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Summary 

Florian Lange 

Cognitive Flexibility and its Alterations in Neurodegenerative Diseases 

Executive dysfunctions occur in a number of neurodegenerative diseases that have 

traditionally been thought to be restricted to the motor system. For example, patients with 

Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS) have repeatedly been 

reported to show deficits in cognitive flexibility (i.e., the ability to shift cognitive sets). A 

large part of the literature on cognitive inflexibility in neurodegenerative diseases relies on 

data from the Wisconsin Card Sorting Test (WCST). The WCST is often regarded as the best-

established neuropsychological test of cognitive flexibility. However, the WCST is unlikely 

to be a pure measure of cognitive flexibility as successful performance on the WCST has also 

been shown to require a wide range of other cognitive processes. 

The present work aimed at dissociating the cognitive components of WCST 

performance to elucidate whether impaired WCST performance in neurodegenerative diseases 

can rather be attributed to cognitive inflexibility or to deficits in other processes. By 

combining neuropsychological and electrophysiological methods, it was possible to identify 

distinct indicators of the cognitive and neural processes underlying individuals’ performance 

on a computerized version of the WCST (cWCST). 

In a first step, the construct validity of these indicators was assessed in three studies 

involving healthy individuals. Behavioral data analysis suggested that dissociable processes 

of set shifting, rule inference, and set maintenance are reflected in different cWCST 

performance measures. These performance measures were differentially affected by age-

related changes and the experimental manipulation of cWCST task parameters. In addition, 

two event-related potential (ERP) deflections elicited by cues on the cWCST were found to be 

related to distinct cognitive processes. Whereas the frontocentral P3a deflection might serve 

as an index of attentional orienting for rule inference on the WCST, the posterior switch 

positivity (PSP) seems to reflect the neural resources allocated to cognitive set shifting. 

In a second step, the acquired knowledge about these behavioral and 

electrophysiological cWCST measures was applied in five clinical studies to examine the 

origins of WCST performance deficits in three neurological disorders: PD, ALS, and primary 

dystonia. In contrast to PD and ALS, primary dystonia develops in the absence of gross 

neurodegenerative changes but has been related to microstructural alterations in the basal 
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ganglia. Throughout the studies and irrespective of the particular disorder, patients showed 

moderate performance deficits both on the standard and the computerized version of the 

WCST. Fine-grained analyses of behavioral performance and ERP measures revealed that 

cWCST deficits are qualitatively different in PD, ALS, and primary dystonia. In ALS, 

attenuated amplitudes of the PSP seem to indicate dysfunction in the frontoparietal brain 

networks underlying cognitive set shifting. In contrast, attenuated P3a amplitudes in patients 

with primary dystonia may reflect disruption in the frontostriatal circuits that give rise to 

proactive attentional orienting for rule inference. Finally, cWCST performance in patients 

with PD was observed to be particularly impaired when the amplitudes of both ERP 

deflections were attenuated. These findings indicate that different neurophysiological changes 

can result in WCST performance deficits and that these deficits are most pronounced when 

the neural substrates of multiple cognitive processes are affected. 

In sum, the present work illustrates how a fine-grained analysis of behavioral 

performance and its neural correlates can advance the understanding of executive impairment 

in general and cognitive inflexibility in particular. One implication is that the complexity of 

the WCST should not preclude its use for the assessment of specific cognitive functions. In 

fact, the data presented in this thesis suggest that by decomposing the complex cognitive and 

neural processes required by the WCST into functionally distinct subprocesses, it may be 

possible to concurrently measure several different aspects of executive functioning. In light of 

the present results, ERP measures appear to be promising for the dissociation of closely 

intertwined processes and for the detection of subtle pathological changes in the neural 

systems underlying executive processes. ERP recordings may thus be a valuable supplement 

to the diagnosis of executive dysfunctions in PD, ALS, and primary dystonia. 
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Zusammenfassung 

Florian Lange 

Beeinträchtigungen der kognitiven Flexibilität im Rahmen neurodegenerativer 

Erkrankungen 

Motorische Symptome im Rahmen von neurodegenerativen Erkrankungen wie 

Morbus Parkinson oder Amyotrophe Lateralsklerose (ALS) gehen oftmals mit 

Einschränkungen im Bereich der exekutiven Funktionen einher. Exekutive Dysfunktionen bei 

Morbus Parkinson und ALS äußern sich beispielsweise in einer Verminderung der kognitiven 

Flexibilität, der Fähigkeit zum Aufgaben- und Regelwechsel. Kognitive Flexibilität wird 

häufig mithilfe des Wisconsin Card Sorting Tests (WCST) erfasst. Es ist jedoch 

unwahrscheinlich, dass es sich bei dem WCST um ein reines Maß kognitiver Flexibilität 

handelt, da die Leistung im WCST von einer Vielzahl unterschiedlicher kognitiver Prozesse 

abhängt. 

Das Ziel der vorliegenden Arbeit war es, diese kognitiven Prozesse zu dissoziieren 

und zu ergründen, ob Auffälligkeiten in der WCST-Leistung von Patientinnen und Patienten 

mit neurodegenerativen Erkrankungen auf kognitive Inflexibilität oder auf Einschränkungen 

in anderen kognitiven Prozessen zurückzuführen sind. Zu diesem Zweck wurde eine 

computergestützte Version des WCSTs (cWCST) eingesetzt, welche die Identifikation 

distinkter Indikatoren unterschiedlicher kognitiver und neuraler Prozesse erlaubte.  

In einem ersten Schritt wurde zunächst die Konstruktvalidität dieser Indikatoren in 

drei Studien an gesunden Probandinnen und Probanden untersucht. Die Analyse behavioraler 

Daten offenbarte drei unterscheidbare kognitive Prozesse, namentlich das Wechseln, 

Erschließen und Beibehalten von Regeln, welche sich über unterschiedliche cWCST-Maße 

abbilden lassen. Diese Verhaltensmaße zeigten sich in unterschiedlichem Ausmaß sensitiv für 

die Manipulation von cWCST-Parametern und für altersbezogene Veränderungen. Darüber 

hinaus wurden die ereigniskorrelierten Potenziale (EKP), die von Hinweisreizen im cWCST 

evoziert werden, untersucht. Es fanden sich Zusammenhänge zwischen zwei EKP-

Komponenten und distinkten kognitiven Prozessen. Die frontozentral verteilte P3a-

Komponente scheint mit Aufmerksamkeitsprozessen in Verbindung zu stehen, welche für das 

Erschließen von Regeln im WCST notwendig sind. Hingegen scheint die posteriore 

Wechselpositivität die neuralen Korrelate des Regelwechsels zu reflektieren.  
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In einem zweiten Schritt wurde dieses Wissen über behaviorale und 

elektrophysiologische cWCST-Maße in fünf klinischen Studien angewandt, um zu ergründen, 

welche Faktoren den WCST-Defiziten von Patientinnen und Patienten mit Morbus Parkinson, 

ALS und primärer Dystonie zugrunde liegen. Im Gegensatz zu Morbus Parkinson und ALS 

zählt die primäre Dystonie nicht zu den neurodegenerativen Erkrankungen. Sie geht jedoch 

mit mikrostrukturellen Veränderungen in den Basalganglien einher. In allen drei 

Patientengruppen fanden sich Hinweise auf moderate Defizite in der WCST und cWCST-

Leistung. Eine detaillierte Analyse der cWCST-Leistung und ihrer elektrophysiologischen 

Korrelate offenbarte jedoch, dass sich die Art der cWCST-Defizite qualitativ zwischen den 

Erkrankungen unterscheidet. Verminderte Amplituden der posterioren Wechselpositivität bei 

ALS deuten auf eine Störung in der Funktion des Regelwechsels und den ihr zugrunde 

liegenden frontoparietalen Netzwerken hin. Bei primärer Dystonie hingegen legt die 

Verminderung der P3a-Amplitude nah, dass die auf frontostriatalen Netzwerken beruhende 

Funktion des Erschließens von Regeln auf dem WCST beeinträchtigt ist. Defizite in der 

Leistung im cWCST bei Patientinnen und Patienten mit Morbus Parkinson waren besonders 

ausgeprägt, wenn beide ERP-Amplituden vermindert waren. Diese Befunde legen nah, dass 

unterschiedliche neurophysiologische Veränderungen zu Beeinträchtigungen in der WCST-

Leistung führen können. Diese Beeinträchtigungen scheinen besonders schwerwiegend zu 

sein, wenn mehrere neurale Systeme von krankheitsassoziierten Veränderungen betroffen 

sind. 

Die vorliegende Arbeit veranschaulicht, wie eine detaillierte Analyse von 

Testleistungen und ihren neuralen Korrelaten das Verständnis von exekutiven Dysfunktionen 

im Allgemeinen und kognitiver Inflexibilität im Besonderen befördern kann. Die Ergebnisse 

der vorgestellten Studien implizieren, dass der WCST trotz seiner Komplexität für die 

Erfassung spezifischer kognitiven Funktionen geeignet ist. Tatsächlich kann durch die 

Zerlegung der komplexen kognitiven und neuralen Prozesse, die der Leistung im WCST 

zugrunde liegen, die zeitgleiche Erfassung mehrerer exekutiver Prozesse ermöglicht werden. 

Vor dem Hintergrund der präsentierten Ergebnisse erscheinen EKP-Maße als besonders 

vielversprechend für die Dissoziation eng miteinander verwobener Prozesse und für die 

Erkennung subtiler pathologischer Veränderungen in den neuralen Substraten exekutiver 

Funktionen. Folglich könnte die Erhebung von EKP-Daten zukünftig einen wertvollen 

Beitrag zur Diagnose exekutiver Dysfunktionen bei Morbus Parkinson, ALS und primärer 

Dystonie leisten. 



 

 

 

 

 

I 

 

Introduction 
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Executive Functions 

In an ever-changing environment, individuals who rely exclusively on automatic or 

habitual behavior are unlikely to reach their long-term goals (Diamond, 2013). Executive 

functions enable goal-directed behavior and adjustments to novel situations by exerting top-

down influence on lower-level cognitive processes (Friedman & Miyake, 2016). When 

executive functions are impaired, behavior becomes uncoordinated and disinhibited, rendering 

the individual inflexible and susceptible to distraction (Elliot, 2003). Poor executive 

functioning is associated with a wide range of negative outcomes including obesity, substance 

abuse, unemployment, and marital problems (Diamond, 2013). Against this background, 

understanding the determinants, organization, and neural implementation of executive 

functions is one of the key challenges for contemporary research in various fields of 

psychology and cognitive neuroscience. 

According to an influential model, three core executive functions can be distinguished: 

updating, inhibition, and cognitive flexibility (Miyake et al., 2000). More recent work 

suggests that tasks which are thought to specifically measure the updating function are 

strongly related to global measures of general intelligence, and that inhibition tasks only 

measure variance that is common to all factors of executive functioning (Friedman et al., 

2008). Cognitive flexibility, on the other hand, appears to occupy a unique position among the 

executive functions as it is clearly dissociable from general intelligence and global executive 

functioning (Friedman & Miyake, 2016). 

Cognitive Flexibility 

Cognitive flexibility can be broadly defined as the ability to switch perspectives, 

thoughts, thinking styles, and strategies (Diamond, 2013). More frequently, however, 

cognitive flexibility is treated synonymously with the more specific term cognitive set shifting 

(Ionescu, 2012; Johnco, Wuthrich, & Rapee, 2014; Miyake et al., 2000). A cognitive set 

involves the representations and processes that are necessary to perform a particular task 

(Schneider & Logan, 2014). Being able to shift between cognitive sets allows multitasking 

and adapting to changing environmental demands.  

The multidisciplinary interest in cognitive flexibility has stimulated the development 

of various different assessment tools including questionnaire measures (Dennis & Vander 

Wal, 2010; Martin & Rubin, 1995) and variants of the experimental task-switching paradigm 

(Kiesel et al., 2010). In neuropsychology, standardized tests such as the Wisconsin Card 

Sorting Test (WCST, Berg, 1948; Grant & Berg, 1948; Heaton et al., 1993) or the Trail-



Chapter I – Introduction | 19 

 

Making Test (TMT, Reitan, 1992) are widely used to investigate the relationship between 

neurological diseases and decrements in cognitive flexibility.  

The WCST is perhaps the most frequently used neuropsychological test for the 

assessment of cognitive flexibility (Rabin, Barr, & Burton, 2005). On the WCST, examinees 

have to sort cards in accordance with one of three viable task rules (color, shape, number). In 

order to identify the currently prevailing task rule, they have to rely on the examiner’s 

feedback. Positive feedback after correct card sorts indicates that the applied task rule should 

be repeated on the next trial. Negative feedback after applying a previously correct rule 

indicates that the valid task rule has changed. When being informed about a shift in task rules, 

examinees are required to test hypotheses concerning the new rule. Having identified the 

correct new rule, examinees have to maintain it until they are informed that the rule has 

changed again. The valid rule (or category) changes after a defined number of consecutive 

correct responses. Although numerous WCST performance scores have been proposed 

(Heaton et al., 1993), neuropsychologists often focus on the number of completed categories 

and the number of perseverative errors (i.e., repeated applications of the same incorrect rule) 

as dependent variables (Nyhus & Barceló, 2009). An exemplary trial sequence on the WCST 

is shown in Figure I-1.  

 

Figure I-1. Three successive trials on the Wisconsin Card Sorting Test (WCST). In this particular 

scenario, an examinee receives negative feedback from the examiner after matching the cards 

according to the color rule on the first trial. Despite being informed that the color rule is not valid at 

the moment, the examinee does not shift to a different rule on the next trial (i.e., she or he commits a 

perseverative error). Finally, by matching the cards according to the shape of objects, the examinee 

applies a different rule on the third trial. This rule is currently valid as indicated by positive feedback 

provided by the examiner. 
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The Neuropsychology of Cognitive Flexibility 

In one of the most seminal papers in the field of clinical neuropsychology, Milner 

(1963) examined the impact of unilateral cortical excisions on WCST performance in patients 

who underwent neurosurgical treatment for the relief of focal epilepsy. In contrast to patients 

with posterior cortical lesions, patients with lesions in the dorsolateral prefrontal cortex (PFC) 

completed fewer categories and committed more perseverative errors on the WCST. This 

pattern of results has been replicated several times (Nyhus & Barceló, 2009) and two meta-

analyses confirmed the WCST’s sensitivity to frontal lobe damage (Alvarez & Emory, 2006; 

Demakis, 2003). Findings along these lines have contributed to the widespread consensus that 

structures of the PFC underlie executive functioning in general and cognitive flexibility in 

particular (Miller & Cohen, 2001). 

However, while the sensitivity of the WCST to PFC lesions is largely uncontested, 

WCST performance deficits are not limited to patients with PFC damage. Challenging the 

PFC specificity of the WCST, patients with focal ischemic lesions to the basal ganglia 

committed more perseverative errors than control participants with posterior cortical lesions 

in the study by Eslinger and Grattan (1993). In that study, the WCST performance deficits 

associated with basal ganglia lesions were indistinguishable from the deficits observed in a 

group of patients with frontal lobe damage. Studies investigating the effects of deep brain 

stimulation (DBS) further support the relevance of basal ganglia integrity for cognitive 

flexibility. For example, Jahanshahi and colleagues (2000) found the number of perseverative 

errors on the WCST to be decreased by stimulation of the subthalamic nucleus (STN), 

whereas the opposite effect was observed when the internal segment of the globus pallidus 

(GPi) was stimulated. 

Contemporary models of basal ganglia contributions to cognitive flexibility have 

further been informed by neuropsychological studies investigating WCST performance in 

patients with neurodegenerative diseases. Neurodegenerative diseases of the basal ganglia 

primarily manifest as movement disorders. In idiopathic Parkinson’s disease (PD), for 

example, degeneration of dopaminergic neurons in the substantia nigra pars compacta leads to 

dopamine depletion in the dorsal striatum which, in turn, gives rise to motor symptoms such 

as bradykinesia, rigidity, and tremor (Kish, Shannak, & Hornykiewicz, 1988; Kordower et al., 

2013; Rodriguez-Oroz et al., 2009). However, PD symptoms are not confined to the motor 

domain, but also involve a variety of cognitive alterations (Kehagia, Barker, & Robbins, 

2013; Zgaljardic, Borod, Foldi, & Mattis, 2003). A well-established cognitive symptom in PD 

is inflexible performance on the WCST, with PD patients completing fewer categories and 
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committing more perseverative errors than matched healthy control participants (Dirnberger 

& Jahanshahi, 2013; Gotham, Brown, & Marsden, 1988; Kalbe et al., 2016; Kudlicka, Clare, 

& Hindle, 2011; Lees & Smith, 1983). Executive deficits on tasks like the WCST have been 

linked to the PD-related lack of dopamine in the dorsal striatum (Cools, Barker, Sahakian, & 

Robbins, 2003; MacDonald & Monchi, 2011; Robbins & Cools, 2014; Monchi, Hanganu, & 

Bellec, 2016), thus highlighting the importance of basal ganglia integrity for cognitive 

flexibility. Similar patterns of cognitive inflexibility have also been observed in other 

neurodegenerative diseases of the basal ganglia including Huntington’s disease (Bäckman, 

Robins-Wahlin, Lundin, Ginovart, & Farde, 1997), progressive supranuclear palsy (Cordato, 

Halliday, Caine, & Morris, 2006), and corticobasal degeneration (Pillon et al., 1995). 

A Neural Model of Cognitive Flexibility 

In combination, the results from lesion studies, DBS investigations, and clinical 

comparisons involving patients with neurodegenerative diseases illustrate that the PFC does 

not act in isolation in the service of cognitive flexibility (van Schouwenburg et al., 2010). 

Recent neural network modelling approaches contend that cognitive flexibility results from 

the dynamic interplay between the PFC and the basal ganglia (Frank, Loughry, & O'Reilly, 

2001; Hazy, Frank, & O'Reilly, 2007; Herd et al., 2014). These models build on the idea that 

distinct areas of the frontal lobes and the basal ganglia are connected via functionally specific 

frontostriatal circuits (e.g., Alexander, DeLong, & Strick, 1986). Within the motor circuit 

(including the premotor cortex and the putamen), the basal ganglia are thought to modulate 

cortical motor representations by facilitating the execution of desired movements and 

inhibiting competing motor programs (Mink, 1996). Within the executive circuit (including 

the PFC and the caudate nucleus), the basal ganglia may play a similar modulatory role with 

regard to the maintenance and adjustment of more abstract cognitive representations in the 

PFC (Hazy et al., 2007), thus giving rise to cognitive flexibility (Herd et al., 2014).  

Representations of cognitive sets have to be robustly maintained in PFC to effectively 

bias information processing in other brain areas (Miller & Cohen, 2001). However, when 

environmental contingencies change (e.g., when the previously applied rule on the WCST is 

no longer valid), PFC representations need to be rapidly adjusted (van Schouwenburg et al., 

2010). The balance between direct and indirect pathway activity in the basal ganglia (see 

Figure I-2) has been proposed to provide dynamic solutions to this conflict between robust 

maintenance and rapid adjustment (Hazy et al., 2007). Following Hazy and colleagues, 

(2007), firing of direct pathway striatal neurons promotes adjustments of PFC representations 
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against competing inhibitory influences of indirect pathway activity and intrinsic PFC 

maintenance mechanisms. Such models conceiving cognitive flexibility as relying on the 

interaction between the PFC and the basal ganglia clearly predict that alterations in any 

element of the executive frontostriatal circuit can affect cognitive flexibility. They can thus 

easily accommodate the extensive neuropsychological literature linking WCST performance 

deficits to frontal lobe lesions and pathological alterations of the basal ganglia.  

In addition, these models predict that neural activity in the PFC and the basal ganglia 

should be increased when individuals complete cognitive flexibility tasks such as the WCST. 

This hypothesis has received considerable support from studies using functional magnetic 

resonance imaging (fMRI; Alvarez & Emory, 2006; Buchsbaum, Greer, Chang, & Berman, 

2005; Niendam et al., 2012; Pauli, O’Reilly, Yarkoni, & Wager, 2016). However, imaging 

studies of cognitive flexibility have also revealed enhanced activity in the parietal cortex, 

although lesions in this cortical area have previously been suggested to be of little relevance 

for WCST performance (Eslinger & Grattan, 1993). This observation has led to the widely 

held view that a frontoparietal cortical network underlies cognitive flexibility (Alvarez & 

Emory, 2006; Buchsbaum et al., 2005) and executive functioning in general (Corbetta & 

Shulman, 2002; Niendam et al., 2012; Sauseng, Klimesch, Schabus, & Doppelmayr, 2005).  

To date, few attempts have been made to reconcile the proposed roles of frontoparietal 

and frontostriatal networks for cognitive flexibility. In the model of Hazy and colleagues 

(2007), the adjustment of PFC representations through frontostriatal loops receives input from 

posterior parietal cortex, which, in turn, is biased by the adjusted PFC representations (see 

Figure I-2). In contrast, Nee and Brown (2013) have proposed that frontostriatal and 

frontoparietal networks support distinct modes of adjustment. Frontostriatal circuits may be 

involved in the adjustment of higher-level contextual information, whereas the adjustment of 

lower-level contextual information may rely on frontoparietal networks. In sum, although the 

precise interplay of frontostriatal and frontoparietal networks remains to be clarified, it 

appears that malfunctioning of either network can give rise to cognitive inflexibility on tasks 

such as the WCST. 
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Figure I-2. Model of the neural circuits underlying cognitive flexibility. Top-down activation of direct 

pathway Go neurons in dorsal striatum inhibits the globus pallidus internus (GPi) and the substantia 

nigra pars reticulate (SNr) and thus releases the thalamic nuclei from tonic inhibition. As a 

consequence, the adjustment of abstract cognitive representations in PFC (Hazy, 2007) is triggered. 

This effect is counteracted by indirect pathway NoGo neurons which inhibit the inhibitory globus 

pallidus externus (GPe). A further background of inhibition is provided by the subthalamic nucleus 

(STN). Dopamine release by the substantia nigra pars compacta (SNc) modulates both pathways via 

D1 and D2 receptors in the striatum. Frontostriatal processing is influenced by information from the 

posterior parietal cortex. Cognitive representations in PFC bias processing in the posterior parietal 

cortex. Figure based on Frank (2005) and Hazy and colleagues (2007). 

Task impurity complicates the interpretation of WCST results 

One major problem concerning the interpretation of WCST performance deficits in 

clinical settings is that the WCST cannot be regarded as a pure test of cognitive flexibility 

(Miyake & Friedman, 2012; Strauss, Sherman, & Spreen, 2006). Closer inspection of its task 

structure reveals that the WCST requests multiple additional cognitive processes such as 

category formation, set maintenance, working memory, and rule inference (Buchsbaum et al., 

2005; Dehaene & Changeux, 1991; Ridderinkhof, Span, & van der Molen, 2002). This 

implies that WCST performance deficits in patients with cortical or striatal alterations cannot 
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unequivocally be attributed to cognitive inflexibility (Cools, Barker, Sahakian, & Robbins, 

2001). When a patient commits a perseverative error on the WCST, it is possible that this 

patient indeed lacks the cognitive flexibility required to abandon the previously applied rule. 

However, perseverative errors might also arise from an inability to realize that the WCST 

cards can be sorted according to different task rules. Similarly, even a highly flexible 

individual who can respond to all three WCST rules may commit a large number of 

perseverative errors (just by chance alone) when not being able to remember the previously 

applied task rule. Understanding which mechanisms underlie observed impairments in WCST 

performance is of critical importance for further refining neural models of cognitive 

flexibility. In addition, clinical decision-making based on WCST results requires detailed 

information about the factors contributing to WCST performance deficits in a particular 

patient. For example, patients with a specific deficit in cognitive flexibility are unlikely to 

benefit from mnemonic devices, whereas the same technique might be very effective in 

patients who perform poorly on the WCST because of (working) memory impairment 

(Hartman, Bolton, & Fehnel, 2001). Disentangling the cognitive processes that give rise to 

successful WCST performance is thus crucial for both theoretical and practical progress in the 

study of cognitive flexibility. 

Towards a Solution of the Task-Impurity Problem 

A number of methodological approaches have been proposed to address the task-

impurity problem associated with the WCST. In the following, I will review five different 

strategies that share the common goal of decomposing the complex cognitive and neural 

processes that give rise to performance on the WCST (cf. Sternberg, 2011). 

Designing Pure Tasks 

One possible way to decompose WCST performance is to develop new paradigms that 

focus on a subset of the processes required by the WCST. For example, the intra-

dimensional/extra-dimensional set-shift task has been proposed to measure different WCST 

component processes at distinct stages of the task (Downes et al., 1989). Moreover, research 

in the field of experimental psychology has led to the development of numerous variants of 

the task-switching paradigm (Kiesel et al., 2010). In contrast to the WCST, most task-

switching paradigms are likely to provide relatively pure estimates of cognitive flexibility due 

to substantially reduced demands on working memory, category learning, and rule inference 

(Buchsbaum et al., 2005). While innovation with regard to paradigm design is certainly 

desirable, one problem associated with this approach is the unknown relation between novel 
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paradigms and the WCST. Correlations between task-switching performance and the number 

of perseverative errors on the WCST are typically low (Miyake et al., 2000). As a 

consequence, the implications of disturbed task-switching performance in neurological 

patients (reviewed by Das & Wylie, 2014) for the understanding of WCST performance 

deficits in these patients remain elusive. 

Manipulating Demands on Isolated Cognitive Functions 

An alternative approach is illustrated by the studies of Hartman and colleagues 

(Hartman et al., 2001; Hartman, Steketee, Silva, Lanning, & Andersson, 2003) who asked 

their participants to complete multiple variants of the WCST while systematically 

manipulating the demands for a particular cognitive process (in their case, working memory). 

Using this method, they showed, for example, that the consistently reported age-related 

decline in WCST performance almost disappeared when external memory cues were provided 

(Hartman et al., 2001). In a similar study (Stuss et al., 2000), patients with inferior medial 

frontal cortex lesions were observed to be relatively unaffected in their performance on a 

traditional version of the WCST. However, these patients showed marked performance 

decrements when being explicitly informed what the three possible task rules were, possibly 

because these instructions triggered additional executive processes that interfered with 

automatic processing (Stuss et al., 2000). While this approach may provide valuable insights 

into the precise processes underlying WCST performance deficits in groups of patients, its 

potential for translation into clinical practice seems limited. Administering multiple variants 

of the WCST would consume a large amount of resources both on the part of the clinician and 

on the part of the patient. Hence, in the context of clinical neuropsychological assessment, it 

seems hardly feasible to assess individual patients’ performance across multiple conditions of 

sophisticated WCST experiments. 

Identifying Latent Dimensions 

Factor analytical studies build on data from a standard version of the WCST and aim 

to identify latent dimensions that explain the variance common to different WCST scores 

(Greve, Ingram, & Bianchini, 1998; Greve et al., 2002). While these studies consistently 

identify a “general executive functioning” factor (Greve, Stickle, Love, Bianchini, & 

Standford, 2005, p. 362), which can be measured with reasonable precision, it still remains 

unclear which precise cognitive processes are reflected by this factor. Problem-solving and 

set-maintenance processes have been proposed to contribute additional variance, but it 

appears that these processes cannot be accurately measured by factors relying on the standard 

scores of the WCST (Greve et al., 2005). 
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Dissociating Patterns of Erroneous Responses  

These sobering results from factor analytical studies suggest that the performance 

scores offered by standard versions of the WCST (Grant & Berg, 1948; Heaton et al., 1993; 

Nelson, 1976) might not be sufficient to assess the distinct cognitive processes that are 

required for performing the WCST. Although the number of perseverative errors might be the 

most popular WCST index (Godinez et al., 2012) and the measure most affected by cortical 

lesions (Greve et al., 2005), a more fine-grained analysis of different error types may prove 

valuable in distinguishing the cognitive components of WCST performance (Barceló, 1999; 

Godinez et al., 2012). Previous studies adopting this approach mostly focused on the 

comparison between perseverative and non-perseverative errors (with the latter category 

comprising all errors that do not meet the criteria for a perseverative error; Demakis, 2003; Li, 

2004; Milner, 1963). However, extensive work by Barceló and colleagues has shown that the 

analysis of non-perseverative errors along traditional lines confounds what they called 

“efficient errors” and “inefficient errors” (Barceló, 1999; Barceló & Knight, 2002; Barceló, 

Muñoz-Céspedes, Pozo, & Rubia, 2000; Nyhus & Barceló, 2009).  

Efficient errors occur in the context of an efficient trial-and-error process following a 

shift in task rules. Being informed that the previously applied rule is no longer valid, 

examinees have to choose one of the two remaining task rules on the next trial. Even an 

ideally performing individual can be expected to commit efficient errors on fifty percent of 

the shift trials because he or she can only guess which one of the two possible rules is correct 

(Kopp & Lange, 2013). The number of efficient errors is typically negatively correlated with 

all other WCST error measures, indicating that efficient errors are not indicative of a WCST 

performance deficit (Godinez et al., 2012). It is thus not surprising that combining efficient 

and inefficient non-perseverative errors into a single measure obscured a clear group 

difference between patients with PFC lesions and healthy controls in the study by Barceló and 

Knight (2002). As a result of these studies, inefficient non-perseverative errors (also referred 

to as distraction errors) have been proposed to provide a comparatively clean measure of set-

maintenance processes on the WCST (Barceló, 1999; Nyhus & Barceló, 2009). Hence, by 

means of a detailed task analysis, Barceló and colleagues contributed to the dissociation of 

error types on the WCST that may be characteristic of deficits in distinct cognitive processes.  

Dissociating Patterns of Neural Responses  

The cognitive components of WCST performance cannot only be distinguished on the 

behavioral level but also with regard to the neural responses to different events within the 

WCST. Using fMRI, Monchi and colleagues (2001) investigated the patterns of neural 
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activity related to the rule transition phase of an fMRI-compatible version of the WCST (see 

Alvarez & Emory, 2006, for an overview of imaging studies using similar approaches). They 

found increased activity in the executive frontostriatal circuit (including the PFC and the 

caudate nucleus) in response to the presentation of shift cues (i.e., feedback stimuli signaling 

that the rule has to be shifted). In contrast, when participants were required to apply the new 

rule (i.e., when they had to match cards after having received a shift cue), the motor 

frontostriatal circuit (including the premotor cortex and the putamen) was observed to be 

more active. While these results clearly support the role of frontostriatal circuits in WCST 

performance, the conclusions drawn from imaging studies are limited by the poor temporal 

resolution of fMRI. 

The successful shift from one rule to another likely requires a number of different 

cognitive processes that occur in quick succession after an individual encounters a signal to 

shift rules. For example, individuals first need to allocate the necessary attentional resources 

to the shift signal to infer the currently valid rule and then to use the extracted information to 

change cognitive set. These processes have been associated with distinct reflections in the 

event-related potential (ERP; Barceló, Periáñez, & Knight, 2002; Cunillera et al., 2012; Kopp 

& Lange, 2013).  

ERPs represent event-synchronized neural activities that can be obtained from the 

scalp-recorded electroencephalogram (EEG) (Luck, 2014). They are thought to reflect the 

summation of postsynaptic potentials of large ensembles of synchronously active pyramidal 

neurons in the cerebral cortex (Woodman, 2010). The voltage deflections comprising the ERP 

have been related to distinct stages of information processing (Duncan et al., 2009). Due to its 

excellent temporal resolution, the ERP technique allows measuring these processing activities 

on the order of milliseconds (Altenmüller, Gerloff, & Münte, 2005; Picton et al., 2000). By 

recording the EEG while participants complete a computerized version of the WCST 

(cWCST), it is possible to assess and disentangle neural correlates of the cognitive processes 

underlying WCST performance (Barceló, 2003; Barceló, 1999; Barceló, et al., 2000; Barceló, 

Sanz, Molina, & Rubia, 1997; Kopp & Lange, 2013; Mattes, Cohen, Berg, Canavan, & 

Hopmann, 1991; Vilà-Balló et al., 2015). Note that this approach relies on the assumption that 

the cWCST requires cognitive processes that are similar to those required by the WCST. 

Studies using the cWCST consistently detected two ERP deflections that appear to relate to 

dissociable cognitive components of WCST performance: the P3a and the posterior switch 

positivity (PSP; Figure I-3). 
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The P3a is a positive ERP deflection with frontocentral scalp distribution whose 

generation likely involves prefrontal cortical areas (Polich, 2007; Volpe et al., 2007; Wronka 

et al., 2012) and possibly the striatum (Solís-Vivanco et al., 2015). Its amplitude has been 

linked to the efficiency of attentional orienting (Daffner et al., 1998, Hölig & Berti, 2010, 

Kopp, Tabeling, Moschner, & Wessel, 2006). When recorded in the cWCST, the P3a 

typically peaks between 300 and 500 ms after stimulus onset. In this paradigm, prominent P3a 

deflections have been observed in response to shift cues (Barceló et al., 2002; Barceló, 

Escera, Corral, & Periáñez, 2006; Cunillera et al., 2012). However, the amplitude of the P3a 

also appears to be enhanced following first repeat cues (i.e., feedback stimuli signaling that 

the correct rule has been identified and can now be maintained) when compared to repeat cues 

that occur later in a series of rule repetitions (Cunillera et al., 2012; Kopp & Lange, 2013). 

First repeat cues are particularly informative as they eliminate participants’ uncertainty about 

the currently prevailing rule. Based on these results, the P3a has been proposed to reflect the 

proactive orienting of attentional resources to those stimuli that eliminate rule uncertainty and 

thus allow inferring the correct WCST rule (Kopp & Lange, 2013). Hence, in the context of 

the present thesis, the P3a is considered an indicator of the neural processes that underlie 

proactive attentional orienting for rule inference on the WCST.  

In addition, a more posteriorly distributed positivity has been observed in ERP studies 

using the cWCST (Barceló, 2003; Kopp & Lange, 2013) or variants of the task-switching 

paradigm (Karayanidis et al., 2010). In contrast to the P3a, this positivity reaches its 

maximum at a later point in time (usually between 500 and 1000 ms after stimulus onset). 

Shift cues typically elicit larger and/or more sustained positivities than repeat cues (Gajewski 

& Falkenstein, 2011; Gajewski, Hengstler, Golka, Falkenstein, & Beste, 2011; Karayanidis et 

al., 2010; Karayanidis & Jamadar, 2014; Kopp, Lange, Howe, & Wessel, 2014; Tarantino, 

Mazzonetto, & Vallesi, 2016). The term PSP refers to the difference potential that is obtained 

by contrasting the ERP deflections elicited by shift cues and repeat cues (Figure I-3). The PSP 

likely results from the activation of frontoparietal brain networks (Karayanidis et al., 2010). 

There is widespread consensus that the PSP reflects neural activity for the shifting of 

cognitive sets (i.e., for cognitive flexibility in the narrower sense) (Elchlepp, Lavric, 

Chambers, & Verbruggen, 2016; Jamadar, Hughes, Fulham, Michie, & Karayanidis, 2010; 

Karayanidis et al., 2010; Lavric, Mizon, & Monsell, 2008). Hence, in the context of the 

present thesis, the PSP is considered an indicator of the neural processes that underlie 

cognitive set shifting on the WCST. 
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Against this background, the comparative analysis of P3a and PSP deflections elicited 

by cues on the cWCST might allow dissociating the neural mechanisms underlying rule 

inference and set shifting and thus decomposing WCST performance. Similar to the more 

fine-grained analysis of different types of errors, the analysis of ERPs might contribute to a 

more accurate assessment of the processes giving rise to successful performance on the 

WCST and its computerized analogue. Resolving the complexity of the WCST by analyzing 

multiple performance measures and ERP deflections bears the potential to identify the sources 

of observed WCST deficits in a particular clinical population. However, the utility of 

behavioral and electrophysiological cWCST measures critically depends on their validity as 

indicators of distinct cognitive and neural processes and, in many cases, validity information 

is still insufficient. 

 

Figure I-3. Event-related potential (ERP) correlates of cognitive processes underlying performance on 

the computerized Wisconsin Card Sorting Test. Left: The frontocentrally distributed P3a is considered 

to reflect the neural processes underlying attentional orienting for rule inference. The amplitude of the 

P3a is usually larger after informative first repeat cues than after repeat cues that occur later in a series 

of rule repetition. Note that the difference in P3a activity between first repeat cues and later repeat 

cues is sometimes referred to as uncertainty P3 (Study 3), uncertainty P3a (Study 7), or P3a feedback 

effect (Study 5). Right: The parietally distributed posterior switch positivity (PSP) is considered to 

reflect the neural processes underlying cognitive set shifting. PSP refers to the difference in late 

parietal ERP activity between shift and repeat cues. Note that the absolute level of ERP activity in this 

analysis window is sometimes referred to as sustained parietal positivity (SPP, Study 4).  
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Aims of the present studies 

The studies described in the following were designed to elucidate the cognitive and 

neural processes underlying successful performance on the WCST and WCST performance 

deficits in patients with neurodegenerative diseases. A particular goal of this thesis was to 

contribute to an improved understanding of executive symptoms in two diseases that 

primarily affect motor systems (i.e., PD and amyotrophic lateral sclerosis [ALS]). In addition, 

this work presents an analysis of WCST performance in primary dystonia—a movement 

disorder that develops in the absence of gross neurodegenerative changes, while being 

associated with microstructural basal ganglia alterations. To account for the task-impurity 

problem associated with the WCST, I applied and refined the analysis of dissociable 

behavioral and neural response patterns as indicators of distinct cognitive components of 

WCST performance. Variants of the cWCST are used under the assumption that they require 

the same set of cognitive processes as standard versions of the WCST. 

In a first step, experimental and correlative studies in healthy individuals were 

conducted to test specific hypotheses about the functional significance of different cWCST-

error scores and ERP deflections. By this means, it was possible to generate further evidence 

in support of the construct validity of these behavioral and electrophysiological measures as 

indicators of specific cognitive and neural processes involved in WCST performance. 

In a second step, the acquired knowledge about the behavioral and 

electrophysiological correlates of the processes underlying WCST performance was applied 

to the study of WCST deficits associated with different neurological conditions. Specifically, 

I aimed to investigate whether potential WCST performance decrements in PD, ALS, and 

primary dystonia can be attributed to cognitive inflexibility or to deficits in other cognitive 

processes required for performing the WCST. 

Step 1: Analyzing the cognitive components of WCST performance in healthy 

individuals 

In all three studies on WCST performance in healthy individuals, I applied a 

modification of the cWCST variant developed by Barceló (2003) and previously used by 

Kopp and Lange (2013). The chosen paradigm involves more than 30 shifts between the three 

WCST rules, allowing for a more reliable assessment of different error types than in standard 

versions of the WCST (Grant & Berg, 1948; Heaton et al., 1993; Nelson, 1976). This large 

number of trials offered the opportunity to apply narrower operational definitions of error 

types, which likely resulted in cleaner measurement of the underlying cognitive processes. 
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For example, not all perseverations of an incorrect rule were included in the analysis of 

perseverative errors, but only those perseverations that occurred on the first trial after the 

participants had been informed about a shift in task rules (i.e., on the shift trial). By restricting 

the analysis to these situations, it was possible to eliminate the confounding of different types 

of perseveration that have been shown to be only moderately related to each other (Godinez et 

al., 2012). On a shift trial in the cWCST, participants always have to shift away from an 

established task rule (i.e., a task rule that has been correctly applied on the previous trial). In 

contrast, in standard versions of the WCST, perseverative errors are scored irrespective of 

whether or not a task rule was correctly applied on the previous trial. In some cases, responses 

are also regarded as perseverative when a participant resorts back to sorting by the previously 

correct rule after having successfully switched to the new rule on the previous trial (Godinez 

et al., 2012). Such errors might be a sign of deficient cognitive set shifting (and thus of 

cognitive inflexibility), but they may also reflect a failure to maintain cognitive set. Hence, 

compared to traditional scoring schemes, the modified perseverative error score used in the 

present studies was regarded to provide a relatively pure indicator of cognitive set shifting. 

Study 1 built on the efforts of Barceló and colleagues (Barceló, 1999; Barceló & 

Knight, 2002; Barceló et al., 2000; Nyhus & Barceló, 2009) to dissociate different types of 

non-perseverative errors. In contrast to their approach, I hypothesized that non-perseverative 

errors cannot only be decomposed into efficient and inefficient errors, but also that inefficient 

errors might result from deficits in two distinct cognitive processes: set maintenance and rule 

inference. According to this view, impairments in these processes are reflected in two 

different error measures: the number of set-loss errors and the number of integration errors 

(see Figure I-4). An individual commits a set-loss error when not maintaining the sorting rule 

although the experimenter’s feedback has indicated that this rule is correct. An integration 

error, on the other hand, is scored when, after a change in task rules, the individual fails to 

infer the correct new task rule although all necessary information has been given (see Figure 

I-4 and Figure II-1 for details). I tested whether perseverative errors (likely reflecting 

cognitive set shifting), set-loss errors (likely reflecting set maintenance), and integration 

errors (likely reflecting rule inference) can be dissociated by manipulating a variable that 

should primarily affect processes of rule inference (i.e., the number of task rules on the 

cWCST). When the number of task rules is increased, participants need to maintain and 

integrate information about more eliminated rules in working memory. Hence, rule inference 

should be rendered more difficult when more task rules are involved, leading to an increase in 

the number of integration errors. In addition, I investigated whether the distinction of 
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perseverative errors, set-loss errors, and integration errors is supported by a differential 

sensitivity of these error measures to age-related changes. To elucidate whether the well-

established age-related decline in WCST performance (Rhodes, 2004) results from deficits in 

set shifting, set maintenance, or rule inference I examined which of the three error scores was 

most closely linked to participants’ age in a sample with a wide age distribution (19 to 83 

years).  

 

Figure I-4. Behavioral correlates of cognitive processes underlying performance on the computerized 

Wisconsin Card Sorting Test. (A) A perseverative error is scored when an examinee continues sorting 

by a rule after negative feedback (“SHIFT”) has signaled that this rule is not correct. Perseverative 

errors are considered to indicate deficient cognitive set shifting. (B) A set-loss error is scored when an 

examinee switches to another rule although positive feedback (“REPEAT”) has signaled that the 

previous rule needs to be repeated. Set-loss errors are considered to indicate deficient set maintenance. 

(C) An integration error is scored when, after a change in task rules, an examinee fails to integrate the 

information about the previously applied rules, i.e., when a rule is applied that could have already been 

eliminated. Integration errors are considered to indicate deficient rule inference. 

Study 2 allowed generating further evidence for the validity of the PSP as an 

electrophysiological indicator of the neural processes underlying cognitive set shifting. To 

this end, I compared the amplitude of the PSP across two conditions with varying demands on 

set-shifting processes. The version of the cWCST used in the high-uncertainty condition was 

designed to be similar to the original WCST with regard to participants’ uncertainty about the 

correct task rule: when informed about a change in task rules, participants had to select one of 

the remaining two rules without having any information as to which rule might be correct. 

When negative feedback then informed them that they had selected the wrong rule, they had 
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to shift set again and to apply the remaining rule on the next trial. In the other condition (the 

low-uncertainty condition), participants were informed that after a change in task rules, one of 

the two remaining rules was more likely to be correct than the other. As in the high-

uncertainty condition, a further set shift was required when participants selected the more 

likely rule but were then informed that this rule was not correct on this particular trial. 

However, in contrast to the high-uncertainty condition, this set shift was more demanding in 

the low-uncertainty condition because participants previously had the chance to commit to 

one (i.e., the more likely) task rule. When they had to shift rules against this commitment, the 

shifting process was expected to be more demanding than in the high-uncertainty condition 

where participants chose a rule knowing that it had only a 50 % chance of being correct. It 

was hypothesized that if the PSP was indeed an ERP correlate of cognitive set shifting, it 

should increase with increasing set-shifting demands (i.e., when switching to the remaining 

rule in the low-uncertainty condition). 

Study 3 was designed to elucidate the functional significance of the P3a elicited by 

informative feedback stimuli on the cWCST. On the one hand, assuming that the P3a reflects 

processes of attentional orienting, I examined the relationship between P3a amplitude and the 

amplitude of an established ERP indicator of attentional orienting, the Novelty P3 recorded in 

the three-stimulus oddball paradigm (Courchesne, Hillyard, & Galambos, 1975). The Novelty 

P3 resembles the P3a elicited in the cWCST in latency and scalp topography (Barceló et al., 

2002, 2006). As it is typically evoked by novel, task-irrelevant distractor stimuli, the Novelty 

P3a has been proposed to index reactive attentional orienting (Friedman, Cycowicz, & Gaeta, 

2001). In contrast, the P3a elicited by informative, task-relevant feedback stimuli on the 

cWCST might reflect a more proactive mode of attentional orienting (Kopp & Lange, 2013). 

This notion raises the question whether the amplitude of the two potentials should be 

positively correlated (because both reflect attentional orienting) or negatively correlated 

(because they reflect competing modes of attentional orienting). On the other hand, assuming 

that effective attentional orienting to informative feedback stimuli is necessary for rule 

inference on the WCST, I examined the relationship between P3a amplitude and the number 

of integration errors committed on the cWCST. 

Step 2: Analyzing the cognitive components of WCST performance in patients with 

neurodegenerative diseases 

Building on the knowledge about behavioral and electrophysiological cWCST 

measures acquired across the first three studies, I performed a series of clinical studies 
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investigating the sources of WCST performance deficits in patients with PD, ALS, and 

primary dystonia. Although all three neurological conditions are primarily characterized by 

motor symptoms, there is also evidence for a wide variety of cognitive changes in PD 

(Kehagia et al., 2013; Zgaljardic et al., 2003), ALS (Beeldman et al., 2016; Phukan, Pender, 

& Hardiman, 2007), and primary dystonia (Jahanshahi et al., 2014). Specifically, impaired 

WCST performance has been observed in all three disorders (Bugalho, Corrêa, Guimarães, & 

Xavier, 2008; Evdokimidis et al., 2002; Kudlicka et al., 2011). PD, ALS, and primary 

dystonia have also been associated with neural alterations in the frontostriatal and/or 

frontoparietal networks that are assumed to underlie successful WCST performance. 

However, the quality and distribution of these neural alterations (see Table I-1) as well as the 

degree of evidence for WCST performance deficits differ markedly across conditions. 

In PD, dysfunction of the basal ganglia and the associated frontrostriatal loops is 

considered a hallmark of the disease (Rodriguez-Oroz et al., 2009). WCST performance 

deficits in PD have already been reported in the 1980s (Gotham et al., 1988; Lees & Smith, 

1983). A comparatively recent meta-analysis confirms that, on average, patients with PD 

complete fewer WCST categories and commit more perseverative errors than healthy controls 

(Kudlicka et al., 2011). However, the cognitive and neural processes underlying perseverative 

WCST performance in PD are still largely unknown. Against this background, Study 4 

evaluated the ERPs elicited in the cWCST to examine whether PD-related WCST 

performance deficits can be attributed to impaired cognitive set shifting (as indexed by the 

PSP) or disturbed attentional orienting for rule inference (as indexed by the P3a). 

In ALS, neurodegeneration has traditionally been thought to be restricted to motor 

pathways. Over the last 20 years, it became increasingly recognized that ALS also extends to 

prefrontal cortical areas (Tsermentseli, Leigh, & Goldstein, 2012) and specifically affects the 

frontoparietal networks underlying executive functioning (Agosta et al., 2013; Tedeschi et al., 

2012). At the same time, several neuropsychological studies on WCST performance in ALS 

have been conducted, but evidence for ALS-related impairment on the WCST is still mixed 

(e.g., Abrahams et al., 2005; Evdokimidis et al., 2002). In order to integrate the conflicting 

neuropsychological findings, Study 5 includes a meta-analysis of the studies comparing 

WCST performance between ALS patients and healthy controls. Building on the results of 

this meta-analysis, I further conducted an ERP study along the lines of Study 4. A particular 

focus of this study was the investigation of relationships between ERP measures (i.e., PSP 

and P3a) and patients’ performance on neuropsychological tests of executive functioning. 
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The results of Study 5 suggested that shifting-related ERP activity (i.e., the PSP) may 

be attenuated in patients with ALS. Study 6 set out to investigate if the ALS-related 

attenuation of PSP amplitudes can only be observed in the cWCST or also in a simplified 

paradigm that allows for a relatively pure assessment of set-shifting processes. To this end, I 

developed a set-shifting task associated with substantially reduced demands on other 

cognitive processes (e.g., working memory, category learning, rule inference; see also Kopp 

et al., 2006, 2014). In addition, it was tested whether PSP amplitudes are also attenuated in 

ALS patients who do not show any overt signs of cognitive impairment.  

In contrast to PD and ALS, primary dystonia develops in the absence of overt 

neurodegeneration (Breakefield et al., 2008) and it is not regarded as a neurodegenerative 

disease in the International Classification of Diseases (WHO, 2010). However, neuroimaging 

data indicate that primary dystonia is related to microstructural and functional brain 

alterations, predominantly in the basal ganglia (Zoons, Booij, Nederveen, Dijk, & Tijssen, 

2011). In line with these findings, preliminary evidence for WCST performance deficits in 

primary dystonia has been presented (Alemán, de Erausquin, & Micheli, 2009; Bugalho et al., 

2008), but these neuropsychological data do not allow for definitive conclusions yet. In Study 

7, meta-analytic methods were used to estimate the extent of WCST performance deficits in 

primary dystonia. In a subsequent ERP study, the cWCST was administered to healthy 

controls and to a sample of patients with blepharospasm, a form of primary dystonia affecting 

the muscles around the eyes (Tarsy & Simon, 2006). By this means, I was able to dissociate 

the contributions of cognitive set shifting and (attentional orienting for) rule inference to 

WCST performance deficits in primary dystonia. 

The evidence for impaired WCST performance in primary dystonia reviewed and 

generated in Study 7 comes exclusively from studies comparing dystonia patients with 

healthy controls. As these groups likely differ with regard to basal ganglia integrity 

(Obermann et al., 2007), dystonia-related deficits on the WCST might be taken to support a 

role of the basal ganglia in WCST performance. However, basal ganglia integrity is not the 

only variable that could account for group differences between dystonia patients and healthy 

controls. For example, it has been argued that, in contrast to healthy controls, dystonia 

patients might be distracted by their motor symptoms during cognitive testing and that this 

distraction might lead to performance impairments (Jahanshahi, Rowe, & Fuller, 2003; 

Jahanshahi et al., 2014). Study 8 partially eliminated these confounding factors by comparing 

cWCST performance measures between blepharospasm patients and patients with hemifacial 

spasm, who show similar motor symptoms in the absence of basal ganglia involvement. 
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In sum, I conducted eight studies to examine whether different behavioral and 

electrophysiological cWCST measures are affected by experimental manipulations of task 

parameters (Studies 1 & 2), age-related changes (Study 1), individual differences in 

attentional processes (Study 3), and the presence of neurological disorders (Studies 4-8). By 

this means, I aimed to decompose the complex cognitive and neural processes that underlie 

successful performance on the WCST and its computerized analogue, and to elucidate the 

sources of WCST performance deficits in PD, ALS, and primary dystonia.  
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Table I-1. 

Disease characteristics of the neurological disorders investigated in Studies 4 to 8 

 
Parkinson’s disease 

Amyotrophic lateral 

sclerosis 
Primary dystonia 

Prevalence in Europe 
108 to 257  

per 100,000 persons
1 

5.4  

per 100,000 persons
2 

15.2  

per 100,000 persons
3 

Main motor 

symptoms 

bradykinesia, rigidity, 

tremor, postural 

instability
4
 

muscle weakness, muscle 

atrophy, paresis, 

spasticity, brisk reflexes
5
 

twisting or repetitive 

movements, 

abnormal postures
6
 

Proposed mechanism 

underlying motor 

symptoms 

dopamine depletion in the 

dorsal striatum following 

the degeneration of 

dopaminergic neurons in 

the substantia nigra pars 

compacta
7
 

degeneration of upper 

and lower motor neurons
5
 

subtle alterations in 

the neural circuits 

connecting the basal 

ganglia, thalamus, 

sensorimotor cortex, 

and cerebellum
8
 

Cognitive symptoms 

Up to 31 % of the 

patients have Parkinson’s 

disease dementia.
9 

About 67 % of the 

patients show cognitive 

impairment, 

predominantly in the 

domain of executive 

functioning.
10

 

Up to 15 % of the 

patients have 

frontotemporal 

dementia.
11

 

About 51 % of the 

patients show cognitive 

impairment, often in the 

domain of executive 

functioning.
11

 

no major deficits in 

intellectual ability, 

but some evidence 

for executive 

impairment
12

 

Proposed 

mechanism(s) 

underlying cognitive 

symptoms 

dopamine depletion in 

dorsal striatum
13

 

treatment-related 

dopamine overdosing in 

ventral striatum
13

 

extension of 

neurodegeneration to 

cortical areas
14

 

extension of 

neurodegeneration to 

prefrontal cortical areas
15

 

frontostriatal 

dysfunction
16

 

symptom-related 

distraction
12

 

1
von Campenhausen et al., 2005, 

2
Chio et al., 2013, 

3
ESDE, 2000, 

4
Jankovic, 2008, 

5
Rowland & 

Shneider, 2001, 
6
Fahn, 1988, 

7
Kish, Shannak, & Hornykiewicz, 1988, 

8
Zoons et al., 2011, 

9
Aarsland, 

Zaccai, & Brayne, 2005, 
10

Janvin, Aarsland, Larsen, & Hugdahl, 2003, 
11

Ringholz et al., 2005, 
12

Jahanshahi et al., 2014, 
13

MacDonald & Monchi, 2011, 
14

Braak, Rüb, Jansen Steur, Del Tredici, & 

de Vos, 2005, 
15

Brettschneider et al., 2013, 
16

Bugalho et al., 2008. 



 

 



 

 

 

 

 

II 
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Abstract 

Objective: The Wisconsin Card Sorting Test (WCST) is often regarded as a prototypical 

neuropsychological test of set-shifting ability. However, it has been proposed that WCST 

performance involves cognitive processes other than set shifting, such as set maintenance and 

rule inference. Distinguishing between these processes is necessary for the meaningful 

interpretation of WCST performance deficits in neuropsychological populations. In the 

present studies, we aimed to concurrently measure processes of set shifting, set maintenance 

and rule inference in a computerized version of the WCST, and to dissociate these processes 

based on their dependence on working memory capacity.  

Method and Results: In Study II-1, we manipulated the number of card-sorting rules to vary 

the demands placed on working memory-dependent processes of rule inference. As predicted, 

integration errors as a novel measure of rule-inference efficiency were selectively affected by 

increasing the number of rules from three to four. In Study II-2, we examined age-related 

changes in set shifting, set maintenance, and rule inference. We found a specific association 

between age and integration errors, indicating that rule inference, but not set shifting or set 

maintenance, is affected in older individuals.  

Conclusions: Rule inference on WCST-like card-sorting tasks appeared to be selectively 

impaired when the amount of information to be integrated in working memory increases or 

when working memory capacity is reduced (as in older individuals). Our findings indicate that 

measuring integration errors as an index of a distinct rule-inference process can improve the 

understanding and interpretability of WCST performance.  
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Abstract 

Time-consuming processes of task-set reconfiguration have been shown to contribute to the 

costs of switching between cognitive tasks. We describe and probe a novel mechanism 

serving to reduce the costs of task-set reconfiguration. We propose that when individuals are 

uncertain about the currently valid task, one task set is activated for execution while other task 

sets are maintained at a pre-active state in cognitive cache. We tested this idea by assessing an 

event-related potential (ERP) index of task-set reconfiguration in a three-rule task-switching 

paradigm involving varying degrees of task uncertainty. In high-uncertainty conditions, two 

viable tasks were equally likely to be correct whereas in low-uncertainty conditions, one task 

was more likely than the other. ERP and performance measures indicated substantial costs of 

task-set reconfiguration when participants were required to switch away from a task that had 

been likely to be correct. In contrast, task-set-reconfiguration costs were markedly reduced 

when the previous task set was chosen under high task uncertainty. These results suggest that 

cognitive caching of alternative task sets adds to human cognitive flexibility under high task 

uncertainty.  
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Abstract 

Sokolov distinguished between reactive and proactive variants of the orienting response (OR). 

The Novelty P3 is considered as an electrophysiological signature of the reactive OR. Recent 

work suggests that the proactive OR is reflected in frontally distributed P3 activity elicited by 

uncertainty-reducing stimuli in task-switching paradigms. Here, we directly compare the 

electrophysiological signatures of reactive and proactive ORs. Participants completed a 

novelty oddball task and a task-switching procedure while the electroencephalogram was 

measured. Novel and uncertainty-reducing stimuli evoked prominent fronto-centrally 

distributed Novelty P3 and Uncertainty P3 waves, respectively. We found a substantial 

negative correlation between Novelty P3 and Uncertainty P3 across participants, suggesting 

that reactive and proactive ORs converge on a common neural pathway, but also that 

distinguishable routes to orienting exist. Moreover, response accuracy was associated with 

reduced Novelty-P3 and enhanced Uncertainty-P3 amplitudes. The relation between Novelty 

P3 and Uncertainty P3 might serve as an index of individual differences in distractibility and 

cognitive control. 
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Abstract 

Cognitive inflexibility is a hallmark of executive dysfunction in Parkinson’s disease (PD). 

This deficit consistently manifests itself in a PD-related increase in the number of 

perseverative errors committed on the Wisconsin Card Sorting Test (WCST). However, the 

neural processes underlying perseverative WCST performance in PD are still largely 

unknown. The present study is the first to investigate the event-related potential (ERP) 

correlates of cognitive inflexibility on the WCST in PD patients. Thirty-two PD patients and 

35 matched control participants completed a computerized version of the WCST while the 

electroencephalogram (EEG) was recorded. Behavioral results revealed the expected increase 

in perseverative errors in patients with PD. ERP analysis focused on two established 

indicators of executive processes: the fronto-central P3a as an index of attentional orienting 

and the sustained parietal positivity (SPP) as an index of set-shifting processes. In comparison 

to controls, P3a amplitudes were significantly attenuated in PD patients. Regression analysis 

further revealed that P3a and SPP amplitudes interactively contributed to the prediction of 

perseverative errors in PD patients: The number of perseverative errors was only increased 

when both ERP waveform amplitudes were attenuated. Notably, the two ERP markers of 

executive processes accounted for more than 40 % of the variance in perseverative errors in 

PD patients. We conclude that cognitive inflexibility in PD occurs when the neural bases of 

multiple executive processes are affected by the pathophysiology of PD. The combined 

measurement of P3a and SPP might yield an electrophysiological marker of cognitive 

inflexibility in PD.   
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Abstract 

Objective: Executive dysfunctions in patients suffering from Amyotrophic Lateral Sclerosis 

(ALS) are often described but poorly understood. Specifically, research on patients’ ability to 

flexibly shift between cognitive sets is still scarce and unsystematic. The present study set out 

to compensate for this lack by providing an in-depth analysis of ALS-related set-shifting 

impairments. 

Methods: We first present a quantitative overview of the literature revealing that the 

Wisconsin Card Sorting Test (WCST) is sensitive to set-shifting impairments in ALS. 

Moreover, we evaluated patients’ performance on a computerized task-switching paradigm 

modelled after the WCST to elucidate the neurocognitive processes underlying their set-

shifting impairments. Twenty-one ALS patients and 21 age- and education matched controls 

were required to respond to changing task demands while their EEG was being measured. 

Results: Behavioral results revealed significant set-shifting deficits in patients suffering from 

ALS. Executive deficits were accompanied by substantial alterations of event-related brain 

activity. While switch cues elicited a more positive posterior event-related potential (ERP) 

waveform than repeat cues in healthy controls, ERP amplitudes did not vary as a function of 

switching demand in ALS patients. Individual differences in posterior switch positivity were 

reliably associated with patients’ performance on neuropsychological tests of executive 

functioning. 

Conclusions: The absence of switch-related ERP modulations appears to be a sensitive 

indicator of executive deficits in ALS patients. Our results suggest that ALS compromises the 

frontoparietal brain networks involved in anticipatory set-shifting, rendering patients unable 

to flexibly adapt to changes in environmental contingencies.  
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Abstract 

Objective: Amyotrophic lateral sclerosis (ALS) has been associated with executive 

dysfunction, particularly in the domain of cognitive set shifting. In a recent event-related 

potential (ERP) study, shifting-related cortical activity on a complex set-shifting paradigm 

was found to be attenuated in patients with ALS. Here, we investigated whether this ERP 

change could also be observed in a simplified set-shifting task adapted for potential clinical 

use, and in ALS patients without overt cognitive impairment.  

Methods: Twenty-six patients and 28 matched healthy controls (HC) completed a set-shifting 

paradigm involving two task rules and explicit task cues. Cue-locked ERPs were analyzed. 

Results: ALS patients and HC did not differ in response latency or accuracy. In HC, cues that 

required shifting task rules elicited more positive parietal ERP waveforms than cues that 

signaled a rule repetition. This shifting-related amplitude modulation was absent in patients 

with ALS. The attenuation of ERP activity in ALS patients remained significant when 

participants with possible cognitive impairment were excluded.  

Conclusions: Electrophysiological measures can detect ALS-related changes in the neural 

substrates of set shifting even when these changes do not become apparent in 

neuropsychological assessment.  

Significance: These findings illustrate the potential utility of ERPs as indicators of cognitive 

change in ALS. 
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Abstract 

Impaired motor control in primary dystonia has been linked to cortico-basal ganglia 

alterations that may also give rise to changes in executive functioning. However, no 

conclusive evidence for executive dysfunction in patients with primary dystonia has been 

reported yet. We conducted a meta-analysis of the relationship between primary dystonia and 

performance on the Wisconsin Card Sorting Test (WCST), an established test of executive 

functioning. Its results revealed a significant effect of medium size, indicating that primary 

dystonia is associated with moderate performance deficits on the WCST. Building on this 

finding, we conducted an event-related potential (ERP) study to elucidate the cognitive and 

neural mechanisms underlying executive dysfunction in primary dystonia. Eighteen patients 

with blepharospasm, a common form of primary focal dystonia, and 34 healthy matched 

controls completed a computerized version of the WCST. We specifically compared 

indicators of two distinct components of executive functioning: set shifting and rule inference. 

On a behavioral level, blepharospasm patients seemed to have particular difficulty integrating 

information to infer the correct task rule. In addition, P3a amplitude (as an 

electrophysiological marker of rule-inference processes) was selectively attenuated in 

blepharospasm patients. Executive dysfunction in blepharospasm can thus rather be attributed 

to a rule-inference deficit, whereas set-shifting abilities appear to be relatively unaffected by 

the disease. Moreover, P3a amplitude attenuation was related to disease duration, indicating 

that this ERP might serve as a neural indicator of disease progression and executive 

dysfunction in primary dystonia. These results demonstrate for the first time that 

pathophysiological alterations in primary dystonia might affect cortical activation for 

executive functioning.   
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Abstract 

Objective: Although primary dystonia is typically characterized as a movement disorder, it is 

also associated with cognitive alterations in the domain of executive functioning which may 

arise from changes in cortico-basal ganglia circuits. Specifically, in comparison to healthy 

controls, patients with dystonia show deficits in neuropsychological tests of cognitive 

flexibility. However, it is unclear whether cognitive inflexibility is caused by the 

pathomechanisms underlying primary dystonia or by confounding factors such as depression 

or symptom-related distraction.  

Method: The present study aimed to eliminate these confounds by examining cognitive 

flexibility in dystonia patients and in patients with similar motor symptoms but without a 

comparable central pathophysiology. Eighteen patients with primary blepharospasm, a 

common form of dystonia affecting the muscles around the eyes, and 19 patients with 

hemifacial spasm, a facial nerve disorder causing similar eyelid spasms, completed a 

computerized version of the Wisconsin Card Sorting Test (cWCST). The two groups were 

further compared on tests of global cognitive functioning, psychiatric symptoms, health 

status, and impulsiveness.  

Results: Blepharospasm patients committed significantly more errors on the cWCST than 

patients with hemifacial spasm. Group differences were most pronounced with regard to 

integration errors, a measure of rule-inference processes on the cWCST. Integration errors 

were also associated with impulsiveness in patients with blepharospasm.  

Conclusion: Primary blepharospasm is related to deficits in cognitive flexibility, even when 

blepharospasm patients are compared with patients who suffer from motor symptoms of non-

dystonic origin. Our results support the possibility that cognitive inflexibility results from the 

specific pathophysiological processes underlying primary dystonia.   
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Summary of the Key Findings 

In a series of eight studies, I aimed to shed light on the cognitive and neural processes 

underlying successful WCST performance in healthy individuals and WCST performance 

deficits in patients with neurodegenerative diseases. Study 1 revealed that perseverative 

errors, set-loss errors, and integration errors on the cWCST can be dissociated based on their 

sensitivity to the number of viable cWCST rules and to age-related changes. The results of 

Study 2 and Study 3 support the construct validity of the PSP and the P3a as 

electrophysiological indicators of cognitive set shifting and attentional orienting for rule 

inference, respectively. The amplitudes of these two ERP deflections interactively predicted 

the increased number of perseverative errors committed by patients with PD in Study 4. Study 

5 showed that WCST performance is impaired in patients with ALS and that this deficit is 

associated with attenuated PSP amplitudes. Marked reductions in PSP amplitudes were also 

observed when ALS patients without any overt signs of cognitive impairment completed a 

simplified set-shifting paradigm in Study 6. Study 7 indicates that impaired WCST 

performance can also be observed in patients with a form of primary dystonia, but these 

deficits seemed to be related to amplitude alterations of the P3a rather than of the PSP. 

Finally, Study 8 suggests that WCST deficits may relate to the specific pathophysiology 

underlying primary dystonia as they were not observed in patients showing similar motor 

symptoms of different origin. In combination, these studies illustrate how distinct cognitive 

processes contribute to WCST performance and that different neurological conditions relate to 

dissociable disease-specific profiles of WCST deficits. 

Progress with Regard to the Decomposition of WCST Performance 

The behavioral and electrophysiological data obtained from healthy individuals in the 

first three studies provided several novel insights into the cognitive components of WCST 

performance.  

First, it appears that previous attempts to identify dissociable patterns of erroneous 

responses on the WCST (Barceló, 1999; Barceló & Knight, 2002; Barceló et al., 2000) might 

have been not detailed enough to adequately account for all facets of WCST performance. 

The number of inefficient non-perseverative errors is commonly regarded as a relatively pure 

index of set-maintenance processes (Nyhus & Barceló, 2009). In contrast, the present studies 

suggest that the majority of these errors do not arise from failures to maintain set but rather 

from deficits in rule inference. In comparison to most other tasks that have been proposed to 

assess cognitive flexibility (Kiesel et al., 2010), temporary uncertainty about the correct rule 
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is a unique characteristic of the WCST (Kopp & Lange, 2013). After being cued to shift rules, 

examinees do not know which of the two remaining rules might be correct. They have to 

arbitrarily decide for one rule and only after testing this rule, they have the information 

necessary to determine which of the rules is correct. However, even in the sample of 

neurologically healthy participants examined in Study 1 (Mage = 50 yrs), participants failed to 

integrate this information and to infer the correct rule on almost 30 % of the trials. This type 

of error (i.e., the integration error) was considerably more frequent than perseverative errors 

(11 %) or set-loss errors (4 %), and it was the only error type that proved to be sensitive to 

age-related changes. The latter finding is particularly surprising in view of a meta-analysis 

that documented a substantial increase in perseverative errors in older individuals (Rhodes, 

2004). One factor that can account for this difference is the use of a modified perseverative 

error score in the present studies, which likely provides a purer indicator of cognitive set 

shifting than the traditional score (cf. Godinez et al., 2012). Healthy aging thus seems to relate 

to deficits in rule inference rather than in cognitive set shifting. This age-related decline in 

rule-inference efficiency may be linked to reduced working memory capacity in older 

individuals (Hartman et al., 2001). The relevance of working memory capacity for rule 

inference on the WCST is further corroborated by data from an experimental study in young 

individuals. This study revealed that only the number of integration errors increased with the 

number of cWCST rules, indicating that rule inference becomes more difficult when 

information about more rules has to be stored and integrated in working memory. In 

combination, these results indicate that by extending the range of traditional WCST scores to 

include integration errors, it is possible to assess a previously neglected yet important facet of 

WCST performance. 

Second, the results from the two ERP studies administering the cWCST to healthy 

young participants confirmed and extended previous findings by illustrating how PSP and P3a 

relate to the cognitive components of WCST performance. In an experimental study involving 

manipulations of conditional rule probabilities (Study 2) the amplitude of the PSP was found 

to increase with increasing demands on cognitive set shifting. When, on a shift trial, 

participants selected a rule that was more likely to be correct than the alternative rule, shifting 

away from this rule on the subsequent trial was associated with prominent amplitudes of the 

PSP. In contrast, PSP amplitudes were significantly attenuated when participants shifted away 

from a rule that had been selected under maximum rule uncertainty. In other words, larger 

PSP amplitudes were observed in situations that required participants to shift away from a 
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rule to which they had previously committed. Hence, it seems plausible that the neural 

processes underlying PSP generation are related to cognitive set shifting on the WCST.  

In addition, Study 3 generated further evidence linking the P3a elicited by informative 

feedback stimuli to processes of attentional orienting for rule inference on the WCST. Across 

individuals, the amplitude of the P3a was strongly related to an established 

electrophysiological indicator of attentional orienting (i.e., the amplitude of the Novelty P3). 

The correlation between P3a and Novelty P3 was negative: the larger the P3a amplitude 

elicited by informative feedback stimuli on the cWCST, the smaller the amplitude of the 

Novelty P3 elicited by irrelevant distractors on the oddball procedure. This finding suggests 

that the two positivities reflect competing modes of attentional orienting. The Novelty P3 

appears to index reactive attentional shifts to distracting stimuli, whereas on the cWCST, the 

P3a might indicate controlled proactive orienting to task-relevant information. Moreover, the 

amplitude of the P3a seems to be negatively associated with the number of integration errors 

committed on the cWCST, thus supporting a link between the neural processes underlying 

P3a generation and successful rule inference.  

Based on the results of the first three studies, Figure X-1 presents a conceptual 

overview of the cognitive components of WCST performance and their manifestations on the 

behavioral and electrophysiological level. Note that the displayed relationships are inferred 

from data collected with the cWCST. The transfer to the WCST is based on the assumption 

that similar cognitive processes are involved in WCST performance and cWCST 

performance. Note further that the displayed constructs and relations are not intended to be 

exhaustive. For example, it is highly likely that successful rule inference on the WCST does 

not only depend on the neural processes underlying P3a generation and that these neural 

processes are also related to other cognitive processes (cf. Study 4). Similarly, the depicted 

relationships between constructs are not necessarily exclusive, independent, or causal. 

Instead, by summarizing the current state of knowledge and the novel insights from the first 

three of the present studies, this overview provides a background against which the results of 

the clinical studies will be interpreted in the following.  
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Figure X-1. Overview of the cognitive components of performance on the Wisconsin Card Sorting 

(WCST) and their behavioral and electrophysiological manifestations on the computerized WCST. 

Rounded shapes indicate latent constructs; rectangles indicate observable indicators. The proposed 

relationships reflect the results of Studies 1 to 3. PE = perseverative errors, IE = integration errors, SE 

= set-loss errors, PSP = posterior switch positivity.  

Progress with Regard to the Understanding of WCST Deficits in Neurodegenerative 

Diseases 

The analysis of distinct behavioral and electrophysiological profiles of cWCST 

alterations in Studies 4 to 8 contributed to a refined understanding of the extent, quality, and 

origin of WCST performance deficits in patients with PD, ALS, and primary dystonia. 

In line with early neuropsychological studies (Gotham et al., 1988; Lees & Smith, 

1983) and a recent meta-analysis (Kudlicka et al., 2011), both WCST and cWCST 

performance was found to be significantly impaired in the PD patients participating in 

Study 4. In addition, the meta-analytic approach taken in Studies 5 and 7 provided the first 

conclusive evidence for WCST performance deficits of similar magnitude in patients with 

ALS and primary dystonia. Across neuropsychological studies, the mean level of WCST 

performance in patients with PD, ALS, and primary dystonia appears to be about half a 

standard deviation below the average performance of matched healthy controls. However, a 

more fine-grained analysis of cWCST performance and its electrophysiological correlates 

suggests that the profiles of cWCST deficits in PD, ALS, and blepharospasm (as a form of 

primary dystonia) might in fact be different in nature (Table X-1).   
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Table X-1. 

Profiles of cWCST deficits related to the neurological disorders investigated in Studies 4 to 8 

 Behavior Electrophysiology 

 
PE IE SE PSP P3a 

Parkinson‘s disease increased unaffected increased unaffected attenuated
a
 

ALS increased increased unaffected attenuated unaffected
b
 

Blepharospasm unaffected increased unaffected unaffected attenuated
a 

Note. “Increased” and “attenuated” indicate that the respective cWCST measure (column) is 

significantly altered in the respective study population (row) in comparison to matched healthy control 

participants, p < .05. “Unaffected” indicates that the respective measure did not differ significantly 

between the respective study population and matched healthy controls. cWCST = computerized 

Wisconsin Card Sorting Test, ALS = amyotrophic lateral sclerosis, PE = perseverative errors, IE = 

integration errors, SE = set-loss errors, PSP = posterior switch positivity. 

a
P3a amplitude attenuation was specific (i.e., restricted to informative feedback stimuli) in patients 

with blepharospasm but non-selective in patients with PD. 

b
In a post-hoc analysis excluding participants who repeatedly switched rules in the absence of shift 

cues, P3a amplitudes were significantly attenuated in ALS patients.  

In patients with PD, the number of both perseverative and set-loss errors seems to be 

increased (Study 4), whereas the number of integration errors did not differ significantly 

between patients and healthy controls (unpublished data). This behavioral deficit was 

accompanied by substantially attenuated P3a amplitudes. As P3a amplitude attenuation in PD 

was not specific (i.e., restricted to informative feedback stimuli) and the number of integration 

errors was not significantly increased in patients with PD, PD-related changes in WCST 

performance do not seem to be primarily related to deficient rule inference. Instead, non-

selectively attenuated P3a amplitudes in patients with PD might be indicative of a general 

deficit in attentional orienting. Supporting the relevance of this attentional deficit for WCST 

performance, regression analysis revealed that P3a amplitudes and amplitudes in the PSP 

analysis window interactively contributed to the prediction of the number of perseverative 

errors committed by patients with PD. In addition to elucidating WCST deficits in PD, these 

results also inform the understanding of the cognitive components of WCST performance by 

showing that attentional orienting may be relevant not only for rule inference but also for 

cognitive set shifting. 
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In contrast, patients with ALS committed more perseverative errors and integration 

errors than healthy controls (Study 5), whereas the two groups did not differ significantly with 

regard to the number of set-loss errors (unpublished data). Moreover, PSP amplitudes were 

substantially attenuated in ALS patients, indicating that ALS-related changes in WCST 

performance might be related to alterations in cognitive set shifting. This ALS-related ERP 

change does not seem to be bound to a particular paradigm, as it was also observed when a 

simplified set-shifting task was used in Study 6. Attenuated PSP amplitudes were also 

observed in ALS patients who did not show any signs of cognitive impairment in 

neuropsychological assessment. Hence, attenuated PSP amplitudes in ALS may reflect subtle 

changes in cognitive set shifting before they can be detected on the behavioral level.  

Finally, the number of integration errors was found to be selectively increased in 

patients with blepharospasm, a form of primary dystonia (Study 7). Neither the number of 

perseverative errors (Study 7), nor the number of set-loss errors (unpublished data) differed 

significantly between blepharospasm patients and healthy controls. Study 8 suggests that the 

increased number of integration errors in patients with blepharospasm is unlikely to result 

from the potentially distracting influence of motor symptoms in these patients. In this study, 

cWCST performance was compared between blepharospasm patients and patients with 

hemifacial spasm. Even in contrast to these patients, who suffer from similar motor 

symptoms, blepharospasm patients committed an increased number of integration errors. 

WCST performance deficits in blepharospasm were accompanied by attenuated amplitudes of 

the P3a. However, in contrast to the results from patients with PD, P3a alterations in 

blepharospasm were confined to the waveforms elicited by informative feedback cues. Hence, 

blepharospasm seems to involve a more specific attentional impairment that relates to 

deficient rule inference on the WCST. In sum, Study 7 and 8 revealed alterations in rule 

inference in blepharospasm that appear to be related to the pathophysiology underlying this 

form of primary dystonia rather than to symptom-related distraction. 

From a between-study comparison, it becomes apparent that blepharospasm is the only 

neurological condition studied here whose cWCST performance profile is not characterized 

by an increased number of perseverative errors. The number of perseverative errors is 

considered to be the WCST measure most closely related to cognitive set shifting or cognitive 

flexibility (Hartman et al., 2001; see also Figure X-1). Hence, the analyses of erroneous 

responses on the cWCST suggest that WCST performance deficits in PD and ALS can 

indeed, at least in part, be attributed to impairments in cognitive flexibility. In contrast, 

deficient WCST performance in patients with blepharospasm (and possibly other forms of 
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primary dystonia) might not be a sign of cognitive inflexibility but rather of disturbed rule 

inference (as indicated by an increased number of integration errors). 

Within-study comparisons in Study 7 and 8 confirm that the number of integration 

errors is significantly more affected in blepharospasm than other cWCST error measures. It is 

important to note that most of the other within-study dissociations depicted in Table X-1 are 

solely based on the lack of a significant group difference in one of the cWCST measures. For 

example, in PD, the number of integration errors was not significantly increased in 

comparison to healthy controls, but this does not imply that the number of integration errors 

was significantly less affected by PD than the number of perseverative errors or the number of 

set-loss errors. Similarly, the between-study dissociations suggested by Table X-1 are only 

indirect. Patients with PD, ALS, and primary dystonia have not been contrasted directly 

within the same study, and the assessment and analysis of cWCST performance differed 

slightly between studies. For example, the number of examined PD patients was larger than 

the number of examined ALS patients, and PD patients completed an optimized version of the 

cWCST that involved considerably more trials. Hence, it is possible that, in fact, both PD and 

ALS are associated with an increase in the number of set-loss errors, but only the PD study 

had sufficient statistical power to detect this relationship. Therefore, differences across 

individual cells in Table X-1 should not be misinterpreted as displaying conclusive evidence 

for robust dissociations or double dissociations of cWCST performance. Nonetheless, Table 

X-1 indicates that some fairly distinct profiles of cWCST deficits emerge from the integration 

of the behavioral and electrophysiological findings observed in the clinical studies. As 

detailed below, these profiles might be attributable to the neurophysiological changes 

underlying the different neurological conditions. 

The observation of attenuated P3a amplitudes in both PD and blepharospasm points to 

the potential relevance of frontostriatal-loop integrity for the generation of the P3a. Both 

disorders have been related to alterations in frontostriatal circuits (Mink, 1996, 2003; 

Rodriguez-Oroz et al., 2009; Zoons et al., 2011) and the P3a might provide a window onto the 

functional status of these circuits (Solís-Vivanco et al., 2015). On the cognitive level, 

frontostriatal alterations seem to result in deficient attentional orienting, giving rise to 

impaired WCST performance in both PD and blepharospasm. However, based on the present 

results, it appears that attentional alterations in PD and blepharospasm are qualitatively 

different. In blepharospasm, P3a alteration specifically affected the waveforms elicited by 

informative feedback cues, indicating that these patients might have difficulties directing 

attentional resources to those stimuli that allow inferring the correct rule on the WCST (cf. 



Chapter X – Discussion | 63 

 

 

Study 3). In PD, P3a attenuation was generalized, affecting informative and non-informative 

feedback stimuli alike. One possible explanation for this difference might be that different 

elements of the executive frontostriatal circuit or different pathways within the basal ganglia 

are affected in PD and primary dystonia (Mink, 2003; Stoessl, Lehericy, & Strafella, 2015; 

Wichmann & DeLong, 1996). Alternatively, as a result of progressive neurodegeneration 

(Braak, Rüb, Jansen Steur, Del Tredici, & de Vos, 2005), specific frontostriatal alterations 

might be accompanied by widespread cortical dysfunctions in some patients with PD. This 

interpretation is supported by two observations: First, in contrast to patients with 

blepharospasm, cWCST performance deficits in PD were not confined to a particular error 

type. Patients with PD committed both more perseverative errors and more set-loss errors than 

healthy controls and the magnitude of the group difference did not differ as a function of error 

type. Second, cWCST performance was only substantially impaired in those PD patients who 

showed attenuated amplitudes of both the P3a and a PSP-like potential. While the P3a might 

originate in cortico-subcortical brain networks (i.e., the executive frontostriatal circuit), the 

PSP has been related to activity in cortico-cortical networks (i.e., the frontoparietal executive 

network, Karayanidis et al., 2010). Hence, it is possible that in blepharospasm, specific 

frontostriatal alterations give rise to relatively circumscribed cognitive changes, whereas the 

combination of frontostriatal and cortico-cortical dysfunctions results in a wider spectrum of 

cognitive symptoms in a subgroup of patients with PD. 

The frontoparietal circuits underlying PSP generation appear to be affected in ALS as 

well. PSP attenuation in ALS was observed in two independent studies using different 

paradigms. In addition, neuroimaging studies have revealed ALS-related alterations in 

frontoparietal connectivity (Agosta et al., 2013; Tedeschi et al., 2012). These connectivity 

changes have also been shown to be related to WCST performance (Agosta et al., 2013), 

suggesting that the executive dysfunctions observed in many ALS patients may be partly due 

to alterations in frontoparietal brain networks. The extent of these alterations seems to be 

markedly specific to ALS, as patients with blepharospasm as well as the vast majority of PD 

patients showed PSP deflections that did not differ in amplitude from those recorded in 

healthy controls. Note that the evidence for frontoparietal contributions to WCST deficits in 

ALS does not imply that possible frontostriatal dysfunctions (e.g., Bede et al., 2013) are 

irrelevant. In fact, P3a amplitudes seemed to be affected in ALS as well, but the empirical 

support for this finding was weaker than the one for attenuated PSP amplitudes (see Chapter 

VI, for details).  
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In sum, I found PD, ALS, and blepharospasm to be associated with fairly distinct 

profiles of cWCST deficits. Neurodegenerative changes in frontoparietal cortical networks 

appear to disrupt the neural substrates of cognitive set-shifting in ALS. The integrity of these 

frontoparietal networks (as indexed by the PSP) seems to be relatively spared in patients with 

blepharospasm. In these patients, WCST performance deficits might rather result from 

dysfunction in the frontostriatal circuits supporting proactive attentional orienting for rule 

inference (as indexed by the P3a). Finally, in patients with PD, frontoparietal and 

frontostriatal alterations appear to interact in contributing to impaired performance on the 

WCST. These findings suggest that different neurophysiological changes can give rise to 

WCST performance deficits and that these deficits are most pronounced when multiple neural 

networks are affected.  

Clinical Implications 

Implications of WCST Performance Deficits in PD, ALS, and Primary Dystonia 

The finding of impaired WCST performance in patients with PD, ALS, and primary 

dystonia may be of considerable relevance for several facets of clinical management. First, the 

observed patterns of WCST deficits are likely to contain valuable prognostic information. In 

the case of ALS, it has been shown that deficits on tests of executive functioning (such as the 

WCST) are related to reduced adherence to treatment and shortened survival (Chiò et al., 

2012; Elamin et al., 2015; Montuschi et al., 2015). In patients with PD, the presence of 

executive dysfunction appears to predict progression to Parkinson’s disease dementia (PDD) 

(Janvin, Aarsland, & Larsen, 2005; Levy et al., 2002; Mahieux et al., 1998; Williams-Gray, 

Foltynie, Brayne, Robbins, & Barker, 2007). To illustrate, PD patients who developed PDD 

one year later had been observed to commit about 60 % more perseverative errors than 

carefully matched control patients who did not develop PDD (Woods & Tröster, 2003).  

Second, independent functioning in daily life might be particularly impaired in 

patients with motor symptoms and executive dysfunction. These patients may not only have 

difficulties in movement execution (e.g., due to rigidity, muscle weakness, or contractions) 

but also in the planning of complex movement sequences as they are required for many 

everyday tasks (Merrilees, Klapper, Murphy, Lomen-Hoerth, & Miller, 2010). Such 

impairment in everyday functioning might also account for the observed relationship between 

executive dysfunction and reduced quality of life in patients with PD (Kudlicka, Clare, & 

Hindle, 2014).  
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Third, the burden perceived by caregivers of PD patients (Kudlicka et al., 2014) or 

patients with ALS (Burke, Elamin, Galvin, Hardiman, & Pender, 2015; Chiò et al., 2010) has 

been found to be increased when the patient’s motor symptoms were accompanied by 

executive deficits. Hence, executive impairment seems to be associated with negative 

consequences not only for patients but also for their caregivers. 

In view of these correlates of executive dysfunction, it is important that clinicians be 

adequately informed about the executive symptoms that might develop in the course of a 

particular disorder. When aware of possible alterations in the domain of executive 

functioning, clinicians can test for these alterations early during the course of the disease, 

which might improve the accuracy of prognosis in PD, ALS, and primary dystonia (Elamin et 

al., 2015). In addition, psychoeducation techniques for patients and their caregivers can be 

designed to allow them preparing for and adjusting to possible alterations in executive 

functioning (Goldstein & Abrahams, 2013). 

While the possibility of executive dysfunction in PD and ALS is already widely 

recognized in the field of neurology (Kiernan et al., 2011; Poewe, 2008), primary dystonia is 

still considered “a pure motor disorder with little or no cognitive deficits” (Jahanshahi et al., 

2003, p. 1478; Stamelou, Edwards, Hallett, & Bhatia, 2012). The present results indicate that 

the degree of executive impairment associated with primary dystonia might have been 

underestimated in previous studies. Dystonia patients appear to have difficulties on the 

WCST, predominantly with regard to rule inference. These difficulties cannot, as commonly 

suggested (Jahanshahi et al., 2003, 2014; Stamelou et al., 2012), simply be attributed to the 

distracting effects of motor symptoms (as shown in Study 8). Hence, the view of primary 

dystonia as a movement disorder without cognitive involvement should be rethought. Along 

the lines of research on executive dysfunction in PD and ALS, larger neuropsychological and 

epidemiological studies are now required to determine the profile and prevalence of executive 

symptoms in primary dystonia. Evidence from these studies may then, as detailed above, 

contribute to improvements in the clinical management of primary dystonia. 

Implications of Differential cWCST Profiles in PD, ALS, and Primary Dystonia 

The present studies did not only reveal that PD, ALS, and primary dystonia are related 

to performance deficits on the WCST, but also that the observed impairments might have 

different cognitive and neural underpinnings in the three disorders. This finding implies that 

any intervention approach designed to remedy executive dysfunction in one of the three 

disorders should be tailored to the particular disorder at hand. Consider, for example, a 

possible clinical intervention based on the knowledge about WCST deficits in PD: in line with 
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previous investigations using the WCST (Kudlicka et al., 2011), PD patients committed more 

perseverative errors in Study 4, indicating that PD-related deficits are at least partly due to 

set-shifting impairment and thus to cognitive inflexibility. Cognitive flexibility is thought to 

depend on the availability of dopamine in the striatum (Cools, 2006). Hence, it can be 

expected that replacement of striatal dopamine should improve WCST performance in 

patients with PD. In contrast, WCST deficits in patients with primary dystonia appeared to be 

related to impaired rule inference (as indexed by an increased number of integration errors) 

rather than to cognitive inflexibility. As striatal dopamine levels should be relatively 

unaffected in these patients (see also Albanese & Lalli, 2012), treatment approaches that aim 

at improving WCST performance by increasing the amount of dopamine in the striatum might 

be less efficient in primary dystonia than in PD. In fact, increasing dopamine in a non-

dopamine-depleted brain area might even impair the cognitive functions associated with this 

area (Cools, 2006; MacDonald & Monchi, 2011). Instead, WCST performance in patients 

with primary dystonia may be ameliorated by cognitive training (Hindle, Petrelli, Clare, & 

Kalbe, 2013). As WCST deficits in primary dystonia are related to disturbed rule inference 

(Study 7 and 8) and rule inference seems to depend on working memory capacity (Study 1), 

these interventions might be particularly promising if they target working memory functions 

(Sammer, Reuter, Hullmann, Kaps, & Vaitl, 2006). At this point, it would certainly be 

premature to conclude that the proposed dissociations of cWCST performance profiles 

provide the most appropriate background for assigning groups of patients to personalized 

interventions. However, the present results provide a more detailed understanding of WCST 

deficits in PD, ALS, and primary dystonia, which may stimulate the development and 

evaluation of disease-specific intervention techniques in the future. 

Implications of ERP Alterations in PD, ALS, and Primary Dystonia 

Each of the investigated groups of patients showed alterations in at least one of the 

assessed ERP amplitude measures. These ERP measures (i.e., the P3a and the PSP) likely 

relate to distinct cognitive processes that are required for successful WCST performance 

(Kopp & Lange, 2013, see Figure X-1). Moreover, across individuals, the amplitudes of P3a 

and PSP seem to be associated with performance on the cWCST (Study 3 and 4) and other 

neuropsychological tests of executive functioning (Study 5). Although these relationships 

should be interpreted with caution due to small sample sizes and lack of consistent replication 

(Study 6), they illustrate the potential utility of ERPs for assessing meaningful indicators of 

executive functioning. In contrast to conventional neuropsychological tests, ERP recordings 

involve substantially reduced motor demands. For example, both the P3a and the PSP are 
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elicited by task cues that afford cognitive operations (i.e., attentional orienting/rule inference 

and set shifting) while not requiring overt movement. Assessment of these ERP indicators 

may thus be particularly useful in the diagnosis of cognitive status in patients with PD, ALS, 

and dystonia where motor symptoms are likely to distort the results of neuropsychological 

testing (Goldstein & Abrahams, 2013; Raggi, Iannaccone, & Cappa, 2010).  

In some cases, ERPs might also be more sensitive to subtle cognitive changes than 

neuropsychological tests. In Study 6, PSP amplitudes were observed to be attenuated in 

patients with ALS who did not show impairment on neuropsychological tests of executive 

functioning. This ALS-related reduction in PSP amplitude may indicate that set-shifting 

processes are altered in ALS, but as long as these alterations are confined to a single cognitive 

domain, they do not become apparent on behavioral performance measures. Nonetheless, it is 

possible that attenuated PSP amplitudes are a risk factor for the development of overt 

executive dysfunction later during the course of the disease. Once neural alterations are no 

longer restricted to a single system (e.g., to the frontoparietal network underlying PSP 

generation), they may be sufficiently severe to be detected as impairment in 

neuropsychological assessment. This hypothesis is further supported by the results of Study 4, 

where the number of perseverative errors in patients with PD was only increased when both 

the amplitude of the PSP and the amplitude of the P3a were attenuated. Hence, these 

electrophysiological findings suggest that the prognosis of cognitive change in 

neurodegenerative diseases might be improved by the assessment of ERP measures. PSP 

recordings in particular seem to be a promising tool for the detection of developing executive 

dysfunctions in ALS and possibly PD. 

In this context, it is also worth noting that the amplitude of the P3a elicited by 

informative feedback cues on the cWCST was found to be correlated to disease duration, both 

in PD and in blepharospasm (Study 4 and 7). These findings are in accordance with a 

previous study that concluded the P3a to be a possible marker for progressing frontostriatal 

dysfunction (Solís-Vivanco et al., 2015). If future studies corroborate the utility of P3a as an 

indicator of frontostriatal integrity, P3a recordings might contribute to the diagnosis and 

monitoring of PD and primary dystonia. At present, ERP correlates of cognitive processes do 

not play a prominent role in the clinical assessment of neurological disorders (Altenmüller et 

al., 2005). However, the promising results of Studies 4 to 8 illustrate that ERPs can provide 

useful and easily accessible information about the functional status of patients with PD, ALS, 

and primary dystonia. 
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Outlook 

The present findings and their limitations highlight a number of opportunities for 

theoretical and practical advance in the study of cognitive flexibility. Specifically, future 

studies may focus on (a) the combination of multiple methodological approaches for a more 

detailed understanding of the factors underlying cognitive flexibility, (b) the development and 

use of more powerful research designs, and (c) the translation of neuropsychological and 

electrophysiological knowledge into clinical practice. 

Refining Models of (Deficient) WCST Performance 

Researchers interested in the underpinnings of impaired WCST performance in a 

particular population typically examine the independent contributions of distinct cognitive 

and neural factors. For example, previous studies set out to investigate whether cognitive 

inflexibility in patients with PD is due to learned irrelevance and/or perseveration (Owen et 

al., 1993) or whether deficits in nigrostriatal and/or mesocortical dopamine systems underlie 

WCST performance in PD (Monchi, Petrides, Mejia-Constain, & Strafella, 2007). These 

approaches necessarily neglect the possibility of non-independent (i.e., interactive) effects. 

The results of Study 4 illustrate the potential associated with the analysis of interacting 

determinants of WCST performance deficits. Here, attentional deficits (as indicated by 

attenuated P3a amplitudes) were fairly irrelevant for behavioral performance in the absence of 

set-shifting deficits (as indicated by attenuated PSP amplitudes). PD patients only committed 

an increased number of perseverative errors when the ERP indicators of both cognitive 

processes, attentional orienting and set shifting, were affected. Including the interaction term 

in this analysis substantially improved the prediction of cWCST performance deficits in PD. 

Future studies on the processes underlying WCST performance deficits in clinical populations 

should therefore consider the possibility that the contributions of some factors might be non-

additive.  

One of the main conclusions of this thesis is that attenuated PSP amplitudes (e.g., in 

patients with ALS) might indicate frontoparietal dysfunction, whereas attenuated P3a 

amplitudes (e.g., in patients with primary dystonia) may indicate frontostriatal dysfunction. It 

is important to note that this conclusion mainly relies on indirect evidence. For example, the 

link between PSP amplitude attenuation and frontoparietal dysfunction in PSP was inferred 

from (a) the observation that PSP amplitudes are evoked in tasks that also activate 

frontoparietal cortical networks (i.e., set-shifting tasks; Karayanidis et al., 2010), (b) reports 

of attenuated PSP amplitudes (Study 5 and 6) and altered frontoparietal connectivity (Agosta 

et al., 2013) in ALS, and (c) correlations of both PSP amplitudes and frontoparietal 
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connectivity with WCST performance (Study 5; Agosta et al., 2013). One possibility to 

further scrutinize the relationships in question would be to directly correlate ERP indicators of 

the cognitive processes underlying WCST performance with imaging measures of network 

activity or connectivity (Jamadar, Hughes, Fulham, Michie, & Karayanidis, 2010). In 

particular, simultaneous EEG and fMRI recordings (Ullsperger & Debener, 2010) may shed 

new light on the neural mechanisms recruited while healthy participants or neurological 

patients complete the WCST. 

Further opportunities for elucidating the functional neuroanatomy of PSP and P3a are 

offered by the study of patients with focal brain lesions. Previous studies adopting this 

approach have already revealed that the amplitude of the Novelty P3, a potential closely 

related to the P3a in the cWCST (Study 3), is attenuated following damage to the PFC 

(Knight, 1984; Knight & Scabini, 1998). However, the potential of these studies is limited by 

the rarity of lesions that are sufficiently circumscribed to allow mapping scalp-recorded ERPs 

to particular brain regions or networks. Specifically, ERP correlates of basal ganglia lesions 

have been scarcely investigated and the few existing studies focused on the domains of 

language (Frisch, Kotz, von Cramon, & Friederici, 2003; Kotz, Frisch, von Cramon, & 

Friederici, 2003) and sensory timing (Schwartze, Stockert, & Kotz, 2015). Investigations of 

DBS effects on ERP indicators of cognitive processes may provide a valuable alternative to 

the study of basal ganglia lesions (Beste et al., 2015; Gerschlager et al., 2001; Kovacs et al., 

2008; Krugel, Ehlen, Tiedt, Kühn, & Klostermann, 2014; Naskar, Sood, & Goyal, 2010). 

Specifically, studying the impact of basal ganglia DBS on the ERP correlates of WCST 

performance would allow testing the hypothesized relationship between P3a amplitude and 

frontostriatal integrity. In this context, it might be especially interesting to contrast the effects 

of GPi and STN stimulation. Stimulation of these basal regions has previously been shown to 

have dissociable effects on the number of perseverative and non-perseverative errors 

committed on the WCST (Jahanshahi et al., 2000, 2014; Pillon et al., 2006). Hence, 

examining the impact of GPi and STN stimulation on the cognitive components of WCST 

performance promises to further clarify how frontostriatal circuits give rise to cognitive 

flexibility.  

Improving the Design of Clinical Studies 

A methodological limitation that is common to most neuropsychological and 

electrophysiological studies of cognitive flexibility or other cognitive processes is the reliance 

on a single paradigm for the assessment of the construct of interest. Some researchers 

measured cognitive flexibility as performance on a task-switching paradigm (Woodward, 
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Bub, & Hunter, 2002), while others used the intra-dimensional/extra-dimensional set-shift 

task (Fallon, Hampshire, Barker, & Owen, 2016), or, as in the case of the present studies, a 

variant of the WCST. In a given sample of participants, the variance on a single measure 

obtained from one of these tasks (e.g., the number of perseverative errors committed on the 

WCST) might, to a certain extent, be influenced by the true variance of cognitive flexibility. 

However, task-specific variance that is not related to cognitive flexibility as well as random 

measurement error will also contribute to the variance on a single measure. In order to 

reliably assess a latent construct such as cognitive flexibility, the contribution of these 

additional sources of variance should be minimized (Friedman & Miyake, 2016). To this end, 

future studies interested in whether a particular cognitive function is altered in a particular 

population might benefit from assessing this function with multiple manifest indicators. Note 

that this point does not only apply to the assessment of behavioral indicators, but also to the 

analysis of ERPs. For example, the question of whether the PSP is altered in patients with 

ALS can be answered more reliably when the PSP is measured in more than one shifting 

paradigm (cf. Studies 5 & 6). Ideally, clinical ERP studies would administer multiple tasks 

that can be expected to elicit deflections with similar functional significance (see, e.g., 

Falkenstein et al., 2001, Falkenstein, Willemssen, Hohnsbein, & Hielscher, 2005) and then 

adopt a multivariate approach to extract the variance common to all tasks. Where this 

procedure seems impractical (e.g., due to unacceptable demands on patients’ resources), it 

might be advisable to first ensure reliable measurement in a healthy population and then to 

adjust the recording protocol while optimizing the ratio between reliability and complexity.  

A further feature inherent to many clinical studies (including Studies 4 to 7 from this 

thesis) is the use of a between-subject design comparing patients with a particular disorder 

with matched healthy controls. When these comparisons involve patients with 

neurodegenerative diseases, the finding of alterations in the behavioral or neural correlates of 

a cognitive process is often interpreted as a consequence of the underlying neuropathology. 

For example, in PD and ALS, deficits in cognitive testing are typically attributed to the 

extension of neurodegeneration to brain areas that are relevant for the respective cognitive 

function (see Table I-1). However, patients with neurodegenerative diseases and healthy 

controls differ not only with regard to the integrity of neural networks, but also on a number 

of additional variables that may equally well explain group differences in cognitive 

functioning. For example, patients might develop depressive symptoms as a result of the 

functional impairment associated with the disease, and depression has been shown to relate to 

cognitive inflexibility (Snyder, 2013). In addition, patients might perform poorly on cognitive 
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tests because they are distracted by their motor symptoms (Jahanshahi et al., 2003) or because 

they expect to be cognitively impaired (Schwarz, Pfister, & Büchel, 2016). In many cases, the 

distorting effects of these variables can be reduced by comparing patients with 

neurodegenerative diseases (or with known brain alterations, cf. Study 8) to patients who 

develop similar symptoms for a different reason. Study 8 demonstrated the potential of this 

approach by revealing cognitive impairment in blepharospasm when compared to a facial 

nerve disorder of different origin. The same rationale could be applied to test if cognitive 

impairment in ALS is disease-specific, i.e., if it can also be detected when ALS patients are 

compared to, for example, patients with multifocal motor neuropathy (Taylor, Wicks, Leigh, 

& Goldstein, 2010). In addition, as indicated above, more direct comparisons between 

different neurodegenerative diseases are required to arrive at reliable disease-specific profiles 

of cognitive deficits (cf. Table X-1). 

Moreover, clinical studies on cognitive deficits in neurological populations often do 

not have sufficient statistical power to answer the research questions they were designed to 

answer (Bezeau, & Graves, 2001; Demakis, 2006). In combination with the large number of 

researcher degrees of freedom associated with neuropsychological (Gelman & Geurts, 2016) 

and electrophysiological (Baldwin, 2016) research, underpowered research designs may have 

produced a large number of unreliable findings. The reliability of clinical studies may be 

increased by more rigorous requirements for sample sizes (Simmons, Nelson, & Simonsohn, 

2011) and the promotion of pre-registered data-collection and analysis plans (Chambers, 

Dienes, McIntosh, Rotshtein, & Wilmes, 2015). In traditional research settings, it might of 

course be difficult to collect data from a sufficiently large group of patients when the disorder 

under study is relatively rare (Demakis, 2006). Hence, it may be promising to follow the 

example of ERP research in schizophrenia (Light et al., 2015; Turetsky et al., 2015) in 

establishing cooperations across laboratories and collecting data at multiple study sites (Luck 

et al., 2011). This approach also demands, and thus facilitates, the development of 

standardized assessment protocols. 

Facilitating Clinical Application 

As noted above, the assessment of dissociable error and ERP measures may be a 

valuable supplement to the diagnosis of executive dysfunctions in PD, ALS, and primary 

dystonia. Further insights into the psychometric properties of these measures are required to 

promote the translation of the present findings into clinical practice. For example, future 

studies should investigate whether the number of integration errors as a newly devised 

measure of rule inference can be reliably scored on one of the established manual versions of 
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the WCST. The results of such an analysis can be anticipated to be rather disappointing due to 

the small number of rule changes involved in these WCST versions. One possibility to 

increase the reliability of WCST scores would be to develop a modified version that 

incorporates some of the features of the cWCST used in this thesis (e.g., more rule shifts, 

focus on performance on particular trial types). By this means, it would be possible to 

combine accuracy data from a relatively large number of integration trials into an aggregate 

measure whose reliability can be expected to increase with the number of integration trials. 

Questions of reliability also have to be addressed with regard to the proposed ERP 

indicators of attentional orienting (P3a) and cognitive set shifting (PSP). Ideally, a version of 

the cWCST with a large number of trials (to calculate split-half reliability) would be 

administered twice (to calculate test-retest reliability) to a large and sociodemographically 

diverse sample (cf. Sinha, Bernardy, & Parsons, 1992). Such a study would also provide 

valuable normative data against which the ERP data from individual patients could be 

compared (cf. Polich, 1997). Subsequent studies could then focus on determining the 

minimum number of trials required for robust measurement of the P3a and the PSP (e.g., 

Cohen & Polich, 1997), thereby ensuring that ERP assessment is sufficiently economic and 

tolerable to be implemented into clinical routine. In a similar vein, exploring possible ways to 

minimize the motor demands associated with ERP recordings might broaden the scope of its 

clinical use in patients with movement disorders (such as PD and dystonia) or motor neuron 

diseases (such as ALS). In the simplest set-shifting task used in the present studies (see Study 

6), participants were required to classify colored objects according to their shape or color. 

While, in this particular case, participants indicated their classification decision by keypress, it 

would also be possible to classify stimuli (and thus to shift between classification rules) using 

eye movements or an ERP-based brain-computer interface (Cipresso et al., 2012; Poletti et al., 

2016). Combining ERP measurement with these alternative response modes might provide a 

diagnostic tool that can be administered even when severe motor impairment renders 

conventional cognitive testing impossible. 

In addition to the evaluation and improvement of reliability and feasibility, future 

steps towards the clinical application of ERP measures should involve analyses of their 

predictive validity. The results of the cross-sectional studies presented here have inspired a 

number of hypotheses that can only be definitively tested in longitudinal designs. For 

example, such studies can reveal whether PSP attenuation in cognitively unimpaired patients 

with ALS (as demonstrated in Study 6) indeed predicts development of executive dysfunction 

later during the course of the disease. Likewise, the potential of the P3a as a marker for 
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progressive dysfunction in frontostriatal circuits in PD and blepharospasm should be 

examined longitudinally. In this context, it would be particularly interesting to see whether 

P3a alterations can already be observed in individuals at risk for developing PD (e.g., in 

patients with rapid eye movement sleep behavior disorder and olfactory dysfunction; Stiasny-

Kolster et al., 2005) and whether these P3a alterations may predict later conversion to PD. 

Finally, longitudinal data would allow testing the proposed multiple-hit relationship between 

ERP alterations and overt executive dysfunction (see Chapter V): At early stages of the 

disease, neurodegenerative changes should be confined to the neural network underlying a 

single ERP measure and no impairments should be visible on neuropsychological tests of 

executive functioning. As soon as multiple independent ERP measures are affected, 

alterations should also become apparent in neuropsychological assessment.  

Conclusion 

The non-motor syndromes of PD, ALS, and primary dystonia appear to involve 

moderate performance deficits on the WCST. Although this finding seems to indicate a 

similar form of cognitive impairment common to all three neurological disorders, this 

similarity is only superficial. Observable WCST performance deficits might be caused by 

changes in a number of different cognitive processes. The fine-grained analysis of dissociable 

ERP and error measures provides a means to disentangle the complex relationship between 

these processes and thus to isolate some of the cognitive components of WCST performance. 

This methodological approach allowed identifying fairly distinct disease-related profiles of 

cWCST deficits in PD, ALS, and primary dystonia. WCST impairments in these disorders 

seem to relate to alterations in different cognitive processes (attentional orienting/rule 

inference vs. cognitive set shifting) that are proposed to be linked to changes in different 

(frontostriatal vs. frontoparietal) neural networks. Moreover, the electrophysiological 

correlates of these changes might serve as objective indicators of cognitive status or disease 

progression in PD, ALS, and primary dystonia. Longitudinal designs and multi-method 

approaches are essential to further corroborate the clinical utility of ERPs and WCST 

performance measures.  

In combination, the findings reported in this thesis illustrate how the study of 

executive functioning and cognitive flexibility can benefit from the integration of 

neuropsychological, experimental, and psychophysiological approaches. Ultimately, the 

insights generated within such a framework may inform not only the understanding, but also 

the diagnosis and prediction of executive dysfunctions in neurological disorders. 
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