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Summary 

Neural Correlates of Executive Functions in Neurodegenerative Diseases: 

Evidence from Event-Related Potentials 

Caroline Seer 

Neurodegenerative diseases are a heterogeneous group of neurological conditions that 

share the common hallmark of progressive neuronal loss in circumscribed areas of the central 

nervous system. Both in Parkinson’s Disease (PD) and in amyotrophic lateral sclerosis (ALS), 

neurodegeneration mainly affects motor systems (i.e., the extra-pyramidal system in PD and 

the pyramidal system in ALS). In addition, both diseases are associated with a range of non-

motor symptoms. Cognitive impairments, particularly in the domain of executive functions, 

are common in PD and in ALS. Executive functions are a set of higher-level mental control 

processes that control lower-level processes, which ensures that an individual can successfully 

pursue goals of action in daily life. 

Executive dysfunctions have implications for the disease prognosis and for the quality 

of life in patients and their caregivers. In order to optimally support patients and caregivers, 

the patient’s executive functions need to be adequately assessed and characterized. However, 

the disease-inherent motor symptoms can hamper neuropsychological testing and the interpre-

tation of the results. The event-related potential (ERP) technique has been proposed as a tool 

to overcome these difficulties because ERPs can be non-invasively recorded from the scalp 

surface with minimal motor requirements for the examinee. In the present work, the ERP 

technique was used to assess neural correlates of executive functions in patients with PD and 

in patients with ALS. A particular focus was given to neural correlates of conflict processing, 

conflict adaptation, and performance monitoring—three aspects of executive functioning that 

facilitate successful behavior under demanding conditions. 

A comprehensive review (Study 1) summarized the existing literature of ERP corre-

lates of cognitive functions and identified the circumstances under which ERP correlates of 

conflict processing, conflict adaptation, and performance monitoring are altered in PD. Am-

plitudes of the error(-related) negativity (Ne/ERN), an ERP correlate of performance monitor-

ing, were found to be consistently attenuated in PD. Ne/ERN amplitudes have been proposed 

to depend on dopamine levels. This presumed dopamine-dependence of the Ne/ERN has often 

been used to explain why Ne/ERN amplitudes are diminished in PD, although direct evidence 

for this hypothesis was lacking. In Study 2, the hypothesized dependence of Ne/ERN ampli-
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tudes on dopamine levels in PD was tested. To this end, the well-established flanker task was 

used to assess ERP correlates of performance monitoring in PD patients on and off dopamin-

ergic medication. The results suggested that dopaminergic medication contributes to the at-

tenuation of Ne/ERN amplitudes in PD, potentially by causing excessive dopamine levels in 

areas that are not primarily affected by PD, but are involved in the generation of the Ne/ERN. 

ERP correlates of conflict processing, conflict adaptation, and performance monitoring 

were also examined in ALS patients (Studies 3 and 4). ERP correlates of conflict processing 

and conflict adaptation did not differ between ALS patients and a sample of healthy control 

participants. However, ALS patients showed enhanced posterior ERP deflections, potentially 

indicative of a compensatory increase in the allocation of attentional resources to visual 

stimulus processing. Similar to PD, attenuated Ne/ERN amplitudes were found in ALS, but 

only in those ALS patients with comparably poor performance on standardized tests of execu-

tive functioning. 

Taken together, these data revealed different ERP signatures of executive functions in 

PD and ALS. These findings may enhance the understanding of executive dysfunctions and 

their neural underpinnings in these diseases. The here described work illustrates the potential 

usefulness of the ERP technique in the assessment of executive dysfunctions in neurodegen-

erative diseases affecting motor systems. 
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Zusammenfassung 

Neurale Korrelate exekutiver Funktionen bei neurodegenerativen Erkrankungen: 

Befunde aus Studien ereigniskorrelierter Potenziale 

Caroline Seer 

Neurodegenerative Erkrankungen sind eine heterogene Gruppe neurologischer Stö-

rungen, die durch den fortschreitenden Verlust von Neuronen in umschriebenen Bereichen 

des Zentralnervensystems gekennzeichnet sind. Sowohl bei der Parkinsonkrankheit (PD) als 

auch bei der amyotrophen Lateralsklerose (ALS) sind hauptsächlich motorische Systeme be-

troffen (d.h. das extrapyramidalmotorische System bei PD und das pyramidale System bei 

ALS). Darüber hinaus gehen beide Erkrankungen mit einer Reihe nicht-motorischer Sympto-

me einher. Kognitive Einschränkungen, insbesondere im Bereich der exekutiven Funktionen, 

treten bei PD und ALS häufig auf. Als exekutive Funktionen wird eine Gruppe höherer men-

taler Kontrollprozesse bezeichnet, die untergeordnete Prozesse kontrollieren und so das Errei-

chen von Handlungszielen sicherstellen. 

Das Vorhandensein exekutiver Dysfunktionen hat Implikationen für die Prognose neu-

rodegenerativer Erkrankungen und für die Lebensqualität der Patientinnen und Patienten so-

wie ihrer pflegenden Angehörigen. Um eine optimale Unterstützung dieser betroffenen Perso-

nen zu gewährleisten, ist es notwendig, die exekutiven Funktionen der Patientin oder des Pa-

tienten angemessen zu untersuchen und zu charakterisieren. Die den Erkrankungen inhärenten 

motorischen Symptome können die Durchführung und Interpretation neuropsychologischer 

Testverfahren jedoch erheblich einschränken. Die Messung ereigniskorrelierter Potenziale 

(EKP) bietet eine Möglichkeit, diesen Schwierigkeiten zu begegnen, da EKPs non-invasiv 

und unter minimalen motorischen Anforderungen für die untersuchte Person von der Kopf-

oberfläche abgeleitet werden können. Im Rahmen der vorliegenden Arbeit wurden EKP-

Messungen durchgeführt, um neurale Korrelate exekutiver Funktionen bei Patientinnen und 

Patienten mit PD sowie bei Patientinnen und Patienten mit ALS zu untersuchen. Hierbei lag 

ein besonderer Fokus auf den neuralen Korrelaten von Konfliktverarbeitung, Konfliktadapta-

tion und Handlungsüberwachung – drei Aspekten exekutiver Funktionen, die erfolgreiches 

Handeln unter anspruchsvollen Bedingungen erlauben. 

In einer Überblicksarbeit (Studie 1) wurden die bisherige Literatur ereigniskorrelierter 

Potenziale kognitiver Funktionen bei PD zusammengefasst und die Umstände identifiziert, 

unter denen EKP-Korrelate von Konfliktverarbeitung, Konfliktadaptation und Handlungs-
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überwachung bei PD verändert sind. Bei PD zeigten sich konsistent verminderte Amplituden 

der Fehlernegativität (Ne/ERN), einem EKP-Korrelat der Handlungsüberwachung. Ne/ERN-

Amplituden wurden mit dopaminerger Neurotransmission in Zusammenhang gebracht. Diese 

mögliche Dopaminabhängigkeit der Ne/ERN wird oft zur Erklärung der bei PD verminderten 

Ne/ERN-Amplituden herangezogen, wenngleich direkte Evidenz für diese Hypothese bisher 

fehlte. In Studie 2 wurde die vermutete Dopaminabhängigkeit der Ne/ERN-Amplituden bei 

PD untersucht. Mithilfe eines Flankierreizparadigmas wurden zu diesem Zweck EKP-

Korrelate der Handlungsüberwachung bei Patientinnen und Patienten mit PD nach Einnahme 

sowie nach Nicht-Einnahme dopaminerger Medikation untersucht. Die Ergebnisse legen nahe, 

dass dopaminerge Medikation zur Ne/ERN-Amplitudenverminderung bei PD beitragen kann. 

Ein möglicher Mechanismus könnte die Verursachung überhöhter Dopaminspiegel in solchen 

Gehirnarealen sein, die nicht primär von PD betroffen, jedoch in die Generierung der Ne/ERN 

involviert sind. 

Zudem wurden EKP-Korrelate von Konfliktverarbeitung, Konfliktadaptation und 

Handlungsüberwachung bei Patientinnen und Patienten mit ALS und in gesunden Kontroll-

personen untersucht (Studien 3 und 4). EKP-Korrelate von Konfliktverarbeitung und Kon-

fliktadaptation unterschieden sich nicht zwischen diesen Gruppen. Patientinnen und Patienten 

mit ALS zeigten jedoch vergrößerte posteriore Negativierungen, die möglicherweise auf eine 

kompensatorische Anhebung der Allokation von Aufmerksamkeitsressourcen für die visuelle 

Stimulusverarbeitung hindeuten. Ähnlich wie bei PD wurden auch bei ALS verminderte 

Ne/ERN-Amplituden gefunden, allerdings nur bei denjenigen Patientinnen und Patienten, die 

vergleichsweise schlechte Ergebnisse in standardisierten neuropsychologischen Tests exeku-

tiver Funktionen erzielt hatten. 

In der Zusammenschau zeigen diese Daten unterschiedliche EKP-Modulationen exe-

kutiver Funktionen bei PD und ALS. Diese Befunde tragen dazu bei, das Verständnis exeku-

tiver Dysfunktionen sowie der ihnen zugrundeliegenden neuralen Prozesse bei diesen Erkran-

kungen zu verbessern. Die hier beschriebene Arbeit illustriert die potenzielle Nützlichkeit von 

EKP-Messungen bei der Untersuchung exekutiver Dysfunktionen bei neurodegenerativen Er-

krankungen der motorischen Systeme. 

  



 

 

 

 

 

I 

 

Introduction 
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I-1 Neurodegenerative Diseases 

Neurodegenerative diseases are a heterogeneous group of neurological conditions. 

They share the characteristic of progressive neuronal loss, probably due to the aggregation of 

characteristic misfolded proteins. Neuronal loss has been proposed to spread sequentially 

through the central nervous system, following disease-specific patterns (Brettschneider, Del 

Tredici, Lee, & Trojanowski, 2015). Depending on the locations of neuronal loss, the affected 

individuals show functional impairments. These deficits often involve motor functions, but 

also cognitive symptoms are common. The present work is concerned with alterations of cog-

nitive functions and their assessment in neurodegenerative diseases, with a focus on two con-

ditions that have for a long time been considered as pure ‘motor disorders’: Parkinson’s Dis-

ease and Amyotrophic Lateral Sclerosis. 

I-1.1 Parkinson’s Disease 

Parkinson’s disease (PD) is a common neurodegenerative disease, affecting about 1% 

of the population over 60 years of age. The incidence is 8–18 per 100,000 person-years, with 

men being more often affected than women (de Lau & Breteler, 2006). PD is primarily char-

acterized by the loss of dopaminergic neurons in the substantia nigra pars compacta, which 

mainly projects to dorsal parts of the striatum. The disruption of dopaminergic input to the 

dorsal striatum is thought to cause the cardinal motor symptoms of PD: bradykinesia, rigidity, 

resting tremor, and postural instability (Jankovic, 2008; Kish, Shannak, & Hornykiewicz, 

1988). 

PD is characterized by considerable heterogeneity of clinical subtypes. Idiopathic PD, 

with which the present work is concerned, needs to be distinguished from other parkinsonian 

syndromes (e.g., multiple system atrophy), which can be phenomenologically similar to idio-

pathic PD, but have different etiologies (Jankovic, 2008). Patients with PD can be classified 

with regard to their symptomatology as tremor-dominant, akinesia-dominant, or mixed types 

(Moustafa et al., 2016). The pathogenesis of PD has been reported to involve genetic compo-

nents, mitochondrial dysfunction, and inflammatory processes, among others (Jankovic, 

2008). Neuronal death in PD has been linked to the aggregation of α-synuclein in Lewy bod-

ies (Brettschneider et al., 2015). 

While there is currently no cure for PD, the motor symptoms can be managed by 

pharmacological treatment. Most patients with PD are treated with dopaminergic medication, 

such as levodopa (L-Dopa) and/or dopamine agonists. Furthermore, neurosurgical treatment 

options are available, such as deep-brain stimulation (DBS) of the subthalamic nucleus (STN; 
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Fox et al., 2011). In addition, a variety of nonpharmacological and nonsurgical symptomatic 

treatments are currently under investigation, such as exercise and physiotherapeutic approach-

es (Bloem, de Vries, & Ebersbach, 2015). 

I-1.2 Amyotrophic Lateral Sclerosis 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease that is char-

acterized by the loss of upper and lower motor neurons. Its incidence is 2.16 per 100,000 per-

son-years in Europe, with men being slightly more often affected than women (Logroscino et 

al., 2010). Degeneration of the upper motor neuron is associated with spasticity and brisk re-

flexes, whereas degeneration of the lower motor neuron causes fasciculations, muscle weak-

ness, and muscle atrophy (Kiernan et al., 2011). When the disease spreads to involve the res-

piratory muscles, patients die from respiratory failure, often accompanied by pneumonia, on 

average within 3–5 years after disease onset (Kiernan et al., 2011; Logroscino et al., 2010), 

although survival time has been described to vary largely (Swinnen & Robberecht, 2014). 

ALS is heterogeneous with regard to several aspects of phenotypical presentation 

(Swinnen & Robberecht, 2014; Turner et al., 2013). For instance, the disease first affects one 

or more limbs in about 70% of the patients (limb or spinal onset), whereas bulbar onset is less 

frequent (about 25%; Kiernan et al., 2011). Most cases of ALS occur sporadically, whereas 5–

10% are familial, and a number of genetic mutations has been identified in the genesis of ALS 

(Kiernan et al., 2011; Robberecht & Philips, 2013; Turner et al., 2013; Wijesekera & Leigh, 

2009). The pathogenesis of ALS is highly complex, involving glutamate excitotoxicity, mito-

chondrial dysfunction, disruption of axonal transport, and inflammatory processes (Kiernan et 

al., 2011; Robberecht & Philips, 2013; Turner et al., 2013). Furthermore, aggregates of the 

transactive response deoxyribonucleic acid-binding protein (TDP)-43 are frequently found in 

brain tissue of ALS patients (Kiernan et al., 2011; Robberecht & Philips, 2013). 

Despite intensive research, there is currently no cure for ALS. The only pharmacolog-

ical treatment that has been shown to moderately slow disease progression by several months 

is Riluzole (Wijesekera & Leigh, 2009). Therapy of ALS therefore focuses on symptom man-

agement. For instance, (non-)invasive ventilation (NIV) can prolong survival and improve the 

quality of life when the patient experiences respiratory difficulties. Similarly, malnutrition can 

be prevented by the insertion of a tube via percutaneous endoscopic gastrostomy (PEG) when 

the bulbar symptoms lead to dysphagia (Kiernan et al., 2011). 
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I-2 The Involvement of Cognitive Functions in Neurodegenerative Diseases 

Both PD and ALS have been thought to be restricted to motor systems for a long time, 

with the involvement of cognitive functions being overlooked (Bak & Chandran, 2012; Rob-

bins & Cools, 2014). By now, both diseases are considered as multisystem diseases (Braak & 

Del Tredici, 2008; Swinnen & Robberecht, 2014; Turner & Swash, 2015) which—apart from 

the prominent motor symptoms—are also characterized by a range of non-motor symptoms 

(Chaudhuri & Schapira, 2009; Kiernan et al., 2011). The involvement of cognitive functions 

is common in both PD (Robbins & Cools, 2014) and ALS (Beeldman et al., 2016; Goldstein 

& Abrahams, 2013; Phukan, Pender, & Hardiman, 2007), and cognitive impairment in ‘mo-

tor’ neurodegenerative diseases has become a subject of increasing interest. 

The PD and ALS pathologies primarily affect motor systems (i.e., the pyramidal sys-

tem, including the motor neurons, and the extrapyramidal system, including the basal ganglia, 

respectively). However, the involvement of cognitive functions in these diseases is compatible 

with the conception of sequential spreading of neurodegenerative diseases as proposed by 

Brettschneider et al. (2015). In PD (Figure I-1A), neuronal loss follows an ascending pattern. 

The typical parkinsonian symptoms are observed when a certain extent of the dopaminergic 

neurons in the substantia nigra pars compacta is affected. Neocortical regions are reached at 

later stages, which probably contributes to cognitive impairment in PD (Braak, Rüb, Jansen 

Steur, Del Tredici, & de Vos, 2005; Brettschneider et al., 2015; Hawkes, Del Tredici, & 

Braak, 2010; Robbins & Cools, 2014). However, the pathological processes affecting neuro-

transmission between basal ganglia and cortical structures also appear to play a crucial role in 

the impairment of cognitive functions in PD (Robbins & Cools, 2014). Dopaminergic signal-

ing within the basal ganglia is disturbed as a result of the degeneration of nigrostriatal dopa-

minergic neurons, which occurs relatively early in the course of the disease, before cortical 

areas are directly involved. The basal ganglia are closely interconnected with areas of the 

frontal cortex via several functionally segregated frontostriatal circuits (Alexander, DeLong, 

& Strick, 1986). The dopamine imbalance resulting from neuronal loss therefore also affects 

otherwise intact cortical areas through disruption of signaling between cortical and subcortical 

areas. These frontostriatal circuits mediate many aspects of cognitive functioning (Cummings, 

1993), and both the PD-related disruption of these circuits as well as their modulation by do-

paminergic medication—as will be discussed below—have been associated with a variety of 

cognitive dysfunctions (Dubois & Pillon, 1997; Robbins & Cools, 2014). Moreover, the PD 

pathology also affects non-dopaminergic (cholinergic, noradrenergic, and serotonergic) neu-
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rotransmitter systems to a certain degree, which likely further contributes to deficits in cogni-

tive functions (Robbins & Cools, 2014). 

 

Figure I-1. Proposed stereotypical patterns of disease spreading in PD and ALS. (A) In PD, the pathology fol-

lows an ascending pattern, with early involvement of the olfactory bulb and the dorsal motor nucleus of the va-

gus nerve. Parkinsonian symptoms occur when a certain portion of the substantia nigra pars compacta is affect-

ed. In later stages, neocortical areas are also involved. (B) In ALS, the motor cortical areas are affected early in 

the disease. The pathology then spreads to involve other cortical and subcortical structures. Modeled after Braak 

et al. (2003, 2013) and Brettschneider et al. (2015). 

In the case of ALS (Figure I-1B), neuronal loss is most pronounced in motor cortical 

areas during early stages of the disease; this is associated with the loss of upper motor neuron 

function. In later stages, however, the disease spreads to involve prefrontal, subcortical, and 

temporal regions, as indicated by neuronal inclusions of TDP-43 aggregates (Brettschneider et 

al., 2013). Alterations in cortical and subcortical regions have repeatedly been associated with 

cognitive impairments in ALS (Brettschneider et al., 2012; Machts et al., 2015; Mioshi et al., 

2013; Pettit et al., 2013; Tsermentseli, Leigh, & Goldstein, 2012; Turner et al., 2012). It is 

worthy of note, however, that cognitive symptoms cannot be fully explained by neuronal loss 

in these areas, given that cognitive changes are also frequently observed to precede motor 

symptom onset (Swinnen & Robberecht, 2014). 

The present work is primarily concerned with cognitive changes in the domain of ex-

ecutive functioning. Executive functions refer to higher-level mental processes that control 

lower-level processes. These control processes ensure that individuals can regulate their ac-

tions in order to achieve a particular goal (Dirnberger & Jahanshahi, 2013; Friedman & 

Miyake, in press; Phukan et al., 2007). Executive functions are of crucial importance for all 

kinds of tasks with which an individual may be confronted in daily life, and deficits in execu-

tive functioning can have profound consequences (Diamond, 2013). For example, executive 

functions are required when an individual needs to focus on relevant while ignoring irrelevant 

information, or for the detection and processing of erroneous behaviors and consequent per-
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formance adjustments. The following paragraphs provide an overview of cognitive dysfunc-

tions in PD and ALS, with a particular focus on executive dysfunctions. 

I-2.1 The Involvement of Cognitive Functions in Parkinson’s Disease 

Cognitive dysfunctions PD are apparently heterogeneous (Kehagia, Barker, & Rob-

bins, 2013; Robbins & Cools, 2014). Cognitive impairment in the form of PD dementia 

(PDD) affects up to about 31% of the patients with PD (point prevalence; Aarsland, Zaccai, & 

Brayne, 2005), and it is estimated that up to 90% of the PD patients will develop PDD even-

tually (Aarsland & Kurz, 2010). The phenomenology of PDD involves disturbance of cogni-

tive functions that are associated with parietal and temporal regions of the cortex, such as at-

tention, memory, language, visuospatial abilities, and verbal fluency (Kehagia et al., 2013; 

Robbins & Cools, 2014). Note that these regions have been proposed to be affected by the α-

synucleinopathy that is typical for PD in later stages of the disease (Brettschneider et al., 

2015; Figure I-1A). In addition, psychiatric symptoms, such as visual hallucinations or de-

pression may occur (Kehagia et al., 2013). 

Even in the absence of clinical dementia, some cognitive functions may be impaired in 

PD. Specifically, executive dysfunctions, which have been attributed to the altered neuro-

transmission in frontostriatal circuits, affect up to 50% of the patients with PD (Kehagia et al., 

2013; Robbins & Cools, 2014). Deficits in executive functioning in PD have been described 

to comprise impaired fluency, working memory, cognitive flexibility, conflict processing, de-

cision-making, planning, and problem solving (Dirnberger & Jahanshahi, 2013; Kudlicka, 

Clare, & Hindle, 2011; Ryterska, Jahanshahi, & Osman, 2013). 

The majority of PD patients are treated with dopaminergic medication, which exerts 

complex effects on executive dysfunctions: Dopaminergic medication apparently enhances 

some executive functions, whereas it impedes others (Cools, 2006; Dirnberger & Jahanshahi, 

2013; MacDonald & Monchi, 2011). These twofold effects of dopaminergic medication on 

executive functions in PD can be explained by the fact that not all parts of the basal ganglia 

are affected by the disease-related dopamine depletion to the same extent. Rather, the PD pa-

thology spreads to first involve more posterior and dorsal parts of the substantia nigra, which 

mainly project to the dorsal striatum. In contrast, the ventral striatum, which is innervated by 

the ventral tegmental area (VTA), remains relatively unaffected (MacDonald & Monchi, 

2011; Vaillancourt, Schonfeld, Kwak, Bohnen, & Seidler, 2013). Medication doses are usual-

ly titrated to optimize the patients’ motor functions. However, these doses can at the same 

time cause excessive dopamine levels in brain areas that are not dopamine depleted. Im-
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portantly, not only too low, but also too high levels of dopamine are associated with perfor-

mance decrements (Figure III-3). Medication doses that are necessary to ameliorate the defi-

cient motor functions can therefore lead to an impairment of other (e.g., cognitive) functions. 

Cognitive functions that are mainly associated with the dorsal striatum have been shown to 

benefit from dopaminergic medication alongside the motor functions, whereas cognitive func-

tions that are mainly associated with the ventral striatum are prone to dopamine overdosing 

effects (Cools, 2006; Cools & D'Esposito, 2011; Dirnberger & Jahanshahi, 2013; Gotham, 

Brown, & Marsden, 1988; Kehagia et al., 2013; MacDonald & Monchi, 2011). 

At least impairments in some domains of executive functions have been identified as 

negative prognostic factors with regard to the progression of cognitive decline to dementia 

(e.g., Janvin, Aarsland, & Larsen, 2005). Furthermore, executive dysfunctions can severely 

interfere with the patients’ daily routines, and may also constitute a risk factor for accidents, 

e.g. when driving a car (Dirnberger & Jahanshahi, 2013). In addition, executive dysfunctions 

have been related to lower quality of life in PD patients and to increased caregiver burden 

(Kudlicka, Clare, & Hindle, 2014). Therefore, executive dysfunctions in PD should be accu-

rately assessed and diagnosed. 

I-2.2 The Involvement of Cognitive Functions in Amyotrophic Lateral Sclerosis 

Non-motor impairment in ALS is heterogeneous in nature (Phukan et al., 2012; Strong 

et al., 2009). Alterations in the patients’ personality, with increased irritability, apathy, inflex-

ibility, and disinhibition have been subsumed under ‘behavior changes’ (Phukan et al., 2007). 

These symptoms resemble those that are typically found in frontotemporal dementia (FTD), a 

neurodegenerative disease which mainly affects frontal and temporal lobes (Lillo & Hodges, 

2009; Phukan et al., 2007). In fact, ALS and FTD show considerable overlaps, also beyond 

these behavioral characteristics (Devenney, Vucic, Hodges, & Kiernan, 2015; Lillo 

& Hodges, 2009). For example, cytoplasmic aggregates of TDP-43 are not only found in the 

majority of ALS patients, but also in patients with FTD (Neumann et al., 2006). Furthermore, 

GGGGCC hexanucleotide repeat expansions of the gene C9ORF72 have been identified as a 

crucial factor in the pathogenesis of both ALS and FTD (DeJesus-Hernandez et al., 2011; 

Renton et al., 2011). Based on these findings, some authors have proposed that ALS and FTD 

can be considered as different manifestations of the same underlying pathology and represent 

the extremes on a continuous disease spectrum (Devenney et al., 2015; Lillo, Savage, Mioshi, 

Kiernan, & Hodges, 2012; Robberecht & Philips, 2013; Swinnen & Robberecht, 2014). About 

15% of the patients with ALS present with a manifest FTD (Phukan et al., 2012; Ringholz et 
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al., 2005). But also in the absence of dementia, up to 50% of ALS patients show some form of 

cognitive impairment (Beeldman et al., 2016; Lomen-Hoerth et al., 2003; Phukan et al., 

2012). 

Cognitive dysfunctions in ALS have been described to involve deficits in attention, 

language, memory and social cognition, among others (Beeldman et al., 2016; Consonni et 

al., 2016; Devenney et al., 2015; Goldstein & Abrahams, 2013; Kasper et al., 2015; Oh et al., 

2014; Phukan et al., 2007, 2012; Taylor et al., 2013). A central aspect of cognitive dysfunc-

tion is the impairment of executive functions that has been found in up to 70% of cognitively 

impaired ALS patients without dementia (Kasper et al., 2015). Deficits in executive function-

ing often involve impairments in verbal fluency, working memory, decision-making, plan-

ning, and set shifting (Beeldman et al., 2016; Goldstein & Abrahams, 2013; Lange et al., 

2016; Phukan et al., 2007, 2012; Ringholz et al., 2005). 

The presence of executive dysfunctions in ALS has implications for disease prognosis, 

treatment planning, and for the social environment of the patients (Elamin et al., 2015; 

Kiernan et al., 2011; Phukan et al., 2007). ALS patients with executive dysfunctions appear to 

be at risk for shortened survival (Chiò et al., 2012; Elamin et al., 2011; Gordon et al., 2010; 

Montuschi et al., 2015; Oh et al., 2014). Furthermore, reduced adherence to treatment has 

been reported in these patients (Chiò et al., 2012). It is worthy of note that this reduced com-

pliance cannot fully account for the reduced survival time (Chiò et al., 2012). Rather, the 

presence of executive dysfunctions may characterize individuals with a particularly aggres-

sive disease progression (Elamin et al., 2011), or reflect a generally higher disease burden 

(Swinnen & Robberecht, 2014). This interpretation is supported by similar findings of short-

ened survival in ALS patients with manifest FTD (Olney et al., 2005). Apart from these clini-

cal aspects, ALS patients with executive dysfunctions may be impaired in daily life. For ex-

ample, the inability to plan and organize behaviors that must occur in a particular succession 

(e.g., cooking a meal) may interfere with daily routines (Merrilees, Klapper, Murphy, Lomen-

Hoerth, & Miller, 2010). Moreover, executive dysfunctions may impair the ability to make 

appropriate decisions and communicate these. This is particularly problematic because ALS 

patients are necessarily confronted with far reaching decisions, e.g., concerning familial and 

financial issues as well as end-of-life care (Flaherty-Craig, Eslinger, Stephens, & Simmons, 

2006; Phukan et al., 2007). Executive dysfunctions in ALS are also associated with increased 

burden and psychosocial consequences for their caregivers (Chiò et al., 2010). 

Taken together, the available evidence suggests that deficits in executive functioning 

are common in patients with ALS, although apparently not all ALS patients are affected by 
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executive deficits. The stereotypical pattern of disease spreading proposed by Brettschneider 

et al. (2013) would predict that ALS will eventually lead to the development of executive dys-

functions when a sufficient portion of the prefrontal cortex is affected by the pathology. This 

implies that differences between ALS patients with and without executive dysfunctions are 

attributable to differences in disease progression and/or duration. However, it is also possible 

that executive dysfunctions are genuinely only present in some ALS patients, but not in oth-

ers. This is in accordance with the apparent phenotypical heterogeneity of ALS, which sug-

gests that several subgroups of ALS patients can be discerned, or might even indicate that 

ALS should be conceived of as an umbrella term for multiple similar, yet distinct, syndromes 

(Elamin et al., 2015; Frank, Haas, Heinze, Stark, & Münte, 1997; Goldstein & Abrahams, 

2013; Phukan et al., 2012; Strong, 2008; Strong et al., 2009; Swinnen & Robberecht, 2014; 

Turner et al., 2013). These considerations notwithstanding, it is important that each individual 

ALS patient be examined accurately with regard to potential impairment of cognitive func-

tions in general and executive functions in particular, because these may constitute major 

problems for both patients and their caregivers. 

I-3 The Event-Related Potential Technique in the Assessment of Executive Dysfunc-

tions in Neurodegenerative Diseases 

The assessment of executive dysfunctions using conventional neuropsychological test 

batteries (see Dirnberger & Jahanshahi, 2013, for an overview) in patients with neurodegener-

ative diseases affecting motor systems can be impeded by the patients’ physical disabilities. 

Specifically, motor impairments, such as bradykinesia (as typical for PD) or weakness (as typ-

ical for ALS), are likely to be reflected in slower reaction times and/or earlier exhaustion. 

Similarly, dysarthria (as seen in ALS patients with bulbar symptomatology, but also in PD), 

can hinder the administration of neuropsychological tests which require fast vocal responding 

(e.g., oral tests of verbal fluency). In addition, language problems, that occur frequently in 

ALS (Taylor et al., 2013), may bias the results of neuropsychological assessments (Goldstein 

& Abrahams, 2013; Kasper et al., 2015; Strong et al., 2009). These problems may not only 

cause discomfort for the patients during testing, but may also hamper the interpretation of the 

test results. 

The event-related potential (ERP) technique has been proposed as a solution to these 

problems (Raggi, Iannaccone, & Cappa, 2010; Růžička & El Massioui, 1993). The ERP is 

calculated from the continuous electroencephalogram (EEG) by averaging the EEG time-

locked to specific events, such as a sensory stimulus (i.e., stimulus-locked ERP) or an overt 
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movement (i.e., response-locked ERP). It reflects the summation of post-synaptic potentials, 

which is measurable at the scalp surface when large ensembles of similarly oriented cortical 

pyramidal neurons fire in synchrony (Woodman, 2010). The ERP consists of a sequence of 

positive and negative deflections representing the underlying ERP components (Duncan et al., 

2009). Some ERP waveforms have been very well characterized with regard to their anteced-

ent conditions, and can be understood as correlates of specific (cognitive) processes (Al-

tenmüller, Münte, & Gerloff, 2005). 

Due to its excellent temporal resolution, the ERP technique allows for studying cogni-

tive processes as they occur in rapid succession. Studying executive dysfunctions in neuro-

degenerative diseases using ERPs can enhance our understanding of precisely which 

(sub-)processes are impaired (Duncan et al., 2009; Luck et al., 2011; Raggi et al., 2010; Ver-

leger, 2003). This facilitates obtaining information about the underlying pathology and may 

inspire specifically tailored interventions and support strategies. Furthermore, this fine-

grained analysis of executive functions is likely more sensitive to very subtle alterations, 

which may not be evident when the behavioral performance is merely assessed with conven-

tional neuropsychological tests (Strong et al., 2009; Vieregge, Wauschkuhn, Heberlein, Ha-

genah, & Verleger, 1999). In the context of clinical research, ERPs can help to define clinical 

subgroups (Luck et al., 2011). This is of particular interest in the context of PD and ALS be-

cause the cognitive profiles of both have been described to be heterogeneous. 

I-4 Assessing ERP Correlates of Executive Functions Using the Flanker Task 

The present work focuses on three aspects of executive functioning: conflict pro-

cessing, conflict adaptation, and performance monitoring. In the following, these functions 

and characteristic ERP signatures associated with these functions will be briefly described. 

In complex environments, the achievement of a goal of action may depend on an indi-

vidual’s capability to focus on goal-relevant information despite the simultaneous presence of 

competing (or conflicting) information. Conflict processing poses demands on executive con-

trol because the individual needs to selectively attend to relevant information and inhibit irrel-

evant information (e.g., Diamond, 2013; Nee, Wager, & Jonides, 2007). The constant exertion 

of executive control is probably too effortful and also may not always have beneficial effects 

on performance (Diamond, 2013). Rather, executive control appears to be augmented when its 

requirement is evident. Specifically, the detection of conflict is thought to trigger increased 

recruitment of executive control (Botvinick, Braver, Barch, Carter, & Cohen, 2001). This re-

active modulation of executive control is referred to as conflict adaptation. Not only the mere 
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presence of conflict, but also the occurrence of an error (i.e., potentially a consequence of 

suboptimal conflict processing) can be interpreted as indicating increased need for executive 

control (see also Yeung, Botvinick, & Cohen, 2004). Hence, the detection of errors can help 

to ensure that a goal of action can be achieved by triggering more effective control mecha-

nisms. To detect errors, the actual outcomes need to be compared to the intended outcomes of 

an action, and these comparison processes are referred to as performance monitoring 

(Ullsperger, Danielmeier, & Jocham, 2014). 

The flanker task is a well-established paradigm for studying processes of conflict pro-

cessing, conflict adaptation, and performance monitoring (Eriksen & Eriksen, 1974; Kopp, 

Rist, & Mattler, 1996). In the arrow version of this paradigm, an arrow (or an arrowhead) is 

presented in the center of a screen, and the examinee is asked to press a key which is spatially 

compatible with the direction of this target arrow (e.g., a left-hand key press is required when 

the target arrow points to the left; Figure V-1). The target arrow is flanked by task-irrelevant 

arrows that can either point to the same direction (congruent) or to the opposite direction (in-

congruent) compared to the target arrow. Conflict arises in incongruent situations because the 

task-irrelevant information (conveyed by the flankers) interferes with the task-relevant infor-

mation (conveyed by the target). This conflict must be resolved by the examinee in order to 

select the appropriate action. These increased demands for conflict processing on incongruent 

trials are reflected in congruency effects: incongruent (compared to congruent) trials are asso-

ciated with longer reaction times (RTs) and higher error rates (ERs). On the level of ERPs, 

with which the present work is primarily concerned, conflict is associated with enhanced am-

plitudes of the N2 deflection in the ERP (Kopp et al., 1996; Larson, Clayson, & Clawson, 

2014). The N2 occurs about 250–350 ms post-stimulus and is often understood as a correlate 

of conflict detection (Larson et al., 2014). Congruency effects are modulated by the stimulus 

sequence: decreased RTs and ERs (Egner, 2007) as well as diminished N2 amplitudes (Larson 

et al., 2014) are observed on incongruent trials when the preceding trial was incongruent, too 

(compared to when it was congruent). These congruency sequence effects (Gratton, Coles, & 

Donchin, 1992) are often attributed to the successful recruitment of increased executive con-

trol (as proposed by Botvinick et al., 2001), and can hence be understood as indicators of con-

flict adaptation (see Egner, 2007, for detailed discussion). Errors mainly occur on incongruent 

trials and are typically followed by a negative ERP deflection. This error(-related) negativity 

(Ne/ERN) can be understood as a correlate of performance monitoring (Ullsperger, Dan-

ielmeier et al., 2014). Both N2 (usually preceding correct responses in the presence of con-

flict) and Ne/ERN (following erroneous responses) are related to the maintenance of success-
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ful performance, as they apparently signal the need for increased executive control (Botvinick 

et al., 2001; Yeung et al., 2004; see Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004, 

and Ullsperger, Danielmeier et al., 2014, for review). 

Taken together, the flanker task is well suited to assess neural correlates of conflict 

processing, conflict adaptation, and performance monitoring. In the present studies, the flank-

er paradigm was used to study ERPs of these executive functions in PD and ALS patients. 

I-5 Aims of the Present Studies 

In the following chapters, three studies are presented that applied the ERP technique to 

assess aspects of executive functions in patients with PD or ALS (Chapters III, IV, and V). 

These empirical studies are complemented by a systematic and integrative review (Chapter II) 

that revealed several insights into the ERP correlates of executive dysfunctions in PD. 

A large number of cognitive ERP studies have been conducted in patients with PD. 

Study 1 (Chapter II) presents the results of a comprehensive review of these studies. A sys-

tematic literature search was performed to identify the predominating research foci of cogni-

tive ERP studies in PD. Results were extracted from the single reports and integrated across 

studies. Furthermore, potential moderators, which might influence the evidence patterns, were 

identified, also by the application of quantitative methods. One key finding in this review was 

a consistent attenuation of Ne/ERN amplitudes in PD patients. As outlined in Section I-2.1, 

executive dysfunctions in patients with PD could occur as a consequence of the PD pathology 

itself (i.e., a disruption of frontostriatal circuits by dopamine depletion of the basal ganglia), 

but also as a consequence of the widely used dopaminergic medication (i.e., a disruption of 

frontostriatal circuits by dopamine overdosing effects). In addition, building on the work of 

Schultz and colleagues (Schultz, 2015), dopaminergic neurotransmission has been closely 

linked to performance monitoring and the generation of the Ne/ERN (Holroyd & Coles, 

2002). Hence, one would expect Ne/ERN measures to depend on the dopaminergic medication 

state in PD. However, Ne/ERN amplitude attenuation has been reported both in medicated and 

in unmedicated PD patients in the reviewed literature, leaving the question of a role for do-

paminergic medication unanswered. To directly investigate the influence of dopaminergic 

medication on Ne/ERN amplitudes in PD patients, the dopaminergic medication state was 

manipulated in a repeated-measures design in Study 2 (Chapter III). Specifically, PD patients 

were asked to complete a version of the flanker task on two different days, once under their 

normal medication (on), and once after withdrawal from dopaminergic medication (off). 

Ne/ERN measures were obtained from error trials on the flanker task. These data were also 
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compared to those of healthy control participants, who were tested twice as well (but without 

receiving dopaminergic medication). 

In contrast to the relatively abundant literature on ERP correlates of cognitive func-

tions in patients with PD, surprisingly few studies addressing ERPs of cognitive functions 

have been conducted (see Raggi et al., 2010, for review; Amato et al., 2013; Lange et al., 

2016; Volpato et al., 2016). Most of the previous studies involving ERP assessments of cogni-

tive functions have employed paradigms with relatively low demands for executive control, 

such as perceptual discrimination tasks. No study has hitherto investigated ERP correlates of 

conflict processing, conflict adaptation, and performance monitoring in ALS. Study 3 (Chap-

ter IV) contributes to the literature by comparing electrophysiological correlates of conflict 

processing and conflict adaptation between ALS patients and healthy control participants. In 

addition to ERP measures, Study 3 also assessed lateralized readiness potentials (LRPs), 

which can be extracted from the ERP and are interpreted as electrophysiological indicators of 

the selection and preparation of the motor response (Coles, 1989). Study 4 (Chapter V) ex-

plored how ERP correlates of performance monitoring are affected by ALS. In both ALS 

studies, it was also explored how the ERP indicators of specific executive processes (i.e., con-

flict processing, conflict adaptation, and performance monitoring) are related to the ALS pa-

tients’ executive functions as assessed by standardized neuropsychological tests. 

In summary, the work presented in the following chapters was conducted to contribute 

to the understanding of executive dysfunctions that occur in the context of neurodegenerative 

diseases. Table I-1 provides an overview of the main goals of Studies 1-4. 

Table I-1. 

Summary of the main goals of the present studies with regard to ERP assessments of conflict processing, conflict 

adaptation, and performance monitoring. 

Study contrasts investigated functions main ERP measures 

1  PD vs. HC conflict processing, 

conflict adaptation, 

performance monitoring 

N2, Ne/ERN 

2  PD vs. HC 

 PD on vs. off dopaminergic medication 

performance monitoring Ne/ERN 

3  ALS vs. HC 

 ALS with vs. without executive dysfunctions 

conflict processing, 

conflict adaptation 

N2 

4  ALS vs. HC 

 ALS with vs. without executive dysfunctions 
performance monitoring Ne/ERN 

Note. ERP = event-related potential; HC = healthy controls; Ne/ERN = error(-related) negativity; PD = Parkin-

son’s disease  
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II Abstract 

Cognitive impairment is a common non-motor symptom of Parkinson’s disease (PD), 

but the nature of cognitive changes varies considerably between individuals. According to the 

dual-syndrome hypothesis, one cluster of patients is characterized by deficits in executive 

function that may be related to fronto-striatal dysfunction. Other patients primarily show non-

frontal cognitive impairments that progress rapidly to PD dementia (PDD). We provide a 

comprehensive review of event-related potential (ERP) studies to identify ERP measures sub-

stantiating the heterogeneity of cognitive impairment in PD. Our review revealed evidence for 

P3b and mismatch-negativity alterations in PDD, but not in non-demented PD, indicating that 

alterations of these ERPs constitute electrophysiological markers for PDD. In contrast, ERP 

correlates of executive functions, such as NoGo-P3, N2 and error(-related) negativity 

(Ne/ERN), appear to be attenuated in non-demented PD patients in a dopamine-dependent 

manner. Hence, ERP measures confirm and yield distinct electrophysiological markers for the 

heterogeneity of cognitive impairment in PD. We discuss limitations and open questions of 

the ERP approach and provide directions and predictions for future ERP research. 

Keywords: Parkinson’s Disease, Cognition, Dementia, Executive Function, Basal 

Ganglia, Dopamine, Event-Related Potentials (ERPs), P3, P3a, P3b, MMN, NoGo-P3, N2, 

Ne/ERN 
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III Abstract 

Monitoring one’s own actions is essential for goal-directed performance. In the event-

related potential (ERP), erroneous actions are typically followed by a fronto-centrally distrib-

uted negative waveform. These error(-related) negativity (Ne/ERN) amplitudes have consist-

ently been found to be attenuated in patients with Parkinson’s disease (PD) compared to 

healthy controls (HC). Although Ne/ERN amplitudes have been proposed to be related to do-

paminergic neuronal activity, previous research did not find evidence for an effect of dopa-

minergic medication on Ne/ERN amplitudes in PD patients. Here, we examined 13 non-

demented patients with PD “on” and “off” dopaminergic medication. Their Ne/ERN ampli-

tudes (obtained on error trials of a flanker task) were compared to those of 13 HC who were 

tested twice as well, without receiving dopaminergic medication. While PD patients commit-

ted more errors than HC, error rates were not significantly modulated by dopaminergic medi-

cation. ERP results showed the typical PD-related Ne/ERN amplitude attenuation. Important-

ly, Ne/ERN amplitudes in PD patients were reduced when they were on medication compared 

to when they were off medication. These results suggest overdosing of dopaminergic path-

ways that are relatively spared in Parkinson’s disease, but that are related to the generation of 

the Ne/ERN, notably pathways targeted on the medial prefrontal cortex. 

Keywords: event-related potentials, Parkinson’s disease, performance monitoring, er-

ror(-related) negativity (Ne/ERN), dopamine  
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III-1 Introduction 

Parkinson’s disease (PD) is a common neurodegenerative disease, with an incidence 

of 8–18 per 100,000 person-years
1
. Idiopathic PD is hallmarked by the progressive loss of do-

paminergic neurons in the substantia nigra pars compacta, resulting in striatal dopamine de-

pletion. Besides the cardinal motor symptoms (bradykinesia, resting tremor, rigidity, and pos-

tural instability), cognitive impairment and executive dysfunction are frequently observed in 

PD
2,3

. 

Monitoring one’s own performance is a central aspect of executive functioning. When 

having committed an error, subsequent performance adjustments may be necessary to ensure 

that a pursued goal can still be achieved. Hence, successful goal-directed actions require the 

detection and evaluation of errors
4,5

. In the event-related potential (ERP)
6
, erroneous actions 

are typically followed by a fronto-centrally distributed negativity
7,8

. This error(-related) nega-

tivity (Ne/ERN) is considered as a neural correlate of performance monitoring
4
. It is probably 

generated in the anterior cingulate cortex (ACC; more precisely, in the anterior midcingulate 

cortex)
4
 and has been proposed to be related to signalling from the mesencephalic dopamine 

system to the ACC
9
 (but see 

5
 for critical discussion). The amplitude of Ne/ERN is typically 

found to be reduced (i.e., less negative) in patients with PD compared to healthy controls
10–16

 

(but see 
17,18

; a detailed overview is provided by 
19

; see also 
20

), possibly as a result of the PD-

related dopamine depletion. 

The assessment of patients with PD offers the possibility to investigate the influence 

of dopaminergic medication on ERP correlates of cognitive functions in a clinically relevant 

context. For instance, patients can be examined under their usual doses of dopaminergic med-

ication (“on”) and after withdrawal from that medication (“off”). Withdrawal from dopamin-

ergic medication, particularly levodopa, is comparably uncomplicated due to the short half-

life of this drug
21

. It is also possible to assess the same individuals both on and off medication 

in a within-subjects design. These intraindividual comparisons of on and off medication states 

are particularly powerful due to the minimization of unsystematic interindividual variance. 

To date, only one study has compared Ne/ERN amplitudes in PD patients in a within-

subjects design between on and off medication states, and it did not find a difference between 

these two conditions
15

. However, the patients included in that study were examined relatively 

early in the course of the disease, with an average disease duration of 3.2 years. The average 

symptom severity (assessed off medication with the Unified Parkinson’s Disease Rating 

Scale-III [UPDRS-III]) was comparably mild (14.8, cf. 
19

). It is thus possible that the doses of 
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dopaminergic medication that were administered to these patients were not sufficient to exert 

a detectable effect on the Ne/ERN amplitude. 

The present study contributes to the literature by examining the effect of dopaminergic 

medication on Ne/ERN amplitude in a sample of patients with a longer average disease dura-

tion (11.3 years) and more severe motor symptoms (UPDRS-III score off medication: 26.3). 

We expected to replicate the well-established attenuation of Ne/ERN amplitudes in PD pa-

tients. Furthermore, we investigated to which extent this attenuation would be affected by do-

paminergic medication. 

III-2 Methods 

III-2.1 Participants 

Twenty-two non-demented inpatients and outpatients with idiopathic PD were recruit-

ed from the Department of Neurology, Hannover Medical School. The diagnosis was con-

firmed by an experienced attending neurologist (Ch.S., D.D., F.W., R.D.). Patients were not 

included when they had any severe neurological or psychiatric condition other than PD, or a 

history of neurosurgical therapy. All participants in the study had scored a minimum of 23 

points on the Montreal Cognitive Assessment (MoCA)
22

. 

Patients were examined twice: once under their usual medication (“on”) and once after 

withdrawal (“off”) from dopaminergic medication. Twelve patients were examined off medi-

cation in their first session and on medication in their second session, whereas 10 patients 

were examined on medication in their first session and off medication in their second session. 

One patient was excluded after testing due to extremely prolonged reaction times (> 3 SD of 

the sample mean). Another eight patients were excluded from further analyses because less 

than eight artefact-free error trials were available for these individuals for at least one testing 

session, rendering the evaluation of the Ne/ERN amplitude too unreliable
23

. In the final patient 

sample (N = 13; 3 females), the median Hoehn-and-Yahr stage was 3 (range: 2 – 4). The av-

erage disease duration was 11.31 years (SD = 7.09). Table III-1 displays further sociodemo-

graphic information and clinical details of the patients. The UPRDS-III score was used to as-

sess motor functions in the patients on and off medication; this measure could not be obtained 

from one patient. Five patients (1 female) were first examined off medication, and eight pa-

tients (2 females) were first examined on medication. The median time between the two ses-

sions in the PD group was 2 days (range: 1 – 29). The median duration of withdrawal from 

medication before the off-medication session was 14 hours (range: 4 – 142). The average 

levodopa equivalent daily dose of antiparkinsonian medication that was administered to the 
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patients at the time of the on-medication session was calculated using the conversion factors 

provided by 
24

 and amounted to 1,015 mg/d (SD = 509). Table III-2 displays the doses of an-

tiparkinsonian medication for each patient at the time of the on-medication session. 

Thirty-five control participants were recruited by posters distributed throughout the 

city of Hannover, Germany, and word-of-mouth advertising. None of the healthy controls 

(HC) was diagnosed with severe neurological or psychiatric conditions. One HC was exclud-

ed because of having scored lower than 23 on the MoCA. 

No medication was administered to the HC as a part of the study, but they were exam-

ined twice as well to control for potential effects induced by repeated testing. One HC was 

excluded after testing due to extremely prolonged reaction times (> 3 SD of the sample 

mean). Another 16 HC were excluded from further analyses, because less than eight artefact-

free error trials were available for these individuals for at least one testing session. From the 

remaining 17 HC, a subset of N = 13 HC (3 females) was selected to form the final sample 

such that the gender distribution was matched and the mean age was as similar as possible 

between the PD and the HC group. To allow controlling for order effects of testing sessions in 

patients, every HC was randomly assigned either to the order “first session off – second ses-

sion on” (n = 5; 1 female) or to the order “first session on – second session off” (n = 8; 2 fe-

males), with the constraint that these groups should match the gender distributions of the cor-

responding patient subgroups. The median delay between the two sessions in the HC group 

was 1 day (range: 1 – 11). 

All participants were offered a compensation of 50 €. The study was approved by the 

ethics committee of Hannover Medical School (vote number: 6589), and all procedures were 

carried out in accordance with the approved guidelines. All participants gave written informed 

consent in accordance with the Declaration of Helsinki. 
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Table III-1. 

Means (M) and standard deviations (SD) of demographic, clinical and psychological characteristics of the PD 

patients (n = 13) and HC (n = 13) included in the within-subjects comparisons. 

measure max 

HC PD 

p M SD M SD 

age [years]  63.15 11.15 64.31 8.66 .771 

education [years]
 

 13.65 3.24 13.04
a 

3.82 .669 

MoCA (cognitive status) 30 28.23 1.83 26.38 1.76 .015 

WST (premorbid intelligence) 42 29.69 4.03 29.15 4.41 .748 

AES (apathy) 54 10.23 7.94 16.15 6.62 .050 

BDI-II (depression) 63 6.31 6.36 8.85 7.56 .363 

BSI-18 (psychiatric status)
 

72 5.25
a 

5.74 11.27
b 

10.84 .121 

 anxiety 24 1.50
a 

1.62 4.09
b 

3.70 .038 

 depression 24 1.67
a 

2.19 3.55
b 

4.76 .251 

 somatization 24 2.08
a 

2.75 3.64
b 

3.47 .245 

SF-36 (health status)
 

100 72.34
a 

21.15 56.59
b 

22.25 .096 

 physical functioning 100 76.67
a 

26.14 45.91
b 

31.53 .018 

 physical role functioning 100 56.25
a 

47.82 47.73
b 

39.46 .648 

 bodily pain 100 72.42
a 

25.05 57.00
b 

36.21 .245 

 general health perception 100 62.25
a 

25.35 51.09
b 

23.11 .284 

 vitality 100 65.00
a 

21.74 52.73
b 

19.67 .172 

 social role functioning 100 86.46
a 

15.50 69.32
b 

20.44 .033 

 emotional role functioning 100 83.33
a 

33.33 69.70
b 

45.84 .421 

 mental health 100 76.33
a 

16.22 59.27
b 

22.19 .046 

BIS-Brief (impulsiveness) 32 14.62 3.31 15.03 4.06 .776 

DII (impulsiveness)       

 functional 11 6.15 3.00 5.23 2.55 .406 

 dysfunctional 12 2.15 2.19 3.00 3.65 .481 

QUIP-RS (impulse control)
 

112 0.09
b 

0.30 9.83
a 

11.10 .011 

 impulse control disorder
 

64 0.08 0.28 5.33
a 

5.63 .008 

SPQ (schizotypal traits)
 

22 5.33
a 

4.42 5.83
a 

4.93 .796 

 interpersonal
 

8 3.25
a 

3.02 2.75
a 

2.26 .651 

 cognitive-perceptual
 

8 1.00
a 

0.85 1.33
a 

1.30 .466 

 disorganized
 

6 1.08
a 

1.24 1.75
a 

2.30 .389 

Note. max = maximal value of the respective measure; LEDD = levodopa equivalent daily dose, calculated using 

the conversion factors by 
24

; MoCA = Montreal Cognitive Assessment
22

; WST = Wortschatztest
27

; 

AES = Apathy Evaluation Scale
51

; BDI-II = Beck Depression Inventory-II
52

; BSI-18 = Brief Symptom Inventory 

(18-item version)
53

; SF-36 = Short Form Health Survey
54

; BIS-Brief = Barratt Impulsiveness Scale (8-item ver-
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sion)
55

; DII = Dickman Impulsivity Inventory
56

; QUIP-RS = Questionnaire for Impulsive-Compulsive Disorders 

in Parkinson’s Disease – Rating Scale
57

; SPQ = Schizotypal Personality Questionnaire
58 

a
based on n = 12 

b
based on n = 11 

 

Table III-2. 

Usual daily dose of antiparkinsonian medication (in mg/d) administered to the PD patients at the time of the 

examination “on” medication and individual levodopa equivalent daily doses (LEDD; in mg/d). 

Case Medication LEDD 

1 Pramipexole 3.15
a
 450 

2 L-Dopa 550, L-Dopa
b
 300, Tolcapone 300, Pramipexole 2.45

a
, Amantadine 400 1,800 

3 L-Dopa 300, L-Dopa
b
 100, Pramipexole 3.15

a
 825 

4 L-Dopa 125, L-Dopa
b
 500, Pramipexole 2.1

a
, Amantadine 600 1,400 

5 L-Dopa 300, Entacapone 600 399 

6 L-Dopa 400, L-Dopa
b
 100, Rasagiline 1 575 

7 L-Dopa 1,000, Entacapone 1,000, Pramipexole 1.75
a
, Selegiline 10

c
 1,680 

8 L-Dopa 400 400 

9 L-Dopa 600, Entacapone 600, Pramipexole 1.04
a
 948 

10 L-Dopa 600 600 

11 L-Dopa 600, Rotigotine 6, Cabergoline 6, Amantadine 200 1,380 

12 L-Dopa 600, L-Dopa
b
 300, Entacapone 800, Cabergoline 6 1,497 

13 L-Dopa 700, L-Dopa
b
 100, Entacapone 600, Rotigotine 8 1,246 

Note. 
a
The conversion factor for Pramipexole provided by Tomlinson et al. (2010) refers to the salt form of 

Pramipexole (Pramipexole dihydrochloride 1 H2O). We used the dose of the Pramipexole salt form to calculate 

the LEDD, but report the corresponding dose of Pramipexole (base form) here for easier interpretation. For ex-

ample, Pramipexole 3.15 (base form) corresponds to 4.5 mg Pramipexole dihydrochloride 1 H2O (salt form). 

b
controlled-release L-Dopa dose. 

c
oral Selegiline. 

III-2.2 Materials and Procedure 

All participants completed 432 trials (divided into four blocks and preceded by 12 

practice trials) of a computerized version of the Eriksen flanker task
25,26

 (Figure III-1). Stimu-

lus material was run by Presentation® (Neurobehavioral Systems, Albany, CA). Stimuli were 

presented against a black background on a 24-inch flat screen (Eizo EV2416W, Hakusan, 

Ishikawa, Japan). Responses were collected using a Cedrus® response pad (RB-830, Cedrus, 

San Pedro, CA). 
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Figure III-1. The Eriksen flanker task. On every trial, three vertically arranged arrows were presented, each ei-

ther pointing to the left or to the right. Participants were asked to respond to the central (“target”) arrow by press-

ing a spatially compatible key while ignoring the distracting “flanker” arrows above and below the target arrow. 

On congruent trials, flanker and target arrows point to the same direction, whereas on incongruent trials, flanker 

and target arrows point to opposite directions. 

Every stimulus consisted of three white arrows, each pointing to the left or to the right. 

Arrows were arranged vertically such that the two outer arrows (“flanker”) either pointed to 

the same (congruent) or to the opposite (incongruent) direction compared to the central arrow 

(“target”). Targets were presented for 250 ms after an onset delay relative to the flankers that 

was set to 100 ms. Participants were asked to ignore the flankers and respond to the targets by 

pressing a spatially compatible key (e.g., a left-hand key press was required whenever the tar-

get pointed to the left side). 

All participants were asked to complete a battery of psychometric questionnaires; the 

results are displayed in Table III-1. A German vocabulary test (Wortschatztest, WST)
27

 was 

used to estimate premorbid crystallized intelligence. 

III-2.3 Electrophysiological Recording 

Continuous electroencephalogram (EEG) was recorded with a BrainAmp amplifier 

and 30 active Ag-AgCl electrodes (Brain Products, Gilching, Germany) mounted on an acti-

Cap (EASYCAP, Herrsching, Germany) according to the international 10-20 system mon-

tage. BrainVision Recorder 1.20 (Brain Products, Gilching, Germany) was used; the sampling 

rate was 250 Hz. Electrode impedance was kept below 10 kΩ. Electrodes were referenced to 

FCz electrode. To monitor ocular artefacts, vertical (vEOG) and horizontal (hEOG) elec-

trooculogram were recorded with two electrodes positioned at the suborbital ridge and the ex-

ternal ocular canthus of the right eye, respectively. 
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III-2.4 Data Analysis 

Data were analysed using IBM SPSS 23.0. The significance level was set to .05. Ef-

fect sizes were calculated as ηp² (as implemented in SPSS) and Cohen’s dz (according to the 

supplement [version 3.4] provided by 
28

). 

III-2.4.1 Behavioural data. Reaction time (RT) and error rate (ER) were calculated 

separately for congruent and incongruent trials. RTs were obtained by computing the median 

response latency on correctly completed trials. Responses that were registered earlier than 

100 ms or later than 2000 ms after target onset were excluded. ERs were calculated as the 

proportion of erroneous responses (i.e., a button press corresponding to the opposite direction 

of the target). Both RTs and ERs were only calculated for trials preceded by correctly com-

pleted trials to rule out the influence of processes induced by erroneous responding (e.g., post-

error slowing
29

). 

Relationships between the two behavioural outcome measures RT and ER and the var-

iables congruency, medication, and PD were analysed by repeated-measurement ANOVAs 

with Session (off vs. on) and Congruency (congruent vs. incongruent) as within-subjects fac-

tors, and Group (PD vs. HC) as between-subjects factor. For PD patients, the Session factor 

indicated the actual medication status (i.e., whether the patients had taken their usual dose of 

medication [on] or were tested after withdrawal from medication [off]). For HC, the Session 

factor was merely used to assign control participants to either the “first session off – second 

session on” (n = 5) or the “first session on – second session off” (n = 8) order to allow con-

trolling for order effects when comparing PD patients to HC. 

III-2.4.2 Electrophysiological data. EEG data were evaluated using BrainVision An-

alyzer 2.0 (Brain Products, Gilching, Germany). After bandpass filtering (high-pass: 0.1 Hz, 

24 dB/oct; low-pass: 70 Hz, 24 dB/oct; notch: 50 Hz), data were screened for artefacts (volt-

age step > 75 µV/ms; activity < 0.5 µV/100 ms) and subjected to an ocular-correction inde-

pendent component analysis
30

 for correction of ocular, muscular, and cardiac artefacts. As er-

rors occur rarely on congruent trials, response-locked ERPs were compared for correct re-

sponses and errors on incongruent trials only. Data obtained on correctly and incorrectly 

completed trials were separately segmented into epochs relative to response onset and base-

line-corrected (-200 to 0 ms). Residual artefacts (value difference > 150 µV/200 ms; ampli-

tude < -100 µV or > 100 µV) were rejected. After averaging and re-referencing to a common 

average reference, Ne/ERN amplitude and the amplitude of the corresponding negativity on 

correct trials (“correct(-related) negativity”, Nc/CRN
31,32

) were quantified at FCz electrode as 
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the first negative peak following the overt erroneous and correct response, respectively. Sup-

plementary Table III-S1 displays the numbers of trials included in the ERP analyses. 

Table III-S1. 

Means (M), standard deviations (SD) and range (min, max) of the numbers of trials included in the analysis of 

response-locked ERPs (Nc/CRN, Ne/ERN) in the two medication conditions for PD patients (PD) and healthy 

controls (HC). 

  HC (n = 13)  PD (n = 13) 

  M SD min max  M SD min max 

Nc/CRN off 192.85 11.77 167 204  168.92 36.39 88 205 

 on 191.77 13.61 153 204  171.00 28.50 114 207 

Ne/ERN off 21.92 11.62 9 46  45.69 36.90 10 127 

 on 22.38 12.80 12 59  43.15 27.47 9 96 

Note. For PD patients, the conditions “off” and “on” indicate the actual medication state (i.e., whether the pa-

tients had taken their usual dose of medication [on] or were tested after withdrawal from dopaminergic medica-

tion [off]). The HC group was not administered with dopaminergic medication at any time, and the conditions 

“off” and “on” were merely used to assign control participants to one of two possible orders of medication con-

ditions (see Methods for detailed explanation). 

Relationships between response-locked ERPs and the variables correctness, medica-

tion, and PD were analysed by repeated-measurement ANOVAs with Session (off vs. on) and 

Correctness (correct response [Nc/CRN] vs. error [Ne/ERN]) as within-subject factors, and 

Group (PD vs. HC) as between-subjects factor. Recall that the Session factor indicated the 

actual medication status for the PD patients, whereas for HC, it was merely used to assign 

participants to the “first session off – second session on” or the “first session on – second ses-

sion off” order. If dopaminergic medication did indeed affect response-synchronized ERP 

amplitudes, a Session effect should emerge in PD patients, but not in HC (in this group, the 

two levels of Session do not reflect different levels of medication), i.e., the interaction of Ses-

sion and Group should be significant. If the effect of medication on ERP amplitudes in PD 

was error-specific, the interaction between Session, Correctness and Group should be signifi-

cant. 

III-2.4.3 Correlation analyses. We also explored the relations between Ne/ERN 

amplitudes and clinical/psychological characteristics of the participants. To this end, Spear-

man-Brown correlation coefficients (rs) were calculated. 



Chapter III – Study 2 | 47 

 

III-3 Results 

Patients’ motor performance as assessed by the UPDRS-III score was significantly 

lower on (17.42) compared to off (26.33) dopaminergic medication. Thus, the pharmacologi-

cal treatment exerted the desired beneficial effect on motor functions, t(11) = -5.62, p < .001, 

dz = -1.62. 

III-3.1 Behavioural Data 

RTs were modulated by Congruency, F(1, 24) = 221.38, p < .001, ηp² = .90, with 

longer RTs on incongruent (503 ms) compared to congruent (424 ms) trials. RTs were not 

significantly affected by either Session or Group, and the interactions involving Session and 

Group were not significant (all F < 2.37, all p > .05). 

Similarly, ERs were modulated by Congruency, F(1, 24) = 30.53, p < .001, ηp² = .56, 

with higher ERs on incongruent (16 %) compared to congruent (5 %) trials. PD patients 

(15 %) committed significantly more errors than HC (6 %) as indicated by a significant main 

effect of Group, F(1, 24) = 8.35, p = .008, ηp² = .26. ERs were not significantly influenced by 

Session, and no interaction involving Session or Group was significant (all F < 1.11, all 

p > .05). 

III-3.2 Electrophysiological Data 

Figure III-2 depicts the response-synchronized grand-average ERP activity. Analysis 

of these ERPs (Figure III-2A) revealed the typical main effect of Correctness, with signifi-

cantly larger amplitudes following errors (Ne/ERN: -3.95 µV) compared to correct trials 

(Nc/CRN: -1.66 µV), F(1, 24) = 23.94, p < .001, ηp² = .50. Amplitudes were generally attenu-

ated in PD patients (-1.90 µV) compared to HC (-3.71 µV), as indicated by a significant main 

effect of Group, F(1, 24) = 7.72, p = .010, ηp² = .24. A direct comparison of Ne/ERN ampli-

tudes between PD and HC (averaged across the two sessions) revealed a significant attenua-

tion of Ne/ERN amplitudes in PD patients (-2.79 µV) compared to HC (-5.10 µV), 

F(1, 24) = 6.49, p = .018, ηp² = .21, whereas Nc/CRN amplitudes did not differ significantly 

between the two groups (PD: -1.01 µV; HC: -2.31 µV), F(1, 24) = 3.67, p = .067, ηp² = .13. 

Amplitudes were modulated by a Session by Group interaction, F(1, 24) = 6.36, p = .019, 

ηp² = .21, indicating that the effects of Session (representing medication effects in PD but not 

in HC) differed significantly between the groups. No other main effect or interaction was sig-

nificant (all F < 1.67, all p > .05). 



48 | Chapter III – Study 2 

 

 

Figure III-2. Session effects on response-synchronized ERPs. Ne/ERN amplitudes were attenuated in the “on-

medication” state (dark grey) compared to the “off-medication” state (light grey) in PD patients (right panels). 

HC (left panels) did not receive dopaminergic medication, and the ERP amplitudes did not differ between the 

sessions. (A) Response-synchronized grand average ERP activity following correct responses (Nc/CRN, dashed 

lines) and errors (Ne/ERN, solid lines). ERPs were low-pass filtered (12 Hz, 24 dB/oct) for display purposes on-

ly. (B) Amplitude means for Nc/CRN and Ne/ERN amplitudes for the two sessions in HC and PD. Error bars 

indicate standard errors. * denotes a significant (p < .05) difference between the Ne/ERN amplitudes between the 

on-medication and off-medication states in PD patients. 
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Follow-up analyses were calculated as 2 (Session: off vs. on) × 2 (Correctness: correct 

response [Nc/CRN] vs. error [Ne/ERN]) repeated-measurement ANOVAs separately for PD 

patients and HC (Figure III-2B). In PD patients (right panel), these analyses revealed a signif-

icant main effect of Correctness, F(1, 12) = 6.88, p = .022, ηp² = .36, with larger amplitudes of 

Ne/ERN (-2.79 µV) compared to Nc/CRN (-1.01 µV). These amplitudes were modulated by 

dopaminergic medication, as indicated by a main effect of Session, F(1, 12) = 5.23, p = .041, 

ηp² = .30, with attenuated amplitudes on medication (-1.63 µV) compared to off medication 

(-2.18 µV). Further, the interaction of Session and Correctness showed a trend toward signifi-

cance, F(1, 12) = 4.53, p = .055, ηp² = .27, indicating that Session effects tended to differ be-

tween Nc/CRN and Ne/ERN amplitudes. Paired-Samples t-tests revealed that in PD patients 

Ne/ERN amplitudes were attenuated by medication (off: -3.26 µV; on: -2.33 µV), 

t(12) = -2.78, p = .017, dz = -0.77, whereas no such effect was observed for Nc/CRN ampli-

tudes (off: -1.10 µV; on: -0.92 µV), t(12) = -0.66, p = .521, dz = -0.18. In HC (left panel), am-

plitudes were also modulated by Correctness, F(1, 12) = 18.89, p = .001, ηp² = .61, with larger 

amplitudes of Ne/ERN (-5.10 µV) compared to Nc/CRN (-2.31 µV). In contrast to PD pa-

tients, no effect of Session was detectable in HC, F(1, 12) = 1.72, p = .215, ηp² = .13, and 

there was no significant interaction of Session and Correctness, F(1, 12) = 0.17, p = .685, 

ηp² = .01. Taken together, response-locked ERP amplitudes were only modulated by Session 

effects in PD patients, where Session reflected actual medication effects, but not in HC. 

Hence, the observed Session effects in PD patients appear to indicate the effects of the dopa-

minergic medication status rather than effects of condition order. 

III-3.3 Correlation Analyses 

Table III-3 displays the results of exploratory analyses of potential relations between 

Ne/ERN amplitudes and clinical and psychological characteristics of the participants.  
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Table III-3. 

Spearman-Brown rank correlations between Ne/ERN amplitudes and clinical/psychological characteristics in 

PD patients (PD) and healthy controls (HC). 

 HC (n = 13) PD (n = 13) 

 off on off on 

disease duration - - .609* .160 

LEDD - - .220 .148 

age .105 .074 .609* .412 

education -.055 .114 -.391 -.173 

cognitive status (MoCA) -.495 -.225 -.155 -.293 

apathy (AES) -.207 -.190 .675*
 

.694** 

depression (BDI-II) -.504 -.342 .623* .421 

psychiatric status (BSI-18) -.243 -.047 .743** .532 

health status (SF-36) .315 -.063 -.764** -.409 

impulsiveness (BIS-Brief) .003 -.136 .556* .415 

functional impulsiveness (DII functional) .192 .070 -.502 -.161 

dysfunctional impulsiveness (DII dysfunctional) -.114 -.342 .469 .363 

impulse control (QUIP-RS) .400 .500 .573 .406 

impulse control (QUIP-RS impulse control disorder) .386 .463 .602* .384 

schizotypal traits (SPQ) -.250 .071 .631* .222 

Note. Positive correlations indicate that higher scores on the respective measure are associated with less negative 

(i.e., smaller) Ne/ERN amplitudes. Negative correlations indicate that higher scores on the respective measure 

are associated with more negative (i.e., larger) Ne/ERN amplitudes. Bold typeface indicates significant differ-

ences of correlation coefficients between PD and HC (p < .05). LEDD = levodopa equivalent daily dose, calcu-

lated using the conversion factors by 
24

; MoCA = Montreal Cognitive Assessment
22

; WST = Wortschatztest
27

; 

AES = Apathy Evaluation Scale
51

; BDI-II = Beck Depression Inventory-II
52

; BSI-18 = Brief Symptom Inventory 

(18-item version)
53

; SF-36 = Short Form Health Survey
54

; BIS-Brief = Barratt Impulsiveness Scale (8-item ver-

sion)
55

; DII = Dickman Impulsivity Inventory
56

; QUIP-RS = Questionnaire for Impulsive-Compulsive Disorders 

in Parkinson’s Disease – Rating Scale
57

; SPQ = Schizotypal Personality Questionnaire
58

 

* p < .05, ** p < .01 

III-4 Discussion 

We compared response-locked ERP waveforms observed after errors in a flanker task 

in PD patients when they were on and off dopaminergic medication. We replicated the well-

established reduction of these Ne/ERN amplitudes in PD patients as compared to healthy con-

trol participants. Moreover, our findings provide evidence that Ne/ERN amplitudes in PD pa-

tients are attenuated by dopaminergic medication. 
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According to the influential model proposed by Holroyd and Coles
9
, errors are fol-

lowed by phasic decreases in dopamine firing from the mesencephalic dopamine system to the 

ACC, and the Ne/ERN is thought to be generated by the resulting increase in ACC activity 

(due to the disinhibition of ACC neurons by the reduced dopaminergic input). Hence, changes 

in dopamine levels after administration of dopaminergic medication should be associated with 

Ne/ERN alterations. The results presented here are in accordance with Holroyd and Coles’ 

theory in that they indicate a relation between the dopaminergic medication status in PD and 

Ne/ERN amplitudes. 

The observation that Ne/ERN amplitudes are reduced (rather than increased) by dopa-

minergic medication is in accordance with the dopamine overdose hypothesis
33,34

. This 

framework assumes that medium (optimal) levels of dopamine are required by both motor and 

cognitive functions that are related to dopaminergic systems, and that both too low (depletion) 

and too high (overdosing) levels of dopamine may have detrimental effects
33–35

. Figure III-3 

depicts the resulting inverted U-shaped relation between both motor and cognitive perfor-

mance and dopamine levels. The loss of dopaminergic neurons in PD and the associated do-

pamine depletion predominantly affect the dorsal striatum (via the nigrostriatal dopaminergic 

pathway), leaving other dopaminergic pathways, such as mesolimbic (projecting from the 

VTA to the ventral striatum) and mesocortical (projecting from the VTA to cortical areas) 

pathways, relatively spared
36

. Dopamine depletion of the dorsal striatum results in the promi-

nent motor impairments, and therapeutic administration of dopaminergic medication is usual-

ly titrated to remedy these motor symptoms. However, systemically administered dopaminer-

gic medication has also been proposed to simultaneously overdose less affected dopaminergic 

pathways
33–39

. Along with the motor functions, those cognitive functions that are mainly asso-

ciated with the dorsal striatum appear to benefit from the dopaminergic medication. In con-

trast, cognitive functions that are mainly associated with other dopaminergic pathways may be 

impaired through overdosing induced by dopaminergic treatment
33–39

. Performance monitor-

ing has been shown to be associated with ACC activity, where the Ne/ERN is probably gener-

ated
4
. The ACC is closely related to ventral striatal regions via a fronto-striatal circuit (“ante-

rior cingulate circuit” or “limbic circuit”) and to the VTA via the mesocortical pathway. 

These dopaminergic pathways are not primarily affected by the PD-related loss of dopamin-

ergic neurons and may therefore be prone to dopamine overdosing
36–39

. The main result of the 

present study, i.e., a medication-related reduction of Ne/ERN amplitudes in PD patients, may 

have resulted from the overdosing of brain circuitries involved in Ne/ERN generation, such as 
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the anterior cingulate circuit, potentially by overdosing the mesolimbic and/or mesocortical 

pathway. 

 

Figure III-3. Illustration of the proposed inverted U-shaped relation between dopamine levels and functions that 

are associated with dopaminergic systems
34

. Both too low (depletion) and too high (overdosing) levels of dopa-

mine may impair motor and/or cognitive performance. Therapeutic administration of dopaminergic medication is 

usually titrated to optimize motor functions that are related to dopaminergic pathways involving dorsal striatum. 

These functions are ameliorated in the sense that they are shifted from a relatively low functioning level (lower 

dotted horizontal line) to a higher one (upper dotted horizontal line) by substitution of dopamine (left arrow). 

The necessary dopamine doses may simultaneously impair other (e.g., cognitive) functions, that are associated 

with brain areas which are less affected by the disease, through overdosing. These functions are impaired in the 

sense that they are shifted from a relatively high functioning level (upper dotted horizontal line) to a lower one 

(lower dotted horizontal line) by the systemic administration of dopaminergic medication (right arrow). 

Our results differ from those reported by Willemssen et al.
15

. These authors did not 

find an influence of dopaminergic medication on Ne/ERN amplitude in a comparably large 

sample of PD patients (N = 18) who were tested both on and off medication. However, the 

patients included in their study had a shorter disease duration and showed less severe motor 

symptoms compared to the patients included here. Correspondingly, the doses of dopaminer-

gic medication that they received may have been too low to exert detectable effects on the 

Ne/ERN amplitude. Table 1 provided by Willemssen et al.
15

 allows for a rough estimate of the 

individual levodopa equivalent daily dose (LEDD) using the conversion factors given in 
24

, 
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and therefore enable an approximate between-study comparison of the LEDDs. Indeed, the 

doses of dopaminergic medication in Willemssen et al.’s
15

 study were about 40 % lower 

(601 mg/d) compared to those in the present study (1,015 mg/d). 

While dopamine overdosing of pathways associated with Ne/ERN generation could 

account for the consistently found amplitude reduction in medicated PD patients
10–13

, it can-

not explain similar findings of reduced Ne/ERN amplitudes in drug-naive PD patients
13,14,16

 

and PD patients who were tested off dopaminergic medication
14,15

. This implies that dopa-

mine overdosing phenomena are unlikely to be the sole explanation for the PD-related attenu-

ation of Ne/ERN amplitude. The proposed inverted U-shaped relationship between dopamine 

levels and motor/cognitive functions suggests that reduced Ne/ERN amplitudes in unmedicat-

ed PD patients may result from the disease-related dopamine depletion. However, the disease-

related dopamine depletion does not predominantly affect the dopaminergic pathways that are 

presumably involved in Ne/ERN generation. Therefore, the mechanisms accounting for 

Ne/ERN attenuation in unmedicated PD patients still remain to be clarified. 

Exploratory correlation analyses indicated relations between Ne/ERN amplitudes and 

disease duration as well as some clinical and psychological scores in PD patients. Ne/ERN 

amplitudes appear to be lower in generally more impaired individuals who report higher psy-

chological symptom burden (e.g., with regard to apathy, depression, and impulse control dis-

orders), lower health-related quality of life (as indicated by the SF-36), and had a longer dis-

ease duration. However, conclusions from these analyses need to be drawn with caution due 

to their exploratory character and the small sample size. Future research may further examine 

how Ne/ERN amplitudes relate to the clinical and psychological profile of PD patients and 

determine its usefulness as a marker, e.g., for disease progression or for the development of 

non-motor symptoms, such as depression or executive dysfunction. 

In the present study, PD patients committed generally more errors on the flanker task 

than controls. The proportion of errors has been found to be inversely related to the magnitude 

of the Ne/ERN amplitude – possibly reflecting habituation to errors
40

. Therefore, it cannot be 

fully excluded that the PD-related Ne/ERN amplitude attenuation observed here results from 

the fact that the PD patients experienced errors more frequently than controls. However, we 

also observed a difference in Ne/ERN amplitudes between the two medication conditions in 

the absence of medication-related differences in error rates. Hence, Ne/ERN amplitudes did 

not exclusively vary with error rates in our study. Given this pattern of observations, it seems 

unlikely that the PD-related attenuation of Ne/ERN amplitudes results merely from a higher 

frequency of erroneous responses in PD patients than in controls. Nevertheless, the exclusion 
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of participants due to insufficient error rates should be avoided in future studies to prevent an 

overrepresentation of highly error-prone individuals who may have habituated to erroneous 

responding. This can be achieved by increasing the overall error rates, for instance by imple-

menting response-time pressure
41

. 

We have quantified the amplitudes of Ne/ERN and Nc/CRN as peak amplitudes. It is, 

however, also possible to operationalize them by subtracting the peak of the Ne/ERN (or 

Nc/CRN) from the peak of the preceding positivity. In our study, these peak-to-peak ampli-

tudes of Nc/CRN and Ne/ERN were highly correlated with the corresponding peak amplitudes 

(all rs > .89, all p < .001). When we repeated our analyses with peak-to-peak amplitudes, we 

found a similar pattern of results, with main effects of Correctness (F(1, 24) = 34.39, p < .001, 

ηp² = .59) and Group (F(1, 24) = 8.13, p = .009, ηp² = .25). The Session by Group interaction 

showed a trend toward significance (F(1, 24) = 4.17, p = .052, ηp² = .15). Hence, the core pat-

tern of results seems to be largely unaffected by the choice of the outcome measure. 

In our study, eight out of 13 patients have been examined first on their dopaminergic 

medication. This implies that there was a majority of PD patients who were examined off 

medication in their second session. Previous work has found an increase in Ne/ERN ampli-

tudes on a second compared to a first time of measuring
42

; this was, however, not the case in 

another study
43

. Here, we have observed reduced Ne/ERN amplitudes in the on-medication 

state in PD patients. It is possible that this pattern of results has emerged as a consequence of 

the slightly unbalanced design. However, if the observed session effect on Ne/ERN amplitude 

found here was a mere consequence of session order effects, a similar effect should have been 

present in the control participants. Our results revealed that the difference between the testing 

sessions was significantly larger in the PD patients than in the control group that was com-

posed to be imbalanced in the same manner (i.e., eight HCs were assigned to the “first session 

on – second session off” order and five HCs were assigned to the “first session off – second 

session on” order, without actually receiving dopaminergic medication at any time). Still, rep-

lication in a larger sample and with balanced order of medication states is warranted. This 

would also allow for further examining the error-specificity of medication-related amplitude 

reduction in PD patients that in our study showed a trend toward significance. 

Previous pharmacological studies in healthy volunteers (see 
20,44

 for review) have re-

ported attenuated Ne/ERN amplitudes following administration of the dopamine receptor an-

tagonist haloperidol
45,46

, while selective depletion of the dopamine precursors phenylalanine 

and tyrosine did not alter Ne/ERN amplitudes
47

. Enhanced Ne/ERN amplitudes have been 

found after administration of the dopamine (and noradrenaline) agonists D-amphetamine
48
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and methylphenidate
49

. To our knowledge, no study has yet directly investigated how Ne/ERN 

amplitudes in healthy volunteers are influenced by levodopa or dopamine agonists that are 

typically used as antiparkinsonian medication. However, one study has reported increased 

amplitudes of the feedback-related negativity (FRN) – an ERP waveform that is closely relat-

ed to the Ne/ERN
5
 – after a single dose of pramipexole, a dopamine agonist for the treatment 

of PD
50

. In contrast to these data, our results suggest that dopaminergic medication in PD pa-

tients is related to a reduction rather than to an enhancement of Ne/ERN amplitudes. At this 

point, it remains unclear whether this pattern of evidence may be attributable to the different 

pharmacological characteristics of dopaminergic medication typically administered to PD pa-

tients and the dopamine/noradrenaline agonists that were related to increased Ne/ERN ampli-

tudes in 
48,49

, or whether it reflects that the effects of dopaminergic drugs are not comparable 

between PD patients and healthy individuals. Placebo-controlled studies with levodopa and 

dopamine agonists (that are used as antiparkinsonian medication) comparing healthy volun-

teers and PD patients are needed to determine (a) if the described discrepancies may be ex-

plained by the different pharmacological profiles of the dopaminergic agents, and (b) how the 

effects of dopaminergic agents differ between PD patients and healthy individuals. 

The data presented here replicate earlier research reporting reduced Ne/ERN ampli-

tudes in patients with PD. Furthermore, they show for the first time a dopamine-dependent 

reduction of Ne/ERN amplitudes in PD patients. We conclude that the Ne/ERN amplitude ap-

pears to be sensitive to dopamine overdosing (possibly of extrastriatal pathways) that poten-

tially occurs as a corollary of the dopaminergic treatment of motor symptoms in PD. 
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IV Abstract 

A growing body of evidence implies psychological disturbances in amyotrophic lateral 

sclerosis (ALS). Specifically, executive dysfunctions occur in up to 50% of ALS patients. The 

recently shown presence of cytoplasmic aggregates (TDP-43) in ALS patients and in patients 

with behavioral variants of frontotemporal dementia suggests that these two disease entities 

form the extremes of a spectrum. The present study aimed at investigating behavioral and 

electrophysiological indices of conflict processing in patients with ALS. A non-verbal variant 

of the flanker task demanded two-choice responses to target stimuli that were surrounded by 

flanker stimuli which either primed the correct response or the alternative response (the latter 

case representing the conflict situation). Behavioral performance, event-related potentials 

(ERP), and lateralized readiness potentials (LRP) were analyzed in 21 ALS patients and 20 

controls. In addition, relations between these measures and executive dysfunctions were ex-

amined. ALS patients performed the flanker task normally, indicating preserved conflict pro-

cessing. In similar vein, ERP and LRP indices of conflict processing did not differ between 

groups. However, ALS patients showed enhanced posterior negative ERP waveform deflec-

tions, possibly indicating increased modulation of visual processing by frontoparietal net-

works in ALS. We also found that the presence of executive dysfunctions was associated with 

more error-prone behavior and enhanced LRP amplitudes in ALS patients, pointing to a pre-

frontal pathogenesis of executive dysfunctions and to a potential link between prefrontal and 

motor cortical functional dysregulation in ALS, respectively. 

Keywords: amyotrophic lateral sclerosis, ERP, LRP, executive functions, attention 
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V Abstract 

Executive dysfunctions affect up to 50% of the patients with amyotrophic lateral scle-

rosis (ALS). Deficits in executive functions have been identified as negative prognostic factor 

and can also affect the quality of life in patients’ caregivers. Assessment of executive dys-

function may be impeded by the patients’ motor impairments. Event-related potentials (ERP) 

have been proposed as a tool to overcome these assessment difficulties. The error(-related) 

negativity (Ne/ERN) is an ERP waveform which can be recorded conveniently and efficiently 

with minimal motor requirements for the patient. We compared Ne/ERN amplitudes in ALS 

patients and healthy controls (HC), and we assessed whether Ne/ERN amplitudes qualify as a 

marker of executive dysfunctions in ALS. Twenty-eight patients with ALS and 29 age-, gen-

der-, and education-matched HC completed a version of the flanker task whilst their electro-

encephalogram (EEG) was recorded. We analyzed Ne/ERN amplitudes (obtained on error tri-

als on the flanker task) and their relation to executive functions as assessed by standardized 

neuropsychological measures. While response-synchronized ERP amplitudes were generally 

unaffected by ALS, we found an ALS-associated relation between Ne/ERN amplitudes and 

executive functions. ALS patients with poorer executive functioning showed attenuated 

Ne/ERN amplitudes. No such association was found in HC. Our data suggest that Ne/ERN 

amplitudes reflect ALS-associated impairment of executive functions, potentially due to dis-

turbances in neural networks that involve the anterior cingulate cortex. Assessment of 

Ne/ERN amplitudes may provide a cost-efficient and non-invasive marker for executive dys-

function in ALS. 

Keywords: amyotrophic lateral sclerosis (ALS), event-related potentials (ERP), 

executive functions, error(-related) negativity (Ne/ERN), cognitive impairment  
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V-1 Introduction 

Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron dis-

eases. It is characterized by progressive degeneration of the upper and lower motor neuron, 

resulting in muscle paralysis and atrophy. Despite intensive research, curative therapy is still 

not available. The prognosis is fatal, with a median survival of 2-5 years after disease onset. 

The incidence in Europe is 2.16 per 100,000 (Logroscino et al., 2010). Different genetic muta-

tions have been associated with the familial form of disease (Robberecht & Philips, 2013), but 

the etiology of the more common sporadic ALS (90% of cases) remains largely unknown. 

ALS has been thought to be restricted to the motor system for a long time, with cogni-

tive impairment being overlooked. However, up to 15% of the patients show manifest fronto-

temporal dementia (FTD) (Phukan et al., 2012; Ringholz et al., 2005), and genetic, clinical 

and pathological studies have pointed to strong overlap between FTD and ALS (Devenney, 

Vucic, Hodges, & Kiernan, 2015; Robberecht & Philips, 2013). Cognitive impairments in 

ALS are heterogeneous and can affect the patients’ language, memory, and executive func-

tions, among others (Beeldman et al., 2016; Goldstein & Abrahams, 2013; Phukan, Pender, & 

Hardiman, 2007). Neuropsychological studies have shown less severe cognitive and behav-

ioral deficits also in about 50% of patients without clinically apparent dementia (Lomen-

Hoerth et al., 2003; Phukan et al., 2012; Ringholz et al., 2005). 

Executive functions are higher-level mental processes that control lower-level pro-

cesses; this ensures that individuals achieve their goals successfully (Friedman & Miyake, in 

press; Phukan et al., 2007). Deficits in executive functioning in ALS have been identified as a 

negative prognostic factor (Elamin et al., 2011). They can also impact the patients’ ability to 

make appropriate decisions – including decisions with regard to treatment options and end-of-

life care – and to communicate these (Goldstein & Abrahams, 2013; Phukan et al., 2007). 

Moreover, executive dysfunctions in ALS have been related to increased burden and lower 

quality of life in the patients’ caregivers, which also threatens the quality of the relationship 

(often marriage) between patient and caregiver (Chiò et al., 2010). It is therefore essential to 

adequately capture the cognitive profile of each individual patient to provide optimal support 

to the patients and their caregivers. 

The assessment of cognitive impairments in ALS can be complicated by the patients’ 

physical disabilities (Goldstein & Abrahams, 2013). Event-related potential (ERP; Luck, 

2014) measures have been proposed as a tool to examine cognitive functions in ALS (Raggi, 

Iannaccone, & Cappa, 2010). Due to its excellent temporal resolution, the ERP technique of-
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fers the possibility to assess cognitive processes occurring in rapid succession. It is also very 

well suited to examine executive functions in ALS because it can be used with tasks that re-

quire only minimal overt action (Lange et al., 2016; Seer et al., 2015). 

One ERP waveform that bears a particularly high potential as a marker of executive 

dysfunction is the error(-related) negativity (Ne/ERN), which is most likely generated in the 

anterior (mid-)cingulate cortex (ACC) (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991; 

Gehring, Goss, Coles, Meyer, & Donchin, 1993; Ullsperger, Danielmeier, & Jocham, 2014). 

This waveform is typically observed at fronto-central electrode sites 50-100 ms after the 

commission of an erroneous action. The Ne/ERN is commonly regarded as a neural correlate 

of performance monitoring, an aspect of executive functions that refers to surveillance of 

one’s actions in the service of successful goal-directed behavior (Friedman & Miyake, in 

press; Ullsperger, Danielmeier et al., 2014; Ullsperger, Fischer, Nigbur, & Endrass, 2014). 

Despite its promising potential as an objective marker of executive dysfunctions, the Ne/ERN 

has hitherto not been investigated in ALS patients. Given its convenient assessment, which 

can be easily implemented in diagnostic routines, the Ne/ERN amplitude could be ideally suit-

ed as a marker for potential future clinical applications: First, its measurement is time- and 

cost-efficient, as the Ne/ERN can be recorded using conventional EEG systems within several 

minutes. Excellent reliability can be achieved based on only eight error trials (Pontifex et al., 

2010). Second, the examination is tolerable for the patients because the Ne/ERN is recorded 

non-invasively from the scalp surface; this is also possible at bedside (Raggi et al., 2010). 

Third, Ne/ERN elicitation does not require complex motor or verbal responses that may be 

difficult to obtain from very severely affected ALS patients (Goldstein & Abrahams, 2013). 

To pave the way for clinical application of Ne/ERN measures, we evaluated Ne/ERN 

amplitudes in ALS patients and compared them to those of matched healthy control partici-

pants. Furthermore, we analyzed how Ne/ERN amplitudes relate to deficits in executive func-

tions in ALS. 

V-2 Methods 

V-2.1 Participants 

Twenty-eight patients fulfilling the revised El Escorial criteria for clinically possible, 

probable or definite ALS were recruited from Hannover Medical School. Patients were diag-

nosed by an experienced neurologist in the field of neuromuscular diseases (SP). Patients 

were not included when they had a history of neurological or psychiatric conditions other than 

ALS, or when they had manifest FTD. 
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One patient was not able to complete the task due to insufficient physical strength and 

was excluded. One patient was excluded due to poor task comprehension. Another eight pa-

tients were excluded because less than eight artifact-free error trials were available for these 

individuals, rendering the evaluation of the Ne/ERN amplitude too unreliable (Pontifex et al., 

2010). The final sample comprised 18 ALS patients (one left-handed). Twelve patients had 

limb disease onset, whereas six had a bulbar onset. Clinical status of ALS patients was exam-

ined using the revised ALS functional rating scale (ALSFRS-R; Cedarbaum et al., 1999). Ta-

ble V-1 displays sociodemographic and clinical characteristics of the participants. 

Table V-1. 

Sociodemographic and clinical characteristics of ALS patients (ALS) and healthy control participants (HC) in-

cluded in the final analysis of Ne/ERN amplitudes. 

  Mean (Standard Deviation)  

 max ALS (n = 18) HC (n = 19) p 

gender  11 male / 7 female 13 male / 6 female .642 

age [years]  63.56 (11.34) 61.95 (13.73) .701 

education [years]  13.44 (2.62) 14.87 (3.88) .202 

duration since ALS onset [months]  13.50 (12.57)   

ALSFRS-R  34.53 (8.21)   

ECAS total 136 106.83 (13.35) 108.63 (15.76) .711 

ECAS ALS-specific 100 78.22 (11.07) 80.11 (12.14) .626 

language 28 25.50 (2.75) 26.11 (2.42) .482 

fluency 24 17.67 (5.41) 18.95 (3.73) .406 

executive 48 35.06 (6.18) 35.05 (7.86) .999 

ECAS ALS-non-specific 36 28.61 (4.41) 28.53 (4.51) .954 

memory 24 16.89 (4.31) 16.89 (3.76) .997 

visuospatial 12 11.72 (0.46) 11.63 (1.38) .793 

FAB 18 15.89 (1.68) 15.89 (2.21) .993 

M-WCST  
  

 

number of categories 7 3.47 (1.77)
a 

3.72 (1.71)
b 

.672 

perseverative errors 47 4.71 (3.35)
a 

5.28 (5.22)
b 

.704 

Note. max = maximum value of the respective measure; ALSFRS-R = revised ALS Functional Rating Scale 

(Cedarbaum et al., 1999); ECAS = Edinburgh Cognitive and Behavioral ALS Screen (Abrahams, Newton, Niv-

en, Foley, & Bak, 2014); FAB = Frontal Assessment Battery (Dubois, Slachevsky, Litvan, & Pillon, 2000); M-

WCST = Modified Wisconsin Card Sorting Test (Schretlen, 2010) 
a
based on n = 17 

b
based on n = 18 

A group of 29 age-, gender- and education-matched healthy (i.e., not diagnosed with 

ALS or any other neurological disease or psychiatric disorder) controls (HC) were recruited 

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

tising. One HC participant was excluded after testing due to extremely prolonged motor reac-

tion times (> 3 SD of the sample mean). Another nine HC participants were excluded because 
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less than eight artifact-free error trials were available for these individuals (Pontifex et al., 

2010). The final HC sample comprised 19 individuals (one left-handed). Sociodemographic 

details are displayed in Table V-1. HC were offered a compensation of 25 €. 

All participants had normal or corrected-to-normal vision and intact hearing. The 

study was reviewed and approved by the local ethics committee (Ethics Committee of Hanno-

ver Medical School: vote number 6269). All participants gave written informed consent in 

accordance with the Declaration of Helsinki. 

V-2.2 Materials and Procedures 

Participants completed a computerized version of the Eriksen flanker task (Figure V-

1) (Kopp, Rist, & Mattler, 1996; Seer et al., 2015). Stimulus material was run by Presenta-

tion® (Neurobehavioral Systems, Albany, CA). Stimuli were presented against a gray back-

ground on a 24 inch flat screen (Eizo EV2416W, Eizo, Hakusan, Japan). Responses were col-

lected using a Cedrus® response pad (RB 830, Cedrus, San Pedro, CA). 

 

Figure V-1. The Eriksen flanker task. On every trial, three vertically arranged arrows are presented. Participants 

are instructed to ignore the distracting outer arrows (“flanker”), and to press a key that is spatially compatible to 

the direction of the central arrow (“target”). On congruent trials (a), flankers point in the same direction as the 

target, whereas on incongruent trials (b), flankers point in the opposite direction compared to the target. Errors 

(c) mostly occur on incongruent trials. 

Stimuli consisted of three black arrows either pointing to the left or to the right. Ar-

rows were arranged vertically such that the two outer arrows (“flanker”) either pointed to the 

same (congruent) or to the opposite (incongruent) direction compared to the central arrow 

(“target”). Incongruent trials are typically associated with longer reaction times (RT) and 

higher error rates (ER) compared to congruent trials (Seer et al., 2015). The spatial distance 
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between flanker and target stimuli was manipulated at two levels (Kopp et al., 1996); this ma-

nipulation was not of interest in the present study and will be ignored in the analyses. Targets 

were presented for 250 ms after an onset delay relative to the flankers that was set to 100 ms. 

The delay between a response and the next stimulus was set to 800 ms. 

Participants were asked to focus on the target to decide whether it pointed to the left or 

to the right and press a spatially compatible key on the response pad (e.g., a left-hand key 

press was required whenever the target pointed to the left). For ALS patients who were unable 

to complete the task bimanually due to severe motor impairment of one hand, a version of the 

task was used in which the responses were mapped onto the index and middle finger of only 

one hand. One patient completed the task only using these two fingers of his right hand. Six-

teen practice trials were presented to acquaint the participants to the task; then they completed 

484 trials, which were presented in four blocks. 

All participants underwent neuropsychological testing prior to completing the flanker 

task. In the focus of this examination were three well-established standardized assessments of 

executive functioning: the executive subscore of the revised German version of the Edinburgh 

Cognitive and Behavioral ALS Screen (ECAS; Abrahams et al., 2014; ALS-specific assess-

ment of executive functions), the Frontal Assessment Battery (FAB; Dubois et al., 2000; as-

sessment of frontal lobe functions), and the modified version of the Wisconsin Card Sorting 

Test (M-WCST; Schretlen, 2010; assessment of cognitive flexibility). Table V-1 displays the 

results of these tests. 

V-2.3 Electrophysiological Recording 

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

electrodes (Brain Products, Gilching, Germany) mounted on an actiCap (EASYCAP, 

Herrsching, Germany) according to the international 10–20 system montage. BrainVision Re-

corder version 1.20 (Brain Products, Gilching, Germany) was used; the sampling rate was 250 

Hz (bandpass: 0.01–70 Hz). Electrode impedance was kept below 10 kΩ. Electrodes were ref-

erenced to FCz electrode. To monitor ocular artifacts, vertical (vEOG), and horizontal 

(hEOG) electrooculogram were recorded with two electrodes positioned at the suborbital 

ridge and the external ocular canthus of the right eye. 

V-2.4 Data Analysis 

Data were analyzed using IBM SPSS 23.0. The significance level was set to .05. Ef-

fect sizes were calculated as ηp². 



70 | Chapter V – Study 4 

 

RT and ER were calculated separately for congruent and incongruent trials. RTs were 

obtained by computing the median response latency on correctly completed trials. Responses 

that were registered earlier than 100 ms and later than 2000 ms after target onset were dis-

carded. ERs were calculated as the proportion of erroneous responses (i.e., key press corre-

sponding to the opposite direction of the target). Only trials that were preceded by a correctly 

completed trial were included in the calculation of RT and ER to rule out the influence of pro-

cesses induced by erroneous responding (e.g., post-error slowing; Ullsperger, Danielmeier et 

al., 2014). Relations between the behavioral outcome measures (RT, ER) and the variables 

congruency and ALS were analyzed by mixed ANOVAs with Congruency (congruent vs. in-

congruent) as within-subject factor and Group (ALS vs. HC) as between-subjects factor. 

EEG data were analyzed using BrainVision Analyzer 2.0 (Brain Products, Gilching, 

Germany). Raw data were filtered (high-pass: 0.1 Hz, 24 dB/oct; low-pass: 70 Hz, 24 dB/oct; 

notch: 50 Hz) and screened for artifacts (voltage step > 75 μV/ms; activity < 0.5 μV/100 ms). 

An ocular-correction independent component analysis was used to correct ocular, muscular 

and cardiac artifacts. As errors occur rarely on congruent trials, only incongruent trials were 

used in analyses of response-locked ERPs. Data were segmented into epochs relative to the 

overt response separately for correct and error trials. The interval for baseline-correction was 

chosen to approximate a time window preceding stimulus onset [-1,000 ms, -800 s]. Remain-

ing artifacts were rejected (voltage difference > 150 µv/200 ms; amplitude < -100 µv 

or > 100 µv). Data were averaged and re-referenced to a common average reference. The 

Ne/ERN amplitude and the corresponding negative amplitude on correct trials (“cor-

rect(-related) negativity”, Nc/CRN; Falkenstein, Hoormann, Christ, & Hohnsbein, 2000; Vi-

dal, Hasbroucq, Grapperon, & Bonnet, 2000) were determined at FCz electrode as the first 

negative peak following the overt erroneous and correct response, respectively, and quantified 

by subtracting this peak from the peak of the preceding positivity. Supplementary Table V-S1 

displays the average trial numbers for ERP analyses. 

Table V-S1. 

Means (M), standard deviations (SD) and range (min, max) of the numbers of trials included in the analyses of 

response-locked ERPs (Nc/CRN, Ne/ERN) for ALS patients (ALS) and healthy controls (HC). 

 ALS (n = 18)  HC (n = 19) 

 M SD min max  M SD min max 

Nc/CRN 217.94 10.00 195 232  220.32 11.78 194 232 

Ne/ERN 19.83 9.53 8 46  17.37 10.99 8 43 
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Relations between response-synchronized ERP amplitudes and the variables correct-

ness and ALS were analyzed by a mixed ANOVA with Correctness (correct [Nc/CRN] vs. 

error [Ne/ERN]) as within-subject factor and Group (ALS vs. HC) as between-subjects factor. 

If response-synchronized ERP amplitudes were altered in ALS patients, this should be reflect-

ed in a significant main effect of Group. If potential ALS-related ERP alterations were specif-

ic to errors, this should be reflected in a significant Correctness by Group interaction. 

V-2.4.1 The role of executive performance. We further assessed how potential 

disease-related ERP alterations relate to executive functioning. To obtain a measure of execu-

tive functioning, we calculated a latent variable using the sum score of the FAB, the number 

of categories and the number of perseverative errors on the M-WCST, and the sum score of 

the ECAS executive subscale by subjecting these scores to a principal component analysis 

(PCA). Latent-variable approaches are particularly suitable to capture the variance shared by 

multiple measures and are often used in research of executive functions (Friedman & Miyake, 

in press). As the M-WCST could not be obtained from one ALS patient and from one HC, 

these two individuals were excluded from the analyses regarding executive performance. 

Sampling adequacy was verified by Kaiser-Meyer-Olkin measure (KMO = .71). The intercor-

relations between the measures of executive functions were sufficiently large for PCA, as in-

dicated by Bartlett’s test of sphericity, χ
2
(6) = 49.73, p < .001 (Field, Miles, & Field, 2012). 

Only one component had an eigenvalue > 1, and it explained 63.64% of the variance. This 

component was used as a general measure of executive performance (EP). 

Both ALS patients and HC were divided into two subgroups as follows: The median 

of the EP score was calculated separately for ALS patients and HC. Every individual was then 

either assigned to the below-median (low EP) or to the above-median (high EP) group, de-

pending on the individual score. To evaluate whether the Ne/ERN amplitude is sensitive to EP 

in ALS, response-locked ERP amplitudes were analyzed by a mixed ANOVA with Correct-

ness (correct [Nc/CRN] vs. error [Ne/ERN]) as within-subject factor, and EP (low vs. high) 

and Group (ALS vs. HC) as between-subjects factors. If the Ne/ERN amplitude was generally 

sensitive to EP, Ne/ERN amplitudes, but not Nc/CRN amplitudes, should differ between indi-

viduals with low EP and high EP (i.e., an interaction between Correctness and EP should 

emerge). If the relation between Ne/ERN amplitude and EP was specific to ALS, the three-

way interaction between Group, Correctness, and EP should be significant. 

Due to the odd number of individuals in the ALS group, the group of patients with low 

EP comprised n = 8 individuals, whereas the group of patients with high EP as well as both 
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EP subgroups in HC each comprised n = 9 individuals. The results did not change qualitative-

ly when we repeated the analyses with the ALS patient showing at-median EP assigned to the 

low-EP group. 

V-3 Results 

V-3.1 Comparison of ALS vs. HC 

Incongruent trials were associated with increased RT and ER compared to congruent 

trials, as indicated by significant main effects of Congruency (RT: congruent: 406 ms, incon-

gruent: 490 ms, F(1, 35) = 398.52, p < .001, ηp² = .92; ER: congruent: 1%, incongruent: 8%, 

F(1, 35) = 102.11, p < .001, ηp² = .75) in two Congruency (congruent vs. incongru-

ent) × Group (ALS vs. HC) ANOVAs that were calculated separately for RT and ER. No oth-

er main effect or interaction was significant (all F < 3.62, all p > .05). 

 

Figure V-2. Response-synchronized grand average ERP waveforms for ALS patients (black) and HC (gray) 

against a baseline of -1000 to -800 ms before the overt response. Solid lines indicate waveforms elicited by er-

rors (Ne/ERN), dashed lines indicate waveforms elicited by correct responses (Nc/CRN). Fronto-central Ne/ERN 

amplitudes do not differ significantly between ALS patients and HC. 
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Figure V-2 displays the grand average ERP data. Errors in both groups were followed 

by a negative deflection, the Ne/ERN, which was most pronounced at FCz. A Correctness 

(correct [Nc/CRN] vs. error [Ne/ERN]) × Group (ALS vs. HC) ANOVA revealed a significant 

main effect of Correctness, F(1, 35) = 78.18, p < .001, ηp² = .69, with smaller amplitudes fol-

lowing correct responses (Nc/CRN: -3.24 µV) than following errors (Ne/ERN: -8.79 µV). 

Amplitudes did not significantly differ between ALS (-5.94 µV) and HC (-6.09 µV), 

F(1, 35) = 0.04, p = .849, ηp² < .01, and the Correctness × Group interaction was not signifi-

cant, F(1, 35) = 2.12, p = .155, ηp² = .06 (ALS: Nc/CRN: -3.62 µV, Ne/ERN: -8.25 µV; HC: 

Nc/CRN: -2.86 µV, Ne/ERN: -9.32 µV). Taken together, behavioral performance and Ne/ERN 

amplitudes were not generally altered in ALS patients in comparison to HC. 

 

Figure V-3. Mean Nc/CRN and Ne/ERN amplitudes (error bars indicate standard errors) observed in individuals 

with low and high executive performance, separately for ALS patients and HC. Nc/CRN amplitudes are not sen-

sitive to executive performance in ALS patients and HC. However, Ne/ERN amplitudes vary as a function of 

executive performance in ALS patients. This relation is absent in HC. 

V-3.2 The Role of Executive Performance 

A Correctness (correct [Nc/CRN] vs. error [Ne/ERN]) × EP (low vs. high) × Group 

(ALS vs. HC) ANOVA revealed a trend toward significance for the interaction between EP 

and Group, F(1, 31) = 3.89, p = .058, ηp² = .11. Crucially, the three-way interaction of Cor-

rectness, EP, and Group proved significant, F(1, 31) = 4.81, p = .036, ηp² = .13, indicating that 

the sensitivity of Ne/ERN amplitudes to EP differed between ALS patients and HC. 

Follow-up analyses were calculated as EP (low vs. high) × Group (ALS vs. HC) 

ANOVAs separately for correct (Nc/CRN) and error (Ne/ERN) trials. These analyses revealed 



74 | Chapter V – Study 4 

 

a significant interaction of EP and Group on error trials, F(1, 31) = 5.33, p = .028, ηp² = .15. 

In ALS patients, Ne/ERN amplitudes were significantly smaller in low executive performers 

(-5.69 µV) than in high executive performers (-11.14 µV), t(15) = 2.91, p = .011. ALS pa-

tients with low executive performance also had attenuated Ne/ERN amplitudes compared to 

HC with low executive performance, t(15) = 2.79, p = .014 (Figure V-3). In contrast, Ne/ERN 

amplitudes did not differ between the two EP subgroups in HC (low: -9.62 µV, 

high: -9.49 µV), t(16) = -.082, p = .935. For Nc/CRN amplitudes, the interaction of EP and 

Group was not significant, F(1, 31) = 0.15, p = .702, ηp² = .01. 

V-4 Discussion 

We compared ERP amplitudes elicited by behavioral errors (Ne/ERN) between ALS 

patients and matched HC. In the absence of abnormalities in behavioral performance or 

Ne/ERN amplitude alterations at the group level, we found Ne/ERN amplitudes to be sensitive 

to a composite measure of executive functioning in ALS patients. This relation was absent in 

HC. ALS patients with poorer executive functions showed significantly attenuated Ne/ERN 

amplitudes compared to ALS patients with better executive functions and compared to HC. 

Our results suggest that neural correlates of executive dysfunctions can be detected 

non-invasively in the scalp-recorded EEG activity. Specifically, Ne/ERN amplitudes appear to 

be related to executive dysfunctions in ALS. Given that the Ne/ERN is probably generated in 

the ACC, this pattern of results might indicate alterations in the ACC (or in related neural 

structures) in ALS patients who show signs of executive dysfunctions in conventional neuro-

psychological assessment. This interpretation is supported by a variety of studies demonstrat-

ing grey and white matter atrophy as well as neuropathological and functional changes in the 

ACC in ALS (Abrahams et al., 1996; Filippini et al., 2010; Li et al., 2012; Mohammadi et al., 

2015; Pettit et al., 2013; Strong, 2009; Tsermentseli, Leigh, & Goldstein, 2012; Turner et al., 

2012; Wilson, Grace, Munoz, He, & Strong, 2001). Neuropathological, structural, and func-

tional ACC changes appear to be particularly prominent in cognitively impaired compared to 

cognitively unimpaired ALS patients (Abrahams et al., 1996; Tsermentseli et al., 2012; Wil-

son et al., 2001), suggesting a relation between disturbed ACC function and the disruption of 

executive functioning in ALS. This is further backed up by a study showing more pronounced 

ACC atrophy in ALS patients with behavioral variant FTD compared to ALS patients without 

FTD (Lillo et al., 2012). Another study found TDP-43 (TAR DNA-binding protein 43; see 

Robberecht & Philips, 2013, for review) pathology in the ACC to be related to FTD without 
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ALS, but not to ALS without FTD, further supporting the importance of ACC integrity for 

executive functioning (Tan et al., 2015). 

It remains to be investigated whether and how the relation between Ne/ERN ampli-

tudes and executive dysfunctions in ALS is associated with ACC alterations. Notwithstand-

ing, the present data suggest that Ne/ERN amplitude can be a cost-efficient, non-invasive tool 

to assess executive functioning in ALS when this is hampered by the patient’s physical disa-

bilities: the requirements for the patients’ motor abilities are minimal when measuring the 

Ne/ERN. Here, we evaluated the Ne/ERN based on errors that were committed by pressing a 

key using the index fingers of both hands (or alternatively, the index and middle finger of one 

hand in the case of one patient who could not use both hands due to motor impairments). 

However, the Ne/ERN does not require the patient to respond by a movement of the hand, but 

can also be elicited by foot or eye movements (Ullsperger, Danielmeier et al., 2014). Another 

advantage of the Ne/ERN as a measure of executive functioning is that it can be reliably 

measured based on only eight error trials (Pontifex et al., 2010). Errors can be provoked in 

simple paradigms where the patients are asked to respond to stimuli by pressing one of two 

keys (e.g., the flanker task). Increasing the task difficulty, e.g., by introducing time pressure, 

can help to induce sufficient numbers of errors in relatively short periods of time. The inde-

pendence of response modality in combination with the simple recording apparatus allows for 

Ne/ERN-based assessments of executive dysfunction to be performed at bedside, especially 

for patients who suffer from severe physical disabilities. Longitudinal studies may show 

whether Ne/ERN amplitudes could also serve as early indicators of cognitive impairment in 

ALS. 

No relation between executive functions and Ne/ERN amplitudes was found in HC. A 

potential explanation for this result could be that ALS patients showed larger variance on ex-

ecutive measures compared to HC. However, the variability of executive measures was in-

deed numerically smaller in ALS patients than in HC (Table V-1). Hence, the ALS-specific 

sensitivity of Ne/ERN amplitude for executive functioning cannot be attributed to enhanced 

variability of executive functioning in the patient sample. It seems more likely that interindi-

vidual differences in executive functions have different neural underpinnings in ALS patients 

and in HC. The Ne/ERN data suggest that executive dysfunctions – when they occur in ALS – 

might originate from a disturbance in those neural networks that involve the ACC. Interindi-

vidual differences in executive functioning in HC need to be explained by other mechanisms 

than variability in ACC integrity. Potentially, differences in executive functioning in HC can 

arise from variability of fronto-striatal functions that do not specifically encompass the ACC 
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(Buckner, 2004), although these neuroanatomical inferences remain somewhat speculative at 

this point. 

In summary, our data reveal that Ne/ERN amplitudes are sensitive to executive func-

tioning in ALS, but not in HC. This suggests that neural networks involved in the generation 

of the Ne/ERN, most likely those involving the ACC, are related to the development of execu-

tive dysfunctions in ALS. Ne/ERN amplitudes bear a promising potential as cost-efficient, 

non-invasive ALS-specific markers of executive dysfunction, even in severely affected ALS 

patients. This study demonstrates the potential utility of ERP measurement for the assessment 

of cognitive impairment in ALS. 
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VI-1 Summary of Main Results 

This work was conducted to contribute to the understanding of executive dysfunctions 

as they occur in neurodegenerative diseases (PD, ALS). A particular focus was given to ERP 

correlates of conflict processing, conflict adaptation, and performance monitoring as assessed 

by the flanker paradigm. In the following, the main findings of the presented studies are brief-

ly summarized. 

Study 1 represents a comprehensive review of the ERP correlates of cognitive dys-

functions in PD. Electrophysiological indicators of conflict processing (i.e., N2 amplitudes) 

were not found to be generally altered in PD. However, N2 amplitudes appear to be decreased 

in individuals prior to or shortly after clinical disease onset, who had not been treated with 

dopaminergic medication. There was also some evidence for altered conflict adaptation in PD, 

as indexed by diminished modulation of N2 amplitudes by the congruency sequence on a 

flanker task. Moreover, the review revealed a remarkably consistent pattern of Ne/ERN ampli-

tude attenuation in both medicated and unmedicated PD patients. Study 2 was conducted to 

further evaluate how dopaminergic medication influences this neural correlate of performance 

monitoring. The results suggested that dopaminergic medication further aggravates the PD-

related attenuation of Ne/ERN amplitudes, potentially due to overdosing effects. 

Electrophysiological indicators (i.e., N2 amplitudes and, additionally, stimulus-locked 

LRP (s-LRP) onset latencies) of conflict processing and conflict adaptation did not differ be-

tween ALS patients and control participants (Study 3). However, enhanced posteriorly dis-

tributed negativities in the ERP were found in ALS patients. These increased posterior nega-

tivities might be suggestive of increased attentional modulation of visual processing in ALS 

patients, possibly reflecting a compensatory process. Electrophysiological indicators of per-

formance monitoring (i.e., Ne/ERN amplitudes) did not differ between ALS patients and con-

trol participants (Study 4). However, Ne/ERN amplitudes were sensitive to executive perfor-

mance (as assessed by multiple standardized neuropsychological tests) in ALS. Performance 

on the flanker task was not found to be altered in ALS in Studies 3 and 4. 

Table VI-1 summarizes the electrophysiological findings of the present studies with 

regard to conflict processing, conflict adaptation, and performance monitoring. 
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Table VI-1. 

Summary of the main findings regarding electrophysiological indicators (N2, Ne/ERN) of conflict processing, 

conflict adaptation, and performance monitoring in PD and ALS. 

 Parkinson’s Disease Amyotrophic Lateral Sclerosis 

conflict processing  no differences to HC in N2 amplitudes 

(Study 1) 

 exception: diminished N2 amplitudes 

in drug-naïve PD patients (Study 1) 

 no differences to HC in N2 amplitudes 

(Study 3) 

conflict adaptation  evidence for diminished sequential 

modulation of N2 amplitudes by the 

congruency sequence (Study 1) 

 no differences to HC in sequential 

modulation of N2 amplitudes by the 

congruency sequence (Study 3) 

performance monitoring  consistent evidence for Ne/ERN ampli-

tude attenuation compared to HC 

(Study 1) 

 attenuation of response-locked ERP 

amplitudes (incl. Ne/ERN) by dopa-

minergic medication (Study 2) 

 no general differences to HC in 

Ne/ERN amplitudes (Study 4) 

 Ne/ERN amplitudes selectively attenu-

ated in ALS patients with poor execu-

tive functions (Study 4) 

Note. ALS = amyotrophic lateral sclerosis; HC = healthy control; Ne/ERN = error(-related) negativity; PD = Par-

kinson’s disease. 

VI-2 Neural Correlates of Executive Functions in Parkinson’s Disease 

Impaired performance on conflict tasks has repeatedly been reported in PD (Kudlicka 

et al., 2011). In line with this, PD patients performed less accurate on the flanker task com-

pared to control participants in Study 2. This is compatible with previous findings (e.g., 

Praamstra & Plat, 2001; Rustamov et al., 2013; Stemmer, Segalowitz, Dywan, Panisset, & 

Melmed, 2007; Wylie et al., 2009; but see Falkenstein et al., 2001; Holroyd, Praamstra, Plat, 

& Coles, 2002; Willemssen, Müller, Schwarz, Falkenstein, & Beste, 2009; Willemssen, Mül-

ler, Schwarz, Hohnsbein, & Falkenstein, 2008). In contrast, N2 amplitudes, which are thought 

to indicate the detection of conflict (Larson et al., 2014), do not appear to be consistently al-

tered in PD, as revealed by the literature review in Study 1. However, in contrast to PD pa-

tients on medication or after withdrawal, attenuated N2 amplitudes and diminished modula-

tion of N2 amplitudes by congruency were reported in PD patients prior to regular dopamin-

ergic medication (i.e., in drug-naïve patients) as well as in individuals who were genetically at 

risk for PD. In this latter group, behavioral congruency effects (i.e., RT and ER differences 

between congruent and incongruent trials) were also reduced, potentially suggesting reduced 

sensitivity to conflict (Verleger et al., 2010). Taken together, the N2 data suggest that neural 

conflict indicators might be altered in early stages of the disease, when the patients had not 
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been exposed to dopaminergic treatment. The fact that N2 amplitudes are not observed to be 

altered in PD patients who are regularly treated with dopaminergic medication could be ex-

plained by beneficial effects of dopaminergic medication on conflict processing. If so, differ-

ences should emerge between PD patients on and off medication. In fact, the sensitivity of N2 

amplitudes to conflict has been demonstrated to benefit from the administration of dopamin-

ergic medication in newly diagnosed PD patients (Willemssen, Falkenstein, Schwarz, Müller, 

& Beste, 2011). However, no such medication effect was detected in a group of PD patients 

with a longer disease duration. Hence, it remains unclear at this point, whether acute dopa-

minergic medication exerts effects on conflict processing as indexed by N2 amplitudes. Lon-

gitudinal studies including de novo PD patients and individuals who are genetically at risk for 

PD are needed to evaluate N2 alterations which occur with the progression of the disease as 

well as the effects of (acute and chronic) dopaminergic medication on conflict-related ERPs. 

Only one study was identified in Study 1 that investigated neural correlates of conflict 

adaptation in PD. That study found diminished sequential modulation of N2 amplitudes by the 

congruency sequence on a flanker task in patients with PD (Rustamov et al., 2013). These da-

ta suggest that PD patients might have difficulties to adapt to the prevailing context, and to 

flexibly adjust the level of executive control to the current level of conflict. More studies are 

needed to substantiate these findings. Furthermore, the patients in Rustamov et al.’s study 

were examined only on medication, leaving open the question whether the sequential modula-

tion of N2 amplitudes in PD can be modified by dopaminergic treatment. 

In addition, Study 1 revealed a remarkably consistent pattern of Ne/ERN amplitude at-

tenuation in PD patients (see also Jocham & Ullsperger, 2009). According to the reinforce-

ment-learning model, the Ne/ERN is generated when the anterior (mid-)cingulate cortex 

(ACC) is disinhibited by phasic shifts in dopaminergic signaling from the VTA (Holroyd & 

Coles, 2002). The PD-related attenuation of Ne/ERN amplitudes is often interpreted as a con-

sequence of disturbed dopaminergic signaling between VTA and ACC, as proposed by this 

model. It also predicts that Ne/ERN amplitudes should depend on dopaminergic medication. 

However, Ne/ERN amplitude attenuation is found both in samples of unmedicated and in 

samples of medicated PD patients, rendering it difficult to determine whether dopaminergic 

medication is associated with an enhancement or an attenuation of Ne/ERN amplitudes. The 

data presented in Study 2 suggest that, as proposed by the reinforcement-learning model, 

Ne/ERN amplitudes in PD are indeed modulated by dopaminergic medication. Note that this 

effect was not limited to the Ne/ERN, but was found independently of the correctness of the 

given response. However, it became evident from these findings that, rather than counteract-
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ing the PD-related Ne/ERN amplitude reduction, dopaminergic medication appeared to aggra-

vate the attenuation of amplitudes. One potential mechanism for this medication effect might 

be the induction of excessive dopamine levels (i.e., dopamine overdosing) in pathways that 

are relatively unaffected by PD. This is in line with the proposed inverted U-shaped relation-

ship between performance and dopamine levels (Cools, 2006; Cools & D’Esposito, 2011; Go-

tham et al., 1988). This interpretation can explain the result in Study 2, but not the entire pat-

tern of Ne/ERN results revealed by Study 1. Recall that Ne/ERN amplitudes were also found 

to be attenuated in non-medicated and in drug-naïve PD patients. Overdosing phenomena 

cannot account for reduced Ne/ERN amplitudes in these patients. Given that the VTA, which 

projects to the ventral striatum and the ACC, is not primarily affected by the disease, it seems 

unlikely that the Ne/ERN amplitude attenuation in unmedicated PD patients can be solely ex-

plained by the disease-related dopamine depletion. The mechanisms by which Ne/ERN ampli-

tudes are attenuated in unmedicated PD patients remain to be clarified. It is possible that the 

involvement of other neurotransmitter systems in the disease pathology can affect Ne/ERN 

amplitudes, either independently or by interacting with the dopaminergic system (Jocham 

& Ullsperger, 2009). 

The observation of medication effects on response-locked ERP amplitudes has also 

implications for the understanding of alterations in feedback processing in PD. Specifically, 

PD patients off dopaminergic medication have been observed to be better at learning from 

negative feedback (such as errors or punishment) compared to learning from positive feed-

back. The opposite pattern has been observed in PD patients on medication, who appear to 

have a bias toward positive feedback (Frank, Seeberger, & O’Reilly, 2004). Interestingly, 

healthy individuals who show a similar bias as unmedicated PD patients (i.e., are better at 

learning from negative, compared to positive feedback) have been reported to have larger 

Ne/ERN amplitudes compared to individuals who show a bias for learning from positive feed-

back (similar as in medicated PD patients; Frank, Woroch, & Curran, 2005). Based on these 

results, Frank et al. (2005) predicted that Ne/ERN amplitudes should be reduced by dopamin-

ergic medication in PD (see also Jocham & Ullsperger, 2009), which is consistent with the 

data reported in Study 2. Although the evidence does not allow for definite conclusions, it can 

be speculated—based on these data and the notion that performance monitoring supports 

learning processes (Ullsperger, Danielmeier et al., 2014)—that dopaminergic effects on ERP 

correlates of performance monitoring could contribute to the explanation of impaired feed-

back learning in PD. Specifically, impeded detection and processing of errors (as presumably 

indicated by attenuated Ne/ERN amplitudes) might hinder learning from these mistakes. 
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The finding that response-locked ERP amplitudes are modulated by dopaminergic 

medication in PD (Study 2) is in accordance with the reinforcement-learning model (Holroyd 

& Coles, 2002). However, it should be noted that the physiological plausibility of the pro-

posed mechanism of Ne/ERN generation in that model (i.e., by phasic dips in dopaminergic 

firing to the ACC) is not uncontroversial. For example, Ullsperger, Fischer, Nigbur, and En-

drass (2014) argue that the prefrontal part of the dopaminergic system does not possess the 

necessary temporal resolution to respond within the time course that is typical for the Ne/ERN 

(which peaks already 50–100 ms following an erroneous response). These authors have pro-

posed that, alternatively, the Ne/ERN might be elicited by disinhibition of ACC neurons via γ-

aminobutyric acid (GABA)-ergic projections from the VTA. These considerations notwith-

standing, the data presented in Study 2 suggest that dopamine plays at least some role in the 

generation of the Ne/ERN, as also concluded by other pharmacological studies (see Kenemans 

& Kähkönen, 2011, for review). Further research is needed to elucidate by which mechanisms 

dopamine influences ERP correlates of performance monitoring, both in the healthy brain as 

well as in PD. 

The finding of decreased response-locked ERP amplitudes after dopaminergic medica-

tion in PD is contrary to pharmacological studies in healthy volunteers, which have reported 

increased Ne/ERN amplitudes after the administration of methylphenidate (Barnes, 

O’Connell, Nandam, Dean, & Bellgrove, 2014) and D-amphetamine (de Bruijn, Hulstijn, 

Verkes, Ruigt, & Sabbe, 2004), two dopamine and norepinephrine agonists. This divergence 

in the effect of dopaminergic agents on response-locked ERP measures might be explained by 

the noradrenergic properties of methylphenidate and D-amphetamine. In fact, yohimbine, 

which increases noradrenergic neurotransmission, has also been related to increased Ne/ERN 

amplitudes (Riba, Rodríguez-Fornells, Morte, Münte, & Barbanoj, 2005). In addition, it 

should also be considered that a drug might exert different effects on a nervous system that is 

pathologically altered (e.g., by PD) than on a healthy one. The interactions of the pathological 

profiles of dopaminergic (and noradrenergic) drugs and the disease-specific nervous system 

pathology complicate the interpretation of drug effects observed in patient populations. To 

disentangle these influences, the effects of dopaminergic drugs on Ne/ERN amplitudes need to 

be compared between PD patients and healthy controls. 

Taken together, the available evidence suggests that neural indicators of conflict (i.e., 

N2 amplitudes) are unaltered in PD, potentially due to beneficial effects of chronic dopamin-

ergic medication. In contrast, first evidence suggests that PD patients might have difficulties 

to flexibly adapt to the prevailing context, as indexed by the attenuation of neural correlates of 
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conflict adaptation (i.e., sequential modulation of N2 amplitudes). Results from direct manip-

ulation of dopaminergic medication status suggest that the well-described PD-related attenua-

tion of Ne/ERN amplitudes may be partly explained by dopamine overdosing phenomena. 

VI-3 Neural Correlates of Executive Functions in Amyotrophic Lateral Sclerosis 

Study 3 did not reveal differences between ALS patients and control participants in 

electrophysiological conflict indicators (i.e., N2 amplitudes). Similarly, the sequential modu-

lation of N2 amplitudes did also not differ between these groups. In addition, there were no 

group differences with regard to s-LRP onset latencies (which reflect the time course of motor 

response selection and preparation; Coles, 1989), both with regard to its sensitivity to conflict 

on the current trial and with regard to its sequential modulation by congruency sequence. Mir-

roring this pattern of evidence, there were no group differences in behavioral performance 

(Studies 3 and 4). One possible explanation for these findings is that conflict processing and 

conflict adaptation are aspects of executive functioning which are relatively preserved in 

ALS. However, the absence of a significant group difference does not allow for the conclu-

sion that these groups actually do not differ, and several alternative explanations could ac-

count for these observations. For example, it is possible that the versions of the flanker task 

which were used in Studies 3 and 4 were not sensitive enough to reliably detect existing group 

differences. Furthermore, it is possible that ALS patients can compensate for existing deficits 

in conflict processing and/or conflict adaptation. Finally, ALS patients might indeed have dif-

ficulties in conflict processing and/or conflict adaptation, but not in those domains which are 

captured by the flanker task. It has been observed that conflict processing in different para-

digms is associated with dissimilar activation patterns in functional neuroimaging studies 

(Nee et al., 2007). This implies that conflict processing might not be a unitary function, but is 

multidimensional in nature. Hence, it is possible that some aspects of conflict processing are 

impaired while others (such as those captured by the flanker paradigm) are intact. In accord-

ance with this account, behavioral performance on the Stroop task—unlike performance on 

the flanker task in Studies 3 and 4—has been described to be impaired in ALS in a meta-

analysis (Beeldman et al., 2016). The Stroop task is a well-established conflict paradigm in 

which the examinee is asked to name the ink in which a color word is written, instead of read-

ing out the word itself. Conflict is induced by deviation of the ink color from the color that is 

denoted by the word (e.g., when the word ‘yellow’ is written in blue ink; Stroop, 1935). How-

ever, the interpretation of altered Stroop task performance in ALS patients is difficult because 

this task involves a verbal component. Language deficits are common in ALS (Beeldman et 
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al., 2016; Taylor et al., 2013), and the Stroop task might therefore tend to overestimate con-

flict-processing deficits in ALS. Taken together, there is no conclusive evidence with regard 

to deficits in conflict processing and conflict adaptation in ALS. The results presented here 

are not suggestive of ALS-associated alterations in these executive functions. To capture the 

whole spectrum of potential alterations in conflict processing and conflict adaptation, future 

studies should compare behavioral and electrophysiological measures among multiple conflict 

tasks. 

The interpretation of unaltered conflict ERPs in ALS as a corollary of successful com-

pensation is supported by the findings of increased posterior ERP activity (Study 3). Poten-

tially, this observation could indicate a compensatory increase in the allocation of attentional 

resources to the processing of the visual stimuli. This might have facilitated the extraction of 

task-relevant information (i.e., the direction of the target) from the stimulus array despite the 

competing influence of the task-irrelevant flanker information. Hence, it is possible that ALS 

patients were able to perform equally well as the control group because they made use of such 

compensatory modulation of visual processing. Enhanced posterior negativities in ALS might 

be taken to indicate the increased recruitment of executive control resources as proposed by 

the conflict-monitoring theory (Botvinick et al., 2001). In fact, it has been proposed that in-

creased executive control facilitates performance by sharpening visual processing (Egner & 

Hirsch, 2005; see also Ullsperger, Danielmeier et al., 2014). However, the increased posterior 

negative ERPs observed in Study 3 do not necessarily reflect conflict adaptation (Botvinick et 

al., 2001). Conflict adaptation reflects a flexible upregulation of control that is initiated when 

conflict is detected in the environment. Therefore, differences in indicators of executive con-

trol efforts would be expected to vary as a function of recently detected conflict, resulting in 

the typical congruency sequence effects. In Study 3, posterior negative ERP deflections (as 

potential indicators of compensatory effort) differed generally on the group level, and modu-

lations of this ERP across the congruency sequence were not evaluated. Hence, it remains un-

known at this point whether the presumed upregulation of attentional modulation of visual 

processing in ALS occurred selectively (i.e., conflict-triggered) or non-selectively (i.e., unre-

lated to recently experienced conflict). The former would be in accordance with efficient con-

flict adaptation, whereas the latter would be indicative of a general (i.e., inflexible) upregula-

tion of attentional resources in ALS. Additional analyses across the congruency sequence are 

needed to more informatively link this ERP finding to the conflict-monitoring account. 

In contrast to what was found for PD patients (Study 1), the analysis of error-related 

ERP activity (Study 4) did not reveal general differences in neural correlates of performance 
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monitoring between ALS patients and control participants. However, Ne/ERN amplitudes 

were attenuated in those ALS patients with relatively poor executive functioning in compari-

son to ALS patients with relatively good executive functioning and in comparison to a healthy 

control group with similarly poor executive functioning. These data suggest that performance 

monitoring could be selectively altered in ALS patients with executive dysfunctions, but not 

in ALS patients without executive dysfunctions. Previous research on performance monitor-

ing in ALS is scarce. An ERP study in ALS has found diminished amplitudes of an ERP re-

lated to errors on a stop-signal task (i.e., a paradigm where, from time to time, already initiat-

ed motor responses must be withheld; Thorns et al., 2010). A functional magnetic resonance 

imaging study has revealed decreased activity in error-monitoring networks in ALS patients 

compared to control participants (Mohammadi et al., 2015). However, differences in research 

methodologies (e.g., with regard to the recording technology and the choice of outcome 

measures) complicate the integration across studies. At this point, it is not possible to arrive at 

a definite conclusion with regard to the question whether the neural processes underlying per-

formance monitoring are altered in (subgroups of) ALS patients. Clearly, more studies are 

needed to determine to what extent ALS is associated with performance-monitoring deficits. 

Assuming that attenuated Ne/ERN amplitudes in ALS patients with low executive per-

formance do indeed indicate performance-monitoring deficits in this group, this deficit 

could—at least partly—explain these patients’ relatively poor performance on neuropsycho-

logical tests (on which the classification into high vs. low executive performance was based). 

Performance monitoring, which involves the comparison between actual and expected out-

come of an action (Ullsperger, Danielmeier et al., 2014), can be assumed to facilitate the suc-

cessful completion of the tasks which are implemented in neuropsychological assessments. 

For example, the examinees need to compare their actions to the task instructions (e.g., “name 

the ink of the color word and do not read out the word” in the standardized Stroop test; 

Stroop, 1935), to the examiner’s feedback (e.g., “correct” or “incorrect” feedback on the 

Modified Wisconsin Card Sorting Test, M-WCST; Schretlen, 2010), or to whether or not a 

particular goal is achieved (e.g., whether a set of objects have been arranged in accordance 

with a given template, as in the Tower of London test; Shallice, 1982). When the examinees 

have difficulties to detect and process mistakes, self-correction and subsequent performance 

adjustments are likely to fail, which in turn, might impede the overall performance on these 

types of tests (see also Gathmann, Brand, & Schiebener, in press). Hence, it is plausible that 

individuals with impaired performance-monitoring abilities (as indexed by Ne/ERN amplitude 
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attenuation) also showed worse performance in the neuropsychological examination in 

Study 4, which has led to their categorization as ‘low executive performers’. 

ALS patients with and without executive dysfunctions did not only differ with regard 

to ERP correlates of performance monitoring (Study 4), but also with regard to response-

locked LRP amplitudes (Study 3). These LRP amplitude enhancements could be interpreted 

as a compensatory recruitment of mechanisms to maintain motor performance (Reuter-Lorenz 

& Cappell, 2008). Alternatively, enhanced LRP amplitudes in ALS patients with executive 

dysfunctions might also reflect neuronal hyperexcitability due to decreased intracortical inhi-

bition. This phenomenon has been described to occur in the motor cortex, where the LRP is 

generated, as a consequence of the loss of inhibitory GABAergic interneurons in ALS 

(Ziemann et al., 1997). 

Taken together, Studies 3 and 4 have revealed evidence for altered performance moni-

toring in ALS patients with executive dysfunctions, whereas there were no group differences 

with regard to neural correlates of conflict processing and conflict adaptation. The ERP dif-

ferences between ALS patients with and without executive dysfunctions which were found in 

both of the present ALS studies support the notion of the apparent phenotypical heterogeneity 

in ALS (Goldstein & Abrahams, 2013; Strong et al., 2009; Swinnen & Robberecht, 2014). 

VI-4 Comparison of Neural Correlates of Executive Functions in Parkinson’s Disease 

and Amyotrophic Lateral Sclerosis 

Table VI-1 displays the main findings from the analysis of neural correlates of conflict 

processing, conflict adaptation, and performance monitoring in PD and ALS. ERP indicators 

of conflict processing (i.e., N2 amplitudes) appear to be generally unaltered in PD, but this 

finding might be attributable to masking effects of chronic dopaminergic medication 

(Study 1). In addition, ERP indicators of conflict adaptation (i.e., the sequential modulation of 

N2 amplitudes) seem to be altered in chronically medicated PD patients. In contrast, Study 3 

did not reveal conflict-related changes in the ERPs recorded from patients with ALS, neither 

with regard to conflict processing, nor with regard to conflict adaptation. Hence, the available 

evidence might be taken to suggest that the neural processes underlying conflict processing 

and conflict adaptation are affected by PD but not by ALS. However, it is problematic to dis-

sociate clinical groups based on the mere absence of alterations in one group because such a 

dissociation would require the acceptance of the null hypothesis in the case of that group. 

Hence, given the available data, it cannot be determined whether the neurodegenerative pro-

cesses underlying PD and ALS differentially affect the neural systems that give rise to con-
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flict processing and/or conflict adaptation. In order to corroborate potential disease-specific 

profiles of conflict-related neural changes, future studies are required to directly contrast PD 

patients and patients with ALS. 

A clearer picture emerged with regard to disease-specific alterations in the neural pro-

cesses underlying performance monitoring. Both PD (Studies 1 and 2) and ALS (Study 4) are 

associated with attenuated Ne/ERN amplitudes. However, the precise patterns of Ne/ERN am-

plitude attenuation seem to differ between PD and ALS. PD patients appear to have generally 

attenuated Ne/ERN amplitudes as compared to healthy controls (Study 1), with some sensi-

tivity to the patients’ dopaminergic medication state (Study 2). In ALS, Ne/ERN amplitudes 

were selectively attenuated in patients with comparatively poor executive performance 

(Study 4). One potential explanation for this divergence could be that the mechanisms under-

lying Ne/ERN alterations are different in PD and ALS. In ALS, Ne/ERN amplitude attenuation 

was restricted to individuals with low executive performance. Hence, the mechanism by 

which Ne/ERN amplitudes are altered in ALS should affect only a subgroup of ALS patients 

(i.e., those with cognitive (executive) impairment). One candidate mechanism is dysfunction 

of the ACC, where the Ne/ERN is likely generated. In fact, disease-related structural and func-

tional ACC alterations are apparently more pronounced in cognitively impaired compared to 

cognitively unimpaired ALS patients (Abrahams et al., 1996; Tsermentseli et al., 2012; Wil-

son, Grace, Munoz, He, & Strong, 2001). These ACC changes might affect Ne/ERN genera-

tion and result in smaller amplitudes of this potential in the subgroup of cognitively impaired 

ALS patients. In contrast, Ne/ERN amplitudes appear to be more generally attenuated in PD, 

not only in subgroups of patients (Study 1). Hence, the mechanism by which Ne/ERN ampli-

tudes are altered in PD should affect most, if not all, individuals with PD. The data in Study 2 

suggest that the dopaminergic medication, which is administered to the majority of PD pa-

tients, decreases response-locked ERP amplitudes (including the Ne/ERN), potentially by 

overdosing frontostriatal circuits involving the ACC. 

Taken together, a similar phenomenon (decreased Ne/ERN amplitudes) can be found 

both in PD and in ALS with executive dysfunctions. Given its likely generation in the ACC, 

neural networks involving the ACC appear to be affected in both PD and ALS to a certain ex-

tent, although the mechanisms by which these networks are altered probably differ. More in-

formative dissociations between PD and ALS, also with regard to neural indicators of conflict 

processing and conflict adaptation, could be achieved by directly comparing samples of these 

patients. Such dissociation could ultimately reveal more refined disease profiles, and could 
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allow inferring how the spreading of the neurodegenerative processes affects cognitive func-

tions. 

VI-5 Limitations and Directions for Future Research 

In the following paragraphs, some caveats for the interpretation of the here described 

data are discussed. Directions for future research are derived from these limitations and from 

open questions. 

Studying performance monitoring requires the observation of erroneous actions, which 

need to be provoked by the experimental task. One possibility is to only include study partici-

pants with sufficient numbers of errors in the analyses and exclude the remaining individuals 

(cf. Studies 2 and 4). However, excluding individuals who did not commit enough errors for 

reliable analyses implies including only particularly error-prone individuals, who might differ 

qualitatively from those participants who were excluded. Furthermore, Ne/ERN amplitudes 

have been shown to be negatively related to the proportion of errors, potentially reflecting ef-

fects of habituation to erroneous responding (Hajcak, McDonald, & Simons, 2003), or the 

subjective importance of errors for an individual (Gehring, Goss, Coles, Meyer, & Donchin, 

1993). Both habituation and motivational aspects can induce systematic interindividual differ-

ences, which can bias the results. For these reasons, it is advisable to ensure that every exam-

ined participant commits sufficient numbers of errors, for instance by implementing response-

time pressure. Response-time pressure can even be tailored individually such that error rates 

can be held roughly constant across participants (Ullsperger & von Cramon, 2006). 

In order to investigate how ERP measures depend on the executive functioning levels 

of the participants, subgroups were created in the ALS studies (cf. Studies 3 and 4) based on 

executive performance measures. It should be noted that the results of any comparisons be-

tween these subgroups necessarily depend on the selection of the performance measures. It is 

known that executive functions are multidimensional in nature (Friedman & Miyake, in press; 

Miyake et al., 2000). Hence, properly capturing the spectrum of executive functioning can be 

difficult, particularly when the administration of larger neuropsychological test batteries is not 

feasible, as, for instance, in patients with relatively severe physical disability. In Study 3, sub-

groups of ALS patients with and without executive dysfunctions were identified solely based 

on their performance on the M-WCST. In contrast, the multifaceted nature of executive func-

tions was considered more comprehensively when forming subgroups in Study 4, where a la-

tent variable approach was used to extract the common variance from multiple neuropsycho-

logical tests. This approach resulted in a single component. It is possible that the neuropsy-
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chological measures which were used to assess executive functioning in Study 4 captured 

very similar aspects of executive functions, while disregarding other aspects. Future studies 

could benefit from implementing more diverse tests of executive functioning to more ade-

quately distinguish subgroups of executive performance. It is possible that this would not re-

sult in two, but in multiple groups of patients with distinct profiles of executive dysfunctions. 

Comparison of behavioral and electrophysiological outcome measures between these groups 

might yield more differentiated insights into the nature of executive dysfunctions in ALS. 

Similar to some of the work reviewed in Study 1, Study 2 has investigated the effects 

of dopaminergic medication on ERP correlates of executive functions by comparing PD pa-

tients on and off their dopaminergic medication. Within-subjects designs like this are more 

powerful compared to between-subjects designs and are therefore recommendable for con-

trasting different treatment conditions, such as dopaminergic medication (on vs. off) or DBS 

(on vs. off). The order of the medication conditions in the PD group was not balanced in 

Study 2, which complicated the straightforward interpretation of condition differences. To 

ensure interpretability of the results in that study, the control group was composed to mirror 

the imbalanced condition order of the PD group. Quantitative analyses confirmed that the dif-

ferences between the two measurement sessions differed between the groups, and hence ef-

fects of measurement sessions could be interpreted to reflect more than mere effects of re-

peated testing. However, it cannot be excluded that dopaminergic medication, which was ad-

ministered to the patient group, but not to the control group, may have influenced learning or 

habituation effects. For instance, it is possible that learning (e.g., from errors) does not occur 

to the same extent in the two dopaminergic medication states (cf. Frank et al., 2004). If so, 

learning effects are confounded with session order effects in unbalanced designs. Future stud-

ies should aim at fully counterbalanced designs to exclude confounds related to session or-

ders. 

Contrary to the common practice in pharmacological studies, cognitive ERP studies 

addressing the effects of antiparkinsonian medication in PD, including Study 2, do not usually 

establish double-blind and/or placebo-controlled designs (cf. Study 1). Hence, the typical 

comparison is made between a condition where the patients have taken their usual medication 

(i.e., on-medication condition) and a condition where they have withdrawn from their medica-

tion (i.e., off-medication condition), rather than between a condition where the patients re-

ceive dopaminergic medication and a condition where they receive a placebo. From a meth-

odological point of view, it would be desirable for future studies to implement a placebo con-

dition (instead of an off-medication condition) as a control condition for medication effects to 
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minimize placebo and nocebo effects of dopaminergic medication and/or withdrawal. Prefer-

ably, placebo and verum should be administered in a double-blind fashion and in randomized 

order. 

Study 2 revealed dopaminergic effects on response-locked ERPs in PD. Previous re-

search strongly suggests a PD-related attenuation of Ne/ERN amplitudes (Study 1), and this 

has been proposed to vary as a function of dopaminergic medication (Frank et al., 2005; 

Holroyd & Coles, 2002). Our results are generally in accordance with these predictions, but in 

our data, the PD-related attenuation of response-locked ERP amplitudes was not specific to 

the Ne/ERN. Possibly, this pattern of evidence is attributable to the low power associated with 

the small sample size, due to which the interaction between trial types (correct vs. error trials) 

and study group (PD patients vs. control participants), which would be indicative of error-

specific amplitude attenuation in PD, did not reach significance (either alone or in interaction 

with testing session effects [off vs. on]). The problem of low power will be addressed in the 

following section. 

VI-5.1 General Considerations for Clinical ERP Research 

Both ERP and neuroimaging studies in patient populations are often characterized by 

rather small sample sizes, often contrasting groups of 10–20 individuals (cf. Studies 2–4; see 

also Bede & Hardiman, 2014, for a review about methodological shortcomings in imaging 

studies in ALS). While there certainly are practical reasons which limit the possibilities of re-

cruiting and examining larger samples of patients with neurodegenerative diseases, the conse-

quence is that many studies are underpowered. Underpowered studies are not only less likely 

to detect a true effect, but significant effects that are found in these studies are also less likely 

to reflect true effects (i.e., are more likely to be false positives and less likely to be replicable). 

Furthermore, when finding a true effect in a study with low power, the true size of this effect 

is likely overestimated (Button et al., 2013). Insufficient sample sizes are particularly prob-

lematic when the comparison of interest requires the formation of subgroups, with even 

smaller numbers of individuals. To gain meaningful insights, e.g., into ERP correlates of ex-

ecutive dysfunctions, it would be favorable to conduct studies with large samples and high 

power. This is possible by cooperation of multiple laboratories. The feasibility of the ERP 

technique for these multi-site large-N studies has been demonstrated by several studies in psy-

chiatric ERP research (e.g., Hesselbrock, Begleiter, Porjesz, O'Connor, & Bauer, 2001; Tu-

retsky et al., 2015; see also Luck et al., 2011). 
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One of the benefits of the conduction of multi-site ERP studies is that research proto-

cols would have to be standardized. Until now, research protocols and the reported variables 

of interest are often highly heterogeneous. For instance, it is in many cases not clearly defined 

how a particular ERP component should be scored (e.g., as difference potential subtracted 

from the preceding peak, as peak amplitude, as mean voltage in a particular time interval etc.), 

or how effects of experimental conditions are best captured (cf. the large variability in the re-

ported measures for the Go/NoGo paradigm in Table II-3). This heterogeneity hampers the 

comparability of results across studies and the aggregation of knowledge in meta-analyses and 

systematic reviews like that in Study 1. Furthermore, mandatory standardized measurement 

procedures and widely acknowledged selection of dependent variables would help limit the 

researcher degrees of freedom (Simmons, Nelson, & Simonsohn, 2011). This expression re-

fers to the decisions that researchers necessarily have to make when planning a study and ana-

lyzing and interpreting the data, for instance with regard to the sample size, the choice and 

operationalization of dependent variables (e.g., should ‘behavioral performance’ rather be 

quantified as reaction time, accuracy, or a composite of both; how should the time window for 

the analysis of ERPs be determined etc.), or data processing (e.g., should the data be trans-

formed to be normally distributed, which particular statistical tests should be performed etc.). 

When these decisions are not made before the beginning of the data collection, the probability 

of obtaining false positive results is likely to be inflated (i.e., higher than the commonly de-

fined level of 5%; Simmons et al., 2011). In addition, the true sizes of the effects of interest 

are prone to overestimation. These undesired consequences can be avoided by (a) officially 

preregistering research protocols prior to the study, and (b) expediting multi-center collabora-

tions, which automatically decreases the individual researchers’ degrees of freedom due to the 

definition of the processes (e.g., Button et al., 2013). Hence, ERP research in clinical popula-

tions would benefit in several respects from a stronger emphasis on collaborative endeavors in 

(preferably pre-registered) multi-centric studies. 

VI-5.2 Considerations for the Clinical Applicability of ERP Findings 

The present work has shown that ERP measures can be sensitive to specific aspects of 

executive functioning in neurodegenerative diseases. The measurement of ERPs places mini-

mal demands on the examinee’s motor abilities. Impairments in motor functions have been 

described to hamper the interpretation of conventional neuropsychological tests in patients 

with neurodegenerative diseases (Goldstein & Abrahams, 2013), and ERPs may help over-

come this problem (Raggi et al., 2010; Růžička & El Massioui, 1993). Furthermore, ERPs 
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could be valuable biomarkers of cognitive dysfunctions (Luck et al., 2011). Hence, ERP 

measures bear some potential for clinical applications. For example, ERPs could complement 

the diagnostic process of executive dysfunctions in patients with neurodegenerative diseases. 

However, before ERP measures can be implemented in clinical practice, they must satisfy re-

quirements for psychometric properties. 

For example, Ne/ERN amplitudes are particularly promising as biomarkers of execu-

tive functions, because they have been quite well characterized with regard to their functional 

significance and can be elicited in many response modalities (e.g., by movements of the 

hands, the feet, or the eyeballs; Ullsperger, Danielmeier et al., 2014). Some evidence for the 

sensitivity of Ne/ERN amplitudes to executive dysfunctions has been presented in the here 

described studies (Studies 1, 2 and 4). The validity of this ERP measure as a potential marker 

of executive dysfunctions in neurodegenerative diseases needs to be confirmed by further 

studies in larger samples of patients and control participants. Ne/ERN amplitudes can be 

measured with excellent reliability in samples of elderly participants (Pontifex et al., 2010). 

However, reliability studies in large samples of patients with neurodegenerative diseases are 

required to determine whether Ne/ERN amplitudes also achieve sufficient reliability in this 

population. To meaningfully interpret the results obtained from individual ERP recordings, 

normative values must be collected from large and representative samples (e.g., Conroy & 

Polich, 2007). All of these steps—validating an ERP measure, estimating its reliability, and 

establishing normative data—require standardized recording protocols and clearly defined 

paradigms. 

Hence, establishing ERP markers of executive functions in clinical populations de-

pends on rigorous standardization and on the evaluation of ERP measures in large samples. 

These steps would not only facilitate the translation of ERP findings into clinical application, 

but also allow for more reliable and powerful investigations of the neural mechanisms under-

lying executive dysfunction in neurodegenerative diseases. 

VI-6 Conclusions 

To conclude, the here described work revealed several ERP signatures of cognitive 

changes in patients with neurodegenerative diseases. Most strikingly, the neural processes un-

derlying performance monitoring appear to be altered in PD. Furthermore, the here described 

data provide first evidence that dopaminergic medication might contribute to the well-

established reduction in error-related brain activity in PD. Executive dysfunctions as they oc-

cur in ALS seem to be associated with similar alterations in the neural processes underlying 
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performance monitoring. ERP correlates of conflict processing and conflict adaptation might 

be subject to more subtle disease-associated alterations in both patient groups, but further re-

search is needed to arrive at a more definite conclusion. These data illustrate how ERPs can 

help understand executive dysfunctioning in neurodegenerative diseases. The implementation 

of standardized research protocols and the assessment of large samples are required to ulti-

mately translate these findings into clinical application.  
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