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Summary 

Claire Warren 

Altered neurotransmitter states and their effects on electrophysiological correlates of 

executive attention  

Event-related potentials (ERPs) are scalp-recorded electrophysiological brain responses 

following particular events or stimuli. These ERPs represent the cortical processing of sensory, 

motor or cognitive processes invoked by these stimuli. The current theory of ERPs posits that 

neurotransmitters in the catecholamine (CA) system contribute to the production of ERPs 

generated during attentional behavioural tasks. Specifically, frontally-distributed ERP 

components such as the error-related negativity (Ne/ERN), N2, P3a, and nP3 are supposed to 

be generated primarily be dopamine (DA) activity, whereas the parietally-distributed P3b is 

thought to be modulated by norepinephrine (NE). I refer to this distinction between frontally-

distributed DA-sensitive and parietally-distributed NE-sensitive ERP components as the 

Extended Neurobiological Polich (ENP) hypothesis (Polich, 2007). The present thesis aimed 

to elucidate the validity of the ENP hypothesis first by conducting a systematic overview of 

the literature concerning pharmacological manipulations in healthy controls (HC), as well as 

by conducting a series of experiments in clinical populations with DA dysfunction, and 

supposed NE stimulation in HC. 

In a first clinical study, I aimed to examine the effect of clinical DA excess on ERP 

amplitudes. I therefore performed a comparison of N2 and Ne/ERN amplitudes on the flanker 

task between HC and patients with Gilles de la Tourette Syndrome (GTS). GTS is a movement 

disorder, defined by an excess of DA activity in frontostriatal networks. Patients showed no 

behavioural differences to HC on a flanker task. N2 amplitudes were also unchanged compared 

to HC. However, patients’ Ne/ERN amplitudes were increased and more frontally distributed 

compared to HC. This was thought to reflect increased efforts and neural recruitment from 

patients in order to maintain equal task performance. Insufficient statistical power prevented 

us from separating the patients into sub-groups for a comparison based on medication. 

Although the effects of DA caused by a GTS diagnosis and regularly prescribed medication 

could not be disentangled, the patient group showed an apparent effect of DA on Ne/ERN 

amplitudes. This would be in agreement with the ENP hypothesis. 

In a second clinical study, I wished to examine the effect of clinical DA deficiency on 

P3b amplitudes during a novelty oddball task. In addition, I wished to introduce a comparison 
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of medicated states, in order to examine the within-subjects effect of DA agonists (used during 

PD therapy) on amplitudes. I therefore compared ERPs during a novelty oddball task between 

HC and patients with Parkinson’s Disease (PD), while both on and off their regularly prescribed 

medication. PD is another movement disorder, though in contrast to GTS, it is primarily 

characterised by degeneration of DA neurons in the substantia nigra pars compacta (SNpc). 

Patients’ nP3 amplitudes showed an interaction between medicated state and testing order. 

Specifically, nP3 amplitudes were larger during the unmedicated session compared to the 

medicated session, but only if the unmedicated session was completed second. This is in 

correspondence with the ENP hypothesis, which states that DA modulates the frontal nP3. Also 

in agreement with the ENP hypothesis, patients with PD did not show any diagnosis or 

medication effects on the P3b amplitude.  

I performed a third repeated measures study of non-invasive supposed NE stimulation 

on P3b amplitudes in HC, in order to remove the potential confounding variables of clinical 

examinations. We compared active transcutaneous auricular vagal nerve stimulation (taVNS) 

to sham taVNS during a novel 2-stimulus Bayesian oddball task. We found that P3b amplitudes 

were increased during the active condition compared to the sham condition, but only for 

particular stimuli. Overall, this effect of apparent NE stimulation on parietally-distributed P3b 

amplitudes is in agreement with the ENP hypothesis. 

The results across these three studies are broadly in agreement with the ENP hypothesis. While 

a diagnosis of GTS had no effect on N2 amplitudes, we showed that DA dysfunction in GTS 

and PD influenced amplitudes of the other frontally-distributed components; the Ne/ERN and 

nP3. Furthermore, a supposed increase of NE using taVNS increased P3b amplitudes in a study 

of HC. However, when combined with a systematic review, it appears that the DA/NE 

dichotomy suggested by the ENP hypothesis may be too simplistic and that many factors 

interact with these systems to influence outcomes. These may include clinically prescribed 

medication, session effects (e.g. Study 2) and stimulus sequence (e.g. Study 3). Current data 

surrounding the ENP hypothesis are inconclusive and more complex mechanisms are 

implicated. 

 

 

 



15 

 

  
  

Zusammenfassung 

Claire Warren 

Veränderungen in Neurotransmittersystemen und ihre Auswirkungen auf 

elektrophysiologische Korrelate der exekutiven Aufmerksamkeit  

Ereigniskorrelierte Potenziale (EKPs) sind auf der Kopfhaut aufgezeichnete 

elektrophysiologische Reaktionen des Gehirns auf bestimmte Ereignisse oder Reize. EKPs 

repräsentieren die kortikale Verarbeitung von sensorischen, motorischen oder kognitiven 

Prozessen. Die aktuelle Theorie der EKPs postuliert, dass Neurotransmitter des Katecholamin-

Systems zur Entstehung von EKPs beitragen, die während der Bearbeitung von 

Aufmerksamkeitsaufgaben generiert werden. Dopamin soll vornämlich zur Entstehung von 

frontal auftretenden EKP-Komponenten, wie die fehlerbezogene Negativität (Ne/ERN), N2, 

P3a und nP3, beitragen. Noradrenalin hingegen soll vornämlich zu einer parietal auftretenden 

EKP-Komponente, der P3b, beitragen. Ich bezeichne diese Unterscheidung zwischen 

frontalverteilten Dopamin-sensitiven und parietalverteilten Noradrenalin-sensitiven EKP-

Komponenten als die erweiterte neurobiologische Polich (ENP)-Hypothese (Polich, 2007). 

Ziel der vorliegenden Arbeit war es, die ENP-Hypothese zu überprüfen. Hierfür erstellte ich 

zunächst eine systematische Literaturübersicht über pharmakologische Manipulationen des 

Katecholamin-Systems und deren Effekte auf EKP-Komponenten bei gesunden 

Proband*innen. Darüber hinaus führte ich drei experimentelle Studien durch: In zwei 

klinischen Studien untersuchte ich EKP-Komponenten in Populationen mit dopaminergen 

Dysfunktionen. In einer weiteren Studie gesunder Proband*innen untersuchte ich den Effekt 

einer mutmaßlichen Stimulation des Noradrenalins auf EKP-Komponenten. 

In der ersten klinischen Studie verglich ich die N2- und Ne/ERN-Amplituden während der 

Bearbeitung einer Flanker-Aufgabe zwischen gesunden Proband*innen und Patient*innen mit 

Gilles de la Tourette-Syndrom (GTS). GTS ist eine Bewegungsstörung, die durch einen 

Dopaminüberschuss in frontostriatalen Netzwerken gekennzeichnet ist. Patient*innen mit GTS 

zeigten keine Verhaltensunterschiede im Vergleich zu gesunden Proband*innen. Auch die N2-

Amplituden zeigten keine Veränderungen bei Patient*innen mit GTS im Vergleich zu 

gesunden Proband*innen. Allerdings waren die Ne/ERN -Amplituden bei Patient*innen mit 

GTS im Vergleich zu gesunden Proband*innen erhöht und stärker frontal verteilt. Dieser 

Befund stimmt mit der ENP-Hypothese überein. 
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In der zweiten klinischen Studie verglich ich die P3 Amplituden zwischen gesunden 

Proband*innen und Patient*innen mit Morbus Parkinson während der Bearbeitung einer 

Novelty-Oddball-Aufgabe. Um die Wirkung von Dopaminagonisten, welche zur Therapie von 

Morbus Parkinson verabreicht werden, auf EKP-Komponenten zu untersuchen, verglich ich 

zusätzlich P3-Amplituden von Patient*innen mit Morbus Parkinson ohne eingenommene 

dopaminerge Medikation und mit eingenommener dopaminerger Medikation. Morbus 

Parkinson ist wie GTS eine Bewegungsstörung, jedoch im Gegensatz zu GTS hauptsächlich 

durch die Degeneration von dopaminergen Neuronen in der Substantia nigra pars compacta 

gekennzeichnet. Patient*innen mit Morbus Parkinson zeigten größere nP3-Amplituden ohne 

eingenommene dopaminerge Medikation als mit eingenommener dopaminerger Medikation. 

Dieses galt jedoch nur, wenn die nicht-medizierte Untersuchung auf die medizierte 

Untersuchung folgte. Dieser Befund steht im Einklang mit der ENP-Hypothese.  

Um den Einfluss potenzieller Störvariablen in klinischen Untersuchungen von EKP-

Komponenten zu entfernen, führte ich eine dritte experimentelle Untersuchung gesunder 

Proband*innen durch. In dieser Studie verabreichte ich eine nicht-invasive, mutmaßliche 

Stimulation des Noradrenalinsystems und betrachtete den Effekt dieser Stimulation auf P3b-

Amplituden. Ein Vergleich von P3b-Amplituden bei aktiver transkutaner aurikulärer 

Vagusnervstimulation (taVNS) mit schein-taVNS während der Bearbeitung einer neuartigen 

2-Stimulus-Bayes'schen Oddball-Aufgabe ergab, dass die P3b-Amplituden während aktiver 

taVNS im Vergleich zu schein-taVNS erhöht waren. Dieses galt jedoch nur für bestimmte 

Reize. Dieser Effekt ist der mutmaßlichen Stimulation des Noradrenalins auf parietal verteilte 

P3b-Amplituden in Übereinstimmung mit der ENP-Hypothese. 

Die Ergebnisse dieser drei experimentellen Studien stimmen weitgehend mit der ENP-

Hypothese überein. Dopaminerge Dysfunktionen scheinen die Amplituden der frontal 

verteilten EKP-Komponenten, der Ne/ERN und nP3, zu beeinflussen. Außerdem erhöhte eine 

mutmaßliche Stimulation des Noradrenalinsystems mittels taVNS die P3b-Amplituden 

gesunder Proband*innen. Die Auswertung der systematischen Literaturübersicht legt jedoch 

nahe, dass die ENP-Hypothese zu vereinfachend ist, da viele Faktoren diese 

Neurotransmitterysteme beeinflussen könnten. Dazu gehören zum Beispiel die klinische 

verordnete Medikation, Sitzungseffekte (wie in Studie 2 gefunden) und die Stimulussequenz 

(wie in Studie 3 gefunden). Die vorliegenden Daten zur ENP-Hypothese sind nicht schlüssig 

und es werden komplexere Zusammenhänge zwischen EKP-Komponenten und 

Neurotransmittersystemen vermutet.  
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I-1 The Extended Neurobiological Polich hypothesis of event-related potentials 

Event-Related-Potentials (or ERPs) are electrophysiological responses occurring in the 

brain following particular sensory, motor or cognitive events (Luck, 2010). The sensory (or 

exogenous) ERPs tend to occur within the first 100 ms following an event (Sur & Sinha, 2009). 

Those ERPs which represent information processing or cognitive processes (i.e. endogenous 

ERPs) occur at a later time period, i.e. latency. The ERP technique has excellent temporal 

resolution, allowing it to identify the specific neural processes occurring in response to these 

motor, sensory, and cognitive events (Luck, 2010). Each ERP has a distinguishing positive or 

negative amplitude that reflects time-locked postsynaptic potentials in response to the relevant 

eliciting stimulus (Handy, 2005). In clinical settings, ERPs can be used to identify epileptic 

seizures (Nidal & Milak, 2014) or biomarkers of disease progression (Jackson & Snyder, 

2008). In research settings, ERPs allow us to examine the neural correlates of particular 

cognitive processes under various experimental settings. Multiple neurotransmitters are 

involved in the production of ERPs. In particular, the catecholamine (CA) system is suspected 

to play a large role on endogenous ERPs due to its influence on cognitive functions 

(Nieuwenhuis et al., 2005). In particular, DA and NE have been heavily implicated in the 

production of particular ERPs (Polich, 2007). 

The majority of literature examining ERPs focuses on the P300 (or P3) component. 

This is a large positive deflection with a latency of approximately 300 ms following stimulus 

recognition. Various theories have emerged regarding the role of various neurotransmitters in 

the generation of the P3. The most prevalent theory of the P3 implicates the CA system as 

having a strong role in P3 production (Polich, 2007). Specifically, the CA monoamines 

dopamine (DA) and norepinephrine (NE) have been implicated. Many techniques have aided 

investigation of the function and distribution of these monoamines in humans, including 

expression cloning (Erickson, Eiden, & Hoffman, 1992; Pacholczyck et al., 1991), genetic 

deletion (Kaminski et al., 2005; Oakly et al., 2014), and results interpreted from animal studies 

(Arnsten & Pliszka, 2011; Clark, Geffen, & Geffen, 1987). However, the literature has been 

mixed concerning the extent of their influence on human ERPs and the prevailing current 

hypothesis from Polich (2007) suggests that these neurotransmitters contribute to 

subcomponents of the P3 differentially. I will refer to this as the Neurobiological Polich 

hypothesis, which has also been supported by the work of other authors (Holroyd and Coles, 

2002; Huang, Chen & Zhang, 2015; Nieuwenhuis et al., 2005). 
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Holroyd and Coles (2002) and Nieuwenhuis et al. (2002) suggest that, in addition to the P3, 

CA might also modulate other frontally-distributed ERP components (see Section I-2). In order 

to integrate these theories concerning the role of CA in ERPs, I will combine the work of Polich 

(2007) with that of Holroyd and Coles (2002) and Nieuwenhuis et al. (2002) to create the 

Extended Neurobiological Polich (ENP) hypothesis, which I will evaluate in this thesis. The 

role of DA and NE in the generation of endogenous ERPs will be examined using an overview 

of the available literature in clinical populations and healthy controls (HC), as well as 

independent investigations of DA and NE manipulation. 

I-2 Characteristics of endogenous event-related potentials 

ERPs result from excitatory and inhibitory postsynaptic potentials triggered by 

neurotransmitter release in response to stimuli (Frodl-Bauch, Bottlender, & Hegerl, 1999). As 

mentioned, the large majority of ERP research has focused on the P3 component. This 

component manifests as a large positive deflection that reflects the orienting of attention 

towards the eliciting event, making it highly important in the study of attention (Sutton et al., 

1965). The reason for the extensive P3 research may be attributed to the relative ease with 

which it can be examined in comparison to other components. The P3 requires a low number 

of trials in order to obtain a reliable average, and its large amplitude makes it easily identifiable 

(Luck, 2010). 

Simple oddball tasks can be used to elicit this component (Barry et al., 2019; 

Nieuwenhuis, 2011). The most basic form of an oddball task presents the subject with 2 stimuli, 

one of which (the standard) occurs more frequently than the other (the target). Regardless of 

whether the stimuli are passively presented in a visual or auditory modality, the Target elicits 

a larger parietally-distributed P3 amplitude (tP3 or P3b) than the Standard P3 (sP3). This tP3, 

more commonly called the P3b, is linked to cortical updating following informative or task-

relevant information (Howells Stein, & Russell, 2012). Typically, the sP3 is used as a baseline 

measurement, in the absence of task-relevant or surprising stimuli. A 3-stimulus oddball task 

provides additional input and therefore elicits additional subcomponents of the P3 (see Study 

2). In a 3-stimulus distractor oddball task, the third stimulus is a consistent and irrelevant 

tone/image, intended to distract the subject. This elicits a visible distractor P3 (known as the 

P3a), which differs from the tP3 due to the fact that it is frontally-distributed (Rushby et al., 

2005). The P3a is associated with the ‘orienting response’, normally occurring in response to 

rare or surprising stimuli (Howells et al., 2012). In 3-stimulus novel oddball tasks, the third 

stimulus is an ever-changing (or novel) stimulus which also elicits a frontally-distributed P3 
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(nP3). The P3a and nP3 were previously thought to be interchangeable components but recent 

evidence suggests that they may reflect distinguishable processes (Barry et al., 2016; Lange et 

al., 2015; Polich, 2007; Spencer, Dien, & Donchin, 2001). Polich (2007) presented a variety of 

evidence from both animal and human studies to support this statement. In this manuscript, I 

will treat the P3a and the nP3 as separate components. 

Thus, standard oddball tasks allow us elicit 3 subcomponents of the P3, each 

representing different neural processes; the frontally-distributed P3a and nP3, and the 

parietally-distributed P3b. Polich reached the conclusion that the P3a, nP3 and P3b components 

indicate coordination of circuitry between frontal and temporal/parietal areas (Soltani & 

Knight, 2000; Polich, 2003). Supported by functional Magnetic Resonance Imaging (fMRI) 

and ERP studies, it appears that frontally-distributed amplitudes (i.e. the P3a and nP3) are 

sensitive to stimulus distinction or surprise, using attentional processes in the prefrontal cortex 

(PFC) (Bledowski et al., 2004; Crottaz-Herbette & Menon, 2006). Furthermore, frontal lesions 

in the human brain diminished P3a amplitudes, while the P3b remained unaffected (Knight, 

1984; Knight et al., 1995). The P3b appears to be activated when resources in the temporal-

parietal regions are required. This may involve memory resources in the identification of 

particular target stimuli or belief-updating, when established mental schemas are challenged 

(Knight, 1996; Kopp et al., 2016; Polich, 2007; Squire & Kandel, 1999). Further studies 

showing damage to the temporal-parietal junction reinforce the suggested role of this region 

for generation of the P3b (Knight et al., 1989; Verleger et al., 1994; Yamaguchi & Knight, 

1992). 

In general, an influence of CA on P3 production has been established (Nieuwenhuis et 

al., 2005). The ENP hypothesis specifically suggests that the attentional resources involved in 

the frontally-distributed nP3 and P3a subcomponents are mediated by various DA pathways, 

whereas the temporal-parietal memory resources required for P3b production coincide with 

dense NE receptor activity (Braver & Cohen; Nieuwhenhuis et al., 2005; Pineda, 1995; Pineda 

et al., 1989; Polich, 2007), originating entirely in the Locus Coeruleus norepinephrinergic 

system (LC-NE) (Briand et al., 2007; Swanson and Hartman, 1975). This evidence is supported 

by multiple animal lesion studies showing that LC-NE lesions reduce P3 amplitude (Hogan et 

al., 2006; Howells et al., 2012: Pineda et al., 1989). Damage to temporal-parietal junctions 

sacrifices P3b amplitude in the parietal regions (Yamaguchi & Knight, 1992). Topographical 

studies have also shown that LC-NE activation is consistent with typical parietal P3b activation 

(Aston-Jones & Cohen, 2005). Furthermore, links between the P3 and physiological indices of 
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the LC-NE system have been reported, e.g. phasic pupil dilation (Murphy et al., 2011). Further 

evidence in support of the ENP hypothesis can be found by examining natural DA or NE 

dysfunction in clinical populations (see section I-3) or pharmacologically induced CA 

alterations in HC (see section I-4). 

While the P3 represents the most widely-studied component, other endogenous ERPs exist with 

supposed input from the CA system. The frontocentrally-distributed Ne/ERN (or error-related 

negativity) is one such component. This is a response-locked ERP that reflects a participant’s 

ability to recognise an incorrect behavioural response during completion of a task (i.e., 

performance monitoring) (Holroyd & Coles, 2002). This neural recognition is seen in the form 

of a large negative deflection approximately 150 ms following the incorrect response. This 

amplitude significantly differs from the moderate negative deflection seen following a correct 

answer, also known as the Nc/CRN (or correct-related negativity) (Gehring et al., 2012). This 

component does not appear to be sensitive to modality as it can be elicited by both visual and 

auditory task modalities (Falkenstein et al., 1991; Yordanova et al., 2004) and can be generated 

by behavioural responses from eyes (Endrass, Franke & Kathmann, 2005), hands (Bensmann 

et al., 2018), and feet (Falkenstein et al., 1991; Holroyd, Dien, & Coles, 1998; Gehring & 

Fencsik, 2001).  DA is supposed to be responsible for the subcortical processes underlying 

conflict monitoring, and therefore the Ne/ERN (Kenemans & Kähkönen, 2011). The prevailing 

theory of the Ne/ERN states that the mesencephalic DA system modulates DA activity in 

neurons in the anterior cingulate cortex (ACC) (Holroyd & Coles, 2002; Nieuwenhuis et al., 

2002). Specifically, a transient decrease of DA activity in the ventral tegmental area (VTA) 

and/or striatum sends feedback projections to the basal ganglia and cortex. This may then lead 

to a burst of activity in the ACC, manifesting as the Ne/ERN, which then uses these signals for 

reinforcement learning processes (Kenemans & Kähkönen, 2011). The same systems are 

suspected to provide the mechanisms for performance monitoring (Beste et al., 2012). In 

support of this, animal studies have also found nuclei in the ACC of primates that were 

activated during negative feedback (Gemba, Sasaki, & Brooks, 1986; Niki & Watanabe, 1979; 

Kawai et al., 2015). Source localisation studies have helped link the Ne/ERN to the ACC (Luu 

& Tucker, 2001; Van Veen, 2002). 

The N2 is another frontocentrally-distributed negative ERP (Patel & Azzam, 2005). 

This component has a typical latency of 200 ms and is thought to represent the neural processes 

underlying interference resolution, i.e. the ability to efficiently distinguish task-relevant stimuli 

from task-irrelevant stimuli (Mishra et al., 2014). DA has also been suggested in the role of N2 
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generation (Beste et al., 2010a; Beste et al., 2016) but not P3b generation (Zhang et al., 2016). 

This is supported by a scalp distribution study which implicated the frontal and superior 

temporal cortices (Lange et al., 1998; Potts et al., 1998). A review of interference resolution 

tasks showed regular activation of the ACC (Nee, Wager, & Jonides, 2007). Furthermore, an 

association with colour selection also suggested an executive system modulated by activity at 

the ACC, similar to the Ne/ERN (Patel & Azzam, 2005). Holroyd (2004) also adds that the N2 

amplitudes may be modulated specifically by the disinhibition of D1 receptors in the ACC. 

Overall, similar mechanisms appear to modulate the Ne/ERN and the N2 components. 

These can also be elicited using relatively simple behavioural tasks. Although the N2 can be 

measured using a traditional oddball paradigm, the most common behavioural task used to 

elicit the frontally-distributed N2 and Ne/ERN components is the Eriksen flanker task, of which 

there are many variants (see Study 1; Gooderham, Ho, & Handy, 2020; McDermott, Perez-

Edgar, & Fox, 2007). A traditional flanker task shows a target stimulus, alternating in direction, 

and asks subjects to give a rapid respond to indicate the direction of this stimulus. The target 

is also presented with two flanker stimuli. These flanker stimuli face in either the same 

direction as the target (i.e. congruent condition) or in the opposite direction (i.e. incongruent 

condition). The N2 component is locked to the onset of the stimuli, as it supposedly represents 

the processes required to distinguish the target and flanker stimuli from each other. Typically, 

the incongruent condition yields a larger N2 amplitude than the congruent condition, as the 

increased interference during the incongruent condition requires additional neuronal resources 

to distinguish task relevance from distraction. The Ne/ERN is locked to the behavioural 

response given by the subject. A correct answer elicits the Nc/CRN, while incorrect answers 

provoke the distinctly larger amplitude of the Ne/ERN. 

In the next sections, I will examine the available evidence for the role of DA and NE in 

the generation of the P3a, nP3, and P3b subcomponents, as proposed by the original hypothesis 

from Polich (2007). As a part of the ENP hypothesis, I will also investigate the contribution of 

these CA neurotransmitters, particularly DA, to the production of the N2 and Ne/ERN 

components. This will be done using a variety of reports from clinical populations, 

neuropharmacological manipulations in HC, and animal studies. The aim is to investigate the 

validity of the ENP hypothesis, and to disentangle the contributions of DA and NE to these 

neural responses. 
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I-3 Clinical evidence of catecholamine effects in event-related potentials 

The ENP hypothesis posits that DA contributes to the production of the frontally-distributed 

P3 subcomponents, P3a and nP3, whereas NE has the primary role in the generation of the 

more parietally-distributed P3b (Polich, 2007). Furthermore, DA is also been implicated in the 

generation of the N2 and Ne/ERN components (Holroyd & Coles, 2002). 

In order to examine these hypotheses, reports from clinical populations suffering from CA 

dysfunction can be examined. Clinical populations offer a good opportunity to study how ERPs 

are influenced by natural CA depletion or hyperactivity. Additionally, patients are often 

prescribed medications that theoretically modulate their neurotransmission to closer replicate 

that of an unimpaired brain. This allows for multiple levels of examination across the initial 

disease-specific impairments, subsequent pharmacological corrections, and further comparison 

with HC. For example, both Parkinson’s Disease (PD) and Gilles de la Tourette Syndrome 

(GTS) are movement disorders characterised by DA dysfunction (Beste & Münchau, 2018; 

Scatton et al., 1982) and can provide useful insights into the contribution of CA to ERP 

production. Both disorders have shown deficits in ERPs when compared to HC. 

PD is characterised by DA neuronal cell death in the substantia nigra pars compacta 

(SNpc) (Kish et al., 1988). While the primary motor symptoms of PD occur as a result of DA 

cell death in the striatum, it has also been reported that DA and NE degenerate in the PFC 

(Vazey & Aston-Jones, 2012). An overview of ERP studies in PD, and the further interaction 

of PD medication with these ERPs, can be found in Seer et al. (2016). Attenuation of the 

frontally-distributed P3a and nP3 was related to disease duration in PD, suggesting that more 

severe degeneration of DA neurons led to greater reduction of amplitudes. N2 and Ne/ERN 

alterations in PD have also been observed (Beste et al., 2009a; Beste et al., 2009b). This is in 

line with the ENP hypothesis. Seer et al. (2016) also report that the P3b may be altered in PD, 

though this was confounded by the presence of Parkinson’s Disease Dementia (PDD). 

Although in disagreement with the ENP hypothesis, this minor influence of DA on the P3b 

concurs with some previous reports. Polich and Criado (2006) reported that patients suffering 

from comparably mild DA depletion disorders (e.g. Restless Leg Syndrome, RLS) and severe 

DA depletion disorders (e.g. PD) both had reduced P3a amplitudes compared to a group of 

matched HC. However, only PD patients displayed a reduced P3b amplitude. This suggests 

that only severe DA alterations may influence the P3b. This maintains the hypothesis that DA 

has a strong effect in P3a generation, and a weak influence on the P3b.  
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GTS motor symptoms have been linked to hyperactivity of DA in frontstriatal brain 

networks, though assessment of the neural origins is made difficult by the presence of many 

comorbid conditions (Comings, 1995). Despite the fact that GTS is primarily a DA disorder, 

few studies have examined the frontally-distributed P3a and nP3 components in GTS. An 

overview of ERP studies in medicated and unmedicated patients with GTS is provided by 

Morand-Beaulieu and Lavoie (2019). Two examinations found alterations in the P3a in 

children (Eichele et al., 2016; Kalsi et al., 2018), although a follow-up study found that the 

alterations in one sample were not significant after a five year follow-up (Eichele et al., 2017). 

More P3b examinations were available, though results were conflicting. Several studies 

reported amplitude differences in GTS but these results must be interpreted cautiously, as 

comorbid conditions occur in approximately 86% of cases in GTS (Hirschtritt et al., 2015). 

Morand-Beaulieu and Lavoie (2019) themselves state that P3b latency changes were not widely 

affected in patients with GTS without comorbid conditions.  

Substance abuse and addiction have both been linked to dysfunction of the mesocorticolimbic 

DA pathway, originating in the VTA (Bressan & Crippa, 2005). One systematic review of ERP 

and fMRI studies in individuals with substance abuse and behavioural addiction revealed a 

reduction of N2 and Ne/ERN amplitudes, and hypoactivation of the ACC, among other areas 

(Luijten et al., 2014). This further reinforces the hypothesis of DA in the involvement of 

frontally-distributed ERPs. 

While many DA disorders exist in humans, natural NE deficiencies are less common. Attention 

Deficit-Hyperactivity Disorder (ADHD) is the most common comorbid condition in GTS 

(Hirschtritt et al., 2015) and is suspected to be caused by NE dysregulation. A full review of 

ERPs in ADHD is available in Barry, Johnstone, and Clarke (2003). ADHD has shown P3b 

deficits compared to HC (for reviews see: Barry et al., 2003; Wiersema et al., 2006). Reduced 

P3b amplitudes are typical in ADHD, which can be partially remedied by NE stimulants (e.g. 

Jonkman et al., 2000). These P3b impairments in ADHD, and the further influence of the NE 

therapy, is in line with the ENP hypothesis. However, the majority of evidence for the role of 

NE in P3b generation comes from various lesion and pharmacological ERP studies of human 

and animal NE manipulation, which has been collected in a comprehensive review by 

Nieuwenhuis et al. (2005). This collection of literature indicates that the LC-NE system has a 

strong influence on primate and human target selection and consequently, P3b amplitudes. 
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Although the clinical reports of DA and NE disorders appear to support the ENP 

hypothesis, there are difficulties in making comparisons using patients.  Factors such as 

medication side effects, disease duration, varying medication dosages, and comorbid 

conditions all interact to produce the final ERP responses. Animal lesion and anatomy studies 

have provided further evidence in support of the Polich theory, though these too, have their 

limitations (see Discussion). A previous review found results difficult to interpret due to 

confounding variables such as clinical variance and the translational difficulties of animal 

studies (Frodl-Bauch et al., 1999). To counteract the complications of clinical studies, and 

avoid the translational difficulties of animal studies, pharmacological studies examining the 

effects of DA/NE manipulation in HC have been valuable in deciphering the role of these 

neurotransmitters in ERP generation (Nishimura et al., 1995; Santesso et al., 2009; Stanzione 

et al., 1991). Medication studies in HC offer the advantage of controlling additional testing 

variables such as washout periods, randomisation of testing order, and double-blind placebo-

controlled examinations. These will be examined in the following section. 

I-4 Pharmacological manipulation of catecholamines in healthy subjects 

In order to evaluate the ENP hypothesis, I reviewed the literature for all investigations 

of pharmacologically manipulated ERPs in HC. Specifically, I restricted the search to the P3a, 

nP3, and P3b subcomponents, as well as the N2, and Ne/ERN ERPs.  

Previous reviews explored the roles of various neurotransmitter systems in ERP 

production. Nieuwenhuis et al. (2005) provide a review of ascending LC-NE stimulation and 

P3 generation in animal and human literature. An earlier review of P3 pharmacology found 

that NE studies in HC were inconsistent and difficult to interpret (Frodl-Bauch et al., 1999). 

Animal lesion studies suggested no more than a minor role of DA in P3 production (Glover et 

al., 1988), though at the time of this review, P3 subcomponents were not widely studied. 

Kenemans and Kähkönen (2011) also provide a partial review of psychopharmacology in ERP 

studies of HC. They examine the influence of various neurotransmitter systems (including DA 

and NE) on the P3 and Ne/ERN components. They highlight interactions derived from 

pharmacological studies of ERPs. 

I present a complete systematic literature review of those studies performing 

pharmacological CA manipulations of the P3 subcomponents, N2 and Ne/ERN in HC. With 

this comprehensive review, I also hope to provide a more in-depth analysis of the factors which 

further confound findings e.g., type of medication, sample sizes, study designs. The purpose of 
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the review is to provide clarity on the ENP hypothesis with a more specific investigation than 

the previous reviews. To do this, I first compiled a comprehensive list of medications which 

have been shown to affect DA or NE levels. This was done using literature describing current 

treatments of PFC disorders, related citations, and independent internet searches. A list of the 

medications collected and searched, as well as additional information regarding drug type, can 

be found in Appendix Table A1. 

Initially, Google Scholar was searched independently for each medication using the following 

search criteria: 

((“Drug Name” OR “dopamine” OR “COMT” OR “MAOB” OR “dopamine transporter” OR 

“DAT” OR “norepinephrine transporter” OR “dopamine reuptake inhibitor” OR 

“dopaminergic”) OR (“Drug Name” OR “norepinephrine” OR “COMT” OR “MAOB” OR 

“norepinephrine transporter” OR “norepinephrine reuptake inhibitor“ OR “NET” OR 

“norepinephrinergic”)) AND ((“ERP” OR “event related potential” OR “EEG” OR “P300” 

OR “P3” OR “P3a” OR “P3b”) OR (“ERP” OR “event related potential” OR “EEG” OR 

“N200” OR “N2” OR “ERN” OR “Ne”)). 

Due to a hit-rate of approximately 3,000 results for amphetamine, a more specific search 

criteria to reduce these search results was created. To ensure that the search term was targeting 

ERP studies, the following qualifiers were added to the beginning of the search term: 

“epoch*|segment* AND”. This adjusted search term was used for any medication which 

returned more than 1000 hits using the original search criteria. During the first screening of 

search results, titles and abstracts were scanned to remove repeated results.  

Various medication types have differential effects on the CA system. Some medications 

directly target transporter proteins or receptors. Others influence CAs as secondary effects. For 

example, many Selective-Serotonin-Reuptake-Inhibitors (SSRIs) also stimulate DA increase 

(Julien, 2013). CA manipulation can also be performed at multiple stages of transmission and 

for this reason, precursor depletion was also included in the list of DA/NE medications. Table 

I-1, provides a short overview of the most common pharmacological methods used to influence 

PFC CA levels. 
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Table I-1. A list of the various types of medications used to influence DA and NE, as well as 

the direction of the effect on neurotransmitter levels. Strength of influence exerted is relative 

to individual medications. 

Medication Type Increase Decrease Dopamine Norepinephrine 

Agonist ✔ - ✔ ✔ 

Antagonist - ✔ ✔ ✔ 

Benzodiazepine (BDZ) ✔ - ✔ - 

Catechol-O-methyltransferase (COMT) 

inhibitor 
✔ - ✔ ✔ 

Stimulant ✔ - ✔ - 

Antipsychotic ✔ - ✔ - 

Dopamine Reuptake Inhibitor (DRI) ✔ - ✔ - 

Norepinephrine Reuptake Inhibitor (NRI) ✔ - - ✔ 

Norepinephrine Dopamine Reuptake Inhibitor 

(NDRI) 
✔ - ✔ ✔ 

Serotonin-Dopamine Reuptake Inhibitor 

(SDRI) 
✔ - ✔ - 

Serotonin-Norepinephrine Reuptake Inhibitor 

(SNRI) 
✔ - - ✔ 

Serotonin-Norepinephrine-Dopamine 

Reuptake Inhibitor (SNDRI) 
✔ - ✔ ✔ 

Selective Serotonin Reuptake Inhibitor (SSRI) ✔ - - - 

Monoamine oxidase A (MAO-A) inhibitor ✔ - ✔ ✔ 

Monoamine oxidase B (MAO-B) inhibitor ✔ - ✔ - 

Dopamine transporter (DAT) inhibitor ✔ - ✔ - 

Norepinephrine Transporter (NET) inhibitor ✔ - - ✔ 
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Manuscripts were then screened for the criteria defined in Figure I-1, which details the search, 

screening, and selection processes.  

Figure I-1: A flow diagram of the systematic review process, describing the various steps of 

search and exclusion. 

 

 

• Google Scholar was searched using the criteria specified in section I-4 for each 
medication listed in Appendix Table 1 (n = 22,945) 

1. Identification

• Repeated Results were excluded (remaining n = 10,778)

2. Remove Duplicates

• Papers were excluded for meeting any of the following exclusion criteria: 
Non-English
Non-human examination
Books (and chapters)
Review or Meta-analysis 
Congress publication
Thesis 
No EEG recording 
Analysing non-epoched EEG data (e.g. frequency analysis 
No pharmacological manipulation
Comparison of a clinical sample 
→ (remaining n = 122)

3. Screening: Abstracts

• Papers were excluded for examining irrelevant ERPs, i.e. ERPs other 
than the P3b, nP3, P3a, N2, or Ne/ERN (remaining n = 107)

4. Screening: Full texts

• ERP studies with pharmacological manipulations with no clear evidence 
of influence over DA or NE were excluded (remaining n = 89)

5. Assessing pharmacological effects

• Final papers elegible for inclusion (final n = 89)

6. Final Sample
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The final suitable studies for each component were separated according to each component. 

Table I-2 presents a brief summary of the results for each ERP component, and the percentage 

of results that were significantly altered by pharmacological manipulation. 

Table I-2. A summary of results from the systematic review, in which the number of relevant 

pharmacological investigations is presented for each component, as well as the percentage of 

these investigations which returned significant results. 

  N Investigations N Significant Investigations (%) 

Amplitude  
P3b (Attention) 83 37 (44.6 %) 

P3b (Memory/Learning) 12 4 (33 %) 

P3a 13 4 (31 %) 

nP3 2 1 (50 %) 

N2 41 14 (34.1 %) 

Ne/ERN 19 13 (68.4 %) 

Latency   
P3b (Attention) 62 20 (32.3 %) 

P3b (Memory/Learning) 10 3 (30 %) 

P3a 11 3 (27 %) 

nP3 2 0 (0 %) 

N2 34 7 (20.1 %) 

Ne/ERN 11 0 (0 %) 

 

Further detail on the studies of the parietally-distributed P3b can be seen in Appendix 

Table A2, which specifically describes pharmacological DA/NE investigations as measured by 

attentional tasks, such as oddball variations. The list has been ordered according to influence 

on NE and DA. If the data from Appendix Table A2 is sub-categorised according to the 

pharmacological target of the drugs administered, not much insight is shed on the individual 

importance of each neurotransmitter. In “pure” NE examinations (i.e. those that influenced NE 

and had negligible effect on DA), 35.7% of investigations reported statistically significant 

effects on the P3b. This figure was 55% for pure DA investigations, and 42.9% for combined 

DA/NE studies. Appendix Table A3 describes additional studies of the parietally-distributed 

P3b component, as measured using learning and memory tasks. These tasks are presented 

separately as it has been suggested that the neural processes prompted during these tasks may 

differ from those during attentional tasks (Botvinick & Braver, 2015; Näätänen, 1988). There 

was only one pure NE investigation, which found that amitriptyline decreased P3b amplitudes 

on a visual search task following 7 days of pharmacological treatment (Van Laar et al., 2002). 
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Pure DA studies of amplitudes were difficult to assess, as only two were found. Using verbal 

learning tasks, one did not find an effect of Levodopa (L-Dopa; Linssen et al., 2014) the other 

found increased P3b amplitudes following lorazepam ingestion (Van Ruitenbeek, Vermeeren 

& Riedel, 2010). However, lorazepam is a benzodiazepine (BDZ) meaning that its effects on 

DA are secondary to the mechanisms on γ-aminobutyric acid (GABA) down-regulation 

(Dewey et al., 1997; Vilkman et al., 2009). Another study used Acute Tyrosine Phenylaline 

Depletion (ATPD) to deplete DA precursors and reported that it increased P3b latencies on 

both a Sternberg Memory task and a Verbal Learning task (Linssen, Riedel & Sambeth, 2011). 

L-Dopa also increased latencies on a Verbal Learning task (Linssen et al., 2014). Of eight 

combined DA/NE studies, only two (25%) showed a significant effect of medication on P3b 

amplitudes and these results were bidirectional. One showed that methylphenidate increased 

amplitudes during a paired-associate learning task (though only for a particular stimulus; 

Brumaghim & Klorman, 1998), while the other showed that apomorphine decreased 

amplitudes during a Von Restorff task (Rangel-Gomez et al., 2013). 

More detail of the studies examining P3a and nP3 amplitudes can be seen in Appendix 

Table A4. Thirteen studies examined the P3a amplitude using various behavioural tasks and 

four of these reported statistically significant effects on the P3a amplitude. Linssen, Riedel and 

Sambeth (2011) reduced DA by depleting amino acid precursors (using ATPD) and reported 

differential effects depending on the tasks used. Following ATPD, subjects had decreased P3a 

amplitudes on the Sternberg Memory Scanning task, and reduced latencies on a visual learning 

task. Turetsky and Fein (2002) found that P3a effects during a distractor oddball task 

corresponded with the direction of NE stimulation. That is, a yohimbine-driven NE increase 

and a clonidine-driven NE decrease led to increased and decreased P3a amplitudes, 

respectively. One study found that combined DA/NE manipulation using dexamphetamine 

increased P3a amplitudes on a distractor oddball (Albrecht et al., 2011). However, this was 

dependent on modality as the effect was present only for the auditory version and not the visual 

variant. Another combined DA/NE study failed to find an identifiable P3a during a distractor 

oddball task in both the placebo and medicated (dexamphetamine) conditions (Gabbay, Duncan 

& McDonald, 2010). The remaining four examinations of combined DA/NE manipulation did 

not find significant results (Barnes et al., 2014; Kähkönen et al., 2001; Linssen et al., 2014; 

Rangel-Gomez et al., 2013). These results are inconclusive with regards to the ENP hypothesis, 

as statistically significant results were found in both DA and NE examinations, but the majority 

of mixed DA/NE examinations were non-significant.  Only two studies examined the nP3 using 
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a novelty oddball task, both using combined DA/NE manipulation. Uslu et al. (2012) found 

that bupropion increased P3a amplitudes but had no effect on latency. The other reported no 

effect of dexamphetamine on nP3 amplitudes or latency (Gabbay, Duncan & McDonald, 2010). 

Ultimately, there is not enough data to make an inference about the influence of CA on nP3 in 

HC. 

Studies of pharmacological CA manipulation of the N2 in healthy volunteers are 

summarised in Appendix Table A5. Given that the ENP hypothesis posits that DA generates 

this component, the pure DA manipulations are of greatest interest. Eleven examinations 

manipulated DA levels while supposedly having no effect on NE and 6 (54.5%) of these 

returned statistically significant effects. Decreased N2 amplitudes resulted from DA increase 

during oddball tasks (flunitrazepam: Lucchesi et al., 2003; s-ketamine: Caumo et al., 2019; 

zolpidem: Lucchesi et al., 2005), a flanker task (lorazepam: De Bruijn et al., 2004) and a 

selective attention task (ketamine: Orange et al., 2009). Acute DA depletion using a branched 

chain amino acids (BCAA) drink led to a decrease of N2 amplitudes during an oddball task 

(Neuhaus et al., 2009). The direction of DA manipulation did not seem to influence the effect, 

as all statistically significant DA manipulations resulted in reduced amplitudes. There were 

twenty-four examinations of combined DA/NE and only 6 (25%) of these found significant 

effects on N2 amplitudes. N2 amplitudes increased following DA/NE increase from both 

intravenous and oral cocaine administration during an oddball task (Herning et al., 1985), Δ9-

THC administration during a flanker task (Spronk et al., 2016), and following methylphenidate 

administration during a Go/Nogo task, but only if the medicated session was randomly assigned 

as the second recording (Mückschel, Roessner & Beste, 2020). N2 amplitudes decreased 

following DA/NE increase using dexamphetamine during an oddball task (Silber et al., 2012) 

and apomorphine during the Von Restorff task (Rangel-Gomez et al., 2013). Of the five studies 

which examined the effect of pure NE manipulation on N2 amplitudes, only one found a 

statistically significant effect. Turetsky and Fein (2002) reported that the NE agonist yohimbine 

and the NE antagonist clonidine decreased and increased N2 amplitudes, respectively. The 

other four investigations did not report statistically significant differences (Barnes et al., 2014; 

De Bruijn et al., 2004; Dratcu et al., 1995; Riba et al., 2005a). This summary tends to agree 

with the hypothesis, as the majority of pure DA investigations reported statistically significant 

effects on N2 amplitude. 

Appendix Table A6 describes the studies examining the effect of pharmacological 

manipulation on the Ne/ERN of HC. Sub-groups analysis is difficult due to the low number of 
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studies available for examination. According to the ENP hypothesis, DA should be 

predominantly responsible for Ne/ERN amplitude generation. Following this, the majority of 

studies examine the effect of pharmacological manipulation influencing DA alone or combined 

DA/NE medication. BDZ mechanisms typically target GABA (Campo-Soria et al., 2006; Costa 

et al., 1975), though supposedly indirectly increase DA levels (Heikkinen, Möykkynen, & 

Korpi, 2009). The BDZs lorazepam and oxazepam both increased Ne/ERN amplitudes during 

a flanker and 2-stimulus visual oddball, respectively (De Bruijn et al., 2004; Johannes et al., 

2001). DA depletion using ATPD on a Stroop task did not alter amplitudes (Larson et al., 

2015). Three studies reported an Ne/ERN decrease on flanker tasks (de Bruijn et al., 2006; 

Zirnheld et al., 2004) and a temporal interval learning task (Forster et al., 2017) following 

administration of haloperidol, a DA antagonist with a weak effect on NE (Hall, Andersen, & 

Cohen, 1995; Nilsson et al., 2005). One of these studies also reported an amplitude decrease 

during a flanker task following olanzapine, another DA antagonist with weak effects on NE 

(de Bruijn et al., 2006). Increased amplitudes were reported following combined DA/NE 

stimulation during flanker tasks using methylphenidate, dexamphetamine and cocaine (Barnes 

et al., 2014; de Bruijn et al., 2004; Spronk et al., 2016). Decreased Ne/ERN amplitudes were 

seen during an examination of Δ9-THC (Spronk et al., 2016), which supposedly increases DA 

and NE through indirect mechanisms (Bossong et al., 2009; French & Dillon, 1997). In keeping 

with the ENP hypothesis, two studies examining Ne/ERN amplitudes following pure NE 

manipulation (mirtazapine: De Bruijn et al., 2004; atomoxetine: Barnes et al., 2014) returned 

non-significant results. A third study, using the highly selective NE antagonist yohimbine 

reported enhanced Ne/ERN amplitudes (Riba et al., 2005a). However, this result was 

interpreted to be the result of indirect DA modulation due to NE projections to the ACC 

(Nieuwenhuis, Aston-Jones & Cohen, 2005). Typically, Ne/ERN latencies are not examined 

and the six studies that did so reported non-significant effects of NE manipulation (mirtazapine: 

De Bruijn et al., 2004), DA manipulation (oxazepam; Johannes et al., 2001; ATPD; Larson et 

al., 2015), and mixed DA/NE manipulation (methylphenidate: Barnes et al., 2014; paroxetine: 

de Bruijn et al., 2006; haloperidol: de Bruijn et al., 2006; Forster et al., 2017; olanzapine: de 

Bruijn et al., 2006). 

As shown in the summary of the literature review and Table I-2, the number of studies 

included for analysis of each component is relatively low. Although many of these studies tend 

to agree with the ENP hypothesis, the percentage of studies that returned statistically significant 

results does not provide convincing evidence of a strong effect of either DA or NE. Therefore, 
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the null hypothesis that these results reflect statistical artefact cannot be rejected based on this 

review. However, the review shows that identification of CA effects on ERPs may be more 

complicated than expected and extra considerations may be required. Clarifying the effects of 

pharmacological manipulation is difficult for a variety of reasons. Neurotransmitter levels can 

be altered at different locations, e.g. protein transporters versus pre- or post-synaptic receptors. 

Additionally, some drugs are highly specific to particular receptors, while others have a global 

influence. For example, yohimbine is a highly selective NE antagonist with negligible affinity 

for DA and 5-HT receptors (Doxey, Smith, & Walker, 1977; Starke, Borowski & Endo, 1975). 

Other drugs, such as dexamphetamine, have at least a moderate affinity for both DA and NE, 

making it more difficult to differentiate effects. Finally, other drugs exist which do not target 

CA neurotransmitters as a primary function, but rather as a secondary effect. Many SSRIs and 

benzodiazepines (BDZ), often used in the treatment of depression, target 5-HT transporters 

(SERT), but also cause an increase in CA levels. This is the case for Paroxetine, one of the 

most potent SSRIs, which also has a moderate affinity for norepinephrine transporter (NET) 

and negligible affinity for dopamine transporter (DAT) (Julien, 2013). Furthermore, drugs 

effecting the same neurotransmitter may not even be comparable in their effects (see Section 

V-3).  

The discrepancy of the results seen in Table I-2 may also be influenced by more than 

just the direct pharmacological effects and interactions of each drug itself. For example, study 

design may predict the results. A common complaint in behavioural studies is that a low 

number of subjects restricts statistical power and returns unreliable results. Many of the studies 

reported have sample sizes below N = 20 and so we considered that N may be a predictor for 

statistical significance. However, a closer look at the P3b data from Appendix Table A2 shows 

that significant results for the P3b amplitude were found for sample sizes as small as N = 6 

(Mervaala et al., 1993), N = 10 (Urata et al., 1996), and N = 12 (Caumo et al., 2019). This also 

follows for the other ERP components. Several studies with low N found statistically 

significant results (N = 12, De Bruijn et al., 2004; N = 14, De Bruijn et al., 2004; N = 10, 

Turetsky and Fein, 2002), whereas some of the larger data sets were non-significant (N = 35, 

Barnes et al., 2014; N = 37, Gabbay, Duncan & McDonald, 2010; N = 51, Zirnheld et al., 

2004). An exploratory point-biserial correlation in SPSS between sample size and P3b 

amplitudes during attentional tasks (the largest sub-group of investigations) did not return a 

statistically significant result (rpb = .141, p < .203). Therefore, sample size did not appear to be 

a deciding factor in the outcome of these studies.  
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Linssen, Riedel and Sambeth (2011) found a task-dependent effect of ATPD following 

N2 latency increase on the Sternberg Memory Scanning task and a decrease during a Verbal 

Learning task. Some studies found that medication only influenced P3b amplitudes for 

particular stimuli (Brumaghim & Klorman, 1998; Nishimura, Ogura & Ohta, 1995). Herning 

et al. (1985) found that cocaine only increased P3b amplitudes during an oddball task when 

stimuli were all pooled together. The treatment period has been shown to influence outcome as 

another study found that amitriptyline only affected P3b amplitudes after 7 days of treatment 

(Van Laar et al., 2002). Multiple studies found that DA and/or NE medication only influenced 

amplitudes under particular dosage strengths (Gabbay, Duncan & McDonald, 2010; Lucchesi 

et al., 2003; Lucchesi et al., 2003; Luthringer et al., 1996; McKetin et al., 1999). The strongest 

dosage was not always the one that led to significant alterations, as Luthringer et al. (2006) 

found that P3b amplitudes were increased following 2.5 mg and 10 mg befloxatone, but not 20 

mg. Session order was also shown to be important, in the case of Mückschel et al., (2020), who 

reported an increase of P3b following methylphenidate, but only if this was administered 

during the second recording. 

Individual characteristics have also contributed to the outcome of pharmacological 

manipulation. Subjects’ preference for dexamphetamine over placebo was responsible for an 

increase in P3a amplitude (Gabbay, Duncan & McDonald, 2010). Two studies found 

bidirectional results depending on initial P3b amplitudes (Takeshita & Ogura, 1994) or baseline 

DA levels (Schutte et al., 2020). Genetic phenotype also contributed to P3b outcome (Bhakta 

et al., 2017; Stadelmann et al., 2011). 

In summary, the review does not conclusively agree with the ENP hypothesis but sheds light 

on a number of additional factors that may interact with potential effects of DA and/or NE 

manipulation, as well as the direction of the supposed effects.  

I-5 Neuromodulation of catecholamines in healthy subjects 

Primary treatment of DA or NE psychiatric disorders often involves pharmacological 

therapy to readjust neurotransmitters levels (Stahl, 2003). However, in some cases, patients do 

not respond to pharmacological therapy and alternative forms of stimulation must be found. In 

extreme cases, surgical intervention can be used. For example, some patients with PD have had 

success with Deep Brain Stimulation (DBS) which facilitates DA increase (Demetriades et al., 

2011; Knobel et al., 2008). Recently, patients with epilepsy and Major Depressive Disorder 

(MDD) have reported improvements of clinical symptoms following surgical implantation of 
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vagal nerve stimulation (VNS) devices (Elliott et al., 2011; Labar et al., 1999). VNS is 

associated with increased NE release from the LC-NE (Aston Jones, Rajkowski & Cohen, 

1999; Broncel et al., 2019; Follessa et al., 2007). Rodent studies have reported transient 

increased of NE levels following VNS, corresponding with stimulus intensity (Roosevelt et al., 

2006). Due to this link with the vagus nerve (the main component of the parasympathetic 

system; Carabotti et al., 2015), NE activation is also associated with various mood-related and 

physiological responses, perhaps explaining its effectiveness in treatment of MDD (Aston 

Jones, Rajkowski & Cohen, 1999; Broncel et al., 2019; Follessa et al., 2007),  A non-invasive 

alternative, transcutaneous vagal nerve stimulation (taVNS), is supposed to stimulate the vagal 

nerve externally in humans when applied to the cymba conchae. It is believed to interact with 

the LC-NE system (Van Leusden et al., 2015) and corresponds with many physiological and 

hormonal correlates of NE activation, such as decreased heart rate variability (HRV; Iseger et 

al., 2019) and salivary alpha amylase levels (Chatterton et al., 1996; Fischer et al., 2018; 

Warren et al., 2018). Several studies in humans have already shown taVNS-related alterations 

of behaviour typically associated with NE (Sellaro et al., 2015; Steenbergen et al., 2015). 

Though still a new technology, and not yet fully understood, taVNS shows promise as a 

potential method of NE activation. Another alternative to VNS is non-invasive vagal nerve 

stimulation (nVNS), which is a handheld external advice applied to the left branch of the vagus 

nerve at the neck. We present a summary below of all studies which have used taVNS or nVNS 

to manipulate attentional ERPs (Table I-3). Though the literature on taVNS is rather limited, 

the effects of this supposed NE stimulation appear to reinforce the ENP hypothesis. The nP3 

was unaffected by this taVNS stimulation during the novelty oddball task (Lewine et al., 2019; 

Ventura-Bort et al., 2018; Warren et al., 2018). This is in agreement with the ENP hypothesis, 

which states that the frontally-distributed nP3 should be primarily modulated by DA 

stimulation. Furthermore, three of the five investigations reported enhanced parietally-

distributed P3b amplitudes following active taVNS or nVNS stimulation, in accordance with 

the hypothesis. 
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Table I-3. A review of the studies which have used taVNS to manipulate ERPs. 

 

Author 

 

N( M/F) 

 

Age (SD) 

 

Task 

     N2    nP3       P3b 

A L  A  L  A L 

Fischer et al. (2018) 21 (3/18) 20.3 (1.4) Simon ↓ NS - - NS NS 

Lewine et al. (2019)* 8 (6/2) (22-55) Novelty 

Oddball 

- - NS - ↑ - 

Rufener et al. (2018) 20 

(10/10) 

24.85 

(2.6) 

Oddball - - - - ↑ NS 

Ventura-Bort et al. 

(2018) 

21 (3/18) 20.3 (1.4) Novelty 

Oddball 

- - NS NS ↑ 

(easy) 

NS 

Warren et al. (2018) 24 (6/18) 22.6 Oddball 

Novelty 

Oddball 

- 

- 

- 

- 

- 

NS 

- 

NS 

NS 

NS 

NS 

NS 

Note: A = amplitude; L = latency; NS = not significant; * = Lewine et al. (2019) used nVNS, 

rather than taVNS. 

 

I-6 Aims of the Current Studies 

In summary, the ENP hypothesis suggests a role of DA in the generation of frontally-

distributed P3a, nP3, N2 and Ne/ERN, and a role of NE in the generation of the parietally-

distributed P3b. However, we do not find enough evidence in the literature to support this 

hypothesis. Reports from clinical studies and investigations in HC (both pharmacological and 

neuromodulatory) have produced conflicting results. While we support the ENP hypothesis in 

principle, we suspect that it is an over-simplification to claim DA modulation of frontally-

distributed components and NE modulation of parietally-distributed components. More 

complicated mechanisms are likely to be involved in the production of these ERPs and the 

heterogeneity of the data may be explained by a variety of factors. These include interactions 

between the CA neurotransmitters themselves, as well as additional influences of session order, 

genetic phenotypes, and study design, among others. 
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To aid the investigation of the ENP hypothesis, we will present a series of independent 

examinations. In addition to the systematic review of DA/NE pharmacological manipulation 

of ERPs, we also present three original studies to further examine the role of DA and NE in 

ERP generation. 

First, we perform a clinical comparison of patients with GTS to HC using a flanker task. With 

this comparison, we hope to examine the role of DA dysfunction in the production of the N2 

and Ne/ERN components in patients GTS. 

For the second study, we will perform another clinical comparison but also introduce an 

element of pharmacological manipulation of ERPs into the investigation. We will compare the 

nP3 and P3b of patients with PD to HC using a novelty auditory oddball task. This comparison 

with HC will be performed twice; once while patients receive their regularly prescribed 

medication, and once following wash-out. HC will also be tested twice, to account for potential 

effects of session, as reported above (Mückschel et al., 2020). 

Finally, we will examine supposed NE stimulation on HC during both active and sham taVNS 

stimulation using the novel 2-stimulus visual bayesian oddball task. The novel task was 

designed to separate differential effects of stimulus presentation on P3b amplitudes. In 

addition, the HC sample was used to prevent additional confounding variables often present in 

clinical examinations. We present a summary of the methods and areas of interest for each of 

the following studies in Table I-4. These studies will be presented in the following chapters. 

Table I-4. A summary of each study’s aims and methods. 

Study Experimental 

Group 

Control Group Behavioural Task ERP 

1 GTS HC flanker task Ne/ERN 

N2 

 

2 PD HC Novelty 3-stimulus 

auditory oddball 

nP3 

P3b 

 

3 HC: active taVNS 

stimulation 

HC: sham taVNS 

stimulation 

novel 2-stimulus visual 

bayesian oddball 

P3b 
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Chapter II 

Neural correlates of performance monitoring in adult patients with Gilles de la Tourette 

syndrome: A study of event-related potentials (Study 1) 
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Abstract 

Gilles de la Tourette syndrome (GTS) is a neuropsychiatric condition characterized by motor 

and vocal tics. There is undoubtedly basal ganglia involvement, which are also important for 

cognitive processes including performance monitoring and interference resolution. We 

investigated these functions in adult patients with GTS compared to healthy controls (HCs). 

We compared a group of N = 23 adult patients with GTS to N = 27 HC on a flanker task during 

an electroencephalic (EEG) recording. Reaction times and ER were recorded, as well as N2 

and Ne/ERN amplitudes. The N2 is an index of interference resolution. The Ne/ERN is a 

negative fronto-central component, occurring when participants make mistakes. Patients’ 

reaction times were enhanced on incongruent trials compared to HC. Electrophysiological data 

revealed more frontal components, as well as significantly increased Ne/ERN amplitudes in 

patients with GTS compared to HC (p = .026). Altered electrophysiological correlates of error 

processing in adult patients with GTS compared to HC cannot be attributed to differential error 

probabilities. Potentially, patients recruit compensatory resources from frontal networks to 

maintain behavioural performance. This study gives further insight into cognitive deficits of 

patients with GTS, and the underlying neural processes of these functions. 
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Introduction 

Gilles de la Tourette syndrome (GTS) is a complex neuro-psychiatric disorder characterized 

by the occurrence of motor and vocal tics (Robertson, 2008). The majority of patients, in 

addition, suffer from comorbidities such as obsessive compulsive disorder (OCD), attention 

deficit/hyperactivity disorder (ADHD), depression, and anxiety (Bloch et al., 2009). GTS is a 

neurodevelopmental disorder with tic onset in early childhood. Most typically, tics reach a 

maximum between the ages of 10 to 12 years and decrease thereafter spontaneously (Leckman, 

2002; Robertson et al., 2017). The underlying cause of the disorder is still unknown. However, 

most evidence suggests an involvement of cortico-striato-thalamo-cortical circuits (Maia & 

Conceição, 2018; Ziemann et al., 1997). Several different neurotransmitter systems have been 

suggested to be involved, but there is no doubt about a major role of the dopaminergic system 

in GTS pathology (Maia & Conceição, 2017). 

In general, cognitive impairment appears to be subtle in patients with GTS. Accordingly, no 

differences have been found between patients with GTS and controls using the Mini Mental 

State Examination (MMSE), a commonly used screening procedure for global cognitive 

deficits (Mitchell, 2013; Watkins et al., 2005). However, impairments in various, more specific 

aspects of cognitive functioning have been described in both adult and adolescent patients with 

GTS (Eddy et al., 2009; Morand-Bealieu et al., 2017a). For example, Müller et al. (2003) found 

behavioural deficits in performance monitoring using the Stroop Task. Performance 

monitoring represents an individual’s ability to monitor their responses during a task and to 

recognise mistakes. However, other aspects of cognitive functioning are under-studied in GTS. 

For example, there is little data about patients’ abilities to differentiate between task-relevant 

and distracting stimuli (i.e. interference resolution).  

Both performance monitoring (or error-processing) and interference resolution (Jonides et al., 

2002) are key aspects of executive functioning that are linked to the prefrontal and anterior 

cingulate cortices (Botvinick et al., 2004; Egner et al., 2007b; Knight et al., 1999; MacDonald 

et al., 2000; Menon et al., 2001; Nee et al., 2007; Swick & Turken, 2002). Interestingly, 

abnormalities in these brain regions have been shown in patients with GTS using different 

imaging techniques (Braun et al., 1995; Cummings et al., 1993; Delevich et al., 2015; Müller-

Vahl et al., 2009; Worbe et al., 2014). In this study, we use the flanker task (Figure II-1) to 

examine both performance monitoring, interference resolution, and their neural correlates in 

adult patients with GTS (Ullsperger et al., 2004). The flanker task is a quite simple behavioural 
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paradigm, in which participants respond to a centrally presented target stimulus while ignoring 

task-irrelevant distractors in the periphery (Eriksen & Eriksen, 1974). 

 

 

Figure II-1. The flanker task as presented during the EEG trial using Presentation. Participants 

must respond with a left or right response, depending on the direction of the target arrow. The 

flankers appear 100 ms before the central arrow (target), which indicates the direction in which 

the participant should respond. In a congruent trial, the flanker and target arrows all face the 

same direction. In the incongruent trial, the target arrow faces the opposite direction to the 

flanker arrows. Both the flanker and target arrows alternate direction. 

So far, there are only two studies available using the flanker task in adult patients with 

GTS. These studies showed conflicting results: While in one study neither ER (percentage of 

errors) nor reaction times (RTs) differed significantly between patients and controls (Channon 

et al., 2006), in the other study, slower RTs were found in the patient group (Channon et al., 

2009). An additional study involving adolescent patients reported an enhanced congruency 

effect (Egner et al., 2007a) on ERs and RTs. That is, the patients’ ERs and RTs were 

disproportionally enhanced in incongruent compared to congruent trials (Crawford et al., 

2005). However, other studies in adolescents using the flanker task did not show abnormalities 

(Eichele et al., 2017; Eichele et al., 2017; Ozonoff et al., 1998).  
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Many executive functions are thought to be mediated by dopaminergic input in the 

prefrontal cortex (Logue et al., 2014; Pillon et al., 2003). The neural origins of executive 

functions are of interest due to the strong implication of the dopaminergic system in the 

aetiology of GTS. EEG imaging can be used in combination with behavioural paradigms to 

non-invasively examine neural correlates of cognitive processes with high temporal resolution. 

It has frequently been used in studies examining patients with GTS (Morand-Beaulieu & 

Lavoie, 2019). The stimulus-locked N2 component, an index of inference resolution in flanker 

tasks, exhibits a negative fronto-central amplitude, which is larger in high conflict conditions 

(Du et al., 2008; Folstein & Van Petten, 2008; Johannes et al., 2003). In patients with GTS, so 

far the N2 component elicited by stimuli on the flanker task has only been studied in 

adolescents, with no distinct N2 component found in this age group (Eichele et al., 2016). In 

adults with GTS, the N2 has been examined using paradigms such as the Stroop and Go/Nogo 

Tasks – but not the flanker task – and did not show altered amplitudes (Johannes et al., 2003; 

Petruo et al., 2018). When using the oddball task, results were contradictory: N2 amplitudes 

showed GTS-related alterations in some studies (Johannes et al., 1997, van Woerkum et al., 

1988), but not in others (Morand-Beaulieu et al., 2016; van de Watering et al., 1985; van 

Woerkum et al., 1994). Taken together, there is no conclusive evidence about N2-amplitudes 

in GTS from flanker tasks, yet. 

The Ne/ERN component (error negativity or error-related negativity) (Figure II-2) is an 

enhanced response-locked negativity that is seen following incorrect behavioural responses. 

This is in contrast to the Nc/CRN (correct negativity or correct-related negativity) seen after 

correct responses, which typically produces a smaller negative amplitude in comparison. It is 

considered to index performance monitoring (Falkenstein et al., 1990; Gehring et al., 1993; 

Ullsperger et al., 2014). In patients with GTS, Ne/ERN evidence on the flanker task is restricted 

to only one single study in adolescents that did not find amplitude differences between patients 

and controls (Eichele et al., 2017). Evidence from other paradigms showed enlarged Ne/ERN 

amplitudes in adult patients with GTS using a visual oddball task (Johannes et al., 2002) and a 

stop-signal task (Schüller et al., 2018). However, no significant GTS-related Ne/ERN 

amplitude differences were found using a Go/Nogo task (Shephard et al., 2016).  
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Figure II-2. Exemplary error-related negativity (Ne/ERN) following errors compared to 

correct responses during the flanker task (fictional data). 

In summary, the available database on interference resolution and performance monitoring in 

adults with GTS is weak and no conclusion can be drawn on disorder-specific alterations. The 

majority of relevant literature focusses on adolescents. Inferences from these studies about 

older populations are inappropriate as studies report that cognitive deficits in children often 

disappear by adulthood (Lange et al., 2017; Tamnes et al., 2013). In addition, GTS is a 

neurodevelopmental disorder exhibiting a typical age dependent course and therefore in 

adolescents and adults compensatory mechanisms are often assumed (Jackson et al., 2011). 

This study was designed to further examine behavioural and electrophysiological indicators 

(i.e., N2 and Ne/ERN amplitudes) of performance monitoring and interference resolution using 

the flanker task in a group of adult patients with GTS and a group of HC. Given the limited 

and conflicting nature of the previous literature, this study was intended to be exploratory in 

order to provide clarity in the field of ERPs in patients with GTS. 

We believe that the flanker task can provide an interesting insight into the cognitive 

underpinnings of GTS. We chose this task because of the inconclusive findings in a relatively 

small pool of literature. Given previous report of executive dysfunction in GTS, such as 

impaired decision-making (Watkins et al., 2005) and a tendency towards impulsivity (Morand-
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Beaulieu et al., 2017b), the flanker task can provide information as to how patients process 

external information, as well as their own behaviour. 

Understanding how executive functions are affected in GTS is important for both clinicians 

and patients as awareness of actions and appropriate responses are important tools during 

everyday life. The Flanker Task can be used to reflect on a patient’s ability to process 

information in their environment. Anything which may affect a patient’s ability to perform 

their daily routine or even adhere to treatment specifications is valuable in aiding quality of life 

and care (Crean et al., 2011). 

Methods 

Participants 

Twenty-three patients with GTS according to DSM-IV-TR were recruited from the specialized 

Tourette clinic at Hannover Medical School between 30 June 2014 and 09 July 2015. The 

diagnosis of GTS was confirmed in all patients by one of the authors (K.M.V.). Exclusion 

criteria were a history of any other significant neurological or psychiatric conditions (but 

typical comorbidities were allowed) and secondary tic disorders. The sample (N = 23; 13 males 

and 10 females) had a mean age of 32.78 years (SD = 11.11, range: 18–58) and an average 

education of 14.54 years (SD = 3.45, range: 8.5–24). Fifteen patients were unmedicated at the 

time of examination. The remaining eight patients were on psychiatric medication on the day 

of testing (aripiprazole: n = 3, citalopram: n = 1, sertraline: n = 1, agomelatine: n = 1, 

methylphenidate: n = 1, risperidone: n = 1, tetrahydrocannabinol: n = 1). 

N = 27 sex- and age-matched healthy control participants (HC; 16 males and 11 females) were 

recruited by posters distributed throughout the city of Hannover, Germany, and by word-of-

mouth advertising. Participants were defined as healthy if they did not self-report a history or 

diagnosis of any neurologic or psychiatric disorder. The mean age was 32.96 years (SD = 8.30, 

range: 19–49) and education averaged 14.26 years (SD = 2.64, range: 10.5–21). These values 

were not significantly different from patients’ data (all p >.05). Data from the same patient 

sample completing a different behavioural task are reported elsewhere (Lange et al., 2017). In 

accordance with the Declaration of Helsinki, all participants provided written informed 

consent. 
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Materials and procedures 

All participants completed the flanker task (Kopp et al., 1996a; Seer et al., 2015, 

2017a). Presentation® software (Neurobehavioral Systems, Albany, CA) was used to control 

the presentation of the stimulus material and to record the behavioural responses. Stimuli 

consisted of three white arrowheads (each either pointing to the left or to the right; Figure II-

2) presented against a black background on a 24 inch flat screen (Eizo EV2416 W, Eizo, 

Hakusan, Japan). 

Arrowheads were arranged in a column, with the upper and the lower arrowhead 

(“flankers”) either pointing to the same (“congruent” [or compatible]) or opposite 

(“incongruent” [or incompatible]) side relative to the central arrowhead (“target”). On each 

trial, participants were instructed to focus on the target while ignoring the flankers, and press a 

spatially compatible key on a response pad (RB 830, Cedrus, San Pedro, CA) as fast as possible. 

Whenever the target arrowhead pointed to the left (right), participants should press the leftmost 

(rightmost) key on the response pad using their left (right) index finger. On every trial, the 

onset of the flanker arrowheads was set to precede the onset of the target arrowheads by 100 

ms. Targets (together with the flankers) remained on screen for 250 ms. After the response, the 

next flanker onset would occur after 800 ms. Participants first completed twelve practice trials 

to acquaint themselves with the task, followed by 432 trials on the flanker task divided into 

four blocks. Trials were presented in a randomized manner, with congruent and incongruent 

trials being equally probable throughout the task. Each trial type was balanced for the direction 

of the flanker arrow, with left and right presentation being equally probable. No feedback was 

given. 

To further characterize the sample of patients with GTS and HC, a battery of 

neuropsychological tests was administered to all participants. Prior to the EEG recording 

procedure, cognitive functioning was screened using the Montreal Cognitive Assessment 

(MoCA, Nasreddine et al., 2005). Following the EEG recording, participants were 

administered the Wortschatztest (WST, Schmidt & Metzler, 1992; a German vocabulary test) 

to estimate premorbid crystallized intelligence). Furthermore, a psychologist (C.S., supervised 

by K.M.V.) administered clinical interviews regarding tics (Yale Global Tic Severity Scale, 

total tic score, YGTSS-TTS; Leckman et al., 1989) and obsessive-compulsive symptoms 

(Yale-Brown Obsessive-Compulsive Scale, YBOCS; Woody et al., 1995). Finally, all 

participants were asked to complete the following battery of psychological questionnaires: 
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Barrett Impulsiveness Scale-Brief (BIS-Brief; Steinberg et al., 2013), Brief Symptom 

Inventory 18 (BSI-18; Derogatis, 2001; a measure of psychiatric status, somatization, 

depression, and anxiety), DSM-IV symptom list for ADHD (DSM-IV, measuring attention and 

impulsivity; Rösler et al., 2004), the global item from The Gilles de la Tourette Syndrome-

Quality of Life Scale (Cavanna et al., 2008), the Oldfield Handedness Scale (OHS; Oldfield, 

1971), Premonitory Urge for Tics scale (PUTS; Woods et al., 2005), and Wender Utah Rating 

Scale (WURS; Ward, 1993; a measure of ADHD symptoms). Four patients were diagnosed 

with comorbidities (obsessive compulsive disorder: n = 4, anxiety disorder: n = 2, major 

depression n = 2, attention deficit/hyperactivity disorder: n = 1, autoaggression: n = 1, bipolar 

disorder type II (predominantly hypomanic): n = 1, double depression: n = 1).  

Table II-1 displays the results of neuropsychological examinations and clinical assessments 

during the time of the experiment. Independent samples t-tests revealed that the scores of 

patients with GTS were significantly different to those of HC on the total BSI-18 (as well as 

subscales for anxiety and depression), attention, impulsivity, and the WURS-k (all p < .05).  
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Table II-1. Clinical characteristics for patients with Gilles-de-la-Tourette syndrome (GTS) and 

healthy controls (HC). 

  

GTS (N = 23) 

 

HC (N = 27) 

 

 M SD M SD p 

Age 32.78 11.11 32.96 8.30 .948 

Education (years) 14.54 3.45 14.26 2.64 .750 

OHS 22/1 (R/L)  27/0 (R/L)  .328 

BIS-Brief 15.26 3.66 15.04d 3.37d .875 

BSI-18 11.87 11.89 4.40d 4.73d .004 

 anxiety 4.74 5.15 1.84d 2.36d .003 

 depression 3.83 4.52 1.36d 1.68d .025 

 somatization 3.30 4.35 1.20d 1.94d .129 

DSM      

attention 4.09 2.70 1.92c 2.70c .007 

impulsivity 4.09a 3.15a 1.84d 2.53d .008 

Global Quality of Life 66.53 17.69 69.37c 17.86c .717 

MoCA 27.96 1.87 28.48 1.45 .341 

PUTS 21.22 7.93 - -  - 

WST 28.39 7.65 27.42b 6.19b .381 

WURS-k 23.26 13.92 15.24d 16.77d .021 

YGTSS-TTS 22.52 11.10 - - - 

 motor 12.52 5.24 - - - 

 vocal 10.00 6.86 - - - 

YBOCS 8.22 9.72 - - - 

 obsessions 3.61 5.02 - - - 

 compulsions 4.61 5.90 - - - 

Note. BIS-Brief = Barrett Impulsiveness Scale-Brief (Range 8-24; Steinberg et al., 2013); BSI-

18 = Brief Symptom Inventory 18 (Range 1-70; Derogatis, 2001); DSM = Diagnostic Statistical 
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Manual (Range 0-18 (0-9 attention, 0-9 impulsivity); American Psychiatric Association, 2013); 

GTS-QoL= Gilles de la Tourette Syndrome-Quality of Life Scale (Range 1-100; Cavanna et 

al., 2008). MoCA = Montreal Cognitive Assessment (Range 0-30; Nasreddine et al., 2005); 

OHS = Oldfield Handedness Scale (Range 1-10; Oldfield, 1971); PUTS = Premonitory Urge 

for Tics scale (Range 9-40; Woods et al., 2005); WST = Wortschatztest (Range 0-42; Schmidt 

& Metzler, 1992); WURS-k = Wender Utah Rating Scale short version (Range 0-100; Ward, 

1993); Y-BOCS = Yale-Brown Obsessive Compulsive Scale (Range 0-40; Woody et al., 1995); 

YGTSS-TTS = Total tics score of the Yale Global Tic Severity Scale (Range 0-50; Leckman 

et al., 1989). p-values are based on nonparametric independent samples comparison. a based on 

n = 22; b based on n = 26; c based on n = 24; d based on n = 25. Some participants did not 

complete all questionnaires. 

Electrophysiological Recording 

Continuous EEG was recorded using a BrainAmp amplifier and 30 Ag-AgCl active 

electrodes (Brain Products, Gilching, Germany) positioned according to the international 10-

20 system (EASYCAP, Herrsching, Germany). The recording software was BrainVision 

Recorder 1.20 (Brain Products, Gilching, Germany). The sampling rate was 250 Hz (high-pass 

filter: 0.3 s [time-constant], low-pass filter: 70 Hz) and the sampling interval was 4000 Hz. 

Electrode impedance was kept below 10 kΩ. The FCz electrode was used as an online reference 

electrode. We also recorded vertical and horizontal electro-oculograms with two electrodes 

positioned at the suborbital ridge and the external ocular canthus of the right eye to monitor 

ocular artefacts. Data was later re-referenced to the average of all electrodes. 

Data Analysis 

Behavioural Data 

RTs were separated for trial type (congruent and incongruent). The median response latency 

was calculated and responses recorded before 100 ms or after 2000 ms of stimulus onset were 

not included in analysis. 

An incorrect response was defined as one in which the participant responded with a button 

press that did not match the direction of the central arrow. ER were calculated as incorrect 

responses expressed as a percentage of overall responses. 
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In order to control for post-error slowing (i.e. in which reaction times slow in trials following 

erroneous responses; Rabbitt et al., 1966), RTs and ERs were only calculated for trials 

following correct responses. 

Electrophysiological Data 

EEG data were analysed with BrainVision Analyzer 2.1 (Brain Products, Gilching, Germany). 

Butterworth zero phase filters were applied to the raw data, with a high cut-off at 70 Hz (24 

dB/oct), a low cut-off of 0.1 Hz (24 dB/oct), and a notch filter of 50 Hz, in order to remove 

noise from the recording equipment. Further artefacts were then removed through raw data 

inspection (voltage step > 75 μV/ms; activity < 0.5 μV/100 ms) and a semi-automatic 

independent component analysis. Segments were created for the relevant ERP components. 

As N2 amplitudes are more pronounced on incongruent trials, the stimulus-locked N2 evoked 

on incongruent correct trials was used to identify individual N2 peak latencies at electrodes Fz, 

FCz, and Cz. Individual N2 peak were defined as the local minima between 200 and 400 ms 

after stimulus onset. For each individual, mean N2 amplitudes were calculated across the 120-

ms interval surrounding the individual’s N2 peak. The window around the individual peak 

minimum on incongruent trials was then used to extract mean N2 amplitudes for the 

corresponding time window on congruent trials. These windows were chosen based on 

previous literature, combined with visual inspection of the data (Folstein & Petten, 2008). 

Errors are uncommon in congruent trials. Therefore, the response-locked ERPs were examined 

only in the incongruent trials and separated by correct and incorrect responses for the Ne/ERN 

and Nc/CRN, respectively. 

Peak detection for Ne/ERN and Nc/CRN components was performed by identifying the first 

negative peak following the response at the Fz, FCz, and Cz electrodes. These amplitudes were 

then subtracted from the preceding positive peaks, defined by peak detection as the most 

positive amplitude during the window of -200 ms to 50 ms at the same electrodes. 

Pontifex et al. (2010) report that Ne/ERN amplitudes computed from less than 8 error trials are 

unreliable. As a consequence, seven patients and eight healthy controls were removed from 

analyses of error-related ERPs due to too few error trials. This resulted in a sample of N = 16 

patients with GTS and N = 19 HCs being available for the analysis of Ne/ERN amplitudes. The 

clinical characteristics of this subsample are available in Supplementary Table II-S1. 

Additional analyses on the behavioural data and N2 amplitudes for this subset of participants 
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can be found in the Supplementary Statistics. Supplementary Table II-S2 displays the numbers 

of trials available for ERP analyses from each participant.  

Statistical Analysis 

IBM SPSS 24.0 was used to store and analyse data. The significance level was set to α = .05 

and post hoc tests were Bonferroni-corrected. For ANOVAs, partial eta squared (ηp
2) is used 

to indicate effect size. Cohen’s d (d) is used to report effect sizes for independent samples t-

tests. 

Repeated-measures 2 × 2 ANOVAs with Congruency (congruent vs. incongruent) as the 

within-subject factor and Group (GTS vs. HC) as the between-subjects factor were performed 

on RTs (correct trials) and ERs separately in order to assess behavioural differences between 

groups. 

A 2 × 2 × 3 repeated-measures ANOVA was performed on N2 amplitudes to assess the effects 

of Congruency (congruent vs. incongruent) and Group (GTS vs. HC) on N2 amplitudes on for 

different Electrode locations (Fz vs. FCz vs. Cz). 

A 2 × 2 × 3 repeated-measures ANOVA was performed on response-locked ERP amplitudes. 

Correctness (Nc/CRN vs. Ne/ERN) and Electrode (Fz vs. FCz vs. Cz) were the within-subjects 

factors, while Group (GTS vs. HC) was the between-subjects factor. Sphericity was not 

assumed, therefore results were reported using the Greenhouse-Geisser method. 

Spearman-Brown Rank-Order Correlation coefficients were also calculated to investigate the 

links between the subjects’ clinical characteristics and the electrophysiological correlates most 

altered in patients. Correlations were conducted for the total sample, though this raised 

concerns about revealing a group difference rather than a relationship between variables. 

Therefore, correlations are also reported for individual groups. Correlations were reported 

using Spearman’s rho (rs) and α = .05 was Bonferroni-corrected to α = .003 to correct for 

multiple comparisons. However, these analyses are purely exploratory as they are not 

performed based on any hypotheses. Therefore, the Bonferroni corrected α is present only for 

descriptive purposes, as it does not have any inferential value. 

Results 

Behavioural Data 

A repeated-measures ANOVA revealed a significant effect of Congruency on RTs 

(F(1, 48) = 419.99, p < .001, ηp
2 = .90), with RTs being slower in incongruent (456.53 ms) 

compared to congruent (383.71 ms) conditions. There was no significant difference between 
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patients with GTS and HC. However, the two groups differed with regard to the strength of 

their RT Congruency effects, with larger differences between congruent and incongruent 

conditions in the GTS group (80.65 ms) as compared to HC (64.99 ms; F(1, 48) = 4.86, 

p = .032, ηp
2 = .09), as displayed in Figure II-3a. 

Similarly, ERs were significantly lower in congruent (1.31 %) compared to incongruent (9.18 

%) conditions (F(1, 48) = 46.44, p < .001, ηp
2 = .49). No Group difference was found for ERs 

(F(1, 48) < 0.01, p = .992, ηp
2 < .01), and the Group × Congruency interaction was not 

significant for ERs (F(1, 48) = 0.04, p = .838, ηp
2 < .01), as displayed in Figure II-3b.  

Means and standard deviations of each condition for each group are reported in Supplementary 

Table II-S3. 

 

 

Figure II-3. The interaction effect of congruency on RTs (a) and ERs (b) for patients (GTS) 

and healthy controls (HC). 

 

Electrophysiological Data 

N2: A typical Congruency effect was found on N2 amplitudes (F(1, 48) = 12.93, p = .001, 

ηp
2 = .21), with more negative peaks found for incongruent (-0.36 μV) than congruent (0.02 

μV) conditions (Figure II-4). This Congruency effect was not significantly different between 

the groups (F(1, 48) = 0.29, p = .596, ηp
2 = .01). There was no general Group difference in N2 

amplitudes (F(1, 48) = 0.05, p = .822, ηp
2 < .01). 
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Figure II-4. Stimulus-locked N2 amplitudes (μV) for patients (GTS) and healthy controls (HC) 

at the Fz, FCz, and Cz electrodes, as a function of congruency. For display purposes, ERP 

amplitudes were low-pass filtered (12Hz, 24dB/oct). 

 

An Electrode × Group interaction showed a more frontal distribution of the N2 in patients with 

GTS compared to HC (F(1.24, 59.48) = 5.06, p = .021, ηp
2 = .10), as displayed in Figure II-5. 

This effect was not moderated by congruency (F(1.29, 61.75) = 0.49, p = 0.534, ηp
2 = .01). 

Taken together, the analyses found that N2 amplitudes in patients with GTS were more clearly 

circumscribed at frontal electrodes, while in HC, the distribution was more widespread, 

spanning the fronto-to-central gradient. Means and standard deviations of each condition for 

each group are reported in Supplementary Table II-S4. 
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Figure II-5. Topographic distribution of the stimulus-locked N2 for all stimuli in patients 

(GTS) and healthy controls (HC) at grand average peak latency (260-380 ms). 

 

Ne/ERN and Nc/CRN: A repeated-measures ANOVA revealed a typical Correctness effect on 

the response-locked ERP amplitudes (F(1, 33) = 69.94, p < .001, ηp
2 = .68) as well as a main 

effect of electrode (F(1.35, 44.55) = 7.60, p = .004, ηp
2 = .19). The Electrode × Correctness × 

Group interaction was significant (F(1.67, 55.14) = 6.09, p = .006, ηp
2 = .16). This indicates 

that error-related ERPs differ between patients with GTS and HC, but not to the same extent 

across all electrodes that we analysed. 

In order to follow-up this three-way interaction, three repeated-measures ANOVA were 

conducted separately for Fz, FCz, and Cz electrodes, with Group (GTS vs. HC) as between-

subjects factor and Correctness (Nc/CRN vs. Ne/ERN) as within-subjects factor. In addition, a 

Group effect was found (F(1, 33) = 6.28, p = .017, ηp
2 = .16) that was qualified by an 

interaction with Correctness (F(1, 33) = 5.40, p = .026, ηp
2 = .14). Independent samples t-tests 

revealed that Ne/ERN amplitudes (t(18.58) = -2.47, p = .024, d = .86), but not Nc/CRN 

amplitudes (t(33) = -0.92, p = .363, d = .31), differed significantly between patients with GTS 

and HC at Fz electrode. In contrast, there were no main effects or interactions with the Group 

factor on FCz or Cz electrodes (all F < 3.00, all p > .092, all d < .166). 

In answer to the question whether Ne/ERN amplitudes differed between patients and healthy 

controls, these results suggest that patients with GTS show increased Ne/ERN amplitudes 

compared to controls, but in this study the effect is restricted to the Fz electrode (Figure II-6).  
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Figure II-6. Response-locked Nc/CRN and Ne/ERN amplitudes (μV) for patients (GTS) and 

healthy controls (HC) at the Fz, FCz, and Cz electrodes. For display purposes, ERP amplitudes 

were low-pass filtered (12Hz, 24dB/oct). 

 

The pattern of results that we found here suggests that the Ne/ERN is more spatially extended 

in patients than in controls. Controls’ Ne/ERN amplitudes were confined to the fronto-central 

electrodes while the patients’ amplitudes were seen to extend to the frontal electrodes (Figure 

II-7). Means and standard deviations of each condition for each group are reported in 

Supplementary Table II-S5. 
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Figure II-7. Topographic distribution of the response-locked Ne/ERN in patients (GTS) and 

healthy controls (HC), showing that the Ne/ERN is more frontally distributed in patients. 

Correlations 

A Spearman Brown Rank-Order Correlation was run to determine the relationship between 

clinical test scores (as shown in Table II-1) and N2 amplitudes at the Fz electrode (Table II-2), 

given that amplitudes at this electrode differed most between groups. No significant 

correlations were found using Bonferroni corrected α. However, in the patient group, N2 

amplitudes showed a moderate negative correlation with Somatization on the BSI-18 (rs(21) = 

-.502, p = .015) and the Obsessions subscale on the Y-BOCS (rs(21) = -.532, p = .009). 
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Table II-2. Spearman-Brown Rank-Order Correlations between clinical features and total N2 

amplitudes, combined for congruent and incongruent conditions at the Fz electrodes. 

Correlation coefficients are shown for groups individually and combined. 

 GTS (N = 23) HC (N = 27) Total Sample ( N = 50) 

BIS-brief -.362 .011 -.158 

BSI-18  -.460 -.175 -.367 

Somatization -.502 -.213 -.327 

Depression (BDI) -.384 -.390 -.392 

Anxiety -.261 .031 -.185 

DSM    

Attention -.066 .004 -.155 

ADHD -.227 .023 -.180 

Quality of Life .496 -.143 .092 

MoCA .397 -.495 -.030 

PUTS  -.551 .113 -.382 

WST  -.039 .023 -.043 

WURS-k -.178 -.104 -.166 

YGTSS  -.186 - - 

Motor -.191 - - 

Vocal -.198 - - 

YBOCS  -.361 - - 

Obsessions -.532 - - 

Compulsions -.277 - - 

Note. Bonferroni corrected α = .003. *p < .003 

A second Spearman Brown Rank-Order Correlation was run to determine the relationship 

between the same clinical test scores and Ne/ERN amplitudes at the Fz electrode, where the 

greatest difference was observed (Table II-3). Using Bonferroni corrected α = .003, no 

significant associations were found. However, in the patient group, MoCA scores had a large 
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positive correlation with Ne/ERN amplitudes (rs(14) = .643, p = .007). Correlations for the 

reduced patient sample used for the ERN analysis are present in Supplementary Table II-S6. 

Table II-3. Spearman-Brown Rank-Order Correlations between Ne/ERN amplitudes at the Fz 

electrode and clinical features. Correlation coefficients are shown for groups individually and 

combined. 

 GTS (N = 16) HC (N = 19) Total Sample ( N = 35) 

 Ne/ERN Ne/ERN Ne/ERN 

BIS-brief .121 -.066 .088 

BSI-18  .098 .203 .006 

Somatization .138 -.022 .010 

Depression (BDI) .083 -.041 -.014 

Anxiety -.129 .243 -.111 

DSM    

Attention .302 .055 .083 

ADHD .103 -.265 -.112 

Quality of Life -.162 -.335 -.167 

MoCA .643 -.116 .383 

PUTS  -.245 - - 

WST  -.112 .193 -.065 

WURS-k .333 -.234 .018 

YGTSS  -.152 - - 

Motor -.056 - - 

Vocal -.215 - - 

YBOCS  -.068 - - 

Obsessions -.071 - - 

Compulsions -.165 - - 

Note. Bonferroni corrected α = .003. *p < .003. Correlation scores for the PUTS are not 

available in the HC group as all N = 19 subjects scored a maximum of 9 points. 
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Discussion 

In this study, we examined for the first time stimulus- and response-locked ERP correlates of 

flanker task performance in adult patients with GTS compared to HC. Typical congruency 

effects were found on the behavioural measures of each group, in the form of longer RTs and 

higher ERs on the incongruent trials (Davelaar & Stevens, 2009). In comparison to HC, the RT 

congruency effect was enhanced in the patient group. That is, patients demonstrated enhanced 

reaction times on the incongruent trials compared to controls. The stimulus-locked N2 

amplitude also showed the typical differences between the congruent and incongruent 

conditions (Gehring et al., 1992; Kopp et al., 1996b; Yeung & Cohen, 2006) with no significant 

differences between the groups. However, N2-amplitudes across both congruency conditions 

were more clearly confined to frontal electrode sites in patients with GTS than in controls. As 

expected, the response-locked amplitudes showed an effect of correctness, with larger negative 

peaks in incorrect (Ne/ERN) versus correct (Nc/CRN) trials. The amplitude was significantly 

increased in patients with GTS compared to controls. This difference was specific to errors, i.e. 

the Nc/CRN showed no significant differences between groups, and was restricted to frontal 

electrode sites. Correlations revealed a moderate relationship between premonitory urges and 

obsessions with frontal N2 amplitudes. There does not appear to be a strong relationship 

between Ne/ERN amplitudes and comorbid conditions. 

In line with a previous study (Crawford et al., 2005) but in contrast to another (Channon et al., 

2006), we found an enhanced congruency effect on the reaction times in the patient group. 

Patients’ ER did not differ from those of the HC, in either congruent or incongruent trials. 

However, patients with GTS needed slightly more time on the more challenging (i.e. 

incongruent) trials. This may indicate mildly disturbed interference resolution during the 

flanker task. However, this difference did not generalize to the ER. This is somewhat 

surprising, given the connections between inhibitory deficits and GTS (Johannes et al., 2001; 

Ziemann et al., 1997), as well as its comorbid conditions such as ADHD (Smith et al., 2004) 

and OCD (Richter et al., 2012). Therefore, GTS-related deficits in interference resolution might 

thus be rather subtle. It is also possible that patients with GTS can compensate for putative 

difficulties in interference resolution with increased attentional effort (Johannes et al., 1997). 

Thus increased self-regulation tendencies previously suggested in GTS (Jackson et al., 2011) 

may help to maintain accurate task performance at the cost of selective increased response 

latencies.  
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In contrast to the RT data, no GTS related enhancement was found with regard to the N2-

amplitude congruency effect. This is in line with an earlier study in adolescents with GTS using 

a flanker task (Eichele et al., 2017) as well as studies in adult patients using other executive-

functioning paradigms (Johannes et al., 2003; Petruo et al., 2018; Shephard et al., 2016). N2 

amplitudes for both congruent and incongruent trials were negatively correlated with the 

obsessions subscale of the Y-BOCS. However, this is not reflected by a group difference in our 

sample. This may be due to the fact that only 4 patients received a diagnosis of OCD and the 

overall mean was relatively small (M = 3.61 from a maximum of 20, SD = 5.02). Critically, 

the lack of significant alterations of the N2 amplitude congruency effect does not imply that 

neural substrates of interference resolution are unaffected by GTS. Possible GTS-related 

amplitude changes might be too subtle to be detected in typical study designs or more specific 

than a modulation of overall amplitudes. Our finding of a steeper frontal-to-central N2 gradient 

in patients with GTS as compared to HC might be regarded as evidence in that latter direction.  

In line with a previous study, we found Ne/ERN enhancement in GTS (Johannes et al., 2002), 

but no difference in Nc/CRN amplitudes.  Increased response-locked amplitudes for incorrect 

trials but not correct trials at the frontal electrode in patients with GTS may reflect on the 

significance of errors for the patient group. This could be potentially explained by higher 

distractibility, as our patient sample had significantly higher scores on the DSM scale for 

attention than HC (Table II-1) and patients with ADHD have often been shown to have altered 

Ne/ERN amplitudes (Johnstone et al., 2013). Specifically, subjects may become inattentive 

during correct trials, as attentional deficits are more common in patients (Freeman & Tourette 

Syndrome International Database Consortium, 2007). The larger amplitude for patients on 

incorrect trials might reflect the increased conspicuous nature of this event following previous 

correct responses, due to their inattentiveness. Alternatively, patients with GTS may 

subjectively assign more importance to errors than to correct answers. This is in agreement 

with previous literature, in which Ne/ERN amplitudes were found to be influenced by perceived 

certainty (Gehring et al., 1993; Wessel, 2012). This is also compatible with an obsessive-

compulsive style of thinking, which is demonstrably more prominent in our patient group than 

in controls (see Table II-1) and is in line with previous findings about patients with GTS 

(Johannes et al., 2002; Laverdure et al., 2013; Singer, 2005). Similarly, if patients perceived 

errors as more salient, it could suggest that patients are more certain about the accuracy of their 

responses than controls. This is consistent with literature that shows that patients with GTS 

have a tendency to jump to conclusions and require less evidence than controls to reach certain 

conclusions (Eddy et al., 2014). 
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Notably, in our study, Ne/ERN enhancement was restricted to frontal electrodes. This also 

reflects results found in previous studies of older populations in which similar Ne/ERN 

distributions were found (De Sanctis et al., 2009; Kopp et al., 2014). They suggest that these 

changes can be attributed to reallocation of neural resources to executive control. Specifically, 

they suggest that older participants do not effectively plan for task requirements and must then 

“catch up” on their neglected preparation. Therefore, our results possibly reflect that patients 

with GTS recruit frontal lobe resources to a greater extent than controls during the flanker task, 

especially when conflict is high (i.e. following errors on incongruent trials). Such increased 

recruitment could be indicative of a compensatory mechanism for successful performance 

monitoring despite insufficient task preparation. This is resonant with previous observations 

that patients with GTS maintained dual-task performance despite showing altered attentional 

resources in the relevant ERP components (Johannes et al., 2001). 

Given that Ne/ERN amplitudes are typically negatively correlated with ER (Hajcak et al., 

2003), one might assume that the increased Ne/ERN amplitudes in patients with GTS result 

from differential ER between the groups. When ER are low, the certainty of a correct response 

is greater and mistakes are more salient (Band & Kok, 2000; Pailing & Segalowitz, 2004). 

However, in our study, ER were comparable between patients with GTS and HC. Hence, 

differences in error probability cannot account for the observed difference in Ne/ERN 

amplitudes. 

In GTS, there is substantial evidence for an involvement of cortico-striato-thalamo-

cortical circuits. In addition, it is believed that tics are caused by a hyperactivity in the 

dopaminergic system (Morand-Beaulieu et al., 2017a). Furthermore, DA overactivity in the 

ventral tegmental area (VTA) has been linked to tics through excessive striatal DA release 

(Denys et al., 2013). Interestingly, it is thought that the dopaminergic system is involved in the 

generation of Ne/ERN amplitudes (Ullsperger et al., 2014). In GTS, there is evidence not only 

for increased striatal tonic and phasic dopamine (DA) release (Maia & Conceição, 2018), but 

also increased dopamine transporter (DAT) binding in frontal cortices (Yoon et al. 2007), 

which might result in enlarged Ne/ERN amplitudes. This is in parallel to a reduction of DA D2-

like receptor binding (Maia & Conceição, 2018). This assumption is also supported by the 

finding that medication with the benzodiazepine lorazepam (an indirect DA inhibitor) results 

in a reduction of Ne/ERN amplitudes and slows RTs in healthy volunteers (De Bruijn et al. 

2004). This pattern of results after DA reduction is in the opposite direction to our findings 

from patients with GTS experiencing a DA excess. In contrast, amphetamine, an indirect DA 
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agonist, leads to an increase in Ne/ERN amplitudes (De Bruijn et al., 2004), similar to our 

patient group. The hypothesis that dopaminergic activity is related to the generation of the 

Ne/ERN (Holroyd and Coles’, 2002), is further supported by the fact that Ne/ERN amplitudes 

are reduced in patients with Parkinson’s Disease (PD; Seer et al., 2016) and these changes are 

related to medication status (Seer et al., 2017b). Accordingly, one would expect an influence 

of medication with dopamine receptor antagonists on the Ne/ERN of patients with GTS. 

Unfortunately, the size of our sample was too small to produce conclusive results in this 

respect, as revealed by a power analysis. 

We speculated that our patient group may have demonstrated particularly mild symptoms, 

which might explain the subtle nature of our findings. However, the YGTSS scores of patients 

in our study were within the typical range at 22.52. In comparison to the previous literature, 

this is similar to adult patients in Crawford et al. (2005; YGTSS = 21.20), higher than 

adolescent patients in both testing sessions of Eichele et al. (2017; YGTSS T1 = 19.76; YGTSS 

T2 = 14.47) and lower than patients in Channon et al. (2009; YGTSS = 29.05) and Channon et 

al. (2006; YGTSS = 27.00). We can conclude that tic presentation of patients in this study is 

within a normal clinical range and our results are not explained by atypical symptomology. 

Ne/ERN amplitudes are reportedly enhanced in patients with OCD (Gehring et al., 2000), a 

disorder which is often present as a comorbidity in GTS (Shephard et al., 1999). However, only 

N = 4 patients in our sample were diagnosed with comorbid OCD and the group Y-BOCS 

scores are relatively low (M = 8.22 from a maximum of 30, SD = 9.72). Additionally, a 

Spearman-Brown Rank-Order Correlation between Ne/ERN amplitudes and Y-BOCS scores 

did not return statistically significant correlations and only a very weak association was found 

(rs(14) = -.071, p = .795). Therefore we remain confident that these Ne/ERN amplitude 

differences are not attributable to the presence of comorbid OCD. 

Limitations of our study include the aforementioned insufficient statistical power to analyse a 

potential medication effect on behavioural and ERP data. We are also restricted in our 

topographical conclusions by the number of electrodes we had access to during the recording. 

Movement artefacts often influence EEG studies and can be a limiting factor. In this study, 

however, no patient had to be excluded from further analyses due to movement artefacts. At 

the same time, mean tic severity in our group was 22.5 (according to YGTSS-TTS) and, 

therefore, in the typical range of a clinical population. Thus, we are confident that our results 

were unaffected by a selection bias towards less severely affected patients, neither during 

recruitment nor during later ERP analyses. However, only 4 patients with GTS in this sample 
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were diagnosed with a comorbid disorder, which is not representative of the 90% prevalence 

typically observed in GTS (Freeman et al., 2000; Mol Debes et al., 2008). Another form of bias 

can be introduced by the analytic strategy for the Ne/ERN measures. Specifically, it has been 

suggested that a minimum number of 8 errors is required to average a reliable Ne/ERN 

waveform (Pontifex et al., 2010). As a consequence, a total of 15 participants had to be 

excluded due to insufficient errors during the behavioural task. However, the number of 

excluded participants was approximately equal between both groups (8 HC; 7 GTS). Hence, it 

is unlikely that this approach biased our results. Therefore, we believe that there was no bias 

against patients with more severely affected performance monitoring. In future studies, sample 

size should be increased and a repeated measures design should be employed in order to assess 

medication effects. Sufficiently high ER should be provoked during data acquisition, for 

instance by adding response-time constraints (Verbruggen et al., 2006) or introducing rewards 

for fast responding. 

Conclusion 

Similar to earlier studies in adolescents (Eichele et al., 2017: Ozonoff et al 1998), our results 

are not suggestive of profound behavioural alterations in flanker task performance in GTS. 

Differences in interference resolution in patients with GTS appear to be subtle, as only slight 

congruency-dependent RT differences were visible between groups. However, Ne/ERN 

amplitudes at frontal electrode sites showed a divergence from controls in our mature 

population. This increase of Ne/ERN amplitudes is suggestive of altered performance 

monitoring, perhaps as the result of compensatory mechanisms recruited by patients with GTS.  

Supplementary Material 

Supplementary Material II-1. Reduced subset: In this section, we report identical analyses 

of the behavioural and N2 data as in the main manuscript, with the exception that we use the 

reduced dataset from the Ne/ERN analysis. This was suggested by the exclusion criteria from 

Pontifex et al. (2010), as individual Ne/ERN amplitudes were reportedly more consistent when 

averaged from a minimum of 6 segments. Here we present the behavioural and N2 analysis 

specifically for this reduced subset of N = 16 patients with GTS and N = 19 HCs. 

Behavioural analysis: A repeated-measures ANOVA revealed a significant effect of 

Congruency on RTs (F(1, 33) = 303.32, p < .001, ηp
2 = .90), with RTs being slower in 

incongruent (442.58 ms) compared to congruent (367.95 ms) conditions. There was no 

significant difference between patients with GTS and HC. In this reduced subset, differences 
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between congruent and incongruent conditions in the GTS group (77.33 ms) as compared to 

HC (71.93 ms) were no longer statistically significant (F(1, 33) = 0.397, p = .533, ηp
2 = .012). 

ERs were significantly lower in congruent (1.6 %) compared to incongruent (12.2 %) 

conditions (F(1, 33) = 56.65, p < .001, ηp
2 = .63). No Group difference was found for ERs 

(F(1, 33) < 0.01, p = .941, ηp
2 < .01), and the Group × Congruency interaction was not 

significant for ERs (F(1, 33) = 0.05, p = .824, ηp
2 < .01). 

N2 analysis: A typical Congruency effect was found on N2 amplitudes (F(1, 33) = 6.288, 

p = .017, ηp
2 = .16) although this Congruency effect was not significantly different between the 

groups (F(1, 33) = 0.48, p = .827, ηp
2 = .001). There was no general Group difference in N2 

amplitudes (F(1, 33) = 1.198, p = .282, ηp
2 = 0.035). An Electrode × Group interaction showed 

a more frontal distribution of the N2 in patients with GTS compared to HC (F(2, 66) = 7.904, 

p = .004, ηp
2 = .193). This effect was not moderated by congruency (F(2, 66) = 0.147, 

p = 0.757, ηp
2 = .004). Overall, the N2 amplitude differences were not changed when analyzing 

the subset of subjects used for the Ne/ERN analysis. 

Supplementary Material 2. Entire Sample: Here we present the ERN analysis but repeated 

for the entire dataset i.e. subjects with < 8 error trials were no longer excluded according to the 

criteria suggested by Pontifex et al. (2010). That is, N = 23 patients with GTS and N = 25 HCs 

are analysed here. A further N= 2 HCs had no error trials to analyse. 

Ne/ERN analysis: A repeated-measures ANOVA revealed a typical Correctness effect on the 

response-locked ERP amplitudes (F(1, 48) = 73.04, p < .001, ηp
2 = .60) as well as a main effect 

of electrode (F(2, 96) = 10.67, p =< .001, ηp
2 = .18). The Electrode × Correctness × Group 

interaction was not significant (F(2, 96) = 0.97, p = .383, ηp
2 = .02).However, the Electrode × 

Group interaction was now significant (F(2, 96) = 3.83, p = .038, ηp
2 = .07). This results still 

indicates that error-related ERPs differ between patients with GTS and HC, but the correctness 

was no longer a factor in the group differences. In addition, a Group effect was found 

(F(1, 48) = 4.37, p = .042, ηp
2 = .08) that was no longer qualified by an interaction with 

Correctness (F(1, 48) = 2.53, p = .118, ηp
2 = .05). 

To follow up this statistically significant interaction, three repeated-measures ANOVA were 

conducted separately for Fz, FCz, and Cz electrodes, with Group (GTS vs. HC) as between-

subjects factor and Correctness (Nc/CRN vs. Ne/ERN) as within-subjects factor. 
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Independent samples t-tests revealed that Ne/ERN amplitudes (t(48) = -2.417, p = .019, d = .67) 

and Nc/CRN amplitudes (t(48) = -2.021, p = .049, d = .57) differed significantly between 

patients with GTS and HC at Fz electrode. 

Further independent samples t-tests revealed that Ne/ERN amplitudes (t(48) = -2.060, p = .045, 

d = .57) differed significantly between groups at the FCz and Cz electrodes, but not Nc/CRN 

amplitudes (t(48) = -1.728, p = .09, d = .49). There were no main effects or interactions with 

the Group factor on Cz electrodes (all t < .639, all p > .249, all d < .0.32). 

In answer to the question whether Ne/ERN amplitudes differed between patients and HC, these 

results still suggest that patients with GTS show increased amplitudes compared to controls, 

regardless of correctness. That said, there is much literature to suggest that the Ne/ERN is more 

consistent after averaging over at least 6 segments. 

Table II-S1. Clinical characteristics for patients with Gilles-de-la-Tourette syndrome (GTS) 

and healthy controls (HC) of the subset of subjects used for the ERN analysis. 

  

GTS (N = 16) 

 

HC (N = 19) 

 

 M SD M SD p 

Age 30,69 9,60 32,68 9,10  

Education (years) 2,00 ,82 1,83 b 0,71  

OHS 1,94 ,25 2,00 b ,00  

BIS-Brief 15,69 3,68 15,72 b 3,59  

BSI-18 13,50 13,66 5,06 b 5.00  

 anxiety 4,31 4,84 1,33 b 2,11  

 depression 4,13 5,15 1,67 b 1,85  

 somatization 5,06 6,03 2,06 b 2,51  

DSM      

attention 3,94 2,79 2,44 b 2,91  

impulsivity 3,73 a 3,17 2,22 b 2,69  

Global Quality of Life 62,72 19,65 67,90 b 19,66  

MoCA 28,00 1,46 28,32 1,25  

PUTS 21,31 8,07 - - - 

WST 29,06 5,96 26,26 6,72  

WURS-k 22,56 15,94 18,78 b 17,47  

YGTSS-TTS 22,4 12,70 - - - 

 motor 12,88 5,90 - - - 

 vocal 9,56 7,30 - - - 

YBOCS 9,00 11,09 - - - 

 obsessions 4,69 5,40 - - - 

 compulsions 4,31 6,54 - - - 
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Note. BIS-Brief = Barrett Impulsiveness Scale-Brief (Range 8-24; Steinberg et al., 2013); BSI-

18 = Brief Symptom Inventory 18 (Range 1-70; Derogatis, 2001); DSM = Diagnostic Statistical 

Manual (Range 0-18 (0-9 attention, 0-9 impulsivity); American Psychiatric Association, 2013); 

GTS-QoL= Gilles de la Tourette Syndrome-Quality of Life Scale (Range 1-100; Cavanna et 

al., 2008). MoCA = Montreal Cognitive Assessment (Range 0-30; Nasreddine et al., 2005); 

OHS = Oldfield Handedness Scale (Range 1-10; Oldfield, 1971); PUTS = Premonitory Urge 

for Tics scale (Range 9-40; Woods et al., 2005); WST = Wortschatztest (Range 0-42; Schmidt 

& Metzler, 1992); WURS-k = Wender Utah Rating Scale short version (Range 0-100; Ward, 

1993); Y-BOCS = Yale-Brown Obsessive Compulsive Scale (Range 0-40; Woody et al., 1995); 

YGTSS-TTS = Total tics score of the Yale Global Tic Severity Scale (Range 0-50; Leckman 

et al., 1989). p-values are based on nonparametric independent samples comparison. a based on 

n = 15; b based on n = 18. Some participants did not complete all questionnaires. 

Table II-S2. Numbers of trials available for ERP analyses for each participant. 

 Incorrect Incongruent (Ne/ERN) Correct Incongruent  (Nc/CRN) 

 N trials N trials 

Patients   

1 19 183 

2 11 194 

3 24 183 

4 25 183 

5 62 143 

6 13 203 

7 16 192 

8 5* 170 

9 5* 207 

10 19 194 

11 21 195 

12 9 207 

13 18 184 

14 6* 209 

15 1* 162 

16 23 189 

17 3* 213 

18 45 168 

19 4* 206 

20 14 196 

21 6* 208 

22 17 196 
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*removed from analysis due to too few errors 

Table II-S3. Means and Standard Deviations for Behavioural Data 

 GTS  HC   

 Mean SD Mean SD 

Reaction Times (ms)     

Congruent 384.39 53.41 383.04 51.71 

Incongruent 465.04 62.13 448.03 52.90 

     

Error Rates (%)     

Congruent 1.44 1.69 1.19 1.23 

Incongruent 9.07 7.75 9.29 8.44 

 

23 45 156 

Healthy Controls  

1 0* 212* 

2 28 184 

3 19 197 

4 24 188 

5 4* 212* 

6 4* 212* 

7 90 126 

8 14 202 

9 13 199 

10 19 197 

11 11 205 

12 13 202 

13 52 164 

14 28 182 

15 48 167 

16 26 190 

17 5* 204* 

18 10 206 

19 26 189 

20 5* 211* 

21 10 200 

22 26 190 

23 4* 205* 

24 0* 215* 

25 3* 211* 

26 14 202 

27 18 183 



68 CHAPTER II 
 

Table II-S4. Means and Standard Deviations for N2 amplitudes 

 GTS  HC   

 Mean SD Mean SD 

     

Fz (μV)     

Congruent -0.99 1.68 -0.28 1.75 

Incongruent -1.19 1.77 -0.50 1.68 

     

FCz (μV)     

Congruent -0.16 1.94 -0.20 1.83 

Incongruent -0.60 1.91 -0.48 1.66 

     

Cz (μV)     

Congruent 1.13 1.90 0.59 1.59 

Incongruent 0.50 1.70 0.14 1.43 

 

 

Table II-S5. Means and Standard Deviations for Ne/ERN and Nc/CRN amplitudes 

 GTS  HC   

 Mean SD Mean SD 

     

Fz (μV)     

Nc/CRN -2.80 1.73 -2.27 1.69 

Ne/ERN -9.00 5.25 -5.57 1.98 

     

FCz (μV)     

Nc/CRN -3.37 1.69 -2.97 1.80 

Ne/ERN -10.06 5.27 -7.44 3.54 

     

Cz (μV)     

Nc/CRN -2.46 1.76 -2.40 1.70 

Ne/ERN -7.71 3.85 -7.08 3.03 
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Table II-S6. Spearman-Brown Rank-Order Correlations for the reduced patient group used in 

the ERN analyses between clinical features and total N2 amplitudes, combined for congruent 

and incongruent conditions at the Fz electrodes. Correlation coefficients are shown for groups 

individually and combined. 

 GTS (N = 16) HC (N = 19) Total Sample ( 

N = 35) 

BIS-brief -.117 -.049 -.069 

BSI-18  -.441 -.072 -.426 

Somatization -.479 -.042 -.430 

Depression (BDI) -.199 -.248 -.308 

Anxiety -.444 -074 -.362 

DSM    

Attention -.04 -.041 -.155 

ADHD -.179 -.046 -.166 

Quality of Life -.162 -.170 .048 

MoCA .373 -.439 .012 

PUTS  -.714* - - 

WST  -.311 .166 -.124 

WURS-k -.233 -.028 -.158 

YGTSS  -.585 - - 

Motor -.624 - - 

Vocal -.513 - - 

YBOCS  -.654 - - 

Obsessions -.440 - - 

Compulsions -.745* - - 

Note. Bonferroni corrected α = .003. *p < .003 
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Abstract 

Parkinson’s Disease (PD) is a neurodegenerative disease caused by the loss of dopaminergic 

neurons. Cognitive impairments have been reported using the event-related potential (ERP) 

technique. Patients show reduced novelty P3 (nP3) amplitudes in oddball experiments, a 

response to infrequent, surprising stimuli, linked to the orienting response of the brain. The 

nP3 is thought to depend on dopaminergic neuronal pathways though the effect of 

dopaminergic medication in PD has not yet been investigated. Twenty-two patients with PD 

were examined “on” and “off” their regular dopaminergic medication in a novelty 3-stimulus-

oddball task. Thirty-four healthy controls were also examined over two sessions, but received 

no medication. P3 amplitudes were compared throughout experimental conditions. All 

participants showed sizeable novelty difference ERP effects, i.e. ndP3 amplitudes, during both 

testing sessions. An interaction of diagnosis, medication and testing order was also found, 

indicating that dopaminergic medication modulated ndP3 in patients with PD across the two 

testing sessions. We observed enhanced ndP3 amplitudes from PD patients who were off 

medication on the second testing session. Patients with PD ‘off’ medication showed ERP 

evidence for repetition-related enhancement of novelty responses. Dopamine depletion in 

neuronal pathways that are affected by mid-stage PD possibly accounts for this modulation of 

novelty processing.  

 

 

 

 

 

 

 

 

 

 

 



82 CHAPTER III 
 

Introduction 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders with a 

prevalence of approximately 160/100.000 (Saikia et al., 2020). The worldwide total of patients 

with PD is projected to double until 2040 to approximately 14 million (Dorsey and Bloem, 

2018). While the aetiology of idiopathic PD remains unknown, several genetic and 

environmental risk factors have been identified (Johnson et al., 2019). Neuropathological 

features of idiopathic PD are heterogenous, but include loss of dopaminergic (DA) neurons in 

the substantia nigra pars compacta (SNpc; Brittain and Brown, 2014), although affected regions 

vary throughout the course of the disease (Johnson et al., 2019; Poewe et al., 2017). This DA 

neurodegeneration leads to the characteristic clinical motor symptoms of akinesia, rigidity, 

resting tremor and postural instability (Diener et al., 2008). Non-motor symptoms may include 

executive dysfunction and other forms of mild cognitive impairment specific to PD (PD-MCI; 

Eberling et al., 2014, Seer et al., 2016). Cognitive deficits may progress to Parkinson’s disease 

dementia (PDD; Janvin et al., 2006). 

Due to the gradual progression of cognitive impairment over the course of PD, it is of interest 

to study cognition in patients and potentially track the neural correlates of these deficits as an 

indicator for individual disease progression. To do so, suitable clinical instruments are needed. 

The Event-Related Potential (ERP) technique allows efficient and non-invasive investigation 

of neuronal activity at an excellent temporal resolution (Luck, 2014; Nguyen et al., 2010). 

Several distinct components can be identified, which provide neural markers for various 

cognitive functions. The P3 (or P300; Sutton et al., 1965) is one of the most widely-investigated 

components (for review, see Polich, 2007). It is a large positive deflection with its onset 

approximately 300 ms after stimulus presentation, and represents neural correlates of an 

attentional response towards eliciting stimuli (Barry et al., 2019; Nieuwenhuis, 2011). The P3 

is commonly examined using the two-stimulus oddball task, in which participants respond to 

infrequent “target” stimuli and ignore other frequent “standard” stimuli. In three-stimulus 

acoustic variations of the oddball task, infrequent distractor stimuli are also presented (with the 

instruction that they should be ignored). These infrequent stimuli may take the form of “novel” 

unique and non-repetitive environmental sounds, or a repeatedly presented distractor. The P3 

complex consists of several subcomponents which can be elicited by different stimuli in the 

novelty oddball variant; the target P3 (tP3 or P3b) is evoked by target stimuli, and has been 

linked to memory updating (Polich, 2007). The novelty P3 (nP3) is elicited by novel sounds, 

whereas the P3a is elicited by a repeated distractor (Rushby et al., 2005). There is some dispute 
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as to whether the nP3 and P3a represent the same neural processes (Barry et al., 2016; Lange 

et al., 2015; Polich, 2007; Spencer et al., 2001). Currently, the nP3 is believed to be the best 

neurophysiological indicator of the orienting response of the brain (Friedman et al., 2001; Kopp 

& Lange, 2013; Nieuwenhuis, 2011; Polich, 2007; Schröger et al., 2000). 

The nP3 is of particular interest in PD studies, due to a potential dependence on DA pathways 

(Polich, 2007). It is most likely generated by a complex cortical network (Duncan et al., 2009), 

thus specific anatomically constrained statements about cortical sources of nP3 remain 

speculative. However, nP3 has been linked to the orienting response (Friedman et al., 2001; 

Polich, 2007), which is most likely modulated by a DA network originating in the midbrain 

ventral tegmental area (VTA), involving mesolimbic and mesocortical DA pathways (Cools 

and D’Esposito, 2011; Schultz, 2015; Vaillancourt et al., 2013). The various subcomponents 

of the P3 have shown promise as neural indicators for further cognitive deficits in PD and may 

reveal subtle differences in neural processing of PD before changes manifest clinically (Seer 

et al., 2016). For example, nP3 amplitude in PD was attenuated in some studies (Li et al., 2005; 

Tsuchiya et al., 2000; Wang et al., 2000, 1999), but not in others (e.g. Bocquillon et al., 2012; 

Gaudreault et al., 2013; Georgiev et al., 2015; Hozumi et al., 2000; Toda et al., 1993; Zeng et 

al., 2002) and was thus speculated to be reduced in terms of a medium-sized effect, sometimes 

failing to reach statistical significance (Seer et al., 2016). Understanding the nature of the P3 

as a potential biomarker of cognitive decline in patients with PD, including the influence of 

DA medication, is important for both patients and clinicians. Decisions regarding patients’ 

pharmacological treatment dosages may be influenced by new insights into the progression of 

cognitive deficits. 

Patients with PD receive pharmacological interventions to replenish striatal DA, which 

can temporarily restore motor functions. However, some cognitive processes and 

corresponding ERP components have shown impairment following DA therapy in PD. In 

Go/No-Go tasks, patients’ P3 amplitudes were reduced compared to controls, while receiving 

DA medication (Beste et al., 2009; Bokura et al., 2005; Pulvermüller et al., 1996; Seer et al., 

2016). This effect was not found in PD patients off medication (Beste et al., 2010). PD-related 

attenuation of response-locked error-(related) negativity (Ne/ERN) amplitudes was most 

pronounced when PD patients were on medication (Seer et al., 2017).  

Several studies have specifically examined the effect of DA medication on the P3 in PD 

patients using within-subject designs. However, only three of these studies investigated the 

nP3. This is summarised in Table III-1. Cavanagh et al. (2018) reported diminished nP3 
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habituation to novelty stimuli in PD patients compared to HC, although this was independent 

from medication status. Habituation refers to a repetition effect, in which responses decrease 

over time following repeated presentations of a stimulus (Ardiel et al., 2017; Braff et al., 1992; 

McDiarmid et al., 2017; Swerdlow et al., 2008). Mathis et al. (2014) found that clinically 

prescribed DA medication attenuated nP3 amplitude in PD patients with apathy compared to 

nonapathetic PD patients. They further reported a correlation of nP3 reduction with increased 

clinical scores for apathy. Georgiev et al. (2015) conversely found that clinically prescribed 

DA medication increased P3a amplitudes following repetitive auditory distractor stimuli during 

a 3-stimulus oddball task. Conclusions from these studies therefore remain questionable as only 

one of the mentioned studies (Cavanagh et al., 2018) used a counterbalanced repeated measures 

design i.e. tested healthy controls (HC) twice to control for potential effects of session.  

Table III-1. Previous evidence of dopaminergic (DA) effects on the novelty P3 (nP3) in 

patients with Parkinson’s Disease (PD) in studies using repeated-measures designs. 

Information on healthy control (HC) groups is provided, where applicable. 

Authors Oddball 

variant 

N 

(PD, 

HC) 

Repeated 

testing in 

HC 

Results 

Cavanagh et 

al. (2018) 

Novelty 25, 25 ✓ Diminished nP3 habituation in PD compared to 

HC; no effect of DA medication on nP3 

amplitude 

Georgiev et 

al. (2015) 

Distractor 14, 13 × Increased amplitude following distractor stimuli 

(i.e. P3a) in PD on DA medication compared to 

PD off DA medication 

Mathis et al. 

(2014) 

Novelty 25, na × nP3 decreased in apathetic PD patients compared 

to non-apathetic PD patients while on DA 

medication (but not off medication); no DA 

medication effect on nP3 

Note. Georgiev et al. (2015) employed a distractor oddball paradigm, eliciting the P3a, which 

may not be comparable to the nP3 produced following novelty stimuli (Barry et al., 2016). na 

= not applicable. 

Given that this previous literature on the nP3 in PD is inconclusive, we wished to provide novel 

insights using a design that accounts for additional factors, in particular medication state and 

multiple testing sessions. This study investigates the effect of DA medication on nP3 

amplitudes in PD patients compared to HCs, with both groups tested twice.  
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Methods 

Participants 

Twenty-two non-demented inpatients and outpatients with idiopathic PD were recruited from 

the Department of Neurology, Hannover Medical School. Diagnoses were confirmed by 

experienced neurologists who specialised in movement disorders (Ch.S., D.D., F.W., R.D.) 

according to the UK Parkinson’s disease society brain bank clinical diagnostic criteria (Hughes 

et al., 1992). PD patients were not diagnosed with additional neurological or psychiatric 

conditions and did not receive any neurosurgical therapy. On the Montreal Cognitive 

Assessment (MoCA; Nasreddine et al., 2005), they scored above the recommended cut-off 

score for MCI (< 23; Carson et al., 2018). Patients were in a median Hoehn-and-Yahr stage of 

3 (range: 1 - 4). The mean duration since diagnosis of disease was 8.7 years (SD = 6.6). 

Duration of symptoms amounted to 9.4 years (SD = 6.3) since clinical onset. 

All patients were tested twice using the three-stimulus oddball task; once on their regularly 

prescribed DA medication and once after relative withdrawal from their DA medication. For 

comparisons between patients, all DA agonists were converted to individual levodopa 

equivalent daily dose (LEDD; Tomlinson et al., 2010; Supplementary Table III-S1). PD 

patients received a median LEDD of 974 mg/d (range: 175 - 1800 mg/d). The wash-out period 

was a median of 14 h (range: 4 - 177 h). Unified Parkinson's Disease Rating Scale III (UPDRS-

III) scores were taken from the patients’ recent medical records in order to assess motor 

functions on and off DA medication (though this scale has since been updated by the Movement 

Disorder Society; Goetz et al., 2008). For two patients, UPDRS-III could not be measured off 

medication. Patients scored significantly higher off medication (M = 28.8, SD = 13.6) than on 

medication (M = 20.0, SD = 10.7) with lower scores indicating better motor performance (t(19) 

= -4.764, p < .001). An exploratory analysis showed that clinical variables or demographic 

characteristics did not differ in patients that were tested on medication during their first session 

compared to patients measured off medication in their first session (all p > .05). 

Thirty-five healthy controls (HC) not diagnosed with any neurological or psychiatric 

conditions and without a history of neurosurgical therapy were also recruited through posters 

and word-of-mouth recommendation in Hannover, Germany. Because of a MoCA result of less 

than 23, one HC was excluded from further analysis. None of the HCs received any DA 

medication during the course of the study. They were all tested twice in order to be able to 
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control for a potential effect of recording session, similar to a design used by Schomaker et al., 

(2014).  

The median between-session time was two days for PD patients (range: 1 - 53 days) and four 

days for HC (range: 1 - 16 days). These between-session intervals were not statistically 

significantly different, according to an independent samples t-test (t(53) = -1.31, p = 

.196,│d│= .33). Patients and HCs were tested at approximately the same time of day on their 

first session as during their second session (range: 0.13 - 14.75 hours). Detailed additional 

clinical information for PD patients and both HC groups (see below) is shown in Table III-2. 

All participants gave written informed consent and were offered a monetary compensation of 

€50. The study was approved by the ethics committee of Hannover Medical School (vote 

number: 6589) and conducted according to the approved guidelines. 

Table III-2. Means (M) and standard deviations (SD) of demographic data, clinical and 

psychological scores for Parkinson’s disease (PD) patients, the groupwise healthy control 

group (HCg) and the pairwise healthy control (HCp) group. 

 

PD 

(N = 22) 

HCg 

(N = 34) 

HCp 

(N = 22) 

M (SD) M (SD) M (SD) 

Age 63.4 (9.2) 63.6 (9.7) 63.8 (9.8) 

Gender (Male, Female) 15, 7 16, 18 15, 7 

Education  (Years) 10.1 (2.2) 10.1 (1.6) 10.2 (1.8) 

Disease Duration 8.73 (6.6) - - 

MoCA (Montreal Cognitive Assessment) 26.6 (1.7) 28.4 (1.7)* 28.3 (1.8)* 

WST (Wortschatztest) 30.2 (4.0)a 30.5 (3.9) 30.1 (3.7) 

AES (Apathy Evaluation Scale) 33.7 (8.4) 28.7 (6.9)* 28.4 (7.4)* 

BDI-II (Beck’s Depression Inventory II) 8.9 (6.2) 6.6 (8.2) 5.6 (6.2) 

BSI-18 (Brief Symptom Inventory 18) 10 (9.0)b 6.2 (8.0)a 4.8 (5.3)a** 

SF-36 (Short-Form 36) 
53.0 

(19.2)b 74.6 (19.6)a* 74.8 (17.0)a 
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BIS-Brief (Barrett Impulsiveness Scale-Brief) 15.7 (4.1) 15.6 (4.2) 15.4 (3.6) 

DII (Dickman’s Impulsivity Scale): functional 5.4 (2.8) 5.9 (3.0) 6.3 (3.2) 

DII (Dickman’s Impulsivity Scale): 

dysfunctional 
3.7 (3.7) 2.4 (2.6) 2.0 (2.2) 

QUIP-RS (Questionnaire for Impulsive-

compulsive Disorders – Rating Scale) 
8.8 (11.5)b 0.6 (1.4)b* 0.3 (0.8)b* 

SPQ (Schizotypal Personality Questionnaire) 5.9 (4.6)b 4.5 (3.7)a 4.7 (3.9)a 

Note. AES = Apathy Evaluation Scale (Range 18-72; Marin et al., 1991); BDI-II = Beck’s 

Depression Inventory (Range 0-84; Beck et al., 1996) ; BIS-Brief = Barrett Impulsiveness 

Scale-Brief (Range 8-24; Steinberg et al., 2013); BSI-18 = Brief Symptom Inventory 18 (Range 

1-70; Derogatis, 2001); DII = Dickman’s Impulsivity Scale (Range 0-23; Dickman, 1990);  

MoCA = Montreal Cognitive Assessment (Range 0-30; Nasreddine et al., 2005); QUIP-RS = 

Questionnaire for Impulsive-compulsive Disorders – Rating Scale (Range = 0- 112; Probst et 

al., 2014); SF-36 = Short Form 36 (Range = 0-100); Ware, 1999); SPQ = Schizotypal 

Personality Questionnaire (Range = 0-22; Raine, 1991); WST = Wortschatztest (Range 0-42; 

Schmidt and Metzler, 1992). *p < .05 in comparison to PD group. p-values are based on 

independent sample t-tests and chi²-test (in the case of Gender).  aBased on n = N-1. bBased on 

n ≤ N-2.  

Group matching 

We generated two separate control groups based on different methods of matching. A group-

wise matched control group (HCg, N = 34) contained all HC who completed two recording 

sessions, in order to preserve maximal statistical power of comparison between groups. For the 

second matching technique, all PD patients were randomly assigned to one HC, matched for 

age and gender, forming a pair-wise matched control group (HCp, N = 22). This group was 

created for maximal comparability between groups.  

Of the 22 PD patients, one sub-group was tested first off medication and secondly on 

medication (PD off-first: N = 12, 4 females, mean age = 61.9 y). The other was tested first on 

medication and secondly off medication (PD on-first: N = 10, 3 females, mean age = 65.1 y). 

As medication status in PD was not balanced across testing sessions, we introduced virtually 

unbalanced HC groups. Thereby, distribution of patients may be controlled for by an equally 
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unbalanced healthy control group. In HCp, all participants were attributed as their 

corresponding matched Parkinson’s patient (HCp off-first: N = 12, 4 females, mean age = 62.1 

y; HCp on-first: n = 10, 3 females, mean age = 65.9 y), although not receiving any medication 

in either session. For HCg, the 12 remaining HCs were assigned to the two respective 

medication orders in a manner that would balance the group size, age and gender distribution 

of the corresponding patient sub-groups. This formed the two sub-groups HCg off-first (N = 

19, 10 females, mean age = 62.1 y) and HCg on-first (N = 15, 8 females, mean age = 65.2 y).  

Materials and Procedure 

All participants performed a three-stimulus oddball task as used before by Lange et al. (2015) 

and Bönitz et al. (2018), consisting of consecutively presented auditory stimuli. These were a 

sinusoidal standard tone (600 Hz; probability 70%), a deviating sinusoidal target tone (700 Hz; 

15%) and novel sounds (15%), such as a hammering or telephone ring, played only once each 

(Escera et al., 1998). The frequencies of the standard and target tones were counter-balanced 

across participants. 300 stimuli were presented in total (standard: N = 210, target: N = 45, novel: 

N = 45) at a volume of 65 dB for 200 ms each, with a 10 ms rise and fall time. The inter-

stimulus interval varied randomly between 950 and 1450 ms. Stimuli were presented in a 

pseudo-randomised order and no novel stimuli were presented consecutively. Subjects were 

instructed to respond exclusively to the target tones by pressing a button on a Cedrus response 

pad (RB-830, Cedrus, San Pedro, USA). Reaction times (RT) of responses were recorded. 

Novel stimuli presented during the first session (T1) were the same as those presented during 

the second session (T2). 

Data recording and processing 

Behavioural data 

RT and eror rate (ER) were measured. For the RT, correct responses from 100 ms after onset 

of the target stimulus until the end of the inter-stimulus interval were taken. Answers directly 

following an incorrect trial (target omission or non-target commission) were not considered in 

order to rule out effects of post-error slowing (Danielmeier and Ullsperger, 2011). For the ER, 

all trials were included. We distinctively measured the target omission rate (false negatives, 

ERO) and non-target commission rate (false positives, ERC) in percentage. 
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Electrophysiological data 

Continuous electroencephalography (EEG) was recorded with a BrainAmp amplifier from 30 

Ag-AgCl electrodes (Brain Products, Gilching, Germany) using BrainVision Recorder 1.2 

(Brain Products, Gilching, Germany) at a sampling rate of 250 Hz. Impedance was kept below 

10kΩ throughout the recording. Electrodes were mounted on an actiCap (EASYCAP, 

Herrsching, Germany) according to the international 10-20 system. Two additional electrodes 

were placed at the suborbital ridge (vEOG) and external ocular canthus (hEOG) of the right 

eye to control for ocular artefacts. FCz was used as the reference electrode. 

EEG data were analysed with BrainVision Analyzer 2.1 (Brain Products, Gilching, 

Germany) according to standard procedure, as described in Luck (2014). It was high-pass 

filtered (0.1 Hz) and low-pass filtered (70 Hz) and an additional notch (50 Hz) was used to 

filter electrical noise. Artefacts were inspected (voltage step > 75 µV/ms, activity > 0.5 

µV/100ms) and removed if the amplitude increased more than 75 µV in a 100 ms interval, or 

was less than 0.5 µV for a consecutive 100 ms. These instances of sudden (or absent) voltage 

changes likely reflect non-cerebral activity. ICA was used to remove other ocular, muscular 

and cardiac artefacts. Data was segmented into epochs relative to the onset of presented stimuli 

(200 ms pre-stimulus - 1000 ms post-stimulus) and baseline corrected (-200 - 0 ms). Epochs 

were inspected for residual artefacts (amplitude > 100 µV, < -100 µV, difference > 150 

µV/200ms) and averaged. Finally, the data were re-referenced to the common average, as in 

Cavanagh et al. (2018).  

To meet our primary aim of investigating DA medication’s influence on novelty 

processing in PD, we focused on the ERP amplitude in response to novel stimuli. The nP3 was 

defined as the mean amplitude in the time window of 300 - 550 ms after the onset of the novel 

stimulus at the electrodes Fz, FCz and Cz. Electrode and time window selection were based on 

previous findings in the auditory oddball paradigm in PD (e.g. Barry et al., 2016; Solís-Vivanco 

et al., 2018) and visual inspection of our grand-averaged data. The response to standard tones 

was also measured at the identical time frame using electrodes Fz, FCz and Cz (sP3300 - 550). 

We isolated the novelty effect on amplitudes by subtracting the standard response from the 

novelty response, i.e. ndP3 = nP3 – sP3. These difference waves represent the effect of novelty 

only and control for unsystematic inter-individual differences in P3 amplitude. 

For a separate P3b analysis, we defined a target P3 (tP3) as the mean amplitude following the 

target stimulus in the time window of 400 - 700 ms after stimulus onset at the Pz electrode, 
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according to typical P3b characteristics (Polich, 2007). Analogue to nP3 analysis, standard P3 

(sP3) was also measured in the respective time frame at Pz, for means of comparison. The 

isolated difference waves of the target effect was also calculated, i.e. tdP3 = tP3 – sP3. 

Statistical analysis 

IBM SPSS version 25.0 was used for data analysis. The significance level was set to α = .05. 

ANOVA effect sizes were reported as ηp²; Cohen’s d (d) was used for independent samples t-

tests, calculated using G*Power 3.1. Levene’s test was used to test for homogeneity of 

variance. In case of non-spherical data (assessed with Mauchly’s test), Greenhouse-Geisser 

corrections were reported. Behavioural data was examined through visual inspection. 

However, behavioural data from the oddball task is not typically analysed and our primary 

focus was the neural correlates of the task. Therefore, inferential statistics were only performed 

for electrophysiological data.  

In order to remove baseline variability, we focused only on the difference waves during 

analyses. The ndP3 represents the difference wave between the standard and novel tone i.e. the 

novelty oddball effect. Though it was not our primary concern, the tdP3 represents the 

difference wave between the standard and target tone i.e. the pure target oddball effect. 

Analyses conducted on the isolated mean average waveforms of the relevant stimuli (e.g. nP3, 

tP3, sP3) will be found in Supplementary Analyses 1, 2, and 3, respectively.  

To assess the effect of recording session on ndP3 amplitudes, a 2 x 2 mixed ANOVA with the 

between-subject factor Diagnosis (HCg, PD) and within-subject factor Session (T1, T2) during 

the latency period of 300 – 550 ms was conducted on the average of the electrodes Fz, FCz, 

and Cz. Results were re-evaluated using Interval as a covariate. 

To examine the possible interaction between Testing Order and Medication on ndP3 

amplitudes, we performed a 2 x 2 x 2 mixed ANOVA on ndP3 amplitudes using the between-

subject factors Diagnosis (HCg, PD) and Testing Order (off-first, on-first) and within-subject 

factor Medication (On, Off). 

It is important to note, that the within-subject factor Session (T1 vs T2) compares the first 

recording session to the second testing session, while the between-subject factor Testing Order 

(on-first vs off-first) compared groups according to the order in which they completed their 

medicated sessions. 
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Due to the wide range of between-session intervals across subjects (1 – 53 days), we re-ran 

ndP3 analyses with the variable Interval included as a covariate. Associations between EEG, 

sociodemographic and clinical patient data were tested with Spearman’s Rank correlation 

coefficient. 

Though not our primary concern, we performed this exact procedure on the tdP3 amplitudes in 

an exploratory analysis during the time window 400 - 700 ms at the Pz electrode. 

Results 

Behavioural Data 

Overall, participants showed mean RT of 528 ms (SD = 91 ms, see Supplementary Table III-

S2). HCg (M = 511 ms, SD = 63 ms) were faster than PD patients (M = 554 ms, SD = 119 ms). 

Erroneous responses were rare: 58 % (HCg: 64.7 %; PD: 47.7 %) of participants performed at 

an ERO of 0 %; 66.1 % of participants (HCg: 73.6 %; PD: 54.5 %) at an ERC < 1 %. RT did not 

meet criteria for further analysis via ANOVA, showing inhomogeneous variance across the 

diagnostic groups. We did not conduct statistical tests on ER, as erroneous responses rarely 

occurred. Further descriptive data for ER can be found in Supplementary Table III-S3. 

Electrophysiological Data 

ndP3 analysis: Analyses were performed on the isolated novelty oddball effect in HC and PD 

patients, calculated from the difference waves of the novel and standard stimuli, i.e. ndP3. For 

an analysis examining the isolated nP3, tP3, and sP3 amplitudes separately, see Supplementary 

Analyses 1, 2, and 3, respectively. Descriptive data for these amplitudes can be found in 

Supplementary Tables III-S4 and III-S5. 

Figure III-1 shows ndP3 amplitudes for both PD patients and HCg (group-wise sample 

matching, see Methods for details) separated by Session at electrodes Fz, FCz, and Cz. Before 

examining the effect of DA Medication on ndP3 amplitudes, we first wished to inspect whether 

the multiple testing sessions influenced the data. A 2 x 2 mixed ANOVA averaged across all 

electrodes with the between-subject factor Diagnosis and within-subject factor Session showed 

a statistically significant effect of Session (F(1, 54) = 10.24, p = .002, ηp
2 = .16). No statistically 

significant main effect of Diagnosis was found (p = .462). The interaction between Session 

and Diagnosis was not statistically significant (p = .291).  
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Figure III-1. Stimulus-locked difference waves of the novelty P3 (ndP3) waveforms in 

microvolts (µV), separately for T1 and T2 and for patients with Parkinson’s Disease (PD; N = 

22) and groupwise healthy controls (HCg; N = 34) at the Fz, FCz and Cz electrodes. Amplitudes 

were low-pass filtered (12Hz, 24dB/oct) for display purposes. The blue rectangle highlights 

the time window analysed (300 ms – 550 ms). 
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Our primary interest was whether DA medication affected ndP3 amplitudes. Given that we 

observed a main effect of Session on ndP3 amplitudes, it remained possible that the uneven 

Testing Order of sessions was responsible for this effect, i.e. more patients completed their first 

session while “off” medication (N = 12) compared to those who completed their first session 

“on” medication (N = 10). Therefore, we also wished to further explore the specific effect of 

the Testing Order in PD patients and HC, balanced according to Testing Order (see Figure III-

2). 

Figure III-2. The difference waves of the ndP3 amplitudes at T2 compared to T1 (i.e., ndP3 at 

T2 minus ndP3 at T1). Negative amplitudes indicate habituation from T1 to T2, whereas 

positive amplitudes indicate enhancement from T1 to T2. Amplitudes are averaged across Fz, 

FCz and Cz separately for the balanced samples (HC: n = 30; PD: n = 20), and sub-divided by 

Testing Order (HC: n = 15+15; PD: n = 10+10). Statistically significant novelty enhancement 

of ndP3 amplitudes is visible in the PD “on-first” group. Amplitudes were low-pass filtered 

(12Hz, 24dB/oct) for display purposes. The blue rectangle highlights the time window analysed 

(300 ms – 550 ms). 

Due to this main effect of Session, and the fact that the Testing Order was not equally 

distributed across subjects (see Methods), further analyses were performed for subsets of PD 

patients and HC, which had been balanced according to the order of testing session (i.e., on-

first, off-first). For these analyses, 2 PD patients from the “off-first” group were randomly 
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removed. This removed the uneven balance of Session (PD off-first: n = 10; 4 females, mean 

age = 61.27 y; PD on-first: n = 10; 3 females, mean age = 65.10 y). Specifically, only male 

patients were considered for removal from the group, in order to avoid further Gender 

imbalance in the group. This new balanced patient group will be compared to an appropriately 

balanced HC group (HCb; balanced sample matching). This HCb group was obtained by 

removing 2 participants from HCg who closely matched the removed PD patients in age and 

gender. An uneven session balance remained, so a further 2 randomly selected patients were 

excluded from the off-first group. This results in a final HCb of N = 30 (HCb off-first: n = 15, 

8 females, mean age = 61.9 y; HCb on-first: n = 15, 8 females, mean age = 65.5 y). These 

random removals of PD patients and HCs were done only once, before any inferential statistical 

analyses were performed, and allowed us to achieve the desired sub-groups balanced according 

to Testing Order. 

A 2 x 2 x 2 mixed ANOVA with between-subject factors Diagnosis (HCb, PD) and Testing 

Order (off-first, on-first), and within-subject factor Medication (On, Off) was conducted on 

ndP3 amplitudes in each session. The main effects of Testing Order, Diagnosis, and Medication 

were not statistically significant (all p > .182). The interaction between Diagnosis and 

Medication was statistically significant (F(1, 46) = 5.75, p = .021, ηp
2 = .111), reflecting the 

desired effects of DA medication in PD. Our main finding was that the interaction between 

Testing Order and Medication was statistically significant (F(1, 46) = 10.90, p = .002, ηp
2 = 

.192). All other interactions were non-significant (all p > .103). 

Paired samples t-tests, separated by Testing Order, showed that the 10 PD patients in the on-

first group showed statistically significantly larger ndP3 amplitudes Off medication (second 

session) compared to On medication (first session) (Δ = +1.15, 95% CI, 0.26 to 2.03, t(9) = 

2.94, p = .017,│d│= .930; see Table III-3). ndP3 amplitudes of the 10 PD patients in the off-

first group were not statistically significantly different Off medication compared to On 

medication (p = .653). In HCb, there were no statistically significant effects of medication on 

ndP3 amplitudes in either the on-first group (Δ = -0.35, 95% CI, -0.30 to 0.46, t(14) = 0.44, p 

= .668,│d│= .113) nor in the off-first group (Δ = +0.08, 95% CI, -0.75 to 0.45, t(14) = -1.90, 

p = .078,│d│= .490). When these analyses were re-examined using the non-parametric 

Wilcoxon Signed Ranks Test, results did not change (PD on-first: Z = -2.293, p = .022; all 

other p > .125). 
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Table III-3. Means (M) and standard error (SE) of ndP3 amplitudes averaged across the Fz, 

FCz, and Cz electrodes for Parkinson’s disease (PD) and balanced Healthy Controls (HCb) 

separated by Medication and Testing Order. 

 PD HCb 

 M (SE) M (SE) 

   

Tested on-first (n = 10)* (n = 15) 

1. On 0.46 (0.31) 0.82 (0.49) 

2. Off 1.61 (0.39) 0.90 (0.55) 

   

Tested off-first (n = 10) (n = 15) 

1. Off 0.51 (0.53) 0.94 (0.42) 

2. On 0.67 (0.44) 1.29 (0.42) 

Note: *p < .05 for paired samples t-tests comparing ndP3 amplitudes on versus off medication 

 

tP3 Analysis: Although the ndP3 amplitudes were our primary component of interest in this 

study, we performed additional analyses on the difference waves of tP3 and sP3 in the time 

window 400 - 700 ms at the Pz electrode, i.e. tdP3. 

A 2 x 2 mixed ANOVA was run on tdP3 amplitudes at Pz with Diagnosis as a between-subject 

variable and Session as a within-subject variable. Neither the main effect of Session nor its 

interaction with Diagnosis were statistically significant (all p ≥ .083; Table III-4). In an 

analogue analysis, employing PD and HCp, no significant effects of Session or Medication 

were found (all p ≥ .456). 

 

 

 

 



96 CHAPTER III 
 

Table III-4. Means (M) and standard error (SE) of tdP3 amplitudes at the Pz electrode for 

Parkinson’s disease (PD) and balanced Healthy Controls (HCb) separated by Medication and 

Testing Order. 

 PD HCb 

 M (SE) M (SE) 

   

Tested on-first (n = 10) (n = 15) 

1. On 1.98 (2.16) 1.82 (1.88) 

2. Off 2.26 (2.05) 1.82 (2.43) 

   

Tested off-first (n = 10) (n = 15) 

1. Off 1.11 (1.08) 0.83 (1.47) 

2. On 1.59 (1.40) 1.33 (1.48) 

Note: *p < .05 for paired samples t-tests comparing ndP3 amplitudes on versus off medication 

 

Further analyses were performed for the random subsets of PD and HCb, which had been 

balanced according to session (see Section 3.2.1.3). We examined the specific effect of the 

Testing Order in PD patients and HCb. 

A 2 x 2 x 2 mixed ANOVA with between-subject factors Diagnosis (HCb, PD) and Testing 

Order (off-first, on-first), and within-subject factor Medication (On, Off) was conducted on PD 

patients’ tdP3 amplitudes. None of the main effects or interactions of Testing Order, Diagnosis, 

or Medication were statistically significant (all p > .067).  

Correlations 

In a post-hoc analysis, we tested for correlations between ndP3 amplitudes and various clinical 

variables. Correlations between ndP3, sociodemographic data and clinical scores are found in 

Supplementary Table III-S6. When examining the correlation between PD patients’ LEDD 

scores and ndP3 amplitudes, Spearman’s Rank correlation coefficient showed no statistically 

significant relationships in the Off condition (r(22) = .297, p = .179), nor in the On condition 

(r(22) = .227, p = .310). Given the exploratory nature of these analyses, these values serve 

descriptive purposes only. 
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Discussion 

Main findings 

We assessed the nP3 in non-demented patients with PD and investigated the influence of DA 

treatment on the nP3 in a counterbalanced repeated measures design. Our main finding was a 

statistically significant interaction between medication and testing order on the isolated novelty 

difference ERP waveform (ndP3). Post-hoc analyses showed repetition-related enhancement of 

the novelty effect in PD patients, when the repetition was performed in a DA depleted state. 

We will refer to this as the novelty repetition effect. 

We report an interaction effect of the Testing Order and DA medication on ndP3 amplitudes in 

PD patients. Patients’ ndP3 amplitudes Off medication were larger than ndP3 amplitudes On 

medication, but only in the sub-group that performed their medicated session first. Our modest 

sample-size (HC: N = 30; PD: N = 22) was gradually reduced in order to create these sub-

groups and control for uneven Testing Order. Due to reduced statistical power, there is a 

possibility that this interaction is a result of random chance. However, there is also a possibility 

that the observed interaction is a real effect, despite sample size restrictions. A possible way to 

account for the observed results is offered by the dual-process theory of stimulus repetition 

(Groves and Thompson, 2010). 

The dual-process theory (Groves and Thompson, 1970) suggests that behavioural responses 

following stimulus repetition are determined by two different processes of repetition priming 

and their interactions. The first form of repetition priming, habituation (or repetition 

suppression), is a decreased response following repeated presentation of a stimulus (Groves 

and Thompson, 1970; Salimpoor et al., 2010; Segaert et al., 2013), which allows for more 

efficient processing as familiar stimuli gradually receive less attention (Groves and Thompson, 

1970; Salimpoor et al., 2010). Alternatively, repetition enhancement (or sensitization) is an 

increased response following stimulus repetition. This is typical when the repeated stimuli are 

particularly surprising or motivationally salient (Groves and Thompson, 1970; Salimpoor et 

al., 2010). Groves and Thompson (1970) postulate that each stimulus prompts varying amounts 

of habituation and repetition enhancement, which then interact to produce a final outcome of 

response priming, biased towards whichever reaction was stronger. Previous research has 

revealed PD-specific dysfunction of repetition priming in various ERP components. Studies 

have reported PD-specific habituation impairments in the nP3 and P3b components compared 

to controls (Cavanagh et al., 2018; Tsuchiya et al., 2000).  Sensory components in PD have 
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also shown habituation impairments, with severity of PD symptoms being correlated with 

decreased P1 habituation (Teo et al., 1997). Reduced blink reflex habituation is believed to 

stem from degeneration of DA neurons in the SNpc, suggesting a role of DA in the mechanism 

behind stimulus habituation (McDiarmid et al., 2017). This theory shows relevance to our 

study, as we observed repetition enhancement of the novelty effect in the PD group. According 

to the dual-process theory, repetition enhancement may occur as a reaction to particularly 

salient stimuli, and can reflect the formation of more stable mental representations in the face 

of unfamiliarity (Segaert et al., 2013). 

Specifically, the repetition enhancement of the novelty effect seemed to be increased by DA 

depletion in patients. Links between repetition priming and dopamine have been suggested 

(Bunzeck et al., 2014; Kim, 2017; McDiarmid et al., 2017; see Bunzeck and Thiel (2016) for 

review). Repetition enhancement has been observed as a result of typical age-related DA 

depletion (Kaasinen et al., 2011; Richardson et al., 2011). Richardson et al. (2011) reported 

that a young sample of healthy controls showed habituation of the nP3 following repeated 

testing from the first to the second testing session (mean age = 20.3 yrs), whereas an older 

sample (mean age = 69.1 yrs) experienced repetition enhancement. Similarly, the main effect 

of Session in our analyses indicates a general novelty repetition enhancement effect of ndP3 

amplitudes in the whole sample, regardless of the presence of PD. The mean age of this elderly 

HC population closely resembles that of our PD patients and HC. In addition, we observe a 

trend towards enlarged ndP3 amplitudes at the second testing for each group, regardless of 

Testing Order or Medication state, though these were not statistically significant (Table III-3). 

It may be that aging studies can be considered as models of DA depletion, while PD may 

represent an even more extreme case of DA depletion (Beste et al., 2010). Repetition 

enhancement may therefore be driven by depletion of DA neurons. This may be evident in 

older compared to younger HC, as in Richardson et al. (2011). Alternatively, this could be 

visible in patients suffering from DA degeneration, such as patients with PD. In support of this, 

a number of other neuropsychiatric disorders implicated in DA dysfunction have shown 

abnormal repetition priming, such as schizophrenia, ADHD, and Tourette syndrome 

(McDiarmid et al., 2017). 

Our results mirror those of Cavanagh et al. (2018), who reported repetition enhancement (or 

sensitisation) over time in PD patients compared to controls. However, unlike our findings, this 

repetition enhancement was only reported in patients on DA medication. These differences 
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may be explained by the fact that Cavanagh et al. (2018) did not compare the medicated and 

unmedicated PD patients, and did not explore the potential effect of testing order. 

Recent studies in patients with PD reported significant correlations between P3a 

reduction and disease duration in a distraction paradigm (Solís-Vivanco et al., 2015) and also 

on a card-sorting task (Lange et al., 2016). This finding was not supported by the results of an 

explorative correlation analysis in our study. This may be due to the disputed roles of the P3a 

and the nP3 (Barry et al., 2016; MacDonald and Barry, 2014; MacDonald et al., 2010), the 

amplitudes elicited by the differing paradigms, or more simply due to the larger sample sizes 

used in these studies (Solís-Vivanco et al., 2015, N = 55; Lange et al., 2016, N = 32). Another 

study found positive correlations between nP3 reduction on a novelty oddball task and apathy 

in patients with PD (Mathis et al., 2014). We found a negative correlation between ndP3 

amplitudes and apathy in HCg, but not in PD patients. This difference may be explained by the 

observation that our PD patient sample should be considered non-apathetic (M = 33.7, SD = 

8.4), i.e., below a cut-off score of 38 (Varanese et al., 2011). However, this analysis was purely 

exploratory, and it represents only a first step, potentially stimulating future work.  

Limitations and suggestions for future studies 

Strengths of our study include a properly balanced control group, and the investigation of 

patients both on and off their regularly prescribed DA medication. Our analysis has shown that 

nP3 amplitudes in oddball experiments may be affected by multiple sessions. This can be taken 

into account by counterbalancing testing order and DA medication, and repeated testing of not 

just the clinical population, but also HC. Future nP3 studies of patients with PD should consider 

the patients’ DA medication, as it may attenuate nP3 amplitudes. The established medium-

sized effect of nP3 attenuation in patients with PD (Seer et al., 2016) may be partly due to the 

effect of DA medication, as has been shown in multiple EEG and behavioural studies 

(Ruitenberg et al., 2020; Seer et al., 2017).  

One weakness of this study is the modest-sized clinical sample (N = 22). Larger group sizes of 

future studies would help to strengthen conclusions. Multicenter studies or a longer project 

duration would help address this problem. In order to perform a more controlled examination 

of DA medication on nP3 amplitudes, we suggest a repeated measures study using healthy 

volunteers. In this manner, the dosage and type of DA medication could be stabilised and 

additional sources of noise found in clinical samples would be removed. Such noise includes 

the varied session interval times, which are a consequence of studying a clinical sample in a 
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hospital environment where session times are determined by internal schedules and patient 

visits. Additionally, DA agonists have a longer half-life than the washout period of some 

patients in our sample, meaning not all subjects may have reached a truly “unmedicated” state. 

In this case, we can say that our sample was experiencing a “relative DA reduction” during the 

unmedicated state compared to the medicated state. While we performed a DA manipulation, 

our sample of patients during washout may not be comparable to drug-naïve samples, which 

may explain inconsistent outcomes across experiments.  

In order to further examine habituation and repetition enhancement, it must be noted that many 

factors influence the outcome of repetition priming, including inter-stimulus intervals, 

modality of presentation, and the frequency and intensity of stimuli (Groves and Thompson, 

1970; McDiarmid et al., 2017; McDiarmid et al., 2019). This may explain the inconsistent 

reports to date and future studies should consider these factors in a more systematic manner.  

Conclusion 

This study indicates that clinically prescribed DA medication affects neural correlates of 

novelty processing in patients with idiopathic PD. We found that the cessation of the clinically 

prescribed DA medication may enhance the novelty repetition ERP effect (ndP3). These data 

imply that the clinically prescribed DA medication exerts effects on the dynamics of novelty 

processing in PD patients. In addition to medication effects, session effects deserve more 

attention in future studies of novelty processing in PD patients. Isolating the effects of PD 

pathophysiology on novelty ERPs requires careful consideration and control of medication 

effects as well as session effects. 
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Supplementary Material 

Supplementary Material 1 

Supplementary Table III-S1. Usual daily dose of dopaminergic (DA) medication taken by 

the patients with Parkinson’s disease (PD), expressed as the levodopa equivalent daily dose 

(LEDD) in milligrams per day (mg/d) using the conversion factors provided by Tomlinson et 

al. (2010). 

Patients Medication (mg) LEDD 

 1 Pramipexolea 3.15 450 

2  Pramipexolea 0.52, Rasagiline 1 175 

3  L-Dopa 550, L-Dopab 300, Tolcapone 300, Pramipexolea 2.45, Amantadine 400 1800 

4  L-Dopa 100, L-Dopab 500, Pramipexolea 2.1, Amantadine 600 1375 

5  L-Dopa 400, Amantadine 200, Rasagiline 1, Rotigotine 12 1060 

6 L-Dopa 300, Entecapone 600 399 

7 L-Dopa 1000 1000 

8 L-Dopa 400, L-Dopab 100, Rasagiline 1 575 

9 L-Dopa 1000, Entecapone 1000, Pramipexolea 1.75, Selegilinec 10 1680 

10 L-Dopa 400  400 

11 L-Dopa 600, Entecapone 600, Pramipexolea 1.04 948 

12 L-Dopa 400 400 

13 L-Dopa 350, L-Dopab 500, Pramipexolea 2.1 1025 

14 L-Dopa 400, Rotigotine 2 460 

15 L-Dopa 550, Rotigotine 16, Rasagiline 1, Amantadine 200 1330 

16 L-Dopa 600, Amantadine 200, Rotigotine 6, Cabergoline 6 1380 
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17 L-Dopa 400, L-Dopab 200, Rasagiline 1, Piribedil 100 750 

18 L-Dopa 600, L-Dopab 100, Entecapone 1200, Pramipexolea 1.57 1098 

19 L-Dopa 600, L-Dopab 300, Entecapone 800, Cabergoline 6 1497 

20 L-Dopa 700, L-Dopab 100, Entecapone 600, Rotigotine 8 1246 

21 L-Dopa 500, Piribedil 50 550 

22 L-Dopa 600, Entecapone 800 798 

Note. aPramipexole is reported in base form dosis. For calculating the LEDD the dosis in salt 

form (Pramipexole dihydrochloride 1 H2O) was used, as suggested by Tomlinson et al. (2010). 

bControlled-Release L-Dopa   cOral Selegiline   

Supplementary Material 2 

Supplementary Table III-S2. Descriptive Means (M) and Standard Deviations (SD) for 

Reaction Times (RT) in milliseconds (ms) to target stimuli for patients with Parkinson’s disease 

(PD), group-wise matched healthy controls (HCg) and pair-wise matched healthy controls 

(HCp) separated by Session (T1, T2) and Medication (On, Off). 

 PD (N = 22) HCg (N = 34) HCp (N = 22) 

 M (SD) M (SD) M (SD) 

Session 

T1 571 (143) 520 (66) 508 (61) 

T2  537 (107) 501 (66) 497 (66) 

Medication    

On  536 (102) 509 (66) 503 (69) 

Off  572 (146) 513 (68) 502 (59) 
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Supplementary Material 3 

Supplementary Table III-S3. Descriptive percentiles (25, 50, 75) of omission error rate 

(ERO, in %) and commission error rate (ERC, in %) for patients with Parkinson’s disease 

(PD), group-wise matched healthy controls (HCg) and pair-wise matched healthy controls 

(HCp) separated by Session (T1, T2) and Medication (On, Off). 

 PD (N = 22) HCg (N = 34) HCp (N = 22) 

Percentile 25 50 75 25 50 75 25 50 75 

Session 

T1 ERO 0.0 1.1 6.7 0.0 0.0 2.2 0.0 1.1 2.2 

 ERC 0.4 1.2 2.2 0.0 0.8 1.6 0.4 0.8 1.6 

T2 ERO 0.0 2.2 7.2 0.0 0.0 0.6 0.0 0.0 0.0 

 ERC 0.0 0.4 1.8 0.0 0.0 0.5 0.0 0.0 0.5 

Medication 

On ERO 0.0 2.2 6.7 0.0 0.0 2.2 0.0 0.0 2.2 

  
ERC 0.0 0.6 1.7 0.0 0.2 0.9 0.0 0.0 0.9 

Off ERO  0.0 1.1 7.2 0.0 0.0 2.2 0.0 0.0 2.2 

 
ERC  0.4 0.8 2.5 0.0 0.4 1.2 0.4 0.4 1.2 
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Supplementary Material 4 

Supplementary Table III-S4. Descriptive Means (M) and Standard Error (SE) for Oddball 

amplitudes to Novel (nP3) and Standard (sP3) stimuli in microVolts (µV) for patients with 

Parkinson’s disease (PD), group-wise matched healthy controls (HCg) and pair-wise matched 

healthy controls (HCp) separated by Session (T1, T2) and Medication (On, Off). Amplitudes 

(300 ms to 550 ms after stimulus) have been averaged over electrodes Fz, FCz, and Cz.   

 PD (N = 22) HCg (N = 34) HCp (N = 22) 

 nP3 sP3 nP3 sP3 nP3 sP3 

 M (SE) M (SE) M (SE) M (SE) M (SE) M (SE) 

Session 

T1 0.75 (0.36) 0.32 (0.13) 1.18 (0.29) 0.30 (0.11) 1.22 (0.37) 0.32 (0.15) 

T2  1.40 (0.40) 0.42 (0.15) 1.71 (0.32) 0.56 (0.12) 1.81 (0.37) 0.57 (0.14) 

Medication 

On  0.94 (1.38) 0.48 (0.62) 1.49 (1.77) 0.37 (0.65) 1.56 (1.90) 0.40 (0.78) 

Off  1.21 (1.84) 0.26 (0.68) 1.40 (2.06) 0.49 (0.67) 1.47 (1.93) 0.48 (0.61) 
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Supplementary Material 5 

Supplementary Table III-S5. Descriptive Means (M) and Standard Error (SE) for 

Oddball amplitudes to Target (tP3) and Standard (sP3) stimuli (400 ms to 700 ms after 

stimulus) in microvolts (µV) at the Pz electrode for patients with Parkinson’s Disease (PD), 

group-wise matched healthy controls (HCg) and pair-wise matched healthy controls (HCp) 

separated by Session (T1, T2) and Medication (On, Off). 

 PD (N = 22) HCg (N = 34) HCp (N = 22) 

 tP3 sP3 tP3 sP3 tP3 sP3 

 M (SE) M (SE) M (SE) M (SE) M (SE) M (SE) 

Session 

T1 1.73 (1.58) 0.20 (0.36) 1.51 (1.77) 0.10 (0.37) 1.46 (1.78) 0.01 (0.33) 

T2  2.02 (1.60) 0.09 (0.60) 1.72 (1.95) 0.17 (0.42) 1.82 (1.58) 0.14 (0.46) 

Medication 

On  2.00 (1.62) 0.19 (0.40) 1.69 (1.65) 0.13 (0.42) 1.77 (1.71) 0.08 (0.43) 

Off  1.75 (1.57) 0.09 (0.58) 1.54 (2.05) 0.13 (0.36) 1.51 (1.67) 0.07 (0.37) 

 

Supplementary Material 6 

Supplementary Table III-S6. Spearman’s Rank correlation coefficient between clinical 

features and difference waves of the novelty P3 (ndP3) amplitudes On and Off medication for 

Parkinson’s disease (PD) patients, the groupwise healthy control group (HCg) and the pairwise 

healthy control (HCp) group. 

 

PD (N = 22) HCg (N = 34) HCp (N = 22) 

On Off On Off On Off 

Age -.483* -.381 -.472* -.461* -.367 -.369 

Education  (years) .387 .405 .449* .370* .074 -.005 

MoCA (Montreal Cognitive 

    Assessment) 
.246 .004 .113 .119 -.146 -.087 
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WST (Wortschatz Test) .394 .273 .224 .230 -.011 -.008 

AES (Apathy Evaluation 

    Scale) 
-.163 .237 -.266 -.280 -.425* -.430* 

BDI-II (Beck’s Depression 

    Inventory II) 
-.116 -.117 -.355* -.396* -.576* -.560* 

BSI-18 (Brief Symptom 

    Inventory 18) 
-.107 -.166 -.463* -.441* -.547* -.452* 

SF-36 (Short-Form 36) .268 .168 .527* .480* .700* .598* 

BIS-Brief (Barrett 

    Impulsiveness Scale-Brief) 
-.128 -.158 .463* -.441* -.547* -.452* 

DII (Dickman’s Impulsivity 

    Scale): functional 
-.052 .027 .250 .263 .386 .423* 

DII (Dickman’s Impulsivity 

    Scale): dysfunctional 
-.025 .177 -.330 -.264 -.316 -.205 

QUIP-RS (Questionnaire for 

Impulsive-compulsive 

    Disorders – Rating Scale) 

-.068 -.110 -.296 -.358 -.169 -.241 

SPQ (Schizotypal Personality 

    Questionnaire) 
.040 .105 -.136 -.170 -.443* -.460* 

Hoehn andYahr Rating -.138 -.121 - - - - 

Disease Duration -.107 -.085 - - - - 

UPDRS-III (Unified 

    Parkinson's Disease Rating 

    Scale III) 

.045 .082 - - - 

- 

LEDD (Levodopa Equivalent 

    Daily Dose) 
.134 .014 - - - 

- 

Note. UPDRS-III (Unified Parkinson's Disease Rating Scale III) was measured twice (both off 

and on medication). *p < .05. For HCs, On and Off sessions relate to the corresponding 

matched patient. 
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Supplementary Material 7 

Supplementary Analyses 1. nP3 investigation: The previous ndP3 analyses in the main 

manuscript were performed again for isolated nP3 amplitudes averaged across electrodes Fz, 

FCz, and Cz, rather than the ndP3 difference waves.  

nP3: Session (T1 vs T2): A 2 x 2 repeated-measures ANOVA showed a statistically significant 

effect of Session (F(1, 54) = 9.38, p < .001, ηp
2 = .25). No statistically significant main effect 

of Diagnosis or interaction between Session and Diagnosis were found (all p < .669).  

nP3: Medication (On vs Off): Comparing the nP3 amplitudes on and off medication, a 2 x 2 

repeated-measures ANOVA was performed with between-subject factor Diagnosis (HCg, PD) 

and within-subject factor Medication (On, Off). The main effect of Medication was not 

significant (p = .578), nor was the main effect of Diagnosis or the interaction between the two 

(all p > .269).  

Interaction between Medication and Testing Order (Balanced Samples) 

For an investigation of the interaction between Medication and Testing Order, due to the 

Session effect, we use the same balanced samples, as described in Section 3.2.1.3. of the main 

manuscript. 

In order to examine whether the session effect was influenced by the DA medication in PD, a 

final analysis was conducted on PD patients. A 2 x 2 repeated-measures ANOVA with within-

subject factor Medication (On, Off) and between-subject factor Testing Order (off-first, on-

first) was conducted on PD patients’ nP3 amplitudes. The main effect of Medication was not 

statistically significant (p = .226). The main effect of Testing Order was not statistically 

significant (p = .077), although the interaction between Testing Order and Medication was 

statistically significant (F(1, 18) = 7.12, p = .016, ηp
2 = .28). 

Supplementary Analyses 2. tP3 (balanced samples): We performed additional exploratory 

analyses on the isolated tP3 in the time window 400 - 700 ms at the Pz electrode. 

tP3: Session (T1 vs T2): A 2 x 2 repeated-measures ANOVA with between-subject factor 

Diagnosis and within-subject Session. Neither the main effects of Diagnosis (p = .052) or 

Session (p = .090) were statistically significant, nor was the interaction (p = .792).  

tP3: Medication (On vs Off): Another 2 x 2 repeated-measures ANOVA investigating the effect 

of Medication on tP3 amplitudes was performed with between-subject factor Diagnosis and 

within-factor Medication. Medication did not show any statistically significant main effect (p 
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= .115) or interactions with Diagnosis (p = .885). Diagnosis also did not show any statistically 

significant main effect (p = .572). 

Supplementary Analyses 3. sP3 (balanced samples): We performed additional exploratory 

analyses on the isolated sP3 in the time window 400 - 700 ms at the Pz electrode. 

sP3: Session (T1 vs T2): A 2 x 2 repeated-measures ANOVA with between-subject factor 

Diagnosis and within-subject Session. Diagnosis did not return a statistically significant main 

effect (p = .929), nor did Session (p = .688). The interaction between Diagnosis and Session 

was also not statistically significant (p = .688). 

sP3: Medication (On vs Off): A follow-up 2 x 2 repeated-measures ANOVA was performed 

with between-subject factor Diagnosis (HCg, PD) and within-subject factor Medication (On, 

Off) was conducted for dependent variable sP3. No main effects of Medication (p = .412) or 

Diagnosis were found (p = .624). The interaction between Medication and Diagnosis was also 

not statistically significant (p = .433). 
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Abstract 

Transcutaneous auricular Vagal Nerve Stimulation (taVNS) is a non-invasive brain 

stimulation technique associated with possible modulation of norepinephrinergic (NE) 

activity. NE is suspected to contribute to generation of the P3 event-related potential. Recent 

evidence has produced equivocal evidence whether taVNS influences the P3 in healthy 

individuals during oddball tasks. We examined the effect of taVNS on P3 amplitudes using a 

novel visual bayesian oddball task, which presented 200 sequences of three stimuli. The three 

consecutive stimuli in each sequence are labelled Draw 1, Draw 2 and Draw 3. In total, 47 

Subjects completed this visual bayesian oddball task under randomised sham and active 

taVNS stimulation in parallel with an electroencephalographic (EEG) recording. We 

conducted exploratory analyses of the effect of taVNS on P3 amplitudes separately for Draws. 

We found typical oddball effects on P3 amplitudes at Draws 1 and 2, but not Draw 3. At Draw 

2, the oddball effect was enhanced during active compared to sham taVNS stimulation. These 

data provide evidence that taVNS influences parietal P3 amplitudes under specific 

circumstances. Only P3 amplitudes at Draw 2 were affected, which may relate to closure of 

bayesian inference after Draw 2. Our findings seemingly support previously reported links 

between taVNS and the NE system. 
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Introduction 

The vagus nerve is an autonomic nerve which regulates major organs and physiological 

responses (Yuan & Silberstein, 2016). Invasive vagal nerve stimulation (VNS) has been used 

as a treatment for disorders such as epilepsy and depression (Carreno & Frazer, 2017; Elliott 

et al., 2011; Labar et al., 1999; Milby, Halpern, & Baltuch, 2008), the success of which has 

been attributed to possible activation of the Locus Coeruleus norepinephrinergic system (LC-

NE) (Aston Jones, Rajkowski & Cohen, 1999; Broncel et al., 2019; Follessa et al., 2007). The 

LC-NE is innervated by the solitary tract, a brainstem nucleus for vagus nerve afferents 

(Barraco 2019; Van Bockstaele, Peoples & Telegan, 1999) and lesions to this region abolish 

the therapeutic effects of VNS in both depression and epilepsy (Fornai et al., 2011; Grimonprez 

et al., 2015; Krahl et al., 1998). Furthermore, VNS directly increased NE concentration in rats 

(Manta et al., 2013; Raedt et al., 2011; Roosevelt et al., 2006), and it progressively increased 

the basal firing rate of LC-NE neurons with long-term VNS treatment (Dorr & Debonnel, 

2006). 

Transcutaneous auricular vagal nerve stimulation (taVNS) is a new form of supposed brain 

stimulation. It is theorized to target the LC-NE in a similar way to VNS, though using non-

invasive methods. The auricular branch of the vagus nerve supplies the cymba conchae (i.e., 

the inner part of the auricle; (Bouckaert et al., 2017; Van Leusden et al., 2015), as well as the 

tragus (Badran et al., 2018; Jacobs et al., 2015; Villani et al., 2019). Active stimulation to the 

skin at these sites is suspected to activate the auricular vagus nerve, which has fibers projecting 

to the nucleus tractus solitarius (NTS) (Hachem, Wong & Ibrahim, 2018). The NTS is 

connected to additional structures in the brainstem, including the LC-NE (Ricardo and Koh, 

1978). Active taVNS has been shown to increase cortical excitability (Capone et al., 2015), 

while others have reported comparable fMRI activity after both VNS and taVNS (Kraus et al., 

2007). Active taVNS stimulation in humans has shown indicators of physiological and 

hormonal NE activation, such as increased salivary alpha amylase levels (Chatterton et al., 

1996; Fischer et al., 2018; Warren et al., 2017). Human behavioural studies have also 

demonstrated that taVNS effectively manipulates some behaviours associated with the LC-NE 

system, such as post-error slowing (Sellaro et al., 2015) and action cascading (Steenbergen et 

al., 2015). Sequential modulation during the Simon task (which evaluates adaptation to 

location-based response conflict, also related to NE) (Colzato et al., 2013) was more 

pronounced under active taVNS, which manifested as an enhanced reduction in reaction times 

(RTs) in incompatible trials compared to compatible. However, because the field is relatively 
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new there is great heterogeneity in the stimulation parameters used across studies and the exact 

mechanisms of taVNS are yet not fully understood. Besides that, taVNS has already shown 

promise as a potential brain stimulation method that may modulate cognitive processes related 

to activity in the NE system of the brain. 

One of the many benefits of taVNS as a potential method of brain stimulation is its flexible 

nature. The device is compact, portable and requires low maintenance. This allows it to be used 

in various formats and in combination with many forms of brain imaging with little chance of 

interference. For example, electroencephalography (EEG), and the study of event-related-

potentials (ERPs) in particular, allows to examine brain activity efficiently and non-invasively. 

The majority of taVNS-EEG studies focused on the parietally-distributed P3b, presumably due 

to the suggested shared links with NE. The P3b is thought to be affected by the LC-NE system 

(Nieuwenhuis et al., 2005). Furthermore, links between phasic pupil dilations, an indicator of 

LC-NE activity and P3 amplitudes have been reported (Murphy et al., 2011).  

The P3 is a large positive deflection, with onset approximately 300 ms after the presentation 

of a stimulus, which may be in auditory or visual modality (Polich et al., 1996). It reflects the 

orienting response towards the eliciting event and can be easily demonstrated using an oddball 

task, in which stimuli occur at varying degrees of frequency (Nieuwenhuis, 2011; Figure IV-

1). In 2-stimulus oddball tasks, one stimulus (the Standard) appears at a much higher frequency 

than the other (the Target). During a typical active (or ‘attended’) oddball task, subjects must 

provide a button response when the Target appears (Bennington and Polich, 1999), as opposed 

to a passive (or ‘ignored’) oddball task, in which no response is required. The Target typically 

elicits larger P3 amplitudes than the Standard, i.e., the Oddball Effect (Schindel, Rowlands & 

Arnold, 2011).  

 

Figure IV-1. A basic visual oddball task and exemplary amplitudes that it elicits. The P3 

for infrequent stimuli is notably larger than the P3 for frequent stimuli. Also included are 

the P2 and N2 components (Luck, 2014). 
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As VNS has many applications, it would be of interest to discover whether the non-

invasive variant of taVNS has similar brain stimulation effects. The P3 is already used as an 

indicator of sensitivity to VNS in epilepsy (De Taeye et al., 2014) and both VNS and taVNS 

have been linked to the LC-NE (Fischer et al., 2018; Iseger et al., 2019; Nieuwenhuis et al., 

2005; Nieuwenhuis, 2011). Few studies have investigated the effect of taVNS stimulation on 

the parietally-distributed P3b component during oddball tasks in healthy subjects, but their 

results remain inconclusive. A larger P3b during active taVNS stimulation compared to sham 

stimulation has been reported (Rufener et al., 2018). Another study found larger P3b 

amplitudes for easy targets during active taVNS stimulation, but not for difficult targets 

(Ventura-Bort et al., 2018). In three separate experiments, one report failed to find a significant 

effect of active taVNS stimulation on P3b amplitudes in various auditory and visual oddball 

tasks (Warren et al., 2018). No effect of taVNS on P3b amplitudes was found when using a 

version of the Simon task, evaluating adaptation to location-based response conflict (Fischer 

et al., 2018). However, N2 amplitude attenuation was increased for conflict trials during the 

active condition. This small pool of studies provides limited insight into the mechanisms of 

taVNS. Two studies did not find a significant effect of taVNS on oddball P3b amplitudes 

(Fischer et al., 2018; Warren et al., 2018). However, the two studies that returned significant 

effects did so in specific circumstances during particular versions of the oddball task (Rufener 

et al., 2018; Ventura-Bort et al., 2018). Ultimately, the literature fails to reach a conclusion on 

the influence of taVNS on the P3 during oddball tasks, leaving open questions for further 

research. 

Assuming that taVNS influences NE activation similarly to VNS, and given the evidence 

suggesting that parietal P3 amplitudes are affected by the LC-NE system (Nieuwenhuis et al., 

2005), we hypothesized that taVNS may in fact affect the P3 during oddball tasks. We suggest 

that the traditional oddball task is not sensitive enough to render the particular brain stimulation 

effects of taVNS detectable. With the aim to overcome this methodological limitation, we 

created a bayesian oddball task (Figure IV-2); a variant of the traditional oddball paradigm that 

can track the bayesian beliefs of the subjects regarding stimulus probability, as well as more 

specific sequential information (Efron et al., 2013). Sequential effects of the oddball task on 

P3 amplitudes are not usually investigated as trials are typically averaged together following 

task completion. The bayesian oddball task (Kolossa et al., 2015) resembles an active, rather 

than passive, oddball task as participants are required to respond to every stimulus. Subjects 

must consider the stimulus as a sample drawn from one of two populations, and to think about 

its most probable origin. 
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Figure IV-2. An example of a sequence in the bayesian oddball task (Kolossa et al., 2015). 

Before stimulus presentation, the DL is twice as likely as a SL. In the following sequence, the 

subject sees a SLF at Draw 1, and indicates that they believe the SL to be more likely. A faded 

colour and broken outline indicate that this fish has been returned to the lake before the next 

fish is drawn. In this case, a SLF was presented at Draw 2, followed by a SL selection from the 

participant as indicated by the button press. Finally, a DLF fish is shown and the participant 

still believes the SL to be more likely. 

 

Similar to traditional oddball tasks, the bayesian oddball task (Kolossa et al., 2015) has 

two stimuli: one frequent and one infrequent. In this task, the likelihood of these stimuli is 

made known to the subjects; this information is not available in traditional oddball tasks. In our 

particular version of the bayesian oddball task, the participant is shown 3 lakes containing 

opposite distributions of the stimuli. Two lakes (i.e., Double Lakes) contain predominantly red 

fish (Double Lake Fish; DLF). One Lake (i.e., Single Lake) contains mostly yellow fish (Single 

Lake Fish; SLF). The DLF and SLF resemble the Standard and Target stimuli of a traditional 

oddball paradigm, respectively. Participants are told that a random lake has been chosen and 

that a sequence of three fish will be drawn from the selected lake. After each fish presentation, 

subjects must indicate on a keypad which lake they suspect to have been randomly chosen, 

based on the perceived probability of the sequence drawn. The learning that occurs at each step 

is called “bayesian inference”. Subjects have an initial or “prior” hypothesis about the 

probability that a particular lake type has been selected, based on its prevalence. This may 

change after seeing the evidence of each fish (at Draws 1, 2 and 3), thus becoming updated to 

the “posterior” hypothesis formed from the integration of the new knowledge, which then 

serves as a new “prior” hypothesis. Detailed descriptions of this bayesian inference process can 

be found in previous publications from our group (Kolossa et al., 2013; Kolossa et al., 2015; 
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Kopp et al., 2016; Kopp, 2008; Seer et al., 2016). Each fish is returned to the lake after a 

response is given, ensuring that the proportions of fish in each lake remains the same. The 

benefit of this task is that it allows us to numerically calculate the bayesian surprise of each 

stimulus, which are linked to P3 amplitude (Kolossa et al., 2015). Therefore, the subjects’ 

posterior hypotheses following each Draw can also be calculated and manipulated. Other tasks 

have manipulated the P3b using hard versus easy targets (Ventura-Bort et al., 2018), though 

the differences between conditions are not quantifiable. 

Given the limited nature of the literature, we developed a particular version of the bayesian 

oddball task (Kolossa et al., 2015) to provide clarity on mechanisms of taVNS, using more 

specific situations under which the P3 can be observed. taVNS may have value as a method of 

brain stimulation, as its non-invasive nature and quick application make it an ideal tool for use 

in behavioural studies or as a potential therapy. Similarly, the taVNS device can be used in 

tandem with EEG, placing it at a potential advantage to other methods of brain stimulation. 

Our aim was therefore to conduct an exploratory analysis to examine the neuromodulatory 

effects of taVNS on the P3 of healthy young subjects during our novel bayesian oddball task. 

In the case that taVNS is a valid form of brain stimulation, we expected to find augmenting 

effects of taVNS on P3 amplitudes. 

Methods 

Sample 

Forty-seven students were recruited from the University of Leiden. Exclusion criteria were 

a history of neurological or psychiatric conditions, current pregnancy, or claustrophobia. Of 

the original N = 47 subjects, n = 1 subject was excluded from further analysis for not attending 

their second session. An additional n = 4 were removed from the study due to technical issues 

with the EEG equipment. 

The mean age of the remaining sample (N = 42; 8 male) was 20.55 years (SD = 2.18, range 

= 18–25). The mean number of days between the two recording sessions was 12.88 days (SD 

= 7.27, range = 7–35). Written informed consent was obtained from each subject. The 

experiment conformed to the ethical standards of the Declaration of Helsinki (World Health 

Organisation, 2013) and the protocol was approved by the local ethics committee (Leiden 

University, Institute for Psychological Research). 
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Materials and Procedures 

Each participant completed 2 sessions (each separated by a minimum of 7 days); one whilst 

undergoing the active taVNS condition, and the other while receiving the sham taVNS 

condition. The order of the taVNS conditions was counterbalanced across subjects consistent 

with previously published protocols (Fischer et al., 2018; Rufener et al., 2018; Ventura-Bort et 

al., 2018; Warren et al., 2018). The first session began with a battery of forms and screening 

questionnaires, consistently used in previous protocols (Colzato et al., 2018; Maraver et al., 

2020; Sellaro et al., 2018; Steenbergen et al., 2020) to control for recent use of psychedelic 

drugs, use of psychiatric medication, or caffeine consumption in the 3 h preceding the recording 

session. Following this, subjects were seated in the EEG sound-proof booth and the taVNS 

device was applied. In order to ensure that stimulation had taken effect at the start of the 

experiment, stimulation was operational for a minimum of 15 min before the behavioural 

paradigm began and continued until the end of the task (Clancy et al., 2014). Subjects then 

completed the bayesian oddball behavioural task whilst undergoing an EEG recording. The 

second session was identical with the exception of the questionnaires prior to recording. 

The Bayesian Oddball Paradigm 

In the task, subjects are first shown a selection of lakes which contain opposite proportions 

of red and yellow fish. The Double Lakes (DL; Figure IV-3) contained 95% red fish (double-

lake fish; DLF) and 5% yellow fish (single-lake fish; SLF). The Single Lake (SL) contained 

the opposite proportions. Subjects were told that one of the lakes had been randomly selected 

and that 3 fish would be drawn consecutively from this chosen lake. Each fish would be 

returned to the lake before the following was drawn in order to maintain the proportions. The 

subjects’ task was to indicate on a keypad whether they believed the DL or SL to be more 

likely, based on the fish that were drawn. Subjects received one of four versions of the task 

which balanced the left/right orientation of the DL and SL and alternated the dominant colour 

from red to yellow (see Table IV-S1). Each stimulus (fish) was presented 500 ms after the 

previous response had been given. The paradigm consisted of 200 sequences, with two 

opportunities for short rests. Providing subjects with the lakes, and therefore the prior 

probability of each lake, allows us to calculate the numeric value of bayesian surprise, which 

have previously been linked to P3b amplitude (Kolossa et al., 2015). The optimal prior 

probabilities for this task (i.e., the DL/SL ratio) have been selected based on the bayesian 

surprise calculated from Bayes’ Theorem (Efron et al., 2013; see Table IV-S2). We therefore 
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chose a design with an extreme contrast in the prior probability for the SL and DL, in order to 

create distinct amplitude differences for DLF and SLF. This was also true for our examination 

of predicted peak amplitude differences for consecutive fish in each sequence (Draw 1, Draw 

2, and Draw 3). Each of the 8 possible sequences was presented at the relative frequency 

determined by bayesian probability. 

 

Figure IV-3. Terminology and stimuli used in the particular version of the bayesian 

oddball task (Kolossa et al., 2015). 

RTs from each stimulus-locked response were also recorded, though participants were told that 

accuracy was more important than speed. The novel behavioural measure of this task is the 

percentage of Double Lake Selection for each stimulus at each Draw. This is defined as the 

percentage of responses which selected the Double Lake from the total number of sequences. 

This can be expressed by the following: 

 

%DLS = 
N Double Lakes Selections

N Total Lake Selections
× 100  

taVNS Stimulation 

A NEMOS® taVNS device was used. The earpiece composed of 2 titan electrodes mounted 

on a moldable gel frame. These electrodes projected electrical pulses onto the surface of the 

skin via an electrical battery pack. For the active condition, the earpiece was always inserted 

into the left ear, according to standard research convention (Redgrave et al., 2018) and both 

electrodes made contact with the cymbae concha. For the sham stimulation, the earpiece was 

inserted into the auricle upside-down, so that the electrodes made contact with the earlobe, 

which has been shown to be relatively free of vagal afferents (Fallgatter et al., 2003; Peuker 

and Filler, 2002). The device was turned on and activated in both conditions, with typical 30 s 
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periods of activity followed by 30 s of inactivity, until the end of the behavioural experiment. 

Stimulation intensity was set to 0.5 mA, with pulses every 200–300 ms, at a frequency of 25 

Hz. These stimulation parameters were chosen in correspondence with previously 

recommended guidelines (Badran et al., 2018), and are consistent with previously published 

experimental designs (Colzato et al., 2018; Maraver et al., 2020; Sellaro et al., 2018; 

Steenbergen et al., 2015; Steenbergen et al., 2020). 

Electrophysiological Data Recording 

EEG recordings took place in a shielded, sound-proofed 8 m2 booth. Patients were seated 

150 cm from the screen in an unadjustable chair. Continuous unfiltered raw data were recorded 

using a 32 channel standard Quickamp amplifier. The 32 Ag/AgCl ring electrodes were 

arranged according to the extended international 10/20-System on a BioSemi cap 

(Birmingham, United Kingdom) with an adjustable chinstrap. The recording software was 

ActiView 7.05 (BioSemi, Birmingham, United Kingdom). The sampling rate was 256 Hz 

(high-pass filter: 0.16 Hz low-pass filter: 100 Hz). The Common Mode Sense (CMS) was the 

active electrode and Driven Right Leg (DRL) was used as the passive electrode. Electrode 

impedance was kept below 20 kΩ. Vertical and horizontal electro-oculograms were recorded 

using two electrodes positioned at the left and right suborbital ridges and two electrodes above 

and below the external ocular canthus of the left eye to monitor ocular artefacts. 

EEG data were analysed offline using BrainVision Analyzer 2.0 (Brain Products, Gilching, 

Germany). A low-pass filter of 70 Hz was applied, as well as a notch filter of 50 HZ to reduce 

electrical noise. Through visual inspection, the 25 Hz taVNS pulses were visible in the left-

lateralized electrodes for some subjects. To counter this problem, a 25 Hz Band Width filter 

(similar to the above notch filter) was applied to all recordings (order 4). ICA was used to 

remove ocular artefacts from the data, which were then screened for artefacts (voltage step > 

75μV/ms; low activity 0.5 μV/100 ms; activity 150 μV/200 ms; max/min amplitude +/−100 

μV) and then rejected. Data were segmented according to the DLF and SLF for each of the 3 

Draws (DLF 1, SLF 1, DLF 2, SLF 2, DLF 3, and SLF 3) and baseline corrected to 200 ms 

pre-stimulus. The average reference was used. In addition to this typical pre-processing 

procedure, we applied the additional step of Residue Iteration Composition (RIDE) (Ouyang 

et al., 2011) to address the common problem of individual ERP latency jitter. Segmented (un-

averaged) trial-by-trial data were exported to MATLAB (R2018a), where individual subjects’ 

grand averages were formed using RIDE. Table IV-S3 displays the numbers of epochs included 

in the ERP analyses for each subject. 
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Statistical Analysis 

The %DLS and RTs were calculated for each stimulus at each Draw as described in the 

introduction. Oddball behavioural data were not the primary focus of the bayesian oddball task 

(Kolossa et al., 2015). Therefore, inferential statistics were not performed and behavioural data 

serve descriptive purposes only. Further information on %DLS and RTs can be found in 

Supplementary Material 4. 

For EEG data, an appropriate time window needed to be selected. Based on visual 

inspection of an left-lateral shift, which is somewhat atypical compared to the literature (Polich, 

2007), we chose to inspect the lateral parietal electrodes (P3, Pz, P4) at the apparent distribution 

of the P3b during 300–500 ms. We subsequently divided this time window into the following 

50 ms increments: [300–349 ms], [350–499 ms], [400–449 ms] and [450–499 ms]. 

We conducted a 2 × 2 × 3 Repeated Measures ANOVA separately for each Draw, using 

the factors Stimulus (DLF vs. SLF), taVNS (Active vs. Sham), and Electrode (P3 vs. Pz vs. 

P4) as within-subject factors. 

We define the Oddball Effect as a main effect of Stimulus. This is the difference in 

amplitudes between the frequent and infrequent stimuli in each condition i.e., the DLF 

amplitudes subtracted from the SLF. 

The taVNS-Oddball Effect is the difference between the Oddball Effect in the active and 

sham conditions (i.e., a taVNS × Stimulus interaction). To calculate this, the difference waves 

were obtained for each Draw in the active condition i.e., the Oddball Effect. The same was 

done for each Draw at the sham condition. Finally, we subtracted these sets of difference waves 

and produced a new set of difference waves, representing the complete effect of active taVNS 

stimulation at each Draw compared to sham stimulation. Simplified, the taVNS-Oddball Effect 

can be expressed as: 

(SLF active-DLF active)-(SLF sham-DLF sham) 

Or 

(Oddball Effect in the Active Condition)-(Oddball Effect in the Sham Condition) 

 

 

We used a conservative significance level of α = 0.01. For ANOVAs, ηp
2 (partial eta squared) 

is used to indicate effect size. Sphericity was not assumed; therefore, the results were reported 

using the Greenhouse–Geisser method. 
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Results 

Behavioural Data 

%DLS: In over 95% of the sequences presented, the participants appeared to reach a final 

decision or “Lake Conclusion” at Draw 2. From the descriptive data, it appears that subjects 

did not change their decision following their choice at Draw 2 and the stimuli presented at 

Draw 3 were then inconsequential for the following selections. This is also consistent with 

bayesian expectations. Further information regarding the sequence probability distribution, 

%DLS and RTs can be found in the Figure IV-S1 and Table IV-S4. 

ERP Analysis 

We report the findings from the time-window of 400 ms–449 ms (Figure IV-4), as this 

returned the most interesting effects of taVNS from inferential statistical analysis and previous 

studies also focused on similar epochs for active oddball variants (Linden, 2005; O’Donnell et 

al., 1992). Analyses of the other time windows can be found in the Supplementary Material 5. 

 

Figure IV-4. The Oddball Effect at each Draw during active and sham stimulation at electrode 

P3. The analysed time window of 400–449 ms has been highlighted. The taVNS-Oddball Effect 

is the difference between the Oddball Effect for active and sham taVNS stimulation in these 
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highlighted areas. The effect was most visible at the P3 electrode (displayed), although this 

was not statistically significantly different from the Pz or P4 electrodes. Data have been high-

pass filtered (12 Hz, Order 2) for display purposes only. * The interaction between taVNS and 

P3 amplitudes was statistically significant at Draw 2 (p < 0.01), but not at Draw 1 (p = 0.68) 

or Draw 3 (p = 0.91). 

Draw 1: A typical main effect of Stimulus was found at the parietal electrodes (F(1,41) = 25.60, 

p <0.001, ηp
2 = 0.42), with further inspection confirming that the SLF produced larger 

amplitudes than the DLF. This is consistent with the oddball effect reported in traditional 

paradigms (Bennington & Polich, 1999; Mertens & Polich, 1997; Polich, 1989). The main 

effect of taVNS was not significant (F(1,41) = 0.29, p = 0.60, ηp
2 = 0.01) and there was no 

interaction between taVNS and Stimulus (F(1,42) = 0.17, p = 0.68, ηp
2 < 0.01). 

Draw 2: A main effect of Stimulus was found at Draw 2 (F(1,41) = 26.61, p < 0.001, ηp
2 = 

0.39). The main effect of taVNS was not significant (F(1,41) = 0.02, p = 0.90, ηp
2 < 0.01). The 

interaction between taVNS × Stimulus × Electrode was also not statistically significant 

(F(2,82) = 1.26, p = 0.29, ηp
2 = 0.03). The taVNS × Stimulus interaction (i.e., taVNS-Oddball 

Effect) was statistically significant (F(1,41) = 11.66, p < 0.01, ηp
2 = 0.22), in which the oddball 

effect during active stimulation was larger than during sham stimulation (Figure IV-4). To 

investigate this interaction further, a series of post-hoc tests were conducted. 

We first employed paired samples t-tests to examine the oddball effect in each session, i.e., the 

difference between DLF and SLF amplitudes. During the active condition, we found a 

statistically significant oddball effect for each of the parietal electrodes (P3: t(41) = −4.79, p < 

0.000; d = 0.738; Pz: t(41) = −4.02, p < 0.000; d = 0.617 P4: t(41) = −3.29, p < 0.01; d = 0.509). 

In the sham condition no statistically significant effects were found (P3: t(41) = −0.76, p = 

0.45; d = 0.118; Pz: t(41) = −1.35, p = 0.18; d = 0.210; P4: t(41) = −0.74, p = 0.46; d = 0.115). 

Next, we used paired sampled t-tests to examine how each stimulus was affected by taVNS 

stimulation. We compared DFL amplitudes during active stimulation compared to sham 

stimulation. This revealed no statistically significant effects (P3: t(41) = −1.82, p = 0.08; d = 

0.278; Pz: t(41) = −1.57, p = 0.12; d = 0.241; P4: t(41) = −1.24, p = 0.22; d = 0.190). SLF 

amplitudes were then compared between active and sham stimulation, and similarly, no 

statistically significant effects were found (P3: t(41) = 2.02, p = 0.05; d = 0.313; Pz: t(41) = 

0.68, p = 0.50; d = 0.103; P4: t(41) = 0.79, p = 0.43; d = 0.124). 
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Posterior bayesian probabilities (Table IV-S2 in Supplementary Material 2) inform us that 

decisions reach >99% certainty following 2 consecutive identical stimuli, i.e., SLF-SLF or 

DLF-DLF. When these DLF-DLF and SLF-SLF sequences were exclusively analysed, the 

taVNS × Stimulus interaction remained significant (F(1,41) = 9.80, p < 0.01, ηp
2 = 0.19). 

Draw 3: No main effect of Stimulus (F(1,41) = 1.86, p = 0.18, ηp
2 = 0.04) or taVNS (F(1,41) 

= 0.74, p = 0.39, ηp
2 = 0.02) was present at Draw 3; a novel finding in oddball research. The 

interaction between taVNS and Stimulus was not statistically significant (F(1,41) = 0.01, p = 

0.91, ηp
2 < 0.01). 

Discussion 

In this study, we examined the effect of taVNS stimulation on P3 amplitudes using a novel 

bayesian oddball task (Kolossa et al., 2015). This bayesian oddball task (Kolossa, Kopp, and 

Fingscheidt, 2015) was chosen as a more sensitive alternative to typical task variants, exploring 

some of the possible reasons for the inconsistent reports of taVNS on P3 amplitudes. Earlier 

studies using taVNS to study the P3 suggested that taVNS was sensitive to particular 

circumstances under which the P3 was produced. The bayesian oddball task has the 

methodological advantage of distinguishing sequential effects of oddball stimuli on P3 

amplitudes. 

Although the behavioral data were only used for descriptive purposes, the %DLS appeared 

not to change from Draw 2 to Draw 3 (Table IV-S2). We suggest that our subjects came to a 

definite conclusion at Draw 2 following 2 consecutive identical stimuli (i.e., fish colors), after 

which, new information was no longer used for decision-making. We refer to this bayesian 

inference process as ‘Lake Conclusion’. 

Consistent with typical oddball tasks, a statistically significant Oddball Effect was seen on 

P3 amplitudes at Draw 1 and Draw 2. However, this was not present at Draw 3. We primarily 

report a statistically significant medium-sized taVNS-Oddball Effect on the P3 at the parietal 

electrodes but only during Draw 2 during the time window of 400–449 ms. 

Other available literature has also reported effects of taVNS on specific aspects of neural 

brain correlates. One study reported enlarged P3 amplitudes in response to infrequent stimuli 

during active stimulation in an oddball task (Rufener et al., 2018). Another study found an 

enhanced parietal P3 during active taVNS stimulation (Ventura-Bort et al., 2018), although 

other report failed to replicate these results (Warren et al., 2018). This failure to replicate may 

be due to the sensitivity of taVNS to the paradigm, as the previous study used a variety of 
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stimuli and reported the effect on only easy (but not difficult) stimuli (Ventura-Bort et al., 

2018), whereas the later study used a typical simple variant of a 2-stimulus oddball task 

(Warren et al., 2018). During an adapted Simon task, an enhanced attenuation of N2 amplitude 

after conflict during active taVNS stimulation was reported (Fischer et al., 2018). Our results 

appear to concur with the majority of the previous literature which suggests that taVNS is a 

valid tool of brain stimulation, though in specific circumstances only. We suggest that the 

bayesian probabilities of stimuli in a task may be related to the specific circumstances, which 

influence the properties of the interaction between taVNS stimulation and the cognitive 

demands of the task at hand. Our results support this suggestion, as the taVNS effect was only 

visible at Draw 2, where the bayesian surprise was largest and participants seemed to complete 

their final decision. Similarly, a previous study showed an effect of taVNS when the stimuli 

were easy to distinguish, but not when the distinction was unclear (Ventura-Bort et al., 2018), 

although this was not quantifiable from a bayesian perspective. 

Our bayesian oddball paradigm (Kolossa et al., 2015) is a 2-stimulus active oddball variant 

that allows us to examine more specific neurocognitive processes compared to the traditional 

oddball literature. Traditional oddball protocol averages all trials with equal weight and thus, 

sequential nuance may be lost. Other studies have reported a gradual decline in P3 amplitude 

(i.e., habituation) during the course of the task (Ravden and Polich, 1998). We used the 

bayesian oddball task (Kolossa et al., 2015) to investigate the effect of oddball sequences. Due 

to this sequential tracking, our task also allows us to track the subjects’ probabilistic beliefs 

during the course of the task. Unlike a traditional oddball paradigm, this bayesian oddball task 

requires the subject to make a probabilistic decision after each Draw, which should indicate 

their current hypothesis about which lake type is more probable (DL or SL). This belief 

updating can be quantified from a bayesian perspective (Table IV-S2). That is, we can identify 

when a subject could reach a Lake Conclusion and requires no more information to finalise 

their belief. 

According to bayesian posterior probabilities (Table IV-S2), the majority of task-relevant 

information for a Lake Conclusion is received at Draws 1 and 2 of the bayesian oddball task. 

More specifically, this occurred when the two consecutive stimuli were identical (SLF-SLF or 

DLF-DLF), which occurred in 90.5% of the initial two stimulus sequences. This may explain 

the presence of a significant Oddball Effect at Draws 1 and 2 but not at Draw 3. The importance 

of the stimuli at Draw 3 may be minimised after a Lake Conclusion has already been formed 

at Draw 2. This interpretation can be supported by Desmedt (1980), who suggests that the P3 

following a response reflects a “post-decision closure” (Desmedt et al., 1980), rather than a 
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pre-decision process. Desmedt postulates that closure events reflect the optimization of 

organizational behaviour and attentional resources in response with task demands (Desmedt, 

1980). This post-decision closure may offer an explanation for the specific mechanisms present 

at Draw 2, which produced the taVNS-Oddball effect. This interpretation is also compatible 

with the apparent absence of the P3 at Draw 3, when a decision was no longer being made. 

Another study reported enhanced P3 amplitudes for a Target stimulus, but only when the 

preceding cue was a successful predictor of this stimulus (Kopp and Wolff, 2000). In that case, 

subjects also appeared to reach “post-decision closure” once a prediction was resolved. A 

similar case may be present in our results, as the Lake Conclusion at Draw 2 reflects a closure 

event following a prediction. 

The use of Lake and Fish in our paradigm was deliberately chosen to resemble a 

behavioural task used to examine Jumping to Conclusions (JTC) in patients with schizophrenia 

and psychosis (Moritz, Quaquebeke & Lincoln, 2012; Speechley, Whitman & Woodward, 

2010; Van der leer, Hartig & Goldmanis, 2015; Woodward et al., 2009; Woodward et al., 

2009b). Similar to our design, Speechley et al. (2010) also used bayesian probabilities to design 

their paradigm and identify the most meaningful sequences. These studies contained up to 10 

Draws per sequence. Our design restricted sequences to 3 Draws. From a bayesian perspective, 

there is little new information available after Draw 3. Sequences either reached 0.99 certainty 

after Draw 2 (e.g., DLF-DLF-DLF-DLF) or began to repeat information (e.g., DLF-SLF-DLF-

SLF). Our restriction of 3 Draws per Sequence contained the most information and allowed us 

to record a higher number of trials overall. This study examined the electrophysiological 

correlates of a JTC task and we also report an apparent tendency of subjects to follow 

cumulative bayesian reasoning during responding, rather than trial-by-trial evidence. 

Previous studies of VNS in animals and humans, as well as physiological and behavioural 

investigations of taVNS have suggested a strong link between vagal nerve activation and the 

LC-NE (Aston Jones, Rajkowski & Cohen, 1999; Broncel et al., 2019; Follessa et al., 2007; 

Roosevelt et al., 2006; Van Leusden et al., 2015). This is suspected to be done by innervating 

an indirect pathway through the NTS and other structures in the brainstem, primarily the 

paragigantocellularis (Mello-Carpes and Izquierdo, 2013). A previous EEG investigation of 

taVNS suggests that taVNS-related behavioural and electrophysiological changes are 

influenced primarily by NE (Fischer et al., 2018). This is due to a number of animal studies 

showing that direct innervation of the vagal nerve activates the LC-NE (through this indirect 

system in the brainstem). Furthermore, a review of the neural basis of the P3b indicated that 

NE phasic activity is reflected in P3b amplitudes (Nieuwenhuis et al., 2002). Given that the 
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LC-NE is the primary source of the brain’s NE (Nieuwenhuis et al., 2002), it follows that 

stimulation of this region would enhance NE activity. 

We report an effect of taVNS on P3 amplitudes during a decision-based oddball variant. 

The parietal P3 has links to the LC-NE system (Nieuwenhuis et al., 2002). NE has also been 

suggested as a neuromodulator of response selection and decision-making processes, similar 

to those used during our bayesian oddball task (Kolossa et al., 2015). This is due to the role of 

NE in attentional allocation (Sara, 2009; Schwarz and Luo, 2015; Usher & Davelaar, 2002). 

Given the links between decision-making, the parietal P3 and the NE system, our results appear 

to support the claim that taVNS influences NE. However, this cannot be directly inferred from 

electrophysiological data and remains speculative. It is also possible that other 

neurotransmitters are influenced by taVNS (e.g., GABA) (Keute et al., 2018). Future studies 

should attempt to replicate these findings in combination with measures of NE brain 

concentration and functional activity levels. Nevertheless, our data support the claim of taVNS 

as a valid instrument of brain stimulation, despite the lack of clarity surrounding its 

mechanisms. 

The potential clinical uses of taVNS depend on the consequences of this stimulation. The 

P3 is linked to attention which is demonstrated in clinical settings in studies of patients with 

lost consciousness (Li et al., 2015; Lugo et al., 2016). This is also indicated in studies of 

attentional-deficit hyperactive disorder (ADHD), where P3 amplitudes are reduced in patients 

compared to controls (Szuromi et al., 2011). Invasive VNS has already shown to influence 

neural aspects of attention in epilepsy (De Taeye et al., 2014). If taVNS does reliably influence 

the P3, this may suggest that stimulation can influence attention (Polich and Kok, 1995). The 

efficacy of taVNS as a method of clinical neurorehabilitation is currently being investigated in 

depression (Fang et al., 2016; Trevizol et al., 2015) and schizophrenia (Hasan et al., 2015). 

Both depression and schizophrenia have shown impaired attentional processes (Cornblatt et al., 

1994; Veiel et al., 1997). Other altered attentional states may therefore benefit from the use of 

taVNS therapy in the future, such as ADHD or generalised anxiety disorder (GAD) (Amir et 

al., 2009; MacNamara etz al., 2014). If the effects of taVNS prove effective in the context of 

clinical neurorehabilitation, its affordable and portable qualities could prove valuable for 

various patient groups during everyday life. Development of an alternative treatment could 

eliminate the need for invasive VNS surgeries or other pharmacological therapies. It is 

therefore important to establish whether taVNS reliably influences brain activity, and in what 

manner. However, if future research does reveal the viability of taVNS as a clinical instrument, 
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further questions will arise concerning the proportion of non-responders versus responders 

(Bodin et al., 2015; Sackeim et al., 2001), and potential habituation to treatment (Polich, 1989). 

In addition to its possible clinical applications, taVNS has potential in a laboratory setting. 

If established as a non-invasive tool of neuromodulation, it would facilitate further studies with 

concurrent EEG recordings. These studies would require shorter timeframes and smaller 

budgets than typical neuromodulatory investigations. 

Despite of the implications derived from our results, the study is not exempt of limitations. 

Our study includes a large gender imbalance, due to recruitment from a female-dominated field. 

Previous studies have shown gender-specific latency and amplitude differences in the P3b on 

an oddball task (Conroy and Polich, 2007; Yuan et al., 2008), although our study employs a 

repeated measures design and demonstrates internal consistency. However, it may not be 

applicable to the general population. Future studies may aim for a more heterogenous sample. 

Further research might investigate additional physiological markers of VNS, such as pupil 

dilation, or salivary alpha amylase in relation to behavioral tasks related to NE. Future ERP 

research might join efforts to draw conclusions using specific tasks required to detect the brain 

stimulation effects of taVNS, following up on our data and that of another study, which also 

reported an effect of taVNS on oddball P3 amplitudes during particular circumstances of an 

oddball variant (Ventura-Bort et al., 2018). 

Conclusions 

From our electrophysiological data, we conclude that taVNS influences parietally distributed 

P3 amplitudes. However, these effects seem to appear only under particular circumstances. In 

our data, this effect is observed during the Lake Conclusion at Draw 2. A link between taVNS 

and the LC-NE system has previously been suggested. This is supported on a rudimentary level 

by our findings that taVNS alters neural processing during a decision-making task. We 

conclude that taVNS probably provides effective, yet highly specific brain stimulation, pending 

the replicability of our results; though the supposed link between taVNS and the LC-NE system 

still remains an open question. 
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Supplementary Material 

Supplementary Material 1 

Table IV-S1. Randomisation of taVNS stimulation condition across sessions and 

distribution of the balanced versions of the bayesian oddball task. 

Subject 
Active taVNS in 

First Session 

Version of bayesian Oddball Task 

Red DL, 

Left 

Yellow DL, 

Left 

Red DL, 

Right 

Yellow DL, 

Right 

1 ✔ ✔    

2  ✔    

3 ✔  ✔   

4    ✔  

5 ✔    ✔ 

6  ✔    

7 ✔  ✔   

8    ✔  

9 ✔    ✔ 

10  ✔    

11 ✔  ✔   

12    ✔  

13 ✔   ✔  

14  ✔    

15 ✔  ✔   

16    ✔  

17 ✔    ✔ 

18  ✔    

19 ✔  ✔   

20    ✔  

21 ✔    ✔ 

22  ✔    
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23 ✔  ✔   

24    ✔  

25 ✔    ✔ 

26  ✔    

27 ✔  ✔   

28  ✔    

29 ✔    ✔ 

30    ✔  

31 ✔  ✔   

32    ✔  

33 ✔    ✔ 

34  ✔    

35 ✔  ✔   

36    ✔  

37 ✔    ✔ 

38  ✔    

39 ✔  ✔   

40    ✔  

41 ✔    ✔ 

42  ✔    

43 ✔  ✔   

44    ✔  

45 ✔    ✔ 

46  ✔    

47 ✔  ✔   

Total 20 11 11 11 8 

Subjects marked in grey have been excluded. N = 42 included in final analysis. N = 

20 Active First/N = 22 Sham First. 
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Supplementary Material 2 

Given that 2 stimuli were possible at each of the 3 Draws, there were a total of 8 Sequences. 

The probabilistic distribution (and therefore frequency) of each of these Sequences can be 

found in Table IV-S2, along with the percentage probability of the SL following each Draw. 

The most frequent sequences (e.g., DLF-DLF-DLF) have low variance and the sequences 

which have greater variance in the responses are only present in low numbers, due to their 

probability of occurrence (e.g., SLF-DLF-SLF). 

 

Table IV-S2. Percentage occurrence (% occurrence) of each stimulus at each Draw during 

the bayesian oddball task (Kolossa et al., 2015). Also provided is the posterior probability of 

the SL after each Draw i.e., the probability that the SL is the randomly selected lake, after 

witnessing the most recent Draw. According to standard bayesian notation, this is expressed as 

the probability of the SL following a particular event (e) i.e., P(SL/e). For example, P(SL/DLF) 

= 0.03 and the P(SL/DLF-DLF) <0.01. As the task was administered twice, these probabilities 

naturally remained the same for each testing session. Inferential statistics were not performed 

on these data. 

Draw 1 

% 

Occurrence P(SL)/e Draw 2 

% 

Occurrence P(SL)/e Draw 3 

% 

Occurrence P(SL)/e 

DLF 0.65 0.03 DLF 0.60 <0.01 DLF 0.57 <0.01 

      SLF 0.03 0.03 

   SLF 0.05 0.33 DLF 0.03 0.03 

      SLF 0.02 0.90 

SLF 0.35 0.90 DLF 0.05 0.33 DLF 0.03 0.03 

      SLF 0.02 0.90 

   SLF 0.30 0.99 DLF 0.02 0.90 

      SLF 0.29 0.99 
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Supplementary Material 3 

Table IV-S3. Numbers of stimuli available for ERP analyses for each participant. 

Subjects 

Active Sham 

Draw 1 Draw 2 Draw 3 Draw 1 Draw 2 Draw 3 

S T S T S T S T S T S T 

1 - - - - - - - - - - - - 

2 127 71 126 65 125 72 125 70 125 64 123 71 

3 130 74 129 69 129 75 128 72 128 66 128 72 

4 127 72 126 64 126 68 128 72 123 67 125 67 

5 126 72 125 66 126 69 115 67 115 59 119 65 

6 127 72 126 64 115 52 126 72 126 66 123 68 

7 127 71 128 65 122 70 128 72 127 65 112 64 

8 128 71 128 65 127 72 128 72 127 66 127 72 

9 126 71 126 65 122 70 121 66 119 60 117 66 

10 125 71 123 65 122 71 128 72 128 66 128 72 

11 128 72 128 64 128 71 127 71 124 66 123 70 

12 117 66 118 60 105 65 121 72 121 66 126 70 

13 127 70 127 65 127 70 128 72 126 66 124 71 

14 125 72 127 66 126 70 124 70 126 64 125 69 

15 124 72 125 66 125 71 127 71 126 66 126 72 

16 46 26 53 22 40 16 127 71 127 66 126 72 

17 127 72 128 66 125 68 - - - - - - 

18 84 50 91 44 86 49 127 71 121 61 120 72 

19 127 72 128 66 128 71 124 72 123 66 126 71 

20 126 71 126 65 128 72 37 20 30 14 35 16 

21 128 69 128 65 127 71 128 72 124 66 124 72 

22 124 69 113 54 114 69 128 72 123 65 119 70 

23 128 72 128 66 127 69 127 71 127 66 128 70 

24 123 72 124 65 123 70 127 70 127 65 126 71 

25 124 69 125 65 127 70 127 72 125 65 126 71 

26 126 71 127 64 127 70 92 55 116 59 117 69 

27 128 72 128 66 128 72 128 72 123 66 122 69 
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28 128 72 128 66 128 72 128 72 128 66 128 72 

29 127 69 124 61 119 67 128 72 124 66 121 69 

30 125 70 127 66 125 70 123 67 123 62 122 70 

31 128 69 128 65 126 71 127 72 126 66 124 71 

32 125 72 127 66 126 71 127 72 127 66 125 70 

33 127 71 127 65 127 72 127 72 126 66 126 71 

34 128 72 112 58 120 63 123 72 115 62 121 65 

35 128 72 128 64 125 70 128 71 125 65 125 70 

36 128 72 124 66 123 71 127 71 125 65 127 69 

37 120 69 122 63 123 69 121 67 121 62 124 68 

38 125 72 123 64 118 69 127 71 128 64 128 71 

39 128 72 124 64 119 68 128 72 126 66 118 69 

40 112 61 114 61 112 63 118 65 115 62 102 64 

41 - - - - - - - - - - - - 

42 - - - - - - - - - - - - 

43 - - - - - - - - - - - - 

44 125 71 122 65 117 68 127 72 127 66 128 72 

45 126 70 128 66 127 71 128 72 128 66 127 72 

46 115 64 114 59 112 66 127 72 128 66 128 72 

47 126 69 123 61 120 68 122 68 107 52 112 57 

Total: 128 72 128 72 128 72 128 72 128 72 128 72 

 

Supplementary Material 4. 

 %. DLS 

The mean %DLS of each stimulus, separated by Draw and taVNS condition, is shown in 

Supplementary Figure IV-S4. The variance on the most common trials (DLF-DLF-DLF and 

SLF-SLF-SLF) is close to zero. These trials were more frequent due to the probability 

distribution of the lakes and offered greater certainty about whether the DL or SL was more 

likely. That is to say, a DLF in the first draw resulted in the participants selecting the DL 98.8% 

of the time (SE = 0.49). 
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Figure IV-S1. The mean percentage Double Lake Selection (%DLS) for both the active 

and sham conditions at each Draw of the 8 possible Sequences. Continuous red lines 

indicate a DLF, while yellow lines represent an SLF. 

On closer inspection of the data, Sequences which require an alternating %DLS (DLF-SLF-

SLF, SLF-DLF-DLF) account for less than 5% of overall trials. A %DLS of either >99% or 

<1% is reached in the majority of trials (DLF-DLF-DLF and SLF-SLF-SLF). In over 95% of 

the sequences presented, the participants reached a “Lake Conclusion” at Draw 2. From these 

descriptive data, it appears that subjects did not change their decision following their choice at 

Draw 2. The stimuli presented at Draw 3 were then inconsequential for the following 

selections. This is also consistent with the bayesian expectations. 

Reaction Times 

Reaction Times (RTs) were calculated as the mean value of individual medians. Overall mean 

RTs for each draw of each sequence were calculated. Stimuli for which the RT was less than 

100 ms or greater than 3 SDs above the individual median were excluded from analysis. One 

additional subject was removed on the grounds that 40% of stimuli in the sham condition were 

excluded for these reasons. This resulted in N = 41 for the behavioural data analysis. Overall 

mean RTs are presented in Table IV-S4. However, participants were instructed to pay more 

attention to accurate decisions, rather than fast responses. Thus, this information is purely for 

descriptive purposes. 
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Table IV-S4. Overall mean reaction times (RT) for each stimulus (after exclusion), calculated 

from individual medians. These have been separated by active and sham taVNS conditions. 

Reaction times are not separated according to %DLS. N indicates the number of subjects that 

had available data for these sequences. Inferential statistics were not performed on these data. 

ACTIVE 

Draw 1 M SD Draw 2 M SD Draw 3 M SD 

DLF 496.6 115.0 DLF 325.3 88.5 DLF 293.3 96.8 

      SLF 471.8 299.7 

   SLF* 616.5 334.6 DLF * 557.1 140.3 

      SLF 585.8 228.2 

SLF 594.9 141.7 DLF* 682.4 318.4 DLF * 558.2 246.1 

      SLF 560.1 205.0 

   SLF 369.8 96.1 DLF * 537.7 385.7 

      SLF 291.0 94.8 

SHAM         

Draw 1 M SD Draw 2 M SD Draw 3 M SD 

DLF 498.3 126.1 DLF 317.4 67.0 DLF 325.3 88.5 

      SLF 595.0 141.7 

   SLF 663.3 401.1 DLF 496.6 115.0 

      SLF 574.1 206.7 

SLF 583.7 170.8 DLF 712.0 380.7 DLF 369.8 96.1 

      SLF 533.8 178.0 

   SLF 366.3 85.9 DLF 468.7 386.5 

      SLF 295.5 85.6 

* These sequences have data from only N = 40 subjects. One subject’s RT were excluded 

due to being less than 100 ms or greater than 3 SDs above their personal mean. 
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Supplementary Material 5 

Inferential statistical analysis of RIDE-corrected data for additional time windows. 

300–349 ms 

Draw 1: A typical main effect of Stimulus was found (F(1,41) = 14.28, p < 0.01, ηp
2 = 0.26), 

but taVNS did not show a significant main effect (F(1,41) = 0.14, p = 0.72, ηp
2 < 0.01) or 

interaction with Stimulus (F(1,41) = 0.25, p = 0.62, ηp
2 = 0.01). 

Draw 2: The main effect of Stimulus was significant again at Draw 2 (F(1,41) = 18.19, p < 

0.01, ηp
2 = 0.31). The main effect of taVNS was not significant (F(1,41) = 0.58, p = 0.45, ηp

2 = 

0.01). However, the taVNS x Stimulus interaction did not show statistical significance (F(1,41) 

= 0.58, p = 0.45, ηp
2 = 0.01). 

Draw 3: No main effect of Stimulus or taVNS was present at Draw 3 (Stimulus: F(1,41) = 

0.29, p = 0.59, ηp
2 = 0.01; taVNS: F(1,41) = 2.05, p = 0.16, ηp

2 = 0.05). The interaction between 

taVNS and Stimulus was not statistically significant (F(1,41) = 0.01, p = 0.92, ηp
2 < 0.01). 

350–399 ms 

Draw 1: A typical main effect of Stimulus was found (F(1,41) = 29.21, p < 0.01, ηp
2 = 0.42) 

but taVNS did not show a significant main effect (F(1,41) = 0.36, p = 0.55, ηp
2 = 0.01) or 

interaction with Stimulus (F(1,41) = 0.16, p = 0.69, ηp
2 < 0.01). 

Draw 2: The main effect of Stimulus was significant again at Draw 2 (F(1,41) = 35.12, p < 

0.01, ηp
2 = 0.46). The main effect of taVNS was not significant (F(1,41) = 0.20, p = 0.66, ηp

2 = 

0.01), nor was the taVNS × Stimulus interaction (F(1,41) = 4.03, p = 0.05, ηp
2 = 0.09). 

Draw 3: No main effect of Stimulus or taVNS was present at Draw 3 (Stimulus: F(1,41) = 

2.19, p = 0.15, ηp
2 = 0.05; taVNS: F(1,41) = 1.77, p = 0.19, ηp

2 = 0.04). The interaction between 

taVNS and Stimulus was not statistically significant (F(1,41) = 0.23, p = 0.63, ηp
2 < 0.01). 

450–499 ms 

Draw 1: A typical main effect of Stimulus was found (F(1,41) = 19.57, p < 0.01, ηp
2 = 0.32) 

but taVNS did not show a significant main effect (F(1,41) = 0.21, p = 0.65, ηp
2 = 0.01) or 

interaction with Stimulus (F(1,41) = 0.04, p < 0.83, ηp
2 < 0.01). 

Draw 2: The main effect of Stimulus was significant again at Draw 2 (F(1,41) = 20.34, p < 

0.01, ηp
2 = 0.33). The main effect of taVNS was not significant (F(1,41) = 0.23, p = 0.64, ηp

2 = 
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0.01). However, the taVNS x Stimulus interaction was not statistically significant (F(1,41) = 

3.78, p = 0.06, ηp
2 = 0.08). 

Draw 3: No main effect of Stimulus or taVNS was present at Draw 3 (Stimulus: F(1,41) = 

1.02, p = 0.32, ηp
2 = 0.02; taVNS: F(1,41) = 0.93, p = 0.34, ηp

2 = 0.02). The interaction between 

taVNS and Stimulus was not statistically significant (F(1,41) = 0.05, p = 0.83, ηp
2 < 0.01). 
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V-1 Summary of results 

In Study 1, we found that patients with GTS had similar behavioural performance to 

HC and that N2 amplitudes were also unchanged compared to HC. However, Ne/ERN 

amplitudes were increased in patients with GTS and also more frontally-distributed than HC. 

These Ne/ERN results are in line with the ENP hypothesis, as GTS is characterised by DA 

dysfunction which supposedly altered frontal amplitudes compared to HC. In the systematic 

review, the frontal Ne/ERN component was primarily investigated using flanker tasks, as in 

Study 1. These studies primarily performed pure DA investigations (see Appendix Table A6) 

and, in line with the ENP hypothesis, 75% of either pure DA or combined DA/NE 

investigations reported a significant effect of pharmacological manipulation on Ne/ERN 

amplitudes. An NE-driven alteration of the Ne/ERN was also observed (Riba et al., 2005a), 

though Kenemans and Kähkönen (2011) posit that this is due to projections towards the ACC, 

which facilitate modulation of DA activity.  

In Study 2, the main effect of Diagnosis on nP3 amplitudes was not statistically significant. 

However, there was an interaction between medication and testing order between groups. 

Patients with PD had larger nP3 amplitudes during the unmedicated session compared to the 

medicated session, but only if the unmedicated session was completed second. Specifically, 

the natural sensitization of the nP3 over repeated testing was not observed in patients who 

completed the medicated session first. This indicates that DA medication may influence the 

frontal nP3 component but in more complicated circumstances than previously anticipated. 

Regardless, our observation of altered nP3 amplitudes in PD, but not P3b amplitudes, is in 

agreement with the ENP hypothesis. This also emphasises the need for repeated measures in 

control groups. The majority of clinical repeated measures studies only measure HC once (Seer 

et al., 2016). Our systematic review as inconclusive, revealing only two investigations of the 

nP3. One of these showed a significant effect of (Uslu et al., 2012). 

In study 3, P3b amplitudes were found to be influenced by supposed NE stimulation. 

However, this was only true for the second stimulus in a sequence of three. The effect of NE 

stimulation on P3b amplitudes is in agreement with the ENP hypothesis. Similarly, the results 

in the review showed that pure NE manipulation led to altered P3b amplitudes and latencies, 

though the direction of the relationship remained unclear. There was also evidence for the 

potential involvement of DA, which has also been previously suggested by Polich and Criado 

(2006) and Seer et al. (2016). 
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V-2 The ENP hypothesis 

The ENP hypothesis states that NE modulates the parietally-distributed P3b and DA 

modulates the frontally-distributed P3a, nP3, Ne/ERN, and N2 components. In this section, the 

validity of this hypothesis will be discussed, with regards to the systematic review (section I-

4) and the results of Study 1, Study 2 and Study 3. 

With regards to the P3b, LC-NE lesions have been shown to reduce amplitudes in 

monkeys (Pineda & Westerfield, 1993) and previous reviews of human studies have also 

provided evidence of NE modulation. Study 3 provides evidence of supposed NE modulation 

of P3b amplitudes. P3b amplitudes were statistically significantly increased during active 

taVNS compared to sham taVNS, though only for particular stimuli. This NE-driven change is 

in line with the ENP hypothesis but suggest that it was only true for particular circumstances. 

In addition, a follow-up review from Polich (2007) posits that DA may influence the P3b to a 

minor extent, in addition to its effect on the frontally-distributed P3a and nP3 (Polich & Criado, 

2006). Previous reviews reported weak evidence for DA modulation of the P3b (Frodl-Bauch 

et al., 1999; Kenemans & Kähkönen, 2011). The systematic review of the literature (see Section 

I-4) returned mixed results and only 44.5% of total investigations altered P3b amplitudes 

during attentional tasks. Amplitudes were only sometimes affected by pharmacological CA 

manipulations, though it must be noted that many medications have partial effects on both DA 

and NE. Studies should attempt to dissociate DA effects from NE effects, which may be done 

with more specific medication. For example, yohimbine is a highly selective NE antagonist, 

with little effect on DA (Doxey, Smith, & Walker, 1977; Starke et al., 1975). A variety of other 

possible reasons for the discrepancy in the results were identified and these will be discussed 

below (sections V-3 and V-4). In addition to DA and NE, some reviews posit that GABA also 

has an indirect effect on the P3b, and that cholinergic systems may indirectly modulate other 

networks that have an effect on the P3b (Curran et al., 1998; Houlihan, Pritchard, & Robinson, 

2001; Neuhaus et al., 2006; Van Laar et al., 2002). A review of the few available 5-HT studies 

did not suggest a role in P3 generation (Kenemans & Kähkönen, 2011). Other studies in the 

systematic review examined medications which only influenced CAs as a secondary effect. 

Van Laar et al. (2002) performed investigations of the P3b using the SSRI paroxetine and the 

5-HT agonist nefazodone. Both of these medications primarily target 5-HT and neither of these 

drugs influenced the P3b in HC following 7 days of treatment. This overlap of medication 

effects may explain some of the conflicting results found in the review. Though CAs may 

influence P3b amplitudes, it has been suggested that 5-HT may negate these effects (Kenemans 
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& Kähkönen, 2011). Thus, mixed pharmacological treatments may produce effects that are 

difficult to interpret given the influence of DA, NE and 5-HT, among others. For example, 

haloperidol and olanzapine both act as CA antagonists, but the 5-HT antagonism at olanzapine 

may create additional effects that make comparison between these medications unsuitable. This 

may explain the apparent effect of CA antagonism in some studies, but insensitivity in others.  

According to the ENP hypothesis, the frontally-distributed P3a and nP3 are generated 

primarily by DA activity. In Study 2, nP3 amplitudes were significantly altered in PD compared 

to HC. Given that PD is a movement disorder characterised by DA dysfunction, this supports 

the ENP hypothesis. The systematic review found that the number of CA pharmacological 

examinations in HC examining the P3a and nP3 was relatively low. Four from thirteen P3a 

investigations reported statistically significant effects of CA pharmacological manipulation. 

Three of these manipulated DA (Albrecht et al., 2011; Linssen, Riedel & Sambeth, 2011; 

Sambeth, 2011), while one reported that an NE agonist (yohimbine) and an NE antagonist 

(clonidine) led to increased and decreased P3a amplitudes, respectively (Turetsky & Fein, 

2002). The remaining insignificant results came mainly from mixed DA/NE manipulation 

(Barnes et al., 2014; Gabbay, Duncan & McDonald, 2010; Kähkönen et al., 2001; Linssen et 

al., 2014; Rangel-Gomez et al., 2013). Only two studies examined the nP3 in HC and reported 

increased nP3 amplitudes using bupropion (Uslu et al., 2012) and no effect using 

dexamphetamine (Gabbay, Duncan & McDonald, 2010). Ultimately, the results are not 

convincing, but there are not enough data to reach a confident conclusion about the influence 

of DA (or NE) on the P3a and nP3 in HC. 

DA is also supposedly responsible for N2 generation (Polich, 2007). Study 1 did not 

find statistically significantly different N2 amplitudes between HC and patients with GTS (a 

DA movement disorder). In the systematic review, N2 amplitudes tended to have an inverse 

relationship with DA. That is, an increase in DA levels tends to decrease N2 amplitudes 

(Lucchesi et al., 2003; Lucchesi et al., 2005; Oranje et al., 2009; Silber et al., 2012; Takeshita 

& Ogura, 1994). Some studies, however, found direct relationships in which an increase of DA 

led to increased amplitudes (intravenous and oral cocaine: Herning et al., 1985; Mückschel et 

al., 2020), or a decrease of DA led to decreased amplitudes (Neuhaus et al., 2009). Session 

effects were also observed, as Mückschel et al. (2020) reported an increase in N2 amplitudes 

following MPH, but only if this was administered during the second session. Despite the lack 

of significant results in Study 1, the results from the systematic review seem to agree with the 
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ENP hypothesis. Although once more, there are not enough studies to make a reliable inference 

and there appear to be many factors influencing the outcome (see Section V-3). 

As the ACC is suspected to be the neural origin of the Ne/ERN, DA is strongly 

implicated in its modulation (Holroyd & Coles, 2002; Kenemans & Kähkönen, 2011; Polich, 

2007). Kenemans and Kähkönen (2011) agree with the ENP hypothesis of DA-driven 

modulation of the Ne/ERN and NE-driven modulation of the P3b. In addition, they also suggest 

that NE may have indirect effects on the Ne/ERN, given its projections towards the DA-rich 

ACC (Salamone et al., 2005). The Ne/ERN results from Study 1 are in line with the ENP 

hypothesis, as GTS is characterised by DA dysfunction and resulted in altered frontal 

amplitudes compared to HC. In the systematic review, 17 examinations returned 11 (64.7 %) 

statistically significant alterations to the P3b following pharmacological CA manipulation. The 

majority of these used focussed on DA manipulation. The DA-focussed studies investigated 

the frontal Ne/ERN component primarily using flanker tasks and did not find a directional effect 

of amplitudes following DA increase or decrease (Barnes et al., 2014; de Bruijn et al., 2004; 

de Bruijn et al., 2006; Forster et al., 2017; Hall et al., 1995; Nilsson et al., 2005; Spronk et al., 

2016; Zirnheld et al., 2004). BDZs increased DA amplitudes, supposedly by indirect DA 

stimulation via GABA (De Bruijn et al., 2004; Johannes et al., 2001). Only one NE examination 

found altered amplitudes following drug administration, which was suspected to cause indirect 

DA stimulation (Nieuwenhuis et al., 2005; Riba et al., 2005a). Two other NE agonists did not 

alter amplitudes (Barnes et al., 2014; De Bruijn et al., 2004). The finding of DA-related 

Ne/ERN amplitude changes supports the ENP hypothesis. This would be further supported by 

a comparative failure to find NE modulatory effects, though only three such examinations exist.  

Overall, the ENP hypothesis seems to be broadly supported by the data but requires 

some updating. Examinations of specific psychiatric or neurodegenerative disorders tend to 

focus their discussion on specific neurotransmitter systems. It may be that future studies should 

incorporate a more integrative approach, which considers the many interactions happening 

within and across systems in order to maintain optimal performance. The complex mechanisms 

of the CA neurotransmitters have been observed in animal investigations, human 

pharmacological manipulation examinations, and neurodegenerative/psychiatric disorders. 

The findings suggest that these systems are recruited in tandem, as opposed to the individual 

isolated activation of specific systems (Frodl-Bauch et al., 1999; Kenemans & Kähkönen, 

2011; Nieuwenhuis et al., 2005; Polich, 2007). The CA systems overlap with each other (and 

other neurotransmitters) in terms of projections, terminals, and innervation targets (Hensler et 
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al., 2013). Therefore, 5-HT, NE, DA, GABA, and acetylcholine are likely exert their influence 

on neural and behavioural output through interactions with each other. This is most likely to 

occur in the PFC, the primary target for many receptor subtypes (Briand et al., 2007). These 

systems and various pathways may be recruited in tandem with each other in order to achieve 

ideal levels. For instance, DA is projected not just by DA neurons, but also by NE neurons 

(Stahl, 2003). Therefore, stimulating an increase of NE production naturally increases DA 

levels as well. DA and NE are both effected when NET in the frontal cortex is blocked, either 

selectively or non-selectively (Stahl, 2003). Briand et al. (2007) suggest that hypotheses 

focussing on isolated neurotransmitter systems are likely to fail, given that they neglect the 

many interactions and external influences on in these pathways. Therefore, the ENP hypothesis 

may be oversimplified and should account for many additional factors and interactions. These 

will be discussed in Section V-3. 

V-3 Pharmacological modulation of event-related potentials 

Animal lesion studies have provided highly specific hypotheses about the roles of 

particular neurotransmitters in cognitive process (Briand et al., 2007). Neurotoxic lesions of 

DA and NE terminals on the dorsal PFC produce working memory impairments almost 

comparable to a direct physical lesion of the dorsal PFC (Brozoski et al., 1979). However, 

animal PFC studies do not always directly translate to human clinical settings. For example, 

the mediodorsal nucleus of the thalamus (MD) projects to dorsal lateral regions in primates 

(including humans), but not in rodents. The MD in rodent forebrains only projects to medial 

and orbital regions (Briand et al., 2007). Despite these limitations, many argue that the dorsal 

lateral regions in the frontal lobe of primate brains can be overlapped with the medial and 

orbital regions in humans (Kolb, 1990; Dalley, Cardinal, & Robbins, 2004) and that the LC-

NE has been shown to be highly consistent across mammalian species in terms of form and 

location (Russell, 1955). However, these results must be interpreted with caution, particularly 

as the neural processes underlying cognitive behavioural tasks are likely to differ between 

humans and animals. 

As previously discussed, clinical disorders provide opportunities to examine natural CA 

deficiencies and the effects of prescribed medication. The difficulties associated with 

examinations of clinical populations have been previously discussed (see Section I-3). These 

complications include comorbid disorders, disease severity, and variation in treatments. 

Furthermore, clinical disorders are susceptible to the overdose hypothesis. In the case of clinical 

comparisons of patients on and off medication, there is often the expectation that amplitudes 
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during the “on” state will more closely reflect the amplitudes of HC, as medication supposedly 

restores CA expression to its ideal state. The overdose hypothesis accounts for observations 

that CA medication improves some functions, as expected, but often has detrimental effects on 

others. This hypothesis is strongly supported in PD (Seer et al., 2016). In PD, DA neuron 

degeneration occurs in the striatum but neurons are relatively spared in the VTA. DA therapy 

may restore DA levels in the striatum closer to those required for optimal functioning. In 

addition, DA levels are also increased globally and “over-dosed” in regions unaffected by 

degeneration, such as the VTA (MacDonald & Monchi, 2011). In further support of this, the 

main finding in Study 2 was that DA medication impaired sensitisation of nP3 amplitudes, 

though this depended on the testing order.  

Overall, it seems that pharmacological manipulation in HC seems to be the most reliable 

approach to study the effect of CA manipulation on ERPs. As Table I-1 (see Introduction) 

shows, many different forms of CA manipulation exist. Various studies have indicated that 

pharmacological manipulation has different locational and functional influences on CA 

concentrations, depending on the stage of transmission being targeted (Herning et al., 1985; 

Neuhaus et al., 2009; Spronk et al., 2016; Takeshita & Ogura, 1994). In the systematic review 

(see Section 1), some studies did not show a directional effect of CA manipulation following 

stimulation using similar methods (Herning et al., 1985; Spronk et al., 2016). 

Even within the DA and NE systems, there are also many types of receptors, with different 

functions and spatial distributions. In the DA system, DA is generated by two groups of cell 

bodies in the mesencephalon; the substantia nigra pars compacta (SNpc) and the VTA. From 

these regions, 3 main DA pathways project to the cortex: the mesolimbic pathway, the 

mesocortical pathway, and the nigrostriatal pathway (Luo & Huang, 2016). These three 

pathways are each linked to different functions, disorders, and receptor expression (Luo & 

Huang, 2016). Additionally, the various receptor types in each pathway have their own the 

functional and spatial significance. DA receptors can be divided into 2 sub-groups. Excitatory 

D1-like receptors (D1 and D5: Beninger & Miller, 1998) are expressed primarily in the 

striatum, nucleus accumbens (NAc), olfactory bulb, and SN (Calabresi et al., 2007). Inhibitory 

D2-like receptors (D2, D3, and D4; Civelli, Bunzow & Grandy, 1993; Khan et al., 1998; 

Kebabian et al., 1984) are also expressed in high density in the striatum and NAc, as well as in 

the cortex, hippocampus and amygdala (Calabresi et al., 2007). Therefore, stimulation of these 

receptors will produce a range of effects, depending on the receptor subtype and region 
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targeted. In this manner, a particular D1 antagonist may influence different systems and 

pathways than another D2 agonist.  

Similarly, axons from LC-NE neurons terminate in the PFC (Chandler, Waterhouse, & Gao., 

2014) where the three categories of NE adrenoreceptor subtypes are observed: α1, α2 and β 

(Ramos & Arnsten, 2007). Of all three receptor-subtypes, β has the lowest affinity for NE in 

the cortex (Arnsten, 2000) and is less relevant to the study of exogenous ERPs than α1 and α2 

receptors. However, α1 and α2 receptors primarily exist at the post-synaptic level and are 

dispersed through more superficial layers of the cortex (Aoki et al., 1994). Evidence suggests 

opposing roles of the α1 and α2 receptors on cognition and ERPs in the PFC. α1 agonists have 

been shown to impair cognition in humans and primates (Arnsten et al., 1999; Arnsten, 2000; 

Mao, Arnsten, & Li, 1999), while α2 agonists can repair CA-related memory deficits (either 

experimentally induced or naturally occurring) (Mao, Arnsten & Li, 1999). It follows that 

differential stimulation of each receptor, using a range of NE agonists and antagonists, might 

not produce comparable stimulation.  

In addition to receptor types, the mechanisms surrounding CA release and uptake can 

differentially influence ERPs. Catechol-O-methyltransferase (COMT) is responsible for 

increasing concentrations of CA through its metabolic breakdown (i.e. catabolisation) (Roth, 

1992; Yavich et al., 2007). This is expressed most strongly in the PFC, with little influence on 

CA in the striatum (Matsumoto et al., 2003a; Matsumoto et al., 2003b; Roth, 1992; Yavich et 

al., 2007). COMT inhibitors therefore decrease DA primarily in the PFC, where they prevent 

catabolisation (Palma et al., 2013). In contrast, protein transporters control the intensity and 

duration of CA through the reuptake process (Gulley & Zahniser, 2003). DA and NE 

transporters (DAT and NET) reduce concentrations of CAs through reabsorption into the 

synaptic nerve terminal (Bönisch & Brüss, 2006). Thus, DAT and NET inhibitors increase 

concentrations of CA. However, selective inhibition of DA can only occur where there is DAT. 

In contrast to COMT, the density of DAT in the frontal cortex is relatively low and DAT 

inhibitors do not increase DA in this region (Stahl, 2003). DAT is found primarily in the basal 

ganglia and DAT inhibitors effectively increase DA in the striatum and NAc (Meng et al., 

1999). NET, located in the LC-NE (Zhou, 2004) controls NE through similar processes 

(Bönisch & Brüss, 2006; Mandela & Ordway, 2006). These varying spatial distributions may 

explain the varying results from different types of DA medication. Current pharmacological 

methods of CA increase tend to target DA/NE receptors and COMT, both of which have 

concentrations in the cortex. However, inhibiting DAT reuptake has been shown to stimulate 
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motor activity, presumably due to flooding of DA in the basal ganglia, but has no apparent 

effects on PFC-related functions (Stahl, 2003). Thus, it may not be valid to compare DA 

increase caused by DA agonism to DA increase caused by DAT inhibition. This may follow 

for other CA medications. 

The method of drug administration can influence the effects on neurotransmitters (Linner et 

al., 2001). Desipramine, a tricyclic antidepressant (TCA), applied systemically enhanced DA 

output in the PFC, but also influenced the NAc following local application (Carboni et al., 

1990; Yamamoto & Novotney, 1998). The NRI reboxetine also produced differing effects on 

the VTA and PFC depending on the administration method (Linner et al., 2001).  

Many CA-related disorders have shown genetic components in terms of their aetiology and 

development e.g. GTS (Comings, 1995), PD (Bonifati et al., 2003), ADHD (Accili & Fuchs, 

1996; Hasler et al., 2015; Yang et al., 2004). Previous studies have shown strong genetic 

influence on the P3b and other ERPs in SCZ (Yung et al., 1996; Katsanis et al., 1997). Light is 

still being shed on the role of genetics in responsivity to pharmacological treatment. There has 

been much evidence that genetic variability affects the strength of the influence from COMT, 

DAT and NET and thus, the strength of the effect from medication targeting these. Numerous 

human and animal reports show that expression of the DAT1 gene leads to higher baseline PFC 

levels of DA (Schott et al., 2006; Sesack et al., 1998). Yang et al. (2004) provide evidence that 

particular polymorphisms (i.e. mutations) of the NET gene were associated with responsivity 

to methylphenidate. Particular polymorphisms of D2 receptors have been linked to a 40% 

reduction of receptor expression (Thompson et al., 1997), ADHD traits (Nyman et al., 2012), 

mood disorders (Zou et al., 2012), and impaired feedback learning (Klein et al., 2007). D3 

receptor polymorphisms are linked to increased risk of tardive dyskinesia, which occurs in 

response to DA therapy, particularly in PD (Bakker, van Harten & van Os, 2006; Vehof et al., 

2012). The P3b has already shown strong genetic aspects and family studies show strong 

correlations between family members for component measures (Beste et al., 2016; Bhakta et 

al., 2017; Stadelmann et al., 2011). This genetic aspect of responsivity to pharmacological 

treatment appears to be supported by the systematic review, which found two instances of 

altered P3b amplitudes following tolcapone and Δ9-THC, depending on DA phenotype 

(Bhakta et al., 2017; Stadelmann et al., 2011). 

In summary, repeated measures studies are most suitable for assessments as individual ERP 

measures are influenced by such a wide range of factors. 
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V-4 Neuromodulation of event-related potentials 

Pharmacological methods are currently the most commonly used therapy for clinical treatment 

of CA-related disorders. Currently, PD is typically treated with pharmacological DA therapy, 

despite a range of complications. Various involuntary movement disorders, or dyskinesias, 

eventually develop in the majority of patients using L-Dopa (Calabresi et al., 2007). A range 

of DA agonists are also available to patients, though these have been found to impair 

behavioural performance on many facets of executive attention (Lange et al., 2018; 

Vaillancourt et al., 2013). A range of studies report drop-outs or dosage reduction due to 

aversive side effects in HC (e.g. Luthringer et al., 1999, Meador et al., 1995). Therefore, 

alternatives to pharmacological manipulation are often sought after, for both clinical and 

experimental purposes. 

Currently, some patients with PD have had success with surgically invasive DBS which 

stimulates release of DA (Bronstein et al., 2011). This may also be useful in experimental 

studies of the ENP hypothesis though the few patients who receive this often have severe 

symptoms. A non-invasive neuromodulation method of DA exists in the form of transcranial 

Direct Current Stimulation (tDCS), which is often used in HC to investigate cognitive functions 

(Fonteneau et al., 2018; Dennison et al., 2019). Unfortunately, due to placement of electrodes, 

it is unsuitable for studying in tandem with EEG recordings. However, Study 3 showed a 

statistically significant effect of taVNS on P3b amplitudes. Further ERP and behavioural 

evidence suggests that it effectively stimulates NE non-invasively. taVNS is relatively new in 

the study of ERPs in HC (see Section I-5) but has no major side effects and has a convincing 

sham condition. I would therefore suggest this as a suitable alternative to pharmacological 

manipulation in future examinations of the ENP hypothesis with regards to NE stimulation. 

V-5 Future considerations and experimental design 

Previous literature reviews report difficulties with conducting and analysing 

neuropharmacological ERP studies due to confounding variables (Frodl-Bauch et al., 1999; 

Kenemans & Kähkönen, 2011; Nieuwenhuis et al., 2005; Polich, 2007). Study design is a large 

factor in minimising interference from external sources. Matched control groups are 

particularly important in CA investigations as amplitudes have been shown to naturally decline 

with age, due to supposed impairment of phasic DA activity in the mesencephalic system 

(Nieuwenhuis et al., 2002). Some studies also include an active control substance in addition 

to a placebo. For example, diphenhydramine (DIPH) has been used as an active control for DA 

agonists in a variety of studies, due to its muscarinic and histaminic blocking properties and 
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lack of effect on DA (Zirnheld et al., 2004). Therefore, DIPH can be used as an active control 

in order to account for the potential influence of side effects. 

This approach to counter-balancing may also help to address the specificity of various 

drugs. Some effects may be caused by indirect means. For example, SSRIs and BDZs target 5-

HT and GABA respectively, but exert influence over DA through secondary mechanisms. 

Therefore, care must be taken when interpreting results, as multiple neurotransmitters are 

simultaneously activated. Kenemans and Kähkönen (2011) also warn that drug effects may 

instead reflect global effects of the drug, such as sedation or activation, rather than the effect 

of the specific neurotransmitter targeted. This is another instance in which an active control 

like DIPH may be useful (e.g. Curran et al., 1998). 

Further practical considerations in study design include medication-to-testing-intervals, task 

fatigue, and session effects. Appropriate counter-balancing should be adopted during study 

design. Study 2 reported an interaction effect between medication and session. A similar result 

was previously reported for methylphenidate in a study by Mückschel et al. (2020). This is also 

an important consideration for control groups, as the majority of repeated-measures clinical 

studies test the control group only once (Seer et al., 2016). As Study 2 revealed, repeated testing 

in HC is also important in order to avoid confounding medication effects with practice or 

session effects. An alternative approach to avoiding session effects is that of Shelley et al. 

(1991). They found that ERPs decreased most notably from the first to the second session. 

Recording a “dummy” session before the relevant experimental sessions was sufficient to 

induce a practice effect before beginning the true examination. 

Paradigms may produce substantial differences in P3 outcome (Kenemans & Kähkönen, 2011). 

Even using the same task, variations in modality, stimulus complexity and stimulus timing can 

alter ERPs. Linssen et al. (2011) also provide evidence that tasks can interact with ERP 

outcomes, as both the Sternberg memory scanning task and the Verbal Learning resulted in 

different N2 and P3a results, despite being performed under the same testing conditions. 

Different types of learning and memory (e.g., working memory tasks vs episodic memory 

tasks) and may also account for these varying results. 

Further individual neurobiological characteristics such as gender, age, circadian rhythms, and 

dose tolerance can also influence amplitudes and latencies. ERP methods have become more 

exact and sensitive, with different methods (e.g. RIDE, see Study 3) becoming available to 

account for individual differences. 
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V-6 Conclusions 

The ENP hypothesis appears to have valid foundations and validation in the literature in HC, 

though the current theory seems too simplistic to fully account for the role of DA and NE in 

exogenous ERP generation. Overall, the evidence suggests that many neurotransmitter systems 

are recruited in tandem during attentional tasks, as opposed to isolated activity from a particular 

systems. While a simple DA-NE dichotomy is tempting, the data from a systematic literature 

review, supported by three independent studies, are inconclusive and suggest more complex 

mechanisms. 
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Appendix Table A1. A List of all medications used in the systematic review, with number of 

search hits (N) for each medication searched. 

Drug N 

2-Aminotetralin 8 

2-DPMP 0 

6-OHDA 270 

Agomelatine 91 

Amantadine 342 

Amfetyline 0 

Amineptine 11 

Amitriptylin 324 

Amoxapine 50 

Amphetaminoethyltheophylline 0 

Amphetamine 1177 

Apomorphine 560 

Aripiprazole 445 

Atomoxetine 470 

Benserazide 71 

Betahistin 0 

Blonsanserin 0 

Brexpiprazole 14 

Bromocriptine 370 

Bupropione 7 

Buspirone 269 

Cabergoline 94 

Carbidopa 140 

Cariprazine 16 

Centanafadine 0 

Citalopram 700 

Clomipramin 35 

Clonidine 765 

Cocaine* 992 

Cyproheptadine 25 

d,l-threo-Methylphenidate 6 

Dasotraline 2 

Desipramine 330 

Desmethylimipramine 27 

Desmethylsertraline 2 

Desoxypipradrol 0 

Desvenlafaxine 28 

Dexmedetomidine 182 

Dexmethylphenidate 29 

Dextroamphetamine 441 



188 
 

Diazepam* 640 

Dibenzepine 6 

Diclofensine (Ro 8-4650) 4 

Dihydroergocryptine (DHEC) 5 

Diphenylprolinol (D2PM) 3 

D-Methylphenidate 29 

Domperidone 51 

Doxepin 83 

Droperidol 162 

d-threo-Methylphenidate 9 

Duloxetine 160 

Duodopa 12 

Entacapone 73 

EPH (Ethylphenidate) 4 

Fencamfamine 10 

Fencamine 0 

Fenethylline 0 

Fenetylline 1 

GBR-12909 39 

Gepirone 22 

Guanfacine 127 

Haloperidol* 720 

Imipramine 560 

Indatraline 2 

L-Deprenyl 42 

Levoamphetamine 11 

Levodopa/l-dopa* 600 

Levomilnacipran 8 

Lisuride 61 

Lofepramin 2 

Lometraline 0 

Losartan 66 

L-Tyrosine 120 

Maprotilin 15 

Mazindol 36 

MDMA 440 

MDPV 15 

Medetomidine 110 

Medifoxamin 0 

Melperone 23 

Methylenedioxypyrovalerone 7 

Methylphenidate* 990 

Metoclopramide 64 
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Milnacipran 72 

Mirtazapine 230 

Mosapramine 1 

MTPT 11 

Nefopam 8 

Nisoxetine 12 

Nitecapone 1 

Nomifensine 73 

Norsertraline 0 

Nortriptylin 14 

O-2172 0 

Olanzapine* 350 

Opicapone 4 

Opipramol 19 

Paroxetine 670 

Perafensine 0 

Pergolide 170 

Perospirone 74 

Phenelzine 67 

Phenethylline 0 

Phenylephrine 120 

Phenylpiracetam 0 

Pipradrol 10 

Piribedil 46 

Pramipexole 137 

Prochlorperazine 30 

Prolintane 3 

Promethazine 64 

Protriptyline 61 

Pyrimidinylpiperazine 2 

Pyrovalerone 3 

Quebrachine 1 

Quetiapine 658 

Quinelorane 6 

Quinpirole 140 

Rasagiline 66 

Reboxetine 210 

Reserpine 170 

Revospirone 0 

Ro 4-4602 5 

Ropinirole 76 

Rotigotine 115 

Selegiline 123 
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Serazide 0 

Sertraline 560 

Simvastatin 68 

Solriamfetol 2 

Sulpiride 423 

Tametraline 0 

Tandospirone 40 

Telmisartan + Hydrochlorothiazide 1 

Tiospirone (Tiaspirone, Tiosperone) 0 

Tolcapone 100 

Tomoxetine 24 

Tranylcypromine 59 

Trimipramine 18 

Tropoxane 0 

Umespirone 8 

Venlafaxine* 484 

Viloxazin 1 

WY-46824 0 

Yohimbine 320 

Ziprasidone 240 

Zotepine 83 
 

Note. * = adjusted search term was used (see Section I-3) due to initial search results exceeding 

1000; COMT = Catechol-O-methyltransferase; DA = Dopamine; DAT = Dopamine 

transporter; DRI = Dopamine Reuptake Inhibitor; GAD = Generalised Anxiety Disorder; 

MAOA = monoamine oxidase A; MAOB = monoamine oxidase B; MAOI = monoamine 

oxidase inhibitor; na = not applicable; NDRI = Norepinephrine Dopamine Reuptake Inhibitor; 

NE = Norepinephrine; NET = Norepinephrine Transporter; PD = Parkinson's Disease; RLS = 

Restless Leg Syndrome; SNDRI = Serotonin-Norepinephrine-Dopamine Reuptake Inhibitor; 

SNRI = Serotonin-Norepinephrine Reuptake Inhibitor; SSRI = Selective Serotonin Reuptake 

Inhibitor; TCA = Tricyclic antidepressant. 
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Appendix Table A2. Overview of the studies assessing the parietal P3b using pharmacological 

manipulation in HC during attentional tasks. 

Author 

N 

(M/F) 

Age M 

(SD)(Range) Task Response Ratio Modality 

MTTI 

(hrs) Medication 

Dosage 

(mg) 

Influence 

DA     NE 

  Results 

  A        L 

Mervaala et al. 

(1993)^‡ 

6 (6/0) 31.5 

(5.82)(26-41) 

Oddball Active 

(n.r.) 

85:15 aud 0; 1 Atipamezole i.v. 

0.1/kg. 

- ↑ ↓ - 

Barnes et al. 
(2014) 

35 
(35/0) 

24.6 (5.78) Flanker - - - 0; 1.5; 
3 

Atomoxetine 60 - ↑ NS NS 

Jepma et al. 
(2016) 

32 
(11/21) 

22.9 (18-28) Predictive 
Inference 

Button - vis 1.25 Atomoxetine 40 - ↑ NS - 

Loughnane et 
al. (2019) 

40 
(40/0) 

(18-45) Oddball Button 80:20 vis 1.5 Atomoxetine 60 - ↑ NS ← 

De Bruijn et al. 
(2004) 

12 22.58 
(5.7)(19-39) 

Flanker - - - 3.5 Mirtazapine 15 - ↑ NS - 

Halliday et al. 
(1994) 

13 
(13/0) 

25.2 (21-30) Flanker - - - - Yohimbine 30 - ↑ NS NS 

Lueckel et al. 

(2018)§ 

18 
PLA 

(18/0); 

18 

PLA 22.9 
(3.3) 

SUL 22.2 

(2.7) 

Gambling - - - 1.42 Yohimbine 10 - ↑ NS - 
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SUL 

(18/0) 

Turetsky et al. 

(2002) 

10 

(10/0) 

(22 -37) Oddball 

(Distractor) 

Button 70:15:1

5 

aud - Yohimbine 30 - ↑ NS NS 

Halliday et al. 

(1994) 

13 

(13/0) 

25.2 (21-30) Flanker - - - - Clonidine 0.2 - ↓ ↓ NS 

Jepma et al. 

(2018) 

18 

(3/15) 

21 (18-26) Predictive 

Inference 

- - - 2 Clonidine 1.2 - ↓ ↓ - 

Joseph and 

Sitaram (1989) 

14 

(8/6) 

27 (23-37) Oddball Count 85:15 aud 1.5 Clonidine 0.2 - ↓ ↓ NS 

Schutte et al. 

(2020) 

23 

(23/0) 

22.8 (3.7) Go/NoGo  

(Cued) 

- - - - Clonidine 0.15 - ↓ NS - 

Turetsky and 

Fein (2002) 

10 

(10/0) 

(22 -37) Oddball 

(Distractor) 

Button 70:15:1

5 

aud - Clonidine 0.2 - ↓ NS NS 

Brown et al. 

(2016) 

18 

(3/15) 

21 (18-26) Dual Target 

Attentional 
Blink 

- - - 3 Clonidine 150/17

5μg 

- ↓ ↓ - 

 

 

Callawayet al. 

(1991)§ 

12 

(12/0) 

(21 - 30) Stimulus 

Evaluation 

- - - 1 Clonidine 0.2 - ↓ - NS 
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Response 

Selection 

Unrug et al. 

(1997)§ 

24 

(6/18) 

21 Oddball Passive 100 aud 0.75 Diazepam 10 ↑ - ↓ - 

Unrug et al. 

(1997)§ 

24 

(6/18) 

21 Oddball Button 80:20 aud 0.75 Diazepam 10 ↑ - ↓ - 

Lucchesi et al. 

(2003)§ 

48 
(24/24) 

24.8 (5.1)(18-
36) 

Oddball Button 80:20 aud 1.5 Flunitrazepa
m 

0.6/0.8/
1 

↑ - ↓ 
(0.8) 

→ 
(all) 

Oranje et al. 
(2006) 

17 
(17/0) 

22.8 (2.95) Oddball Count 80:20 aud 2.5 Levodopa 300 ↑ - NS NS 

Stanzione et al. 

(1991)^ ‡ 

12 42 (15) (26 - 
75) 

Oddball Count 80:20 aud - Levodopa 
(and 

Benserazide) 

500 ↑ - - → 

Leung et al. 

(2007) 

15 

(15/0) 

23.5 (3.5)(18-

30) 

MMN 

paradigm 

Passive 91:9 aud 2.5-3.5 Pergolide 0.1 ↑ - NS NS 

Santesso et al. 

(2009)§ 

20:PL

A 13 

(8/5) ; 
PRAM 

7 (5/2) 

PLA: 24.85 

(3.24) 

PRAM: 25.86 
(3.8) 

Prob. 

Reward 

- - - 2 Pramipexole 0.5 ↑ - NS - 
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Oranjeet al. 

(2009) 

18 

(18/0) 

23.1 (2.98) Selective 

Attention 

Button 80:20 aud 1 S-Ketamine 

(i.v) 

0.3/kg ↑ - ↓ - 

Caumo et al. 

(2019)§ 

PLA 

12 
(12/0); 

KET 

12 
(12/0) 

PLA 28.5 

(3.3) 
KET 26 (3.6) 

Oddball Button 80:20 vis <1 S-Ketamine 

(i.v) 

60ng/m

l 
↑ - ↓ NS 

Urata et al. 
(1996) 

10 
(10/0) 

33.9 (28-39) Oddball Count 80:20 aud 1; 2; 4; 
6; 8 

Triazolam 0.125 ↑ - ↓ → 

Lucchesi et al. 

(2005)§ 

36 
(0/36) 

24.35 
(2.51)(20-30) 

Oddball Button 80:20 aud 0; 0.75; 
1.75 

Zolpidem 5; 10 ↑ - ↓ 
(10) 

→ 
(5, 

10) 

Herzig et al. 

(1998) 

13 

(13/0) 

(20-38) Stimulus 

Evaluation 

Response 
Selection 

- - - 0; 1 Cotinine 0,0.5,1/

kg 

(n=9): 
0,1,1.5/

kg 

(n=7) 

↑* - - NS 

De Bruijn et al. 

(2004) 

12 22.58 

(5.7)(19-39) 

Flanker - - - 3.5 Lorazepam 2.5 ↑* - NS - 

Johannes et al. 

(2001) 

16 

(16/0) 

25 (3.2)(20 - 

29) 

Oddball Button 50:50 vis 2 Oxazepam 30 ↑* - ↓ → 
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Johannes et al. 

(2001) 

16 

(16/0) 

25 (3.2)(20 - 

29) 

Oddball Button 80:20 vis 2 Oxazepam 30 ↑* - ↓ → 

Meador et al. 

(1995) 

59 

(48/11) 

30 (19-46) Oddball Count 80:20 aud 5  

(Days: 
0, 28, 

105) 

Phenobarbital 15 (for 

4 
weeks) 

↑* - - → 

Hink et al. 

(1978) 

12 

(12/0) 

(19-28) Vigilance Button 90:10 aud 0.5 Secobarbital 100 ↑* - NS NS 

Larson et al. 

(2015) 

12 

(12/0) 

22.67 (2.74) Stroop - - - 4 ATPD - ↓ - NS NS 

Leung et al. 

(2010) 

16 

(16/0) 

25.8 (5.1)(22-

38) 

Oddball Passive 91:9 aud 5.5 ATPD 104g ↓ - NS NS 

Leung et al. 

(2010) 

16 

(16/0) 

25.8 (5.1)(22-

38) 

Oddball Passive 91:9 aud 5.5 ATPTD 104g ↓ - NS NS 

Neuhaus et al. 
(2009) 

22 
(22/0) 

35.5 (8.3) Oddball Button 261:37 aud 2 BCAA drink 60000 ↓ - ↓ - 

Lueckel et al. 

(2018)§ 

18 

PLA 

(18/0); 
18 

SUL 

(18/0) 

PLA 22.9 

(3.3) 

SUL 23.3 
(4.2) 

Gambling - - - 3.66 Sulpiride 200 ↓ - NS - 
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Takeshita and 

Ogura (1994) 

18 

(18/0) 

23.9 (3.7)(20- 

25) 

Oddball Count 80:20 aud 1 Sulpiride 150; 

300 
↓ - ↑ 

(low 
P3b) 

↓ 

(hig
h 

P3b) 

→ 

Luthringer et al. 

(1996) 

12 

(12/0) 

27.9 (5.8)(21-

38) 

Oddball Count 85:15 aud 6 Befloxatone 2.5; 10; 

20 
↑ ↑ ↓ 

(2.5, 

10) 

NS 

Uslu et al. 

(2012)^ ‡ 

10 

(6/4) 

42 (11.8)(23-

62) 

Oddball 

(Novel) 

Button 60:20:2

0 

aud Days: 

1, 7, 45 

Bupropion 300/da

y (for 7 
weeks) 

↑ ↑ NS NS 

Spronk et al. 

(2016) 

61 

(49/12) 

22.6 (4.3)(18 - 

20) 

Flanker - - - 0.75 Cocaine 450/kg ↑ ↑ ↑ NS 

Herning et al. 

(1985) ‡§ 

48 
(34/14) 

26 (5) Oddball Count 80:20 aud 0.17; 2 Cocaine (IV) 0.2/kg(
n=I7) 

0.4/kg(

n=22)0
.6/kg(n

=9) 

↑ ↑ ↓ NS 

Herning et al. 

(1985) ‡§ 

33 

(18/15) 

27 (5) Oddball Count 80:20 aud 1; 3 Cocaine (oral) 2/kg 

(n=15) 

3/kg 
(n=13) 

↑ ↑ ↓ NS 
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4/kg 

(n=5) 

De Bruijn et al. 

(2004) 

12 22.58 

(5.7)(19-39) 

Flanker - - - 3.5 Dexampheta

mine 

15 ↑ ↑ NS - 

Silber et al. 

(2012) 

20 

(10/10) 

25.2 (3)(21-

32 years) 

Oddball Button 87:13 aud - Dexampheta

mine 

0.42/kg ↑ ↑ NS NS 

Albrecht et al. 

(2011) ‡ 

18 

(11/7) 

25.4 Oddball 

(Distractor) 

Button 80:10:1

0 

aud 0; 1.25; 

2.16; 3; 

4.5 

Dexampheta

mine 

0.45/kg ↑ ↑ ↓ NS 

Albrecht et al. 

(2011) ‡ 

18 

(11/7) 

25.4 Oddball 

(Distractor) 

Button 80:10:1

0 

aud 0; 1.25; 

2.16; 3; 
4.5 

Dexampheta

mine 

0.45/kg ↑ ↑ NS NS 

de Bruijn et al. 
(2005)‡ 

12 
(5/7) 

22.58 (5.7) 
(19-39) 

Flanker - - - - Dexampheta
mine 

15 ↑ ↑ NS - 

Gabbay, 
Duncan and 

McDonald 
(2010) 

37 
Choose

r(16/21
); 25 

Non-

choose
r (16/9) 

Chooser 24.9 
(5); 

Non-chooser 
26 (4.1) 

Oddball 
(Distractor) 

Button 80:10:1
0 

aud - Dexampheta
mine 

10; 15 ↑ ↑ NS ← 
(15) 
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Gabbay, 

Duncan and 
McDonald 

(2010) 

37 

Choose
r(16/21

); 25 

Non-
choose

r (16/9) 

Chooser: 24.9 

(5); 
Non-chooser 

26 (4.1) 

Oddball 

(Novel) 

Button 80:10:1

0 

aud - Dexampheta

mine 

10; 15 ↑ ↑ ↑ 

(15) 

NS 

Halliday et al. 

(1994) 

13 

(13/0) 

25.2 (21-30) Flanker - - - - Dexampheta

mine 

10; 15 ↑ ↑ NS NS 

Kröner et al. 

(1999) 

12 

(8/4) 

26 (18-35) Go/NoGo - 95:5 aud 1 Dexampheta

mine 

20 ↑ ↑ NS - 

McKetin et al. 
(1999) 

12 
(6/6) 

24 (19-28) Oddball Button 76:24 aud 0.83 Dexampheta
mine 

10; 20 ↑ ↑ ↑ 
(20) 

NS 

Silber et al. 
(2012) 

20 
(10/10) 

25.2 (3)(21-
32 years) 

Oddball Button 87:13 aud - Dexampheta
mine 

0.42/kg ↑ ↑ NS ← 

Bensmannet al.  

(2018) 

25 

(10/15) 

23.9 (2.88) 

(19-31) 

Flanker - - - 2 Methylphenid

ate 

0.5/kg ↑ ↑ ↑ - 
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Barnes et al. 

(2014) 

35 

(35M-
0) 

24.6 (5.78) Flanker - - - 0; 1.5; 

3 

Methylphenid

ate 

30 ↑ ↑ NS NS 

Han et al. 
(2015) 

14 
(4/10) 

(21-28) Visual 
Matching 

- - vis 1.5 Methylphenid
ate 

20 ↑ ↑ NS ← 

Hermens et al. 
(2007) 

32 - Continuous 
Perform. 

- - vis - Methylphenid
ate 

5; 15; 
45 

↑ ↑ NS NS 

Hermens et al. 
(2007) 

32 - Oddball Button 82:18 aud - Methylphenid
ate 

5; 15; 
45 

↑ ↑ NS NS 

Hink et al. 
(1978) 

12 
(12/0) 

(19-28) Vigilance Button 90:10 aud 0.5 Methylphenid
ate 

10 ↑ ↑ NS NS 

Loughnane et 

al. (2019) 

40 

(40/0) 

(18-45) Oddball Button 80:20 vis 1.5 Methylphenid

ate 

30 ↑ ↑ NS ← 

Mückschel, 

Roessner, and 
Beste (2020) 

42 

(13/29) 

24.42 

(3.04)(19-31) 

Go/NoGo - - - 2 Methylphenid

ate 

0.25/kg ↑ ↑ NS - 

Naylor, 
Halliday and 

Callaway 

(1985) 

8 (0/8) (30-39) Stimulus 
Evaluation 

Response 

Selection 

- - - - Methylphenid
ate 

5; 10; 
20 

↑ ↑ - NS 
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Strauss et al. 

(1984) 

22 

(22/0) 

19.23 (0.87) Vigilance Button - - 1.25-

2.5 

Methylphenid

ate 

20; 30 ↑ ↑ ↑ - 

Le Houezec et 

al. (1994) 

12 

(12/0) 

26.7 (3.7)(21-

33) 

Stimulus 

Evaluation 
Response 

Selection 

- - - 2 Nicotine 0.8 ↑ ↑ ↑ → 

Unrug et al. 

(1997) § 

24 

(6/18) 

21 Oddball Passive 100 aud 0.75 Buspirone 10 ↑* ↑ NS NS 

Unrug et al. 

(1997) § 

24 

(6/18) 

21 Oddball Button 80:20 aud 0.75 Buspirone 10 ↑* ↑ NS NS 

Spronk et al. 
(2014) 

14 
(8/6) 

22.1 (2.9) Flanker - - - - MDMA 100 ↑* ↑ ↓ - 

de Bruijn et al. 
(2006) 

14 
(6/8) 

22.3 (5.09) 
(19-39) 

Flanker - - - - Paroxetine 20 ↑* ↑ NS - 

Luthringer et al. 
(1999) 

8 (8/0) 27.5 (7.4) Oddball Count 85:15 aud 0.5; 
1.5; 2.5 

Apomorphine 0.75 ↑ ↑* NS NS 

Leung et al. 
(2007) 

15 
(15/0) 

23.5 (3.5)(18-
30) 

MMN 
paradigm 

Passive 91:9 aud 2.5-3.5 Bromocriptin
e 

2.5 ↑ ↑* NS NS 
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Nishimura, 

Ogura, and 
Ohta (1995) 

18 

(18/0) 

20 (1.6)(18-

22) 

Oddball Count 80:20 aud 3 Bromocriptin

e 

2.5 ↑ ↑* NS → 

Oranje et al. 
(2006) 

17 
(17/0) 

22.9 (2.01) Oddball Count 80:20 aud 1.5 Bromocriptin
e 

1.25 ↑ ↑* NS NS 

Bhakta et al. 
(2017) 

27: 
VAL 

n=17; 

MET 
n=10 

VAL 22 (4); 
MET 24 (6) 

Continuous 
Perform. 

(5-choice) 

- - - 1.9 Tolcapone 200 ↑ ↑* ↑ 
VAL 

↓ 

ME
T 

- 

Spronk et al. 
(2016) 

61 
(49/12) 

22.6 (4.3)(18 - 
20) 

Flanker - - - 0.75 Δ9-THC 450/kg ↑ ↑* ↓ → 

Roser et al. 
(2008) 

20 
(10/10) 

28.2 (3.1) Choice 
Reaction 

Button - aud 3 Δ9-THC 10 ↑ ↑* ↓ NS 

Stadelmann et 

al. (2011) 

20 

(10/10) 

28.2 (3.1) Choice 

Reaction 

- - - 3 Δ9-THC 2.5 ↑ ↑* ↓ → 

Roser et al. 

(2008) 

20 

(10/10) 

28.2 (3.1) Choice 

Reaction 

Button - aud 3 Δ9-THC and 

CBD 

10 and 

5.4 
↑ ↑* ↓ ← 

DeFrance et al. 

(1997) ^ ‡ 

20 

(20/0) 

25.6 Continuous 

Perform.  
(Contingent 

- 50:30:2

0 

- Days: 

0, 28-
30 

Kantroll - ↑* ↑* ↑ NS 
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DeFrance et al. 

(1997) ^ ‡ 

20 

(20/0) 

25.6 Spatial 

Orientation 

- - - Days: 

0, 28-
30 

Kantroll - ↑* ↑* ↑ NS 

Meador et al. 
(1995) 

59 
(48/11) 

30 (19-46) Oddball Count 80:20 aud 5 (0; 1 
month; 

11 

weeks 
after) 

Phenytoin 30; 100 ↑* ↑* - → 

de Bruijn et al. 
(2006) 

14 
(6/8) 

22.3 (5.09) 
(19-39) 

Flanker - - - - Haloperidol 2.5 ↓ ↓* NS - 

Kähkönen et al. 

(2001) 

12 

(6/6) 

(20-28) Oddball Count 88:12 aud 3 Haloperidol 2 ↓ ↓* NS NS 

Kähkönen et al. 

(2002) 

11 

(5/6) 

(20-28) Choice 

Reaction  

(Forced) 

Button 88:6:6 aud 4 Haloperidol 2 ↓ ↓* ↓ NS 

Kopp et al. 

(2002)§ 

24 

(24/0) 

34.2 (10.5): 

PLA 34.2 
(10.5); HAL 

33.8 (11.3) 

Prob. 

Association 

- - - - Haloperidol 0.04/kg ↓ ↓* ↓ - 
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Schutte et al. 

(2020) 

23 

(23/0) 

22.8 (3.7) Go/NoGo  

(Cued) 

- - - - Haloperidol 2 ↓ ↓* ↓ - 

de Bruijn et al. 

(2006) 

14 

(6/8) 

22.3 (5.09) 

(19-39) 

Flanker - - - - Olanzapine 10 ↓ ↓* NS - 

Debruille et al. 

(2013) ‡ 

47 

(13/34) 

(18 - 49) Oddball Count 80:20 aud 12-18 Olanzapine 2.5 ↓ ↓* NS NS 

Hubl et al. 

(2001) 

10 

(10/0) 

26.7 (2.6)(24-

31) 

Oddball Button 80:20 aud 3; 6; 9 Olanzapine 2.5; 5 ↓ ↓* NS NS 

Note. Studies are placebo-controlled, unless otherwise specified (^). Studies are double-blind, 

unless otherwise specified (+).Studies are randomised or counter-balanced, unless otherwise 

specified (‡). Studies are repeated-measures, unless otherwise specified (§). Some drugs have a 

disputed or weak influence on DA or NE (*). ↓= reduced amplitude compared to 

placebo/control; ↑ = increased amplitude compared to placebo/control; ← = reduced latency 

compared to placebo/control; → = increased latency compared to placebo/control; A = 

amplitude; B = between-subjects comparison; CB = counterbalanced but not specified whether 

this was random; DIPH = diphenhydramine, a muscarinic and histamine blocker with no DA 
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influence, therefore an active control for DA agonists/antagonists (Zirnheld et al., 2004); KET 

= ketamine; L = latency; MET = met/met DA genotype; MTTI = Medication-to-testing-

Interval; na = not applicable; NS = Not Significant; PLA = placebo; RM = repeated measures 

comparison; SB = single-blind; VAL = val/val DA genotype. 
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Appendix Table A3. Overview of the studies assessing the P3b using pharmacological 

manipulation in HC using learning- and memory-related tasks.  

Author N (M/F) 

Age M 

(SD)(R

ange) Task Modality 

MTTI 

(hrs) Medication 

Dosage 

(mg) 

Influence 

DA     NE 

  Results 

  A        L 

Van Laar et al. 
(2002) 

24 
(12/12) 

22.2 
(2.7)(1

9-28) 

Visual Search 
(focussed and 

divided 

attention) 

vis 0; Day 
1; Day 

8 

Amitriptyline 75/day (7 
days) 

- ↑ ↓ NS 

Van 

Ruitenbeek, 
Vermeeren and 

Riedel (2010)‡ 

18 (9/9) 24.2 

(1.7)(1
8-45) 

Nback-P300 - 2-5 Lorazepam 1 ↑

* 

- N

S 

- 

Van 

Ruitenbeek, 

Vermeeren and 
Riedel (2010)‡ 

18 (9/9) 24.2 

(1.7)(1

8-45) 

Verbal 

Learning  

(WLT-30) 

- 2-5 Lorazepam 1 ↑

* 

- ↓ - 

Linssen et al. 
(2014)‡ 

30 
(20/10) 

20.7 
(2.3)(1

8-28) 

Verbal 
Learning 

vis 1 Levodopa (and 
Domperidone) 

125(10) ↑ - N
S 

→ 
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Linssen, Riedel 

and Sambeth 
(2011) 

17 (6/11) 21.1 

(2)(18-
25) 

Sternberg 

Memory 
Scanning 

- 4.5 ATPD na ↓ - - → 

Linssen, Riedel 
and Sambeth 

(2011) 

17 (6/11) 21.1 
(2)(18-

25) 

Verbal 
Learning 

vis 4.5 ATPD na ↓ - - → 

Brumaghim and 

Klorman (1998) 

22 

(12/10) 

20.87 

(2.22) 

(18-26) 

Constant-

Vowel-

Consonant 

- 1.25 Methylphenid

ate 

0.3/kg ↑ ↑ ↑ NS 

Fitzpatrick et al. 
(1988)‡ 

20 (20/0) 19.65 
(1.62) 

Novel 
Memory Set 

- 1.2; 
2.3 

Methylphenid
ate 

0.3/kg ↑ ↑ N
S 

NS 

Linssen et al. 
(2014)‡ 

30 
(20/10) 

20.7 
(2.3)(1

8-28) 

Verbal 
Learning 

vis 1 Methylphenid
ate 

40 ↑ ↑ N
S 

NS 

Strauss et al. 

(1984) 

22 (22/0) 19.23 

(0.87) 

Paired-

Associates 

Learning 

- 1.25-

2.5 

Methylphenid

ate 

20; 30 ↑ ↑ N

S 

- 

Rangel-Gomez 

et al. (2013) 

26 (9/17) 22 

(3.9)(1
8-32) 

Von Restorff vis 0.66 Apomorphine 0.005/kg 

(40) 
↑ ↑* ↓ - 
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Van Laar et al. 

(2002) 

24 

(12/12) 

22.2 

(2.7)(1
9-28) 

Visual Search 

(focussed and 
divided 

attention) 

vis 0; Day 

1; Day 
8 

Nefazodone 400/day 

(7 days) 
↑

* 

↑* N

S 

NS 

Van Laar et al. 

(2002) 

24 

(12/12) 

22.2 

(2.7)(1

9-28) 

Visual Search 

(focussed and 

divided 
attention) 

vis 0; Day 

1; Day 

8 

Paroxetine 30/day (7 

days) 

↑

* 
↑ N

S 

NS 

Forster et al. 
(2017) 

59 
(35/34): 

18 HAL 

(8/10) 20 
DIPH(7/1

3) 

21 

PLA(10/

11) 

35 (14) 
HAL; 

32 (11) 

DIPH; 
32 (11) 

PLA 

Temporal 
Interval 

Learning 

- 4 Haloperidol 3 ↓ ↓* N
S 

NS 

Note. All studies were double-blind design. All studies were repeated-measures comparisons, 

with the exception of Forster et al. (2017). All studies are randomised or counter-balanced, 

unless otherwise specified (‡). Some drugs have a disputed or weak influence on DA or NE (*). 

↓= reduced amplitude compared to placebo/control; ↑ = increased amplitude compared to 

placebo/control; ← = reduced latency compared to placebo/control; → = increased latency 
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compared to placebo/control; A = amplitude; CB = counterbalanced but not specified whether 

this was random; DIPH = diphenhydramine, a muscarinic and histamine blocker with no DA 

influence, therefore an active control for DA agonists/antagonists (Zirnheld et al., 2004); L = 

latency; MTTI = Medication-to-testing-Interval; NS = Not Significant; PLA = placebo. 
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Appendix Table A4. Overview of the studies assessing the frontal nP3 (novelty processing) 

and P3a (deviance detection) ERP components using pharmacological manipulation in HC. 

Author N 

Age M 

(SD) 

(Range) Task Response Ratio Modality 

MTTI 

(hrs) Medication 

Dosage 

(mg) 

Influence 

DA   NE 

P3a 

A         L 

nP3 

A    L 

Barnes et 

al. (2014) 

 35 

(35/0) 

24.6 

(5.78) 

Flanker  - - - 0; 1.5; 

3 

Atomoxetine 60 - ↑ NS NS - - 

Turetsky 

and Fein 
(2002) 

10 

(10/0) 

(22 -37) Oddball 

(Distractor) 

Button 70:15:1

5 

aud - Yohimbine 30 - ↑ ↑ ← - - 

Turetsky 
and Fein 

(2002) 

10 
(10/0) 

(22 -37) Oddball 
(Distractor) 

Button 70:15:1
5 

aud - Clonidine 0.2 - ↓ ↓ → - - 

Linssen 

et al. 

(2014) ‡ 

30 

(20/10) 

20.7 

(2.3)(18-

28) 

Verbal 

Learning  

- - vis 1 Levodopa 

(and 

Domperidone
) 

125 

(10) 

↑ - NS NS - - 

Linssen, 
Riedel 

and 

17 
(6/11) 

21.1 
(2)(18-

25) 

Sternberg 
Memory 

Scanning  

- - - 4.5 ATPD na ↓ - ↓ - - - 
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Sambeth 

(2011) 

Linssen, 

Riedel 
and 

Sambeth 

(2011) 

17 

(6/11) 

21.1 

(2)(18-
25) 

Verbal 

Learning  

- - vis 4.5 ATPD na ↓ - NS ← - - 

Uslu et 

al. 
(2012)+‡ 

10 

(6/4) 

42 

(11.8)(23
-62) 

Oddball 

(Novel) 

Button 60:20:2

0 

aud Days: 

1, 7 45 

Bupropion 300/da

y for 7 
weeks 

↑ ↑ - - ↑ NS 

Albrecht 
et al. 

(2011) ‡ 

18 
(11/7) 

25.4 Oddball 
(Distractor) 

Button 80:10:1
0 

aud 0; 1.25; 
2.16; 3; 

4.5 

Dexampheta
mine 

0.45/kg ↑ ↑ ↓ NS - - 

Albrecht 

et al. 

(2011) ‡ 

18 

(11/7) 

25.4 Oddball 

(Distractor) 

Button 80:10:1

0 

aud 0; 1.25; 

2.16; 3; 

4.5 

Dexampheta

mine 

0.45/kg ↑ ↑ NS NS - - 

Gabbay, 

Duncan 
and 

McDonal

d (2010) 

37 

Choose
r: 

16/21); 

25 
Non-

choose

r (16/9) 

Chooser: 

24.9 (5); 
Non-

chooser 

26 (4.1) 

Oddball 

(Distractor) 

Button 80:10:1

0 

aud - Dexampheta

mine 

10; 15 ↑ ↑ n.f. - - - 
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Gabbay, 

Duncan 
and 

McDonal

d (2010) 

37 

Choose
r: 

16/21); 

25 
Non-

choose

r (16/9) 

Chooser: 

24.9 (5); 
Non-

chooser 

26 (4.1) 

Oddball 

(Novel) 

Button 80:10:1

0 

aud - Dexampheta

mine 

10; 15 ↑ ↑ - - N

S 

NS 

Barnes et 

al. (2014) 

 35 

(35/0) 

24.6 

(5.78) 

Flanker  - - - 0; 1.5; 

3 

Methylphenid

ate 

30 ↑ ↑ NS NS - - 

Linssen 

et al. 
(2014) ‡ 

30 

(20/10) 

20.7 

(2.3)(18-
28) 

Verbal 

Learning  

- - vis 1 Methylphenid

ate 

40 ↑ ↑ NS NS - - 

Rangel-

Gomez et 

al. (2013) 

26 

(9/17) 

22 

(3.9)(18-

32) 

Von 

Restorff  

- - vis 0.66 Apomorphine 0.005/k

g (40) 
↑ ↑

* 

NS - - - 

Kähköne

n et al. 

(2001) 

12 

(6/6) 

(20-28) Oddball  Count 88:12 aud 3 Haloperidol 2 ↓ ↓

*

* 

NS NS - - 

Note. All studies are repeated measures. All studies are double-blind, unless otherwise 

specified (+). All studies are randomised or counter-balanced, unless otherwise specified (‡). 

Some drugs have a disputed or weak influence on DA or NE (*). ↓= reduced amplitude 
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compared to placebo/control; ↑ = increased amplitude compared to placebo/control; ← = 

reduced latency compared to placebo/control; → = increased latency compared to 

placebo/control; A = amplitude; B = between-subjects comparison; CB = counterbalanced but 

not specified whether this was random; DIPH = diphenhydramine, a muscarinic and histamine 

blocker with no DA influence, therefore an active control for DA agonists/antagonists 

(Zirnheld et al., 2004); L = latency; MET = met/met DA genotype; MTTI = Medication-to-

testing-Interval; n.f. = not found, i.e. a distinct component could not be identified; n.r. = not 

reported; NS = Not Significant; PLA = placebo; VAL = val/val DA genotype. 
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Appendix Table A5. Overview of the studies assessing the frontal N2 (interference resolution) 

using pharmacological manipulation in HC.  

Authors 

N 

(M/F) 

Age M 

(SD)(Ran

ge) Task 

Respo

nse 

Stimulus 

Ratio Modality MTTI (hrs) Medication 

Dosage 

(mg) 

Influence 

 DA   NE 

   Results 

 A             L 

Barnes et 

al. (2014) 

 35 

(35/0) 

24.6 (5.78) Flanker  - - - 0; 1.5; 3 Atomoxetine 60 - ↑ NS NS 

Dratcu et 

al. (1995) 

12 

(6/6) 

M 

28.9(6.2)/ 

F 
24.5(3)(20

-38) 

Oddball Button 100 aud Days: 1, 4, 8 Maprotiline 75x7 - ↑ NS NS 

De Bruijn 

et al. 

(2004) 

12 22.58 

(5.7)(19-

39) 

Flanker  - - - 3.5 Mirtazapine 15 - ↑ NS - 

Riba et 

al. 
(2005a) 

15 

(7/8) 

24.8 (20-

37) 

Flanker - - - 2 Yohimbine 30 - ↑ NS NS 

Turetsky 
and Fein 

(2002) 

10 
(10/0) 

(22 -37) Oddball 
(Distrac

tor) 

Button 70:15:15 aud - Yohimbine 30 - ↑ ↓ NS 
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Turetsky 

and Fein 
(2002) 

10 

(10/0) 

(22 -37) Oddball 

(Distrac
tor) 

Button 70:15:15 aud - Clonidine 0.2 - ↓ ↑ NS 

Lucchesi 
et al. 

(2003) 

48 
(24/2

4) † 

24.8 
(5.1)(18-

36) 

Oddball Button 80:20 aud 1.5 Flunitrazepa
m 

0.6/0.8/
1 

↑ - ↓ (0.6, 
0.8, 1) 

→ 
(1) 

Leung et 

al. (2007) 

15 

(15/0) 

23.5 

(3.5)(18-

30) 

MMN 

paradig

m 

Passive 91:9 aud 2.5-3.5  Pergolide 0.1 ↑ - NS NS 

Oranje et 

al. (2009) 

18 

(18/0) 

23.1 (2.98) Selectiv

e 
Attenti

on  

Button 80:20 aud 1 S-Ketamine 

(i.v) 

0.3/kg ↑ - ↓ n.r. 

Caumo et 

al. 

(2019)† 

PLA1

2 

(12/0)
; KET 

12 

(12/0) 

PLA = 

28.5 (3.3); 

KET = 26 
(3.6) 

Oddball Button 80:20 vis <1 S-Ketamine 

(i.v) 

60ng/m

l 

↑ - ↓ NS 

Lucchesi 

et al. 
(2005)† 

36 

(0/36)  

24.35 

(2.51)(20-
30) 

Oddball Button 80:20 aud 0; 0.75; 1.75  Zolpidem 5; 10 ↑ - ↓ 

(5, 10) 

→ 

(5, 
10) 
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Riba et 

al. 
(2005b) 

12 

(12/0) 

26 (20-43) Flanker - - - 2 Alprazolam  ↑

* 

- NS NS 

De Bruijn 
et al. 

(2004) 

12 22.58 
(5.7)(19-

39) 

Flanker  - - - 3.5 Lorazepam 2.5 ↑

* 

- ↓ - 

Larson et 

al. (2015) 

12 

(12/0) 

22.67 

(2.74) 

Stroop  - - - 4 ATPD - ↓ - NS NS 

Leung et 

al. (2010) 

16 

(16/0) 

25.8 

(5.1)(22-

38) 

Oddball Passive 91:9 aud 5.5 ATPD 104g ↓ - NS NS 

Linssen, 

Riedel 
and 

Sambeth 

(2011) 

17 

(6/11) 

21.1 (2) 

(18-25) 

Sternbe

rg 
Memor

y 

Scannin
g  

- - - 4.5 ATPD - ↓ - - → 

Linssen, 
Riedel 

and 

Sambeth 
(2011) 

17 
(6/11) 

21.1 (2) 
(18-25) 

Verbal 
Learnin

g  

- - vis 4.5 ATPD - ↓ - - ← 
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Leung et 

al. (2010) 

16 

(16/0) 

25.8 

(5.1)(22-
38) 

Oddball Passive 91:9 aud 5.5 ATPTD 104g ↓ - NS NS 

Neuhaus 
et al. 

(2009) 

22 
(22/0) 

35.5 (8.3) Oddball Button 90:10 aud 2 BCAA drink  60000 ↓ - ↓ - 

Takeshita 

and 

Ogura 
(1994) 

18 

(18/0) 

23.9 

(3.7)(20- 

25) 

Oddball Count 80:20 aud 1 Sulpiride 150; 

300 
↓ - - → 

Spronk et 
al. (2016) 

61 
(49/1

2) 

22.6 
(4.3)(18 - 

20) 

Flanker  - - - 0.75 Cocaine 450/kg ↑ ↑ NS - 

Herning 

et al. 

(1985) ‡† 

48 

(34/1

4) 
n=17,

22,9 

26 (5) Oddball Count 80:20 aud 0.17; 2 Cocaine (IV) 0.2/kg; 

0.4/kg; 

0.6/kg 

↑ ↑ ↑  NS 

Herning 

et al. 

(1985) ‡† 

33 

(18/1

5)  

27 (5) Oddball Count 80:20 aud 1; 3 Cocaine (oral) 2/kg; 

3/kg; 

4/kg 

↑ ↑ ↑  NS 
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De Bruijn 

et al. 
(2004) 

12 22.58 

(5.7)(19-
39) 

Flanker  - - - 3.5 Dexampheta

mine 

15 ↑ ↑ NS - 

Silber et 
al. (2012) 

20 
(10/1

0) 

25.2 
(3)(21-32) 

Oddball Button 87:13 aud - Dexampheta
mine 

0.42/kg ↑ ↑ ↓ NS 

Silber et 

al. (2012) 

20 

(10/1

0) 

25.2 

(3)(21-32) 

Oddball Button 87:13 aud - Dexampheta

mine 

0.42/kg ↑ ↑ NS NS 

Barnes et 

al. (2014) 

 35 

(35/0) 

24.6 (5.78) Flanker  - - - 0; 1.5; 3 Methylphenid

ate 

30 ↑ ↑* NS NS 

Han et al. 

(2015) 

14 

(4/10) 

(21-28) Visual 

Matchi
ng  

- - vis 1.5 Methylphenid

ate 

20 ↑ ↑* NS NS 

Hermens 
et al. 

(2007) 

32 - Continu
ous 

Perfor

mance   

- - vis - Methylphenid
ate 

5; 15; 
45 

↑ ↑* NS NS 

Hermens 

et al. 
(2007) 

32 - Oddball Button 82:18 aud - Methylphenid

ate 

5; 15; 

45 
↑ ↑* NS NS 
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Mücksch

el, 
Roessner 

and Beste 

(2020) 

42 

(13/2
9) 

24.42 

(3.04)  
(19-31) 

Go/No

Go  

- - - 2 Methylphenid

ate 

0.25/kg ↑ ↑* ↑  n.r. 

Spronk et 

al. (2014) 

14 

(8/6) 

22.1 (2.9) Flanker  - - - n.r. MDMA 100 ↑

* 

↑ NS - 

de Bruijn 

et al. 
(2006) 

14 

(6/8) 

22.3 

(5.09)(19-
39) 

Flanker  - - - - Paroxetine 20 ↑

* 
↑ NS NS 

Rangel-
Gomez et 

al. (2013) 

26 
(9/17) 

22 
(3.9)(18-

32) 

Von 
Restorf

f  

- - vis 0.66 Apomorphine 0.005/k
g (40) 

↑ ↑* ↓ → 

Leung et 

al. (2007) 

15 

(15/0) 

23.5 (3.5)      

(18-30) 

MMN 

paradig

m 

Passive 91:9 aud 2.5-3.5  Bromocriptin

e 

2.5 ↑ ↑* NS NS 

Nishimur

a Ogura 
and Ohta 

(1995) 

18 

(18/0) 

20 

(1.6)(18-
22) 

Oddball Count 80:20 aud 3 Bromocriptin

e 

2.5 ↑ ↑* NS ←  

Spronk et 

al. (2016) 

61 

(49/1

2) 

22.6 

(4.3)(18 - 

20) 

Flanker  - - - 0.75 Δ9-THC 450/kg ↑ ↑* ↑ - 
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DeFrance 

et al. 
(1997) ‡ 

20 

(20/0) 

25.6 Spatial 

Orienta
tion  

- - - Days: 0, 28-

30 

Kantroll - ↑

* 

↑* NS NS 

de Bruijn 
et al. 

(2006) 

14 
(6/8) 

22.3 
(5.09)(19-

39) 

Flanker  - - - - Haloperidol 2.5 ↓ ↓* NS NS 

Kähköne

n et al. 

(2001) 

12 

(6/6) 

(20-28) Oddball Count 88:12 aud 3 Haloperidol 2 ↓ ↓* NS NS 

Kopp et 

al. (2002) 

24 

(24/0) 

† 

34.2 

(10.5): 
PLA 34.2 

(10.5); 

HAL 33.8 

(11.3) 

Probabi

listic 
Associa

tion  

- - - - Haloperidol 0.04/kg ↓ ↓* NS n.r. 

Zirnheld 
et al. 

(2004) † 

51 
HC 

(20/3

1):  
17 

HAL; 

16 
DIPH

; 18 

PLA 

34.24 
(12.60): 

HAL (M = 

32.7); 
DIPH (M 

= 33); 

PLA (M = 
36.7); 

Flanker  - - - 3 Haloperidol 3 ↓ ↓* NS NS 
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de Bruijn 

et al. 
(2006) 

14 

(6/8) 

22.3 

(5.09)(19-
39) 

Flanker  - - - - Olanzapine 10 ↓ ↓* NS NS 

Debruille 
et al. 

(2013) ‡ 

47 
(13/3

4) 

(18 - 49) Oddball Count 80:20 aud 12-18 Olanzapine 2.5 ↓ ↓* NS NS 

Note. All studies are placebo-controlled, with the exception of DeFrance et al. (1997). All 

studies are repeated measures, unless otherwise specified (†). All studies are randomised or 

counter-balanced, unless otherwise specificed (‡). Some drugs have a disputed or weak 

influence on DA or NE (*). ↓= reduced amplitude compared to placebo/control; ↑ = increased 

amplitude compared to placebo/control; ← = reduced latency compared to placebo/control; → 

= increased latency compared to placebo/control; A = amplitude; B = between-subjects 

comparison; CB = counterbalanced but not specified whether this was random; DIPH = 

diphenhydramine, a muscarinic and histamine blocker with no DA influence, therefore an 

active control for DA agonists/antagonists (Zirnheld et al., 2004); L = latency; MET = met/met 

DA genotype; MTTI = Medication-to-testing-Interval; n.r. = not reported; NS = Not 
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Significant; PLA = placebo; RM = repeated measures comparison; SB = single-blind; VAL = 

val/val DA genotype. 
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Appendix Table A6. Overview of the studies assessing the frontal Ne/ERN (performance 

monitoring) using pharmacological manipulation in HC.  

Authors N (M/F) 

Age M 

(SD)(Range) Task 

MTTI 

(hrs) Medication 

Dosage 

(mg) 

Influence 

DA    NE 

  Results 

  A        L 

De Bruijn et al. 
(2004) 

12 22.58 (5.7)(19-39) Flanker  3.5 Mirtazapine 15 - ↑ NS - 

Barnes et al. 
(2014) 

 35 (35M-0) 24.6 (5.78) Flanker  0; 1.5; 
3 

Atomoxetine 60 - ↑ NS NS 

Riba et al. 
(2005a) 

15 (7/8) 24.8 (20-37) Flanker  2 Yohimbine 30 - ↑ ↑ NS 

Riba et al. 

(2005b) 

12 (12(0) 26 (20-43) Flanker  2 Alprazolam 0; 1 ↑

* 

- ↓ NS 

De Bruijn et al. 
(2004) 

12 22.58 (5.7)(19-39) Flanker  3.5 Lorazepam 2.5 ↑

* 

- ↓ - 

Johannes et al. 
(2001) 

16 (16/0) 25 (3.2) (= 20 - 29) Oddball 
(Button; 

50:50: vis) 

2 Oxazepam 30 ↑
* 

- ↓ NS 

Johannes et al. 

(2001) 

16 (16/0) 25 (3.2) (= 20 - 29) Oddball 

(Button; 

80:20: vis) 

2 Oxazepam 30 ↑

* 

- ↓ NS 
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Larson et al. 

(2015) 

12 (12/0) 22.67 (2.74) Stroop  4 ATPD - ↓ - NS NS 

Spronk et al. 

(2016) 

61 (49/12) 22.6 (4.3) (18 - 20) Flanker  0.75 Cocaine 450/kg ↑ ↑ ↑ - 

De Bruijn et al. 

(2004) 

12 22.58 (5.7)(19-39) Flanker  3.5 Dexamphetami

ne 

15 ↑ ↑ ↑ - 

de Bruijn et al. 

(2005) 

12 (5/7) 22.58 (5.7) (19-39) Flanker  - Dexamphetami

ne 

15 ↑ ↑ NS - 

Barnes et al. 

(2014) 

 35 (35M-0) 24.6 (5.78) Flanker  0; 1.5; 

3 

Methylphenidat

e 

30 ↑ ↑ ↑ NS 

Spronk et al. 

(2016) 

61 (49/12) 22.6 (4.3) (18 - 20) Flanker  0.75 Δ9-THC 450/kg ↑ ↑* ↓ - 

Spronk et al. 

(2014) 

14 (8/6) 22.1 (2.9) Flanker  - MDMA 100 ↑

* 

↑ NS - 

de Bruijn et al. 

(2006) 

14 (6/8) 22.3 (5.09) (19-39) Flanker  - Paroxetine 20 ↑

* 
↑ NS NS 

de Bruijn et al. 

(2006) 

14 (6/8) 22.3 (5.09) (19-39) Flanker  - Haloperidol 2.5 ↓ ↓* ↓ NS 

Forster et al. 

(2017) 

59:  

18 HAL 
(8/10); 20 

DIPH (7/13); 

HAL 35 (14); 

DIPH 32 (11); 
PLA 32 (11) 

Temporal 

Interval 
Learning  

4 Haloperidol 3 ↓ ↓* ↓ NS 



224 
 

21 PLA 

(10/11) 

Zirnheld et al. 

(2004) 

51 (20/31): 

17 HAL; 16 
DIPH; 18 PLA 

34.24 (12.60): 

HAL (M = 32.69); 
PLA (M = 36.72); 

DIPH (M = 33) 

Flanker  3 Haloperidol 3 ↓ ↓* ↓ - 

de Bruijn et al. 

(2006) 

14 (6/8) 22.3 (5.09)(19-39) Flanker  - Olanzapine 10 ↓ ↓* ↓ NS 

Note. All studies were double-blind design. All studies were repeated-measures comparisons, 

with the exception of Forster et al. (2017), and Zirnheld et al. (2004). Some drugs have a 

disputed or weak influence on DA or NE (*). All studies were randomised, with the exception 

of de Bruijn et al. (2005), for which there was no data available. ↓= reduced amplitude 

compared to placebo/control; ↑ = increased amplitude compared to placebo/control; ← = 

reduced latency compared to placebo/control; → = increased latency compared to 

placebo/control; A = amplitude; B = between-subjects comparison; CB = counterbalanced but 

not specified whether this was random; DIPH = diphenhydramine, a muscarinic and histamine 
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blocker with no DA influence, therefore an active control for DA agonists/antagonists 

(Zirnheld et al., 2004); L = latency; MET = met/met DA genotype; MTTI = Medication-to-

testing-Interval; na = not applicable; NS = Not Significant; PLA = placebo; RM = repeated 

measures comparison; SB = single-blind; VAL = val/val DA genotype. 

 

 



226 

Acknowledgements 

My sincere thanks go towards: 

- Prof. Dr. Bruno Kopp 

for the opportunities, ideas, and guidance. 

- Prof. Dr. Kirsten Müller-Vahl 

for inviting me into her work group and providing me with the resources to 

conduct my favourite project 

- Prof. Dr. Eckart Altenmüller 

for the many interesting discussions and advice on public speaking  

- To all my colleagues and co-authors, both in Germany and in the Netherlands, who 

offered many learning opportunities and exciting collaborations 

- Dr. Alexander Steinke 

for the never-ending patience, gossip, and coffee adventures.  

- Malte Bertram, Millie Joshi, Charlotte Kroll, Merle Hendel, Natasha Maldonado, Max 

Pekrul, and Dr. Antonino Visalli 

for the “deutsches Mittagessen“, birthday cakes, and valuable help with my 

projects  

- The members of the HGNI administrative office 

for reading my long e-mails and providing valuable assistance 

- The patients and volunteers who donated their time to participate in my studies, as well 

as friends who let me practice applying electrodes to their heads. 

- My parents 

for their encouragement and pride, despite never fully understanding my work 

- Neil 

for showing up at just the right time with a bowl of ramen. 

 

 

 


