 < .026). Personality measures did not predict 

differential LPP responses (CS+E – CS-E) during Day 1 extinction (R2 = .030, p = .464). 

 

Recall test 

Affective ratings. At the beginning of Day 2 recall test, participants rated CS+ to be more 

unpleasant (main effect Contingency, F(1, 84) = 9.45, p = .003, Kp
2 = .101, Supplementary Figure 1a) 

and arousing (main effect Contingency, F(1, 84) = 8.20, p  =.005, Kp
2 = .089, Supplementary Figure 

1b) than CS-. No other effects emerged for unpleasantness (all p > .108, Kp
2 > .052) or arousal (p > 

.244, Kp
2 = .033). Personality did not predict contingency effects (CS+ vs. CS-; both R2 < .026, p > 

.539) nor differential extinction recall ([CS+N vs. CS-N] – [CS+E – CS-E]; both R2 < .051, p > .228). 

Fear bradycardia. During the Day 2 recall test CS+ continued to evoke stronger cardiac 

slowing than CS- when trials were averaged across the entire recall session (main effect of 

Contingency, F(1, 84) = 7.40, p = .007, Kp
2 = .081, Supplementary Figures 2b & 3), converging with 
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Day 2 conditioned fear bradycardia observed in a previous study (Panitz et al., 2015). No other effects 

reached significance (all p > .355, Kp
2 < .023). 

Importantly, at the beginning of the Day 2 recall test (i.e., first ten artifact-free trials), there 

was a Genotype x Contingency x Extinction interaction F(2, 84) = 4.66, p = .012, Kp
2 = .100). Follow-

up two-way interaction contrasts revealed that only Val/Val (F(1, 29) = 11.28, p = .002, Kp
2 = .280) 

but neither Val/Met nor Met/Met (both p > .143, Kp
2 < .078) carriers showed a significant Contingency 

x Extinction interaction. Consistent with successful fear extinction recall, the significant interaction in 

Val/Val carriers was characterized by a reduced differential response to extinguished (CS+E – CS-E) 

compared to non-extinguished (CS+N – CS-N) stimuli (see Figure 3). 

Personality measures did not predict differential fear responses (CS+ vs. CS-; R2 = .017, p = 

.706), nor differential Day 2 extinction recall ([CS+N – CS-N] vs. [CS+E – CS-E]; R2 = .040, p = 

.331). 

SCR. As for fear bradycardia, faces that had been paired with the US on Day 1 (CS+) evoked a 

stronger SCR than never-paired faces (CS-; main effect of Contingency: F(1, 84) = 5.72, p = .006, Kp
2 

= .085, Supplementary Figure 2a). Replicating E. M. Mueller, Panitz, and colleagues (2014), the 

Contingency x Extinction interaction was significant for a one-sided test (F(1, 84) = 3.59, pone-sided = 

.031, Kp
2 = .041) and indicated successful extinction recall with the differential fear reaction to CS+ vs. 

CS- being stronger for non-extinguished (Kp
2 = .105, p = .002) vs. extinguished CS (Kp

2 = .011, p = 

.347). All other effects were non-significant (all p > .129, p. K2 < .048). When only the first ten 

artefact-free trials were analysed (i.e., initial Day 2 recall), the main effect of Contingency was 

somewhat weaker (p = .068, Kp
2 = .039, two-sided). The Contingency x Extinction interaction did not 

reach significance in this analysis (p = .357, Kp
2 = .010). Personality measures did not predict 

differential fear responses (CS+ vs. CS-; R2 = .024, p = .569), nor differential extinction recall ([CS+N 

– CS-N] vs. [CS+E – CS-E]; R2 = .018, p = .685). 

LPP. The LPP across the entire recall session was modulated by a significant Genotype x 

Contingency x Extinction interaction (F(2, 84) = 3.41, p = .038, Kp
2 = .075). Similar to the HP, follow-

up two-way interaction contrasts within each genotype group revealed a significant Contingency x 
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Extinction interaction that was restricted to Val/Val (F(1, 29) = 6.04, p = .020, Kp
2 = .172) and absent 

in Val/Met or Met/Met carriers (both p > .229, Kp
2 < .054). Mirroring the HP analyses, the significant 

interaction in Val/Val carriers was caused by a smaller differential response for extinguished CS 

(CS+E – CS-E) compared to the non-extinguished response (CS+N – CS-N, Figure 4). No other 

effects of the three-way ANOVA across all trials reached significance (all p > .225, Kp
2 < .035). 

When only the initial recall (i.e., first ten artifact-free trials) was analyzed, there was a higher 

LPP amplitude for CS+ relative to CS- (main effect Contingency, F(1, 84) = 7.62, p =.007, Kp
2 = 

.083). The three-way Genotype x Contingency x Extinction interaction did not reach significance (F(2, 

84) = 1.44, p = .243, Kp
2 = .033). Exploratory analyses within genotype groups revealed that again, the 

Contingency x Extinction interaction contrast was only significant in the Val/Val (F(1, 29) = 7.33, p = 

.011, Kp
2 = .202) but not in the Val/Met or Met/Met group (both p > .275, Kp

2 < .044). Moreover, the 

main effect Contingency emerged within Val/Val (p = .024, Kp
2 = .164) and Met/Met (p = .049, Kp

2 = 

.136), but not Val/Met carriers (p = .938, Kp
2 = .000). No other significant effects emerged (all p > 

.068, Kp
2 < .040). Taken together, HP and LPP indicated successful recall of both conditioned and 

extinguished fear in Val/Val but not Met carriers. 

Personality measures did not predict differential fear responses (CS+ vs. CS-; R2 = .058, p = 

.175), nor differential Day 2 extinction recall ([CS+N – CS-N] vs. [CS+E – CS-E]; R2 = .055, p = 

.191). 
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Figure 3. COMT Val158Met effects on Day 2 fear bradycardia. CS-evoked change in heart period for the 
different genotype groups during the first ten artifact-free trials of Day 2 recall test. CS+E = extinguished CS+, 
CS+N = non-extinguished CS+, CS-E = CS- presented during extinction phase, CS-N = CS- not presented 
during extinction phase. Mean magnitude within the grey box was used for statistical analyses. Error bars in the 
bar plots indicate SEM based on within-subject variance. *Contingency x Extinction interaction (p < .05). 



Running head: PERSONALITY AND COMT IN LONG-TERM FEAR EXTINCTION 

 

 

22 

-4

-2

0

2

4

6

-100 0 100 200 300 400 500 600 700 800 900 1000

Am
pl

itu
de

 a
t P

z
(µ

V)

Time (ms)

1

2

3

4

M
ea

n
Am

pl
itu

de
 a

t P
z

(µ
V)

 

CS+E CS-E CS+N CS-N

Val/Val

-4

-2

0

2

4

6

-100 0 100 200 300 400 500 600 700 800 900 1000

Am
pl

itu
de

 a
t P

z
(µ

V)

Time (ms)

1

2

3

4

M
ea

n
Am

pl
itu

de
 a

t P
z

(µ
V)

 

CS+E CS-E CS+N CS-N

Val/Met

-4

-2

0

2

4

6

-100 0 100 200 300 400 500 600 700 800 900 1000

A
m

pl
itu

de
 a

t P
z

(µ
V)

Time (ms)

1

2

3

4

M
ea

n
A

m
pl

itu
de

 a
t P

z
(µ

V)
 

CS+E CS-E CS+N CS-N

Met/Met

Time Window for Analysis

Time Window for Analysis

Time Window for Analysis

CS+E CS+N CS-E CS-N

[CS+E – CS-E] < [CS+N – CS-N]

*

0

0

0

5

-1

µV

5

-1

µV

5

-1

µV

 

Figure 4. COMT Val158Met effects on Day 2 LPP. ERPs and mean LPP amplitudes at Pz during Day 2 recall 
test for the different genotype groups. LPP was defined as the mean amplitude from 300 to 1000 ms (indicated 
by shaded areas). Topography plots show mean LPP amplitudes across all four CS. Error bars in the bar plots 
indicate SEM based on within-subject variance. CS+E = extinguished CS+, CS+N = non-extinguished CS+, CS-
E = CS- presented during extinction phase, CS-N = CS- not presented during extinction phase. *Contingency x 
Extinction interaction (p < .05). 
 

 

Exploratory analyses on Day-1-Day-2 stability 

As can be seen in Figure 3, there appeared to be remaining Day 2 fear bradycardia to 

extinguished stimuli (i.e., CS+E > CS-E) in Met carriers (i.e., Val/Met and Met/Met), although this 

effect was not statistically significant. We further observed significantly increased variance in 

extinguished fear bradycardia in Val/Met vs. Val/Val carriers (Levene test: F(1, 57) = 6.83, p = .011) 

and Met/Met vs. Val/Val carriers (F(1, 56) = 5.13, p = 027). This shifted our focus to individual 

differences within the Met carriers as it suggests that there may be a subgroup of Met carriers with 

particularly reduced extinction recall. We reasoned that, first of all, individual differences in Day 2 

extinction recall (CS+E vs. CS-E) may be related to individual differences in Day 1 fear extinction 
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success (e.g., Hermans et al., 2005). To test this, we correlated the fear response at the end of Day 1 

extinction (CS+E – CS-E during the last ten trials) with the extinguished fear response at the 

beginning of Day 2 recall (CS+E – CS-E during the first ten trials). This correlation was positive and 

significantly different from zero within the entire sample (r(85) = .222, p = .039) indicating that 

successful extinction recall on Day 2 depended on successful extinction on Day 1. We then reasoned 

that this relationship may be more pronounced in Met carriers, thereby causing the high interindividual 

variance of Day 2 extinction recall. As expected, the Day-2-Day1-correlation significantly differed 

between genotype groups (F(2, 81) = 6.38, p = .033, Kp
2 = .081). More specifically, both Met/Met 

carriers (r(26) = .400, p = .035) and Val/Met carriers (r(27) = .345, p = .067) showed a correlation 

between final Day 1 response and initial Day 2 response to extinguished CS while this correlation was 

absent in Val/Val carriers (r(28) = -.222, p = .238). 

Associations with personality measures. To further test whether the fear bradycardia 

association between Day 1 fear extinction and Day 2 fear extinction recall (i.e., extinction stability) 

was moderated by personality we conducted a multiple regression analysis (criterion: initial Day 2 

extinguished fear response; predictors: final Day 1 extinction fear response, personality measures, and 

for each personality measure its interaction with the Day 1 response). The regression model reached 

significance (R2 = .162, F(7, 79) = 2.24, p = .040). In this analysis, the interaction of Day 1 fear 

bradycardia and neuroticism/anxiety was significant and negative (E = -.310, p = .009; Table 4). This 

interaction indicates that the association of Day 1 extinction and Day 2 extinction recall decreased 

with increasing neuroticism/anxiety (Supplementary Figure 4; also see Supplementary Table 2 for 

results of the different neuroticism/anxiety scales). Thus, low neurotic, little anxious, and emotionally 

stable individuals showed stable reactions to the extinguished fear stimuli on Day 1 and Day 2, while 

more anxious individuals appeared to not recall well what they had learned by the end of the Day 1 

extinction session. 
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Table 4. E Weights for Regression of Initial Day 2 Recall of Extinguished Heart Period CR (CS+E – CS-E) on 

Final Day 1 CR and Personality Compound Measures 

  E  

Day 1 CR 
 

.219*  

Fearfulness 
 

.122  

Neuroticism/Anxiety 
 

.037  

Agentic Extraversion 
 

.095  

Day 1 CR x Fearfulness 
 

-.068  

Day 1 CR x Neuroticism/Anxiety 
 

-.310**  

Day 1 CR x Agentic Extraversion 
 

-.070  

Note: Day 1 CR = differential fear bradycardia (CS+E - CS-E) during last ten extinction trials; *p < .05; **p < 
.01. All seven predictors were entered simultaneously. 
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Discussion 

The present study investigated the roles of personality and prefrontal dopamine in long-term 

fear extinction. Previously genotyped participants were recruited based on their dopaminergic COMT 

Val158Met polymorphism and performed a two-day differential fear conditioning paradigm with 

acquisition and extinction phases on Day 1 and a recall test on Day 2. 

With regard to personality, three relevant findings emerged. First, although we assessed 

neuroticism/anxiety with five well established and highly reliable scales and assessed fear 

conditioning and extinction in three different conditioning phases and with five different behavioral, 

electrophysiological and peripheral fear markers (which were all sensitive to fear conditioning across 

the entire sample), no direct correlation between any measures of conditioned or extinguished fear and 

neuroticism/anxiety could be detected. Only an exploratory analysis on the transfer from Day 1 

extinction to Day 2 extinction recall in fear bradycardia provided some tentative evidence for reduced 

extinction stability in emotionally unstable individuals. Second, agentic extraversion was also 

uncorrelated with any measures of Day 1 or Day 2 conditioned fear. Third, while agentic extraversion 

and neuroticism/anxiety were unrelated to conditioned and extinguished fear responses, dispositional 

fearfulness did predict conditioned fear during Day 1 acquisition as measured with fear bradycardia 

and unpleasantness ratings.  

With regard to genetics, we found that COMT Val158Met predicted successful fear extinction 

recall on Day 2 as measured with fear bradycardia and the LPP. At the beginning of the recall test, one 

day after conditioning and extinction, Val homozygotes but not Met carriers showed significantly 

enhanced LPP amplitudes and enhanced cardiac slowing to the non-extinguished vs. extinguished 

CS+. Meanwhile, Met homozygotes showed enhanced LPP amplitudes to both, previously 

extinguished and non-extinguished CS+. Exploratory analyses revealed that the failure of Met carriers 

to produce a reduced fear bradycardia to previously extinguished fear stimuli was particularly driven 

by those Met carriers who already failed to reduce fear during Day 1 extinction. As stated above, this 

Day-1-Day-2 transfer was also compromised in individuals with high neuroticism/anxiety such that 

emotionally instable individuals showed high Day-1-Day-2 fluctuations. While COMT Val158Met 
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modulated long-term learning, there was no direct relation to within-session/short-term fear 

acquisition or extinction. This pattern of findings indicates that the COMT Val158Met polymorphism 

contributes to individual differences in long-term fear learning (Bellander et al., 2015). 

Across LPP and fear bradycardia, Val homozygotes showed a pattern consistent with 

successful fear and extinction recall. Both, LPP amplitudes and fear bradycardia were enhanced to 

non-extinguished CS+ vs. CS- (successful fear recall) and both LPP amplitudes and fear bradycardia 

did not discriminate CS+ vs. CS- that were previously extinguished (successful extinction recall). Met 

homozygotes, in contrast, showed higher LPP amplitudes to both non-extinguished and extinguished 

CS+ compared to CS- during initial Day 2 recall, indicating successful initial fear recall but 

unsuccessful extinction recall. These results are consistent with previous rodent data, where Met 

homozygotes showed more freezing to an extinguished CS+ in the first four trials of an extinction 

recall test compared to Val homozygotes (Risbrough et al., 2014) and suggest an advantage for the Val 

allele in long-term fear extinction. 

As the COMT enzyme is primarily related to prefrontal dopamine degradation (e.g., Yavich et 

al., 2007), the present study supports the notion that prefrontal dopamine modulates retention of fear 

extinction rather than within-session extinction (Abraham et al., 2014). Consistent with other studies 

we found no COMT Val158Met effects for Day 1 extinction (Gruss et al., 2016; Norrholm et al., 2013; 

Raczka et al., 2011) but instead for Day 2 recall. One previous study in humans found stronger fear 

responses in Met homozygotes (Lonsdorf et al., 2009) during extinction 24h after initial fear 

conditioning which was interpreted as (within-session) extinction resistance for the Met allele. In light 

of the present findings and other studies’ null findings on COMT Val158Met in within-session 

extinction, higher fear responses in Met carriers in the Lonsdorf study (Lonsdorf et al., 2009), 

however, might reflect increased fear retention rather than extinction resistance in Met carriers (cf. 

Lonsdorf & Kalisch, 2011). One advantage of the present study is the use of a fully crossed (i.e., 2 x 2) 

differential conditioning and differential extinction design, which allows to disentangle COMT 

Val158Met effects on long-term fear retention and long-term extinction retention. The results indicate 

both, that Met homozygotes show fear retention (LPP) and that Val homozygotes show better 
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extinction retention than Met carriers (LPP and HP), at least at a group level when individual 

differences in Day 1 extinction success are discarded. 

Although retention effects might stem from differences in both consolidation and/or recall of 

extinction memory, prefrontal dopamine – and thereby COMT enzyme expression – might be 

particularly relevant for consolidation as indicated by studies on endogenous prefrontal dopamine 

release in rats after extinction training (Hugues, Garcia, & Léna, 2007) and the finding that L-DOPA 

administration after extinction training improves long-term fear extinction in humans (Haaker et al., 

2013; Haaker, Lonsdorf, & Kalisch, 2015). Future studies using COMT inhibitors could test directly 

to which extent COMT Val158Met modulates extinction consolidation and recall, respectively 

(Farrell, Tunbridge, Braeutigam, & Harrison, 2012; Giakoumaki, Roussos, & Bitsios, 2008). 

On the central neural level, indexed by the LPP, we found Day 2 fear and extinction recall in 

Val homozygotes. Although it is frequently assessed in affective research, the LPP has only recently 

been discovered for fear conditioning studies (Nelson et al., 2015; Panitz et al., 2015). The LPP 

provides important insights in CS processing as it reflects sustained attention and elaborate assessment 

of motivational stimulus significance (Lang & Bradley, 2010). It thereby provides additional 

information to indexes of defensive preparation such as heart period or fear-potentiated startle (Hamm 

& Vaitl, 1996; Hamm & Weike, 2005; Löw et al., 2015). Here, Day 2 COMT Val158Met effects on 

the LPP indicate that prefrontal dopaminergic retention of conditioned and extinguished fear 

modulates attribution of motivational significance to CS, one day after initial learning.   

We suggest that COMT Val158Met influences long-term fear extinction via prefrontal 

dopamine, with relatively lower dopamine levels (i.e., Val/Val) promoting generally better extinction 

consolidation across all subjects, independent of individual differences in Day 1 extinction success. 

Nevertheless, the underlying mechanisms might go beyond a linear and direct effect of prefrontal 

dopamine levels on long-term fear extinction success. First, relationships between prefrontal 

functioning and extracellular dopamine levels seem to be inversely U-shaped (Durstewitz & Seamans, 

2008; Farrell et al., 2012; E. M. Mueller, Burgdorf, Chavanon, Schweiger, Hennig, et al., 2014; E. M. 

Mueller, Makeig, Stemmler, Hennig, & Wacker, 2011). Beyond the PFC, the relevant neural network 

likely extends to the ventral striatum which is involved in fear extinction via prediction error coding 
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(Abraham et al., 2014). Moreover, concurrent dopaminergic activation of striatum and amygdala may 

be necessary for long-term learning (LaLumiere & Nawar, 2005). COMT Val158Met affects phasic 

dopaminergic firing in the striatum in a more subtle way than in the PFC (Bilder et al., 2004) and 

likely interacts with other dopaminergic genotypes (Felten, Montag, Markett, Walter, & Reuter, 2011; 

Raczka et al., 2011). Interestingly, the agency facet of extraversion, which has been consistently 

related to individual differences in dopamine in general and to COMT Val158Met in specific (Depue 

& Collins, 1999; E. M. Mueller, Burgdorf, Chavanon, Schweiger, Wacker, et al., 2014), was unrelated 

to both COMT Val158Met and Day 2 extinction recall in the present study. Although variations in 

agentic extraversion have been linked to differences in frontostriatal dopaminergic activity, different 

psychological processes (e.g., incentive motivation in agentic extraverts vs. extinction retention 

processes) may be mediated via different neuron populations or distinct frontostriatal connections 

(Bromberg-Martin, Matsumoto, & Hikosaka, 2010; Salamone & Correa, 2012). Future studies might 

combine neuroimaging with pharmacological challenges and assess more genotypes in order to 

disentangle these complex mechanisms. 

It should also be noted that remarkable individual differences in extinguished fear bradycardia 

(i.e., CS+E vs. CS-E) during initial Day 2 recall test were observed, particularly within Met carriers. 

Exploratory analyses revealed that these individual differences were partly driven by the level of 

remaining fear at the end of the Day 1 fear extinction. The correlation of difference scores (CS+E vs. 

CS-E) at the end of Day 1 extinction and initial Day 2 recall (a) was higher in Met vs. Val/Val carriers 

and (b) decreased with higher levels of neuroticism/anxiety. The stronger Day-1-Day-2 relationship in 

Met carriers again suggests that prefrontal dopamine levels modulate long-term extinction of fear 

bradycardia. The impaired extinction retention in some Met carriers of the present study is consistent 

with increased freezing behavior to previously extinguished CS+ in Met/Met vs. Val/Val rodents 

(Risbrough et al., 2014). In the present study, this effect was most pronounced in individuals who 

previously showed poor within-session extinction. 

With regard to neuroticism/anxiety we did not find any direct associations with conditioned 

fear responses, which converges with a series of previous studies (Fredrikson & Georgiades, 1992; 

Grillon et al., 2006; Joos et al., 2012; Lommen et al., 2010; Martínez et al., 2012; Otto et al., 2007; 
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Pineles et al., 2009). Instead, fearfulness significantly predicted fear bradycardia during Day 1 

acquisition. Meanwhile, the two measures were uncorrelated, which is in line with weak or non-

existing relationships of dispositional fear and anxiety in previous studies (Depue & Lenzenweger, 

2005; Sylvers et al., 2011). Furthermore, only fearfulness was associated with the COMTVal158Met 

genotype. It has previously been argued that a high neuroticism/anxiety levels promote risk 

assessment in ambiguous situations rather than a stronger defensive reactions to clearly threatening 

stimuli per se (e.g., Blanchard et al., 2001; Perkins & Corr, 2006). In classical fear conditioning 

paradigms, as employed in the present study, implications of conditioned threat stimuli are rather 

unambiguous. Here, we stress the notion that individual differences in fearfulness (i.e., the disposition 

to strongly react to predictable, imminent harm) are better suited to predict fear acquisition in classical 

conditioning paradigms compared to neuroticism/anxiety. This is an important implication given that 

to date most fear conditioning studies use neuroticism/anxiety-related measures of individual 

differences (such as the STAI) rather than measures of fearfulness (Lonsdorf & Merz, 2017). 

On the other hand, we showed for the first time, that neuroticism/anxiety may be linked to the 

Day-1-Day-2 stability of extinguished fear rather than the absolute amount of conditioned or 

extinguished fear at a single point in time. It is tempting to assume that emotional stability might be an 

important predictor for stability of extinction memory or even vice versa: the stability of safety 

learning may be important for emotional stability. However, as these observations were based on 

exploratory analyses, future studies should replicate these results on neuroticism/anxiety, COMT 

Val158Met, and the specific associations of fear extinction success and fear extinction recall. Our 

differential result pattern of (a) COMT-related differences in fearfulness, (b) fearfulness predicting 

short-term fear acquisition and (c) neuroticism/anxiety predicting long-term extinction stability 

highlights the importance of measuring sufficiently precise behavioral phenotypes in order to find 

associations with responses in the laboratory and with genotypes (Wacker et al., 2012). 

The present results are potentially relevant for understanding anxiety disorders and their 

treatment. Both COMT Val158Met (Lonsdorf & Kalisch, 2011; Montag, Jurkiewicz, & Reuter, 2012) 

and neuroticism/anxiety (Clark et al., 1994; Mineka, Watson, & Clark, 1998; Weinstock & Whisman, 

2006) have been linked to the prevalence of anxiety disorders. Given the present effects exclusive for 
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long-term fear extinction, COMT Val158Met and neuroticism/anxiety might primarily relate to 

maintenance and treatment resistance (Lonsdorf et al., 2010) which should be investigated in future 

studies. Moreover, future studies investigating mechanisms of anxiety disorders in subclinical samples 

may include fearfulness as a potential predictor for the acquisition of dysfunctional fear reactions. The 

contributions of neuroticism/anxiety and fearfulness vary between different anxiety disorders and 

fearfulness might be especially relevant for the development of phobias and panic disorder (Kampman, 

Viikki, & Leinonen, 2017; Lang et al., 2000; McNaughton & Corr, 2004), whereas 

neuroticism/anxiety may be more relevant for maintenance and treatment success. 

Some limitations should be addressed. First, we used a high number of trials to achieve a 

sufficient signal-to-noise ratio in ERP measures. This required the use of noise burst USs rather than 

electric shock US (Sperl et al., 2016), which are more commonly used in behavioral and neuroimaging 

fear conditioning research. This methodological difference should be kept in mind, when comparing 

the present results to other studies. Nevertheless, we evoked robust CRs on Day 1 and Day 2. Second, 

relevant subcortical structures like the amygdala (LeDoux, 2000) cannot be assessed with EEG. Future 

fMRI studies should therefore address the interplay of COMT Val158Met, neuroticism and amygdala 

in extinction retention. Third, because sex and menstrual cycle influence fear learning (Lebron-Milad 

et al., 2012; Merz et al., 2012) and dopamine (Risbrough et al., 2014) this initial study aimed to 

control for these factors by only testing males. Future studies will have to investigate interactions 

between sex and COMT Val158Met in human long-term fear extinction to probe the generalizability 

of the present findings to females. Finally, it should be kept in mind that we assessed several 

independent (COMT Val158Met, fearfulness, neuroticism/anxiety, agentic extraversion) and 

dependent (LPP, fear bradycardia, SCR, affective self-reports) variables and reported different analytic 

approaches (averaging across all trials vs. only assessing the first or last ten trials). While this 

obviously resulted in a high number of tests which increases the likelihood of false positive results, we 

believe that such an approach is necessary, given that conditioned fear is a dynamic and multilevel 

phenomenon with potential relevance for various personality domains. It should further be noted that 

this study and the collected sample were a priori designed to primarily test very specific effects which 
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turned out to be significant, namely the influence of COMT Val158Met on Day 2 cortical and cardiac 

fear responses. Nevertheless, future replications will be necessary. 

For the first time, we provide evidence for COMT Val158Met modulation of long-term fear 

extinction in humans, evident both in cortical (LPP) and autonomic (fear bradycardia) components of 

the conditioned fear response. We further found that the initial acquisition of fear is related to 

dispositional fearfulness and provide tentative evidence that the stability of extinction memories may 

be relevant for neuroticism/anxiety. The present findings are of potential relevance for the 

understanding of dispositional fearfulness and neuroticism/anxiety, as well as development and 

treatment of anxiety disorders.   
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Supplementary Material 

 

Unpleasantness and Arousal Ratings for all Phases, across COMT VAL158Met groups 
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Figure 1. Means and SEM for affective ratings to the different CS across genotype groups after Day 1 
acquisition, after Day 1 extinction, and before Day 2 recall test phases. CS+E = extinguished CS+, CS+N = non-
extinguished CS+, CS-E = CS- presented during extinction phase, CS-N = CS- not presented during extinction 
phase. Main effects of contingency: ***p < .001, **p < .01, *p < .05. Error bars indicate SEM based on within-
subject variance. (a) unpleasantness ratings. (b) arousal ratings. 
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Physiological Conditioned Responses for all Phases, across COMT VAL158Met groups 
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Figure 2. Means and SEM for physiological responses to the different CS across genotype groups during Day 1 
acquisition, Day 1 extinction, and Day 2 recall test phases. CS+E = extinguished CS+, CS+N = non-extinguished 
CS+, CS-E = CS- presented during extinction phase, CS-N = CS- not presented during extinction phase. Main 
effects of contingency: ***p < .001, **p < .01, *p < .05. Error bars indicate SEM based on within-subject 
variance. (a) LN-transformed mean normalized SCR. (b) Change in HP relative to baseline (fear bradycardia). 
(c) ERP at electrode Pz. 
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CS-evoked Heart Period Changes for all Phases, across COMT VAL158Met groups 
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Figure 3. Change in HP relative to baseline across genotype groups during Day 1 acquisition, Day 1 extinction 
and Day 2 extinction recall, respectively. Mean magnitude within the shaded area was used for statistical 
analyses of fear bradycardia. CS+E = extinguished CS+, CS+N = non-extinguished CS+, CS-E = CS- presented 
during extinction phase, CS-N = CS- not presented during extinction phase. Main effects of Contingency: ***p 
< .001, **p < .01. 
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COMT Val158Met & personality scales 

 

Trend for differences in Harmavoidance between genotype groups, no significant differences in any 

other scale 

 

Table 1. ANOVA F values, p values and effect sizes (Kp
2) for comparison of genotype groups, dependent 

variables: personality scales. 

 F(2, 84) p value Kp
2 

    

MPQ – Harm Avoidance 2.64 .077 .059 

ZKPQ – Sensation Seeking 0.37 .694 .009 

    

NEO-FFI – Neuroticism 0.14 .870 .003 

ZKPQ – Neuroticism/Anxiety 0.43 .653 .010 

MPQ – Stress Reaction 0.85 .431 .020 

BIS 0.98 .382 .023 

STAI – Trait 0.40 .673 .009 

    

ZKPQ – Activity 1.83 .166 .042 

MPQ – Social Potency 0.92 .404 .021 

BAS 0.17 .845 .004 
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Neuroticism/anxiety and Day-1-Day-2 stability of extinguished fear bradycardia 

Modulation of Day-1-Day-2 stability by neuroticism/anxiety scales 

Table 2. Multiple regression beta weights and p-values for interaction between final Day 1 extinction fear 

bradycardia (last ten trials) and neuroticism/anxiety scales in the prediction of initial Day 2 extinguished fear 

bradycardia (first ten trials). 

 beta p-value 

   

Day 1 Fear Bradycardia .223* .030 

ZKPQ – Neuroticism/Anxiety .065 .529 

Interaction -.340** .001 

   

   

Day 1 Fear Bradycardia .182 .076 

MPQ – Stress Reaction .105 .306 

Interaction -.340** .001 

   

   

Day 1 Fear Bradycardia .261* .012 

BIS -.018 .867 

Interaction -.318** .003 

   

   

Day 1 Fear Bradycardia .209 .051 

STAI – Trait .020 .853 

Interaction -.186 .088 

   

   

Day 1 Fear Bradycardia .209 .051 

NEO-FFI – Neuroticism -.085 .435 

Interaction -.130 .236 

 

Note.  * p < .05 ** p < .01. This table depicts results from five different regression analyses with the predictors 
Day 1 Fear Bradycardia, Personality Questionnaire, and the interaction term, respectively. This is unlike the 
analysis in the main manuscript, where all compound scores and interaction terms were entered simultaneously 
into the regression analysis. 
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Modulation of Day-1-Day-2 stability by neuroticism/anxiety compound score 
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Figure 4. Relationship between fear bradycardia in final Day 1 extinction and extinguished fear bradycardia in 
initial Day 2 recall (CS+E – CS-E) separate for low vs. high neuroticism/anxiety scores as determined via 
median split. Please note that the median split was only used for this figure, the regression analysis in the 
manuscript was conducted using the continuous neuroticism/anxiety scores. 
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Appendix A - Summary in German 

 

Mehrere neurobiologische Modelle zu Emotion und Persönlichkeit nehmen grundlegende 

neuropsychologische Systeme in Menschen an, die sensitiv für affektive, motivational relevante Reize 

sind. Individuen sind in der Lage, Assoziationen zwischen Hinweisreizen und solchen motivational-

affektiven Reizen zu erlernen. Die Reaktionen auf die zugehörigen Hinweisreize beinhalten nicht nur 

Änderungen des affektiven Zustands (wie z.B. Gefühle von Freude oder Furcht), sondern auch in 

physiologischen Parametern, wie z.B. kardialer Aktivität. Angemessene psychophysiologische 

Reaktionen – wie etwa Defensivverhalten als Reaktion auf Hinweisreize für Bedrohung oder 

Annäherungsverhalten als Reaktion auf Hinweisreize für Belohnung – sind evolutionär adaptiv und 

fördern das Überleben des Individuums und die Weitergabe seiner Gene. Es wird dargelegt, dass das 

Verständnis von Mechanismen der Verarbeitung motivational-affektiver Hinweisreize wichtig ist, um 

komplexere Phänomene von Affekt und Motivation zu verstehen, inklusive affektiven 

Persönlichkeitseigenschaften und assoziierten Psychopathologien. 

In der vorliegenden Dissertation wurden Indikatoren für die zentralneuronale Verarbeitung von 

Hinweisreizen im Elektroenzephalogramm (EEG) gemessen, ebenso wie kardiale Indikatoren der 

anschließenden Verhaltensanpassung. Zusätzlich wurden die intraindividuellen Kovariationen von 

EEG- und kardialen Maßen mit Hilfe der Methode des „Cardio-electroencephalographic covariance 

tracing“ berechnet, um funktionelle kortiko-kardiale Kopplung zu untersuchen. Mit diesem Vorgehen 

sollten Mechanismen der Verarbeitung von motivational-affektiven Hinweisreizen aufgedeckt werden, 

inklusive anatomischer Grundlagen, zeitlicher Dynamiken und Langzeitadaptation. 

In einer Glücksspielaufgabe in Studie I evozierten Feedbackreize (die Geldgewinn oder –verlust 

anzeigten) intraindividuelle Kopplung von kortikaler und kardialer Aktivität, ersichtlich in der 

sogenannten N300H-Komponente, vergleichbar mit früheren Studien. Keine Kopplung lag jedoch in 

Durchgängen vor, in denen der Geldeinsatz 0 Cent betrug, also wenn die Feedbackreize keine 

motivationale Bedeutsamkeit hatten. Zusätzliche Analysen zu beteiligten Gehirnstrukturen legten nahe, 

dass Aktivierung des anterioren cingulären Cortex dem EEG-Signal zugrunde liegt, das mit der 
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beobachteten kortiko-kardialen Kopplung assoziiert ist. Darüber hinaus moderierte Reaktivität der 

Insula die Stärke dieser Kopplung über die Individuen hinweg. 

In Studie II wurde die gleiche Glücksspielaufgabe wie in Studie I verwendet und mit 

pharmakologischer Manipulation kombiniert. Es wurde gezeigt, dass die Neurotransmitter Dopamin 

(mit einer wichtigen Rolle in der zentralen Feedbackverarbeitung) und Noradrenalin (mit einer 

wichtigen Rolle in der sympathischen kortiko-kardialen Übertragung) nicht mit Modulationen von 

kortiko-kardialer Kopplung nach Feedback assoziiert sind. Darüber hinaus konnte in Studie II repliziert 

werden, dass die N300H mit Ängstlichkeit als Persönlichkeitseigenschaft assoziiert ist. Außerdem 

wurde in Studie II eine Reihe von Reliabilitäts- und Kontrollanalysen durchgeführt, um die Robustheit 

der N300H nun auch statistisch zu demonstrieren, dies, nachdem die N300H bereits mehrmals repliziert 

worden war. 

In Studie III durchliefen die Probanden ein zweitägiges Paradigma zu differentieller 

Furchtkonditionierung und –extinktion. Mit Hilfe dieses Paradigmas konnten sowohl 

Kurzzeitkonditionierung und –extinktion von Furcht gemessen werden, als auch unabhängige Indizes 

für Langzeitabruf von konditionierter und extingierter Furcht. Zunächst konnten wir zeigen, dass 

kortiko-kardiale Kopplung auch von Bedrohungshinweisreizen evoziert wird. Zweitens konnten wir 

zeigen, dass kortiko-kardiale Kopplung auch von Reizen evoziert werden kann, die ihre motivationale 

Bedeutsamkeit über Lernprozesse erworben haben und nicht nur über Instruktion der Hinweisreize (wie 

in den ersten beiden Studien dieser Dissertation). Diese Kopplung ging in Folge von Furchtextinktion 

wieder zurück. Furchtkonditionierte Reize, die jedoch nicht in der Zwischenzeit extingiert worden 

waren, evozierten auch einen Tag nach der ursprünglichen Konditionierung immer noch kortiko-

kardiale Kopplung. In Bezug auf univariate Analysen konnten wir erstmals zeigen, dass das late positive 

potential – eine EEG-Komponente, die sensitiv für motivationale Bedeutsamkeit von Reizen ist – nicht 

nur von intrinsisch bedrohlichen Reizen moduliert wird, sondern auch von konditionierten 

Bedrohungsreizen. Zusätzlich konnten wir zeigen, dass die Herzschlagverlangsamung in Reaktion auf 

furchtkonditionierte Reize (‘Furchtbradykardie’) auch noch an Tag 2 auftrat und daher über Situationen 

hinweg stabil zu sein scheint. 



Appendix A - Summary in German A-4 
 

 

In Studie IV und im gleichen Paradigma wie in Studie III wurden Zusammenhänge zwischen 

Genetik und Persönlichkeit einerseits sowie Kurzeit- und Langzeitkonditionierung und –extinktion von 

Furcht andererseits untersucht. Wir konnten zeigen, dass der dopaminerge Val158Met-Polymorphismus 

auf dem Catechol-O-Methyltransferase-Gen sowohl für das late positive potential als auch die 

Furchtbradykardie in Abhängigkeit von Langzeitfurchtkonditionierung end –extinktion vorhersagte. 

Darüber hinaus konnten wir zeigen, dass Furchtsamkeit besser geeignet ist, die Stärke der 

Furchtbradykardie vorherzusagen als Maße für Neurotizismus/Ängstlichkeit, die häufig in 

Furchtkonditionierungsstudien verwendet werden. Gleichzeitig schlugen wir vor, dass hohe 

Ausprägungen von Neurotizismus/Ängstlichkeit ein Indikator für eine instabile, maladaptive 

Langzeitaufrechterhaltung von Extinktion in der Furchtbradykardie sein könnte. 

 Zusammenfassend konnte die vorliegende Dissertation Mechanismen der Verarbeitung von 

motivational-affektiven Hinweisreizen, kardialer Adaptation und sowohl Kurzzeit- als auch 

Langzeitlernen aufdecken. Die Ergebnisse werden hinsichtlich ihrer Verallgemeinerbarkeit und ihrer 

Implikationen für psychophysiologische Modelle von Affekt, Motivation, Persönlichkeit und 

Psychopathologie diskutiert. 
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Appendix B - Feedback-CECTs for different monetary amounts (poster data) 

 

Panitz, C., Lückel, M., Hermann, C., & Mueller E.M. (2017, October). Feedback-evoked cortico-

cardiac coupling in relation to anxiety and catecholaminergic challenges. Poster at the 57th annual 

meeting of the Society for Psychophysiological Research, Vienna, Austria.  

 

 

 

Main effect of monetary amount: p = .007, hp
2 = .089, Bayes Factor BF10 = 5.61 

10 Cents vs. 0 Cents: d = 0.06, p = .683, BF10 = 0.16 

1 Euro vs. 0 Cents: d = -0.34, p = .015, BF10 = 2.65 

1 Euro vs. 10 Cents: d = .040, p = .005, BF10 = 6.03 
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Appendix C - Relative contributions to the publications 

 

 

Study I: 60%  

Panitz, C., Wacker, J., Stemmler, G., & Mueller, E. M. (2013). Brain-heart coupling at the P300 latency 

is linked to anterior cingulate cortex and insula – a cardio-electroencephalographic covariance tracing 

study. Biological Psychology, 94, 185–191. doi: 10.1016/j.biopsycho.2013.05.017 

 

Study II: 40%  

Lueckel, M., Panitz, C., & Mueller, E. M. (submitted). Reliability and robustness of feedback-evoked 

brain-heart coupling after placebo, dopamine, and noradrenaline challenge. 

 

Study III: 60%  

Panitz, C., Hermann, C., & Mueller, E. M. (2015). Conditioned and extinguished fear modulate 

functional corticocardiac coupling in humans. Psychophysiology, 52, 1351–1360. doi: 

10.1111/psyp.12498 

 

Study IV: 70% 

Panitz, C., Sperl, M. F. J., Hennig, J., Klucken, T., Hermann, C., & Mueller, E. M. (submitted). 

Fearfulness, neuroticism/anxiety, and COMT Val158Met in long-term fear conditioning and extinction. 
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