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Chapter 1 

General introduction and theoretical background 

0. Brief summary of the General introduction 

In this chapter I review three larger topics. After specifying the aim and significance 

of this dissertation in the research field, first, the concept of executive functions (EF) and its 

subcomponents are described. Herein I also review some models of the EF. Among the 

several subprocesses, the unique role of inhibitory control is highlighted. Furthermore, I 

emphasize that the “hot” or affective aspect of EF should receive more attention when 

investigating cognitive control. Second, the even-related brain potential (ERP) correlates of 

EF are reviewed. This part is restricted to the feedback-related negativity, error-related 

negativity, and Lateralized Readiness Potential, and I do not discuss N2 and P3 components 

in detail here (for that, see Chapter 2). Third, the concept and assessment of trait impulsivity, 

and the concept and models of attention-deficit/hyperactivity disorder (ADHD) are reviewed 

by reason of their possible neuro-cognitive basis being the atypical EF. In regard to trait 

impulsivity and ADHD, some pieces of ERP evidence are summarized that suggest altered 

performance monitoring and behavior regulation. Again, this review is not exhaustive and 

focuses on the previously introduced ERP components. The detailed and systematic 

discussion of each neuropsychological task or experimental paradigm that measures EF was 

not among the aims of the dissertation. Similarly, the behavioral evidence 

confirming/disconfirming impaired EF in trait impulsivity and in ADHD is not reviewed 

systematically. At the end of this chapter, my main research questions are demonstrated, 

followed by the general structure and topic of each subsequent empirical study. 

 

1. Cognitive control and its broader research context 

Cognitive control, a core aspect of  human behavior, enables information processing 

systems and those generating motor responses to flexibly and continuously adapt to relevant 

task requirements in order to fulfill internally represented goals (e.g., Botvinick, Braver, 

Barch, Carter, & Cohen, 2001; E. K. Miller & Cohen, 2001; Shiels & Hawk, 2010). Although 

the concept of executive functions is described later, since it implicates similarities to 
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cognitive control both in definition and in characteristics, I will use these concepts as 

synonymous.1  

A more common, but similar concept to cognitive control is self-regulation 

(“willpower”), which has been defined as goal-directed behavior, and could be described with 

the following three components: (1) mentally represented and continually monitored goal 

states; (2) adequate motivation to reduce discrepancy between goal states and actual states; (3) 

capacity to achieve goal states despite that various obstacles could be present (Hofmann, 

Schmeichel, & Baddeley, 2012). While research on self-regulation has been done mostly 

through the approach of personality psychology, cognitive psychology studied EF without 

establishing appropriate communication between these tightly connected fields. However, 

different conceptual and empirical approaches have been delineated recently in which EF and 

self-regulation may be linked. Basic executive subcomponents (see section 2) may support 

self-regulatory mechanisms (e.g., suppression of ruminative thoughts, switching between 

multiple goals, active inhibition of habitual behaviors, etc.), and temporary reductions in EF 

may contribute to self-regulation failures. Also, some evidence suggests certain transfer 

effects between the two fields, i.e., training of EF can boost self-control (Hofmann et al., 

2012).  

One of the open questions for research is how data from multiple levels of analysis, 

including everyday behavior and self-rated assessment of relevant personality traits, 

neuropsychological measures, and research methods of cognitive neuroscience, can be 

integrated into a unitary framework (Hofmann et al., 2012). This dissertation aimed to 

demonstrate some attempts towards this perspective. By providing insight to the temporal 

dynamics of executive processes, event-related brain potentials (ERPs) could amend 

behavioral measures of EF and self-report measures of related impairments, such as trait 

impulsivity in the normal population, and childhood attention-deficit/hyperactivity disorder 

(ADHD) in the clinical population. It would be crucial to better understand the neuro-

cognitive background of atypical EF, since impulsivity is the second most frequent symptom 

in the DSM (DSM-IV-TR; American Psychiatric Association, 2000; Boy et al., 2011), and 

also a dominant behavioral manifestation of ADHD. Likewise, ADHD is one of the most 

common child psychiatric disorders with a prevalence rate of 5-10% in school-age children 

(Ramtekkar, Reiersen, Todorov, & Todd, 2010; Willcutt et al., 2010). The measurement of EF 
                                                 

1 Cognitive control could be considered as a broader, less specific term, and it is more often used in the error 
processing or performance monitoring literature. The term executive functions is more often used in the 
cognitive neuropsychological and clinical literature. This term suggests that executive functions might not be a 
unitary construct but it involves different subcomponents. 
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is challenging due to various reasons, but ERPs might aid support in understanding the 

organization of EF subprocesses, and their role in atypical performance. 

 

2. The concept of executive functions and its subcomponents 

Executive functions (EF2) is regarded as an “umbrella term”, and can be defined as a 

set of domain general control mechanisms shaping complex performance and being related to 

the prefrontal cortex (e.g., Barkley & Fischer, 2011; Chatham et al., 2011; Elliott, 2003; 

Miyake & Friedman, 2012; Miyake et al., 2000)3. At the level of measurement, the lack of 

clear definition is complicated by the so-called task impurity problem (Burgess, 1997; Miyake 

et al., 2000). This phenomenon refers to the fact that a certain executive function is measured 

with a domain specific task (at least in content), however, the EF is regarded as a domain 

general ability. EF operate on other cognitive processes, therefore, an individual measure of 

executive performance includes some portion of systematic variance which is accounted for 

by non-EF processes (e.g., visuo-spatial skills, language skills, articulation speed, other 

perceptual and motor abilities) related to the actual task context. This undermines the clear 

measurement of EF per se and the common attributes of different EF tasks cannot be 

extracted by conventional methods (Friedman et al., 2008; Miyake & Friedman, 2012).  

Task impurity problem can have different origins (Barkley & Fischer, 2011): (1) most 

EF tasks were not originally developed to measure EF but were sensitive to frontal lobe 

damage (i.e., problematic construct validity); (2) by definition, EF are related to long-term 

goal-directed behavior, however, the specific EF tasks measure only short-term behavior; (3) 

EF tasks usually involve several cognitive functions, and are partly related to IQ and general 

response speed (about this issue, see Friedman et al., 2006). Moreover, as a results of this 

problem, ecological validity of EF tasks has been low in adults and in children, meaning that 

correlations between everyday EF (indicated by e.g., self-rating scales and daily functional 

abilities) and EF task performance is low or non-significant (e.g., Barkley & Fischer, 2011). 

Additionally, the observed low internal consistency and test-retest reliability of EF tasks make 

the task impurity problem even more challenging (Miyake et al., 2000).  

Aware of these difficulties Miyake et al. (2000) used confirmatory factor analysis 

(CFA) to unfold the relationship between the three most frequently occurring aspects of EF in 

                                                 
2 I will use the abbreviation “EF” both in singular and in plural forms, depending on the context. Typically, 
different executive functions work in an organized fashion, however, these functions are also separable.  
3 The features of different neuropsychological tasks and experimental paradigms suitable for measuring the EF 
are not discussed here on in a separate section, however, these pieces of information are embedded in section 
7.1.2.2 and in the empirical studies. 
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previous literature: mental set shifting or switching between tasks (Shifting), constant 

updating and monitoring of working memory (WM) contents (Updating), and deliberate 

inhibition of prepotent responses (Inhibition). The notion that EF are divers in nature 

originates from studies investigating individual differences (e.g., Shiels & Hawk, 2010) in EF 

performance in clinical and control samples from different age ranges, and from the WM 

model of Baddeley which includes multiple components, although the central executive was 

originally considered as a unitary regulatory element (Baddeley, 2000; Baddeley & Hitch, 

1974).  

CFA is a multivariate statistical approach which extracts the variance shared by 

multiple different tasks by minimizing the measurement error included in single tasks 

(Brown, 2006). Therefore, the latent variables in the model purely represent the underlying 

abilities that are manifested in different EF task scores (Friedman et al., 2008). Thus, in the 

study of Miyake et al. (2000), 137 undergraduate students performed three sets of simple and 

widely-used experimental EF tasks, each of which primarily measured different EF aspects. 

The Plus-Minus task, Number-letter task, and Local-Global task were hypothesized to 

measure the Shifting factor; Keep Track, Tone Monitoring, and Letter Memory tasks were 

used as indicators of the Updating factor; Antisaccade, Stop-signal, and Stroop tasks were 

indicators of the Inhibition factor. The correlated (full) three-factor model showed the best fit 

to data as compared to the one-factor model, the different two-factor models, and the 

independent three-factor model. The results of this psychometric approach indicated that the 

three EF aspects were moderately correlated, but clearly separable, suggesting both unity and 

diversity of the EF. By using structural equation modeling (SEM), the authors also 

investigated how these aspects are related to performance on more complex EF measures, 

which are frequently used in case of frontal lobe injury (Miyake et al., 2000). Results showed 

that performance on Wisconsin Card Sorting Test (WCST) was related to Shifting; the 

Inhibition ability contributed to performance on Tower of Hanoi task; Random Number 

Generation was related to both Inhibition and Updating; and Operation Span Task to 

Updating. Surprisingly, Dual Task (spatial scanning and word generation) performance was 

not related to any of the examined EF aspects. In sum, these results suggest that EF can be 

considered as a system with distinguishable components, and indicate that for complex 

cognitive functioning these components should work in an inter-related and organized manner 

(Bari & Robbins, 2013). Importantly, this study tested a theory-driven model of the EF with 

predefined subcomponents instead of handling EF simply as a set of different higher-order 

mechanism. Moreover, the three-factor model does not threat EF equal to inhibitory functions 
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(cf. Bryce, Szűcs, Soltész, & Whitebread, 2011; Hugdahl et al., 2009), however, as I will 

show later, inhibition occupies a specific role in the EF system (see section 3). The robustness 

of this three-factor model has also been corroborated by developmental studies in community 

samples using the same statistical methods but different EF tasks (Lehto, Juujärvi, Kooistra, 

& Pulkkinen, 2003; Wu et al., 2011). However, the exact source of what is common across 

EF aspects (the unity) has remained unclear.  

The focus research of the same authors has extended to specify the cognitive and 

biological background of the general unity/diversity framework of the EF. To this end, the 

initial model with three factors (correlated factor model) has been updated, and a nested 

(hierarchical or bifactor) model has been proposed which could capture the multidimensional 

nature of the EF construct (Miyake & Friedman, 2012). In the current nested model, the three 

EF are decomposed into a general or Common EF latent variable on which all nine manifest 

variables (EF tasks) load. Two other specific latent variables – Updating-Specific and 

Shifting-Specific abilities – are present in the model on which the updating and shifting tasks 

also load, respectively. The common variance of the nine EF tasks is accounted for by the 

Common EF factor, and the specific factors explain the residual associations among updating 

and shifting tasks, respectively. The current factors can be regarded as components of the 

original Updating and Shifting factors. On the basis of their previous analyses (e.g., Friedman, 

Miyake, Robinson, & Hewitt, 2011; Friedman et al., 2008), no unique variance was left for 

the Inhibition-Specific latent variable after accounting for the Common EF variance. 

Therefore, in the current model, this component is absent, since response inhibition ability is 

isomorphic to Common EF. In the current understanding, the Common EF factor represents 

the unity of the EF, while domain specific factors represents its diversity. The authors have 

interpreted the Common EF as one’s ability to actively maintain task goals and goal-related 

information, and to use this efficiently in configuring lower-level processing (Miyake & 

Friedman, 2012).  

Although accumulating evidence suggests that inhibition or inhibitory control in itself 

might be regarded as a multidimensional construct involving distinguishable inhibition-

related abilities (e.g., Friedman & Miyake, 2004; Harnishfeger, 1995, see also section 3; 

Nigg, 2000), it is not clear whether inhibition could be a unifying component of executive 

control from which other EF impairments may originate (see Barkley, 1997). Accordingly, 

Miyake and Friedman (2012) suggest that inhibitory performance strongly depends on those 

processes that Common EF reflects, and the success of inhibitory tasks relies on processes 

that are also essential for updating and shifting tasks (i.e., maintenance and management of 
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current task goals). The authors also emphasize that the previous Inhibition component has 

been more closely related to various real-life problems (e.g., attentional problems rated by 

teachers from ages 7 to 14) than Updating and Shifting factors (Friedman et al., 2007; 

Friedman et al., 2008). 

The EF research done by the same group demonstrated that individual differences in 

executive functions measured with simple laboratory tasks showed substantial genetic 

contributions, relative developmental stability, and were related to clinically relevant 

behaviors (for a review, see Miyake & Friedman, 2012). According to the results of a 

longitudinal multivariate twin study, genetic influences were observed both at the level of the 

common factor and of specific factors (participants were from the Colorado Longitudinal 

Twin Study, in which EF tasks were completed at the age of 17). The heritability of Common 

EF factor was extremely high (99%), over and above of genetic variance for IQ or perceptual 

speed (Friedman et al., 2008). However, individual tasks showed only moderate heritability 

which in part suggests the advantage of using latent variable models.  

Another developmental study (partly from the same participant pool) investigated 

early measures that could predict later individual differences in EF (Friedman et al., 2011). A 

prohibition task (not to touch a toy for 30 seconds) assessing self-restraint at ages 14, 20, 24, 

and 36 months was administered, and the three aspects of the EF were measured at the age of 

17 years. Latent class growth modeling indentified two groups of children who differed in 

their latencies for which they were able not to touch the toy at all time points. The better self-

restraint group demonstrated significantly better Common EF, but worse Shifting-Specific 

ability (no difference was shown in the Updating-Specific ability). As a conclusion of these 

studies, it is quite convincing that two or three executive subprocesses can be distinguished 

regulating lower-order functions in an interrelated fashion (cf. E. K. Miller & Cohen, 2001). 

Moreover, inhibitory control seems to tap the unitary characteristic of the EF. 

Based on the notion of “interactive functioning system” proposed by Luria, Bari and 

Robbins (2013, p. 50) described the successful interplay of EF aspects in any cognitive 

process. These aspects are partly different from those in the unity/diversity approach. 

According to this framework, an individual has to pay attention to changes in the 

internal/external environment in order to recognize the need to inhibit the current ongoing 

action that is no longer appropriate. The system underlying performance monitoring detects 

the alterations (e.g., errors) in performance. Accordingly, the goals and rules in working 

memory are updated, and new plans are selected to adjust behavior. Lastly, the individual then 

shifts cognitive and behavioral sets to the new plan. In sum, successful performance 
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monitoring and goal-updating as a function of external/internal feedback requires the 

orchestrated action of attention, inhibition, and cognitive flexibility. The specific behavioral 

manifestation of deficits occurring at each EF component is also defined in this framework as 

follows: distractibility (linked to attention), impulsivity (linked to inhibition), perseveration 

(linked to performance monitoring), inflexibility (linked to updating), conflict (linked to 

selection), and compulsivity (linked to shifting). This framework emphasizes the central role 

of attention and inhibition. Without these factors, goal-updating is not possible, which 

therefore suggests that impairments in WM could reflect inhibitory problems, as well. The 

aspect of performance monitoring which is emphasized in this framework is critical when 

considering the ERP correlates of EF, thus I will return to this issue later on (see section 6.1-

2). 

Apart from the psychometric approach in EF research, the dual mechanism of control 

(DMC) framework assumes two qualitatively distinct, semi-independent processes of 

cognitive control (Braver, 2012): proactive and reactive control. Proactive control is linked to 

continuous/sustained maintenance of task goals, while reactive control refers to the repeated 

and transient goal activation and implementation of control in response to events. The former 

can be considered as a top-down mechanism which tries to prevent interference and associated 

with activation in the lateral prefrontal cortex (PFC), whereas the latter works in a stimulus-

driven fashion and tries to resolve interference after its occurrence and linked to the activation 

of wider cortical networks (e.g., involving anterior cingulate cortex, medial temporal lobe, 

etc.). This model could handle the influence of state or task-related (situational) factors in 

cognitive control performance (e.g., working memory load, timing of relevant events), and 

also assumes that successful cognitive processes depend on the mixture of both strategies. 

Moreover, it could offer some explanation for individual (trait-related) differences in 

cognitive control. For instance, reward context could induce a change towards proactive 

control, which is more enhanced in individuals with high reward-sensitivity. Most of the 

experimental evidence that confirms the predictions of this framework stems from fMRI-

studies, however, more behavioral and EEG/ERP markers indicating the two processes should 

be established in the future (Braver, 2012). Recently, in a cued task switching paradigm that 

allows for the separation of response preparation and response execution, the combined 

analysis of contingent negative variation (CNV) and electro-myography (EMG) showed 

attenuated response preparation and reactive control strategy in adolescents (Killikelly & 

Szűcs, 2013). Importantly, the DMC framework enables the re-conceptualization of 

impairments in cognitive control as differences in choosing and alternating between the two 
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main strategies (Braver, 2012). Moreover, it emphasizes the role of bottom-up processes in 

higher-order control, to which I will return when describing another model (see section 5). 

As I have just described, different aspects of the EF work in a concerted fashion, and 

accordingly, several brain areas and entire neural networks are involved in accomplishing 

cognitive control. Traditionally, dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex 

(OFC), posterior parietal cortex (PPC), and anterior cingulate cortex (ACC) are the most 

frequently reported cortical areas in relation to executive functions (e.g., Arnsten & Rubia, 

2012; Bari & Robbins, 2013; E. K. Miller & Cohen, 2001; Mushtaq, Bland, & Schaefer, 

2011). The limbic system contributes to cognitive control through several frontostriatal 

pathways (for specific experimental results in relation to amygdalar activity, see Mushtaq et 

al., 2011). Specific aspects of the EF are separable on the neural basis, as well: DLPFC 

controls top-down attention, working memory, and planning through projection to posterior 

cortical regions (e.g., higher-order sensory cortices), while ventromedial prefrontal cortex 

(VMPFC) and OFC provide emotion regulation through projection to subcortical systems 

(amygdala, nucleus accumbens) and brainstem. Inferior frontal cortex (IFC) has 

interconnections with the basal ganglia, subthalamic nucleus, motor cortices, and cerebellar 

cortices, which enables appropriate inhibitory control (including interference control and 

cognitive flexibility). To sum up, regulation of attention and EF including 

motivation/emotion, as well, is provided by the PFC via its extensive connections with 

posterior cortical and subcortical neural substrates, and with the cerebellar cortex (fronto-

striato-cerebellar and fronto-parietal circuits, see Arnsten & Rubia, 2012). The functional 

structure of ACC also follows the division of “motor”, “cognitive”, and “affective” loops as 

caudal, anterior, and rostral/ventral regions regulate distinct aspects of behavior, respectively 

(Arnsten & Rubia, 2012). Moreover, connections to the arousal system also influence PFC 

functions. Dorsal and ventral pathways differ in their primary dependency on specific 

neurotransmitters (i.e., catecholamins and serotonin, see Arnsten & Rubia, 2012). 

Erroneous responses, undesirable outcomes, response conflict, and uncertainty 

generated extended and overlapping activation in the posterior medial frontal cortex (pMFC) 

according to a meta-analysis of human fMRI studies (reported between 1997 and 2004) and to 

results of primate studies (Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004). More 

specifically, the reported activations involved BA32 (dorsal anterior cingulate area), BA24 

(ventral anterior cingulate area), BA8 (including the frontal eye fields), and BA6 (premotor 

cortex, supplementary motor area = SMA), suggesting that the above-mentioned events are 

not only linked to the ACC, but to a broader and functionally more integrated brain region. 
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However, the function of neuronal populations in this region is not fairly the same 

(Ridderinkhof et al., 2004). It is likely that performance monitoring is related to pMFC, while 

behavioral adjustment is regulated by the lateral PFC. Activations in the DLPFC, PPC, insular 

cortex, and ACC have been demonstrated during different phases of uncertain decision 

making and risky choices, as well, suggesting that neural networks involved in cognitive 

control and decision making overlap (Helfinstein et al., 2014; Mushtaq et al., 2011). 

In sum, instead of a single unifying theory explaining the role executive functions and 

the relation among specific subprocesses, multiple approaches exist. However, according to 

the latest findings, the exact role of inhibitory functions in the executive control system is 

unclear. Therefore, the next section attempts to provide a broader insight to the conceptual 

background of inhibitory control. 

   

3. Partitioning of inhibitory control 

Among the different aspects of the EF, inhibition occupies an accentuated and 

overarching role. However, many studies have suggested so far that the term inhibition is too 

broad and overused, and it cannot be defined unambiguously (Friedman & Miyake, 2004; 

Nigg, 2000). Therefore, several models and subdivisions of inhibition or inhibitory control 

exist in the literature, which are not entirely consistent with one another. Those 

subcomponents that are the most relevant to the topic of this dissertation are discussed here.  

In order to achieve a better understanding of inhibitory problems in different 

developmental psychopathologies, Nigg (2000) distinguishes eight types of inhibition. 

Interference control, cognitive inhibition, behavioral inhibition, and oculomotor inhibition are 

related to the effortful inhibition system, and two other processes reflect automatic inhibition 

(attentional and oculomotor inhibition of return, and covert attentional orienting). Moreover, 

two motivational inhibitory processes were proposed, as well: response to punishment cues 

and response to novelty. The latter type refers to the “bottom-up (limbic→cortical) 

interruption of ongoing behavior or suppression of behavioral response due to fear or anxiety 

in the presence of immediate novel social situation or cues for punishment” (Nigg, 2000, p. 

238). In these cases, ongoing behavior is interrupted, and attention focuses on the threatening 

stimulus, which is also a mismatch in the environment. Later, the above mentioned division 

was redefined in a two-process framework, which is still relevant in understanding inhibitory 

deficits in ADHD (see also section 7.2.1). Accordingly, inhibition can be understood in terms 

of executive control and of motivational control, but in everyday life, and the majority of 
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experimental/neuropsychological tasks, these aspects are not easily distinguishable (Nigg, 

2001).  

The original framework of Nigg largely follows the subdivision of Harnishfeger 

(Harnishfeger, 1995; a.k.a. Kipp, 2005), who proposed the behavioral/cognitive dimension, 

and within the cognitive dimension, the intentional/unintentional dimension to classify 

inhibitory processes. Moreover, inhibition and resistance to interference was also 

distinguished. Behavioral inhibition is related to the suppression or delay of overt responses, 

while cognitive inhibition is related to mental processes, and denotes the active suppression of 

information (unwanted/irrelevant thoughts, inappropriate meanings, memories, emotions) in 

order to exclude it from WM. The maintenance of task-performance under conditions of 

multiple competing, distracting, and interfering (task-irrelevant) stimuli is linked to the so 

called resistance to interference, a concept that is very close to cognitive inhibition (Nigg, 

2000). A common message of all these theories in the literature is that inhibition consists of 

several related but distinguishable processes, and similar to the EF, it cannot be considered as 

a unitary construct. However, the relation and possible interactions of these subprocesses has 

remained unclear. 

The prominent study of Friedman and Miyake (2004) investigated the relation among 

inhibitory functions from a psychometric perspective, by using latent variable approach (CFA 

and SEM). This study was an attempt to empirically validate the proposed taxonomies 

(especially, that of Nigg). Three latent variables were examined: Prepotent Response 

Inhibition (PRI; ~behavioral and oculomotor inhibition), Resistance to Distractor Interference 

(RDI; ~interference control), and Resistance to Proactive Interference (RPI; ~cognitive 

inhibition). An Antisaccade, a Stop-signal, and a Stroop task were the manifest variables of 

PRI; Eriksen flanker, word naming, and shape matching measured RDI; and a Brown-

Peterson task variant, an AB-AC-AD paradigm, and a cued recall task grasped RPI. 

According to the comparison of various CFA models, PRI and RDI were strongly connected 

to one another, but they did not relate to RPI. Therefore, PRI and RDI were collapsed into a 

single latent variable (Response-Disctractor Inhibition). SEM was used to clarify how these 

factors contribute to other, more complex inhibitory related tasks. Performance on Random 

Number Generation and task-switching, and the score of everyday cognitive failures was 

associated with Response-Distractor Inhibition. Indicators of reading span and unwanted 

intrusive thoughts were connected to the construct of RPI. The authors suggested that the 

common aspect between PRI and RDI is that both are involved in suppressing interference 

arising from external stimuli. The results also confirmed that behavioral and cognitive 



17 

inhibition is rather independent (Friedman & Miyake, 2004). Importantly, the specific 

attributes of impaired inhibition affecting various clinical syndromes could be essentially 

different, and it is unresolved which aspects of inhibition should be investigated. 

In the empirical chapters of this dissertation, two subprocesses are more relevant and 

investigated deeper: response inhibition and interference suppression. Briefly, response 

inhibition refers to the ability to suppress prepotent behavioral responses, while interference 

suppression refers to the ability to prevent interference originating from stimulus competition. 

This is in line with the notion that tasks measuring response inhibition demand 

nonselective/peripheral inhibition (to stop all active response processes), and tasks measuring 

interference suppression require selective inhibition (to stop certain processes) (Brydges et al., 

2012; R. de Jong, Coles, & Logan, 1995). At the behavioral level, response inhibition (~PRI) 

and interference suppression (~RDI) is not necessarily separable (Friedman & Miyake, 2004). 

However, the dissociation of these subprocesses has been confirmed by different methods. A 

hybrid Go/No-Go and flanker task (involving congruent, incongruent, and No-Go trials) 

confirmed that interference suppression and response inhibition are separable processes since 

the peak latency of N2 (broadly indicating cognitive control) was delayed approx. 100 ms for 

the incongruent flanker trials compared to No-Go trials, indicating that interference 

suppression requires more time than response inhibition (Brydges et al., 2012). This 

contradicts the notion that interference suppression is the early stage of inhibitory control, 

while response inhibition is the later one (Bryce et al., 2011, see also Chapter 2 and 5). 

Nevertheless, some behavioral evidence also supports the separation of these main inhibitory 

subprocesses. Bilingual children (4 to 8 years) outperformed their monolingual peers in tasks 

requiring control over simultaneously active, bivalent displays of task-relevant and task-

irrelevant features (Simon task), whereas they showed comparable efficacy in response 

inhibition tasks that required to overcome a habitual response given to univalent displays 

(day-night Stroop, same/opposite decision in a modified Simon task) (Martin-Rhee & 

Bialystok, 2008). This advantage could result from the experience of bilingual children in 

switching between two active language systems and ignoring the competing response options. 

The different developmental trajectory and the different underlying prefrontal areas of these 

subcomponents were demonstrated in the fMRI study of Bunge, Dudukovic, Thomason, 

Vaidya, and Gabrieli (2002) with children (8-12 years) and adult participants. The 

subcomponents were implemented in a hybrid Go/No-Go and flanker task (involving 

congruent, incongruent, neutral, and No-Go trials). In successful trials requiring interference 

suppression, children activated the left ventrolateral PFC, while adults activated the same 
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region in the right hemisphere. The activation of the anterior insular cortex was also present in 

both groups. In successful trials requiring response inhibition, only the posterior regions were 

active in children instead of posterior and also prefrontal regions which were active in adults. 

The activity of regions during interference suppression did not correlate with the performance 

during response inhibition. In sum, it is worth considering to measure interference 

suppression and response inhibition separately by means of ERPs, as well (see also Chapter 2 

and 5). 

As I have highlighted, the effect of motivation and punishment should be considered 

in understanding inhibition. This notion is also relevant to other subprocesses of the EF as I 

will demonstrate in the next section.  

 

4. The separation of cool and hot executive functions 

The several aspects of EF could be assigned to “cool” (cognitive) and “hot” (affective) 

EF subsystems. While this functional subdivision is probably well-known, it is often 

neglected in the classical EF literature. Behavior regulation in emotionally or motivationally 

significant situations, decision making with important consequences to day-to-day life, and 

appropriate social functioning are all considered as aspects of the hot EF (Bechara, Damasio, 

Damasio, & Anderson, 1994; Kerr & Zelazo, 2004; Zelazo, Qu, & Kesek, 2010). A 

distinction between the underlying neural substrates has also been made linking cool EF 

predominantly to the DLPFC, while associating hot EF predominantly with the OFC or 

VMPFC (see above). Nevertheless, the cool/hot subdivision is not unambiguous and these 

aspects are not clearly separable (Kerr & Zelazo, 2004). For instance, emotional stimuli could 

increase the efficiency of conflict resolution by recruiting the ventral ACC (Kanske & Kotz, 

2011). It is highly probable that an EF task measuring only cool or only hot aspects of the EF 

cannot be designed. Moreover, it is not necessarily needed to separate cognitive and 

motivational/emotional processing in laboratory tasks, since the adequate interplay of these 

subsystems determines behavior and performance in real-life situations. At the same time, in 

order to better understand the specific role of these processes, we could attempt to emphasize 

one aspect or the other in a certain paradigm by manipulating reward context and task 

engagement.  

Several tasks have been developed to measure affective or risky decision making, 

including variants of the Iowa Gambling Task (IGT; Bechara et al., 1994; Bechara, Damasio, 

Tranel, & Damasio, 2005) that are also used in the investigation of impulsivity in clinical and 
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nonclinical samples (for a review about clinical groups, see Dunn, Dalgleish, & Lawrence, 

2006; Takano, Takahashi, Tanaka, & Hironaka, 2010; Upton, Bishara, Ahn, & Stout, 2011; 

Zermatten, Van der Linden, d'Acremont, Jermann, & Bechara, 2005), the Game of Dice Task 

(GDT), the Cambridge Gamble Task (CGT; Clark, Cools, & Robbins, 2004), and the Balloon 

Analogue Risk Task (BART; Lejuez et al., 2002). These tasks are similar in many aspects, 

however, important differences exist in terms of their learning requirements and of the 

explicitness of outcome probabilities (Bechara et al., 2005; Brand, Labudda, & Markowitsch, 

2006). In these tasks, participants are always instructed to maximize their reward. 

When performing the original version of the widely known IGT, participants could 

choose from four different card decks (Bechara et al., 1994; Upton et al., 2011). Each card 

selection is associated with a fixed reward and an occasional punishment. The amount of 

reward is fixed within each deck (e.g., +50, +100), but punishments vary unpredictably. 

While “A” and “B” decks are advantageous, “C” and “D” decks are disadvantageous in terms 

of overall gain in the long run. The former decks offer larger gains but also larger losses, 

while the latter ones offer smaller gains and smaller losses. No information is provided about 

the decks, and participants have to learn by trial and error which decks are advantageous. 

In the GDT, participants throw a virtual die 18 times to maximize their stating capital. 

Before each throw, they have to guess which number between 1 and 6 will occur next. Four 

different alternatives are presented which are related to different gains/losses and winning 

probabilities. Specifically, they can choose that the actual throw will end in a number that is 

equal to a single number (e.g., 5), or contains a number from the presented combination of 

two (e.g., 3 and 5), three, or four numbers. As the winning probability increases across 

alternatives, the gain associated with each alternative decreases. Before starting this paradigm, 

participants are explicitly informed about these rules; and after each trial, they receive 

feedback about the outcome of the actual throw, the capital, and the remaining number of 

trials. The alternatives containing three or four numbers are considered advantageous in the 

long run, and the single number or the combination of two numbers are considered 

disadvantageous in the long run (Brand et al., 2006; Schiebener, Wegmann, Pawlikowski, & 

Brand, 2012). The rules are clear and stable during the whole task, therefore, no learning 

component is present in this paradigm.  

Similarly, the structure of CGT doesn not involves learning and the explicit outcome 

probabilities are known. However, participants could not establish long-term strategies in 

order to maximize their score (Brand et al., 2006). In each trial, ten red and blue boxes are 

presented on the screen, and the ratio of blue and red boxes varies. First, participants have to 
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decide whether a token is hidden under a red or a blue box. Then, they have to place a bet on 

the confidence of their choices. The amount of bet is provided by the computer as a 

percentages of the total score in ascending or descending order (Clark et al., 2004; Rogers et 

al., 1999).  

Originally, the BART has been developed to measure risk-taking behavior in 

laboratory setting (Lejuez et al., 2002). In this task, participants are asked to gradually inflate 

an empty virtual balloon presented on a screen. For each successful pump, monetary reward is 

provided. After each pump, participants could choose to stop inflating the actual balloon and 

collect the accumulated reward (which is then transferred to a “permanent bank”), or to pump 

the balloon further and increase earnings. However, if the balloon bursts, the accumulated 

reward is lost, and a new empty balloon is displayed. Importantly, the probability of a balloon 

burst increases with each successive pump, but the regularity that determines balloon bursts is 

unbeknown to participants (Lejuez et al., 2002).4 Therefore, each additional pump is 

considered as a risky choice associated with a temporary reward but a decreased relative gain 

(Lejuez et al., 2002). The BART fits to both the naïve and economic definitions of risk in a 

sense that each successive pump increases the exposure to negative outcome and relates to 

increased variance in the possible outcomes (Helfinstein et al., 2014). Since the exact 

probability of outcomes (balloon burst or balloon increase) is unknown to participants, the 

structure of the task could be more close to everyday risk-taking behavior than that of the 

IGT, GDT, and CGT. 

Risky behavior on the BART (higher number of pumps) explained a small but 

significant portion of variance (6%) of delinquent real-world risky behavior (alcohol use, 

gambling, occasional stealing) after controlling for demographics and other measures of self-

rated impulsivity and arousal seeking. Performance on the BART also explained variance of 

substance use and risky sexual behavior in the same degree (4%). Correlations between 

Barratt Impulsiveness Scale total score, Eysenck Impulsiveness Scale, Sensation Seeking 

Scale, and BART performance were low to moderate (.24 to .35), suggesting that the concepts 

measured by these instruments only partially overlap (Lejuez et al., 2002).  

Since its first appearance, the BART has been extensively used in behavioral and 

fMRI studies with various samples (e.g., Fukunaga, Brown, & Bogg, 2012; Helfinstein et al., 

2014), and it was proved to be a valid and reliable tool to assessing risky behavior (Crowley 

                                                 
4 Several parameters of the BART can be modulated (e.g., pseudo-random popping threshold, magnitude of 
reward, increment of reward, level of riskiness, etc.). The task used in this dissertation is also a modified BART 
that is described in Chapter 5.  
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et al., 2009; Euser, Greaves-Lord, et al., 2013; Lejuez, Aklin, Zvolensky, & Pedulla, 2003). 

The BART has repeatedly been used to measure different aspects of trait impulsivity defined 

by laboratory tasks and self-report measures (e.g., Reynolds, Ortengren, Richards, & de Wit, 

2006, see also section 7.1.2; Vigil-Colet, 2007; Webster & Crysel, 2012). However, only a 

limited number of studies investigated the ERP correlates of BART performance (e.g., Euser, 

Greaves-Lord, et al., 2013; Euser, van Meel, Snelleman, & Franken, 2011; Fein & Chang, 

2008; Hassall, Holland, & Krigolson, 2013).5  

It is likely that performance on the BART depends on intact EF. Decision uncertainty, 

which is a common aspect of certain hot EF tasks, occurs in conditions where individuals 

could choose from several responses, but none of them is considered more advantageous than 

the others, since no sufficient information is available about the outcome probabilities. 

Therefore, such conditions activate several response tendencies at the same time leading to 

response conflict (Ridderinkhof et al., 2004); and its resolution requires intact executive 

control. More specifically, the presence of uncertainty increases the need for monitoring 

ongoing behavior (Mushtaq et al., 2011), which is an essential aspect of self-regulation 

(Shiels & Hawk, 2010). The concepts of cognitive control and uncertainty overlap 

considerably in another sense: each involves conditions in which the actual representation of 

the environment does not match the representation of the goal state, and some behavior 

adjustment is needed to achieve a better adaptation to requirements (Mushtaq et al., 2011). An 

optimal performance on the BART requires the integration of bottom-up stimuli (perceptual 

feedback) to previous reinforcement history, and some calculation of possible gains and 

losses associated with subsequent behavior. When outcome probabilities are unknown and 

largely unpredictable, the enhanced processing of actual events might denote the adaptive 

strategy to fulfill task goals. Therefore, investigation of feedback-related ERP components 

(see section 6.1) could shed light on the common aspects of cognitive control and uncertain 

decision making (Mushtaq et al., 2011). For all these reasons, it seems reasonable to test 

feedback processing in the BART.  

However, individual differences in EF and in the level of arousal, and the actual 

(social) context in which the BART is presented could influence participants’ task-solving 

strategies and performance. Moreover, in light of the argumentation presented so far, we 

might state that a unifying model of the EF which considers all these factors is still lacking. 

Next, I will describe an approach that attempts to manage this shortcoming.  

                                                 
5 These are detailed in section 6.1. 
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5. The cognitive-energetic model (CEM) 

In this section, I describe a comprehensive model which integrates multiple EF 

subcomponents, explains the impact of task-related and state-related factors (task difficulty, 

task-engagement, level of motivation and arousal) and provides testable hypothesis for 

research.  

The cognitive-energetic model (CEM) of human information processing, stress and 

arousal was originally suggested by Sanders (1983), and in a more comprehensive version it 

was proposed as a general theoretical framework for the conceptualization and research of 

atypical functioning in ADHD (e.g., Sergeant, 2005).6 The CEM is a hierarchical information 

processing model that covers both top-down (executive) and bottom-up processes (see Fig. 

1.1). The CEM supposes that efficient information processing depends on the computational 

mechanisms of attention and on state factors, which are monitored by an evaluation 

mechanism (or the EF). Structurally, the model assumes three, inter-related levels of 

processing.  

The first level comprises the broader stages of information processing mechanisms: 

encoding that consists of tightly associated but separable subprocesses (stimulus 

preprocessing and feature extraction), decision or response choice (a.k.a. central processing), 

and response/motor organization or motor adjustment.7 These are all related to and can be 

manipulated by experimental variables: stimulus intensity affects stimulus preprocessing, 

signal quality affects feature extraction, stimulus-response (S-R) compatibility affects 

response choice, and time uncertainty affects motor adjustment (Sanders, 1983).  

The second level includes three energetic pools: arousal, effort, and activation. Effort 

is the energy necessary to fulfill task requirements, and it is affected by cognitive load. Effort 

has the function of inhibiting and activating the other two energetic pools if the current state 

of the individual does not meet the actual need of the task. Moreover, effort is also directly 

linked to response choice. Arousal and activation are basal energetic supply mechanisms that 

are related to input and output processing stages, respectively. Arousal is a stimulus-locked 

tonic response affected by signal intensity and novelty, whereas activation is a phasic 

physiologic readiness to respond, and affected by preparation, alertness, time of the day, and 

                                                 
6 A concise description of the original model can be found in Chapter 2. 
7 The exact label and subdivision of these processes differs in the referred studies, therefore, I denote all versions 
in the text. The process of “search” was also included among the computational stages, and it was placed 
between encoding and central processing in the work of Sergeant (2000, 2005). Originally, computational 
processing stages were derived by the means of additive factor method. 
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time on task.8 The effort pool has been linked to the hippocampus, the arousal pool to the 

mesencephalic reticular formation and the amygdala, and the activation pool has been 

associated with the basal ganglia and the striatum (Sergeant, 2005). The closely connected 

effort and activation pools have a considerable effect on motor adjustment, and effort could 

uncouple input connected to arousal from response in order avoid automatic, though 

inappropriate responding.  

However, performance improves only at a moderate level of cognitive load. Higher 

required effort may induce over-arousal or over-activation, while a low effort level may 

induce under-arousal or under-activation (Yerkes & Dodson, 1908). Therefore, the CEM 

predicts an inverted U relation between required effort and behavioral indices: More accurate 

and faster response style in case of medium effort than in case of high or low effort. 

Correspondingly, at the neurobiological level, the arousal pathways influence the functions of 

the DLPFC, which is characterized by the same inverted U-shaped dose-response dependence 

on the levels of dopamine and norepinephrine. DLPFC functions regulating inhibitory control 

are impaired during stress, when the release of the above mentioned catecholamines are very 

high (Arnsten & Rubia, 2012).  

The evaluation mechanism or “management” at the third level of the model receives 

feedback about the state of activation and arousal pools and from the behavioral response (the 

level of performance on a cognitive level). It is responsible for planning, monitoring, as well 

as detection and correction of errors. In this manner, the suboptimal state of the individual is 

detected by the evaluation mechanism, and compensated for by the effort pool. This level of 

the CEM is associated with the PFC. However, one out of the many limitations of the CEM is 

that the evaluation mechanism does not have a clear definition despite it encompassing self-

monitoring and adaptive control processes (Shiels & Hawk, 2010).  

The role of feedback appears in the model from another aspect, as well. The effort 

pool encompasses such factors as motivation, and (external) reinforcement contingencies are 

assumed to influence this pool by inducing the necessary energy to meet task requirements. It 

is also implicated in the model that performance improves under response reward or response 

cost in case of deficient effort allocation (Luman, Oosterlaan, & Sergeant, 2005). However, 

no predictions follow from the CEM about the characteristics (e.g., magnitude, timing, 

salience) of a successful reinforcer. 

                                                 
8 Sergeant (2000, 2005) applies a reversed taxonomy: arousal is a phasic responding, and activation is associated 
with tonic readiness. However, I follow the terminology proposed by Johnstone, Watt, and Dimoska (2010). 
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Even though the CEM suffers from partial incompleteness (e.g., what are the exact 

underlying neural networks of this model) and undefined concepts (e.g., effort, evaluation 

mechanism), it could provide assumptions for basic and clinical research. Therefore, in the 

next section, I review some relevant electrophysiological correlates of executive functions 

that could also indicate different stages of the CEM. 

 

 
Fig. 1.1. The cognitive-energetic model (CEM) after Sanders (1983) and Sergeant (2000). 

  

6. ERP correlates of executive functions 

ERPs could provide further insight to the nature of executive functions. Several 

different ERP components could be regarded as neural correlates of the EF. The most referred 

components are related to performance monitoring and to adjustment of ongoing behavior. 

Adaptive control also involves learning from experiences, which implies the modification of 

one’s own actions in light of their past consequences to maximize reward and minimize 

punishment (Sonuga-Barke, 2011). Therefore, detection and evaluation of internal and 

external negative feedback plays a fundamental role in guiding human learning and behavior. 

Accordingly, feedback-related negativity (FRN) and error-related negativity (ERN) 

components are introduced first. 

 

6.1. The feedback-related negativity (FRN) and related components 

 The feedback-related negativity (FRN) is a frontocentral or medial frontal negative 

deflection occurring 250-270 ms after the onset of a negative feedback.9 The average 

                                                 
9 This component is a.k.a feedback negativity (FN; Yeung & Sanfey, 2004), feedback(-related) error-related 
negativity (fERN; Fein & Chang, 2008), outcome-related negativity (ORN; Kamarajan et al., 2009), and medial-
frontal negativity (MFN; Gehring & Willoughby, 2002). The labels attached to this component denote the 



25 

amplitude of this waveform is between 5 and 10 μV, and it is usually isolated by subtracting 

the positive feedback-locked waveform from the negative feedback-locked waveform 

(Nieuwenhuis, Holroyd, Mol, & Coles, 2004). Actually, this potential could be present either 

after positive feedback or after negative feedback, but following negative feedback the FRN is 

usually more negative. Negative feedback should be understood as an unwanted or 

unfavorable event in a given context for a given participant (Nieuwenhuis, Holroyd, et al., 

2004; Walsh & Anderson, 2012). The FRN was first introduced in the electrophysiological 

literature by Miltner, Braun, and Coles (1997). In their time estimation paradigm, after 

presenting a warning cue, participants were required to estimate the duration of a 1s interval 

by pressing a button. A feedback stimulus was displayed 600 ms after the response indicating 

whether their estimate was correct or incorrect (i.e., the response was not within a criterion). 

The probability of both feedback types was 50% since a time window around 1s was 

adaptively adjusted to determine response accuracy (if the participant’s performance 

improved, the criterion became more strict). Although the modality of feedback (auditory, 

visual, somatosensory) varied block-wise, the FRN for incorrect performance appeared 

independent of stimulus modality. The latency of the peak varied across modalities (shortest 

to longest: somatosensory, auditory, visual); the amplitude of the peak was the smallest in the 

somatosensory modality, and modalities also differed as a function of scalp distribution. 

Equivalent dipole analysis suggested that the source of this scalp potential could be localized 

to the ACC or to the supplementary motor area (Miltner et al., 1997).  

In another context, the medial-frontal negativity (MFN) appeared about 260 ms after a 

feedback indicating monetary gain or loss in a gambling task (Gehring & Willoughby, 2002). 

In this task, participants chose between two squares which contained two alternatives (5 and 

25 cents). One second later, each square randomly turned to red or green, meaning that the 

participant won or lost the chosen amount. The MFN component was larger following losses 

than following gains, and it was source localized to the ACC. The square that was not chosen 

turned to red or green at the same moment when the other square changed. Therefore, 

participants had the possibility to check the alternative outcome (that would have happened if 

they had chosen the other square). Correctness of the choice was defined as a function of the 

alternative choice: a loss of 5 cents, when the other square contained a loss of 25 cents, 

corresponded to the correct choice. However, the MFN was insensitive to performance 

information (whether the choice was correct or incorrect), and therefore, the authors 

                                                                                                                                                         
paradigm in which it has been elicited (error-related paradigm, gambling paradigm), or the brain area of its 
origin. The term “outcome” indicates the general reinforce value of a feedback stimulus. 
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suggested that the MFN did not simply reflect error detection, or the mechanism of an error 

detection system, and by this reason, it might not be functionally identical to the ERN (see 

section 6.2) of FRN. To the contrary, the study of Nieuwenhuis, Yeung, Holroyd, Schurger, 

and Cohen (2004) demonstrated that the MFN was not only sensitive to the utilitarian 

information (gain/loss), but also to the performance value of the outcome (correct/incorrect), 

if the most salient aspect of the feedback (i.e., its color in this context) conveyed information 

about the correctness of the choice. The MFN amplitude was more negative in “Gain & 

Error” and “Loss & Error” conditions compared to “Gain & Correct” and “Loss & Correct” 

conditions. According to these findings, it is feasible that these ERPs indicate that ongoing 

events are worse than expected (see below). In addition, the MFN is considered equivalent to 

the FRN. In order to eliminate the confound of the error/correct dimension, and to measure 

purely the gain/loss dimension, a single outcome gambling (SOG) task was developed (e.g., 

Gu, Huang, & Luo, 2010; Kamarajan et al., 2009; Kamarajan et al., 2008; Onoda, Abe, & 

Yamaguchi, 2010). In the SOG, participants have to select one of two numbers (10 or 50) 

displayed as part of the choice stimulus, then the selected amount appears as the outcome 

stimulus either in green/red, indicating gain/loss. At the same time, the gain/loss aspect of the 

alternative choice remains unknown for the participants. 

The reinforcement learning theory of the error-related negativity (RL-ERN theory; 

Holroyd & Coles, 2002) provides a general framework for the underlying neural structure and 

for the functional relevance of the FRN and ERN. According to this theory, the midbrain 

dopamine system (in the ventral tegmental area [VTA]) monitors outcomes in order to 

determine whether the events that happened are better or worse than expected. The firing rate 

and projections of the dopamine neurons located in the VTA serve a basis for the 

reinforcement learning system whose impact is reflected in the FRN and ERN components. 

Positive/negative prediction errors induce phasic increase/decrease in dopamine firing rates. 

Prediction errors are sent to the basal ganglia where they are used to update expectations. 

Moreover, prediction errors are sent to cortical structures, as well, in order to combine reward 

information with further actions. Specifically, the FRN reflects the impact of dopamine 

signals on the motor neurons of the ACC (Walsh & Anderson, 2012). If outcomes are worse 

than expected, the phasic decreases in dopamine firing rate disinhibits ACC neurons, which 

results in a more negative FRN. Contrarily, if outcomes are better than expected, the phasic 

increases in dopamine activity inhibit ACC neurons that results in a more positive FRN. It has 

been suggested that the dorsal region of the ACC contributes to a high-level cognitive control 

of motor behavior, especially by using reward-related information to guide action selection 
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(e.g., Baker & Holroyd, 2009, 2011; Nieuwenhuis, Holroyd, et al., 2004; Ridderinkhof et al., 

2004). In fact, the ACC is part of a larger system responsible for reinforcement learning, and 

the error signals influence the projections of neurons in the ACC and PFC. Error signals train 

the ACC to recognize the appropriate motor controller which manages the motor system in 

order to improve task performance (Holroyd & Coles, 2002). Moreover, given their rich 

functional and anatomic projections, the midbrain dopamine system and the ACC with the 

surrounding neocortex (the medial frontal cortex) provide a gate for motivationally significant 

information towards the limited-capacity control systems in the PFC (e.g., J. D. Cohen, 

Braver, & Brown, 2002; Potts, Martin, Burton, & Montague, 2006). In the classical 

probabilistic learning paradigm, when responses were rewarded or penalized at random (50% 

S-R mapping), the FRN was consistently elicited by negative feedback during the whole 

experiment (Holroyd & Coles, 2002). 

Although some predictions of this dominant theoretical model has been confirmed by 

human/animal experiments and computational models (Hajcak, Moser, Holroyd, & Simons, 

2007; Holroyd & Coles, 2002; Walsh & Anderson, 2012), new approaches on feedback-

related learning have been suggested. The following problems should be considered (for 

details, see M. X. Cohen, Wilmes, & Vijver, 2011). Some evidence shows that the FRN has 

several neural generators throughout the frontal cortex. Furthermore, since suitable tools for 

manipulating the human dopamine system are not accessible at the moment, it is difficult to 

test whether phasic changes of the dopamine signal directly modulates ACC neurons, and 

whether the FRN without doubt reflects the impact of these reward signals. Many of the FRN 

studies address neither the issue of how learning takes place, nor the nature of learnt 

representations; they confine to understand the mechanisms of how the brain signals the need 

for change in behavior (i.e., the FRN), and/or the impairments of these processes (M. X. 

Cohen et al., 2011). 

An extension of the RL-ERN theory is the predicted response-outcome (PRO) theory 

(Alexander & Brown, 2010), which attempts to be a synthesis of several discrepant 

monitoring and cognitive control models of processes associated with the MFC. The first 

component of this model predicts the possible outcomes of an action based on past 

experiences, and the second component detects discrepancies between the actual and the 

predicted (rather than the intended) response outcomes. Then, the discrepancy signals update 

the outcome predictions. Importantly, this theory does not differentiate between desirable and 

undesirable outcomes, and it does not assume that the comparative mechanism depends on 

dopaminergic error signals. Accordingly, the MFC also signals unexpected and unusual 
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positive outcomes (e.g., when incorrect responses are frequent in a task, and occasionally, 

participants give correct responses). I will return to the matter of positive outcomes in the 

General discussion. 

 After the presentation of a negative feedback, and following the FRN, one or more 

positive deflections usually occur.10 Some evidence suggests a double dissociation between 

the functions of the feedback P3 and the FRN (e.g., Hajcak, Holroyd, Moser, & Simons, 

2005). The study of Yeung and Sanfey (2004) used a similar gambling paradigm to that of 

Gehring and Willoughby (2002) with minor modifications, and showed that the P3 was 

sensitive to reward magnitude (greater for large outcomes), but not to reward valence, while 

the FRN was sensitive only to reward valence. Only the P3 was sensitive to the reward 

magnitude of the alternative outcome (increased amplitude for larger outcome). The FRN 

amplitude of those participants who tended to choose again the risky alternative after losses 

was larger than of those who showed this compensatory choice strategy in a lesser degree. At 

the same time, P3 amplitude (calculated as the difference of waveforms elicited by large gain 

and large loss alternative outcomes) was larger in participants showing a greater adjustment in 

their behavior after they failed to select the large gain. Accordingly, the FRN is thought to 

reflect an early, rapid evaluation of the affective or motivational impact of the feedback, while 

the feedback-related P3 reflects a later, attention-sensitive, more elaborated evaluation of the 

functional and motivation significance of the outcome stimulus (Euser, Greaves-Lord, et al., 

2013). 

Several variables influence the appearance and the amplitude of the FRN. Different 

types of tasks have been used to elicit the FRN, highlighting different aspects of its functional 

significance. In gambling or guessing paradigms (e.g., Gehring & Willoughby, 2002; 

Holroyd, Baker, Kerns, & Muller, 2008; van Meel, Oosterlaan, Heslenfeld, & Sergeant, 

2005), an uncertain or risky decision making situation is presented to participants, and S-R-O 

(stimulus-response-outcome) contingencies are usually determined by random or 

pseudorandom sequences. Therefore, information on performance can be derived only on the 

basis of feedback. In probabilistic learning tasks (see also 7.1.2), participants have to infer the 

regularity behind S-R-O contingencies in order to achieve the task goal (Groen et al., 2008; 

Holroyd & Coles, 2002). It is probable that violating expectations (reward predictions) is 

critical in evoking the FRN, and probabilistic learning tasks are suitable to establish 

expectations according to previous reinforcement history.  

                                                 
10 I only mention the P3 here, the late positive potential (LPP) is described later in section 7.2.2. 
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The previously described BART task is an illustrative example of how characteristics 

of a simple gambling task and of a probabilistic learning task can be combined to measure 

feedback processing. Among the few studies investigating the ERP correlates of risk-taking 

using this task, the FRN and P3 components were examined. However, some studies failed to 

find an FRN after the presentation of a negative feedback, especially, when the modified 

automatic version of the BART was used (Euser, Evans, Greaves-Lord, Huizink, & Franken, 

2013; Euser, Greaves-Lord, et al., 2013). Meanwhile, reduced P3 amplitudes for both 

negative and positive feedback during the BART was shown in high risk male adolescents 

whose parents had substance use disorder, and this effect could not be better explained by 

repeated substance use (Euser, Greaves-Lord, et al., 2013). The P3 for negative feedback was 

also reduced in a group of participants receiving alcohol compared to the placebo control 

group (Euser et al., 2011). Both of the latter results suggest that substance use deteriorates 

later, more elaborative phase of feedback processing, i.e., the ability to process motivationally 

or emotionally salient events, at least the unpleasant ones. In another study, the amplitude of 

P3 was sensitive to two types of strategies used in the BART: it was larger for explorative 

behavior (trials on which the response time was longer) compared to exploitative behavior 

(trials on which the response time was shorter) (Hassall et al., 2013). 

Predictive cues can be used to generate expectation in gambling tasks, as well (e.g., 

the participants have to guess which door hides a prize on the basis of a cue that signals the 

chance of winning, see Hajcak, Holroyd, et al., 2005; Hajcak et al., 2007). Some evidence 

suggested that FRN was larger after unpredicted outcomes, but only if predictions were made 

after the choice (Hajcak et al., 2007), making the action-outcome association more salient. 

Meanwhile, it is also likely that the FRN reflects only the binary (good vs. bad) evaluation of 

outcomes, irrespective of their magnitude and expectedness (e.g., Hajcak, Holroyd, et al., 

2005; Hajcak, Moser, Holroyd, & Simons, 2006). This issue raises the question of which type 

of outcome is considered good/bad, and how this generic error detection system evaluates 

neutral outcomes or those of medium sized magnitude. Moreover, the evaluation of outcome 

could be combined with the investigation of different outcome expectancies as proposed by 

the RL-theory (Simons, 2010). 

Besides the findings of Nieuwenhuis, Yeung, et al. (2004), some other pieces of 

evidence can confirm the context dependence of FRN amplitude: Its amplitude varies as a 

function of other possible outcomes assigned to the remaining response options (Hajcak, 

Moser, Holroyd, et al., 2006; Holroyd, Hajcak, & Larsen, 2006; Holroyd, Larsen, & Cohen, 

2004). For instance, all outcomes indicating the lack of monetary reward (small or large 
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losses, zero reward) evoked a similar FRN in magnitude (Hajcak, Moser, Holroyd, et al., 

2006). Previously, non-reward event evoked an FRN if other outcomes indicated small or 

large gains, but it did not if other outcomes indicated small or large losses (Holroyd et al., 

2004). These results show that participants evaluate events in a context-dependent manner 

and in a binary fashion. However, the work of another research group using a different 

paradigm showed that expected reward magnitude (i.e., the magnitude of reward prediction 

error) modulated the FRN amplitude (Bellebaum, Polezzi, & Daum, 2010), which is actually 

in line with the assumptions of the RL-theory. 

Nevertheless, it is probable that an FRN could not be elicited in simple two-choice RT 

paradigms in which feedback is consistent (valid) with performance, since errors are easily 

detectable and participants do not need to rely on external feedback instead of internal 

feedback. In addition, the effect of expectation is minimized, as well.   

Another medial frontal component, which occurs 200-300 ms after the onset of the 

stimulus, is the anterior positivity (P2a) or frontal selection positivity (FSP; a.k.a. frontal 

polar component [FP]) which reflects the early attentional selection of task-relevant 

perceptual items (Potts, Martin, et al., 2006). In a feedback-related context, the function 

mirrored by the P2a is the attention-facilitation elicited by rewarding and punishing feedback, 

or the integration of motivation information (Groen, Tucha, Wijers, & Althaus, 2013). The 

spatio-temporal distribution and the estimated MFC source of P2a is similar to that of the 

FRN, however, the P2a has not been associated with the monitoring of ongoing behavior 

(Potts, Martin, et al., 2006). In a passive S1/S2 design, where participants simply observed 

predicted/unpredicted rewards/non-rewards, the P2a was the most positive for unpredicted 

rewards, while the FRN was the most negative for unpredicted non-rewards (Potts, Martin, et 

al., 2006). Importantly, passive observation of errors or negative feedback delivery is 

sufficient to evoke FRN, however, its amplitude is larger for volitional actions (see also Fein 

& Chang, 2008; Martin & Potts, 2011; Picton, Saunders, & Jentzsch, 2012).   

In the same time window, another ERP component with negative polarity should 

appear for the feedback stimulus, the N2, which is related to conflict processing (Folstein & 

van Petten, 2008). The study of Warren and Holroyd (2012) dissociated FRN and N2 

components by varying deliberative strategy in a set of four experiments. When active 

learning and decision making was needed, the FRN was the largest, while in passive 

observing, N2 was the largest. The deviance-related subcomponent of frontocentral N2 could 

intermix with the FRN in visual experiments when outcome probabilities are manipulated (for 

details, see Folstein & van Petten, 2008). Moreover, it has been proposed that this anterior N2 
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is produced by the ACC (van Veen & Carter, 2002), which further complicates the 

differentiation of these components.  

In the next section, I will turn to another ERP component that is similar to the FRN 

and also indicates performance errors. 

 

6.2. Error-related negaitivity (ERN/Ne) and Pe  

The error-related negativity (ERN) or response-related ERN peaks 50-100 ms after an 

erroneous response above the midline frontal electrode sites with an average amplitude of 5-

10 μV (for a recent review, see Gehring, Liu, Orr, & Carp, 2012; see also Simons, 2010). It 

was first described in speeded choice RT tasks (flanker task, visual discrimination task) by 

Gehring, Goss, Coles, Meyer, and Donchin (1993), and independently, by Falkenstein, 

Hohnsbein, Hoormann, and Blanke (1991) who labeled this component as Ne (error-

negativity).11 The functional significance and cognitive background of the ERN has been 

described by various theories: (1) mismatch theory, (2) conflict monitoring theory, (3) 

reinforcement learning theory, and (4) motivational significance theory (for a review, see 

Olvet & Hajcak, 2008); all of which has been confirmed by more or less experimental data 

(Gehring et al., 2012). The ERN can be elicited for various types of errors, including 

bimanual or unimanual hand (or finger) movements, eye (Nieuwenhuis, Ridderinkhof, Blom, 

Band, & Kok, 2001) and foot (Holroyd, Dien, & Coles, 1998) movements, irrespective of the 

modality of stimuli (Gehring et al., 2012). Besides classical EF tasks (Go/No-Go, flanker, 

Simon task) the ERN has also occurred in a lexical decision task (Horowitz-Kraus & 

Breznitz, 2008), in which one response option corresponded to the correct answer, the other to 

the incorrect one for a given trial. Therefore, it seems that the ERN reflects the functions of a 

generic error processing system (probably situated in the ACC). Specifically, the ERN is 

related to cognitive control as it rapidly signals the need for implementing behavioral 

adjustment. 

According to the mismatch theory, the ERN represents the error detection mechanism. 

More specifically, a mismatch (discrepancy) is detected between the actual (erroneous) and 

indented (required or correct) behavioral response (e.g., Falkenstein et al., 1991; Falkenstein, 

Hoormann, Christ, & Hohnsbein, 2000). The representation of the actual response is an 

                                                 
11 In Chapter 3, we refer to this component as Ne, but in this chapter and in the General discussion, I use the term 
ERN. The reason for this discrepancy is that the manuscript on the basis of which Chapter 3 was written was 
submitted to a journal where Ne is the preferred nomenclature.  
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efference copy of the movement command, and the representation of the correct response is 

derived from further stimulus processing (Gehring et al., 2012).  

Instead of a comparator mechanism, conflict monitoring theory emphasizes the 

tracking of response selection when multiple competing responses are active, and it treats 

errors as a specific type of response conflict (Botvinick et al., 2001; Carter et al., 1998; Olvet 

& Hajcak, 2008). It proposes that a conflict arises between erroneous response tendency and 

error-correcting correct response tendency. This monitoring function has been linked to the 

ACC, which has also been active on correct trials in the presence of response conflict (i.e., in 

case of incongruent/incompatible conditions), indicating that response conflict would 

potentially yield erroneous responses (Botvinick et al., 2001; Carter et al., 1998). This theory 

pertains that the stimulus-locked N2 and ERN reflect the same or similar functions (Folstein 

& van Petten, 2008; van Veen & Carter, 2002), although the N2 appears before the correct 

response, and thought to indicate the co-activation of correct and incorrect response tendency. 

A small negative deviation appears on the correct trials after response execution, which is 

similar to the ERN in topography and morphology, and has been labeled as correct-response 

negativity (CRN; Vidal, Hasbroucq, Grapperon, & Bonnet, 2000). It is not totally clear what 

process the CRN indicates: the uncertainty of the accuracy of the responses, the presence of 

conflict, or an alarm signal calling for cognitive control (Gehring et al., 2012; Simons, 2010). 

The sensitivity of ERN, CRN, and N2 for conflict manipulation might indicate that all these 

ERPs reflect conflict monitoring, but the conflict per se could appear at different stages of 

stimulus and response processing (Olvet & Hajcak, 2008).  

The RL theory holds that ERN is a learning signal generated in the dopamine-based 

RL system, and indicating that ongoing events (i.e., self-generated actions) are worse than 

expected (Holroyd & Coles, 2002). This signal is later used by the ACC to adjust behavior (a 

more detailed description of this theory can be read in section 6.1). The related first-indicator 

hypothesis predicts that the system is sensitive to the earliest information signaling that 

consequences of a response are better or worse than expected. Therefore, at the beginning of 

an experiment, external feedback is used to evaluate performance, but later, when S-R 

contingencies are learnt, the system could switch to internal monitoring, and could detect an 

error immediately after the incorrect response occurs without waiting for feedback delivery. 

This was first shown by Holroyd and Coles (2002) in a probabilistic learning paradigm, where 

the FRN amplitude decreased while ERN amplitude increased in the 100% mapping condition 

as the blocks progressed (more recently: Baker & Holroyd, 2009; Stahl, 2010).  
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Alternatively, motivational significance theory emphasizes affective consequences of 

response outcomes, and suggests that the ERN mirrors the significance (importance) or 

salience of errors (Hajcak, Moser, Yeung, & Simons, 2005; see also Luu, Tucker, Derryberry, 

Reed, & Poulsen, 2003). Some evidence showed that the amplitude of ERN increased when 

accuracy was emphasized over speed (Gehring et al., 1993), and it was larger after errors in 

motivationally more significant conditions (i.e., when errors indicated a high monetary loss, 

and when performance of the participant was evaluated by the experimenter and compared to 

other participants’ performance, see Hajcak, Moser, et al., 2005). This theory implicates the 

role of individual differences and personality traits in the alteration of ERN, since individual 

sensitivity to errors are influenced by these factors (Olvet & Hajcak, 2008; Simons, 2010). 

The stimulus-locked ERN (the FRN) and the response-locked ERN (described above) 

can be considered as indices of a generic error detection system which is possibly located in 

the pMFC. Different methods (source localization of electrophysiological signals, fMRI, 

magnetoencephalography, intracerebral recording, single-unit activity recording) suggest that 

the possible neural generator of ERN and FRN components is the (dorsal) ACC and the 

neighboring cortical areas (rostral ACC, pre-SMA, SMA, medial frontal gyrus) (Brázdil, 

Roman, Daniel, & Rektor, 2005; Carter et al., 1998; Dehaene, Posner, & Tucker, 1994; 

Gehring & Willoughby, 2002; Keil, Weisz, Paul-Jordanov, & Wienbruch, 2010; Luu et al., 

2003; Miltner et al., 1997).  

The ERN on error trials is often followed by a slow positive wave with centroparietal 

distribution and a peak at 200-400 ms after response, the Pe (error-positivity) (Gehring et al., 

2012; Nieuwenhuis et al., 2001; Shiels & Hawk, 2010). Among processes reflected by the Pe, 

conscious error recognition, more elaborated evaluation of an error, emotional/affective 

response to an error, the accumulated evidence for an error, and the implementation of new 

response strategies have been assumed (Falkenstein et al., 2000; Nieuwenhuis et al., 2001; 

Steinhauser & Yeung, 2012). Pe shows similarities with P3 in morphology, polarity, and 

topography, and it was proposed that it should be considered as part of the stimulus-locked 

parietal P3 (P3b), however, attempts to clarify the relation of Pe and P3 are limited and 

yielded mixed results (Nieuwenhuis et al., 2001). The recent review of Ullsperger, Fischer, 

Nigbur, and Endrass (2014) distinguishes a frontocentral early Pe that might be related to the 

P3a and a more sustained centroparietal late Pe that might be related to P3b. 

In the next section I will describe another ERP component which is more related to 

preparatory processes than to response/outcome evaluation. 
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6.3. The Lateralized Readiness Potential (LRP) 

The Lateralized Readiness Potential (LRP), which is originally a measure of the 

central activation12 of motor responses, could also be regarded as a neural correlate of EF. In 

case of voluntary (intended) movements, a negative-going slow potential appears above the 

central electrode sites contralateral to the response hand, about 1000-1500 ms before the onset 

of the action with an amplitude of 10-15 μV. This “Bereitschaftspotential” or readiness 

potential (RP) was first described by Kornhuber and Deecke (1965). It can also be observed 

for warning cues during the foreperiod in cued RT tasks when the individuals are aware of 

which hand they should use in response to the target stimuli.  

The lateralization/asymmetry of this potential can be seen by subtracting the activity 

recorded over electrode sites ipsilateral to the movement from those contralateral to the 

movement for left and right hands separately. The difference potentials for both hands are 

than averaged, yielding the LRP (Coles, 1989), which was first introduced by Gratton, Coles, 

Sirevaag, Eriksen, and Donchin (1988), and independently by R. de Jong, Wierda, Mulder, 

and Mulder (1988). Precise calculation and other characteristics of the LRP are presented in 

Chapter 2 and 5.13 The RP/LRP is thought to reflect the preparation of a specific motor 

response (e.g., Eimer, 1998; Kutas & Donchin, 1980). Results of intracranial recording in 

monkeys and in patients suggested that the source of this potential might be the precentral 

motor cortex and premotor cortex (for details, see Coles, 1989; Kutas & Donchin, 1980). 

Some other pieces of evidence also suggest that the LRP reflects motor processes (see Eimer, 

1998). The LRP can be derived by stimulus- and also by response-locked averaging (e.g., 

Bender et al., 2012). The first reflects processes prior to response selection, while the latter 

reflects processes between the LRP onset and response execution (Eimer, 1998).14 However, 

the negative activity recorded before an event over frontal and central electrode sites also 

reflects processes other than motor activation. In line with this, the CNV – which is not 

detailed or investigated in this dissertation – observed in warned RT tasks can be decomposed 

                                                 
12 Response activation and response preparation are used as synonyms throughout the dissertation. 
13 Two slightly different methods are available for calculating the LRP: the double subtraction and the averaging 
methods. We use the averaging method in the presented empirical studies (please, see the equation there). The 
formula for the double subtraction: (C3’-C4’)left hand – (C3’-C4’)right hand, where C3 denotes the activity recorded 
over the left hemisphere, and C4 denotes the activity recorded over the right hemisphere. In this case, positive-
going deflections reflect correct response activation, and negative going deflections reflect incorrect response 
activation (R. de Jong et al., 1988). The amplitude values of the LRP obtained with this method are twice as 
large as the values obtained with the other method (Eimer, 1998).   
14 In this dissertation, I focus only on the stimulus-locked LRP. 
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to multiple distinct slow potentials (e.g., reflecting the orientation to warning stimulus and the 

preparation to respond), as well (Gaillard, 1977; Kutas & Donchin, 1980). 

One out of the many applications of the LRP is to study stimulus-response 

compatibility, and to investigate whether information from preliminary stimulus evaluation 

could influence the response system before the overt response is given. Thus, the LRP could 

be another measure of cognitive conflict. In the original study of Gratton et al. (1988), a 

positive shift was observed for correctly responded incongruent trials in an Eriksen flanker 

task (with letter stimuli), demonstrating that an incorrect response activation happened for 

conflicting stimulus arrays (i.e., the flanking letters activated a response tendency conflicting 

with that of target letter). Then, this tendency to respond incorrectly was overridden, and 

ultimately, a correct response was given. This specific characteristic of the LRP has been 

utilized in various Stroop paradigms aimed at investigating cognitive control processes. Until 

now, only three studies used the LRP in Stroop tasks to study incorrect response activation in 

children (Bryce et al., 2011; Szűcs, Soltész, Bryce, & Whitebread, 2009; Szűcs, Soltész, 

Jármi, & Csépe, 2007). The hypothetical LRP wave in the congruent and incongruent 

conditions of a Stroop task are presented in Fig. 1.2. 

 

  
Fig. 1.2. Schematic illustration of LRPs in the congruent and incongruent condition of a Stroop task. Negative-
going deflection indicates correct response preparation, positive-going deflection indicates incorrect response 
preparation. These waveforms are time-locked to the presentation of stimuli. In the incongruent condition, the 
initial incorrect response preparation is followed by a secondary correct response preparation. Several specific 
measures of the LRP could be indentified (see Bryce et al., 2011). 
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The time course of resolving motor response competition/conflict was tracked by the 

LRP in a modified Stroop task (“animal Stroop task”, for details, see Chapter 5) in children 

aged 5.5-8.5 years and adults (Szűcs, Soltész, Bryce, et al., 2009). In this task, the displayed 

physical size of an animal (task-irrelevant stimuli) could interfere with the semantic 

knowledge about its real-life size (task-relevant stimuli). Participants are instructed to select 

which animal is larger in real-life. In adults, the congruent LRP, indicating correct response 

activation, differed significantly from baseline between 320 and 470 ms, and it differed 

between 370 and 496 ms in children. In the incongruent condition, both age groups showed an 

initial positive-going LRP, than a negative-going LRP, indicating incorrect then correct 

response preparation. Similarly, the incorrect activation was significant between 206 and 280 

ms in adults, and between 220 and 334 ms in children, but the amplitude of LRP was positive 

for a broader time window. The secondary correct response activation was apparent between 

344 and 828 ms in adults, and between 532 and 714 in children. Behaviorally, the congruency 

effect (incongruent RT > congruent RT) was stronger for children than for adults, and the 

overall RT was slower (diff: 293 ms) in the child group, as well. The amplitude of incorrect 

response activation was greater for children than for adults, and it was more extended in time. 

In the authors’ interpretation, the LRP results explained the behavioral (RT) congruency 

effects and the overall slowing of children, since congruency did not affect the latency of P1, 

N2, P2, and P3 components, which have been associated with stimulus processing speed. The 

latter components was delayed in children compared to adults in a gradually increasing 

manner, but this difference was not close to that in RT. The congruency effect appeared on 

the amplitudes of these ERP waves in both groups but in different time windows. As the 

speed of stimulus processing did not differ between conditions, it was proposed that the task-

relevant stimulus dimension was successfully selected in both groups, and the obtained results 

were due to the immature inhibitory abilities of children (Szűcs, Soltész, Bryce, et al., 2009). 

In the next study, the same research group investigated the development of inhibitory 

control by using the LRP in 5-year-old and 8-year-old children, as well as in adults (Bryce et 

al., 2011). A slightly modified version of the above mentioned animal Stroop task was used, 

in which a real-life size manipulation was introduced enabling a more detailed analysis of 

processing speed.15 Several parameters of the LRP were used to indicate response preparation 

beyond peak amplitudes and latencies: correct/incorrect response preparation onsets, 

                                                 
15 Three types of animal pictures were used on the basis of their real-life size: small, medium, and large animals. 
Then different pairings were made resulting in small (small-medium, medium-large) and large (small-large) size 
differences between the two animals.    
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cessations, durations, and the transition latency from incorrect to correct motor preparation in 

the incongruent condition. The expected and usual LRP pattern was present in all groups in all 

conditions. The onset of incongruent LRP was earlier than that of the congruent LRP in the 

whole sample. Neither the peak latency of initial LRP peaks, nor its duration differed between 

age groups or conditions, however, the onset latency of initial response preparations were 

later in the child groups than in the adult group. Furthermore, both child groups showed 

increased transition latency compared to adults, and the two child groups did not differ from 

one another. This suggests that response inhibition – the later stage of inhibitory control – 

develops after the age of 8 years. The rather similar timing of initial response preparations 

across the age groups indicate that interference suppression – the earlier stage of inhibitory 

control – was successfully developed by age 5.16 Moreover, the incongruent LRP was robust 

and functionally similar in each age group according to a single-trial analysis.  

The analysis of ERP waves showed that processing of size difference was not slower 

in children, and the peak latencies of components related to perceptual processing were not 

affected by congruency or age. Various in-depth analyses of RTs (z-transformation, log-

transformation, proportional transformation, and ex-Gaussian distributional analysis of raw 

RTs) were conducted, the majority of which showed that congruency effect on RT decreased 

with age (accuracy results showed the same pattern). Interestingly, in the congruent condition, 

the negative deviation was followed by an unexpected positive deviation reflecting incorrect 

response preparation. This could have been due to an increased period of self-checking before 

responding, to different strategies used in task-solving, or to other response-unrelated motor 

cortex activity (for more details, see Bryce et al., 2011, p. 679). Importantly, other behavioral 

or neuropsychological measure of any aspect of the EF was not administered in this study 

challenging the functional and practical significance of the findings. The cognitive control 

profile of those children with mature interference suppression but poorer response inhibition 

is not clear. No conclusion could be made about performance monitoring or updating factors, 

which could be impacted as a consequence of impaired inhibitory skills.  

Specific characteristics of the LRP in regard to cognitive control have been exploited 

in other paradigms. The LRP was able to detect erroneous response priming in the 

incongruent condition of flanker tasks (e.g., Kopp, Rist, & Mattler, 1996; Ridderinkhof & van 

der Molen, 1995). By increasing the spatial distance between target and flankers, the strength 

of this incorrect tendency decreased. Furthermore, when incorrect response keys were pressed 

                                                 
16 The positive-going and negative-going deviation of the incongruent LRP could indicate interference 
suppression and response preparation, respectively; this argument is introduced in Chapter 2 and 5.  
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with strong force, the amplitude of the positive deflection in incongruent LRP was greater 

than in case of medium or weak force (Kopp, Rist, et al., 1996). In a hybrid Go/No-Go and 

flanker task, where flankers of No-Go trials primed left or right hand responses, the LRP 

showed a positive deflection for No-Go trials similar to that for incongruent Go-trials, 

suggesting that specific information of the visual context triggered erroneous response 

tendencies (Kopp, Mattler, Goertz, & Rist, 1996). 

The majority of these LRP findings in Stroop and flanker paradigms could be 

interpreted according to the continuous flow model (C. W. Eriksen & Schultz, 1979). This 

model assumes that stimulus processing consists of perceptual processing and motor 

processing (activation/organization) phases, which do not follow one another in a strictly 

sequential manner. Instead, information about features in the presented stimulus array 

gradually accumulates, and this continuously enters in and influences the motor processing 

phase. The motor response is initiated when motor activity exceeds a certain threshold 

(Gratton et al., 1988). For instance, in the flanker task, participants derive the identity of 

letters or arrows before they extract their relative position. This preliminary perceptual 

evaluation converge information about the dominance of stimuli in the distractor position, 

while the correct identification of the stimulus in the central position terminates later. 

However, in case of the congruent condition, both the initial and complete perceptual 

processing yield correct response tendencies (e.g., Coles, 1989). 

 In line with this framework, partially elaborated perceptual information (i.e., the task-

irrelevant features of incongruent trials) yields perceptual and response conflict, as well. 

Specifically, the source of conflict appearing in the incongruent trials of the Stroop and 

flanker tasks could be between task-relevant and task-irrelevant stimulus dimensions 

(perceptual/cognitive conflict), or it could originate from motor response competition (motor 

conflict) (G. Li, Wang, Duan, & Zhu, 2013; Szűcs et al., 2007; van Veen & Carter, 2002). 

According to previous ERP studies, conflict at both levels of processing might contribute to 

performance deterioration in the incongruent trials (Bryce et al., 2011; Szűcs et al., 2007). 

Moreover, the fMRI study of van Veen and Carter (2005) using a two-choice button-press 

version of the classical Stroop task (with semantically incongruent stimuli and response-

incongruent stimuli) showed that semantic/conceptual conflict and response conflict elicited 

activation in different brain regions. Overlapping activation was present in DLPFC and ACC, 

but response conflict also activated the superior temporal cortex and the thalamus, while 

semantic conflict activated the inferior parietal cortex. This finding strengthens the separation 

of these two types of conflict. Furthermore, characteristics of the two subprocesses of 
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inhibitory control – interference suppression and response inhibition (described in section 3) – 

could correspond to cognitive and motor conflict, respectively (Bryce et al., 2011). 

The continuous flow model partially contradicts the linear stage-like structure of the 

CEM in explaining how the individual processes conflicting information. Nevertheless, the 

main advantage of the CEM is that it could explain the role of energetic factors in information 

processing, which could also alter perceptual and motor processing phases, irrespective of the 

fashion of information flow from one stage to the other. 

  

7. Impairments of executive functions 

 As I have illustrated so far, multiple subprocesses of the EF can be differentiated, some 

of which are reflected in ERP measures. The modulations of these neural indices are regarded 

as possible biomarkers in clinical syndromes and in certain psychological traits in which EF is 

somewhat impaired. Therefore, in the next sections I will describe trait impulsivity and 

childhood ADHD and some ERP evidence suggesting altered performance monitoring and 

behavior regulation in both phenomena. 

 

7.1. (Trait) impulsivity 
7.1.1. The concept of impulsivity 

 Deficient EF have significant and direct impact on day-to-day life, and could cause 

detrimental consequences for the individual. Impulsivity is traditionally considered as a 

consequence of impaired EF (Bari & Robbins, 2013; Franken & Muris, 2006; Stanford et al., 

2009), and the association between impulsivity and EF probably originates from common 

neuroanatomical pathways (e.g., common ventral prefrontal substrates, see Clark et al., 2004). 

More specifically, impulsive acts are often explained as consequences of inhibitory problems 

since irrelevant thoughts, drives, and emotions interfere with the focus required in the current 

situation (Bari & Robbins, 2013). Individuals having higher scores on various measures of 

impulsivity (see below) report more motor vehicle accidents, engage more in extreme 

recreational activity (rock climbing, skydiving) and unsafe sexual practices, have difficulties 

at school and at work, and more likely experience peer rejection and other negative social 

consequences (for a review, see Sharma, Markon, & Clark, 2014). Moreover, impulsivity 

often influences not only the impulsive individual, but also their families and friends, their 

communities, and the society in general (e.g., to some extent, impulsivity plays a role in the 

etiology of criminal behavior, see Sharma et al., 2014). 
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The symptom of impulsivity has been connected to several psychiatric conditions 

(e.g., substance abuse/dependence, bipolar disorder, antisocial personality disorder, ADHD, 

conduct disorder, etc.). Although some examples of impulsive behavior are given in the 

DMS-IV, impulsivity is not explicitly defined (Moeller, Barratt, Dougherty, Schmitz, & 

Swann, 2001). The complex behavioral phenotype of impulsivity covers a broad range of 

behaviors that also complicates establishing an exhaustive definition of impulsivity (Bari & 

Robbins, 2013). A general definition of impulsivity should include various aspects as follows: 

“(1) decreased sensitivity to negative consequences of behavior; (2) rapid and unplanned 

reactions to internal or external stimuli before complete processing of information; (3) lack of 

regard for long-term consequences” (Moeller et al., 2001, p. 1784). (Bari & Robbins, 2013) 

amended this definition by further emphasizing the enhanced sensitivity to immediate but 

smaller rewards over larger but delayed ones, and the disposition of novelty/sensation-

seeking. The neuropsychological definition of impulsivity covers various EF subprocesses: 

inability to suppress prepotent responses, choice impulsivity (impaired decision making, 

altered reward sensitivity), the inability to sustain attention in the face of distracting stimuli, 

and the ability to respond quickly when task requirements change (Sharma et al., 2014). 

Consequently, both cool and hot aspects of the EF seem to be implicated in impulsivity. In 

addition, the conceptualization of impulsivity as a personality trait and as an ability dimension 

of EF are considered compatible at the descriptive level. 

 

7.1.2. Measurement of impulsivity 

Although impulsivity can be measured in several ways, three main groups of 

instruments can be identified: (1) self-report measures, (2) behavioral measures (laboratory 

tasks), and (3) ERPs (Moeller et al., 2001). A more detailed description of the most important 

self-report measures from a historical and psychometric perspectives can be found in the 

review of Sharma et al. (2014). 

 

7.1.2.1. Self-report questionnaires 

The most widely used measurement of impulsivity is the Barratt Impulsiveness Scale 

(BIS; Patton, Stanford, & Barratt, 1995) which has been improved for fifty-three years 

(Stanford et al., 2009), including adaptations for brain imaging (Lee, Jerram, Fulwiler, & 

Gansler, 2011), behavioral genetics (Varga et al., 2012), and electrophysiology (Potts, 

George, Martin, & Barratt, 2006). The BIS supports the multidimensional approach of 
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impulsivity, and includes three subscales: Cognitive/Attentional Impulsiveness which pertains 

to making quick decisions, Motor Impulsiveness which refers to acting without thinking, and 

Non-Planning Impulsiveness which involves a lack of forethought (Stanford et al., 2009). As 

impulsivity is a multifaceted concept, the UPPS Impulsive Behavior Scale distinguishes four 

facets of impulsivity in the context of the five factor model of personality: Urgency, Lack of 

Premeditation, Lack of Perseverance, and Sensation Seeking (Whiteside & Lynam, 2001). 

Other self-report measures are the Eysenck Impulsiveness Scale (I7) which was designed to 

assess Impulsiveness, Venturesomeness, and Empathy (S. B. G. Eysenck, Pearson, Easting, & 

Allsopp, 1985). The first two traits are presumed to contribute to risk preferences, while 

empathy is a potential protective factor. Behavioral Inhibition and Behavioral Activation 

(BIS/BAS) Scales assess two general systems that underlie self-regulation and affect (Carver 

& White, 1994). The BIS is an attentional system that is sensitive to punishment and novelty, 

and interrupts ongoing behavior to better process these expected and unexpected stimuli. 

Complementary, the BAS is a motivational system that is sensitive to reward, and it is 

important for guiding behavior towards a reward. Extreme levels of the BAS have been linked 

to ADHD and impulsivity-related disorders (Amodio, Master, Yee, & Taylor, 2008). The 

Gray-Wilson Personality Questionnaire in part measures BIS and BAS sensitivity (Wilson, 

Barrett, & Gray, 1989). The separation of functional and dysfunctional impulsivity should also 

be considered, and these specific impulsivity indices could be measured by the Dickman 

Impulsivity Inventory (Dickman, 1990). Impulsive decision making could be optimal 

(functional) in certain situations, e.g., when there is short time available for decision making 

or when the problems are easy. On certain cognitive tasks (deciding whether simple/complex 

geometric figures were identical), high functional impulsive participants were able to produce 

more correct items than other participants despite their higher error rate (Dickman, 1990). 

Moreover, those who premeditate less in daily life showed stronger ability to implicitly detect 

complex regularities (Kaufman et al., 2010), and weaker cognitive control might be 

advantageous in problem solving that requires creative thinking (Bari & Robbins, 2013).  

Some shortcomings of using self-report questionnaires should be pointed out. 

Although several types of acts can be reported, the valid rating requires appropriate self-

monitoring, and it is questionable whether these measures are suitable for repeated use and 

treatment studies (Moeller et al., 2001). Moreover, the laboratory paradigms (see below) and 

self-report measures of impulsivity do not often correlate with one another (e.g., Aichert et 

al., 2012; Reynolds et al., 2006) because of various reasons (see also Chapter 6, General 

discussion). The BIS-11 highly correlated with similar self-report measures (I7, Zuckerman 
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Sensation Seeking Scale, BIS/BAS scales), but not with behavioral measures of impulsivity 

(delay discounting measures, Stop-signal task, continuous performance test) on a large 

nonclinical sample of adults (Stanford et al., 2009).  

A meta-analytic explorative principal-components factor analysis on self-report 

measures of trait impulsivity and related constructs from 125 studies demonstrated that these 

scales encompassed three higher-order personality factors: (1) Neuroticism / Negative 

Emotionality, (2) Disinhibition versus Constraint / Conscientiuosness, (3) Extraversion / 

Positive Emotionality / Sensation Seeking (Sharma et al., 2014). The authors also conducted 

the same analysis on laboratory tasks (from 98 studies; e.g., Stroop task, IGT, BART, WCST, 

Go/No-Go task, delay of gratification task), and results showed that these tasks comprised 4 

factors: Inattention, Inhibition, Impulsive Decision Making, and Shifting. Based on the results 

of 40 studies, the associations between the two measurement models were low. However, 

problematic day-to-day impulsive/externalizing behaviors moderately correlated with both 

types of measures (in the range of .22–.29). Therefore, both assessment approach, considered 

almost independent from one another, tapped unique variance in real-life behavior, suggesting 

that their combined use could better predict impulsivity (cf. Lejuez et al., 2002). Their results 

also showed that by using comprehensive batteries of neuropsychological tests and rating 

scales it is possible to obtain a higher level of correspondence (besides that they grasp distinct 

aspects of impulsivity). More importantly, two of their behavioral factors (Inhibition and 

Shifting) in relation to impulsivity are among the main aspects of EF (Miyake et al., 2000), 

however, the two sets of tasks used in this study and in that of Miyake et al. barely overlap.  

 

7.1.2.2. Laboratory tasks 

Laboratory tasks are considered more objective than self-report questionnaires, less 

biased by the individual’s self-perception, and they are closer to the biological models of 

impulsivity. The latter aspect denote that these tasks could be potentially used on laboratory 

animals, which allow comparative studies (for details and review, see Bari & Robbins, 2013). 

Although impulsivity as a personality trait occurs over extended periods of time, and reflects 

subjective experience, behavioral tasks assess more state-dependent aspects of impulsivity 

(Sharma et al., 2014; Stanford et al., 2009). This also implicates that laboratory tasks measure 

only a certain aspect of impulsivity. The repeated use of laboratory measures (e.g., in case of 

testing treatment effects) is somewhat problematic. The involvement of EF in these task is 

considered the strongest when the task is essentially novel for the participant; therefore, 
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repeated assessment with the same task reduces its effectiveness in capturing the targeted 

executive subprocess (Miyake et al., 2000). The above detailed task impurity problem, and 

the role of Common EF also affect the behavioral assessment of impulsivity. Moreover, the 

psychometric and construct validity of behavioral tasks, as well as their interrelations are 

rarely investigated, implying another disadvantage of these measures (Sharma et al., 2014). 

Several types of laboratory paradigms measuring impulsivity exist, and they could be 

classified to some broader categories. These tasks are also considered as cool and hot EF 

tasks. According to one classification scheme, these are the (1) extinction paradigms, (2) 

reward-choice paradigms, and (3) response inhibition/attentional paradigms (Moeller et al., 

2001). By following another subdivision, (1) response inhibition tasks, (2) delay, effort, or 

probability discounting tasks, and (3) reversal learning tasks are relevant to measure 

impulsive behavior (Bari & Robbins, 2013).  

Response inhibition tasks involve specific processes such as action postponing or 

waiting, action restraint, and action cancellation or stopping. Two popular paradigms to 

investigate response inhibition are the Go/No-Go task and the Stop-signal task (Bari & 

Robbins, 2013). In a Go/No-Go task, the prepared (but not yet initiated) motor response has to 

be postponed until the appearance of the go signal or it has to be withheld by the 

identification of the often unexpected no-go stimulus. In a Stop-signal paradigm, participants 

perform a simple two-choice reaction time task on go trials, but on a proportion of the trials, 

the already started motor response (the action per se) has to be cancelled when a stop-signal is 

presented with a variable delay after the onset of the go stimulus (Bari & Robbins, 2013). 

Although the two paradigms are apparently similar, they are not equivalent as they require 

different types of inhibitory processes by reason of the different stimulus-response mappings 

(Verbruggen & Logan, 2008). While in the Go/No-Go task, different stimuli are consistently 

associated with responding/stopping, and with some practice automatic inhibition is likely to 

occur on no-go trials, in the Stop-signal task, the stimulus-stop mappings are inconsistent 

(unpredictable); therefore, a controlled inhibitory process should be activated. Performance 

could rely on bottom-up control in the former paradigm, while on higher-order top-down 

control in the latter (Verbruggen & Logan, 2008). Inhibitory processes in the Go/No-Go tasks 

are associated with the serotoninergic system, while processes in the Stop-signal tasks are 

associated with the noradrenergic system, and some evidence shows that trait impulsivity and 

performance in the Go/No-Go tasks might be mediated by the same serotoninergic system 

(Aichert et al., 2012; Eagle, Bari, & Robbins, 2008). The oddball task is akin to the Go/No-

Go task, however, it measures selective attention rather than response inhibition as 
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participants have to detect infrequent (e.g., 20-25% of trials) targets among non-target 

(standard) stimuli (Johnstone & Galletta, 2013). Therefore, the prepotent go response has to 

be suppressed on a high portion of trials, and action postponing is more emphasized in task 

performance. Following this logic, response inhibition per se could be more difficult in the 

Stop-signal Task, but response selection weights more in the Go/No-Go task. 

In delayed gratification tasks, impulsive choice is measured, since the urge to obtain 

immediate reward should be inhibited or postponed in order to obtain a larger reward after a 

certain amount of time (Arce & Santisteban, 2006). The value of a positive reinforcer 

increases as a hyperbolic function of its magnitude, and decreases as a hyperbolic function of 

its delay (Ainslie, 1975). Impulsive individuals and others with addictive psychiatric disorders 

can be characterized by higher rates of delay discounting (steeper hyperbolic functions) as the 

subjective impact of delay is stronger for them. The perceived time between choice and 

reward delivery varies between individuals, as well (Arce & Santisteban, 2006). Therefore, 

the behavior required in delay discounting paradigms is closer to the concept of hot EF, and 

besides response inhibitions tasks, these paradigms can serve as a complementary measure to 

cover the various aspects of impulsivity (Bari & Robbins, 2013). The behavior measured by 

delayed gratification or reward choice paradigms is in good correspondence with the day-to-

day behavior of impulsive subjects since they usually appreciate more the immediate positive 

consequences of their actions rather than the negative consequences in the long run. The 

insensitivity to future consequences or the lack of forethought was labeled as myopia for the 

future (Bechara et al., 1994).  

In reversal learning tasks (rule/strategy reversal, discrimination reversal) a response 

which was previously rewarded but is no longer so should be inhibited (see also the WCST). 

Generally, the contingency between response and outcome (which can be deterministic or 

probabilistic) change over the task without signals, and the participant has to overcome the 

previous association by trial and error (Bari & Robbins, 2013). The ability to flexibly switch 

between responses or disengage from an established mental set, and also a learning 

component are involved in reversal learning tasks. Moreover, individual differences in 

reward/punishment sensitivity could be evaluated when performing this tasks (Bari & 

Robbins, 2013). Individuals with high trait impulsivity (measured by the I7) showed impaired 

adaptation to changes in stimulus-response contingencies (in a probabilistic reversal learning 

task and in the IGT), while their performance in a simple reward based decision making task 

without a learning component (Rogers Decision Making task) was intact (Franken, van Strien, 

Nijs, & Muris, 2008). Franken et al. (2008) also found no significant correlations between 
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these various decision making tasks that contribute to the notion they are related to different 

aspects of choice behavior. Partially in line with this, (Upton et al., 2011) showed that more 

risk-averse response style on the BART predicted more advantageous choices on the later 

stages of the IGT but only in individuals with low trait impulsivity (measured by I7), 

suggesting deliberate risk-taking in the low impulsive group, and impaired learning of 

regularities in the high impulsive group.  

Despite that various EF tasks are available for measuring trait impulsivity, it is highly 

probable that more than one task should be used to cover the phenotype of impulsivity 

(Sharma et al., 2014). Moreover, task selection also depends on the theoretical framework in 

which impulsivity is conceptualized. 

 

7.1.2.3. ERP measures 

Electrophysiological investigation of the cognitive background of trait impulsivity is 

not common among the various research strategies. The majority of studies dealing with this 

issue focuses on impulsive symptoms in externalizing disorders, i.e., in conditions that are 

more relevant socially and for clinical research (Moeller et al., 2001). However, these 

experiments can be confounded by uncontrolled clinical factors (e.g., other related symptoms 

beyond impulsivity, co-morbid disorders, hospitalization, treatment effects). At the same 

time, the heterogeneous findings in regard to the cognitive background of trait impulsivity or 

impulsive symptoms could result from theoretical and methodological difficulties in 

conceptualizing inhibitory control and impulsivity per se, as I have pointed out in the previous 

sections. Therefore, the different findings of studies investigating nonclinical or clinical 

samples using various EF tasks, EEG/ERP methodology, and self-report rating scales to 

measure inhibitory control and trait impulsivity could not be unambiguously compared to one 

another, and general inferences can only be made with limitations (Kam, Dominelli, & 

Carlson, 2012, p. 185).  

Attenuated P3 has been linked to impulsivity and impulsive symptoms in various 

disorders, and also to low socialized individuals, but the alteration of this ERP index cannot 

specifically predict the different aspects of impulsivity (Moeller et al., 2001).17 Feedback 

processing has scarcely been investigated in trait impulsivity, and the results are not 

conclusive. In a SOG task, participants with higher Non-Planning BIS score showed 

attenuated punishment sensitivity as indicated by the decreased amplitude of FRN evoked by 
                                                 

17 The alteration of N2 and P3 components in impulsivity are briefly described in Chapter 2. Findings about how 
the ERN is modulated by trait impulsivity are summed in Chapter 3. 
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larger monetary losses (Onoda et al., 2010). These individuals also made more risky choices 

(i.e., they selected the riskier alternative). In a reward prediction task (passive S1/S2 design), 

those with higher BIS total scores showed the largest P2a for unpredicted reward, and the 

smallest for the omission of a predicted reward reflecting hypersensitivity to positive 

feedback (Martin & Potts, 2004). Attenuated sensitivity to punishment and a propensity to 

choose the immediate reward in high impulsive individuals were also shown in another study 

using a risky decision making task (Martin & Potts, 2009). This study was the first examining 

the effects of impulsivity on ERN, FRN, and P3 components in a risky situation. Participants 

were classified as high/low impulsive based on a median split of the BIS total score and they 

performed a two-card choice task, which can be regarded as simplified version of the IGT. 

Choosing from the low-risk deck offered small rewards and small losses, yielding a net gain 

in the long run, while the high-risk deck offered large rewards and large losses, yielding a net 

loss in the long run. The altered functioning of the motivational system in impulsive 

individuals was only reflected by the ERN (see Chapter 3 of this dissertation, and also Potts, 

George, et al., 2006) and P3 components, and the FRN was not sensitive to experimental 

manipulations or group assignment (Martin & Potts, 2009). Interestingly, P3 evoked by the 

presentation of cards (but not by the feedback), clearly demonstrated the altered risk 

evaluation of the two groups as it was enhanced in the low impulsive group, and attenuated in 

the high impulsive group when choosing from the high-risk deck. This was in line with the 

ERN results, since an enhancement in the ERN after choosing from the risky deck was only 

apparent in the low impulsive group. Low impulsive participants considered the high-risk 

choices as incorrect responses, and they might have followed an inner model which indicated 

that choosing from the low-risk deck is the better alternative (Martin & Potts, 2009). 

Attention to feedback stimulus was examined by the anterior N1 component, which was 

larger in the low impulsive group, showing again that they cared more about the outcome of 

their choice. Group differences in behavioral indices did not emerge, which puts forward the 

use of ERPs in the investigation of impulsivity. 

Some others studies examined feedback processing according to the BIS/BAS 

framework, which offers an alternative approach to handle the concept of impulsivity as a 

personality dimension. One of them did not indicate attenuation in the FRN as a function of 

impulsivity in a reversal learning task. Instead, a stronger BAS – which could characterize 

impulsive individuals, as well – predicted more negative FRN when an unpredicted change 

occurred in the reward scheme, and the previous response type was no longer rewarded 

(Lange, Leue, & Beauducel, 2012). Since those with a high BAS tended to maintain their 
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reward expectations and could not switch to the altered contingencies, this finding is 

compatible with the concept of “hypersensitivity to (immediate) reward”. This result could 

also strengthen the notion that adaptation to task requirements and environmental factors are 

impaired in high BAS individuals (Lange et al., 2012). To the contrary, in the study of De 

Pascalis, Strippoli, Riccardi, and Vergari (2004), higher BIS predicted more negative (and 

delayed) FRN for negative feedback stimuli after No-Go trials in a rewarded Go/No-Go task.  

Given the behavioral profile of clinical impairments in which impulsive symptoms are 

present, the exploration of altered performance monitoring and reward processing is highly 

relevant even in relation to trait impulsivity. However, the exact modulation of ERN and FRN 

components is still not clear, therefore, merits further investigation. 

I have highlighted the conceptual uncertainty in relation to trait impulsivity and the 

several methods available for its measurement. Importantly, the behavioral manifestation of 

impulsivity is one of the core symptoms of ADHD, which I will describe in the following 

sections. 

 

7.2. ADHD 

Attention-deficit/hyperactivity disorder (ADHD) is one of the most frequent 

developmental psychiatric disorders affecting approximately 5-10% of school-aged children 

worldwide (e.g., Ramtekkar et al., 2010). For receiving a diagnosis of ADHD, the child 

should display persistent symptoms (at least 6 from the 18 items of the DSM-IV symptom 

list) of inattention and/or hyperactivity and impulsivity that are developmentally 

inappropriate, and these behaviors must be observed in at least two different settings for at 

least 6 months. Moreover, symptoms must be present before the age of 7 (DSM-IV-TR; 

American Psychiatric Association, 2000). ADHD affects more boys than girls in a ratio of 4:1 

(Polanczyk, de Lima, Horta, Biederman, & Rohde, 2007). This disorder severely disrupts 

daily life and academic/professional achievement, impairs social and family functioning. 

Therefore, children with ADHD burden educational, clinical, and social services (Jonsdottir, 

Bouma, Sergeant, & Scherder, 2006). In the DSM-IV, three subtypes of ADHD have been 

defined according to the two prime symptom-based dimensions (i.e., inattention and 

hyperactive-impulsive behavior): predominantly inattentive (ADHD-IA), predominantly 

hyperactive-impulsive (ADHD-HI), and combined subtype (ADHD-C). This behavioral 

syndrome is highly co-morbid as it often co-occurs with various externalizing (e.g., conduct 

disorder/oppositional defiant disorder = CD/ODD) and internalizing disorders (e.g., 
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obsessive-compulsive disorder = OCD, anxiety, mood disorders), as well as with other 

developmental disorders (e.g., learning disorders = LD, reading disorder/developmental 

dyslexia = RD/DL) (Roberts, Martel, & Nigg, 2013; van de Voorde, Roeyers, Verté, & 

Wiersema, 2010). Children with ADHD also show an increased risk for later developing 

psychiatric disorders (e.g., antisocial behavior, substance abuse, see Nigg & Casey, 2005). 

Both structural and functional MRI studies have shown deficits in ADHD involving 

atypical activations in the IFC, in the DLPFC, and in the related fronto-striato-cerebellar and 

frontoparietal circuits (Arnsten & Rubia, 2012). Comparative fMRI studies suggest that 

under-activation in IFC is specific to ADHD compared to activities of other brain areas which 

are also found in patients with bipolar disorder, CD, and OCD (Arnsten & Rubia, 2012). 

Importantly, a widely distributed network underlies the symptoms of ADHD (Pasini, Paloscia, 

Alessandrelli, Porfirio, & Curatolo, 2007; Sergeant, Geurts, Huijbregts, Scheres, & 

Oosterlaan, 2003). Accordingly, the two most frequent pharmacological treatment of ADHD 

is the treatment of methylphenidate and atomoxetine, both of which increase catecholamine 

transmission in the PFC (Arnsten & Rubia, 2012). 

 

7.2.1. Models of ADHD 

The highly heterogeneous symptom profile of ADHD has yielded several different 

etiological theories of the disorder (Sergeant et al., 2003). Overall, existing theories suggest 

dysfunctions in cognitive and motivational processes, and there are some attempts to integrate 

these domains. Among cognitive theories, single core deficits have been suggested in the 

domains of sustained attention, response inhibition, working memory, and most importantly, 

in the EF (Shiels & Hawk, 2010). The classical unifying theory of Barkley (1997) – which is 

the most frequently referred model in ADHD literature – suggested that the impairment of 

behavioral inhibition is the primary or core deficit underlying ADHD that leads to secondary 

impairments in other executive neuropsychological functions: (1) working memory, (2) self-

regulation of affect, motivation, and arousal, (3) internalized speech, (4) reconstitution, and 

(5) motor control. Furthermore, behavioral disinhibition has been divided into three 

interrelated subprocesses that are impaired in ADHD: inhibition of a prepotent response, 

inhibition of an on-going response, and interference control (cf. section 3). Interference 

control and response inhibition could be separable aspects of inhibitory control according to 

other studies, as well, but it is more likely that individuals with ADHD have deficits in the 

latter but not in the former (Nigg, 2001; van Mourik, Oosterlaan, & Sergeant, 2005). 
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However, the sensitivity and specificity of any cognitive deficit, especially the deficit of 

behavioral inhibition, is not sufficiently high to entirely explain the cause of ADHD (e.g., 

Castellanos, Sonuga-Barke, Milham, & Tannock, 2006; Nigg, 2005).  

Poor inhibitory control or poor EF occurs in other developmental neuropsychiatric 

disorders beyond ADHD (e.g., Sergeant, Geurts, & Oosterlaan, 2002), and this is also true for 

working memory deficits (Arnsten & Rubia, 2012; C. G. de Jong et al., 2009; Martinussen & 

Tannock, 2006). Moreover, the quantitative meta-analysis of Willcutt, Pennington, Olson, 

Chhabildas, and Hulslander (2005) showed that impairment in several EF aspects is neither 

necessary nor sufficient to cause ADHD; therefore, it could not be considered as a primary 

neuro-cognitive deficit. This study summarized the findings of 83 previous studies using 13 

different EF tasks, and included individuals also with subclinical ADHD symptoms from 

nonreferred samples.18 The ADHD groups showed lower performance on all EF measures, 

however, the effect size values for all measures were only moderate in magnitude (average 

Cohen’s d = .54). The Stop-signal task (d = .61) and the continuous performance task (d = 

.64) differentiated ADHD and control groups with the highest effect size, but perseverative 

errors of the WCST were only scarcely associated with ADHD. The largest and most 

consistent group effects were observed in the domains of response inhibition, vigilance, 

working memory (especially spatial WM), and planning (measured by Porteus Mazes and 

Tower of Hanoi), and the majority of these differences remained statistically significant after 

controlling for IQ, co-morbidities, and reading ability. Another study went beyond, and 

proposed that those individuals with inhibitory control deficit could be regarded as a specific 

subgroup or subtype of ADHD, concerning about 35-50% of the cases (“executive deficit 

type” Nigg, Willcutt, Doyle, & Sonuga-Barke, 2005). Moreover, individual differences in EF 

profiles have been shown in ADHD by cluster analytic methods (Roberts et al., 2013; Takács, 

Kóbor, Tárnok, & Vargha, 2014). In sum, it is quite convincing that the EF impairment as a 

single core deficit in ADHD is not tenable, and it should be considered as a sole but important 

aspect of the heterogeneous neuropsychological background of ADHD (Sergeant et al., 2002; 

Sjöwall, Roth, Lindqvist, & Thorell, 2013). 

Apart from the impairment of EF, several findings point towards motivational 

problems in ADHD, among which some suggest fundamental alterations in basic 

reinforcement learning processes (Luman, Tripp, & Scheres, 2010). This approach 

emphasizes the impairment of bottom-up rather than top-down mechanism (i.e., higher-order 

                                                 
18 The problem of subclinical or subthreshold cases, as well as the dimensional approach in conceptualizing 
ADHD is briefly described in the General discussion section (Chapter 6).   
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control/executive processes) in the cognitive and behavioral heterogeneity of ADHD 

(Sonuga-Barke, 2011). Various aspects of reinforcement learning could be deficient in ADHD 

(Sonuga-Barke, 2011): the processing of cues predicting reinforcement and/or the processing 

of outcomes, the ability to establish S-R-O mappings, the mechanism of decision making, the 

processing of feedback as a function of valence (hypersensitivity to reward/hyposensitivity to 

punishment), intrinsic reinforcement (whether the task itself is intrinsically motivating for 

children with ADHD), and the hierarchy of values (in what extent children with ADHD find 

an outcome reinforcing). This approach has established a series of empirical studies 

investigating feedback/reward processing in ADHD, among which I will describe those using 

ERP methodology (see section 7.2.2). 

Theoretically, the dual pathway model (Sonuga-Barke, 2002) has been promising in 

understanding the behavioral heterogeneity of ADHD since it aimed to combine the source of 

problems both in cognitive and motivational domains. This model integrates delay aversion 

(motivation dysfunction) and poor inhibitory control that are two independent co-existing 

characteristics of ADHD. The two types of deficits (pathways) are dissociable, and 

accordingly, two subtypes of the disorder with distinct cognitive profiles can be recognized. 

The model assumes that ADHD could be a result of poor inhibitory control, and the inhibitory 

pathway has its origins in the meso-cortical branch of the dopamine system. Furthermore, 

ADHD could be regarded as a motivational style, and this pathway is linked to the meso-

limbic dopamine branch which is also associated with reward circuits. The common 

impairment of these pathways could also characterize ADHD symptoms. Therefore, this 

approach involves both the cool and hot aspects of the EF and furthermore offers explanation 

for the role of cultural norms and environmental risk factors. In line with this model, it was 

proposed that children with inattentive symptoms may manifest deficits in cool EF, whilst 

children with hyperactive/impulsive symptoms may manifest deficits in hot EF, and the others 

would have both types of EF deficits (Castellanos et al., 2006). However, empirical studies 

have not confirmed entirely the predictions of the dual pathway model (e.g., Geurts, van der 

Oord, & Crone, 2006). Recently, a third dissociable neuropsychological component of ADHD 

has been proposed, the deficit of temporal processing (Sonuga-Barke, Bitsakou, & Thompson, 

2010). Importantly, this approach represents an important step towards the notion that ADHD 

is attributable to multiple deficits. 

As an alternative, regulatory models of ADHD attempt to integrate cognitive and 

motivational factors across the levels of information processing, and they involve bottom-up 

processes (e.g., stimulus processing), as well (Shiels & Hawk, 2010). It has been shown that 
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context and experimental settings influence the degree of performance deterioration on EF 

tasks in children with ADHD. Furthermore, a variable motor output could be an expression of 

dysfunctional state regulation (see below), which prevent children with ADHD from 

generating a sufficient level of arousal in order to adequately process information (Sergeant, 

2005). Self-monitoring and adaptive control are both regarded as core regulatory processes of 

goal-related behavior, and both could be impaired in ADHD yielding impaired performance 

on EF tasks (Shiels & Hawk, 2010). Accordingly, two main theories have been proposed: the 

approach of deficient self-regulation (Douglas, 1972, 1999), and the previously described 

cognitive-energetic model (CEM; Sergeant, 2000; Sergeant, 2005), both of which fit well with 

the bottom-up approach of ADHD etiology. Instead of focusing on a specific cognitive 

deficit, the model of Douglas was the first that emphasized the possible impairment of 

complex adaptive control processes in ADHD which otherwise influence attention, inhibition, 

self-monitoring, and working memory. Moreover, deficient arousal modulation, propensity 

for immediate rewards, and impulse control was also mentioned among the deficits of ADHD, 

all of which should be explained by an adequate etiological model. The CEM assumes the 

role of similar mechanisms in impaired performance.  

Insufficient functioning of the energetic pools in ADHD could cause deficits in state 

regulation, a concept first described by van der Meere (2005), and the definition of which is 

very close to that of the effort pool. All levels of the CEM can be impaired in ADHD, but the 

impairment of activation and effort pools seems to be the most relevant yielding deficit in 

response organization (Sergeant, 2005). As the model predicts, group differences between 

typically developing (TD) and ADHD children would become manifest in suboptimal 

conditions, i.e., when the task requirements are too boring or difficult/exhausting, and 

children with ADHD are unable to regulate their state and achieve an optimal level of 

arousal/activation. Quadratic interactions between groups with experimental factors are 

expected as intermediate levels of arousal or activation leads to optimal performance, and the 

clinical group should show greater performance decline with increasing or decreasing task 

requirements (Sergeant, 2005). However, some methodological issues merit consideration 

when designing experiments to test the predictions of the CEM, since task parameters could 

affect several components of self-regulation. It is not clear how to specify and measure an 

optimal state, which may depend on the particular individual and on the situation (i.e., how 

engaging is the task, how the level of motivation could be sustained). Attention should be 

paid to task parameters such as difficulty, event rate (ITI or ISI), and duration, and whether 

feedback or reward is provided after each trial, block-wise, or at the end of the experiment 
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(see Shiels & Hawk, 2010, p. 957). For example, in a task with longer duration, performance 

deficits could deteriorate, however, the time-on-task effect and the distribution of erroneous 

responses which shows unique characteristics in ADHD (Geurts et al., 2008; Hervey et al., 

2006) are not always tested. The investigation of ERN and FRN might shed light on the 

nature of deficits in self-regulation and adaptive control in ADHD. Therefore, I will 

summarize these findings in section 7.2.2, and also other findings that are related to the CEM 

but focus on other ERP components (section 7.2.3). 

Meanwhile, other alternative approaches have also emerged, all of which can be 

regarded as multifactorial etiological models of ADHD. In line with the majority of the above 

mentioned approaches, these models emphasize that multiple neuropsychological deficits 

could cause the heterogeneous symptoms of ADHD. The study of Sjöwall et al. (2013) 

demonstrated that deficit in emotional functioning is a dissociable component of ADHD (it 

was measured by parental ratings of emotional regulation and by an emotion recognition test). 

Deficit in emotional functioning was also demonstrated at the neural level in another study 

(Williams et al., 2008): Children and adolescent participants with ADHD showed reduced 

occipital activity (P120) for faces displaying different emotions, which reflected impaired 

early automatic perceptual analysis of emotion. An enhanced brain activity reflecting 

excessive structural encoding (N170), then a reduction linked to difficulties in context 

processing (P3) was also observed.  

Another multifactorial approach investigates lexical access, reading ability, and 

communication skills in ADHD. Several aspects of these language-related functions have 

been found to be impaired in ADHD. Alterations in temporal properties and strategic effects 

of verbal fluency tasks and of discourse production tasks were shown (Engelhardt, Ferreira, & 

Nigg, 2011; Hurks et al., 2004; Takács, Kóbor, Tárnok, & Csépe, 2014), as well as impaired 

lexical decision and rapid naming performance (C. G. de Jong et al., 2009; Willcutt, 

Pennington, et al., 2005). A behavioral manifestation of hyperactive/impulsive symptoms is 

the inappropriate language production, such as blurting out answers, interrupting others, poor 

topic maintenance, and excessive talking. Among general language impairments, delayed 

onset of words, poor performance on standardized tests with complex verbal requirements, 

and pragmatic problems in conversations were found (Engelhardt et al., 2011). ADHD is 

frequently co-occurring (prevalence rate: 15-30%, Engelhardt et al., 2011) with RD or DL, 

and serious attempts have been done to clarify the etiology of this co-morbidity (McGrath et 

al., 2011; Willcutt et al., 2010). 
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The next sections will focus on the ERP evidence corroborating two specific 

approaches in relation to ADHD; namely the motivational problems and the regulatory 

deficits, which are interrelated. 

 

7.2.2. ERP evidence for altered feedback/error processing in childhood 
ADHD 

The EEG/ERP evidence about feedback and reward processing in ADHD is scarce and 

contradictory. In a study which compared the performance of children with ADHD (aged 8-12 

years), TD children, and those with Autistic Spectrum Disorder (ASD) on a probabilistic 

learning task, the typical FRN was not found (Groen et al., 2008). However, ADHD had an 

impact on P2a after feedback stimuli, and on the stimulus preceding negativity (SPN). The 

ADHD group did not show a decrease in P2a amplitude for negative feedback from the first 

half of the experiment to the second half, while the other groups did, reflecting that the early 

attentional selection of task relevant stimuli did not change in time for ADHD children. A 

learning effect, again, was not present for negative and positive feedback on the SPN in the 

ADHD group, which may suggest that the relevance of external feedback did not change 

during the task. Moreover, the change in ERN amplitude showing increased internal error 

monitoring was also absent in the ADHD group. These findings have been partially replicated 

in another experiment, in which the continuously provided feedback was consistent with 

performance on a simple selective attention task (local/global task, Groen et al., 2013). More 

severe inattentive problems (rated on the Conners’ Teacher Rating Scale) in ADHD-C 

subtype predicted decreased P2a for all feedback type and an increased LPP (late positive 

potential) for negative events. The latter component is thought to reflect increased perceptual 

processing or increased attention to affective stimuli (Groen et al., 2008), and it has been 

larger for unpleasant arousing pictures (Hajcak, Moser, & Simons, 2006). When data was 

analyzed by a between-groups comparison approach, no difference was obtained in the P2a, 

only in the LPP for gains and losses. In sum, these results might suggest that children with 

ADHD could compensate for an impairment in the early stage of feedback processing by 

paying more attention to emotionally salient events in the later stage of feedback processing 

(Groen et al., 2013). It is important to note that feedback type (correct/incorrect) did not 

modulate the FRN in this study. Erroneous responses were easily detectable in this paradigm 

since ERN and Pe components were present in all groups, and it is highly probable that 

participants did not rely on information provided by external feedback when adjusting their 

behavior to meet task requirements. Moreover, stimulus-response mappings were stable 
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during the whole task, and it is unlikely that earlier predictions have been violated at the time 

of feedback presentation (Groen et al., 2013). Therefore, the paradigm might have been 

inappropriate to evoke FRN.  

Inconclusive FRN patterns were seen in ADHD in three other studies, from which we 

may only conclude that feedback/reward processing is somehow altered in childhood ADHD, 

but its nature and the exact underlying processes are still unclear. In the study of van Meel, 

Heslenfeld, Oosterlaan, Luman, and Sergeant (2011) the FRN was absent in children with 

ADHD in a time estimation task where separate reward, punishment, and feedback-only 

blocks were used. In contrast, omitted gains and omitted losses evoked an FRN in TD 

children. The absence of FRN in ADHD was considered as impaired detection or monitoring 

of motivationally significant signals. As the LPP was larger after losses for TD children, and 

after omitted rewards for ADHD children, the authors proposed that ADHD can be described 

by hyposensitivity to punishment and hypersensitivity to the loss of reward (van Meel et al., 

2011). Importantly, in case of TD children, the FRN mirrored the violation of expectations in 

regard to the reinforcement contingencies of the given context (i.e., experimental block). 

Previously, a larger FRN amplitude was elicited by monetary losses in a guessing paradigm 

in the ADHD group than in the TD group van Meel et al. (2005), which was interpreted as an 

oversensitivity to negative events. However, the FRN was quantified in a rather unusual way 

that might have led to this contradictory finding. The ERP waveform elicited by negative 

feedback was slightly different than that in adult studies. Four time windows were chosen 

between 150 and 500 ms, and the observed ADHD-related effect was seen between 300-350 

ms, and between 450-500 ms. Nevertheless, the ERP signal was more negative for the ADHD 

group in the entire time range. The early positivity (probably the P2a) above FCz was more 

positive following losses, and only at the descriptive level, it was smaller in ADHD. The LPP 

for negative feedback was again smaller in the ADHD group. The results overall suggested 

that children with ADHD were less concerned about the long-term consequences of their 

behavior and might have incorrectly represented their own performance (i.e., more positively) 

and the corresponding potential outcomes (van Meel et al., 2005). The study of Holroyd, 

Baker, et al. (2008) demonstrated an unusual change in the FRN amplitude in childhood 

ADHD while searching for rewards in a virtual T-maze (modified guessing task). The 

accumulated monetary reward was given to the participants at the middle of the task and in 

the end, which enabled the analysis of time-on-task effects. In the ADHD group, the FRN was 

larger in the second phase of the experiment than in the first phase, whereas the TD group 

showed the opposite effect. This finding corroborates the oversensitivity to rewards in 
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ADHD. Meanwhile, it highlights the importance of task engagement and of motivational 

states that might influence the results in experiments focusing on feedback processing. 

Nevertheless, the inconsistency of results on feedback processing could originate from the 

different tasks used, and from the different characteristics (timing, validity, saliency, 

magnitude, complexity, ratio, etc.) and specific role of feedback stimuli involved in these 

tasks. 

Some alteration in the ERN and Pe components has also been observed in ADHD. 

However, a substantial variability can be found in these results, as well, especially, in relation 

to early error detection indicated by the ERN (for a review of this topic, see Johnstone, Barry, 

& Clarke, 2013; Shiels & Hawk, 2010). Some studies found decreased ERN (Groen et al., 

2008; Liotti, Pliszka, Perez, Kothmann, & Woldorff, 2005; van Meel, Heslenfeld, Oosterlaan, 

& Sergeant, 2007) in ADHD, while others did not (Wiersema, van der Meere, & Roeyers, 

2005; Zhang, Wang, Cai, & Yan, 2009). Surprisingly, the study of Burgio-Murphy et al. 

(2007) found larger ERN in children with ADHD in a simple discrimination task, but the 

experimental design and analysis used is methodologically questionable. The ADHD group 

was not compared to a TD group but to another group including also children with learning 

disorders. The authors suggested that children with ADHD might have been more sensitive to 

errors, or might have allocated more effort in self-monitoring to maintain their performance 

(Burgio-Murphy et al., 2007). The decreased amplitude of Pe on error trials in ADHD seems 

to be a more stable finding across a variety of paradigms (probabilistic learning task: Groen et 

al., 2008; flanker task: Jonkman, van Melis, Kemner, & Markus, 2007; Go/No-Go task, S1-S2 

task: Wiersema et al., 2005; Zhang et al., 2009) reflecting an impaired conscious evaluation of 

errors. Shiels and Hawk (2010) describes several reasons that might explain the inconsistency 

of ERN/Pe findings in ADHD (e.g., sample and task characteristics, quantification of ERP 

measures, the necessity of including ERPs for correct trials to better understand the obtained 

results). Moreover, it also remains unclear whether post-error slowing (PES; Rabbitt, 1966) 

post-error improvement in accuracy (PIA), and post-error reduction of interference (PERI; 

Danielmeier & Ullsperger, 2011), the behavioral measures of adaptive control, are 

compromised in ADHD (Shiels & Hawk, 2010). Nevertheless, alterations in performance 

monitoring can be related to models of ADHD emphasizing deficits in self-regulation. I 

describe the main findings in relation to the CEM in the following chapter. 
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7.2.3. ERP evidence for regulatory deficits in ADHD  

A few studies using behavioral and EEG/ERP methodology have applied the CEM in 

ADHD, and have provided some support for state regulation deficits in relation to different 

components (e.g., van Meel et al., 2007; Wiersema, van der Meere, Antrop, & Roeyers, 2006; 

Wiersema, van der Meere, Roeyers, Van, & Baeyens, 2006). Specifically, manipulating event 

rate (the speed with stimuli are presented) has been an effective way to differentiate ADHD 

and TD children in a variety of tasks (Sergeant, 2000, 2005) at the behavioral level. 

Generally, ADHD children perform inaccurately in case of relatively slow event rate as 

compared to fast or moderate event rate. However, research intensity in testing the mediating 

effects of energetic factors on ERPs in ADHD has increased only in the last few years.  

In this research domain, the methodological approach of Johnstone et al. (2010) is 

highly relevant for this dissertation (see Chapters 2-3), therefore, I describe the findings of 

this ADHD study in detail. Children with ADHD and TD children (aged 7-14 years) 

performed a modified Eriksen flanker task in which the effort needed to fulfill task 

requirement was manipulated by stimulus degradation. The authors degraded the target arrow 

stimulus by removing 30% or 60% percent of the pixels which were then scattered around the 

target randomly. Non-degraded, moderately degraded (30%), and highly degraded (60%) 

conditions were presented in separate blocks in which congruent, incongruent, neutral, and 

“target alone” trials were presented. There were no significant behavioral differences between 

the two groups in interference control contrary to the top-down inhibitory hypothesis 

(Barkley, 1997). At the descriptive level, however, the ADHD group showed increased error 

rate and generally slower RT irrespective of interference effect, which could reflect an under-

aroused state. The change of error rate and RT showed a quadratic effect as it was reduced in 

the 30% condition compared to non-degraded and 60% conditions, but this effect did not 

differ between groups or stimulus types. However, the ADHD group was characterized by a 

more variable response style (indexed by the standard deviation of RT) irrespective of 

stimulus type suggesting a non-optimal mechanism of arousal and effort pools as predicted by 

the CEM (Johnstone et al., 2010). The perceived (subjective) effort ratings were higher in 

ADHD than in TD children in the non-degraded condition and lower in the highly degraded 

condition. In line with this, the skin conductance level as a measure of tonic arousal was also 

reduced in the clinical group in the 0% condition, but this normalized in the 60% condition 

suggesting that the non-degraded condition induced under-arousal in children with ADHD. 
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The N2a19 (indicating cognitive control) was greater for incongruent compared to neutral 

trials, but only in TD children, suggesting an impairment in interference control in ADHD. 

Moreover, this impairment worsened with stimulus degradation, as the reduction in N2a was 

greater in children with ADHD when more effort was needed. Furthermore, the amplitude of 

N2b (indicating visual stimulus discrimination) was reduced in TD children in the 30% 

condition compared to the other two conditions, while the N2b did not change across 

conditions in children with ADHD. This suggests that visual perceptual processing was also 

affected in ADHD. For the whole sample, P3 peaked the earliest in the 30% condition, which 

was in line with the quadratic pattern of behavioral data. The P3 amplitude showed atypical 

activation in the ADHD group: the parietal > frontal topographic effect, which was greater for 

incongruent stimuli, was observed only in the TD group, suggesting an impaired allocation of 

visual attention in ADHD. The smaller centroparietal P3 found in ADHD also confirms this 

conclusion (Johnstone et al., 2010). In sum, the functional differences in ADHD were not 

only present in the domain of inhibition, but were also apparent in other stages of information 

processing. An important limitation of this study is that the applied degradation method may 

have made the direction of the target arrow perceptually more salient which eased the 30% 

degradation condition, and which also enhanced N2a and N2b amplitudes. Alternatively, we 

attempted to address this issue by changing the whole stimulus array (see Chapters 2-3).  

Other studies of the same research group showed that in line with the CEM, impaired 

inhibitory performance in ADHD could originate from suboptimal energetic regulation which 

pervasively affects multiple processes. Benikos and Johnstone (2009) tested TD and ADHD 

children (aged 7-14 years) in a cued visual Go/No-Go task with fast, medium, and slow event-

rates. The No-Go P3 was smaller in ADHD than in TD group for the fast event-rate, and 

behaviorally, the clinical group made more warning errors (and the overall error rate was also 

higher). Moreover, atypical orienting/expectation and preparation were also shown in the 

ADHD group for warning cues in the fast event-rate condition indicated by the early and late 

CNV, and by the reduced N1 and N2 components. P2 for Go and No-Go stimuli was globally 

reduced in the ADHD group, as well. In the authors’ interpretation, deficits in the early 

sensory information extraction and in the stimulus categorization of task-irrelevant stimuli 

(warning cue) were apparent in ADHD. The reduced P2 could reflect a reduced ability to 

suppress distracting sensory information in the clinical group (Benikos & Johnstone, 2009). In 

                                                 
19 Surprisingly, this study labels N2c as N2a, which is the control-related subcomponent of the N2 (Folstein & 
van Petten, 2008; Kopp, Rist, et al., 1996). 
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the medium event-rate condition, ERP responses in children with ADHD were generally 

increased suggesting an optimal arousal level corroborating the predictions of the CEM. 

Johnstone and Galletta (2013) manipulated event-rate in a flanker task within the same 

age range in childhood ADHD. Behaviorally, the ADHD group made more omission errors to 

incongruent stimuli in fast and slow event-rate conditions (the predicted U-shaped pattern). 

Surprisingly, the N2 was larger in the clinical group only for the slow event-rate condition, 

but the overall N2 did not differ between the groups. Consistently, no difference was found in 

the P3 evoked for incongruent trials. An important additional aspect of this study was that the 

authors checked the successfulness of event-rate manipulation by the analysis of rhythmic 

oscillations in the EEG (pre-stimulus alpha power as an inverse measure of cortical arousal). 

This could be a more direct measure of arousal than skin conductance level. However, alpha 

power did not differ between groups; deeper analysis indicated that the difference between 

medium and slow event-rates tended to be larger in the clinical group. According to the 

results, the authors suggested that the origin of impaired task performance in ADHD could 

have been in the phase of response preparation, which we indirectly investigate in Chapter 5 

in this dissertation. Nevertheless, their results also showed that the ADHD group failed to 

continuously pay attention to the task at hand when state regulation was needed, but conflict 

processing and effort allocation appeared to be intact when responding correctly. The 

enhanced N2 in the clinical group was probably caused by the target alone condition, which 

could have been regarded as deviant compared to the larger stimulus arrays (i.e., a novelty N2 

was measured) (Johnstone & Galletta, 2013). However, the exact concordance between ERPs 

and erroneous responses at the behavioral level could not be inferred since ERPs in these 

studies are usually averaged across correctly responded epochs. 

 

8. Research questions  

This dissertation includes four ERP studies investigating impaired EF in trait 

impulsivity and childhood ADHD. In addition, as atypical EF also involves the “upper end” 

of EF performance, one of the studies investigates adults with superior EF. In the first three 

studies, participants were undergraduate students, while in the fourth one children with 

ADHD participated. For further developing valid experimental paradigms to investigate 

similar questions in adults and children with various EF impairments, it is important to first 

explore the ERP correlates of atypical EF in adults whose profile is without clinical 

confounds. The main research questions were the following:  
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1) Do the predictions of the CEM pertain to inhibitory control problems in trait 

impulsivity? What is the effect of trait impulsivity on response preparation? 

2) How does performance monitoring work in trait impulsivity when task difficulty is 

manipulated? 

3) What is the exact role of EF in uncertain decision making, how does it influence the 

underlying strategies? How do the hot and cool aspects of the EF interact? 

4) Which aspects of inhibitory control are impaired in childhood ADHD? Which other 

phases of the perceptual-motor chain can be impaired beyond inhibitory control? 

9. General structure of the empirical studies 

Chapter 2. This study tested the various inhibitory control problems in trait 

impulsivity on the basis of the CEM. A modified flanker task was used with different levels 

of stimulus degradation to influence arousal and effort pools. We followed the experimental 

procedure of Johnstone et al. (2010) with some minor modifications. Our study neither aimed 

to exactly replicate the study of Johnstone et al. (2010), nor even to handle their 

methodological flaws. However, the conceptual framework and the paradigm have been 

considered as a reasonable and well-defined starting point to investigate whether impairments 

of inhibition are present as a core deficit in trait impulsivity, or as a consequence of 

suboptimal energetic regulation. The various theoretical approaches serving as backgrounds 

of different questionnaires assessing trait impulsivity might not suggest experimentally 

testable hypotheses for clarifying the cognitive background of inhibitory control in 

impulsivity. Instead, for our purpose, we considered a better alternative to manipulate some 

aspects of the CEM. We also took into account that other studies successfully applied the 

CEM, especially the concept of effort pool, as an explanatory framework for a similar 

personality trait, the extraversion (e.g., Beauducel, Brocke, & Leue, 2006; Smulders & 

Meijer, 2008). We focused only on the role of energetic factors (especially, the arousal and 

effort pools), which could mediate task performance, but the CEM itself was not treated as a 

“model of impulsivity”, and it was not confronted with other existing models. We 

demonstrate that the majority of findings presented in this paper could not support the 

predictions of the CEM. 

Chapter 3. This chapter introduces a study which could be considered as a secondary 

analysis of the data presented in Chapter 2. Error-related measures (ERN, Pe, post-error 

slowing) were investigated to understand the role of error processing in trait impulsivity if 
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task difficulty is manipulated. However, these analyses were conducted on a restricted sample 

of participants who made a sufficient number of errors in the incongruent condition of the 

modified flanker task.20 There is no direct reference to the CEM in the text of this study by 

reason of the simplified theoretical focus that we aimed to follow when preparing the 

manuscript. We demonstrate that highly impulsive individuals are characterized by decreased 

sensitivity to errors in situations where more effortful control is needed to fulfill task 

requirements. 

Chapter 4. In certain groups of individuals (e.g., those with bilingual language 

background, professional translators, congenitally blind individuals) it is suggested that some 

aspects of the EF are superior compared to controls, and they perform better on specific EF 

tasks (Bryce et al., 2011; Hugdahl et al., 2009; Martin-Rhee & Bialystok, 2008). Actually, 

this advantage could depend on various parameters of the given task. To the best of my 

knowledge, it has not been investigated by ERP methodology how enhanced level of EF 

influence performance on the BART which is a hot EF measure and taps risk-taking 

propensity. With this study, we aimed to cover the atypical “upper end” of the EF dimension 

by investigating adults with superior EF. We present that enhanced performance on various 

cool EF tasks predicts a different task-solving strategy on the BART but only at the neural 

level. Moreover, the possible elements of feedback processing in trait impulsivity by means of 

ERPs in the BART have not been tested until now. Therefore, we demonstrate that higher trait 

impulsivity does not predict altered feedback processing in this paradigm. 

Chapter 5. The specificity of the Stroop task in showing impaired interference control 

at the behavioral level in ADHD has not been confirmed (Sergeant et al., 2002), and the 

efficacy of the task in distinguishing ADHD and TD children is somewhat dependent on the 

scoring method and measurement protocol (Lansbergen, Kenemans, & van Engeland, 2007; 

van Mourik et al., 2005). However, it is possible that clear group differences can be obtained 
                                                 

20 The number of trials is different in the study investigating correct responses (Chapter 2: 432) and in the other 
investigating incorrect responses (Chapter 3: 1728), however, the same experiment was used. I describe the 
reasons for this discrepancy here. Originally, we aimed to manipulate several aspects of the CEM, including the 
effect of reinforcement, as well. Therefore, consistent with performance, we used different types of feedback 
stimuli (abstract feedback, monetary reward, monetary punishment) after each response during the whole 
experiment. However, the first block of the task was a “no feedback” condition (flanker task with three levels of 
stimulus degradation), in which we did not present any feedback, and the findings described in Chapter 2 pertain 
to data obtained during only this block. As the error rate was relatively low for the whole experiment (about 3-
4% of all trials on the restricted sample), it was needed to include all blocks of the task in the analysis of error 
trials. For this reason, trials were collapsed across all feedback conditions in Chapter 3. The feedback-locked 
analyses (not presented in this dissertation) indicated that errors were easily detectable and participants might 
have relied on internal feedback processing; therefore, no FRN-like component was evoked, and the effects of 
feedback were inconsistent. The findings of Chapter 2 remained generally the same when we analyzed ERP and 
RT data for the whole design including feedback conditions. For a more straightforward presentation and 
interpretation of results we decided to include only the “no feedback” block in this study (Chapter 2). 
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at the neural level. The precise time course of this likely impairment has yet to be 

investigated. A brief pilot study is also related to this chapter (see Supplementary material 

S4.1) about 14 healthy adults performing a modified Stroop task. This task was developed and 

validated (see section 6.3) by Dénes Szűcs and Donna Bryce (Bryce et al., 2011; Szűcs, 

Soltész, Bryce, et al., 2009), and we checked whether the task works in a culturally different 

setting. Afterwards, children with ADHD and TD children performed the same task in the 

main study. As impairments in ADHD can be understood as problems in state regulation, 

multiple levels of processing have been measured by ERPs. Moreover, the variability in 

response times indicating non-optimal arousal has been quantified by ex-Gaussian 

distributional analyses of correct RTs. Predictions of the CEM have not been tested directly 

because of methodological reasons. We emphasize the existence of deficits at multiple stages 

of information processing in ADHD rather than a specific impairment of response inhibition. 

Since each study is a published paper or a manuscript under review, some 

inconsistencies could occur across the chapters in formatting, structure, length and language 

(nomenclature). The final content has been determined by the review process, therefore, if I 

felt that additional information was needed for a better understanding of results, I amended 

each relevant chapter with some Supplementary material. 
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Chapter 2 

Generalized lapse of responding in trait impulsivity indicated by ERPs: The 

role of energetic factors in inhibitory control21 

 

1. Introduction 

Trait impulsivity indicates a preference for immediate rewards, risky activities, and 

novel experiences (Mitchell, 1999). It is characterized by rapid and unplanned reactions to 

stimuli before thorough processing of information (Arce & Santisteban, 2006). In the DSM 

(DSM-IV-TR; American Psychiatric Association, 2000), impulsivity is the second most 

frequent symptom (Boy et al., 2011). There is a growing interest in understanding impulsivity 

among healthy populations as this trait can be interpreted along a dimension, but the 

underlying mechanisms across the full range have not been clarified yet (Dimoska & 

Johnstone, 2007; Kam et al., 2012; Stanford et al., 2009). The present study aimed to 

elucidate the neuro-cognitive background of trait impulsivity by means of ERP components, 

focusing on inhibitory control and energetic factors.  

Impulsivity is a multifaceted personality trait (Aichert et al., 2012; Pietrzak, Sprague, 

& Snyder, 2008) that has been linked to executive functions (EF) (Bari & Robbins, 2013; 

Franken & Muris, 2006). Inhibitory control, a component of EF, is the ability to successfully 

respond to task-relevant items while inhibiting inappropriate automatic responses or 

suppressing interference due to task-irrelevant stimuli (Brydges et al., 2012). There are at 

least two distinguishable types of inhibitory processes: interference suppression or stimulus 

interference control, and response inhibition (Bryce et al., 2011; Bunge et al., 2002). The 

ability to suppress task-irrelevant interfering information is crucial in experimental paradigms 

such as the Eriksen flanker task (B. A. Eriksen & Eriksen, 1974), in which the centrally 

presented target is flanked by distractors. The flanking characters in relation to the target can 

be neutral (indicating no response assignment), congruent (indicating the same response 

tendency as the target), and incongruent (providing response information that conflicts with 

the response tendency of the target). Increased RT and errors are usually demonstrated for 

incongruent compared to neutral flankers (interference effect), while congruent flankers 

reduce RT and errors (facilitation effect) (Kopp, Rist, et al., 1996). This task has been 

                                                 
21 Andrea Kóbor, Ádám Takács, Ferenc Honbolygó, & Valéria Csépe (2014). International Journal of 
Psychophysiology, 92(1), 16–25. 
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extensively used to examine interference control (e.g., Brydges et al., 2012; Johnstone & 

Galletta, 2013; Johnstone et al., 2010; Kopp, Rist, et al., 1996).  

Of the several existing measures of trait impulsivity (Bari & Robbins, 2013), one of 

the most widely used instruments is the Barratt Impulsiveness Scale (BIS; Patton et al., 1995; 

Stanford et al., 2009). Although impulsive traits measured by questionnaires do not often 

correlate with behavioral measures of impulsivity due to various reasons (Bari & Robbins, 

2013), some evidence suggests that weaker response inhibition can be explained by increased 

trait impulsivity, at least in a small portion (Aichert et al., 2012). It is not clear, however, in 

what extent impaired subprocesses of inhibitory control underlie trait impulsivity in 

nonclinical populations (Dimoska & Johnstone, 2007). Moreover, different experimental 

modulations could affect ongoing performance in inhibitory tasks yielding mixed results.  

Inhibitory control in trait impulsivity could be interpreted in the framework proposed 

by the cognitive-energetic model (CEM; Sanders, 1983). According to this model, energetic 

factors such as arousal, activation, and effort mediate task performance. The CEM per se is a 

hierarchical and integrative model of energetic and structural mechanisms, and it assumes that 

adaptive information processing depends on three levels of functioning. These levels 

incorporate computational processing stages such as encoding, decision making, and motor 

organization (response); energetic mechanisms or state factors such as arousal, effort, and 

activation; and a management level or the EF. In particular, arousal refers to slow, input-

related tonic changes in the energetic state while activation is a task-related phasic 

physiologic readiness to respond (Barry, Clarke, McCarthy, Selikowitz, & Rushby, 2005; 

Johnstone et al., 2010). Arousal and activation pools provide energetic supply to the specific 

computational processing stages. In a task with varying cognitive load, the effort pool could 

provide a compensatory mechanism to mobilize and regulate the other two energetic 

resources in order to adjust behavior and to achieve an optimum level of performance 

(Johnstone & Galletta, 2013; Sanders, 1983; Sergeant, 2000; Smulders & Meijer, 2008). 

However, performance improves only at a moderate level of task difficulty. While a higher 

required effort may induce over-arousal or over-activation, a low effort level may induce 

under-arousal or under-activation, both leading to suboptimal behavioral performance (Yerkes 

& Dodson, 1908). Eysenck (1993) proposed that individuals with high impulsivity have lower 

arousal than those with low impulsivity. Therefore a task which increases arousal could 

improve the performance of high impulsives and deteriorate that of low impulsives. One 

possibility for experimentally vary task difficulty is to degrade the intensity or quality of 

visual signals that influences the encoding stage of information processing (Johnstone et al., 
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2010; Sanders, 1983). This manipulation is specifically sensitive to low arousal, and therefore 

mobilizes effort pool. 

Besides behavioral measures, event-related brain potentials (ERPs) provide insight 

into the temporal resolution of inhibitory control, as well as into that of the neural stages of 

information processing incorporated in CEM. The anterior/central N2 and the 

central/centroparietal P3 components are of relevance in the flanker task as they show general 

sensitivity to resisting the interference caused by distractors (Johnstone, Barry, Markovska, 

Dimoska, & Clarke, 2009). The N2 component is found to peak between 200–450 ms after 

stimulus onset, and it is functionally linked to cognitive control. A frequent finding of ERP 

studies using the flanker task is that the N2 can be divided into two distinct subcomponents 

(Gehring, Gratton, Coles, & Donchin, 1992; Kopp, Rist, et al., 1996) reflecting control-related 

and mismatch-related functions (Folstein & van Petten, 2008). However, some previous 

flanker studies failed to find two N2s (e.g., Johnstone et al., 2009; Johnstone & Galletta, 

2013), and the classification scheme of the apparent subcomponents (N2a, N2b, N2c) is not 

always consequent (Folstein & van Petten, 2008). The N2b is considered to indicate the 

attentional detection of deviations from the prevailing visual context (Kopp, Rist, et al., 

1996). As reported by Johnstone et al.(2010), the N2b amplitude in a flanker task appeared to 

be sensitive to stimulus degradation and therefore to the increasing difficulty of visual 

discriminability. The N2c is thought to reflect the inhibition or suppression of the 

automatically, but erroneously primed responses (Gehring et al., 1992; Kopp, Rist, et al., 

1996), or more generally, the process of response conflict monitoring (Folstein & van Petten, 

2008; Kopp & Wessel, 2010; Yeung, Botvinick, & Cohen, 2004).  

Similarly to the N2, the P3 occurring at 250-700 ms after stimulus onset is also related 

to inhibitory control processes (Johnstone et al., 2009; Johnstone et al., 2010; Kopp & 

Wessel, 2010). The peak latency of P3 is considered as a measure of stimulus evaluation time 

(Polich, 2007). Several studies using the flanker task reported amplitude increase and latency 

delay of the frontocentral or central P3 elicited by incongruent trials as compared to congruent 

ones (Folstein & van Petten, 2008; Ridderinkhof & van der Molen, 1995). More specifically, 

a larger P3 amplitude is assumed to reflect the employment of increased attentional resources 

(Kok, 2001). However, as it was shown, P3 would also indicate the amount of resources 

available for stimulus processing, therefore an amplitude reduction and latency increase 

suggested that resources were needed elsewhere (Beauducel et al., 2006). At the same time, as 

Johnson (1986) proposed, a decreased P3 amplitude might also signify decision uncertainty, 

and this could imply the occurrence of smaller P3 amplitude in case of effortful processing 
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(Fritzsche, Stahl, & Gibbons, 2011). Accordingly, if the presented stimulus was harder to 

discriminate, P3 amplitude could change in both directions, while P3 latency would be 

delayed.  

A third ERP component related to the flanker task is the Lateralized Readiness 

Potential (LRP), which is a correlate of the motor preparation process before the overt 

response is given (e.g., Heil, Osman, Wiegelmann, Rolke, & Hennighausen, 2000; Kopp, 

Rist, et al., 1996). The LRP is an index of selective motor activation (e.g., Coles, 1989; 

Eimer, 1998), therefore useful for studying motor processes in real time. This component 

summarizes the electrical potential differences of electrodes placed over the motor cortex 

contra- and ipsilateral to the response hand in a single measure (Coles, 1989; Ridderinkhof & 

van der Molen, 1995; Szűcs, Soltész, Bryce, et al., 2009). This waveform could indicate 

covert incorrect response preparation (erroneous response priming) even if the overt 

behavioral response is correct (i.e., correct key-press); this characteristic is crucial in case of 

conflicting stimuli (e.g., in the incongruent condition of a flanker task, see also Coles, 1989; 

Kopp, Rist, et al., 1996). By calculating the LRP, an incorrect response preparation followed 

by a correct response preparation can be detected in an incongruent condition (Bryce et al., 

2011). According to the arguments of Bryce et al. (2011, p. 682) amplitude and latency of the 

initial response preparations can be considered to be indices of interference suppression, i.e., 

how the conflict is experienced at first, how irrelevant information is filtered out. 

Additionally, the transition from incorrect to correct activation in the incongruent condition 

could reflect the later response inhibition process. 

Deficient inhibitory control in trait impulsivity has not been consistently supported on 

the basis of previous N2 and P3 findings. However, a reduced P3 amplitude in impulsive 

participants was a general result of former studies using various tasks (Chen et al., 2007; De 

Pascalis et al., 2004; Russo, De Pascalis, Varriale, & Barratt, 2008). This was interpreted 

either as an outcome of ineffective allocation of the available attentional resources, or as a 

consequence of attenuated physiological arousal. At the same time, the latency of P3 has been 

shown to be unaffected in impulsive participants (Russo et al., 2008). The BIS subscales 

scores differentially predicted N2 and P3 measures in a modified continuous performance 

task, however, the total score was neither related to any of these ERP indices (Kam et al., 

2012). In contrast, Russo et al. (2008) demonstrated that lower P3 amplitudes in a two-choice 

visual oddball task predicted higher BIS total score. Only one study has investigated the effect 

of impulsiveness on response preparation in Stop-signal paradigm (Dimoska & Johnstone, 

2007). Results showed enhanced response activation (larger LRP amplitudes on failed stop 
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trials), and enhanced response inhibition (larger N1/P3 complex on successful stop trials) in 

the high compared to the low impulsive group, although no group differences emerged at the 

behavioral level. Furthermore, only a small number of studies has tested directly the ERP 

correlates of certain aspects of the CEM by using different inhibitory control paradigms 

(Benikos & Johnstone, 2009; Benikos, Johnstone, & Roodenrys, 2013; Johnstone & Galletta, 

2013; Johnstone et al., 2010; van Meel et al., 2007). Findings of these studies unequivocally 

supported the crucial role of energetic pools in inhibitory performance. 

To the best of our knowledge, experimental manipulation of energetic factors and their 

behavioral and ERP correlates have not been investigated in trait impulsivity to date, and 

clarifying the compensatory role of effort is still missing in this field. Furthermore, this is the 

first study using the CEM as a framework to understand the probable deficiency of inhibitory 

control in trait impulsivity. By tracking the LRP in a conflicting condition we would be able 

to separately measure processes that contribute to inhibitory control. 

In sum, the aim of the present study was threefold as follows: (1) to investigate 

whether self-reported trait impulsivity measured by BIS in adults is associated with impaired 

inhibitory control in terms of ERPs and behavioral measures; (2) to test whether the possible 

deficient inhibition is a consequence of the suboptimal arousal and effort by using a modified 

flanker task with different levels of stimulus degradation (no, moderate, and high); (3) to 

accumulate further results by investigating the effect of impulsivity on response preparation in 

an interference paradigm, and its modulation by varying task difficulty. 

We hypothesized that participants of high impulsivity compared to controls would 

show lower accuracy at non-degraded and highly degraded flanker trials by reason of 

ineffectively regulating their energetic states. At the same time, we expected a faster 

responding of impulsive participants in all conditions as a characteristic of trait impulsivity. A 

general increase in N2b with increasing levels of stimulus degradation was assumed as the 

component is considered to index visual stimulus discriminability. An attenuated N2c in 

incongruent trials was predicted in the high impulsive group because of a possibly impaired 

response conflict monitoring. Additionally, we predicted that high impulsive participants 

would have reduced P3 amplitudes at non-degraded and highly degraded levels compared to 

moderate degradation by reason of a greater effort investment, since they are supposed to be 

in under-aroused and over-aroused states. As the P3 ERP wave correlates with interference 

effects and processes related to inhibitory control, increased amplitude and delayed latency 

for incongruent trials were anticipated. However, this effect would be smaller in the high 

impulsive group. As we assumed that high impulsive participants have deficient interference 
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suppression and response inhibition compared to controls, an increased amplitude of the 

positive-going LRP, and a delayed latency of the negative-going LRP were expected for 

incongruent flankers (for details see section 2.3 EEG recording and pre-processing). This 

would also reflect an enhanced incorrect response preparation, and then a delayed correct 

response preparation. 

 

2. Material and methods 
2.1. Participants 

Two groups of adult participants (n = 39) – controls and individuals with high 

impulsivity – took part in the experiment. Altogether 9 of them were excluded from the 

sample, and therefore 15 participants remained in each group: one adult was dropped out by 

reason of excessive artifacts (see section 2.3 EEG recording and pre-processing), 5 because of 

technical problems, and 3 other participants due to the high occurrence of omission errors (or 

because of not paying attention to the task). All participants had normal or corrected-to-

normal vision, and none of them reported previous traumatic head injury or a history of any 

neurological or psychiatric condition. Participants taking any psychotropic/antidepressant 

medication were not included in the study. To assess personality/behavioral construct of 

impulsivity the Hungarian version of the 30-item self-report Barratt Impulsiveness Scale22 

(BIS-11; Patton et al., 1995 translated to Hungarian by Anna Székely, Zsolt Demetrovics, and 

Sándor Rózsa; see also Varga et al., 2012) was administered. Participants were selected after a 

more comprehensive preliminary screening phase in which approx. 400 undergraduate 

students completed the scale as a means of partially satisfying course requirements. We used 

a total score by summing the second order factors (Attentional Impulsiveness, Motor 

Impulsiveness, Non-planning Impulsiveness). In accordance with previous studies, 

individuals scoring 72 or above were classified as highly impulsive, and total scores between 

52 and 71 were regarded as within normal limits of impulsiveness (Stanford et al., 2009). 

Additionally, we narrowed the criteria of the normal range to total scores between 56 and 58 

based on the distribution observed in our larger dataset in order to select individuals who were 

neither close to the cut-off point of high impulsiveness nor to the lower range which would 

indicate extremely over-controlled behavior or biased completion of the questionnaire 

(Stanford et al., 2009). Descriptive characteristics of our sample are presented in Table 2.1. 

Participants received course credit for taking part in the ERP experiment. 

                                                 
22 The Hungarian version of the BIS can be found in Supplementary material S1.2.  
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Our study was approved by the Ethical Review Committee for Research in Psychology 

and was conducted in accordance with the Declaration of Helsinki. 

 
Table 2.1. Descriptive characteristics of the low (control) and high impulsive groups. 

Group n M/F L/R Mean age (SD) BIS TS (SD) STAI-T (SD) BDI TS (SD) 

Control 15 6/9 1/14 20.4 (1.92) 57.0 (0.76) 36.8 (6.83) 12.1 (2.71) 

Impulsive 15 7/8 2/13 22.4 (4.15) 77.6 (5.63) 41.1 (7.70) 12.8 (2.51) 

Difference – n.s. n.s. n.s. p < .001 n.s. n.s. 

Note. M/F: Male/Female; L/R: left/right handed; BIS TS: Barratt Impulsiveness Scale total score; STAI-T: T-
Anxiety score; BDI TS: Beck Depression Inventory short version total score.  
 

2.2. Stimuli and procedure 

Participants performed a modified visual flanker task based on the study of Johnstone 

et al. (2010). The flanker trials had three levels of required effort manipulated by visual 

degradation of the stimuli by randomly removing 0 %, 60 %, and 80 % of the pixels (stimulus 

arrays are presented in Fig. 2.1). Target stimuli consisted of a black central arrowhead 

(against a grey background) pointing to the left or to the right indicating a left or right handed 

button press (“A” or “L” keys on a keyboard). Targets were presented with two flankers 

placed on either side of the central arrowhead. Flankers pointed in the same direction as the 

target in the congruent condition, while in the opposite direction to the target in the 

incongruent condition. In case of neutral trials flanker arrowheads were replaced with black 

horizontal lines aiming to preserve the length of the stimulus array, and to avoid a primed 

response arising from the features of an arrowhead (for an example using the same neutral 

array as in our study see Fan, McCandliss, Sommer, Raz, & Posner, 2002).  

Each trial consisted of five events. First, a central fixation cross was presented for a 

variable interval of 500 – 750 ms (M = 625 ms). It was followed by the flanker stimulus array 

displayed at the center of the screen for 150 ms, and then a blank screen was displayed for 

850 ms or until the participant gave a behavioral response. After a delay of 500 ms (indicated 

by a blank screen again) an image of an eye was presented for 1000 ms to indicate that 

participants should blink if necessary during this period. Each stimulus type and array 

requiring left-hand/right-hand response was presented with equal probability. The experiment 

consisted of 3 blocks of 144 trials (24 of each stimulus type) and a practice block with 18 

trials. Participants completed the task under three levels of stimulus degradation (non-

degraded, moderately degraded, highly degraded). The order of presenting the separate 

“degradation blocks” was counterbalanced between participants and across groups. We did 
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not use predictable sequences (i.e., no – moderate – high or high – moderate – no 

degradation) in the rotation of blocks. Trials with varying degradation were not intermixed 

within a block because of the slowly changing arousal (Sanders, 1983), and in order to obtain 

comparable results with the study of Johnstone et al. (2010), and Johnstone and Galeta 

(2013). Stimuli were presented by using the Presentation software (v. 12.2; Neurobehavioral 

Systems). 

Prior to the experiment, participants familiarized with the laboratory equipment and 

the details of the task, then they gave their informed consent. They were seated in a 

comfortable chair in an acoustically and electrically shielded, dimly lit room. During the 

application of the electrodes they filled out two other questionnaires, the aim of which was to 

control the effect of two confounding personality dispositions, depression and anxiety, which 

could be present along with impulsivity, and could have an impact on the measured ERPs 

(Mushtaq et al., 2011; Potts, George, et al., 2006). To assess disposition for depression, the 

Hungarian Beck Depression Inventory short version (BDI,  Rózsa, Szádóczky, & Füredi, 

2001) was used, and to measure trait anxiety the Hungarian State-Trait Anxiety Inventory 

(STAI, Sipos & Sipos, 1983) was administered.  

Participants were instructed to make a left or right key press according to the direction 

of the central arrowhead as fast and accurately as possible, and to ignore the distracting 

flankers on either side. Speed and accuracy was emphasized equally. They were also informed 

that some blocks consisted stimulus arrays appearing less clearly. After each block, an 

immediate feedback was given to the participants on their performance (number of hits) 

followed by a short (2-3 min) break. 

 

Fig. 2.1. Three possible (congruent, incongruent, neutral) stimulus arrays with a) 0 %, b) 60 %, and c) 80 % of 

visual degradation.  

 

2.3. EEG recording and pre-processing 

EEG activity was measured by using a 32 channel recording system (BrainAmp 

amplifier and BrainVision Recorder software, BrainProducts GmbH). The Ag/AgCl sintered 
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ring electrodes were mounted in an electrode cap (EasyCap) on the scalp according to the 

10% equidistant system. We used Cz as a reference, and electrode contact impedances were 

kept below 5 kΩ. EEG data was recorded with a sampling frequency of 500 Hz. 

We analyzed EEG data offline by using BrainVision Analyzer software. The data was 

first band-pass filtered between 0.01 – 30 Hz (12 dB/oct), and notch filtered at 50 Hz. Eye-

movement artifacts and heartbeats were corrected with independent component analysis (ICA 

Delorme, Sejnowski, & Makeig, 2007). In order to correct artifacts, the raw EEG was first 

decomposed into ICA components, and then 2-3 components related to eye-movements and 

heartbeats were selected in each participant by visual inspection. After that we reconstructed 

the EEG from the remaining ICA components. The data was re-referenced to the average 

activity of all electrodes. 

Only correctly responded trials were included in the EEG analysis. Epochs extended 

from -100 to 1000 ms relative to the presentation of flanker stimuli, and were baseline 

corrected based on the averaged activity from -100 to 0 ms. We applied an automatic artifact 

rejection algorithm which was based on four criteria: the maximum gradient allowed for an 

epoch was 50 μV, we rejected those segments where the activity exceeded +/- 100 μV, the 

lowest activity allowed was 0.5 μV, and the maximum absolute difference between the 

minimum and maximum voltages in an epoch was 200 μV. This was necessary for removing 

the artifacts still in the data after ICA correction. If more than 30% of the epochs were 

rejected in any condition, the whole participant’s data was rejected. The mean percentage of 

epochs removed in all conditions was 0.8 % in our final sample; this value was 1.05 % in the 

impulsive group (range of 0 – 4.93 %), and 0.57 % in the control group (range of 0 – 2.15 %). 

Grand average ERP waveforms were calculated separately for each group and 

condition to determine the latency range of each component (N2, P3, LRP).23 An automatic 

peak detection algorithm was used for quantifying P3 and LRP component peaks: it identified 

the largest positive and negative deflections within a certain latency range. We follow the 

classification of Pritchard, Shappell, and Brandt (1991) and Kopp, Rist, et al. (1996) in 

labeling the N2 components (see section 1 Introduction). N2b was measured as the mean 

activity within 200 – 300 ms, and N2c was quantified as the mean activity within 300 – 400 

ms at electrode Cz, respectively. Since these two separable N2s were only clearly identifiable 

above electrode Cz, we decided to use only this electrode site in the analysis. P3 was 

determined as the most positive deflection within 340 – 640 ms at electrode Cz where its 

                                                 
23 The scalp topography (amplitude distribution) of these ERPs are presented in Supplementary material S1.3.  
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amplitude was maximal. In some cases manual adjustment was needed in searching for P3 

peaks.  

Lateralized Readiness Potential (LRP) was calculated according to the equation of 

Coles (1989, p. 256): [Mean(C’4 – C’3)left-hand movement + Mean(C’3 – C’4)right-hand movement] / 2, 

where C’3 is the brain potential recorded from an electrode over the left motor cortex, and C’4 

is the brain potential recorded over the right motor cortex (for the same application see e.g., 

Bryce et al., 2011, pp. 675-676). The difference potentials for both hand movements were 

averaged in order to eliminate lateralized activity unrelated to the movement. According to 

the traditional computation, a negative deviation in the LRP waveform reflects preferential 

activation of the correct response, whereas a positive deviation reflects preferential activation 

of the incorrect response (Coles, 1989). We used the conventional electrodes at position C3 

and C4 for the calculation of LRP. For the sake of enhancing the signal-to-noise ratio, each 

participant’s raw LRP in each condition was smoothed by a 150 ms moving average window 

(Bryce et al., 2011, p. 675). In congruent and neutral conditions we determined initial LRP 

peak amplitudes and latencies (reflecting correct response preparation) as the most negative 

points between 200 – 400 ms. In the incongruent condition we expected an initial incorrect 

response preparation and a subsequent correct response preparation. The initial peaks were 

identified as the most positive values between the time range of 200 – 400 ms, and the 

secondary peaks were identified as the most negative values between 300 – 600 ms in the 

incongruent condition. Again, manual adjustment was needed in searching for component 

peaks of certain raw LRPs. 

 

2.4. Data analysis 

Only correctly responded trials were included in the reaction time (RT) and ERP 

analysis. Fast impulsive responses with RTs lower than 200 ms were eliminated, and we did 

not analyze the omission errors (misses or responses longer than 1000 ms) separately. 

Accuracy was calculated as hit rate (number of correct button presses divided by 24) minus 

error rate (number of incorrect button presses divided by 24). Reaction time and accuracy 

were analyzed by three-way mixed ANOVAs with Congruency (congruent, incongruent, 

neutral) and Condition (non-degraded, moderately degraded, highly degraded) as within-

subjects factors, and Group (control, impulsive) as a between-subjects factor. ERP peak 

amplitudes and latencies (except LRPs) were entered into the same three-way mixed ANOVA 

for analysis. The amplitudes and latencies of the LRP waveforms were analyzed separately in 
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each congruency condition by performing two-way mixed ANOVAs with Condition (non-

degraded, moderately degraded, highly degraded) as a within-subjects factor and Group 

(control, impulsive) as a between-subjects factor. In this manner we analyzed the different 

underlying mechanisms (i.e., initial correct/incorrect response activations) in correctly 

responded congruent/neutral and in incongruent trials independent of one another. 

In all ANOVAs performed on behavioral and physiological measures the Greenhouse-

Geisser epsilon (ε) correction (Greenhouse & Geisser, 1959) was used when necessary. 

Original df values and corrected p values are reported together with partial eta squares (ηp
2) as 

the measure of effect size. To control for Type I error, we used Tukey HSD tests for pair-wise 

comparisons in case of significant main effects, and as follow-up analyses of significant 

interactions. Data was analyzed in STATISTICA 9 and IBM SPSS Statistics 19. 

 

3. Results 
3.1. Behavioral results 

Control participants responded significantly faster (M = 441 ms, 95% CI [421, 460]) 

than those with high impulsivity (M = 479 ms, 95% CI [460, 499]), F(1, 28) = 8.58, p < .01, 

ηp
2 = .23. The main effect of Congruency, and the main effect of Condition were also 

significant. However, the significant Congruency * Condition interaction (see Fig. 2.2), F(4, 

112) = 7.53, p < .001, ηp
2 = .21, overwrote the latter main effects. Pair-wise tests showed that 

trials with the highest degradation level were responded slower than non-degraded trials, and 

than those with moderate degradation in case of congruent (ps < .001) and incongruent (ps < 

.001) stimuli, while all degradation levels differed significantly from one another in neutral 

stimuli (ps < .001). Interference effect was present at all degradation levels as congruent and 

neutral flanker trials were responded faster than incongruent trials (ps < .001), however, 

facilitation effect appeared only at moderate stimulus degradation (p < .001). 

Considering accuracy results, statistical analyses did not reveal a significant effect of 

Group; control and impulsive participants did not differ in their accurate responding. The 

main effect of Congruency and Condition, and the Congruency * Condition interaction were 

significant (see Fig. 2.2), F(4, 112) = 6.45, ε = .401, p < .01, ηp
2 = .19. Accuracy of the three 

degradation levels did not differ for congruent and neutral stimuli. In case of incongruent 

trials, pair-wise comparisons indicated that participants were the most accurate at moderately 

degraded trials, but this accuracy ratio only differed significantly from that of the highly 

degraded trials (88 % vs. 74 %, p < .001). At non-degraded trials, participants were less 
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accurate (83%), but this was not confirmed statistically. The interference effect emerged in all 

degradation conditions (ps < .001), and no facilitation effect was obtained.  

 

 
Fig. 2.2. Interaction between Congruency and Condition for reaction time (left) and accuracy (right). Vertical 
bars denote 95% confidence intervals for means. 
 

3.2. ERP results 

 A summary of results obtained from statistical analyses of ERP data is presented in 

Table 2.2. We report these results in detail below. 



74 

Table 2.2. Summary table of significant effects obtained from ANOVAs performed on relevant behavioral and 
ERP measures.  

  Group Congruency Condition  
Congruency * 

Condition 

Condition* 

Group  

Congruency * 

Condition * 

Group 

Reaction time 8.58** 233.44*** 40.72*** 7.53***   

Accuracy   38.63*** 5.80* 6.45**     

N2b (mean act)   5.29**   2.56* 

N2c (mean act)   32.71*** 10.72***       

P3 (A)  3.36+  2.34+  3.42* 

P3 (lat) 5.43*   6.64**      

LRP con (A)  – 3.90***  2.49+  

LRP con (lat) 7.13* – 6.72**       

LRP neu (A)  –     

LRP neu (lat)   – 18.63***       

LRP inc pos (A)  –     

LRP inc pos (lat) 7.96** – 19.55***       

LRP inc neg (A)  –     

LRP inc neg (lat) 10.19** – 38.09***       

Note. A – amplitude, lat – latency, mean act – mean activity, con – congruent, inc – incongruent, neu – neutral, 
pos – positive, neg – negative, – – not relevant in the analysis, Condition – Condition factor (stimulus 
degradation level). F values are reported for each effect; values in italics indicate the involvement of Group 
factor. Dependent variables (behavioral and ERP measures) are reported in the first column. Only significant or 
marginally significant effects are presented in the first row. 
+p < .1; *p < .05; **p < .01; ***p < .001  
 

3.2.1. N2b, N2c, and P3 

Grand average ERP waveforms at electrode Cz split by Congruency and Condition for 

each group are presented in Fig. 2.3.  

The ANOVA ran on N2b component yielded a significant main effect of Condition, 

F(2, 56) = 5.29, p < .01, ηp
2 = .16, which was overwritten by the significant Condition * 

Congruency * Group interaction, F(4, 112) = 2.56, p < .05, ηp
2 = .08. According to Tukey 

HSD tests, the N2b was larger (i.e., more negative) to highly degraded incongruent trials 

compared to non-degraded incongruent trials (1.10 μV vs. 2.56 μV, p < . 01), but only for the 

control group. None of the other pair-wise differences was significant. 

In case of the N2c component we obtained significant main effects of Congruency, 

F(2, 56) = 32.71, ε = .763, p < .001, ηp
2 = .54, and Condition, F(2, 56) = 10.72, p < .001, ηp

2 = 

.28. N2c was the largest in the incongruent condition; its mean activity differed from the 

activity in congruent (2.59 μV vs. 4.58 μV, p < .001) and in neutral (2.59 μV vs. 4.57 μV, p < 
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.001) conditions. N2c was larger to highly degraded trials compared to non-degraded trials 

(3.11 μV vs. 4.70 μV, p < .001), and it was also marginally larger compared to moderately 

degraded trials (3.11 μV vs. 3.93 μV, p = .052). Similarly, the moderate degradation condition 

differed from the non-degraded condition (3.93 μV vs. 4.70 μV, p = .074). 

All factors had an impact on the P3 amplitude: the main effect of Congruency and the 

two-way interaction of Congruency * Condition were marginally significant, and most 

importantly, the three-way interaction of Congruency * Condition * Group was significant, 

F(4, 112) = 3.42, p < .05, ηp
2 = .11. This interaction effect is plotted in Fig. 2.4. The 

waveform of P3 and descriptive data (see Figs. 2.3-4) suggested impulsive participants having 

smaller P3 amplitudes in all conditions, however, according to Tukey HSD tests, these 

apparent group differences did not reach statistical significance. Nevertheless, the amplitude 

of P3 varied within the two groups across different experimental conditions. In control 

participants, P3 was reduced for moderately degraded incongruent trials compared to non-

degraded incongruent trials (10.08 μV vs. 11.71 μV, p < .01). Regarding impulsive adults, 

pair-wise comparisons across degradation levels did not yield significant differences for 

congruent and incongruent stimuli. However, the P3 amplitude showed a significant reduction 

for highly degraded neutral trials compared to moderately degraded neutral trials (7.19 μV vs. 

8.69 μV, p < .01). We disentangled that the interference effect appeared only in the control 

group and only in case of non-degraded trials: the incongruent P3 amplitude was enhanced 

compared to congruent (11.71 μV vs. 10.18 μV, p < .01), and neutral (11.71 μV vs. 9.85 μV, 

p < .001) P3 amplitudes. No other significant pair-wise differences emerged. 

The main effects of Group and Condition were significant on the peak latency of P3. 

P3 peaked later in the impulsive group (505 ms, 95% CI [467, 542] vs. 444 ms, 95% CI [407, 

482]), F(1, 28) = 5.43, p < .05, ηp
2 = .16. The latency of P3 was also delayed to highly 

degraded trials compared to non-degraded trials, F(2, 56) = 6.64, p < .01, ηp
2 = .19 (488 ms 

vs. 460 ms, p < .01). However, Congruency did not have a significant effect on P3 latency.
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Fig. 2.3. Grand average ERP waveforms (N2 and P3) at electrode Cz for each group. Negativity is plotted upwards here and in the following figure representing ERPs.
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Fig. 2.4. Graphs presenting the interaction effect (Group * Condition * Congruency) on the P3 peak amplitude 
measured on electrode Cz. Black lines show the data of control participants, grey lines show the data of 
impulsive participants. Vertical bars denote 95% confidence intervals for means. 

 

3.2.2. LRPs 

Grand average LRPs for the two groups are presented in Fig. 2.5 split by Congruency 

and Condition.  

The ANOVAs run on LRP peak amplitudes in the different congruency conditions did 

not yield any significant effect of Group. The peak amplitude of LRPs was not affected by 

stimulus degradation. The only exception emerged for the congruent stimuli, where the main 

effect of Condition was significant, F(2, 56) = 3.9, p < .05, ηp
2 = .12, and the Condition * 

Group interaction tended to be significant, F(2, 56) = 2.49, p = .092, ηp
2 = .08. Pair-wise 

comparisons revealed that correct response preparation was smaller to moderate degradation 

compared to high degradation (-2.18 μV vs. -2.74 μV, p < .05). 
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The ANOVAs performed on LRP peak latencies yielded significant main effects of 

Group for the correct motor response preparation in the congruent condition, F(1, 28) = 7.13, 

p < .05, ηp
2 = .20, and for the secondary correct response preparation in the incongruent 

condition, F(1, 28) = 10.19, p < .01, ηp
2 = .27, showing that these LRPs peaked later in the 

impulsive group. The initial LRP deviation reflecting incorrect response preparation in the 

incongruent condition also started later in impulsive participants, F(1, 28) = 7.96, p < .01, ηp
2 

= .22. However, the ANOVA run on LRP peak latency in the neutral condition did not show 

this difference pattern (p = .15); the timing of the peaks was similar across groups. Group 

differences in LRP peak latencies are shown in Table 2.3. For all participants, motor 

activation consistently took more time for highly degraded trials as shown by the main effects 

of Condition on congruent, incongruent positive, incongruent negative, and neutral LRP peak 

latencies, F(2, 56) = 6.72, p < .01, ηp
2 = .19; F(2, 56) = 19.55, p < .001, ηp

2 = .41; F(2, 56) = 

38.09, p < .001, ηp
2 = .58; F(2, 56) = 18.63, p < .001, ηp

2 = .40, respectively. Mean latencies 

of LRP peaks split by stimulus degradation levels are presented in Table 2.4. 
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Fig. 2.5. Grand average LRPs (from C3 and C4) for each group. LRP pos denotes incorrect response preparation, LRP neg denotes correct response preparation.
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Table 2.3. LRP peak latencies (ms) of each group in congruent and incongruent conditions (means and 95% 
confidence intervals are given). 

  Congruent Incongruent incorrect Incongruent correct 

Control 315 (299, 330) 238 (225, 250) 423 (406, 440) 

Impulsive 343 (328, 359) 263 (250, 276) 460 (443, 477) 

 
Table 2.4. LRP peak latencies (ms) of each stimulus degradation level in different congruency conditions 
(means and standard errors are given). 

 Congruent Incongruent incorrect Incongruent correct Neutral 

Non-degraded 318 (5.60) 235 (5.37) 426 (6.53) 337 (5.90) 

Moderately degraded 327 (6.41) 240 (5.26) 428 (6.39) 362 (8.11) 

Highly degraded 342 (7.45) 275 (7.15) 471 (7.05) 382 (9.02) 

 

4. Discussion 

We compared the inhibitory control functions of adults with high and low levels of 

trait impulsivity in a modified flanker task with three levels of required effort to modulate 

their energetic state. We analyzed RT and accuracy data, and ERPs (N2b, N2c, P3 

components, and LRPs) time-locked to the presentation of flanker stimuli.  

 

4.1. Behavioral findings 

In line with previous studies using a flanker task (see e.g., Folstein & van Petten, 

2008), interference effect was observed on RT and accuracy data. Evidence for a facilitation 

effect was hardly found in the present experiment as the speed and accuracy of congruent 

trials were comparable to neutral ones, except for reaction times at moderate degradation 

level. In some degree, the equilibrant role of moderate degradation was apparent in the 

incongruent condition as participants responded more precisely to moderately degraded trials 

than to highly degraded or non-degraded trials (see also Wodka, Simmonds, Mahone, & 

Mostofsky, 2009). This pattern, however, could not be detected in the RT data. In contrast, the 

study of Johnstone et al. (2010), in line with the CEM, found a more accurate performance 

with faster responding in their 30% degradation condition (moderate effort). The obtained 

discrepancy between the two studies can be attributed to the different methods used for 

stimulus degradation. Johnstone et al. (2010) degraded only the target arrow, not the entire 

stimulus array (as in the present study), that may have made the direction of the target 

perceptually more salient and more distinguishable from the visually intact flankers 

(Johnstone et al., 2010, p. 180, 183). 
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Contrary to our predictions, group differences occurred only in the RT, though in the 

unexpected direction: impulsive participants responded generally slower than controls, while 

accuracy was comparable across groups (approx. 93% overall). Although rapid response style 

has been considered as an important feature of trait impulsivity (Pailing, Segalowitz, Dywan, 

& Davies, 2002; Ruchsow, Spitzer, Gron, Grothe, & Kiefer, 2005), some evidence also 

suggests that impulsive participants show greater response tendencies (Arce & Santisteban, 

2006). Longer completion times in EF tasks measuring planning (The Maze Test: Pietrzak et 

al., 2008) and response organization (complex flanker task; visual oddball task: Gorlyn, 

Keilp, Tryon, & Mann, 2005; Russo et al., 2008) have been shown in relation to increased 

BIS scores that partially corresponds to our present results. In our study, slower information 

processing at the behavioral level was also reflected in the delayed latency of different ERP 

components (P3 and LRPs) that might denote that the total score of BIS measures a somewhat 

consequent and unitary phenomenon. These behavioral and ERP results could furthermore 

show that low and high impulsive groups differed particularly in processing speed, and not in 

conflict processing per se. Besides that previous results are mixed about the relationship 

between impulsivity and cognitive ability, some evidence showed that individuals with higher 

BIS score demonstrated impaired performance on IQ measures, and this was also reflected in 

reduced P3 amplitudes (Russo et al., 2008). However, without any assessment of IQ or 

processing speed, we could not verify whether IQ differences explain our results. We could 

also assume that the present RT and accuracy data might reflect a strategic task-solving in the 

case of the impulsive participants. We studied well-motivated undergraduate students, and 

those in the high impulsive group might have realized their inherent problems with accurate 

responding, and might have slowed down their responses in order to keep off erroneous key-

presses and to maintain adequate performance. Kam et al. (2012) also emphasized the 

possibility of mobilizing extra resources to compensate for cognitive problems related to trait 

impulsivity in laboratory settings. Nevertheless, in the absence of between-group differences 

in ERP amplitudes, and without any other external assessment of impulsivity and self-

monitoring (e.g., other neuropsychological tests, questionnaires measuring everyday risk-

taking behavior), the latter interpretation remains speculative.  

 

4.2. ERP findings  

Two distinct N2 subcomponents were indentified in accordance with some previous 

ERP studies using a flanker task (Gehring et al., 1992; Johnstone et al., 2010; Kopp, Rist, et 
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al., 1996). The N2b was influenced by stimulus degradation and it was insensitive to 

congruency manipulation. This result corresponds to the finding of Johnstone et al. (2010) as 

the N2b amplitude increased with more difficult visual stimulus discrimination. This increase 

of N2b was statistically significant only in the control group for incongruent stimuli, even 

though the change of the ERP grand average in high impulsive participants followed the same 

pattern in each congruency condition (see Fig. 2.3). However, on the basis of such null 

findings, we cannot argue about any impairment of visual perceptual processing in the high 

impulsive group, but further studies should also investigate this issue. Previous studies 

demonstrated an increase in N2b for neutral stimuli, since neutral flankers were rare and 

perceptually mismatching from the given context (Kopp, Rist, et al., 1996). In the current time 

window, we did not find any indication for this characteristic of the N2b.  

Processes related to response conflict monitoring were modulated irrespective of 

impulsivity as only unique effects of interference and visual degradation were present on the 

later N2c component. An enhanced N2c was obtained in the incongruent condition, in line 

with our assumptions and former findings (Heil et al., 2000; Johnstone & Galletta, 2013; 

Kopp, Rist, et al., 1996). Independently, the N2c was also enhanced with the increased 

difficulty of visual stimulus discrimination. This latter result supports the assumption that the 

N2c could overlap with the N2b (Folstein & van Petten, 2008). 

We did not see a clear interference effect on the peak latency of P3 (but see e.g., 

Ridderinkhof & van der Molen, 1995), and only a subtle impact of stimulus degradation and 

congruency was present on the peak amplitude of P3. The P3 was enhanced for non-degraded 

incongruent trials only in the control group suggesting a partial interference effect. In the 

impulsive group, no evidence was present for interference effect on P3 amplitude that may 

broaden the account of impaired inhibitory processes in trait impulsivity. The reduced P3 

amplitude in the control group for moderately degraded incongruent stimuli might suggest 

that the attentional resources were employed in a lesser extent (Kok, 2001). A decreased P3 

amplitude was seen in impulsive participants in the neutral condition to highly degraded trials 

that might have been elicited by the visual characteristics of the stimulus array. The stimuli 

were hard to discriminate leading to an uncertain decision on the direction of the target arrow 

that could decrease the amplitude of P3 (Fritzsche et al., 2011; Johnson, 1986). Nevertheless, 

the overall reduced P3 amplitude in high trait impulsivity compared to controls (Russo et al., 

2008) was not confirmed statistically despite the visible between-group differences in ERP 

waves in all conditions. The increasing degradation level provided more difficult task 

demands as reflected in the delayed P3 latencies (but see Johnstone et al., 2010). Contrary to 
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previous findings (Russo et al., 2008), impulsive subjects showed a delayed P3 latency 

irrespective of other experimental effects, which might be interpreted as indexing a slower 

stimulus evaluation.  

Our results revealed that the LRP peak amplitude recorded in the incongruent and 

neutral condition was not affected by visual degradation. However, the preparation of correct 

or incorrect motor responses was consistently slower with increased effort level in all 

conditions. A generalized lapse of response preparation emerged in trait impulsivity as shown 

by the delayed latency of LRPs in all conditions. In contrast to our hypothesis, the amplitude 

of the positive-going LRP in the incongruent condition did not differ between groups, 

therefore we could infer that early inhibitory control problems (deficient interference 

suppression) are absent in impulsive participants. At the same time, taking the framework 

proposed by Bryce et al. (2011) as an explanatory basis, high impulsive participants might 

have been more susceptible to interference in the incongruent condition, and they might have 

needed more time to filter out irrelevant noise. However, the presence of the same delay in the 

non-conflicting (congruent and neutral) conditions means that we cannot be certain about 

specific inhibitory problems at this early stage of processing. Furthermore, as LRP measures 

motor response preparation, conclusions on early pre-motor processes, based on LRP 

measures, could only be drawn with caution (Bryce et al., 2011, p. 683). Inhibition of the 

incorrect response tendency, as well as the organization of the correct one, i.e., the peak 

latency of the subsequent negative-going LRP in the incongruent condition, was delayed in 

the impulsive group. This confirms our last assumption denoting problems in the process of 

response inhibition. The present LRP, and also the P3 results are in part contradictory with the 

findings of Dimoska and Johnstone (2007) as they obtained enhanced response activation and 

enhanced response inhibition in high impulsivity, and did not find evidence for delayed motor 

preparation or stimulus evaluation. It is important to note, however, that their findings are not 

easily comparable to ours given the remarkable difference between the two tasks used in each 

study. Nonetheless, their counterintuitive finding, together with the current results on delayed 

response preparation and on overall slowing demonstrate that while impaired inhibitory 

control is frequently found in the clinical expressions of impulsivity, the deficit underlying the 

personality trait in nonreferred populations is probably functionally distinct (Dimoska & 

Johnstone, 2007). 
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4.3. Implications for the CEM 

The majority of our findings in regard to trait impulsivity could not support the 

predictions follow from the CEM. According to both behavioral and ERP data, enhancing the 

task-related effort to a moderate level could not optimize the performance of participants with 

high trait impulsivity. The finding of enhanced accuracy for moderately degraded  

incongruent trials offered some weak support for the CEM, but not in relevance to 

impulsivity. Although the pattern of P3 peak amplitudes in control participants appeared to 

follow the predictions of the CEM (larger P3 for non-degraded and highly degraded flankers, 

attenuated for moderately degraded stimuli), it was only confirmed statistically in the 

incongruent condition, and, again, it did not pertain to the impulsive group. In this study, the 

experimental manipulation of energetic pools of the CEM could not provide a better 

understanding of various inhibitory control problems in trait impulsivity, and these findings 

argue for the consideration of other task-related factors, and of different approaches to handle 

the multidimensional nature of trait impulsivity (Bari & Robbins, 2013).  

 

4.4. Limitations and further aspects 

We should mention as a relevant limitation of our study that the sample size of 

impulsive and controls groups could have been too small to attenuate the heterogeneity of trait 

impulsivity that might have undermined the detection of group differences in ERP amplitudes. 

Our findings need to be replicated on clinical samples with impaired executive 

functions and with at least moderate symptoms of impulsivity (e.g., individuals with ADHD 

or substance use disorder) to clarify the background of the observed atypical brain activity, 

and to directly compare the results of Johnstone et al. (2010) with ours. To shed light on the 

nature of the relationship between personality traits and clinical categories, future research 

should examine the models of dimensionality and distinctive categories (Dimoska & 

Johnstone, 2007; Nigg, 2000). On the other hand, the effect of impulsivity on processing 

degraded visual stimuli could be taken into consideration in other paradigms measuring 

higher-order cognition (e.g., reading). 

The CEM suggests that the three energetic pools, arousal, effort, and activation could 

alter all the processing stages because they are related to one another (Sanders, 1983). We 

found that stimulus degradation had a pervasive effect on all behavioral and 

electrophysiological variables, except the amplitude of the LRPs. This may indicate that 

removing pixels from the stimuli could not alter the arousal independent from the other 
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energetic pools (see also Sergeant, 2005). Previously, task difficulty has also been 

manipulated in other manners by varying event rates (Benikos & Johnstone, 2009; Johnstone 

& Galletta, 2013), and by using different reaction time deadlines (Benikos et al., 2013; van 

Meel et al., 2007). However, investigating the distinctive roles of the three energetic pools in 

trait impulsivity still remains an important task for future research. 

 

5. Conclusion 

This study investigated inhibitory control in trait impulsivity in a flanker paradigm 

with varying levels of task-related effort in order to test the predictions of the CEM. An 

unexpected, generalized lapse of response preparation emerged in the impulsive group as 

shown by the delayed latency of LRPs in accordance with slower RTs, irrespective of other 

experimental effects. As the accuracy of the impulsive and control participants was similar, 

we tentatively interpret this phenomenon as a strategic task-solving characteristic of the 

impulsive group. A general delay in P3 latency was also found in impulsive participants 

indicating a slower stimulus evaluation. Our behavioral data provided only weak evidence for 

the facilitating impact of moderate degradation condition, which did not vary between groups. 

An interacting effect of impulsivity, required effort, and congruency was apparent on P3 

amplitude. This, again, only slightly indicated that control participants used their attentional 

resources less in the moderate degradation condition. Monitoring response conflict appeared 

to be intact in trait impulsivity as reflected by the N2c. While the LRP results barely 

underpinned an impairment of interference suppression, corresponding with the lack of group 

effects in N2c and accuracy findings, they clearly demonstrated an impulsivity related delay 

in the correction of incorrect response tendency and in the organization of correct response 

tendency. 
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Chapter 3 

Does rare error count in impulsivity? Difference in error-negativity24 

 

1. Introduction 

Personality traits, like anxiety, depression, impulsivity or sensation seeking are strong 

risk factors for developing psychiatric conditions (Olvet & Hajcak, 2008). Impulsivity can be 

conceptualized as a multifaceted dimension, often described as acting without thinking, and it 

is associated with externalizing disorders, such as ADHD or substance abuse (Boy et al., 

2011; Hall, Bernat, & Patrick, 2007; Potts, George, et al., 2006). Moreover, impulsivity is the 

second most frequent of the symptoms listed in the DSM-IV (Boy et al., 2011). High 

impulsive adults have problems with response inhibition, learning from errors, and from 

negative feedback (Potts, Martin, et al., 2006). The present study was conducted in order to 

elucidate the neuro-cognitive underpinnings of impulsivity by examining its impact on ERPs 

related to self-monitoring behavior. 

The error-negativity (Ne; Falkenstein et al., 1991) or error-related negativity (ERN; 

Gehring et al., 1993) is a negative deflection that occurs approximately 50 ms after an 

erroneous response with a frontocentral maximum (Olvet & Hajcak, 2008; Simons, 2010). 

The Ne is related to error detection and could trigger behavioral adjustment to fulfill task 

requirements (Endrass, Klawohn, Gruetzmann, Ischebeck, & Kathmann, 2012). The 

background mechanism of this regulatory effect is controversial (Endrass et al., 2012; Hall et 

al., 2007; Olvet & Hajcak, 2008). Task difficulty could attenuate the Ne amplitude as 

detecting an error is more complicated in uncertain conditions (Endrass et al., 2012). In 

addition, the Ne is sensitive to the level of cognitive conflict (Olvet & Hajcak, 2008). A 

higher level of task difficulty could increase the required effortful control and performance 

monitoring in order to attain an optimal achievement in the task (Johnstone et al., 2010), 

which should be mirrored in an enhanced Ne. The Ne is usually followed by a centroparietal 

positive deflection. This error-positivity (Pe) is hypothesized to reflect error awareness, and it 

is related to a compensatory post-error slowing on the error-subsequent trial (Simons, 2010). 

ERPs elicited by commission errors have been studied in cognitive conflict paradigms such as 

Stroop, Simon, Go/No-Go, or flanker tasks (Meyer, Riesel, & Proudfit, 2013; Simons, 2010). 

                                                 
24 Ádám Takács, Andrea Kóbor, Ferenc Honbolygó, & Valéria Csépe; this chapter has been reviewed, revised, 
and waiting for editorial decision in Journal of Psychophysiology.  
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The error rate is usually low in those tasks; however, the minimum number errors required to 

derive Ne ranges between 5 and 300 (Olvet & Hajcak, 2009). Furthermore, Ne from the 

flanker task seems to be the most reliable, even with relatively low number of errors (Meyer 

et al., 2013). 

While anxiety and depression is characterized by an increased sensitivity to 

committing errors indicated by the larger Ne amplitudes, impulsiveness and externalization is 

related to lower Ne and decreased error monitoring (Hall et al., 2007; Olvet & Hajcak, 2008; 

Potts, George, et al., 2006). High externalizing undergraduate students showed a decreased Ne 

amplitude compared to their low externalizing counterparts in a modified letter version of the 

flanker task, and this attenuation correlated with a self-report measure of externalizing trait 

(Hall et al., 2007). Externalizing is related to antisocial behavior, substance use disorders and 

aggression, and it has a functional significance to impulse control problems. Another study 

demonstrated that the high end of the impulsive antisocial dimension of psychopathy was 

characterized by smaller Ne amplitude (Heritage & Benning, 2013), indicating that decreased 

error detection and self-monitoring could lead to aggressive and impulsive behavior.  

Using the framework of the Behavioral Inhibition System (BIS, indicating higher level 

of attention, arousal, vigilance, and anxiety) and the Behavioral Activation System (BAS, 

indicating enhanced motivation for obtaining reward and avoiding punishment), a study 

proposed to integrate personality traits and adaptive control mechanisms (Amodio et al., 

2008). In a Go/No-Go paradigm, higher scores of self-reported BIS was associated with 

enhanced Ne amplitude, while the BAS was not related to the error-negativity (Amodio et al., 

2008).  

As a behavioral index of adaptive control, post-error slowing is a tendency to slow 

down after an error has occurred (Farr, Hu, Zhang, & Li, 2012; C. S. Li et al., 2008; Simons, 

2010). Diminished post-error slowing has been reported previously in a variety of impulsivity 

related disorders, such as cocaine (C. S. Li et al., 2008) and alcohol abuse (Lawrence, Luty, 

Bogdan, Sahakian, & Clark, 2009), or ADHD (Wiersema, van der Meere, & Roeyers, 2009). 

However, Farr et al. (2012) did not find difference in post-error slowing between low and 

high impulsive participants. 

Despite the effort dedicated to understand the relationship between personality and 

error processing, only two studies were conducted in the field of trait impulsivity (Martin & 

Potts, 2009; Potts, George, et al., 2006). A study examined undergraduate students, assigned 

to high (HI) and low impulsive (LI) groups by a median split on the Barratt Impulsiveness 

Scale (BIS-11) total score, in a rewarded flanker task (Potts, Martin, et al., 2006). High 
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impulsive participants showed smaller Ne, but only when the potential outcome was a 

monetary loss, indicating decreased punishment sensitivity. Another study (Martin & Potts, 

2009) focused on reward and punishment processing in impulsivity in relation to risk-taking 

behavior. HI participants showed smaller Ne than LI participants after risky choices, 

indicating attenuated sensitivity to punishment. 

Most of the studies investigating Ne in impulsivity focused on altered motivation. 

However, characteristics of impulsivity should be studied at the cognitive level, as well. More 

specifically, the flexible regulation of behavior in order to meet varying task requirements 

seems to be a crucial competence to adaptive social life (Boy et al., 2011). In the present 

study, we used a modified flanker paradigm with three levels of task difficulty to model the 

regulation of behavior, and we compared Ne and Pe components elicited by erroneous 

responses between HI and LI adults. In line with previous results (Martin & Potts, 2009; 

Potts, George, et al., 2006), our main hypothesis was that HI participants would show an 

overall decreased Ne amplitude as compared to LI participants. Based on the premise that our 

manipulation of task difficulty induces more effortful control to be allocated in order to 

maintain performance, we assumed that the amplitude of Ne would increase with task 

difficulty level in the LI group because of increased self-monitoring imposed by task 

requirements, whereas HI participants would not show such effect. Without previous data, our 

investigation on the Pe component in trait impulsivity was exploratory. Based on the 

characteristics of impulsivity, we assumed that error awareness would be decreased, indicated 

by smaller Pe amplitude in the HI group. Similarly, we assumed deficient post-error slowing 

in the HI group compared to the LI group. 

 

2. Material and methods 
2.1.  Participants 

Participants were selected from a larger sample of undergraduate students from two 

local universities, who completed the BIS-11 (Stanford et al., 2009) as a screening 

assessment. Thirty-nine participants were selected based on their BIS-11 total score. 

Participants having a total score from the range of 56–58 were assigned to the LI group, and 

those having 72 or above to the HI group. Three participants were excluded due to high 

number of omission errors, caused by not following instructions or not paying attention to the 

task. We could not analyze data of four another participants because of technical reasons. For 

the error trials, we analyzed incongruent flankers only, where the error rates were sufficiently 
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high (see section 2.4 Data analysis), similar to the method of Holroyd and Coles (2002). 

Furthermore, participants with less than five artifact-free error-related ERP segments at each 

difficulty level of the incongruent condition were removed from the sample (see section 2.4 

Data analysis). Accordingly, thirteen participants were excluded because of low error rates or 

excessive artifacts. In our final sample, ten young adults remained in each group with five 

males and five females. The data was collected in the same study as reported by Kóbor, 

Takács, Honbolygó, and Csépe (2014), where stimulus locked ERPs were analyzed for correct 

trials. The experimental procedures were in accordance with the Declaration of Helsinki, 

including a signed informed consent, and were approved by the institutional committee of 

research ethics. Participants received extra course credits for taking part in the experiment. 

 

2.2. Stimuli and procedure 

The present study used a modified flanker task with three levels of task difficulty 

manipulated by visual degradation (Fig. 3.1). In the three difficulty conditions, 0%, 60% and 

80% of the pixels were randomly removed from the stimulus array, similar to the method used 

by Johnstone et al. (2010). Third of the trials were congruent, third were incongruent, and 

third of them were neutral. Participants were requested to press “A” for left facing targets and 

“L” for right facing targets on a standard QWERTY keyboard with a USB connection. They 

sat in front of a 19’’ CRT screen with a refresh rate of 75 Hz. First, a fixation cross was 

presented for a random interval between 500 – 750 ms, which was followed by the flanker 

stimulus for 150 ms. After the flanker was showed, a blank screen was displayed for 850 ms 

or until the participant’s response. It was followed by a delay for 500 ms (with a blank screen 

again), and after that an image of an eye was presented for 1000 ms. Participants were free to 

blink during this period. They performed 18 practice trials, and then 12 blocks of 144 trials in 

each. Trials with different difficulty levels were divided into 3 blocks, and the order of their 

presentation was counterbalanced between participants and across groups. Stimuli were 

presented by using Presentation software (v. 12.2; Neurobehavioral Systems). Additionally, 

participants were asked to fill short screening questionnaires in the laboratory: for measuring 

depression the Hungarian Beck Depression Inventory short version (BDI; Rózsa et al., 2001) 

was used, and for trait anxiety the Hungarian State-Trait Anxiety Inventory (STAI; Sipos & 

Sipos, 1983) was administered (see Table 3.1). The two groups did not differ in those 

questionnaires (all ps > .05). 
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Fig. 3.1. Congruent (1), incongruent (2), and neutral (3) flankers with three levels (Low – low task difficulty, 
Med – medium task difficulty, High – high task difficulty) of stimulus degradation (A) and trial structure (B). 
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Table 3.1. Measurements in the two groups: questionnaires, behavioral, and ERP data. 

 

Low impulsive High impulsive 
 

 

Mean (SD) 
 

Age 20.0 (2.1) 21.2 (2.1) n.s. 

BDI total score 12.1. (2.8) 13.1 (2.7) n.s. 

BIS total score 57.0 (0.7) 77.3 (4.0) *** 

STAI total score 36.4 (8.0) 41.4 (7.4) n.s. 

Correct RT at Low (con) 387 (17) 416 (26) n.s. 

Correct RT at Med (con) 396 (19) 428 (28) * 

Correct RT at High (con) 419 (19) 473 (47) ** 

Correct RT at Low (neu) 393 (17) 422 (27) n.s. 

Correct RT at Med (neu) 409 (21) 440 (30) * 

Correct RT at High (neu) 431 (20) 477 (48) ** 

Correct RT at Low (inc) 473 (11) 504 (13) n.s 

Correct RT at Med (inc) 471 (9) 501 (9) n.s. 

Correct RT at High (inc) 511 (10) 554 (15) * 

Incorrect RT at Low (inc) 386 (22) 392 (15) n.s. 

Incorrect RT at Med (inc) 379 (12) 396 (15) n.s. 

Incorrect RT at High (inc) 404 (8) 447 (21) n.s. 

Error ratio at Low (inc) 9% (2%) 9% (1%) n.s 

Error ratio at Med (inc) 7% (2%) 9% (2%) n.s. 

Error ratio at High (inc) 11% (3%) 16% (5%) n.s. 

Ne at Low (A) -8.89 (1.13) -7.27 (1.31) n.s. 

Ne at Low (lat) 38.2 (11.46) 38.2 (3.66) n.s. 

Ne at Med (A) -11.32 (1.38) -6.51 (1.15) * 

Ne at Med (lat) 29.0 (4.10) 27.4 (3.07) n.s. 

Ne at High (A) -9.85 (1.13) -5.16 (1.32) * 

Ne at High (lat) 31.6 (8.12) 34.2 (7.41) n.s. 

Note. BDI TS: Beck Depression Inventory short version total score; BIS TS: Barratt Impulsiveness Scale total 
score; STAI-T: T-Anxiety score. A: amplitude, lat: latency, Low: low task difficulty, Med: medium task 
difficulty, High: high task difficulty, con: congruent, inc: incongruent, neu: neutral. RT data are in ms. We used 
LSD tests for pair-wise comparisons, except for age and total scores of questionnaires, on which independent 
samples t-tests and Mann-Whitney tests were performed. Significant between-group differences are in bold.  
*p < .05; **p < .01; ***p < .001 

 

2.3. EEG recording and pre-processing 

EEG activity was registered with a 32 channel recording system (BrainAmp amplifier 

and BrainVision Recorder software, BrainProducts GmbH). EEG was acquired at 500 Hz 

sampling frequency. Cz channel was used as a reference. Data analysis was conducted by 

using BrainVision Analyzer (BVA) software. A band-pass filter (0.01 – 30 Hz, 12 dB/oct), 
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and a 50 Hz notch filter was applied. Independent component analysis was used to correct 

eye-movement and heartbeat artifacts. The EEG data was re-referenced to the average activity 

of all electrodes. Response-locked ERPs were calculated for error trials in the incongruent 

condition.25 The Ne peak was determined as the most negative deflection in a 0 – 100 ms time 

range relative to response onset at Cz. The Pe peak was measured as the most positive value 

between 150 and 350 ms after the response at Cz.26 A 100 ms time window before the 

response was used as baseline. We used an automatic artifact rejection algorithm implemented 

in BVA with a criterion that segments with activity above or below +/- 100 μV were to be 

excluded. The average number of kept epochs for error trials was 18.9 (ranging from 5 to 

114). 

 

2.4.  Data analysis 

Fast responses with RTs lower than 200 ms were excluded, and we did not analyze 

omission errors. Ex-Gaussian parameters mu (μ), sigma (σ), and tau (τ) were estimated in 

each congruency and task difficulty condition separately for the two groups using the simple 

egfit function in MATLAB provided by (Lacouture & Cousineau, 2008). μ and σ corresponds 

to the mean and standard deviation of the Gaussian component of the RT distribution, and τ 

indicates the positive skew or the mean of the exponential component (Lacouture & 

Cousineau, 2008). Correct reaction time, and the three ex-Gaussian parameters of correct raw 

RTs were analyzed by three-way mixed ANOVAs with Congruency (congruent, incongruent, 

neutral) and Task difficulty level (low, medium, high) as within-subjects factors, and Group 

(low impulsive, high impulsive) as a between-subjects factor.  

As a target of interest, incongruent reaction time (correct and incorrect), incongruent 

error ratio (ratio of incorrect responses), and ERP peak amplitudes and latencies were 

analyzed by two-way mixed ANOVAs with Task difficulty level (low, medium, high) as a 

within-subjects factor, and Group (low impulsive, high impulsive) as a between-subjects 

factor. In these analyses, we used the incongruent trials only, where the error percentage was 

sufficiently high (for low Task difficulty M = 9.11, SD = 0.05; medium M = 7.92, SD = 0.05; 

high M = 13.59, SD = 0.13).  

To calculate post-error slowing, only the incorrectly responded incongruent trials were 

treated as errors in order to remain consistent with the error-related ERP analysis. We 
                                                 

25 The scalp topography (amplitude distribution) of these ERPs are presented in Supplementary material S2.1. 
26 If we measured Pe as the mean amplitude between 150 and 350 ms after an erroneous response, we obtained 
the same results as presented below. 
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averaged the RTs given on trials directly preceding the error (error-1), and averaged the RTs 

given on trials directly following the error (error+1) for each individual (these trials could be 

either correct or incorrect). Post-error slowing was analyzed by a three-way mixed ANOVA 

with Task difficulty level and Response order (error-subsequent, error-preceding) as within-

subjects factors, and Group as a between-subjects factor. In all analysis, the Greenhouse-

Geisser epsilon (ε) was used for necessary corrections. We used LSD tests for pair-wise 

comparisons. 

 

3. Results 

A summary of behavioral findings (correct mean RT, error ratio) split by Congruency, 

Task difficulty, and Group as well as a summary of ERP findings are presented in Table 3.1. 

 

3.1. Behavioral results in all trials 

 In correct trials, LI participants responded significantly faster than HI participants, 

F(1, 18) = 10.81, p < .01, ηp
2 = .38. The main effect of Task difficulty was also significant, 

F(2, 36) = 40.18, ε = .63, p < .001, ηp
2 = .69, as well as Congruency, F(2, 36) = 178.66, ε = 

.53, p < .001, ηp
2 = .91. These were overridden by a Task difficulty * Congruency interaction, 

F(2, 36) = 11.64, ε = .56, p < .001, ηp
2= .39. To sum up, RTs in incongruent trials were higher 

in every Task difficulty conditions (all ps < .001). Furthermore, responses at high difficulty 

level were slower than at medium difficulty level (all ps < .001), and they were also slower at 

medium difficulty level than at low difficulty level (all ps < .001), except for the difference 

between incongruent trials at low difficulty level and incongruent trials at medium difficulty 

level, which was not significant (p = .31). 

 Visual inspection of the RT distributions (see Fig. 3.2.) suggested that fitting an ex-

Gaussian distribution may provide a better representation of the data than the normal 

distribution. Shapiro-Wilk tests showed that raw RTs deviated significantly from the normal 

distribution in both groups in all conditions (all ps < .001). The ex-Gaussian parameter of 

mean RT (μ) was larger in the HI than in the LI group, F(1, 18) = 7.68, p < .05,  ηp
2 = .30. 

The main effect of Task difficulty was significant, F(2, 36) = 62.61, ε = .60, p < .001,  ηp
2 = 

.78. Congruency was also significant, F(2, 36) = 283.05, ε = .56, p < .001,  ηp
2 = .94. These 

were overridden by a significant Task difficulty * Congruency interaction, F(2, 36) = 7.25, ε 

= .64, p < .001,  ηp
2 = .29. In every Congruency condition, μ at high difficulty was higher than 

at low and at medium difficulty (p < .001). In every Task difficulty condition, incongruent μ 
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was higher than congruent or neutral values. In congruent and neutral conditions, μ was 

higher at medium difficulty than at low difficulty (p < .001).  

 HI participants had larger σ values than LI participants, F(1, 18) = 5.06, p < .05,  ηp
2 

= .22. The main effects of Task difficulty, F(2, 36) = 6.83, p < .01,  ηp
2 = .28, and 

Congruency, F(2, 36) = 37.59, ε = .69, p < .001,  ηp
2 = .68, were significant. σ was larger for 

incongruent trials than for congruent (p < .001) or neutral ones (p < .001). σ was larger at 

high than at low (p < .01) or at medium difficulty level (p < .01).  

 The τ tended to be larger in the HI than in the LI group, F(1, 18) = 3.66, p = .072,  

ηp
2 = .17. The main effect of Congruency was significant, F(2, 36) = 6.49, ε = .69, p < .001,  

ηp
2 = .27. Incongruent trials had larger τ than congruent (p < .05) and neutral ones (p < .05). 

The interaction between Task difficulty and Congruency was only marginally significant, F(2, 

36) = 2.84, ε = .69, p = .052,  ηp
2 = .27. 

 
Fig. 3.2. Ex-Gaussian distributions fitted to RTs in congruent, incongruent, and neutral conditions split by the 
level of task difficulty (low, medium, high). Ex-Gaussian distributions are expressed as probability densities.  
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3.2. Responses in incongruent trials 

In correct incongruent trials, LI participants responded significantly faster than HI 

participants, F(1, 18) = 5.89, p < .05, ηp
2 = .25. The main effect of Task difficulty was also 

significant, F(2, 36) = 32.55, ε = .69, p < .001,  ηp
2 = .64, showing that trials with high 

difficulty level were responded to slower than trials with medium (p < .001) or with low 

difficulty level (p < .001).  

On RTs of incorrect trials, only the effect of Task difficulty was significant, F(2, 36) = 

32.55, p < .001, ηp
2 = .41. Participants responded slower at high difficulty than at medium (p 

< .001) or at low (p < .001) Task difficulty.  

Considering error ratio, Task difficulty revealed a marginally significant main effect, 

F(2, 36) = 3.93, ε = .54, p = .059 ηp
2 = .18, indicating that all participants erred more in the 

high difficulty condition than in the medium (p < .05) or in the low difficulty (p < .05) 

conditions.  

The analysis of post-error slowing yielded a significant main effect of Group, F(1, 18) 

= 9.62, p < .01,ηp
2 = .05, showing that high impulsive participants responded slower before 

and also after the incongruent incorrect response than those with low impulsivity. The main 

effect of Task difficulty was also significant, F(2, 36) = 39.37, p < .001, ε = .77, ηp
2 = .03, in 

line with the general RT findings described above. Responses on the error-subsequent trials 

were generally slower than on error preceding trials, F(2, 36) = 60.28, p < .001, ηp
2 = .77, 

irrespective of the effect of impulsivity.  

 

3.3. ERP results 

Considering the Ne amplitude, we obtained a significant group difference, F(1, 18) = 

5.56, p < .05, ηp
2 = .24, which was overwritten by a Group * Task difficulty interaction, F(2, 

36) = 3.61, p < .05, ηp
2 = .17. The HI group showed an attenuated Ne compared to LI group 

in the medium (p < .05), and in the high difficulty (p < .05) conditions, but not in the low 

difficulty condition. For LI participants, the Ne was enhanced in medium difficulty level 

compared to the low level (p < .05). In the HI group, the amplitude of Ne was lower in the 

high difficulty than in the low condition (p < .05). We did not find any group difference or 

experimental effect on Ne latency and on Pe amplitude or latency. Grand average ERP 

waveforms and ERP results at electrode Cz are summarized in Fig. 3.3.
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Fig. 3.3. Grand average ERP waveforms (Ne and Pe) at electrode Cz for each group (A). Negativity is plotted upwards. Ne amplitude data (B) divided by Group (LI, colored with dark grey, 
HI, colored with brighter grey) and condition (Low – low task difficulty, Med – medium task difficulty, High – high task difficulty). Error bars present +/- 1 SD. *p < .05
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3.4. Correlational results 

We found significant correlations between Ne amplitude and RTs only at high Task 

difficulty level for incongruent trials: for correct responses r = .55, p < .05, and for incorrect 

responses r = .67, p < .01. These indicated that faster responding was associated with 

enhanced Ne. At the same time, Ne latencies and Pe data did not correlate with incongruent 

RTs. Furthermore, we did not find significant correlations between the amplitude and latency 

of Ne and Pe, and the index of post-error slowing. 

 

4. Discussion 

In the present study we compared Ne and Pe components as psychophysiological 

markers of error processing between HI and LI adults to investigate the flexible adaptation in 

trait impulsivity. Overall, the Ne amplitude was smaller in the HI group than in the LI group, 

in line with our hypothesis and with the previous studies (Martin & Potts, 2009; Potts, Martin, 

et al., 2006), including an alternative approach where impulsivity was measured by a faster 

response style instead of self-reports (Ruchsow et al., 2005). However, the group difference 

obtained in our study appeared only in high and medium task difficulty, indicating that 

performance monitoring is only impaired in impulsivity when more effort is needed to fulfill 

the task requirements. We may conclude that adjustment to task difficulty is altered in 

impulsivity, in line with the above described self-monitoring impairment (Martin & Potts, 

2009).  

The Ne increased with task difficulty from low to medium levels in the LI group. In 

contrary, the Ne decreased between low and high difficulty levels in the HI group. Without 

significant between-group difference in error ratio at any task difficulty level, we cannot 

confirm that our experimental manipulation affected the perceived level of uncertainty, which 

could have decreased the Ne amplitude (Endrass et al., 2012). However, it is possible that LI 

participants were less sensitive to the difficulty manipulation, enabling them to focus only on 

the cognitive conflict, and to solve the task with faster responses than participants from the HI 

group. The decreasing effect on Ne was obtained only in the HI group. To clarify the 

functional significance of this finding, further studies should be conducted.  

We should point out that despite the attenuated performance monitoring at a neural 

level, HI participants did not differ from the LI participants in error ratio. The same 

discrepancy between the ERP and the accuracy results appeared in a study with externalizing 

participants (Hall et al., 2007). Hall et al. (2007) suggests that successful performance in a 
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flanker task does not need complex processing, but an increase in task difficulty could 

sharpen problems in cognitive control and monitoring leading to group differences at the 

behavioral level. However, in our study, the interacting effect between task difficulty and 

impulsivity was present only at the neural level. Contrary to our assumption and the 

appearance of grand average ERP waveforms (see Fig. 3.2), the two groups did not differ 

either in the amplitude or in the latency of Pe. The lack of this difference could have been 

caused by a power issue. To clarify the relationship between impulsivity and later stages of 

error processing, further studies are needed with larger sample size. 

Slower responding of HI than of LI participants could be counterintuitive, and this 

finding also contradicts some previous results (e.g., Burnett Heyes et al., 2012; Pailing et al., 

2002; Ruchsow et al., 2005). However, Russo et al. (2008) also reported slower responses in 

high impulsivity than in low impulsivity. The authors suggested that while impulsivity is 

characterized by rapid decisions, a rather long and monotonous task with demanding 

sustained attention could lead to slower task solving. In the same study, we analyzed the 

correct responses in a larger sample (Kóbor et al., 2014), where the RT difference between the 

two groups was in line with the ERP findings. Namely, P3 was delayed in HI participants, and 

the Lateralized Readiness Potential (LRP) peaked later in the HI group than in the LI group, 

as well, irrespective of other experimental effects. It was previously shown (Bari & Robbins, 

2013) that impulsive individuals were faster than non-impulsive individuals in situations 

where decisions should have been quick and the task was easy (e.g., visual categorization). 

However, we introduced a rather long task with different levels of difficulty. 

Longer responses were reported on other EF tasks in relation to higher BIS scores, as 

well (Gorlyn et al., 2005; Pietrzak et al., 2008). Furthermore, in this study, the ex-Gaussian τ 

and σ parameters were also larger in the HI than in the LI group. These parameters could give 

insight to the slower responses. High σ could mean larger heterogeneity of RTs in the HI 

group compared to the LI group. The marginally larger τ value in the HI group may indicate 

more frequent attentional lapses. We may conclude that our results are in line with the 

impulsivity concept of Arce and Santisteban (2006, p. 215), in which impulsivity could 

represent a “lost chain between knowledge and action”. 

Correlations between Ne amplitude and RTs suggest that error detection was more 

pronounced at high difficulty level when responses were faster. Slips in performance can 

occur more likely when participants are under stress, as the task difficulty is increased. The 

detection of an error has greater functional significance in this case, since an increased 
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allocation of attention or cognitive control is necessary to meet task requirements (Simons, 

2010). 

Impulsivity was not related to Ne amplitude in the study of Amodio et al. (2008). They 

used the BIS/BAS approach to underpin the relationship between personality and error 

processing. The BAS corresponds to behavior regulation (Amodio et al., 2008), which is 

similar to the altered motivational system in impulsivity (Martin & Potts, 2009). However, the 

BAS suggests an adaptive response style, in contrast with the characteristics of impulsivity 

(Boy et al., 2011; Stanford et al., 2009). Our results are in line with previous studies using the 

BIS-11 (Martin & Potts, 2009; Potts, George, et al., 2006). To understand the role of 

impulsive personality trait in error detection and self-monitoring, further studies are needed 

with other types of impulsivity questionnaires. As a limitation, we should note that this 

version of the flanker task was not developed to enhance the error level. Therefore, our result 

can be generalized only for situations where errors are rare.  

In sum, the automatic error detection seems to be impaired in high trait impulsivity. 

The difference in self-monitoring between LI and HI groups only appeared when participants 

had to flexibly regulate their behavior to an increase in task difficulty. Impaired performance 

monitoring in case of impulsivity has a functional significance for learning from errors and 

avoiding maladaptive behavior, as it was previously shown in externalizing problems and 

impulsive antisocial behavior (Hall et al., 2007; Heritage & Benning, 2013). While 

impulsivity is a risk factor for developing ADHD or substance use disorders (Olvet & Hajcak, 

2009), there is still a debate whether the presence of milder symptoms in the population is a 

subclinical part of the same dimension, or a distinct category (Boy et al., 2011; Kóbor, 

Takács, Urbán, & Csépe, 2012). 

Previous studies emphasized the effect of altered motivation on error processing in 

impulsivity (Martin & Potts, 2009; Potts, Martin, et al., 2006). To extend these findings, our 

present results suggest that error sensitivity in impulsivity is generally decreased. 
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Chapter 4 

Different strategies underlying uncertain decision making: Higher executive 

performance is associated with enhanced feedback-related negativity27 

 

1. Introduction 

The detection and evaluation of external feedback is a crucial factor of adaptive 

decision making (Baker & Holroyd, 2011; Warren & Holroyd, 2012). Feedback processing 

and executive functions (EF) mediate decision making under risk (Brand et al., 2006). High 

EF enables negative contextual influences to be overridden in choice situations (Schiebener et 

al., 2012). However, the relationship between feedback processing and EF is still unclear. The 

aim of the present study was to investigate the role of EF in different strategies underlying 

risk-taking behavior. To this end, event-related brain potentials (ERPs) were measured during 

ambiguous decision making. 

The feedback-related negativity (FRN) is a frontocentral negative deflection that 

occurs 200–300 ms after a negative feedback is presented (Holroyd & Coles, 2002; Talmi, 

Atkinson, & El-Deredy, 2013). The FRN is thought to mirror rapid feedback evaluation, and 

phasic dopaminergic changes in activity between the basal ganglia and the anterior cingulate 

cortex, as proposed by the reinforcement learning theory (Holroyd & Coles, 2002). The FRN 

is usually followed by a P3 which is sensitive to cognitive control, and represents a more 

elaborated evaluation of outcomes (Euser, Greaves-Lord, et al., 2013). During reward-based 

learning the gating of new information necessarily involves activation of the prefrontal cortex 

(Chatham et al., 2011; Miyake & Friedman, 2012). As a common prefrontal function, the EF 

is not a unitary construct, rather a set of goal-directed control mechanisms including 

inhibition, mental set shifting, and working memory (Hofmann et al., 2012; Miyake & 

Friedman, 2012). Behavior regulation in situations of emotional or motivational significance 

is often considered as a function of EF measured by delay discounting and gambling tasks 

(Lejuez et al., 2002; Zelazo et al., 2010). 

The Balloon Analogue Risk Task (BART) is widely used in investigating the 

underlying factors of risky decision making and real-world risk-taking (Lejuez et al., 2002). 

In this gambling task, participants pump a balloon and each pump is associated either with a 

                                                 
27 Andrea Kóbor, Ádám Takács, Karolina Janacsek, Dezső Németh, Ferenc Honbolygó, & Valéria Csépe; this 
chapter has been reviewed in Psychophysiology.   
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reward or a balloon pop. After each successful pump, participants could either stop and 

collect the accumulated reward, or continue with a balloon pump. If the balloon pops, the 

accumulated reward is lost. A BART experiment on treatment-naïve alcoholic participants 

(Fein & Chang, 2008) revealed that behavioral outcome of the task did not correlate with the 

FRN amplitude. However, a negative association was shown between FRN and the family 

history density of alcoholism. This indicated an attenuated sensitivity to negative feedback in 

participants with an inherited risk for developing alcoholism. Alterations in frontostriatal 

circuits and in EF have been considered as potential root causes of this attenuation (Fein & 

Chang, 2008). Nevertheless, without behavioral measurements of EF, the association between 

cognitive control and the FRN remained unclear. 

In the present study, we conducted a BART experiment in a nonclinical sample by 

measuring ERPs and EF. We assumed that participants with higher EF would solve the task 

with a different underlying strategy. Therefore, we expected larger FRN amplitude in the high 

EF than in the low EF group reflecting enhanced feedback processing. 

 

2. Material and methods 
2.1. Participants 

Thirty-nine undergraduate students took part in the experiment. Altogether seven of 

them were excluded by reason of excessive artifacts or not having sufficient number of 

negative-feedback locked epochs (see section 2.5 EEG recording and analysis). Thirty-two 

young adults remained in the final sample. They were assigned to two groups according to 

their performance on tasks measuring EF (see sections 2.3 Neuropsychological measures and 

2.6 Data analysis). Descriptive characteristics of the sample are presented in Table 4.1. All 

participants had normal or corrected-to-normal vision, reported normal hearing, and provided 

informed consent to the procedures as approved by the Institutional Review Board of Eötvös 

Loránd University, Hungary. Participants received course credit for taking part in the ERP 

experiment. 
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Table 4.1. Descriptive data of demographic variables, rating scales, EF performance, and basic behavioral 
measures of the BART in low EF and high EF groups. 

 
Low EF (n = 16) High EF (n = 16)  

t / χ2 / Z 

 
M (SD) M (SD) 

Age [years] 21.1 (1.4) 21.4 (1.7) n.s. 

Male / Female a 1 / 15 3 / 13 n.s. 

Left / Right handed a 3 / 13 2 / 14 n.s. 

BIS TS 59.6 (11.2) 63.9 (10.2) n.s. 

BSSS TS 17.3 (4.8) 16.1 (5.5) n.s. 

STAI-T 40.6 (10.3) 34.8 (10.6) n.s. 

BDI TS b 11.6 (3.1) 10.3(1.4) n.s. 

Verbal Fluency [correct items] 97.4 (11.8) 120.8 (15.6) -4.78*** 

Listening span level b 2.8 (0.3) 3.7 (0.9) -2.61** 

Go/No-Go [Pr] 0.22 (0.16) 0.42 (0.27) -2.48* 

EF index [z-score] -0.54 (0.21) 0.54 (0.45) -8.60*** 

Mean adjusted pumps 8.8 (1.7) 8.5 (1.6) n.s. 

Number of balloon bursts b 38.8 (10.2) 40.2 (10.4) n.s. 

Total score 2258.3 (354.7) 2065.1 (395.5) n.s. 

Note. a = in case of cells with an expected count less than five, exact significance tests were selected for 
Pearson’s chi-square. b = in case of violating the assumption of normality, Mann-Whitney U tests were 
performed. BIS TS = Barratt Impulsiveness Scale total score; BSSS TS: Brief Sensation Seeking Scale total 
score; STAI-T: T-Anxiety score; BDI TS: Beck Depression Inventory short version total score. 
* p < .05; ** p < .01; *** p < .001  
 

2.2. Balloon Analogue Risk Task (BART) implementation 

Participants performed a modified version of the BART (Lejuez et al., 2002) designed 

by Fein and Chang (2008). The general structure and appearance of the task (see Fig. 4.1) was 

the same as described by Fein and Chang (2008, p. 143), but some modifications were 

implemented to optimize the paradigm for ERP analysis. Participants were asked to pump a 

balloon (increase its size and value) by pressing one of the response keys on a Cedrus RB-530 

response pad (Cedrus Corporation, San Pedro, CA). The probability of the balloon popping 

and the score to be lost if the balloon popped increased with each successive pump. There 

were two possible outcomes for each balloon pump: (1) the balloon inflated incrementally and 

the score presented inside the balloon increased (positive feedback), (2) the balloon popped 

and the score shown inside was lost (negative feedback). The pop stimulus was a silent 

balloon burst which preserved the features of a medium-sized balloon picture (no text was 

presented). Upon balloon presentation, participants could end the actual trial and collect the 

score from the balloon (temporary bank) instead of choosing to pump the balloon again. The 

task consisted of 90 balloons to increase the probability of obtaining sufficient number of 
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negative feedback-locked epochs for averaging. The maximum breaking point was 20 pumps 

for each balloon; after the 20th pump, the balloon popped inevitably. Pops resulting from the 

first and seconds pumps of the balloon were disabled. The probability of the balloon popping 

after the third pump was 1/18, after the fourth pump was 1/17, and so on, until the 20th pump, 

where the probability of balloon pop was 1/1. This structure enabled the experiment lasting no 

longer than about 25-30 minutes. We increased the rewards by one point at each pump: The 

first pump added 1 point to the temporary bank, the second added 2 points, the third 3 points, 

and so on. After a balloon appeared on the screen, participants had unlimited time for each 

pump to initiate or to collect the accumulated reward. A random delay of 1000-1200 ms was 

inserted between each possible response and feedback stimulus. The negative feedback 

stimulus and the screen which indicated that participants transferred the accumulated scores to 

the permanent bank were displayed for 3000 ms. The new empty balloon appeared 10 ms 

after these events. The major behavioral measures for the BART were the mean adjusted 

number of pumps across balloons (mean number of pumps on balloons that did not explode; 

for this convention, see Lejuez et al., 2002), the number of balloon pops, and the total score at 

the end of the experiment. 

Participants were instructed to collect as many points as possible. With regard to the 

reward scheme, each of them were told that if they exceeded the average of total scores 

gained by those participants playing the BART preceding them, they would receive an extra 

course credit. After completing the task they were informed about the prior criterion and 

whether they have attained it or not. 
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Fig. 4.1. Schematic illustration of a trial structure in the BART. A screen with five objects was displayed (A); at 
each new balloon, a zero was presented in the middle of the sphere. “Total score” depicted the points in the 
permanent bank, “Last balloon” depicted the points collected from the previous balloon. Participants could 
choose to collect the accumulated points from the balloon that ended the trial (D), or they could choose to pump 
the balloon further. As a consequence of a pump, a negative feedback (C) or a positive feedback (B) could have 
appeared. Negative feedback also ended the trial, and a new balloon was presented. 
 

2.3. Neuropsychological measures 

EF was measured with different neuropsychological tasks (Miyake et al., 2000): 

participants performed a Verbal Fluency Task, a Listening Span Task, and a Go/No-Go Task. 

 

2.3.1. Verbal Fluency Task 

Three subtasks were administered as part of the Verbal Fluency Task (Lezak, 

Howieson, & Loring, 2004; Mitrushina, Boone, Razani, & D'Elia, 2005). First, participants 

were required to say words that begin with a specified phoneme (K, T, and S, respectively; 

phonemic fluency). Second, they were asked to recite animals and then fruit items (semantic 

fluency). Finally, participants had to alternate between producing items from two categories: 
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“clothes” and “musical instruments” (category switching). Participants were given 60 seconds 

to generate as many different words as possible in each subtask. The total number of correct 

items was used as an outcome variable. 

 

2.3.2. Listening Span Task 

In this verbal working memory task (Daneman & Blennerhassett, 1984; Hungarian 

version: Janacsek, Tánczos, Mészáros, & Németh, 2009) participants listened to blocks of 

sentences read by the experimenter. Each block consisted of two to eight short sentences, and 

three different block sequences were used (each consisted of 7 blocks). True/false responses 

were obtained following each sentence to ensure comprehension processing. After all 

sentences have been presented in the given block, participants were asked to recall the last 

word in each sentence. The actual sequence terminated when the participant failed to recall 

the last words in a correct order. Then the experimenter started the next sequence from the 

first block. The average level (i.e., number of words) at which a participant was correct in 

every sequence was taken as a measure of listening span. 

 

2.3.3. Go/No-Go Task 

Participants performed a two-tone Go/No-Go task (Gaál, Csuhaj, & Molnár, 2007) in 

order to measure response inhibition and selective attention. A series of tones were presented 

binaurally via headphones (250 stimuli with 50 ms duration each; ISI: 500 ms). The sequence 

of No-Go trials (tones of 1000 Hz; 80% probability) was interrupted by Go trials (tones of 

1030 Hz; 20% probability) according to a pseudorandom order. Participants were instructed 

to press a target button as accurately and rapidly as possible at the occurrence of the high 

frequency tone, but to withhold a response for the low frequency tone. A discriminability 

index (Pr; see also Hershey et al., 2010) was calculated as hit rate (proportion of correct Go 

trials) minus false alarm rate (proportion of incorrect No-Go trials).  

 

2.4. Procedure 

Before coming to the laboratory, participants filled out four questionnaires online. The 

Barratt Impulsiveness Scale (BIS-11; Patton et al., 1995; translated to Hungarian by Anna 

Székely, Zsolt Demetrovics, and Sándor Rózsa; see also Varga et al., 2012), the Brief 

Sensation Seeking Scale (BSSS; Hoyle, Stephenson, Palmgreen, Lorch, & Donohew, 2002; 

Hungarian version: Urbán, 2010), the Beck Depression Inventory short version (BDI; Beck, 
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Ward, Mendelson, Mock, & Erbaugh, 1961; Hungarian short version: Rózsa et al., 2001), and 

the State-Trait Anxiety Inventory (Hungarian version: Sipos & Sipos, 1983; STAI; 

Spielberger, Gorsuch, & Lushene, 1970) were administered to assess impulsivity, sensation 

seeking, depression, and anxiety, respectively. This pre-testing phase aimed to control the 

confounding effects of personality traits on the measured ERPs (M. X. Cohen et al., 2011; 

Mushtaq et al., 2011; Onoda et al., 2010). 

The session at the laboratory begun with EEG data collection while performing the 

BART. Neuropsychological testing followed the removal of the electrode net. The whole 

procedure lasted about 80 minutes. The BART and the Go/No-Go Task were written in 

Presentation software (v. 16.3; Neurobehavioral Systems).  

 

2.5. EEG recording and analysis 

EEG activity was recorded by using the Electrical Geodesics system (GES 300; 

Electrical Geodesics, Inc., Eugene, OR) with a 128-channel Geodesic Sensor Net. We used 

Cz as a reference, and a sampling rate of 500 Hz was applied with a 70 Hz online low-pass 

filter.  

Before starting any offline analysis, spline interpolation of bad electrodes was 

performed if necessary. During pre-processing, the data was first band-pass filtered offline 

between 0.3 – 30 Hz (12 dB/oct), and notch filtered at 50 Hz. Eye-movement artifacts and 

heartbeats were corrected with independent component analysis (ICA; Delorme et al., 2007). 

After, EEG data was re-referenced to the average activity of all electrodes. Epochs extended 

from -100 to 1000 ms relative to the presentation of negative (balloon burst) or positive (the 

balloon and score increased) feedback stimuli, and were baseline corrected based on the 

average activity from -100 to 0 ms. We applied an automatic artifact rejection algorithm 

implemented in Brain Vision Analyzer software (Brain Products GmbH, Munich, Germany) 

which was based on four criteria: The maximum gradient allowed for an epoch was 50 

μV/ms, we rejected those segments where the activity exceeded +/- 100 μV, the lowest 

activity allowed was 0.5 μV, and the maximum absolute difference between the minimum and 

maximum voltages in an epoch was 200 μV. This was necessary for removing the artifacts 

still contaminating the data after ICA correction. A minimum of 19 artifact-free epochs were 

required in the negative feedback condition in order for a participant’s data to be included. Of 

those participants whose data remained in the analysis, the average number of kept segments 

in the negative feedback condition was 33.2 (SD = 10.9; range: 19 – 65).  
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Epochs locked to negative and positive feedback stimuli were averaged separately, 

then difference waves were created by subtracting the positive feedback-locked waveform 

from the negative feedback-locked waveform (see also Fein & Chang, 2008). A grand average 

ERP waveform was calculated for the difference waves to determine the latency range of each 

component: FRN and P3.28 An automatic peak detection algorithm was used for quantifying 

ERP component peaks on the electrodes showing maximum amplitudes (E11 – closest to the 

Fz position, E6 – closest to the FCz position, Cz). FRN was determined as the most negative 

peak within the time interval of 200 – 300 ms. P3 was measured as the most positive point 

between 300 – 600 ms. Individual waveforms were visually inspected to ensure that the 

algorithm identified the local maxima in the given time interval. 

 

2.6. Data analysis 

Standardized values (z-scores) were calculated for the main outcome variables of each 

EF task (see Table 4.1) in the final sample. Afterwards, an EF index was created as the 

arithmetic mean of the three z-transformed variables. Participants were assigned to low EF 

(equal or below -0.24) or high EF (above -0.23) groups based on a median split on the EF 

index.29  

One-sample t-tests against zero were run on FRN amplitude measures from difference 

waves for each channel and group separately to confirm the presence of the component (see 

also Fein & Chang, 2008, p. 144). FRN and P3 amplitudes and latencies were then entered 

into two-way mixed ANOVAs with Group (low EF, high EF) as a between-subjects factor, 

and Electrode (Fz, FCz, Cz) as a within-subjects factor. The Greenhouse-Geisser epsilon (ε) 

correction (Greenhouse & Geisser, 1959) was used when necessary. Original df values and 

corrected p values are reported together with partial eta squares (ηp
2) as the measure of effect 

size. To control for Type I error, we used Tukey HSD tests for pair-wise comparisons. EEG 

and behavioral data was analyzed with Brain Vision Analyzer software, STATISTICA 11, 

and IBM SPSS Statistics 19. 

  

                                                 
28 The scalp topography (amplitude distribution) of these ERPs are presented in Supplementary material S3.5.   
29 The details of choosing the median split instead of a continuous approach can be read in Supplementary 
material S3.2.  
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3. Results 
3.1. Sample characteristics and behavioral results 

There was no significant difference in any rating scale measures or BART outcome 

variables (mean adjusted number of pumps, number of balloon bursts, total score) between 

participants with low EF and high EF (all ps > .1, see Table 4.1). 

 

3.2. ERP results 

Grand average ERP waveforms split by feedback type for each group are presented in 

Fig. 4.2. According to one-sample t-tests, the FRN was present on the difference waves at 

each electrode for both groups, and it was the largest at Cz (see Table 4.2). After presenting 

negative feedback stimuli, the FRN was followed by a large P3 component. In contrast, 

positive feedback stimuli evoked a positive potential in the FRN latency window, and the 

subsequent P3 was missing. 

The ANOVA ran on FRN peak amplitude yielded significant main effects of Group, 

F(1, 30) = 7.20, p < .05, ηp
2 = .19, and Electrode, F(2, 60) = 10.13, ε = .596, p < .01, ηp

2 = .25. 

FRN peak amplitude was more negative in the high EF group than in the low EF group (-6.40 

μV vs. -3.66 μV). The main effects of Group and Electrode were also significant on the peak 

latency of FRN, F(1, 30) = 4.37, p < .05, ηp
2 = .13, F(2, 60) = 30.88, ε = .777, p < .001, ηp

2 = 

.51, respectively. The FRN peaked later in the high EF group compared to the low EF group 

(254 ms vs. 246 ms).  

The analysis run on P3 amplitude showed a significant main effect of Electrode, F(2, 

60) = 67.53, ε = .759, p < .001, ηp
2 = .69, and the Electrode * Group interaction was also 

significant, F(2, 60) = 6.80, ε = .759, p < .01, ηp
2 = .18. Pair-wise tests revealed that the P3 

amplitude was enhanced in the high EF group compared to the low EF group, but only at 

electrode Cz (22.02 μV vs. 16.81 μV, p < .05). The main effect of Group was marginally 

significant on P3 latency, F(1, 30) = 3.96, p = .056, ηp
2 = .12, indicating that the P3 was 

delayed in the high EF group compared to the low EF group (362 ms vs. 349 ms). The main 

effect of Electrode was significant, as well, F(2, 60) = 3.82, ε = .748, p < .05, ηp
2 = .11. 
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Table 4.2. Results of one-sample t-test against zero run on FRN amplitudes at each electrode split by group. 
 

Electrode M (μV) SD (μV) t 

Low EF 

   Fz -1.98 3.39 -2.34* 

FCz -3.78 3.55 -4.26* 

Cz -5.21 3.49  -5.97* 

High EF 
   

Fz -4.55 3.40 -5.35* 

FCz -6.72 3.28 -8.19* 

Cz -7.93 5.14 -6.17* 

Note. *p < .001 
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Fig. 4.2. Grand average ERP waveforms (A) after the onset of positive (grey) and negative (black) feedback split by Group and electrode position. Difference waves (B) were calculated by 
subtracting the positive feedback-locked waveform from the negative feedback-locked waveform. Solid line depicts the low EF group, dashed line depicts the high EF group. ERPs are low-
pass filtered by 30 Hz for the purpose of presentation, and positivity is plotted upwards. 
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4. Discussion 

The present study explored the neuro-cognitive correlates of risk-taking behavior by 

comparing feedback processing during the BART between adults of high EF and low EF. We 

found no between-groups differences in any of the behavioral measures of the BART. On the 

contrary, the FRN, time-locked to the negative feedback presented, was enhanced and delayed 

in the high EF group compared to the low EF group. To a lesser extent, the P3 following the 

FRN was also found to be larger and delayed in the high EF group. Therefore, we further 

elaborate on explaining the differences obtained for FRN and P3.  

A gambling task with an opaque structure behind is an uncertain decision making 

situation. In order to solve this situation, we need to modify our choices in line with the 

outcome probabilities. There are at least two ways for adaptive response modification 

(Nemeth, Janacsek, Polner, & Kovacs, 2013). On the one hand, model-based learning could 

guide our choices through testing different hypotheses about the structure of the current task. 

This strategy is suggested to partly be related to control processes. On the other hand, the 

structure of the task could be learned in a hypothesis-free way with less reliance on models 

(Daw, Niv, & Dayan, 2005; Janacsek, Fiser, & Nemeth, 2012). A previous study compared 

low and high EF participants in a probabilistic sequence learning paradigm, and found 

striking differences between the two groups (Nemeth et al., 2013). While in the normal alert 

state high EF participants showed decreased performance as compared to low EF participants, 

the high EF group’s sequence learning enhanced in the hypnotic state. The latter result was 

interpreted as the attenuating effect of hypnosis on frontal lobe functions (Gruzelier, 2006). In 

sum, executive control processes and hypothesis-driven strategies seem to be less useful in 

tasks with implicit rules and decisions under uncertainty (Filoteo, Lauritzen, & Maddox, 

2010; Frank, O'Reilly, & Curran, 2006; Fu & Anderson, 2008). 

Gambling tasks based on uncertain decisions differ in what extent they involve 

decisions under risk (when the outcome probabilities are known) or ambiguity (when the 

occurrence of a specific outcome is unknown) (Bechara et al., 2005). According to the notion 

of Brand et al. (2006), decision making under risk is more reliant on the EF than decision 

making under ambiguity. The risky nature of the BART was presented to participants via task 

instructions: They were aware of the increasing amount of reward for each successive pump, 

and also the fact that pumping the balloon too large, the balloon would have popped. 

However, no information was provided regarding the optimal number of balloon pumps, or 

the equation that determined the probability of balloon popping on a given pump. Therefore, 
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participants could not recall an exact problem solving strategy in order to evaluate how many 

pumps are appropriate for the optimal final outcome: Although the probability of a balloon 

popping increased as a function of balloon size, a particular balloon burst could have 

happened after any pump. Since one of the choices (the balloon pump) could have resulted in 

gain or loss with unknown probabilities, the BART performance also involved decisions 

under ambiguity (Fecteau et al., 2007). Probabilities could have been evaluated only by trial 

and error learning, and participants could have made decisions under a quite good 

approximation of risk only in the later trials (Fecteau et al., 2007).  

Given the ambiguity in the BART, larger FRN in the high than in the low EF 

participants may represent the different task-solving strategies of the two groups. A possible 

functional relevance of FRN is the expression of salience prediction errors (Talmi et al., 

2013). According to this framework, high EF participants relying on their control processes 

would have solved the task by testing outcome expectations derived from their inner models, 

which have been worked up on the basis of their early experiences. However, the level of 

ambiguity in the BART precludes an explicit access to the task structure (Fecteau et al., 2007; 

Lejuez et al., 2002). Therefore, in case of using a model-based strategy, each negative 

feedback represented a salient new information, meaning that the inner model developed did 

not meet the outcome, and as a result, the violated expectations might have induced a larger 

FRN. This argument is in line with the current P3 results, since the P3 was also larger and 

delayed in the high EF group. Again, a model-based strategy requires constant updating of 

working memory during the task, while a hypothesis-free solution does not necessarily 

involve this. The P3 amplitude also reflects the amount of information transmitted to working 

memory (Polich & Kok, 1995), therefore, an enhanced P3 might furthermore indicate a 

model-based strategy used by the high EF group.  

As a consequence, we assume that an optimal performance on the BART might be 

achieved by having both intact EF and intact feedback processing. However, this may not 

require superior EF, which could yield even a more conservative and risk-averse response 

style (i.e., lower number of pumps, see Fecteau et al., 2007). A recent fMRI study showed 

that cognitive control networks have been more active before safe choices (on trials preceding 

the accumulation of reward) than before risky choices (on trials preceding a further pump) 

that suggests the essential role of control processes in risk avoidance (Helfinstein et al., 2014). 

Nevertheless, we should emphasize that our behavioral findings did not support the notion 

that higher EF was related to more cautious responses.  
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The other aspect of the above-mentioned interpretation is the altered sensitivity to 

negative outcomes. Either an enhancement or an attenuation of the FRN amplitude has been 

observed in regard to various neurological and psychiatric syndromes indicating maladaptive 

feedback processing (Onoda et al., 2010; Talmi et al., 2013). Therefore, increased FRN could 

reflect an increased sensitivity to losses or negative outcomes. The FRN indicates the 

relevance of feedback for task performance, as well (Yeung, Holroyd, & Cohen, 2005). As a 

consequence, individuals with high EF might have considered a balloon burst as a more 

significant negative event than those with low EF as shown by the enhanced FRN amplitude. 

Euser et al. (2013) found reduced P3 amplitudes in the BART among high-risk adolescents 

with a parental history of substance use disorders compared to normal risk controls, and in 

their interpretation this may reflect a poorer processing of feedback and suggests a 

hyposensitivity to future consequences. Accordingly, we presume that the increased P3 

amplitude in the high EF group might show an enhanced attention to further process salient 

events of motivational importance. 

Impaired decision making is a common cognitive characteristic of several psychiatric 

syndromes such as ADHD, depression, or substance abuse (Onoda et al., 2010). The high co-

morbidity rate between these disorders may mirror the contribution of a general 

psychopathology factor (Caspi et al., 2013; Lahey et al., 2012). General psychopathology is 

associated with weaker cognitive control or EF (Caspi et al., 2013). The relationship between 

feedback processing and EF in clinical syndromes is still unclear, even though they jointly 

contribute to adaptive decision making. As an important syndrome of enormous clinical and 

economical impact, alcoholism is associated with impulse control problems in risk-taking, 

and thought to be caused by the impairment of EF (Campbell, Samartgis, & Crowe, 2013; 

Fein & Chang, 2008). It was previously shown that a decreased FRN was associated with a 

general risk for alcoholism (Fein & Chang, 2008). Another study found that chronic alcohol 

users made less risky decisions in the BART than their healthy counterparts (Campbell et al., 

2013). The authors suggested that this difference was caused by EF impairments in the 

clinical group. However, a long-term history of alcohol use could lead to performance 

attenuation in a broad range of cognitive functions, which could not entirely confirm their 

proposed explanation. Despite that our results cannot contribute directly to the understanding 

of alcoholism, we demonstrated the relevance of EF in feedback processing with healthy 

young adults. Since modulation of the FRN has been proposed as a potential biomarker in 

psychopathology, a clearer understanding of the functional significance of this component, 
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and the different neural/cognitive systems supporting decision making is essential for further 

studies (Talmi et al., 2013).   

Some issues merit consideration when interpreting the current results. Labeling the 

two groups as “high EF” and “low EF” was somewhat arbitrary, and could only be understood 

as compared to the median of the actual EF index of our sample. Without normative scores 

for each EF task, we must not be certain of the performance range (i.e., normal EF or high 

EF) to which the whole sample could have been assigned. Sample characteristics might have 

decreased the likelihood of obtaining behavioral differences in the BART: The general level 

of everyday risk-taking behavior in undergraduate students has possibly been quite low. 

To sum up, our results emphasize the general role of cognitive control amongst the 

hidden factors of risk-taking behavior by providing evidence for the EF level modulating 

FRN and P3 components. The presented method is useful to shed light on the underlying 

strategies in decision making as shown by the dissociation between findings at the behavioral 

and brain level. These results could have clinical implications since altered FRN has been 

interpreted as a risk indicator in psychopathology. 



115 

 

Chapter 5 

Children with ADHD show impaired early visual processing and inhibitory 

control in a Stroop task: An ERP study30 

 

1. Introduction 

Attention-deficit/hyperactivity disorder (ADHD) is one of the most common child 

psychiatric disorders, with a prevalence rate of 5-10% in school-age children (American 

Psychiatric Association, 2000; Ramtekkar et al., 2010; Scahill & Schwab-Stone, 2000). The 

symptom profile in ADHD is highly heterogeneous and accumulating evidence indicates that 

an impairment in executive functions (EF) could serve as a neuro-cognitive basis of the 

disorder (e.g., Coghill, Hayward, Rhodes, Grimmer, & Matthews, 2013; Nigg et al., 2005; 

Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). Indeed, childhood deficits of EF have 

been linked to poor educational performance and knowledge acquisition, and to other 

disruptions in social and emotional functioning that are crucial for day-to-day life and 

common to ADHD (Mattison & Mayes, 2012). However, previous findings suggest that only 

35–50% of children with ADHD have EF deficits (Nigg et al., 2005; Sjöwall et al., 2013). 

Dysfunctions in other cognitive processes, e.g., in encoding (Steger, Imhof, Steinhausen, & 

Brandeis, 2000) and motor preparation (Banaschewski et al., 2008) have also been 

documented in children with ADHD. The present study aimed to further elucidate the role of 

one component of EF – inhibitory control – in childhood ADHD using an adaptation of a 

Stroop task. Event-related brain potentials (ERPs) were measured to investigate the existence 

and nature of potential inhibitory control impairments. To this end, the Lateralized Readiness 

Potential (LRP) was used to identify the different stages of inhibitory control, and to track 

motor response preparation (see Bryce et al., 2011).  

 
1.1. The two processes of inhibitory control 

Inhibitory control is the ability to successfully respond to a task-relevant dimension 

while inhibiting inappropriate automatic responses or suppressing interference due to a task-

irrelevant dimension (Brydges et al., 2012). There are at least two distinguishable processes 

that contribute to inhibitory control: interference suppression or stimulus interference control, 

                                                 
30 Andrea Kóbor, Ádám Takács, Donna Bryce, Dénes Szűcs, Ferenc Honbolygó, Péter Nagy, & Valéria Csépe; 
to be submitted to Developmental Neuropsychology.   



116 

 

and response inhibition (Bryce et al., 2011; Bunge et al., 2002). According to Barkley’s 

(1997) classical model of ADHD, dysfunction in inhibitory control leads to a secondary 

disruption of other EF components in ADHD. It is not clear, however, to what extent impaired 

inhibitory control underlies ADHD, and whether interference control (Cao et al., 2013; van 

Mourik et al., 2005; van Mourik, Sergeant, Heslenfeld, Konig, & Oosterlaan, 2011) or 

response inhibition (Willcutt, Doyle, et al., 2005) is disrupted, or both. 

The ability to suppress a task-irrelevant interfering dimension is crucial in 

experimental paradigms such as the Stroop task. In the original Color-Word Stroop task, 

participants are required to name the color of the ink in which a color word is printed (task-

relevant dimension), and to neglect the meaning of the word (task-irrelevant dimension) 

(Stroop, 1935). If the ink color does not match the meaning of the word, performance usually 

deteriorates. In Stroop-like interference, the conflicting information is integrated in the 

attended stimulus. Several theories have attempted to explain the Stroop effect (MacLeod, 

1991). However, deficits in interference control in ADHD, based on measures obtained from 

variants of the Color-Word Stroop task, are not consistently found; the effect size of 

differences between children with ADHD and typically developing (TD) children strongly 

depends on the method of calculating the interference score (Lansbergen et al., 2007; van 

Mourik et al., 2005). However, other indices reflecting Stroop-like interference might better 

differentiate TD and ADHD children, such as parameters obtained from RT distributional 

analysis and various ERP measures investigated in the present study. 

 

1.2. Intra-individual variability in task performance of children with ADHD 

One possible cause for mixed findings on EF tasks in the ADHD literature could be 

the reliance on mean RT and accuracy measures which are affected by multiple interacting 

processes (Ratcliff, 2002). Several previous studies suggest that participants with ADHD have 

qualitatively different RT distributions than typical participants (Leth-Steensen, Elbaz, & 

Douglas, 2000). A general observation in children with ADHD is that they respond slower, 

more variably, and less accurately in speeded RT tasks. However, the effect size of between-

group differences in mean RTs varies greatly (Huang-Pollock, Karalunas, Tam, & Moore, 

2012; Karalunas & Huang-Pollock, 2013). An exponential-Gaussian (ex-Gaussian) 

distribution can offer a solution to this problem, as it provides three parameters: mu (μ) and 

sigma (σ), which correspond to the mean and standard deviation of the Gaussian component 

of the distribution, and tau (τ) which indicates the positive skew or the mean of the 
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exponential component (Epstein et al., 2011; Lacouture & Cousineau, 2008). A rather 

consistent between-group difference is that children with ADHD have a larger number of 

excessively long RTs, i.e., greater τ values, than TDs (e.g., Epstein et al., 2011; Hervey et al., 

2006; Karalunas & Huang-Pollock, 2013; Leth-Steensen et al., 2000). A few studies found 

additional differences in μ and σ distribution components, as well (e.g., Epstein et al., 2006; 

Hervey et al., 2006). Furthermore, by using the ex-Gaussian approach, Karalunas and Huang-

Pollock (2013) demonstrated that τ mediated the relationship between ADHD status and 

inhibitory control performance measured by a stop signal reaction time task. Therefore, it is 

possible that inconsistent findings regarding the effect of ADHD on inhibitory control 

performance could be a consequence of not controlling for individual differences in RT 

distributions. Here we provide an in-depth analysis of raw RTs to address this issue. 

 

1.3. ERP correlates of inhibitory control in ADHD  

Even if the problems with using mean RTs are addressed, RTs still represent the 

culmination of several processes. In contrast, ERPs can provide insight into the temporal 

resolution of cognitive processes occurring before the overt behavioral response. The main 

foci of ERP research in children with ADHD have been in the areas of attention, inhibitory 

control, performance monitoring, and ERP/energetic interactions (for a review, see Johnstone 

et al., 2013). These studies showed that ADHD and TD groups markedly differed in early 

orienting, inhibitory control, and error processing (Johnstone et al., 2013).  

The P3 component occurring at 250-700 ms after stimulus onset has been related to 

inhibitory control processes (Johnstone et al., 2009; Johnstone et al., 2010; Kopp & Wessel, 

2010), and to the central stage of information processing (Steger et al., 2000). The peak 

latency of the P3 is considered to be a measure of stimulus evaluation time (Polich, 2007), 

and a larger P3 amplitude is assumed to reflect the employment of increased attentional 

resources (Kok, 2001). The P3 amplitude was attenuated in children with ADHD compared to 

TD samples over a variety of tasks indicating deficient allocation of attention and inhibitory 

control (see Johnstone et al., 2013). However, other studies did not find a difference in P3 

amplitude, and the effect of ADHD on P3 latency in inconsistent (for a review, see also 

Karayanidis et al., 2000). The results of van Mourik et al. (2011) showed that the congruency 

effect (incongruent > congruent) in the P3 time window was absent in children with ADHD in 

an auditory Stroop task implying a poorer evaluation of conflict and allocation of attentional 
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resources. However, ERPs in ADHD during a Stroop-like task have been scarcely obtained, 

therefore by using a modified Stoop task here we aim to contribute to these findings. 

 

1.3.1. Motor preparation in ADHD 

Only a few studies have considered the ERP correlates of encoding and response 

organization in ADHD, i.e., a possible impairment in the peripheral stages of information 

processing. However, it was suggested by Sergeant (2005) that more attention should be paid 

to the interplay of computational processing stages, state factors (e.g., arousal), and EF to 

understand the root cause of a possible inhibitory deficit in ADHD. Previous results obtained 

using various methods suggest impaired motor functions in ADHD (e.g., Rommelse et al., 

2008; Suskauer et al., 2008). However, little research is available about movement-related 

potentials and response preparation processes. Most studies in this area investigated the 

contingent negative variation (e.g., Banaschewski et al., 2003, 2004; Banaschewski et al., 

2008; Benikos & Johnstone, 2009; Doehnert, Brandeis, Schneider, Drechsler, & Steinhausen, 

2013; Perchet, Revol, Fourneret, Mauguière, & Garcia-Larrea, 2001) in cued reaction time 

paradigms, and usually demonstrated that this component was decreased in children with 

ADHD compared to control participants. This was interpreted as an impairment in orientation 

and preparatory motor processes, but more specific evidence is needed to support this 

concept. In order to specifically evaluate motor preparation and whether it is impaired in 

ADHD, we measured the LRP which we introduce below. 

 

1.3.2. The Lateralized Readiness Potential as a measure of inhibitory 
control 

While other studies have used different components and often different tasks to 

measure interference suppression and response inhibition, it has been proposed that these 

processes are separable using one EEG measure – the LRP. The LRP is an index of selective 

motor preparation (Coles, 1989; Eimer, 1998); therefore it is useful for studying motor 

processes in real time. This component summarizes the electrical potential differences of 

electrodes placed over the motor cortex contra- and ipsilateral to the response hand in a single 

measure (Coles, 1989; Ridderinkhof & van der Molen, 1995; Szűcs, Soltész, Bryce, et al., 

2009). By calculating the LRP, an incorrect response preparation (a positive-going deviation) 

followed by a correct response preparation (a negative-going deviation) can be detected in an 

incongruent (conflicting) experimental condition (Szűcs, Soltész, Bryce, et al., 2009). 
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According to the arguments of Bryce et al. (2011, p. 682), the amplitude and latency of the 

initial incorrect response preparation can be considered to be indices of interference 

suppression, while the transition from incorrect to correct activation in the incongruent 

condition reflects the later response inhibition process. Such incorrect response preparation in 

an incongruent condition of an “animal Stroop task” has been found in TD children aged 5-8 

years using the LRP (Bryce et al., 2011; Szűcs, Soltész, Bryce, et al., 2009). Furthermore, the 

two processes that contribute to inhibitory control (interference suppression and response 

inhibition) showed different developmental trajectories in a sample of 5-year-olds, 8-year-

olds, and adults (Bryce et al., 2011). Interference suppression was mature in 5-year-old 

children, while response inhibition continued to develop after 8 years of age. Accordingly, the 

animal Stroop task is considered suitable to investigate impairments in both stages of 

inhibitory control in ADHD. The ERP study of Johnstone et al. (2009) demonstrated that 

interference control (measured by a Flanker task) was impaired more than response inhibition 

(measured by a cued Go/No-Go task) in children with ADHD. However, the advantage of 

using a single task to measure each of these processes is that the extent of different 

impairments can be more reliably compared. Steger et al. (2000) concurrently investigated all 

the stages of information processing in one experimental paradigm, and a weaker response 

preparation was found in ADHD boys as indicated by the LRP. However, the study did not 

investigate latent incorrect response preparation, and a subsequent correct response 

preparation which we analyze here. Moreover, impairments in correct response preparation 

but not in incorrect response preparation might show that interference suppression is intact in 

ADHD, while response inhibition is disrupted. 

 

1.4. Aims and hypotheses 

To the best of our knowledge, no studies have tested motor preparation in a Stroop 

paradigm in children with ADHD to date, and following the whole perceptual-motor 

processing chain by means of ERPs is still infrequent in this field. By tracking the LRP in an 

incongruent condition we intended to separately measure processes that contribute to 

inhibitory control. Hence, the aims of the present study were twofold as follows: (1) to 

compare inhibitory control performance of children with ADHD and their matched TD peers 

in terms of ERPs and behavioral measures; (2) to replicate previous findings on LRP 

parameters and extend them to the field of ADHD associated with deficient inhibitory control. 
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We hypothesized a generally slower reaction time and less accurate responding in 

children with ADHD as compared to the TD group, and also more frequent occurrences of 

excessively long responses. Although previous findings are inconclusive about the 

impairment of the two processes of inhibitory control, we assumed that children with ADHD 

have pronounced deficits in response inhibition, but not in interference suppression. Therefore 

we expected enhanced and delayed secondary correct response preparation (negative-going 

LRP) in ADHD. In contrast, we did not expect differences in incorrect response preparation 

(positive-going LRP) in the incongruent condition. Further, reduced or delayed correct 

response preparation (negative-going LRP) in the congruent condition was anticipated in the 

ADHD group indicating impaired motor preparation. As the parietal P3 (henceforth referred 

to as P3b) ERP component correlates with congruency effects and processes related to 

inhibitory control, increased amplitude and delayed latency for incongruent compared to 

congruent trials were expected in both groups. However, this congruency effect was expected 

to be smaller in the ADHD group than in the TD group. Overall delayed P3b latency could 

also characterize the ADHD group, reflecting slower stimulus evaluation or categorization. 

ERP components related to different stages of visual processing and attentional selection (the 

occipital P1 and N1) were investigated to check whether both groups could process the 

stimuli similarly. We also checked whether congruency-related LRP effects were influenced 

by congruency effects on the latencies or amplitudes of these ERP waves (Bryce et al., 2011; 

Szűcs, Soltész, Bryce, et al., 2009). Due to the paucity of previous findings about visual 

processing in ADHD, we had no clear predictions and this aspect of the study was 

exploratory.  

 

2. Material and methods 
2.1. Participants 

Thirty-two children with ADHD (9 – 12.5 years) from the Vadaskert Child Psychiatry 

Hospital in Budapest, Hungary, were invited to participate in the present study. Only those 

children who had been diagnosed with ADHD by a team (a licensed clinical psychologist and 

a board-certified child psychiatrist) at the hospital according to the DSM-IV-TR (American 

Psychiatric Association, 2000) criteria were included in the sample.31 The diagnosis of other 

co-morbid developmental psychiatric disorders (autism spectrum disorder, obsessive-

                                                 
31 According to the protocol of the hospital, the diagnostic team does not identify subtypes of ADHD by reason 
of their high instability (Valo & Tannock, 2010). However, as a research information, we should note that all 
participants met the criteria for ADHD-C subtype. 
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compulsive disorder, specific language impairment, learning disorder, major depression) was 

denoted as an exclusion criterion in advance. However, two children in the final sample met 

the criteria for persistent depressive disorder, and one of them was also diagnosed with 

oppositional defiant disorder.  

Twenty-seven TD children from the same age range were recruited from 9 primary 

schools, all situated in different districts of Budapest, Hungary. Children in the ADHD and 

TD samples were matched on two characteristics: gender and school grade (rather than 

biological maturity, i.e., age in months). 

From the whole sample, two children were excluded because of technical problems. 

After artifact rejection (see section 2.4 EEG recording and pre-processing), and following the 

selection of those from both samples who fulfilled the matching criteria, 14 children remained 

in each group (13 boys and 1 girl). This is 53.6% of the initial ADHD sample, and 48.8% of 

the initial TD sample. Children with ADHD were in the age range (years:months) of 10:02 to 

12:04 (M = 11:02), and children in the TD group were between 9:04 and 11:08 (M = 10:08). 

All participants had normal or corrected-to-normal vision. None of them reported previous 

traumatic head injury, a sensory impairment or a history of any neurological condition (e.g., 

epileptic seizures, periods of unconsciousness). Handedness was not relevant for the 

experimental task as right and left hands were equally engaged. All analysis was performed 

after artifact rejection in both groups. 

Our study was approved by the Institutional Review Board of Eötvös Loránd 

University, Hungary, and was conducted in accordance with the Declaration of Helsinki. 

Parents of children provided informed consent for the administration of neuropsychological 

tests (reported in Supplementary material S4.2) and the EEG experiment (see section 2.2 

Stimuli and procedure). Children gave an oral agreement before beginning each session. 

Finally, they received a notebook and a pen as a reward for participating in the study 

regardless of their performance. Parents were sent detailed reports on the measured cognitive 

skills of their children. 

 

2.2. Stimuli and procedure 

Participants performed the same animal Stroop task as in Bryce et al. (2011). Stimuli 

were colored pictures of two animals differing in real-life size simultaneously presented on a 

computer screen. One animal image was physically larger than the other, and the task was to 

select which animal was larger in real-life. If the animal displayed on the left side was larger 
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in real-life, children had to press the left response key, if the animal displayed on the right 

side was larger in real-life, children had to press the right response key (“A” or “L” keys on a 

keyboard, respectively), regardless of the physical size on the screen. Speed and accuracy 

were emphasized equally. In the congruent condition (Fig. 5.1A), the larger in real-life animal 

(e.g., giraffe) was displayed physically larger on the screen than the smaller in real-life animal 

(e.g., ladybird). In the incongruent condition (Fig. 5.1B), the larger in real-life animal was 

physically smaller on the screen than the smaller in real-life animal. A real-life size 

manipulation (i.e., three animal groupings based on real-life size) was also included in the 

paradigm, but this factor was not analyzed here. 

Each trial consisted of four events. The animal images were presented until the 

participant responded, or for a maximum of 4000 ms. After that, there was a delay of 1000 ms 

(a blank screen displayed), and then an image of an eye was presented for 500 ms to indicate 

that the participant should blink their eyes if necessary. After another delay of 1000 ms (a 

blank screen), the next trial was presented. If a participant accidentally pressed a button 

during the eye-blink, another eye-blink was presented. The experiment consisted of 6 blocks 

of 48 trials, and a practice block with 12 trials. Altogether 144 congruent, and 144 

incongruent animal pairings were presented using Presentation (v. 14.4 and 16.3; 

Neurobehavioral Systems).  

In a first testing session, two rating scales that measured child behavioral problems in 

everyday life, and a battery of eight neuropsychological tests that measured short-term 

memory, interference suppression, basic reading skills, and general IQ were administered. 

These results are reported in Supplementary material S4.2 (see also Table S4.2.1). EEG data 

were collected in a second testing session that lasted approximately 45 minutes. Children with 

ADHD taking methylphenidate discontinued their medication for at least 24 hours to allow a 

complete washout prior to test administration and visiting the EEG laboratory.  

 
Fig. 5.1. The two conditions of the animal Stroop task; (A) congruent and (B) incongruent. 
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2.3. Behavioral data analysis 

Fast impulsive responses with RTs lower than 200 ms were eliminated, and we did not 

analyze omission errors (misses or responses longer than 4000 ms). Accuracy was defined as 

the percentage of correct responses. Only correctly responded trials were included in RT 

analysis. 

Shapiro-Wilk tests were conducted to compare raw RT distributions to the normal 

(Gaussian) distribution within each congruency condition and group in order to evaluate 

whether the ex-Gaussian distribution was a better model of the RT data than the normal 

distribution. Afterwards, ex-Gaussian parameters mu (μ), sigma (σ), and tau (τ) were 

estimated in each condition separately using the simple egfit function in MATLAB provided 

by Lacouture & Cousineau (2008). 

Accuracy, RT, and the three ex-Gaussian parameters were entered into two-way mixed 

ANOVAs with Congruency (congruent, incongruent) as a within-subjects factor and Group 

(TD, ADHD) as a between-subjects factor. In all ANOVAs performed on behavioral and 

physiological measures (see section 2.5.2 Other ERP waves) partial eta squares (ηp
2) are 

reported as the measure of effect size. To control for Type I error, we used Tukey HSD tests 

for pair-wise comparisons. If an interaction was of marginal statistical (p < .1), but involved 

Group as a factor, pair-wise tests were performed to further investigate the effect (Hsu, 1996). 

 

2.4. EEG recording and pre-processing 

EEG activity was recorded using the Electrical Geodesics system (GES 300; Electrical 

Geodesics, Inc., Eugene, Oregon) with a 128-channel Geodesic Sensor Net. We used Cz as a 

reference, and a sampling rate of 1000 Hz was applied with a 70 Hz online low-pass filter.  

Before offline analysis, spline interpolation of bad electrodes was performed if 

necessary. Zero – 4 (mean: 0.71) channels per participant were interpolated in the TD group, 

and 0 – 3 (mean: 0.79) in the ADHD group. During pre-processing, the data was first band-

pass filtered offline between 0.03 – 30 Hz (12 dB/oct), notch filtered at 50 Hz, and re-

referenced to the average activity of all electrodes. Only correctly responded trials were 

included in the EEG analysis. Epochs extended from -100 to 1000 ms relative to the 

presentation of the animal pair stimuli, and were baseline corrected based on the average 

activity from -100 to 0 ms. We applied an automatic artifact rejection algorithm implemented 

in Brain Vision Analyzer software (Brain Products GmbH, Munich, Germany) which was 
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based on four criteria: the maximum gradient allowed for an epoch was 50 μV/ms, we 

rejected those segments where the activity exceeded +/- 150 μV, the lowest activity allowed 

was 0.5 μV, and the maximum absolute difference between the minimum and maximum 

voltages in an epoch was 200 μV. A minimum of 19 artifact-free epochs were required in 

each condition (split by congruency and response hand) in order for a participant’s data to be 

included. Of those children whose data remained in the analysis, the average number of 

retained segments in the TD group was 40.6 (range of 23 – 65.5) and 38.5 (range of 20 – 63) 

in the congruent and incongruent condition, respectively; in the ADHD group it was 40.1 

(range of 21.5 to 62.5) and 39.1 (range of 23.5 to 61.5). 

 

2.5. ERP analysis 

2.5.1. LRP measures 

The LRP was calculated according to the equation of Coles (1989, p. 256):  

[(ER – EL)left hand response + (EL – ER)right hand response] / 2, 

where EL is the brain potential recorded from an electrode over the left motor cortex, and ER 

is the brain potential recorded over the right motor cortex. In our study, EL was calculated as 

an average of five electrodes close to C3 position (electrodes 36, 29, 42, 35, 41), and ER was 

calculated as an average of five electrodes close to C4 position (electrodes 104, 111, 93, 110, 

103; see Fig. 5.2 for electrode positions). In order to enhance the signal-to-noise ratio, each 

participant’s raw LRP in each condition was smoothed by a 150 ms moving average window 

(Bryce et al., 2011, p. 675). Point-by-point one-sample t-tests against zero were run on these 

congruent and incongruent LRP waveforms in each group separately to confirm whether they 

showed any significant deviation from zero. A deviation from zero was regarded as 

significant if the p-value was less than .05 for more than 20 ms (for a similar method, see 

Bryce et al., 2011; Szűcs & Soltész, 2007; Szűcs, Soltész, Bryce, et al., 2009).  

According to the traditional computation above, a negative deviation in the LRP 

waveform reflects preferential activation of the correct response, whereas a positive deviation 

reflects preferential activation of the incorrect response (Coles, 1989). Consequently, in the 

congruent condition we expected an initial negative LRP deviation reflecting correct response 

preparation, and in the incongruent condition we expected an initial positive LRP deviation 

reflecting incorrect response preparation, followed by a correct response preparation as in 

Bryce et al. (2011). Because the initial deviations in congruent and incongruent conditions 

were missing in both groups (see section 3.2 LRP measures), the early part of LRP waveform 
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was omitted from further analysis. Therefore, we considered only the secondary deviation of 

the LRP in the incongruent condition (i.e., correct response preparation). Before obtaining 

peak measures, the smoothed incongruent LRP was jack-knifed (e.g., J. Miller, Patterson, & 

Ulrich, 1998; Smulders, 2010; Ulrich & Miller, 2001). The jack-knife procedure is frequently 

applied in analyzing LRPs (e.g., Lansbergen & Kenemans, 2008; Scheibe, Schubert, Sommer, 

& Heekeren, 2009; Wild-Wall, Falkenstein, & Hohnsbein, 2008) as it increases the inherently 

low signal-to-noise ratio and reduces variation (J. Miller et al., 1998). The peak was identified 

as the most negative point between 300 and 900 ms in each participant’s smoothed and jack-

knifed LRP waveform. One-way between-subjects ANOVAs were run on the peak amplitude 

and latency of the jack-knifed negative-going LRP in the incongruent condition with Group 

(TD, ADHD) as the only factor. In these ANOVAs, the computed F-values were corrected 

(referred as Fc) according to the formula established by Ulrich & Miller (2001). 

 
Fig. 5.2. The electrode net used (see GES Hardware Technical Manual, Electrical Geodesics, Inc., 2007) in the 
experiment. Circles mark the electrodes used for LRP calculation; diamonds those used for P1 and N1 waves; 
the square is the electrodes used for the P3b. 
 

2.5.2. Other ERP waves 

We labeled the relevant ERP components on the basis of their topography and serial 

order. First, we calculated the average activity of electrodes 65, 66, 69, 70 (left occipital pool) 

and 83, 84, 89, 90 (right occipital pool; see Fig. 5.2, diamonds), then of electrodes 71, 72, 75, 

76 (parieto-occipital pool, see Fig. 5.2, squares). Grand average ERP waveforms were 

calculated separately for each group and condition to determine the latency range of P1, N1, 

and P3b at the pooled electrodes sites where these ERP components showed maximum 
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amplitude.32 An automatic peak detection algorithm was used for quantifying each component 

peaks (amplitudes and latencies). P1 and N1 were determined at left and right occipital pools 

as the most positive and negative deflection within the time interval 100 – 200 ms and 150 – 

250 ms, respectively.33 The P3b was measured as the most positive peak within 400 – 800 ms 

at the parieto-occipital pool. In some cases manual adjustment was needed in searching for 

component peaks.  

P1 and N1, peak amplitudes and latencies were then entered into three-way mixed 

ANOVAs with Congruency (congruent, incongruent) and Hemisphere (left, right) as within-

subjects factors, and Group (TD, ADHD) as a between-subjects factor. The amplitude and 

latency of P3b was analyzed by performing a Congruency (2) * Group (2) mixed ANOVA. 

EEG and behavioral data was analyzed with Brain Vision Analyzer software, 

MATLAB 7.11.0 (R2010b), STATISTICA 11, and IBM SPSS Statistics 19. 

  

                                                 
32 The scalp topography (amplitude distribution) of these ERPs are presented in Supplementary material S4.3.  
33 The N1 appearing here could also be labeled as N2 (see Bryce et al., 2011; Szűcs, Soltész, Bryce, et al., 2009), 
since the overall mean latency of this component is 205 ms. However, this component is only preceded by a 
large P1, and the N1 is missing that usually appears for visuals stimuli in case of adults. This negative 
component in children could result from the amalgamation of N1 and N2 in our study (see the argumentation of 
Karayanidis et al., 2000). 
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3. Results 

A summary of results obtained from statistical analyses of RT and ERP data is 

presented in Table 5.1. We report these results in detail below. 

 
Table 5.1. Summary of results (F-values) from ANOVAs  performed on relevant RT and ERP measures.  

  Group Congruency 
Congruency * 

Group 

Hemisphere * 

Group 

Hemisphere * 

Congruency 

Hemisphere * 

Congruency * 

Group  

RT 7.14* 82.70*** 0.02 – – – 

Accuracy 0.01 32.38*** 0.05 – – – 

μ 3.16+ 44.18*** 0.04 – – – 

σ 3.52+ 4.25* 0.03 – – – 

τ 6.84* 0.83 0.01 – – – 

P1 (lat) 0.35 0.58 0.02 0.76 0.45 0.68 

P1 (A) 0.00 2.19 4.14+ 0.37 0.61 3.50+ 

N1 (lat) 2.00 0.11 0.60 0.00 0.02 0.96 

N1 (A) 0.32 6.47* 9.96** 0.00 1.38 0.42 

P3b (lat) 3.88+ 5.28* 1.33 – – – 

P3b (A) 0.04 11.03** 6.71* – – – 

LRP (lat) 5.81* – – – – – 

LRP (A) 2.58 – – – – – 

Note. μ and σ correspond to the mean and standard deviation of the Gaussian component of the RT distribution, 
and τ indicates the mean of the exponential component. For P1 and N1 measures the main effects of Hemisphere 
are not included, only the interaction effects involving Hemisphere as a factor. F-values that correspond to LRP 
latency and amplitude measures were corrected because of jack-knifing. A = amplitude; lat = latency; – = the 
effect is not applicable in the given analysis 
+p < .1; *p < .05; **p < .01; ***p < .001 
 

3.1. Behavioral results 

Descriptive accuracy and RT data are shown in Table 5.2. The analysis of accuracy 

yielded only one significant result: incongruent trials were responded less accurately than 

congruent trials (correct %: 92.7% vs. 97.8%), F(1, 26) = 32.38, p < .001, ηp
2 = .55. Children 

with ADHD and TD children did not differ in accuracy. 

Mean RTs showed that children with ADHD responded 196 ms slower than TD 

children (1221 ms vs. 1025 ms), F(1, 26) = 7.14, p < .05, ηp
2 = .22. Incongruent trials were 

responded to 126 ms slower than congruent trials (1186 ms vs. 1060 ms), F(1, 26) = 82.70, p 

< .001, ηp
2 = .76. We did not observe a significant Congruency * Group interaction effect. 
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Visual inspection of the RT distributions (see Fig. 5.3A-B) suggested that fitting an 

ex-Gaussian distribution may provide a better representation of the data than the normal 

distribution. Shapiro-Wilk tests showed that RTs deviated significantly from the normal 

distribution in both groups in both conditions (all ps < .001). When ANOVAs were performed 

on ex-Gaussian parameters, the mean RT (μ) in the incongruent condition was higher than in 

the congruent condition (783 vs. 681), F(1, 26) = 44.18, p < .001, ηp
2 = .63, and the within-

trial variability (σ) was greater (115 vs. 98), F(1, 26) = 4.25, p < .05, ηp
2 = .14, as well. As 

expected, children with ADHD had a larger number of RTs in the exponential upper tail of 

the distribution (τ of 448 vs. 329), F(1, 26) = 6.84, p < .05, ηp
2 = .21. μ and σ values only 

tended to be larger in the ADHD group compared to the TD group, F(1, 26) = 3.16, p = .087, 

ηp
2 = .11, and F(1, 26) = 3.52, p = .072, ηp

2 = .12 , respectively. The Congruency * Group 

interactions were, again, not significant on either parameter.  

 
Table 5.2. Descriptive data of accuracy and RT variables in TD and ADHD groups. 

 TD (n = 14) ADHD (n = 14) 

  M SE M SE 

Correct RT: con 963 53 1157 45 

Correct RT: inc 1087 60 1285 51 

Accuracy (d'): con 4.21 0.09 4.21 0.12 

Accuracy (d'): inc 3.44 0.17 3.52 0.18 

% correct: con 97.9  0.48 97.8 0.70 

% correct: inc 92.5 1.2 92.8 1.8 

μ: con 643.69 32.92 717.32 24.98 

μ: inc 743.39 36.59 822.82 33.74 

σ: con 84.06 9.65 111.64 15.10 

σ: inc 100.23 11.57 130.50 12.82 

τ: con 318.80 27.76 440.64 40.27 

τ: inc 338.23 34.42 455. 86 36.62 

Note. SE = standard error of mean, con = congruent condition, inc = incongruent condition. 
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Fig. 5.3. Raw RTs (A-B) and ex-Gaussian (C-D) distributions fitted to RTs in congruent (A, C) and incongruent 
(B, D) conditions. Raw RTs are expressed as a percentage of all RTs; ex-Gaussian distributions are expressed as 
probability densities. 

 

3.2. LRP measures34 

Unexpectedly, we did not find a significant negative deviation from baseline in the 

congruent LRP in either group. That is, no correct response preparation was observed in the 

LRP in the congruent condition. Therefore, we could not conduct the planned analyses that 

involved the congruent condition. 

Further, no incorrect response preparation was reflected in the incongruent condition 

at the early phase (no positive deviation from baseline). However, a robust correct response 

activation was present in the later phase of incongruent condition in both groups. These were 

between 464 – 762 ms in the TD group, and between 470 – 944 ms in the ADHD group. In 

the subsequent analyses, we only considered this deviation (see Fig. 5.4). One-Way ANOVAs 

on the peak amplitude and latency of the smoothed and jack-knifed incongruent LRP revealed 

a between-group difference in the peak latency of this correct response activation, Fc(1, 26) = 

                                                 
34 The adult LRP results are introduced in Supplementary material S4.1.   
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5.81, p < .05. This indicated that children with ADHD initiated a correct response in the 

incongruent condition 41 ms later than TDs (623 ms vs. 582 ms).  

 

 
Fig. 5.4. Grand average of the smoothed LRPs in the incongruent condition for TD and ADHD groups. 
Horizontal lines indicate regions in which the LRP deviated significantly from zero. Please note, negativity is 
plotted upwards here. 
 

3.3. Other ERPs 
3.3.1. P1 and N1 

Grand average ERP waveforms split by congruency for each group are presented in 

Fig. 5.5. The Congruency * Group interaction was marginally significant on P1 amplitude, 

and it was overwritten by the marginally significant Hemisphere * Congruency * Group 

interaction, F(1, 26) = 3.50, p = .073, ηp
2 = .12 (see Fig. 5.6A). Pair-wise tests indicated that 

in the ADHD group, the P1 was larger in the incongruent condition as compared to the 

congruent condition (20.18 μV vs. 18.59 μV, p < .01) above the right hemisphere (right 

occipital pool). This within-group difference was not present in the TD group, and the two 

groups did not differ from one another. There were no significant effects on P1 latency. 

The N1 peak amplitude was 0.88 μV smaller (more positive) in incongruent than 

congruent trials (9.08 μV vs. 8.20 μV), F(1, 26) = 6.47, p < .05, ηp
2 = .20, and there was a 

significant Congruency * Group interaction, F(1, 26) = 9.96, p < .01, ηp
2 = .28 (see Fig. 5.6B). 

Pair-wise tests demonstrated that the N1 was attenuated (more positive) in the ADHD group 

in the incongruent condition as compared to the congruent condition (9.02 μV vs. 7.06 μV, p 

< .01). A similar difference did not appear in the TD group, and the two groups did not differ 

from one another. Again, there were no significant effects on N1 latency. 



131 

 

3.3.2. P3b 

As expected, P3b amplitude was 1.54 μV larger in the incongruent compared to the 

congruent condition (20.61 μV vs. 19.07 μV), F(1, 26) = 11.03, p < .01, ηp
2 = .30. There was a 

significant Congruency * Group interaction, F(1, 26) = 6.71, p < .05, ηp
2 = .21, as well (see 

Fig. 5.6C). Pair-wise tests showed that the P3b was larger in the incongruent condition as 

compared to the congruent condition only in children with ADHD (20.94 μV vs. 18.21 μV, p 

< .01). The P3b peak tended to delay 32 ms in children with ADHD than in TD children (530 

ms vs. 498 ms), F(1, 26) = 3.88, p = .060, ηp
2 = .13. Moreover, the P3b peak delayed 22 ms in 

incongruent than congruent trials (525 ms vs. 503 ms), F(1, 26) = 5.28, p < .05, ηp
2 = .17.
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Fig. 5.5. Grand average ERP waveforms associated with perceptual processing (P1 and N1) and stimulus evaluation (P3b) split by congruency for each group at left and right occipital 
electrode pools (OL and OR) and at parieto-occipital electrode pool (PO), respectively. Please note, negativity is plotted upwards here. 
 

 
Fig. 5.6. Graphs presenting interaction effects on P1 (A), N1 (B), and P3b (C) amplitude. Vertical bars denote 95% confidence intervals for means. The amplitude scale is reversed for N1, in 
order to be consistent with Fig. 5.5.



133 

 

4. Discussion 

We examined whether impairments in the two processes of inhibitory control are 

present in children with ADHD. We also investigated whether visual processing and 

evaluation of stimuli is similar in each group. Accordingly, we analyzed RT and accuracy 

data, the LRP and other ERPs time-locked to the presentation of the congruent/incongruent 

stimuli in the animal Stroop task. 

  

4.1. Behavioral findings 

In accordance with our predictions, children with ADHD were slower to give correct 

responses irrespective of congruency in the animal Stroop task (Banaschewski et al., 2008; 

Cao et al., 2013; Karalunas & Huang-Pollock, 2013), but there were no between-groups 

differences in accuracy. The latter finding contradicts some previous results (e.g., Karalunas 

& Huang-Pollock, 2013), but it is not without example (Banaschewski et al., 2008; Johnstone 

et al., 2009). This may suggest that the groups were similarly successful at resolving response 

conflict and responding correctly at the behavioral level. In addition, congruency did not show 

a differential effect on ADHD (congruency effect: 128 ms vs. 124 ms). Altogether the results 

might also suggest a speed-accuracy trade-off for children with ADHD, with slower 

responding allowing more accurate responses in all conditions (for a similar finding in a 

Go/No-Go task, see Johnstone et al., 2009). Interference at the behavioral level was also 

found to be equivalent in ADHD and TD participants in an auditory Stroop task (van Mourik 

et al., 2011), however, those results cannot be directly compared with the present results 

obtained from a visual task. Nevertheless, these findings also question the validity of the 

Stroop paradigm for distinguishing between ADHD and TD groups that was previously 

emphasized in relation to the original Color-Word Stroop task (Lansbergen et al., 2007). 

The overall slower responding (i.e., higher mean RTs) of children with ADHD could 

be a consequence of the larger number of excessively long RTs shown by the higher τ values. 

Larger τ values are likely a consequence of poor attention or attention lapses, and greater trial-

by-trial variability that generally describes children with ADHD (Epstein et al., 2011; 

Karalunas & Huang-Pollock, 2013; Leth-Steensen et al., 2000). However, the ex-Gaussian μ 

and σ parameters representing the normal portion of the RT distribution also tended to be 

larger in the ADHD group which could further account for the observed slower mean RTs. 

Marginally significant values of σ could also be attributed to the larger heterogeneity of RTs 

in the ADHD group compared to the TD group (Buzy, Medoff, & Schweitzer, 2009; Epstein 
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et al., 2006). Higher variability in performance could reflect a difficulty to allocate sufficient 

effort to maintain task performance which is an additional deficit in ADHD (Douglas, 1999). 

We should note, however, that multiple processes could be present in τ, and the cognitive 

interpretations of ex-Gaussian parameters are still not clear (Matzke & Wagenmakers, 2009).  

 

4.2. LRP findings 

Unexpectedly, neither group showed correct response preparation (negative-going 

LRP) in the congruent condition, nor an incorrect response preparation (positive-going LRP) 

in the incongruent condition. These findings are in sharp contrast to previous results obtained 

in the same task in younger TD children (Bryce et al., 2011; Szűcs, Soltész, Bryce, et al., 

2009). Movement artifacts in the whole sample might have obscured the assumed correct 

response preparation in the congruent LRP. In this study we used a keyboard as a response 

device, while in Bryce et al. (2011) participants gave their responses on specially designed 

response pads which might have reduced irrelevant (task-unrelated) hand movements. 

Importantly, there is no evidence that such task-unrelated movements were larger in the 

ADHD group than the TD group, as the number of trials rejected due to artifacts was similar 

(see section 2.4 EEG recording and pre-processing).  

Given the lack of incorrect response preparation in the incongruent LRP, we might 

conclude that no evidence was found for greater incorrect response preparation in the ADHD 

group compared to TDs. However, not detecting a positive deviation at all excludes the 

possibility of testing any group effects, and no clear interpretation can be made about the 

possible impairment of interference suppression (the early stage of inhibitory control) in 

ADHD. The lack of this deviation could have also originated from irrelevant hand movements 

described above. Previously, and in accordance with the present findings, two studies of 

Szűcs et al. (2007; 2009) did not demonstrate incorrect response preparation in the 

incongruent LRP in adults using a numerical Stroop task. These results together could also 

argue against the sensitivity of LRP to detect latent incorrect response tendency. However, 

other physiological indices (e.g., EMG) might have shown the existence of incorrect 

activation in the present study (see Szűcs, Soltész, & White, 2009). 

Correct response preparation (negative-going LRP) was present in both groups in the 

incongruent condition. Furthermore, children with ADHD were later to organize and initiate 

this correct response, as was shown by the delayed peak latency of the incongruent LRP. 

However, the cause of this delay is not clear. Originally, we assumed inhibitory problems in 
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ADHD at the later stage of information processing, i.e., in response inhibition. On one hand, 

the delayed peak latency of the incongruent LRP could have originated from weaker response 

inhibition in the ADHD group. The amplitude of the correct activation in the incongruent LRP 

was not significantly different between the two groups, but at the descriptive level, it seemed 

to be enhanced in the ADHD group compared to the TD group (-3.22 μV vs. -1.91 μV). In the 

case of a significant difference, it might have indicated that children with ADHD had to 

overcome a stronger distraction caused by the irrelevant task-dimension (physical size of the 

animals on the screen). On the other hand, a slower correct response preparation might result 

from more effortful and slower information processing, which was apparent in ERPs related 

to perceptual processing and stimulus evaluation (see section below). However, these two 

explanations are not necessarily mutually exclusive. This is further elaborated below. 

 

4.3. ERPs related to perceptual processing and stimulus evaluation 

We did not detect latency differences between children with ADHD and TD children 

in ERP components related to visual processing (P1 and N1). In line with our findings, 

Karayanidis et al. (2000) failed to show latency differences in visual ERPs (occipital P115, 

N180, P250), but a prolonged stimulus identification (anterior N1, P2, and N2 latencies) was 

observed. In contrast, the study of Nazari et al. (2010) found delayed occipital P1 and N2 

(quantified in a similar time window as N1 in this study) latencies in ADHD during a cued 

continuous performance test, and the authors interpreted this result as indicating that more 

resource allocation was required for early information processing in children with ADHD. It 

is conceivable that amplitude differences could contribute to a similar explanation as follows.  

In contrast to the behavioral data, the occipital N1 amplitude suggested that 

congruency affected the ADHD group to a greater degree than the TD group. The congruency 

related change on the N1 amplitude (incongruent > congruent) in the ADHD group can also 

clearly be seen further in the time window between 250 and 800 ms (see Fig. 5.5). However, 

the effect of congruency was not apparent in TD children in the same time range according to 

ERP amplitudes (N1 and P3b). Moreover, the different processing of incongruent than 

congruent stimuli in children with ADHD appeared already on P1 amplitude above the right 

hemisphere, even though the Hemisphere * Congruency * Group interaction was only of 

marginal statistical significance.  

As expected, the P3b was increased and delayed for incongruent than for congruent 

trials indicating the functions of inhibitory control (but see Bryce et al., 2011; cf. Johnstone et 
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al., 2009; Johnstone et al., 2010). However, this congruency-related effect on P3b amplitude 

appeared only in the ADHD group, which contradicts our earlier assumptions but corroborates 

the observed P1 and N1 findings. Again, children with ADHD might have employed more 

attentional resources to make the real-life size difference decisions (Kok, 2001). In line with 

our hypothesis, we found that the P3b tended to delay in the ADHD group compared to the 

TD group, irrespective of congruency. This means that stimulus evaluation or categorization 

at this central stage of information processing was slower in children with ADHD, which is in 

line with some previous findings (specifically, see Johnstone et al., 2013), but contradicts 

some others (e.g., Steger et al., 2000). The delayed P3b latency for incongruent trials suggests 

that congruency effect could relate to stimulus processing or the evaluation of perceptual 

conflict between displayed size and real-life size of animals (e.g., Szűcs & Soltész, 2007; 

Szűcs et al., 2007). However, this effect did not differ between the two groups. Moreover, 

neither group effect, nor congruency effect appeared on the latencies of P1 and N1 which is in 

line with previous studies using the animal Stroop task (Bryce et al., 2011; Szűcs, Soltész, 

Bryce, et al., 2009) indicating that all children selected the task-relevant stimulus dimension 

successfully in both the congruent and incongruent conditions. At the same time, the latency 

of correct response preparation in incongruent trials delayed in children with ADHD 

suggesting problems in the processing of response conflict (competing responses, see also van 

Veen & Carter, 2005). Therefore, the generally slower correct RTs in children with ADHD 

might relate more to difficulties in the resolution of response conflict, although the speed of 

evaluating stimuli also tended to be slower. 

In our interpretation, the alteration of P1, N1 and P3b amplitudes across conditions 

could be a consequence of larger effort investment by the ADHD group to resolve a conflict. 

In support of this idea, Robaey, Breton, Dugas, and Renault (1992) found an increase in the 

originally larger occipital N2 (around 250 ms) in the ADHD group shown for simple as 

compared to complex targets. Our results on visual processing also corroborate the findings of 

Steger et al. (2000) who demonstrated deficits in visuo-attentional processes in childhood 

ADHD reflected by altered early visual evoked potentials. In sum, it is possible that the 

delayed peak latency of correct response preparation in the incongruent LRP in children with 

ADHD might have originated from the need to overcome a stronger distraction at an earlier 

phase of processing that starts around 150 ms. The source of this distraction would have been 

the task-irrelevant conflicting dimension, even though no evidence was found for the 

inhibition of incorrect response tendency (i.e., interference suppression) in the incongruent 

LRP. 
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4.4. Limitations and further aspects 

A relevant limitation of our study that the sample size of ADHD and TD groups could 

have been too small to detect group differences in ERP amplitudes given the marked 

heterogeneity of ADHD. This study should be replicated on larger samples in order to check 

the reliability of our results, and to reduce the probability of Type II error. At the same time, 

we should emphasize that children in both samples were selected using strict inclusion and 

exclusion criteria in order to avoid any confounding factors. However, inconsistencies in the 

diagnostic criteria for ADHD (Hudziak, Achenbach, Althoff, & Pine, 2007), the temporal 

instability of symptoms (Lahey, Pelham, Loney, Lee, & Willcutt, 2005), and the still 

ambiguous cognitive background of ADHD (Sjöwall et al., 2013) might undermine the 

attempt to investigate the pure effect of ADHD on ERPs.  

This study has addressed only the questions of between-group differences in 

behavioral data and ERPs. Therefore, conducting a correlational study with the inclusion of 

those children from community samples showing subclinical ADHD symptoms (Kóbor, 

Takács, Urbán, et al., 2012; Scahill et al., 1999) is an important future task. Examining 

atypical development in a dimensional framework using rating scales, neuropsychological 

measures, and electrophysiological indices may shed light on the nature of the relationship 

between clinical categories and the day-to-day problems of hyperactivity/impulsivity or 

inattention. Clarifying the neuro-cognitive profile of groups falling in the middle of the 

continuum could be beneficial for education as well as mental health programs.      

 

5. Summary and conclusion 

This study investigated the inhibitory control performance of children with ADHD and 

their TD peers in an adaptation of a Stroop task. We investigated all stages of information 

processing from encoding to motor preparation using various ERP and RT measures. At the 

behavioral level, both groups were equally successful at resolving response conflict, but 

children with ADHD were slower to give correct responses irrespective of congruency. 

Unexpectedly, LRP data was unable to detect the correct response preparation in the 

congruent condition in both groups, and the two processes that contribute to inhibitory control 

were not distinguishable. However, correct response preparation was present in both groups in 

the incongruent condition. The organization and initiation of this correct response tendency 

was delayed in children with ADHD. In our interpretation, the delayed preparation of a 

correct response in the incongruent condition might be a result of an enhanced effort 
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allocation at an earlier phase of processing as indicated by the amplitude of parieto-occipital 

ERPs.  

We suggest that the higher overall RTs with more frequent attention lapses and more 

pronounced intra-individual variability in the animal Stroop task in conjunction with more 

effortful stimulus processing and correct response organization probably implies a marked 

dysfunction at multiple stages of information processing in children with ADHD. However, 

our results only partly support the hypothesis that children with ADHD have impaired 

response inhibition. Instead, we support the view that the cognitive profile of ADHD is highly 

heterogeneous. 
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Chapter 6 

General discussion 

0. Some conclusions and overview of the General discussion 

My aim was to investigate the atypical forms of executive functions in a way that 

integrates perspectives of different fields of psychology assessing nearly identical concepts 

(Hofmann et al., 2012). Although the experimental method remained unitary across studies 

(analysis of ERPs), I attempted not only to cover the measurement of classical EF, but also 

pay attention to their affective aspect. As it hopefully has been pointed out in the General 

introduction, the separate assessment of EF subcomponents is not without inconsistencies 

either if we focus on the behavioral level or on the electrophysiological level. This issue is 

even more challenging as we take into account the heterogeneous cognitive/symptom profile 

of ADHD and the multifaceted nature of trait impulsivity. Indeed, EF (or its subcomponents) 

is not always impaired in these phenomena, but other aspects of cognition could be affected. 

However, a unifying model explaining all observed impairments in trait impulsivity and 

ADHD has yet to be described. Atypical EF also involves the “upper end” of performance, 

which we investigated in the last chapter. This was the first step towards the examination of 

ERP correlates of affective decision making influenced by executive functions. 

In this last chapter, I summarize the main findings of the studies presented in previous 

chapters. Then I discuss some related topics, which have not been reviewed in detail in the 

”Discussion” sections of each study. First, some reasons for the poor correlation between EF 

tasks and self-report measures of impulsivity are outlined. Second, I review some more of the 

debated questions of feedback processing. Third, factors that could have contributed to the 

unexpected LRPs are discussed. Fourth, the observed heterogeneity of ADHD affecting our 

results is explained in a dimensional framework. Finally, I give a short overview about the 

limitations of the studies, and I delineate some questions and proposals for future research.  

1. Summary of main findings 
1.1. Inhibitory control and error processing in trait impulsivity: The role of 

energetic factors 

The most surprising finding of the first two empirical chapters is that high impulsive 

participants responded generally slower in a modified flanker task (at least in correct trials), 

irrespective of other factors that we manipulated in the experiment. Moreover, accuracy 

(indicated by different measures) was similar across groups. This unexpected group difference 
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also remained significant when we analyzed only a restricted sample, i.e., those who made 

more errors during the whole task (Chapter 3). This slowing effect was also reflected in ERPs: 

the peak latency of P3 and LRP was delayed in all conditions in the high as compared to the 

low impulsive group (except for the LRP elicited by neutral stimuli). Since the generalized 

lapse of correct and incorrect response preparation (LRP) was associated with a slower 

stimulus evaluation (P3), we could not be certain about which phase of information 

processing was impaired in trait impulsivity. 

In-depth analysis of RTs in relation to the flanker task provided some insight to the 

slower responding of individuals with high impulsivity. Both groups slowed down after errors 

in a similar degree (cf. Farr et al., 2012), but high impulsive participants had higher μ and σ 

values as well as marginally larger τ values compared to low impulsive participants. These 

ex-Gaussian parameters indicated that the trial-by-trial heterogeneity in responding was 

higher in the HI group and that they also produced slightly more attentional lapses. The group 

difference in μ remained significant even after discounting for the effect of slower RTs (τ) 

suggesting that many lower-order processes (Matzke & Wagenmakers, 2009) might have 

been slower in the HI group. This pattern of findings could be a result of deficient allocation 

of attentional resources (van der Meere, 2005; cf. Chapter 5, ADHD results). Nevertheless, 

slower responding of high impulsive participants could also reflect the low inter-correlations 

among different self-report scales and behavioral assessments of impulsivity (see the details 

in section 2 below). 

The N2c showed that monitoring of response conflict was modulated by task 

requirements independent of impulsivity. The N2c was larger for incongruent trials as well as 

for trials with decreased visual stimulus discriminability (Folstein & van Petten, 2008; 

Johnstone et al., 2010). The amplitude of the positive-going LRP recorded in the incongruent 

condition was comparable across groups, suggesting the lack of early inhibitory problems in 

high impulsive participants (interference suppression; Bryce et al., 2011; Bunge et al., 2002). 

However, the latency of this component was delayed, which might support a stronger 

susceptibility to stimulus interference. Moreover, the delayed incongruent negative-going 

LRP observed in the high impulsive group reflected a weaker response inhibition and a slower 

secondary correct response organization. The lack of interference effect on P3 amplitude in 

the same group also corroborates the notion that inhibitory problems are present in high trait 

impulsivity (Aichert et al., 2012; Bari & Robbins, 2013). However, the overall reduction in P3 

in the high impulsive group as compared to the low impulsive group was statistically non-

significant.  
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In the error-related analyses of incongruent stimuli, it has been revealed that the 

amplitude of ERN was reduced in the HI compared to the LI group for errors committed in 

moderately and highly degraded trials, but this difference was absent for non-degraded trials. 

At the same time, the groups did not differ either in the amplitude or in the latency of Pe, and 

this component was not affected by task difficulty (stimulus degradation). Accordingly, 

individuals with high trait impulsivity were characterized by impaired error detection but not 

by impaired error awareness when more effortful control was needed to flexibly adapt to task 

requirements (Martin & Potts, 2009; Potts, George, et al., 2006; Ruchsow et al., 2005). We 

should point out again that attenuated performance monitoring was only observed at the 

neural level since accuracy was comparable between the groups (see also Hall et al., 2007). 

The findings of Dimoska and Johnstone (2007) contradict the decrease of ERN in high 

trait impulsivity observed in our study. In a Stop-signal task, high impulsive participants 

showed larger ERN-Pe complex for the failed stop-trials than low impulsive participants 

(Dimoska & Johnstone, 2007). This study, again, highlights that the neuro-cognitive basis of 

trait impulsivity in nonclinical samples might be different from that of the clinical expressions 

of impulsivity (Dimoska & Johnstone, 2007).  

Unexpectedly, our findings could not support the prediction of the CEM in regard to 

atypical inhibitory control and performance monitoring in trait impulsivity. Alterations in 

certain indices across stimulus degradation levels followed approximately the predicted U-

shaped pattern. Specifically, we found enhanced accuracy for moderately degraded 

incongruent trials and lower perceived effort in the whole sample (see Supplementary 

material S1.1). The P3 amplitude was also attenuated for moderately degraded stimuli 

(especially in the incongruent condition) suggesting that attentional resources were employed 

in a lesser degree (Kok, 2001), but this only pertained to the low impulsive group.  

Neither ERP, nor behavioral results confirmed the predictions of the CEM for trait 

impulsivity in relation to incongruent erroneous responses. In some degree, the low impulsive 

group showed the expected pattern as error percentage slightly decreased and ERN increased 

from non-degraded to moderately degraded trials, which we might interpret as an optimization 

in performance.35 This phenomenon can be accounted for by the explanation that low 

                                                 
35 Within-group differences in incongruent RT and error ratio were not presented in the manuscript (Chapter 3), 
however, these results are important for this argumentation. According to pair-wise tests, error ratio did not 
change significantly in the LI group across Task difficulty levels. However, in the HI group, error ratio increased 
from low (non-degraded trials) to high (moderately degraded trials) level (p < .05), and also from medium to 
high level (p < .05). Correct RT for incongruent trials increased from low to high and from medium to high 
levels in both groups (all ps < .001), but it did not differ between low and medium level. Incorrect RT for 
incongruent trials differed only between low and high level in the HI group (p < .001). 
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impulsive participants allocated more effortful control to maintain task performance under 

more difficult circumstances. 

Incongruent correct RTs and error ratios at non-degraded and moderately degraded 

trials were quite similar within the groups (see Table 3.1; LI: 473 ms, 471 ms; HI: 504 ms, 

501 ms; LI: 9%, 7%; HI: 9%, 9%); therefore, there is no indication for the moderately 

degraded condition being more difficult or inaccurate than the non-degraded one. 

Nevertheless, our findings resemble to the effect of instruction on ERN amplitude: When 

accuracy is emphasized over speed, the ERN is larger after errors (Gehring et al., 1993). In 

our study, it is probable that errors were more salient or important (cf. motivational 

significance theory; Hajcak, Moser, et al., 2005) in the moderate degradation condition, at 

least for low impulsive participants. After realizing the impact of enhanced task difficulty, low 

impulsive participants might have enhanced self-monitoring in order to refrain from making 

errors. In contrast, impairments in performance monitoring in high impulsive participants 

became noticeable when more effortful control was needed; however, deterioration in 

performance at the behavioral level only became manifest for highly degraded trials.  

Alternatively, the decrease in ERN amplitude in the high impulsive group from non-

degraded to highly degraded trials can be explained in terms of the mismatch theory 

(Falkenstein et al., 2000). Usually, the ERN amplitude is decreased if uncertainty about 

performance is increased by reason of weaker comparison between the representations of 

actual and intended responses (weaker error signal/error detection, see Pailing & Segalowitz, 

2004; Scheffers & Coles, 2000). Visual degradation might have made the processing of 

flanker stimuli more difficult and the response more uncertain. However, this attenuation in 

ERN amplitude was not present in the low impulsive group, only in the high impulsive group. 

The former statement is in line with the unchanged error ratio from non-degraded level to 

highly degraded level in the low impulsive group, and with the increasing error ratio across 

levels in the high impulsive group. 

Nevertheless, the subjective evaluation of task difficulty or stimulus uncertainty is 

more important than the objective behavior (response accuracy) for the error detection system 

that yields attenuated ERN amplitude in uncertain conditions (Pailing & Segalowitz, 2004; 

Scheffers & Coles, 2000). Therefore, increase in error ratio is not a pre-requisite for 

attenuation in the ERN. In line with this, our participants consequently described highly 

degraded trials as more difficult than non-degraded trials in their subjective ratings (see 

Supplementary material S1.1). However, perceived (in)accuracy was not tested after each trial 

which might have been a better measure, and the observed change in perceived effort did not 
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vary between the groups (but see ERN amplitude). The study of Nieuwenhuis, Yeung, et al. 

(2004) showed that a similar ERN appeared after both perceived and unperceived errors in an 

antisaccade task. However, in that task, the representation of correct responses was available 

for the error detection system which did not pertain to visually degraded stimuli (Nieuwenhuis 

et al., 2001). The different direction of the change in ERN amplitude in the low and the high 

impulsive groups in our study nonetheless calls for further investigation.  

In sum, the CEM as an entire model might not help in understanding inhibitory 

problems and deficits in performance monitoring in trait impulsivity. However, according to 

our results, visual degradation differentially affected low and high impulsive individuals. At 

the same time, the quality of information presented in the stimulus arrays remained stable 

during the entire task since we used one kind of stimulus degradation for each congruency 

condition and did not vary the removal of pixels on a trial-by-trial basis. Thus, participants 

might have elaborated representations of how the different flanker arrays looked like, which 

might have eased decision making during later trials of the given block. This argues for other 

methods in manipulation of task difficulty. Parametric manipulation of task difficulty might 

involve other perceptual (e.g., increasing noisiness, decreasing phase coherence levels, 

varying physical size of the stimuli), cognitive (e.g., changing semantic discrepancies or 

working memory load), or motor modifications (frequency or position of target button-press). 

However, determining the separate effect of a given manipulation on each energetic pool 

remains a challenge for further studies testing the prediction of the CEM.   

The impulsivity-related alterations in stimulus evaluation and response preparation in 

our findings could be further verified and tested more directly by varying the event rate in a 

cued RT task (see also Benikos & Johnstone, 2009). It is conceivable that changing 

presentation of stimulus events could more directly influence the activation pool and the stage 

of motor adjustment. This way we might be able to disentangle which process could have 

eventuated the obtained effect, and to test whether motor preparation is still slower in trait 

impulsivity under time pressure. 

 

1.2. Different strategies underlying uncertain decision making: Higher EF 
predicts enhanced feedback processing 

The question we investigated using the BART was somewhat different. We attempted 

to elucidate how EF modulates the different strategies underlying risk-taking behavior and 

whether it is reflected in certain ERP measures. Participants having EF scores at the upper end 
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of the EF dimension processed undesirable outcomes differently both at the early (FRN) and 

at the late (P3) stages of feedback processing as compared to others having average EF scores. 

The enhanced amplitudes and delayed peak latencies of FRN and P3 components in the high 

EF group suggested that when performing the task, they may have used a model-based 

strategy instead of probabilistic learning (Janacsek et al., 2012; Nemeth et al., 2013). At the 

same time, behavioral measures of the BART showed similar decision making behavior in the 

two groups. 

Another evidence for altered feedback processing in different task-solving strategies 

under uncertain conditions was obtained in the weather prediction task. In this probabilistic 

classification learning task, the FRN amplitude did not differ between participants using a 

declarative and a non-declarative strategy. At the same time, the feedback P3 reflecting 

conscious cognitive processes was larger in the declarative learners’ group (Rustemeier, 

Schwabe, & Bellebaum, 2013). Interestingly, those who followed a non-declarative strategy 

showed more success in learning (more correct responses, more positive feedback) than those 

who followed the declarative strategy. Even though the high EF group in our study did not 

show different performance at the behavioral level, we think that their model-based strategy is 

similar in some degree to the declarative strategy identified in the study of Rustemeier et al. 

(2013). It is important to note, however, that their classification of learning strategies and the 

EF group assignment in our study is rather different. Nevertheless, it remains to be explored 

whether processes of implicit (procedural) learning are sufficient to adjust performance in 

uncertain conditions or higher-order control processes are needed (Mushtaq et al., 2011). 

We could also understand the enhancement in FRN as a manifestation of enhanced 

sensitivity to negative outcomes (Onoda et al., 2010; Talmi et al., 2013), which is connected 

to hypothesis-driven strategies. Specifically, individuals with high EF might have considered 

these events more salient in relation to task performance since these outcomes violated their 

inner models. In addition, they might have felt that each negative feedback weakened their 

total performance. However, we did find neither any indication for this strategy at the 

behavioral level, nor any difference between high EF and low EF groups in trait anxiety 

(which alters outcome evaluation, see section 6). 

The BART, especially the earlier trials, involves decisions under ambiguity that do not 

require explicit knowledge of rules determining gains and losses. Therefore, performance 

might be less related to the EF (Campbell et al., 2013; Fecteau et al., 2007). At this phase, 

however, the use of “somatic markers” (unconscious biasing signals, see e.g., Bechara et al., 

2005) or heuristics towards certain responses are essential in optimal performance. Similarly, 
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the early trials of IGT measures decisions under ambiguity, while the CGT and GDT involves 

decisions under risk (Brand et al., 2006). In the framework of Brand et al. (2006), the BART 

might occupy a somewhat uncertain position since participants could not easily learn (or 

figure out) the underlying rule that determines balloon bursts. This aspect differentiates later 

trials of IGT from later trials of BART (Upton et al., 2011). However, the safe choice (collect 

the accumulated score) is obvious to participants, and the risky choice (successive pump) with 

multiple different outcomes is also stated in the instructions. Though, the exact probability of 

these outcomes are unknown, and this differentiates the BART from the CGT or GDT. 

However, optimal decision making under explicit risk – as in the GDT – involves EF (Brand 

et al., 2006). 

According to the presented results and auxiliary analyses (see Supplementary material 

S3.3), we tentatively suggest that superior EF is not essential either in optimal task-solving, or 

during later trials when the risky nature of the task could be more emphasized (i.e., until when 

more explicit knowledge of outcome probabilities could have accumulated). Specifically, we 

demonstrated that EF group assignment did not modulate the increase of FRN and of number 

of pumps from the first to the second half of the experiment (see Supplementary material 

S3.3). In contrast, the general effect of group was present in the amplitude and latency of FRN 

irrespective of task phase. After all, the exact role of EF in BART performance needs to be 

clarified in the framework proposed by Brand et al. (2006). 

As we investigated the BART performance of adult samples from a nonclinical 

population, it is not obligatory to obtain group differences at the behavioral level, since EF per 

se have been considered to be intact in these samples (see also BIS correlational data in 

Supplementary material S3.4). Moreover, the variability of everyday risk-taking behavior 

(smoking, alcohol use, unsafe sexual behavior, etc.) in our sample was very low according to 

the screening questionnaire (Supplementary material S3.1); thus, we might not assume that 

impaired EF could modulate our (behavioral) findings. Nevertheless, the role of frontostriatal 

networks is not negligible in BART performance (Fecteau et al., 2007; Helfinstein et al., 

2014); however, our results more likely indicate that a boosted executive control is not needed 

in optimal performance, or, at least, it predicts a different task-solving strategy.  

At the same time, we did not test whether impaired EF in a broader or clinical sense 

might deteriorate BART performance (cf. Campbell et al., 2013). Therefore, further studies 

should focus on individual differences in the broader EF dimension: The investigation of 

treatment effects, the effect of fatigue, or transcranial magnetic stimulation are worth 

considering. 
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Additionally, we also tested the potential difficulties related to feedback processing in 

trait impulsivity (Lange et al., 2012; Onoda et al., 2010). The fact that neither neural nor 

behavioral indices of the BART correlated with trait impulsivity (see Supplementary material 

S3.4) suggest again that self-report measures and laboratory (EF) tasks tap different aspect of 

the same construct (see section 2 below). In addition, laboratory tasks of impulsive behavior 

constitute different factors (Bari & Robbins, 2013; Reynolds et al., 2006; Sharma et al., 

2014). Thus, it is conceivable that the BART taps only a certain aspect (risk-taking 

propensity) that is not covered by the BIS. At the same time, the structure determining 

rewards in the BART is unique. Specifically, to achieve a larger reward (higher score), 

participants have to postpone their responses and not to collect smaller but immediate rewards 

(lower actual scores in smaller balloons). If delay aversion in impulsive individuals (Arce & 

Santisteban, 2006) is stronger than their disposition to take a higher risk, the BART is not an 

appropriate measure of risky decision making. Impulsive decision making and risky decision 

making could be two separate dimensions of impulsivity as it was shown by the study of 

Courtney et al. (2012) who found negative relationship between risky decision making during 

the BART and alcohol problems in a large sample of treatment naïve problem drinkers (but 

see Reynolds et al., 2006). The mean number of balloon pumps was also lower in a long-term 

alcohol-using group (Campbell et al., 2013); however, in high-risk adolescents with a parental 

history of substance use disorder this value was higher (Euser, Greaves-Lord, et al., 2013).   

Alternatively, our undergraduate participants could have been highly motivated and 

low risk-takers at the same time, which induced risk-aversive choices.36 The tendency towards 

higher EF in case of higher trait impulsivity strengthens this notion (see Supplementary 

material S3.4), however, this finding contradicts many previous results (see Bari & Robbins, 

2013; Stanford et al., 2009).  

 
1.3. ADHD-related impairments at multiple stages of the perceptual-motor 

chain 

Our ADHD study in this dissertation provided subsequent evidence for the notion that 

impaired inhibitory control is neither specific nor obligatory to ADHD (Nigg et al., 2005; 

Willcutt, Doyle, et al., 2005). In a modified Stroop task, we investigated all stages of 

information processing from perceptual processing to motor preparation. We observed slower 

correct RTs irrespective of congruency in the ADHD group (see also Cao et al., 2013), but 
                                                 

36 Interestingly, the correlation between trait anxiety and trait impulsivity was marginally significant, as well (r = 
.347, p < .05). Higher levels of trait anxiety might have caused more risk-averse behavior even in participants 
with higher trait impulsivity. 
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both groups were equally successful at resolving response conflict (comparable response 

accuracy, see Johnstone et al., 2009). LRP latency demonstrated slower correct response 

organization and response initiation in the incongruent condition in children with ADHD than 

in TD children. We also found that the perceptual processing of incongruent stimuli differed 

from congruent stimuli only in children with ADHD (larger P1 and attenuated N1 

amplitudes). The delayed preparation of correct responses in the incongruent condition could 

have resulted from enhanced effort allocation at earlier processing phases as indicated by the 

amplitude of these occipital ERPs. This group difference also appeared in the phase of 

stimulus evaluation since the P3b was larger for incongruent than for congruent trials in the 

clinical sample, and we did not observe this effect in the TD group. The delayed P3b latency 

in children with ADHD suggests that stimulus evaluation as a more central stage of 

processing was also somewhat slower. Overall, our results indicate deficits at multiple stages 

of information processing in childhood ADHD rather than specific impairment of response 

inhibition. Further group differences in neuropsychological measures and in ex-Gaussian 

parameters corroborate dysfunctions at multiple cognitive processes and higher variability in 

overall performance in children with ADHD. 

In contrast, we previously demonstrated that children with ADHD from the same age 

range showed pronounced deficits in the Golden Stroop Test (Takács, Kóbor, Tárnok, & 

Csépe, 2014). In the present study, neither versions of the Stroop task differentiated the 

ADHD and TD groups, at least not at the behavioral level (see also e.g., van Mourik et al., 

2011). However, the variable motor output (see τ and σ values in relation to RTs) could be an 

expression of dysfunctional state regulation, which prevents children with ADHD from 

generating a sufficient level of arousal in order to adequately process information (Sergeant, 

2005; van der Meere, 2005). Therefore, impaired inhibitory control performance in ADHD 

could originate from suboptimal energetic regulation, as it was shown by earlier ERP studies 

(e.g., Benikos & Johnstone, 2009). In our understanding, the altered visual processing of 

incongruent stimuli in the ADHD group also indicates deficient state regulation, which later 

leads to delayed correct response preparation. Nevertheless, I should point out that we faced a 

considerable variance in our data and we did not observe any between-group differences in 

parieto-occipital ERPs (except for the P3b latency), consequently, our conclusions should be 

maintained with caution. 

As we can see it on the parieto-occipital ERPs (Fig. 5.5), the processing of congruent 

and incongruent stimuli is apparently different in the ADHD group and similar in the TD 

group in the entire time range. We could assume that children with ADHD invested more 
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effort in processing incongruent stimuli than their TD peers by reason of having been in a 

non-optimal state. Previous ERP studies showed that suboptimal energetic regulation in 

ADHD could affect multiple stages of information processing, as well (Benikos & Johnstone, 

2009; Johnstone & Galletta, 2013; Johnstone et al., 2010). Impaired orientation, sensory 

processing, and stimulus categorization were demonstrated in children with ADHD for stimuli 

presented with fast event-rate (Benikos & Johnstone, 2009). Deficits in the allocation of 

visual attention (indicated by the P3) were also seen in the modified flanker task with stimulus 

degradation (Johnstone et al., 2010). In contrast, the study of van Mourik et al. (2011) showed 

that the early processing of conflict was not impaired in children with ADHD in an auditory 

Stroop task. However, they showed that these children used different neural sources to 

achieve comparable behavioral performance as reflected by the different scalp distribution of 

conflict sustained potential in the ADHD group. 

Differences in ex-Gaussian components between TD children and children with 

ADHD have been found elsewhere (Buzy et al., 2009; Epstein et al., 2006; Hervey et al., 

2006), but in the study of Hervey et al. (2006) μ was lower in the ADHD group indicating 

faster overall RTs in the normal portion of the distribution. After accounting for the extremely 

slow RTs, μ should be comparable across ADHD and TD groups (Hervey et al., 2006), which 

was not the case in our study. At the same time, intra-individual variability in responding per 

se could not serve as a specific endophenotype for ADHD (Geurts et al., 2008). According to 

the study of (Karalunas & Huang-Pollock, 2013), drift rate (a parameter obtained from the 

Ratcliff diffusion model of RTs indicating evidence accumulation, see e.g., Ratcliff, 1978) 

was a better indicator of cognitive dysfunction in ADHD than τ. Drift rate implied a general 

cognitive deficit in processing efficiency that contributed to weak performance on EF tasks 

(Karalunas & Huang-Pollock, 2013). Nevertheless, in line with previous studies, in-depth 

analysis of RTs in our study revealed further evidence for less stable information processing 

in ADHD.  

We did not find a clear conflict N2 (or an N450, see Folstein & van Petten, 2008) in 

the animal Stroop task elicited by incongruent stimuli in any of the groups, which is 

somewhat surprising. It is conceivable that conflict per se might have appeared to a lesser 

degree or in a different form in this task; I return to this notion below in section 4 (see also 

van Mourik et al., 2011). As a common finding of previous studies, children with ADHD 

exhibit a reduced anterior/central N2 in conflicting conditions and in responses to No-Go 

stimuli, reflecting an impaired ability of response conflict monitoring (e.g., Johnstone et al., 
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2010). Meanwhile, other studies failed to replicate this finding (Benikos & Johnstone, 2009; 

Cao et al., 2013; Wiersema, van der Meere, Roeyers, et al., 2006).  

The conflict appearing in the incongruent trials of the Stroop task could be either at the 

percpetual/cognitive or at the motor processing level (van Veen & Carter, 2005). By contrast, 

we failed to demonstrate, at least by using the LRP, that the earlier interference suppression 

(cognitive conflict) and later response inhibition (motor conflict) are two distinguishable 

stages of inhibitory control in the animal Stroop performance. Therefore, no exact conclusion 

can be drawn about the differential impairment of inhibitory functions in ADHD (cf. 

Johnstone et al., 2009; Nigg, 2001). The unexpected LRP patterns found in both groups are 

discussed below in section 4. 

Considering alternative models of ADHD beyond regulatory models, our results did 

not entirely confirm the classical theory of Barkley (1997) about deficits in any inhibitory 

subprocesses. Impaired working memory of the ADHD group (see Supplementary material 

S4.2) is a rather usual finding (Willcutt, Doyle, et al., 2005), but it is not specific to the 

disorder (Arnsten & Rubia, 2012), and might not contribute to a better understanding of the 

ERP results. At the same time, it could also be a consequence of regulatory impairment.  

The effect of motivational problems (e.g. , Luman et al., 2010) cannot be verified on 

the basis of our data. This also concerns the predictions of the dual pathway model about 

impaired performance originating from delay aversion (Sonuga-Barke, 2002). Since we did 

not use reinforcement in this study, we could not test whether fluctuations in performance 

were consequences of an altered motivational style. Nevertheless, we cannot rule out that task 

engagement was somewhat lower in children with ADHD, which was reflected in their 

delayed stimulus evaluation and motor organization (lower level of overall motivation). This 

also strengthens the argument that motivational problems and deficits in state regulation can 

be interrelated as it is suggested by the CEM. Beyond regulatory models, however, other 

multifactorial approaches can offer some explanation of the observed group differences, at 

least at the behavioral level (see section 5 below).  

 
2. Weak correspondence between rating scales and EF tasks when measuring 

trait impulsivity 

Theoretically, impairment in any EF subcomponent could result in behavioral 

characteristics that are more or less related to trait impulsivity and impulsive symptoms (Bari 

& Robbins, 2013; Franken & Muris, 2006). However, as I have already discussed (General 
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introduction, Chapter 2-3), self-report rating scales and laboratory tasks (EF tasks) might 

measure different aspects of trait impulsivity. 

 The generally slower response style of our impulsive participants both at the 

behavioral and at the neural level and the lack of impaired inhibitory control at the behavioral 

level (lack of further slowing down or decreased accuracy in the incongruent condition) might 

indicate that the BIS measured a somewhat consequent but unusual aspect of trait impulsivity. 

However, other factors that may underlie the low correlations between the two types of 

assessments should be considered when evaluating our results and previous findings. I will 

raise some of them herein.  

Studying nonclinical samples could have the drawback that individuals might not 

show sufficiently high impulsive behavior, which reduces variance in impulsivity. 

Furthermore, in some studies, the sample sizes could have been too small to have sufficient 

power to detect significant correlations between the two types of measures. Moreover, the 

tendency to use a single task/questionnaire to measure impulsivity in each study aggravates 

the situation since the generalization of findings across studies is less possible. The 

identification of significant correlations depends on the parameters and derived outcome 

variables of each behavioral task, as well (Sharma et al., 2014). Strategies adopted by 

participants to solve the same EF task could vary not only between participants, but also 

between testing sessions (see low test-retest reliability) which also undermines obtaining 

appropriate associations between EF tasks and questionnaires (Bari & Robbins, 2013).  

Similarly, propensity to impulsive behavior might not be stable within the individuals 

and might vary according to the actual state of the individual when performing the task. Task-

related factors (e.g., task difficulty, feedback contingencies) – as we aimed to demonstrate – 

could modulate the manifestation of the original trait at the level of performance. Therefore, it 

could be more appropriate to disentangle trait (personality characteristic) and state (response 

style) impulsivity, and the former might be measured with questionnaires, whereas the latter 

with EF tasks (Bari & Robbins, 2013). According to a different approach, rating scales might 

reflect the long-term, macro-level (daily-life functioning, future goals, decisions about 

significant others) patterns of responses, while laboratory tasks measure processes on the 

micro-level timescale (inhibiting prepotent responses, switching from one response set to 

another) (Reynolds et al., 2006; Sharma et al., 2014). Importantly, the two aspects could 

interact in certain cases when the priorities of the task (e.g., future gains/losses) urge to 

overwrite the default disposition (Braver, 2012; Sharma et al., 2014). Nevertheless, it is not 
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clear which feature of impulsivity should be put forward when designing studies since they 

might stem from the same (or at least overlapping) underlying psychological construct(s). 

Last but not least, aspects of trait impulsivity measured by different subscale scores of 

a certain questionnaire could differentially predict performance on EF tasks, some of the 

subscales being more “efficient” than the other (Kam et al., 2012). However, in the studies 

presented in Chapter 2 and 3, we did not have any specific hypothesis for the subtypes of 

impulsivity. First, previous studies that investigated the alteration of ERN as a function of 

trait impulsivity (Martin & Potts, 2009; Potts, George, et al., 2006) – and which we 

considered as important antecedents for our assumptions – used the total score of the BIS. 

Using the same measure of the BIS could have eased the comparison of our findings with 

previous results. Second, replication of the original factor structure of the BIS (six first-order 

factors and three second-order factors) was not successful in a Hungarian sample, and a 

shortened version of the questionnaire was proposed (Varga et al., 2014). However, a new 

subscale (labeled as Self-control) which is in content very close to the total score of the BIS 

was identifiable. Since we were informed about the preliminary results of this manuscript, we 

decided to use the total score of the original questionnaire instead of subscale scores. Finally, 

the BIS total score is predictive for certain clinical states (Stanford et al., 2009), which 

enables us to conclude practical implications for our studies. 

 
3. Some questions of feedback processing in gambling paradigms 

I presented only one study on feedback processing, but this topic covers a significant 

part of the General introduction. Here I will consider some specific issues of feedback 

processing in more details (but not exhaustively) mainly in relation to the BART. 

Nevertheless, the majority of these questions pertain to other gambling paradigms.  

 

3.1. Specificity of the BART 

As I have overviewed (see section 1.2 above and General introduction section 4), the 

BART possesses unique characteristics among other hot EF measures. First, this paradigm in 

its original form is not suitable for an ERP study; therefore, some modifications are always 

needed in its implementation. In favor of different research questions, several parameters of 

the task can be modified. Second, among the various paradigms, the BART seems to be more 

or less suitable to elicit an FRN component. However, an important drawback of measuring 

FRN and P3 to feedback stimuli in the same task is that these components partially overlap in 



152 

 

time (Bernat, Nelson, Steele, Gehring, & Patrick, 2011). Third, it is still not decided which 

event should be considered as a positive feedback and the occurrence of which event should 

be treated as a prediction error. In addition, positive events (balloon increase) are dominant 

over negative events (balloon bursts) that brings up the question of frequency/expectation 

effects. Finally, the learning component or the probabilistic structure of the BART is not 

easily definable but should be investigated and compared to other tasks involving learning 

(e.g., IGT, probabilistic learning tasks, see Holroyd & Coles, 2002). These problematic issues 

(except for the first) are elaborated below.  

 

3.2. Overlapping ERP components 

Time-frequency decomposition was shown to be a useful tool to isolate FRN and P3 

components since P3 is predominantly composed of activity in the delta frequency range, 

whilst the FRN is composed of more activity in the theta range (e.g., M. X. Cohen et al., 

2011). The theta-FRN and delta-P3 are differentially sensitive to the primary aspects 

(gain/loss) of feedback; the former is increased for loss, the latter is increased for gain 

according to recent studies (Bellebaum et al., 2010; Osinsky, Mussel, & Hewig, 2012; 

Rustemeier et al., 2013; but see Yeung & Sanfey, 2004).  

However, in our BART-study the alteration of P3 amplitude followed that of the FRN, 

and positive feedback (increase in balloon size and the score inside) did not elicit a P3 as it 

was also observed in the study of (Fein & Chang, 2008). The absence of P3 after positive 

feedback could originate from the relative saliency of the gradually increasing blue balloon as 

compared to the digits inside the balloon (score) which were stable in physical size (only 

changed in numerical magnitude). It is probable that participants did not further elaborate the 

score, but to be sure that the given pump was successful, they simply checked whether the 

balloon expanded in size.37 In other gambling paradigms, the score per se is a more salient 

aspect of the feedback stimuli (Gehring & Willoughby, 2002; Kamarajan et al., 2009). In the 

automatic response mode version of the BART (Pleskac, Wallsten, Wang, & Lejuez, 2008), 

participants select the target number of pumps at the beginning of each trial, then the balloon 

inflates automatically resulting in a gain (positive feedback) or loss situation (negative 

feedback). Therefore, the screen displaying positive feedback is more complex, which might 

require more attentional resources to process.  

                                                 
37 I would like to thank Brigitta Tóth for this comment (personal communication; June 2013).  
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Hence, in studies using the automatic BART, large P3 components were obtained even 

after positive events (e.g., Euser, Greaves-Lord, et al., 2013; Euser et al., 2011). However, in 

our study, the P3 was still absent after the presentation of “cash out” events (see Fig 4.1D) 

when participants chose to stop pumping the balloon and collected the accumulated reward 

(and probably elaborated the presented text). At the same time, we should note that in the 

BART, the stimuli associated with positive and negative feedback differed perceptually, and 

the presence of P3 could be due to the saliency or infrequency of the balloon explosion.38 

Usually, in case of performance monitoring tasks, an early frontocentral negativity (N2, ERN, 

FRN) is followed by a sharp frontocentral positivity (P3a, Pe, feedback P3) and by a later 

parietal positivity (P3b). The early complex is associated with an increase in theta power 

(Ullsperger et al., 2014) that might signal the need for implementing cognitive control. 

Therefore, an enhanced neural response to motivationally salient events (i.e., balloon pop) 

could orient attention to relevant information about task-performance and increase subsequent 

behavioral adaptation if needed. This process could be reflected in the P3 

component(s)(Ullsperger et al., 2014).  

The study of Osinsky et al. (2012) showed in a two-choice gambling paradigm that the 

P2-FRN-P3 complex was sensitive to the violation of expectancies related to a particular 

sequence. Specifically, if the outcome of the actual trial had an opposite valence compared to 

the two preceding trials (win-win-loss or loss-loss-win), these components were larger in 

amplitude. According to the authors’ interpretation, the local outcomes were used in the 

evaluation of the actual outcome indicated by this triphasic ERP complex (Osinsky et al., 

2012). A rather similar cortical response complex was found in our BART study (see Fig. 

4.2). The observed amplitude enhancement in FRN and P3 components (but not in the P2) and 

in also the waveform after positive feedback in the high EF group corroborates the 

interpretation that high EF participants were more influenced by the model established on the 

basis of previous outcome history.39  

                                                 
38 I would like to thank Michael Falkenstein for this comment (personal communication; May 2014).  
39 Parameters of the positive feedback-locked waveform and of the P2 following negative feedback were not 
analyzed in the presented study (Chapter 4). Statistical analyses did not yield any main effect or interaction 
effect involving Group as a factor for P2 amplitude, but a Group * Electrode interaction was observed for the 
positive feedback-locked waveform, F(2, 60) = 3.99, ε = .66, p = .042, η2 = .12. The mean amplitude of this 
positive deflection was higher in the high EF group than in the low EF group (p < .05) above electrode Cz.    
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3.3. Processing of positive feedback 

As it is visible in Fig. 4.2, positive feedback evoked a positive potential in the FRN 

latency window (“cash out” stimuli evoked a very similar positive component). Other studies 

showed that positive feedback evokes midfrontal beta activity, while negative feedback 

evokes midfrontal theta activity, suggesting different underlying mechanisms in learning from 

different types of feedback (M. X. Cohen, Elger, & Ranganath, 2007; M. X. Cohen et al., 

2011). Moreover, these effects could have different neural generators: While the negative 

feedback theta might emerge from medial prefrontal and posterior cingulate cortical areas, the 

positive feedback beta is likely to emerge from the orbitofrontal cortex. Error correction and 

post-error slowing is predicted by the increase of theta activity, and response repetition is 

predicted by the increase of beta activity (Walsh & Anderson, 2012).   

The FRN seems to be modulated by unexpected rewards (positive reward prediction 

errors) and the omission of punishments; therefore, it is difficult to disentangle its function 

from the mismatch or surprise-related N2 (Baker & Holroyd, 2011; Ullsperger et al., 2014) as 

I have mentioned this in the General introduction (section 6.1). It is still unclear whether FRN 

and N2 are different components, but if they are not (see Holroyd, Pakzad-Vaezi, & 

Krigolson, 2008), there should be another component reflecting the positive reward prediction 

error, which is sensitive to outcome magnitude (Ullsperger et al., 2014). A single unit 

nonhuman primate study found evidence for the existence of different medial PFC neurons 

which code either signed reward predictions errors (positive/negative outcome) or unsigned 

prediction errors, and the firing rate of the latter increases for both positive and negative 

outcomes (Matsumoto, Matsumoto, Abe, & Tanaka, 2007). According to the study of Ito, 

Stuphorn, Brown, and Schall (2003), some ACC neurons in monkeys responded to reward 

omission, others responded to obtained or unexpected rewards (Ito et al., 2003). Therefore, 

the involvement of the functionally different subpopulation of neurons might result in the 

inconsistent modulation of FRN across paradigms in human studies (Osinsky et al., 2012).  

Accordingly, instead of simple “less negative” deflections elicited by pleasant events, 

some previous studies found positive deflections following rewards reflecting a positive 

reward prediction error signal, and labeled this positive component as reward positivity or 

feedback correct-related positivity (Foti, Weinberg, Dien, & Hajcak, 2011; Holroyd, 

Krigolson, & Lee, 2011; Holroyd, Pakzad-Vaezi, et al., 2008; Kreussel et al., 2012; Osinsky 

et al., 2012). Some studies have already demonstrated that expectancies affect more the 

positive outcome-related ERP (for a review, see Gehring et al., 2012; Walsh & Anderson, 
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2012). However, it is still an open question how positive events modulate the FRN. Holroyd, 

Pakzad-Vaezi, et al. (2008) suggested that the variation in the FRN reflects the superposition 

of the neural activity elicited by positive feedback (i.e., an overlapping positive-going 

component). By using temporospatial principal component analysis to decompose ERPs to 

gains and losses in a gambling task, Foti et al. (2011) showed that the FRN was a reduced 

frontocentral positive deflection, which enhanced for favorable outcomes (monetary gains). 

Source analysis indicated that the generator of this signal could be the putamen, which is in 

line with other fMRI studies investigating the neural background of reward processing (for 

details, see Foti et al., 2011).  

In sum, it is likely that the underlying neural substrates of reward and punishment 

processing and the resulting scalp distributions are different. The unique deflection after 

positive/negative feedback in the BART suggests different processing of the two types of 

outcomes, which pattern also occurred in the study of Fein and Chang (2008).  

 

3.4. Learning from feedback in the BART 

The quantification of learning processes in the BART is critical. The negative 

feedback per se might not help the participants to decide whether to take more or less risk in 

the next trial(s), especially when the balloon burst occurrs after a relatively small number of 

pumps. However, the analysis of ERP correlates as a function of balloon size (burst of small, 

medium, or large balloons) could help resolving this issue. Losses after larger balloons might 

yield not only larger FRNs, but also smaller FRNs since a balloon pop is more probable (i.e., 

less unexpected) according to the pre-determined underlying rule and everyday experiences. 

In the former case, the sensitivity of the FRN to outcome magnitude could be checked, as well 

(cf. Hajcak, Moser, Holroyd, et al., 2006; Walsh & Anderson, 2012).  

Those participants who have tried to infer the rule which determines balloon pops 

could have increased the number of pumps to get closer to the optimal number of pumps 

(which was 10 in our version of the task). The degree of this change in strategy could be 

regarded as a learning curve of the task; therefore, the mean number of pumps should be 

analyzed over the entire task on a trial-by-trial basis (Euser et al., 2011). In relation to this, the 

change in FRN below and after the optimum should be checked, as well. 

The analysis of EEG time-locked to specific events might not sufficiently address the 

elaboration and change in task-solving strategies. Beyond investigating FRN and ERN, the 

theoretical framework proposed by M. X. Cohen et al. (2011) provides testable predictions for 
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how cortical networks support learning from feedback. They propose that learning or 

unlearning is associated with an increase or decrease in synchronization between areas 

processing the stimulus and motor areas, and this is driven by the top-down control of 

prefrontal regions involving midfrontal theta-band or orbitofrontal beta-band oscillations. 

Feedback learning and the dynamics of adaptation in individuals with different EF 

performance can be investigated through specific measures of oscillatory synchronization. 

One of the authors’ auxiliary predictions suggests that an additional recruitment in the ACC 

might be engaged in learning uncertain S-R mappings (M. X. Cohen et al., 2011; 

Ridderinkhof et al., 2004). A clinically relevant adaptation of this framework would be to 

investigate whether altered learning-related synchronization is related to impaired learning at 

the behavioral level in certain disorders (e.g., substance use, pathological gambling, ADHD, 

CD) (M. X. Cohen et al., 2011).  

 

4. The reliability of Lateralized Readiness Potential indicating motor 
preparation 

In the animal Stroop task, child groups did not show correct response preparation 

(negative-going LRP, see Supplementary material Fig. S4.1.1) in the congruent condition, 

however, adults did (see Fig. S4.1.1), at least when activity was calculated as an average of 

five electrodes. Moreover, the congruent LRP contained some incorrect response activation 

(negative deflection) in all groups, but this appeared also in the previous study of Bryce et al. 

(2011). However, in the present study this positive deviation was not preceded by a negative 

deviation reflecting correct response preparation in children’s data, even though the trial was 

correctly responded. Consequently, we did not derive any parameter to describe the congruent 

LRP as no functional relevance was associated with the incorrect response preparation in a 

non-conflicting condition.  

Apart from the animal Stroop paradigm, unexpected LRP findings also appeared in the 

study of Ridderinkhof and van der Molen (1995): children (5-12 years) and adults performed 

a flanker task, and the LRP contained incorrect activation in all conditions; furthermore, after 

the correct activation, incorrect activation appeared as well, which was more pronounced in 

children. The authors did not give any hint about how to interpret this “rebound effect”. 

The lack of incorrect response preparation in incongruent trials both in adults’ and 

children’s data is somewhat unexpected, as well. Similarly to the numerical Stoop task, the 

animal Stroop task could have a spatial component (Szűcs & Soltész, 2010). Participants have 
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to press the response key on the same side where they detect the animal larger in real-life. 

Therefore, a strong response conflict could be present in incongruent trials, because they have 

to respond with the opposite hand relative to the side of the larger stimulus displayed on the 

screen. Thus, just as in the Simon task, irrelevant stimulus location conflicts with response 

location. Being aware of this effect, it is even more surprising that incongruent LRP did not 

show incorrect response activation in any groups (but see below another argument). 

Besides the issue about movement artifacts in children’s data (see Chapter 5), other 

assumptions could be proposed that might explain the lack of incorrect response preparation 

in incongruent trials and the presence of incorrect response preparation in congruent trials. 

When the amplitude of the LRP reflecting incorrect activation is similar to or smaller than that 

of the LRP reflecting correct activation, and the onsets of the two activations overlap in time, 

the LRP could not detect incorrect activation (Szűcs & Soltész, 2010; Szűcs, Soltész, & 

White, 2009). In such cases, another methodological way to detect incorrect response 

tendency in correctly responded trials is to measure electro-myography (EMG) in the 

incorrect response hand. Previously, the EMG detected incorrect activation in both 

incongruent and congruent conditions and in a smaller magnitude, also in the neutral 

condition of a Color-Word Stroop task (Szűcs & Soltész, 2010). However, no positive-going 

LRPs appeared reflecting incorrect activation. Similar findings appeared in the numerical 

Stroop task: Incorrect activity was present in slowly responded incongruent trials (at the 

single-trial level, as well) and also in the congruent trials; however, the latter deviation of the 

EMG signal was not significant (Szűcs, Soltész, & White, 2009). This surprising phenomenon 

was explained by the argument that the presence of task-irrelevant information semantically 

related to task-relevant information (physical size; meaningful words) could have triggered 

incorrect response tendency (Szűcs & Soltész, 2010, p. 71-73). This was corroborated by the 

fact that meaningless non-words did not elicit incorrect EMG activity. The presence of 

incorrect activation could denote that both the task-relevant and task-irrelevant stimulus 

dimensions are processed in parallel. 

Under certain contextual conditions, the activity unrelated to motor processing (e.g., 

sensory asymmetries, attentional processes) cannot be eliminated from the LRP neither by the 

double subtraction nor by the averaging method. In a spatial S-R compatibility task, where the 

side of response conflicted with the side of stimulus presentation in incompatible 

(incongruent) trials, the LRP in the first 200 ms after stimulus presentation also reflected 

asymmetries between the activity of contralateral and ipsilateral occipital cortices (Eimer, 

1998). In a second experiment, non-targets were presented with the target. This time, the 
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N2pc appeared on the difference waveform measured above the lateral occipital sites between 

200-320 ms after the target, parallel with the LRP. Accordingly, the authors suggested that the 

LRP cannot be regarded as an index of selective motor activation (Eimer, 1998). Following 

this logic, other task-related factors might have obscured the LRPs in our study. 

As an important antecedent of our study, ERP correlates of executive functions of 

children aged 9-11 (recruited in Hungary; two groups were formed from children in the third 

and fifth grades) were measured in a numerical Stroop paradigm (Szűcs et al., 2007). In this 

study, both stimulus dimensions – physical size and numerical magnitude – served as a basis 

for different subtasks. The controlled subtask involved numerical magnitude comparison, 

while the automatic subtask involved physical size comparison. Participants decided which of 

the two simultaneously displayed digits were larger in numerical magnitude or in physical 

size. Surprisingly, a sort of a polarity reversal was shown in the congruent/neutral LRP in the 

older children, but was not observed in the adult sample (used as a control group). 

Specifically, correct responses were preceded by a positive-going LRP, being significant only 

after 500 ms. In the incongruent condition of the numerical task, a negative deflection started 

at approx. 200 ms, then, it turned back to baseline and shifted to the positive direction at 

around 800 ms. This was less pronounced in older children. In adults, the LRP did not show 

incorrect response preparation (positive-going LRP) in any conditions, which was also 

demonstrated in a concurrent study (Szűcs & Soltész, 2007). The polarity reversal in this task 

is in contrast with the canonical LRP pattern obtained in the animal Stroop task; however, 

children in the latter study were younger. The authors have not reported any further 

replication of this LRP finding in children performing the numerical Stoop task. Moreover, 

they interpreted the negative-going wave in the incongruent condition of the numerical 

subtask as incorrect response preparation.   

At first sight, our data might suggest a similar polarity reversal, but the time intervals 

of significant deviations are somewhat different. In addition, the age group of our participants 

falls between the age groups of those children participated in the study of Szűcs et al. (2007). 

Last but not least, the paradigm is also different. According to Szűcs, Soltész, Bryce, et al. 

(2009), differences in the underlying brain structures could explain the differences between 

LRP patterns in previous studies and our study. Despite the confusing LRP patterns across 

different tasks, these studies nevertheless argue for the use of LRP in investigating the ability 

to organize a motor response in a context where high executive control demands are present. 

The lack of expected LRP patterns in our data could have emerged from other 

differences between the samples of the present and previous studies. These are the following: 
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age range (older children), nationality, socio-economic status, and possibly a different task-

solving strategy. We are not aware of the exact strategies adopted by our participants to solve 

the animal Stroop task. A reasonable task-solving manner, however, would be to use a 

language-based strategy, which involves a more demanding recall of the animals’ size from 

semantic memory. One of the animals in each trial, probably which was more familiar to the 

participant, might have been used as a reference category in deciding the real-life size 

difference. Therefore, the decision might have depended on individual differences in the 

semantic knowledge about real-life sizes. Moreover, after learning the type and size of 

animals, decisions could have become faster and easier for all children, and only the medium 

sized animals could have implied more challenge in matching size categories. Nevertheless, 

on the given dataset, we cannot estimate directly the effect of these factors, especially the 

presence of such a language-based strategy. A longitudinal or a cross-sectional developmental 

study with a wider age range (including 7-year-old children and adolescents) might reveal the 

potential sensitivity of the LRP to the effects of Hungarian language (or other specific 

characteristics of the Hungarian sample) in this task.  

Given the unexpected LRP findings together with the lack of conflict N2 in 

incongruent trials (see also Bryce et al., 2011; Szűcs, Soltész, Bryce, et al., 2009), it is 

conceivable that the standard Stroop effect (conflict between task-relevant and task-irrelevant 

features) might not be clearly measured using this (animal) version of the Stroop task. The 

difficulty of incongruent trials (slower RT, lower accuracy) might have originated from the 

more effortful recall and categorization of real-life sizes. The protracted positive deflection at 

parieto-occipital electrode sites after 400 ms (see Fig. 5.5) might reflect a semantic strategy in 

the resolution of “conflict” between the actual and the real-life size. In the Color-Word Stroop 

task, the processing of congruent and incongruent stimuli could elicit a remarkable difference 

in the late positive complex (LPC) above left temporo-parietal cortex, which might reflect the 

semantic processing of word meaning (Liotti, Woldorff, Perez, & Mayberg, 2000). The late 

part of P3b measured in our study could be considered as an LPC that is probably sensitive to 

perceptual conflict rather than to response conflict (G. Li et al., 2013). Accordingly, children 

with ADHD might have also showed enhanced susceptibility for perceptual conflict. 

Nevertheless, comparison of different versions of the Stroop task is challenging as each taps 

unique non-EF processes aside from interference control, which traces back to the task 

impurity problem of all EF measures (Miyake et al., 2000).  

In sum, our unexpected LRP finding seems to be without precedence, and it can only 

be explained by a combination of the proposed notions. However, since the adult LRPs 
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basically followed the hypothesized pattern (without incorrect activation in incongruent 

trials), we might assume that much noise in the children’s data could have played an 

important role in obscuring the assumed pattern of LRP.40 

 

5. The heterogeneity of ADHD in a dimensional approach 

The lack of clear motor preparation or inhibitory problems in children with ADHD 

might originate from the observed heterogeneity of ADHD. As we have already pointed out in 

Chapter 5 (see section 4.4 Limitations and further aspects), the diagnosis of ADHD has 

remained controversial (Valo & Tannock, 2010).41 It is principally based on clinical 

observations and parental interviews without paying sufficient attention to the performance on 

neuropsychological measures (Baron, 2007; Takács, 2013; Takács, Kóbor, Tárnok, & Csépe, 

2014; Takács, Kóbor, Tárnok, & Vargha, 2014). However, our recent ERP and behavioral 

findings (see Chapter 5) suggested that ADHD affected various fields of information 

processing and general cognition confirming the predictions of multifactorial etiological 

models, such as the one described by Sjöwall et al. (2013). Specifically, we showed that 

children with ADHD had impaired performance in phonological awareness and in rapid 

naming, which is in line with the notion that language-related functions are affected in ADHD 

even if the child has not been diagnosed with developmental dyslexia (C. G. de Jong et al., 

2009; McGrath et al., 2011).  

Therefore, the re-conceptualization of ADHD in a dimensional framework with focus 

on the biological (neural) underpinnings of the disorder might better fit to the heterogeneous 

profile of milder and more severe impairments found across different domains (Nigg et al., 

2005). Contrary to categorical or taxonomical models, the continuum (dimensional) models of 

ADHD assume that the sharp case/non-case classification of individuals with 

inattentive/hyperactive-impulsive problems is not sufficient either for clinical practice or for 

basic research (Hudziak et al., 2007; Lahey & Willcutt, 2010). Several factors affect the 

                                                 
40 The number of clear epochs from which LRPs were calculated was 1.6 times larger in the adult sample than in 
the children’s sample. 
41 Overview and evaluation of the DSM-5 (American Psychiatric Association, 2013) diagnostic system (released 
in May, 2013) is beyond the scope of this dissertation. The definition of ADHD has slightly changed in the 
DSM-5 in order to better characterize adults with ADHD. Specifically, (1) symptoms must be present before the 
age of 12 instead of 7; (2) for adolescents and adults older than 17 years, only 5 symptoms instead of 6 are 
needed from the two symptom categories to assign the diagnosis; (3) examples are included to show how the 
symptoms might look like in adolescents and adults; (4) several symptoms should be present in two or more 
settings (instead of some problem in more than one setting); (5) the co-morbidity with autism spectrum disorder 
is included. See also the descriptions of the American Psychiatric Association and the Centers for Disease 
Control and Prevention: http://www.dsm5.org/Documents/ADHD%20Fact%20Sheet.pdf and  
http://www.cdc.gov/ncbddd/adhd/diagnosis.html (retrieved: May 22, 2014).  
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symptom expression in ADHD, for instance gender and age-related changes, differences 

across informants, type of diagnostic measure, co-morbidities, and cultural differences, all of 

which are ignored by the DSM-IV (Carr, Henderson, & Nigg, 2010; Hudziak et al., 2007; 

Valo & Tannock, 2010). Moreover, the presence of mild and moderate symptoms in 

nonclinical samples (e.g., Hudziak, Wadsworth, Heath, & Achenbach, 1999) highlights the 

need to consider those children who are at risk of developing the disorder but do not meet the 

clinical criteria for ADHD. This subclinical subgroup of children might also need special 

education training and therapeutic help as they have problems in day-to-day life (Scahill et al., 

1999; Todd et al., 2002). Studies using latent class analysis (LCA)42 on rating scale data and 

on the symptoms of DSM-IV in ADHD and TD samples promote the validity of continuum 

models. In general, these studies reported multiple distinct classes within the two broad 

symptom dimensions that differed also in symptom severity (e.g., de Nijs, Ferdinand, & 

Verhulst, 2007; Elia et al., 2009; Hudziak et al., 1999; Rasmussen et al., 2002).  

One of our previous studies demonstrated that EF profiles of children and adolescents 

with and without ADHD and parental ratings of inattentive/hyperactive-impulsive symptoms 

converged only in the dimension of symptom severity (Takács, 2013; Takács, Kóbor, Tárnok, 

& Vargha, 2014). By using hierarchical cluster analysis (HCA), we showed that the 

behavioral clusters on the basis of EF measures (inhibitory control, updating/working 

memory, shifting ability) qualitatively differed from the symptom ratings. Importantly, we 

also identified two subclinical groups in which both TD children and children with ADHD 

were assigned. They were characterized by mild or moderate impairments of inhibitory 

control, shifting ability, and working memory. This corroborates results of previous studies 

indicating mild EF impairment in nonreferred samples of children (Nigg et al., 2005; Sjöwall 

et al., 2013). 

We also performed LCA on the items of the Hyperactivity scale of the Strengths and 

Difficulties Questionnaire (SDQ; Goodman, 1997) in a sample of nonreferred children aged 

8-13 years (Kóbor, Takács, Urbán, et al., 2012). We identified distinct subgroups of 

subthreshold ADHD that varied as a function of informant (parent or teacher), gender (boy or 

girl), prime symptom dimension (inattention, hyperactivity-impulsivity), and symptom 

severity (mild or severe). We also showed that the conventional cut-off scores of SDQ were 

                                                 
42 Latent class analysis is a model-based clustering method that allows to identify a set of mutually exclusive 
groups or subtypes on the basis of similar patterns of characteristics (e.g., symptoms) (Vermunt & Magidson, 
2002). 
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not sensitive to subclinical classes. Again, this is in line with the notion that the combination 

of categorical and dimensional approaches might be more useful in investigating ADHD. 

In sum, an important line of research suggests that person-oriented statistical 

approaches (Bergman, Magnusson, & El-Khouri, 2003) such as the LCA or HCA should be 

put forward instead of variable-oriented methods (e.g., group comparisons) to understand the 

heterogeneity and instability of symptoms and neuropsychological deficits in ADHD. 

Furthermore, differentiation of subtypes on the basis of extensive neuropsychological 

measures is essential (Nigg et al., 2005). By using these methods, various phenotypes can be 

identified that are unfamiliar to the DSM (e.g., daydreaming and impaired 

orientation/vigilance, excessive-talkative communication style, inattentive-impulsive subtype, 

see also Kóbor, Takács, & Csépe, 2012) but meaningful in terms of cognitive processing and 

therapeutic help. The presence of ADHD or even subclinical ADHD in childhood could 

increase the risk for later developing impulsivity-related psychiatric disorders (e.g., addictive 

behaviors, see Nigg & Casey, 2005). This highlights the importance of broadening the scope 

of research strategies and re-considering ADHD beyond the underspecified symptoms of 

inattention and hyperactivity/impulsivity. Therefore, the inclusion of children with subclinical 

symptom of ADHD might help to clarify our recent findings (see Chapter 5); however, this 

step raises many methodological challenges. 

 

6. Limitations and questions for future research 

Some further limitation of this dissertation should be considered. Difficulties 

originating from the multidimensional nature of impulsivity affect all adult studies (Chapter 

2-4). The concept of trait impulsivity is defined as a personality disposition in the field of 

personality psychology, and it has appeared in different theories and as part of multiple self-

report measures (Sharma et al., 2014). Meanwhile, clinical psychology and psychiatry 

describe impulsive behavior as a symptom of multiple mental disorders (e.g., ADHD, 

substance use, bipolar disorder); or otherwise, they treat trait impulsivity as a risk factor for 

developing these disorders. Deficiencies in cognitive control in relation to impulsivity are 

relevant for both research fields but mostly pursued by (cognitive) neuropsychology using 

behavioral tasks. Furthermore, cognitive neuroscience offers more powerful methods to 

investigate impulsivity which can be combined with the above-mentioned research 

perspectives. However, some inconsistencies can be found across these research fields about 

which component of impulsivity and how it should be measured. For instance, the clinical 
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perspective might focus on impaired inhibitory control and reward processing as possible 

biomarkers in various disorders (e.g., Euser, Greaves-Lord, et al., 2013; Moeller et al., 2001), 

while for cognitive psychology or neuropsychology, the nature and development of altered 

learning and decision making processes might be theoretically more relevant (Franken et al., 

2008; Upton et al., 2011). However, these research strategies are not mutually exclusive (e.g., 

Groen et al., 2008).  

The problem of what aspect of impulsivity should be measured also applies for those 

studies presented in this dissertation. We confined our research questions to variations of 

inhibitory control due to experimental manipulations in different forms of impulsivity, and we 

did not test the entire process of reinforcement learning (only responses for feedback stimuli). 

We determined the concept of trait impulsivity according to BIS total score, and we did not 

cross-validated the obtained results with other questionnaires measuring impulsivity or related 

traits. Participants of the ADHD sample (Chapter 5) belonged to ADHD-C subtype but we 

would have focused only on children with ADHD-HI subtype.  

In task selection, we only used inhibitory tasks tapping mainly interference control 

(Eriksen flanker task, Stroop task; cf. section 3 of General introduction); however, the process 

of response inhibition is also present in these tasks (Bryce et al., 2011; van Veen & Carter, 

2005). We intended neither to further test the other subcomponents of inhibitory control 

(Friedman & Miyake, 2004; Harnishfeger, 1995), nor to cover all important aspect of the EF 

(Miyake et al., 2000). However, by using a Stop-signal task, we would have captured another 

facet of impulsivity, and we might have found stronger group differences between children 

with ADHD and TD children (Willcutt, Doyle, et al., 2005). The Stroop task only weekly 

differentiates ADHD and TD samples (e.g., Sergeant et al., 2002; van Mourik et al., 2005); 

however, the exact processes contributing to these slight differences in Stroop performance 

have remained unclear.  

In case of investigating the upper end of EF distribution (Chapter 4), we selected EF 

tasks on the basis of the three-factor model of Miyake et al. (2000). It is probable that Verbal 

Fluency Task and Listening Span Task tap EF aspects other than switching and working 

memory, but the three-factor model of EF has appeared to be robust using complex EF tasks, 

as well (e.g., Lehto et al., 2003). These tasks might also tap verbal skills as much as EF; 

however, conducting this study with mostly female undergraduate students might assure that 

the observed difference between low and high EF groups stems from differences in the 

underlying EF processes. At the same time, this study should be replicated by defining low EF 
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and high EF groups on the basis of simpler EF task performance. Alternatively, the three-

factor model of the EF should be first confirmed using complex EF tasks in diverse samples. 

In Chapter 5, the gender ratio was extreme as compared to the ratio usually found in 

other ADHD samples (Polanczyk et al., 2007). We should have excluded the few girl 

participants from the study to draw conclusions only about TD boys and boys with ADHD; 

however, during the recruitment phase, we did not treat gender as an exclusion criteria. The 

majority of children with ADHD recruited from the child psychiatry hospital were boys, while 

more girls than boys were recruited for the TD sample in primary schools. The lower score of 

children with ADHD on the Similarities and Digit Span subtests of WISC-IV might reflect the 

slightly impaired EF of the clinical sample, since EF and IQ share some variance (Friedman et 

al., 2006). Furthermore, the lower IQ could be an inherent characteristic of ADHD, and no 

satisfactory solution has been raised in the literature to tackle this issues (e.g., C. G. de Jong et 

al., 2009). We paid attention to exclude children with low verbal IQ43 to avoid any language 

constraint in the neuropsychological tests; but finally, we did not have to exclude any children 

due to this reason. In the analyses of behavioral and ERP data in Chapter 5, we mostly 

followed the recommendations of Bryce et al. (2011), which could be somewhat different 

from previous methods used in other Stroop and ADHD studies (e.g., Liotti et al., 2000; van 

Mourik et al., 2011). 

I have raised many questions so far throughout this last chapter (as well as in the end 

each study) that should be further investigated to clarify our recent findings. Here I 

additionally suggest relevant research areas that are closely connected to our studies 

overviewed and that might be their continuation in the future.  

The modulatory effect of energetic factors (arousal, effort, activation) in inhibitory 

control should be tested by means of the size difference factor in the animal Stroop task. 

Difference in physical size could be regarded as a parametric manipulation of task difficulty. 

However, due to the small number of clear epochs in each condition, we could not examine 

the impact of this manipulation on ERPs. An increase in the number of trials and a slight 

decrease in the maximum time to present animal pairings would yield a good compromise to 

obtain a relatively short, speeded RT task with a higher number of artifact-free epochs. 

Moreover, by lengthening the task, additional analyses would become possible to test the 

time-on-task effect and the distribution of erroneous responses, both showing unique 

characteristics in ADHD (Geurts et al., 2008; Hervey et al., 2006). 

                                                 
43 The criterion was lower than 5.5 standard score (1.5 standard deviation below the mean) either on the 
Vocabulary or Similarities subtest. 
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I presented some ERP studies on altered performance monitoring in ADHD (e.g., 

Groen et al., 2013; van Meel et al., 2011). Although ADHD can impair various stages of 

reinforcement learning (Sonuga-Barke, 2011), the majority of the previous studies 

concentrated on error detection and the processing of outcomes (but see Groen et al., 2008). 

An important future task is to investigate more deeply the EEG/ERP correlates of 

learning/unlearning and decision making in ADHD in motivationally relevant conditions (M. 

X. Cohen et al., 2011). 

Connected to this thought, the combined use of IGT and BART in an ERP experiment 

might help clarifying the picture of different strategies used by low EF and high EF groups. 

Among hot executive measures, the IGT might better tap the learning component, while the 

BART might be a more direct measure of propensity for risk-taking (see also Upton et al., 

2011).  

A unifying framework has been proposed for understanding the common cognitive 

characteristics of ADHD and trait impulsivity. There is an increasing agreement that 

psychiatric symptoms maintain a hierarchical structure where general (common) and domain 

specific (conceptually narrow) components play equally important roles (e.g., Thomas, 2012). 

Therefore, nested factor models have also been applied to model the associations among 

psychiatric/mental disorders (Caspi et al., 2013; Lahey et al., 2012).  

For instance, a longitudinal study investigated health and behavior of a complete birth 

cohort from adolescence to midlife (18-38 years, Dunedin Multidisciplinary Health and 

Development Study, Caspi et al., 2013). The authors tested three models of 

psychopathological constructs: a correlated factor model, a bifactor model, and a one-factor 

model in which observed variables represented 11 disorders with a symptom scale at each 

assessment age. The three factors represented Externalizing (alcohol, tobacco, cannabis, and 

hard drugs dependence, CD), Internalizing (major depression, generalized anxiety disorder, 

fears/phobias), and Thought Disorder (OCD, mania, schizophrenia). The correlated factor 

model showed a good fit to data. Fit indices of the bifactor model showed that a General 

Psychopathology dimension (the authors labeled it as “p” factor) could explain the relations 

between frequent psychiatric disorders in a similar degree. However, the Thought Disorder 

did not appear as a distinct factor in this model because of nearly perfect correlations with the 

general factor. At the same time, the simple one-factor model was insufficient to describe the 

data.  

According to the authors’ interpretation, this “p” dimension summarized the 

individuals’ disposition to develop any and all forms of frequent psychopathologies, and it 
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represented the severity of psychopathology. For a more detailed interpretation, external 

correlates of the obtained factor were checked. Participants having higher score on General 

Psychopathology factor showed lower performance on WAIS–IV full scale IQ, certain EF 

measures (Trail Making Test B, CANTAB Rapid Visual Information Processing, Wechsler 

Memory Scale–III Mental Control), visual-motor coordination (e.g., performance on the 

Grooved Pegboard), and memory functioning (Rey Auditory Verbal Learning, CANTAB 

Visual Paired Associates Learning). They also experienced more cognitive problems in their 

everyday lives. We should, however, note that although associations between these measures 

were significant on a sample with more than a thousand participants, correlational coefficients 

were low or moderate (ranged between .128 and .331). Previously, and in line with these 

findings, fitting a bifactor model to the structure of mental disorders in a nationally 

representative American sample slightly improved the model fit as compared to the correlated 

factor model with three factors (Externalizing, Internalizing, Fears; Lahey et al., 2012). 

Altogether the “p” could designate an approach in which the neuro-cognitive background and 

etiology of mental disorders can be conceptualized and investigated. 

This framework involves anxious and depressive symptoms, as well. Although I 

focused on the externalizing spectrum in this dissertation, internalizing psychopathology is 

frequently co-occurring with ADHD (de Nijs et al., 2007; Roberts et al., 2013) and could also 

be present together with impulsive symptoms in other disorders (Caspi et al., 2013). 

Therefore, it is worth investigating the ERP correlates of performance monitoring within the 

internalizing spectrum. While several studies demonstrated an enhanced error detection 

(larger ERN) in internalizing disorders and traits, reward processing has received less 

emphasis (Olvet & Hajcak, 2008; Simons, 2010). However, as shown by recent findings, 

smaller FRN for losses in gambling tasks in participants with high trait anxiety and OCD 

could reflect decreased reward prediction error that might relate to pessimistic outcome 

expectations and overactive performance monitoring when action-outcome contingencies are 

not stable (Endrass, Koehne, Riesel, & Kathmann, 2013; Gu, Ge, Jiang, & Luo, 2010; Gu, 

Huang, et al., 2010). 

The Research Domain Criteria (RDoC) project proposed by the National Institute of 

Mental Health attempts to offer a new framework to investigate and understand the nature of 

mental disorders. Unlike the DSM, this framework stands on the basis of neurobiological and 

behavioral measures instead of clinical observations when classifying disorders.44 Different 

                                                 
44 See the detailed description of the project on the website of NIMH: http://www.nimh.nih.gov/research-
priorities/rdoc/nimh-research-domain-criteria-rdoc.shtml (retrieved: 3 June, 2014). 
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levels of analysis (e.g., genes, neural circuits, physiology, behaviors, self-report measures) are 

suggested to study certain domains and constructs. The deeper exploration of Positive and 

Negative Valence Systems (two of the major “Domains of functioning”), as well as the 

construct of Cognitive (effortful) control could help further elaborating a neuro-cognitive 

model of executive functions and adaptive control that might better explain mild, moderate, 

and severe EF impairments, and also the upper end of the performance dimension. 
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Supplementary material 

S1. Supplementary material related to Chapter 2 
S1.1. Perceived effort ratings 

Similar to the study of Johnstone et al. (2010), participants were asked to rate their 

perceived level of effort after completing each block by answering the question “How much 

effort did you need during the task?” on a 6-point response scale (1 = Hardly needed, 6 = 

Everything I had). The subjective rating of mental effort aimed to check the experimental 

manipulation. The lowest effort investment was predicted to be required at the moderately 

degraded level. Higher ratings were expected at the non-degraded level, and the highest at the 

highly degraded level. 

The analysis of perceived effort yielded a significant main effect of Condition, F(2, 

56) = 4.46, p < .05, ηp
2 = .14. Tukey HSD showed that a greater effort was invested to the 

high (M = 3.8, 95% CI [3.4, 4.20]) than to the moderate degradation block (M = 3.2, 95% CI 

[2.83, 3.57]) (p < .05). Subjective ratings of the non-degraded block (M = 3.4, 95% CI [3.00, 

3.87]) felt between moderate and high degradation blocks, however, the pair-wise difference 

between no degradation and moderate degradation blocks was not significant. We did not 

obtain any significant effect involving Group as a factor.45 

In sum, all participants reported the greatest perceived level of effort after completing 

the highly degraded block. In addition, participants reported the lowest values after moderate 

degradation and a slightly enhanced perceived effort after the non-degraded block. 

Irrespective of impulsivity, the whole sample may have been at an optimal arousal level 

during the moderate degradation block and under/over-aroused in non-degraded and highly 

degraded blocks in correspondence with the CEM. However, in contrast to previous studies 

(Benikos et al., 2013; Johnstone & Galletta, 2013; Johnstone et al., 2010), objective measures 

of effort and/or arousal was not tested.  

  

                                                 
45 These results remained roughly the same when we analyzed perceived effort ratings after all the 12 blocks 
averaged for the three degradation conditions (see Chapter 3). Only the main effect of Condition was significant, 
F(2, 56) = 9.90, p < .001, ηp

2 = .26. Pair-wise tests showed that participants invested a greater effort to the high 
degradation blocks than to moderately degraded or non-degraded blocks (ps < .05). The difference between no 
degradation and moderate degradation was not significant (only slightly increased from 3.3 to 3.5). 
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S1.2. Hungarian version of the Barratt Impulsiveness Scale 

Az emberek különböznek abban, hogy miként gondolkoznak a különböző dolgokról és hogyan 
viselkednek a különböző helyzetekben. Ebben a kérdőívben ilyen viselkedési és gondolkodási 
módokat gyűjtöttünk össze. Miután elolvasta az egyes mondatokat, kérjük, jelölje a megfelelő 
szám bekarikázásával, hogy milyen mértékben, milyen gyakran jellemző Önre az adott állítás! Ne 
gondolkozzon sokáig, hanem jelölje meg azt a választ, amelyik elsőként az eszébe jut! Ez a 
kérdőív nem teszt, itt nincsenek jó vagy rossz válaszok, csak arra kérjük, hogy őszintén 
válaszoljon!  
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 1. Gondosan megtervezem a feladataimat. 1 2 3 4 

 2. Gondolkodás nélkül cselekszem. 1 2 3 4 

 3. Gyorsan döntök. 1 2 3 4 

 4. Könnyelmű vagyok. 1 2 3 4 

 5. Nem figyelek oda a dolgokra. 1 2 3 4 

 6. Cikáznak a fejemben gondolatok. 1 2 3 4 

 7. Jó előre megtervezem az utazásaimat. 1 2 3 4 

 8. Nagy az önuralmam. 1 2 3 4 

 9. Könnyen tudok koncentrálni a dolgokra. 1 2 3 4 

10. Teszek félre pénzt. 1 2 3 4 

11. Fészkelődök olyankor, amikor hosszabb ideig csendben,  
ülve kellene maradnom. 

1 2 3 4 

12. Alaposan át szoktam gondolni a dolgokat. 1 2 3 4 

13. Stabil munkahelyre törekszem. 1 2 3 4 

14. Gondolkodás nélkül kimondom a dolgokat. 1 2 3 4 

15. Szeretek bonyolult problémákon gondolkodni. 1 2 3 4 

16. Váltogatom a munkahelyeimet / iskoláimat. 1 2 3 4 

17. Gondolkodás nélkül, az első benyomásom alapján, azonnal cselekszem. 1 2 3 4 

18. Könnyen megunom az elméleti kérdéseken való töprengést. 1 2 3 4 

19. A pillanat hevében cselekszem. 1 2 3 4 

20. Kitartó gondolkodó vagyok. 1 2 3 4 

21. Váltogatom a lakhelyeimet. 1 2 3 4 

22. Hirtelen ötlettől vezérelve vásárolok. 1 2 3 4 

23. Egyszerre csak egy dolgon tudok gondolkozni. 1 2 3 4 

24. Váltogatom a hobbijaimat. 1 2 3 4 

25. Többet költök, mint amennyit keresek. 1 2 3 4 

26. Gondolkodás közben elkalandozik a figyelmem.  1 2 3 4 

27. Jobban érdekel a jelen, mint a jövő. 1 2 3 4 

28. Nyugtalanná válok, amikor csendben, ülve kellene maradnom. 1 2 3 4 

29. Szeretem a fejtörőket, rejtvényeket, bonyolult feladványokat. 1 2 3 4 

30. Foglalkoztat a jövő. 1 2 3 4 
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S1.3. The scalp topography (amplitude distribution) of ERPs (N2b, N2c, P3) 

 

Fig. S1.3.1. Scalp topography of ERPs (N2b, N2c, P3) in the congruent condition. 



171 

 

 
Fig. S1.3.2. Scalp topography of ERPs (N2b, N2c, P3) in the incongruent condition. 
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Fig. S1.3.3. Scalp topography of ERPs (N2b, N2c, P3) in the neutral condition.
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S2. Supplementary material related to Chapter 3 
S2.1. The scalp topography (amplitude distribution) of ERPs (ERN, Pe) 

 
Fig. S2.1.1. Scalp topography of ERN (left) and Pe (right) split by Group and Task difficulty level.
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S3. Supplementary material related to Chapter 4 
S3.1. Screening questionnaire measuring everyday risk-taking behavior 

All participants filled out a screening questionnaire intended to assess addictive 

behaviors and also health and safety risk behaviors. The structure of this questionnaire 

followed the procedure used by Lejuez et al. (2002) and it was administered at the end of the 

testing session. The Hungarian version of the full-length questionnaire can be found below.46  

This questionnaire assessed the frequency of risk-taking behavior in eight content 

domains: (1) smoking, (2) drinking (alcohol use), (3) drug use, (4) caffeine consumption, (5) 

unsafe sexual practices, (6) motor vehicle accident and infrequent seatbelt use, (7) gambling 

problems, and (8) physical activity (reversed item). Each domain was tested with multiple 

items (except for accident/seatbelt use and physical activity) considering the usual daily 

frequency of the given behavior as well as its daily frequency in the last 30 days (and/or last 

one year).  

Questions assessing smoking status, drug use, infrequent seatbelt use, and physical 

activity were based on the items used by the Centers for Disease Control and Prevention 

(CDC) in Behavioral Risk Factor Surveillance System Questionnaire 2011 and in National  

Health and Nutrition Examination Survey 2011-2012 (NHANES).47 We measured excessive 

drinking with the Alcohol Use Disorders Identification Test (AUDIT), a 10-item 

questionnaire developed by the World Health Organization (Babor, Higgins-Biddle, Saunders, 

& Monteiro, 2001; Saunders, Aasland, Babor, de la Fuente, & Grant, 1993). To inquire about 

unsafe sexual practices, we asked the single-item question used by Lejuez et al. (2002) (“How 

many different people have you had sexual intercourse without a condom?”). To report the 

frequency of any motor vehicle accident, we asked its occurrence during the last one year. We 

also asked the daily amount of caffeine consumption (regarding all substances containing 

caffeine) and the frequency of being involved in gambling situations. When assessing 

physical activity, we asked the weekly duration and type of training. Participants always had 

the possibility not to answer the actual question but this did not occur.  

 

Data analysis and results 

The self-reported frequency of everyday risk-taking behaviors appeared to be very low 

for the first inspection. Therefore, to evaluate the given risky behavior, we used binary coding 
                                                 

46 I would like to thank Róbert Urbán and Csilla Ágoston for their help in selecting the items of this 
questionnaire. 
47 Retrieved from http://www.cdc.gov/brfss/annual_data/pdf-ques/2011brfss.pdf and  
http://www.cdc.gov/nchs/nhanes/nhanes2011-2012/questexam11_12.htm (May 20, 2014).  
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(0 = lack of risk; 1 = presence of risk) instead of interval scales. For instance, current smoking 

or responding with other than zero (“never”) for any kind of drug use were regarded as risky 

behaviors. Usual daily frequency and daily frequency during the last 30 days were not 

distinguishable in the majority of domains. We established different criteria for alcohol use, 

caffeine consumption, and physical activity for assigning the “presence” of risky behavior. 

Having an AUDIT total score above 8 points and more than 3 doses of caffeine per day were 

coded as risky behavior. Having more than 45 minutes of training weekly was regarded as a 

health promoting behavior; therefore, we coded these responses with (-1) point, but not 

training at all indicated the presence of risk (1 point). Eventually, the occurrence of motor 

vehicle accidents (2 cases in the entire sample) was omitted from further analysis since we did 

not have any information about the circumstances of the accident and whether the actual 

respondent had been the car driver or not.  

We summed the “risk scores” from the different domains to indicate overall real-world 

risky behavior. The value range of this variable was between -1 and 3 with a mean of 0.66 

(SD = 1.29). Low EF and high EF groups did not differ on this summed variable (p = .12). For 

the whole sample, risky behavior correlated with the BIS total score (rho = .377, p < .05) and 

the STAI-T score (rho = .379, p < .05). Unexpectedly, those who reported fewer risky 

behavior pumped the balloons further (mean adjusted pumps; rho = -.385, p < .05) and 

obtained a higher total score (rho = -.49, p < .01). The latter result might indicate that better 

performance on the BART requires some degree of risk in decision making; however, this 

does not assume engaging in everyday risky behavior or addictive behavior (but see Lejuez et 

al., 2002).  
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The screening questionnaire 
 

Az alábbiakban arra kérjük, hogy válaszoljon néhány kérdésre egészségmagatartásával kapcsolatban. Válaszait 

szigorúan bizalmasan kezeljük, így kérjük, hogy minden kérdésre válaszoljon. 

 

1. Dohányzik-e jelenleg? 

□ nem, egyáltalán nem dohányzom 

□ nem, már leszoktam 

□ igen, alkalmanként (nem minden nap) 

□ igen, rendszeresen (naponta) 

□ nem akarok válaszolni 

 

2. Naponta általában hány szál cigarettát szív el? 

□ …… szál 

□ nem tudom 

□ nem akarok válaszolni 

□ [nem releváns] 

 

3. Az elmúlt 30 napban hány nap gyújtott rá? 

□ …… nap 

□ nem tudom 

□ nem akarok válaszolni 

□ [nem releváns] 

 

4. Az elmúlt 30 napban azokon a napokon, amikor rágyújtott, hány szál cigarettát szívott el egy nap? 

□ …… szál 

□ nem tudom 

□ nem akarok válaszolni 

□ [nem releváns] 

 

5. Egy ital = 2dl bor, vagy egy korsó (5dl) sör, vagy ½ dl égetett szesz  

 Kérdés 0 1 2 3 4 

1. Milyen gyakran iszik 
alkoholtartalmú italt? 

soha havonta 
vagy 

ritkábban 

havonta 2-4 
alkalommal 

hetente 2-3 
alkalommal 

hetente 4 
vagy több 

alkalommal 

2. Hány italt fogyaszt Ön egy 
tipikus napon, amikor iszik? 
 

1 
vagy 

2 

3 vagy 4 5 vagy 6 7 – 9 10 vagy több 

3. Milyen gyakran iszik 6 vagy több 
italt egy alkalommal? 

soha ritkábban, 
mint 

havonta 

havonta hetente naponta vagy 
majdnem 
naponta 

4. Milyen gyakran fordult elő 
Önnel az elmúlt évben, hogy 
nem volt képes abbahagyni az 
ivást? 

soha ritkábban, 
mint 

havonta 

havonta hetente naponta vagy 
majdnem 
naponta 

5. Milyen gyakran fordult elő 
Önnel az elmúlt évben, hogy az 
ivás miatt nem tudta elvégezni 
azt, amit rendes körülmények 
között elvárnak Öntől? 

soha ritkábban, 
mint 

havonta 

havonta hetente naponta vagy 
majdnem 
naponta 

6. Milyen gyakran fordult elő soha ritkábban, havonta hetente naponta vagy 
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Önnel az elmúlt évben, hogy 
egy nagyobb ivászat után reggel 
innia kellett, hogy elkezdhesse a 
napját? 

mint 
havonta 

majdnem 
naponta 

7. Milyen gyakran fordult elő 
Önnel az elmúlt évben, hogy az 
ivás után bűntudatot vagy 
megbánást érzett? 

soha ritkábban, 
mint 

havonta 

havonta hetente naponta vagy 
majdnem 
naponta 

8. Milyen gyakran fordult elő 
Önnel az elmúlt évben, hogy az 
ivás miatt nem volt képes 
visszaemlékezni az előző 
éjszakára? 

soha ritkábban, 
mint 

havonta 

havonta hetente naponta vagy 
majdnem 
naponta 

9. Megsérült-e Ön vagy egy másik 
személy az Ön ivása miatt? 

nem  igen, de nem 
az elmúlt év 

során 

 igen, az 
elmúlt évben 

10. Aggódott-e már rokon, barát, 
orvos, más egészségügyi 
dolgozó az Ön ivása miatt vagy 
javasolta-e, hogy csökkentse az 
ivást. 

nem  igen, de nem 
az elmúlt év 

során 

 igen, az 
elmúlt évben 

 

6. Használta-e, és utoljára mikor az alábbi szereket? 

Minden sorban egy választ 
jelöljön meg! 

soha 
igen, de az 

elmúlt 
évben nem 

igen, az 
elmúlt 

évben is 

igen, az 
elmúlt 

hónapban is 

Marihuána, hasis 0 1 2 3 
Ecstasy, amfetamin 0 1 2 3 
Kokain/crack 0 1 2 3 
Heroin vagy egyéb opiát 0 1 2 3 
LSD, gomba, egyéb hallucinogén 0 1 2 3 
Szerves oldószer, szipu 0 1 2 3 
GHB (szándékosan) 0 1 2 3 
Valami más drog: 
…………………… 0 1 2 3 

 

7. Napi szinten körülbelül mennyi (hány adag) koffeint fogyaszt? Minden típusú koffeintartalmú készítményt 

vegyen figyelembe, amit fogyaszt (kávé, tea, energiaital, stb.)! (1 adag = 1 eszpresszó / 1 tasak instant por / 

2 dl tea / 2,5 dl energiaital / 100 mg koffeintabletta) 

□ …… adagot 

□ nem tudom 

□ nem akarok válaszolni 

 

8. Az elmúlt 30 napban napi szinten körülbelül mennyi (hány adag) koffeint fogyasztott? Minden típusú 

koffeintartalmú készítményt vegyen figyelembe, amit fogyasztott (kávé, tea, energiaital, stb.)! (1 adag = 1 

eszpresszó / 1 tasak instant por / 2 dl tea / 2,5 dl energiaital / 100 mg koffeintabletta) 

□ …… adagot 

□ nem tudom 

□ nem akarok válaszolni 
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9. Az elmúlt egy év során hány különböző személlyel volt szexuális aktusa védekezés nélkül? 

□ …… személlyel 

□ nem tudom 

□ nem akarok válaszolni 

 

10. Az elmúlt 30 nap során hány különböző személlyel volt szexuális aktusa védekezés nélkül? 

□ …… személlyel 

□ nem tudom 

□ nem akarok válaszolni 

 

11. Autóvezetés vagy autóval utazás során milyen gyakran használ biztonsági övet? 

□ mindig 

□ gyakran 

□ időnként 

□ ritkán 

□ soha 

□ nem akarok válaszolni 

□ nem tudom 

□ nem szoktam autózni 

 

12. Volt-e enyhébb vagy komolyabb autóbalesete az elmúlt egy év során? 

□ igen 

□ nem 

□ nem tudom 

□ nem akarok válaszolni 

 

13. Az elmúlt egy év során hányszor játszott valamilyen szerencsejátékot úgy, hogy pénz volt a tét? 

□ …… alkalommal, ezeket a játékokat: …………………………………………………………………. 

□ soha 

□ nem tudom 

□ nem akarok válaszolni 

 

14.  Az elmúlt 30 nap során hányszor játszott valamilyen szerencsejátékot úgy, hogy pénz volt a tét? 

□ …… alkalommal, ezeket a játékokat: …………………………………………………………………. 

□ soha 

□ nem tudom 

□ nem akarok válaszolni 

 

15. Hetente hányszor és milyen időtartamban edz, sportol vagy vesz részt valamilyen fizikai aktivitásban (pl. 

gyaloglás, tánc, kerékpározás, asztalitenisz, torna, futás, fitnesz, edzőterem, foci, kertészkedés, stb.) 

□ …… alkalommal …… percben hetente ezt csinálom: ………………………………………………………………… 

□ nem csinálok ilyesmit 

□ nem tudom 

□ nem akarok válaszolni 

 

16. Kérjük, amennyiben bármilyen egyéb megjegyzése van egészségmagatartásával kapcsolatban, alább fejtse 

ki! 

 

Köszönjük a segítségét! 
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S3.2. Reasons for the median split of the EF index 

Here I overview the reasons why we chose the median split instead of a continuous 

approach when analyzing the effect of executive control on the ERP correlates of feedback 

processing. Nevertheless, our results also hold with a continuous approach (see Table S3.2.1). 

The distribution of EF index (arithmetic mean of the z-transformed EF variables) is 

best described by a bimodal distribution with two relatively distinct peaks (see Figs. S3.2.1-

2). These peaks (modes) probably grasp different levels of performance. The main reason of 

obtaining a bimodal distribution could originate from the unique distribution of outcome 

measures calculated for each EF task. The scoring method of Listening Span Task yielded 

rather discrete values with two “dense points” around approx. -0.32 and 1.5 (z-scores), 

separating participants with average and high performance. A somewhat similar pattern was 

observed in the distribution of discriminability index calculated for Go/No-Go task (around -1 

and 0.5). Even though the data of FRN and P3 amplitude/latency can be considered as 

following normal distribution (according to the Shapiro-Wilk test), having a bimodally 

distributed EF index does not provide a reasonable ground to calculate parametric correlation 

coefficients between ERPs and EF performance. However, it might worth calculating non-

parametric correlations (see Table S3.2.1).  

For all these reasons, therefore, we decided to median split the EF index and to assign 

participants into two separate groups. Nevertheless, in order to enhance the transparency of 

our results, I included Pearson correlation coefficients and Spearman’s rank correlation 

coefficients between ERP measures (FRN and P3 amplitude/latency calculated according to 

the difference wave for each relevant electrode) and EF index. 

Results obtained from correlational analyses are in line with the ANOVA results. This 

holds especially for the FRN amplitude, as higher EF score predicted more negative 

amplitudes (moderate correlations). For FRN latency, only the rank correlation in relation to 

FCz was significant. The higher EF score predicting enhanced P3 amplitude holds only for 

electrode Cz, at which this component showed its maximum amplitude (see also ANOVA 

results). The pattern of relationship also corroborates our previous ANOVA finding which 

showed that the delayed P3 in the high EF group compared to the low EF group was only 

marginally significant. Behavioral outcome variables of the BART did not correlate with the 

EF index.  
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Fig. S3.2.1. Histogram of the average EF index (Avg_EF) for the whole sample (n = 32). Values along the 
horizontal axis are expressed as z-scores. 
 

 
Fig. S3.2.2. Distribution of the EF index as a probability density function calculated by kernel density 
estimation. 
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Table S3.2.1. Correlation coefficients between ERP measures and EF index. 
 

 

EF index 

  r rho 

FRN(A)_Fz -.383* -.387* 

FRN(A)_FCz -.398* -.374* 

FRN(A)_Cz -.371* -.305+ 

FRN(lat)_Fz .177 .211 

FRN(lat)_FCz .292 .365* 

FRN(lat)_Cz .183 .220 

P3(A)_Fz -.252 -.266 

P3(A)_FCz .045 .041 

P3(A)_Cz .391* .488** 

P3(lat)_Fz .249 .347+ 

P3(lat)_FCz   .316+ .425* 

P3(lat)_Cz -.082 -.023 

Note. + p < .1; * p < .05; ** p < .01; A: amplitude; lat: latency; rho: Spearman’s rank correlation coefficient. 

 

S3.3. Strategic effects in the BART 

To check the presence of strategic effects on task-solving, and to test whether they 

would have been modulated by EF group assignment, we decomposed and averaged the 

artifact-free negative and positive feedback-locked epochs to two bins. The first/second half 

of the experiment was defined as the first/second half of all negative and positive feedback 

trials for each participant separately. The mean number of artifact-free negative trials was 

16.8 (SD = 5.4; range: 10 – 33) in the first half, and 16.6 (SD = 5.4; range: 9 – 32) in the 

second half. Again, difference waveforms were created for each half of the experiment. FRN 

and P3 component peaks for each half were determined the same way as described in Chapter 

4. Amplitude and latency values were then entered into three-way mixed ANOVAs with 

Group (low EF, high EF) as a between-subjects factor, and Half (first, second) and Electrode 

(Fz, FCz, Cz) as within-subjects factors. We did not conduct the follow-up analysis of those 

interactions not involving Group as a factor. 

When ANOVA was performed on FRN amplitude, we obtained three main effects: 

Group, F(1, 30) = 7.20, p < .05, ηp
2 = 0.19, Electrode, F(2, 60) = 10.31, ε = 0.597, p < .01, ηp

2 

= 0.26, and Half, F(1, 30) = 4.22, p < .05, ηp
2 = 0.12. The Electrode * Half interaction was 

marginally significant, F(2, 60) = 3.20, ε = 0.616, p = 0.074, ηp
2 = 0.10. These results showed 

that the FRN amplitude was larger (more negative) in the high EF group than in the low EF 
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group (-6.54 μV vs. -3.86 μV) irrespective of other effects. The FRN slightly increased from 

the first half to the second half of the experiment (-4.85 μV vs. -5.55 μV). Analysis of FRN 

latency showed that the component was delayed in the high EF group compared to the low EF 

group (255 ms vs. 247 ms), F(1, 30) = 4.34, p < .05, ηp
2 = 0.13. The main effect of Electrode 

was also significant on FRN latency, F(2, 60) = 63.49, ε = 0.812, p < .001, ηp
2 = 0.68, but no 

other significant effects were obtained. 

The main effect of Electrode, F(2, 60) = 68.28, ε = 0.768, p < .001, ηp
2 = 0.69, and the 

Electrode * Group interaction, F(2, 60) = 6.61, ε = 0.768, p < .01, ηp
2 = 0.18, were significant 

on P3 amplitude. Pair-wise tests showed the same results as in Chapter 4: the P3 amplitude 

was larger in the high EF than in the low EF group (22.31 μV vs. 17.10 μV, p < .05) at 

electrode Cz. We did not observe any significant main effect or interaction with Half as a 

factor on P3 amplitude. In case of P3 latency, only the main effect of Electrode reached 

significance, F(2, 60) = 4.66, ε = 0.708, p < .05, ηp
2 = 0.13. 

Strategic effects on behavioral data were also investigated. The mean number of 

pumps before a balloon burst was calculated separately for the first and second halves of the 

experiment for each participant. A two-way mixed ANOVA with Group (low EF, high EF) as 

a between-subjects factors and Half (first, second) as a within-subjects factor was performed 

on this behavioral index. The main effect of Half was marginally significant F(1, 30) = 3.82, p 

= 0.060, ηp
2 = 0.11, indicating that participants tended to pump the balloons to a larger size 

before they popped in the second half than in the first half of the experiment (6.9 vs. 6.5). No 

other significant effects were observed. 

 

S3.4. Associations between trait impulsivity and feedback processing 

Previous studies indicated altered reward/punishment processing and higher risk-

taking in individuals with high trait impulsivity or impulsive symptoms (Euser, Greaves-Lord, 

et al., 2013; Martin & Potts, 2004; Onoda et al., 2010). Although marked inconsistencies have 

been revealed among the previous findings, the ERP correlates of feedback processing in trait 

impulsivity using the BART has not been tested until now. This approach might provide 

clearer results since the BART is thought to reliable indicate risk-taking behavior (Lejuez et 

al., 2002), and the nonclinical sample is not confounded by uncontrolled clinical factors.  

The BIS total score on a sample of 32 participants followed normal distribution with a 

mean of 61.78 (SD = 10.79; range: 41–86). The data of FRN and P3 amplitude/latency can be 

considered as following normal distribution, but the EF index was bimodally distributed, and 
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the number of balloon bursts deviated from normal distribution. Therefore, beyond Pearson’s 

correlations, I also calculated non-parametric correlation coefficients. Correlational data is 

presented in Table S3.3.1. 

The majority of correlations were not significant, showing that trait impulsivity 

measured by the BIS did not relate to ERP and behavioral indices of feedback processing and 

decision making in the BART (but see Lejuez et al., 2002). A slight indication was found for 

the higher trait impulsivity predicting delayed FRN component at electrode FCz. More 

importantly, trait impulsivity tended to predict higher EF performance. This unexpected 

finding is discussed in the General discussion. 

 
Table S3.4.1. Correlation coefficients between ERP measures, EF performance, behavioral measures of the 
BART, and Barratt Impulsiveness Scale total score. 

     BIS TS 

  r rho 

FRN(A)_Fz -.125 -.136 

FRN(A)_FCz -.103 .063 

FRN(A)_Cz -.084 -.029 

FRN(lat)_Fz .268 .232 

FRN(lat)_FCz .325+ .310+ 

FRN(lat)_Cz .190 .199 

P3(A)_Fz .090 -.105 

P3(A)_FCz -.208 -.238 

P3(A)_Cz .018 .054 

P3(lat)_Fz .020 .090 

P3(lat)_FCz .013 .066 

P3(lat)_Cz .208 .244 

EF index .305+ .307+ 

Mean adjusted pumps -.022 -.057 

Number of balloon bursts .053 .005 

Total score -.092 -.170 

Note. + p < .1; A: amplitude; lat: latency; rho: Spearman’s rank correlation coefficient. 
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S3.5. The scalp topography (amplitude distribution) of ERPs (FRN, P3, 
Reedback positivity) 

 
Fig. S3.5.1. Scalp topography of FRN, P3, and Reward Positivity split by Group. The positive deflection is not 
presented in the main text. It was measured as the mean activity within 200-300 ms at electrodes Fz, FCz, Cz. 
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S4.  Supplementary material related to Chapter 5 
S4.1. Lateralized Readiness Potential in adults performing the animal Stroop 

task 

Participants  

Fourteen adults took part in the experiment (one female; one mixed-handed, one left-

handed), and all participants’ data were used for analyses. Participants were in the age range 

of 18 to 39 years (M = 24.6, SD = 5.2); they were graduate or undergraduate students and 

professionals. They provided informed consent for the administration of the EEG experiment, 

and they received course credit for participation. 

 

EEG recording, pre-processing, and data analysis 

 All settings were the same as in case of the children’s data, except the criterion used for 

artifact rejection: We rejected those segments where the activity exceeded +/- 100 μV. Prior 

to that, eye-movement artifacts and heartbeats were corrected with independent component 

analysis (ICA; Delorme et al., 2007). The average number of kept segments was 64.9 (range 

of 48 – 71) and 63.4 (range of 56.5 – 72) in the congruent and incongruent condition, 

respectively. Altogether we had to omit only 7.4% of correctly responded epochs (averaged 

for all conditions). 

 

LRP results 

Congruent and incongruent LRP for adults are displayed in Fig. S4.1.1. Point-by-point 

one-sample t-tests against zero were run on these waveforms to confirm whether they showed 

any significant deviation from zero. We found a significant negative deviation from baseline 

in the congruent LRP between 223 and 312 ms reflecting correct response preparation. 

Surprisingly, positive deviations reflecting incorrect response preparation were observed in 

the congruent LRP between 35 and 145 ms, then between 444 and 760 ms. 

No incorrect response preparation was found in the incongruent condition (no positive 

deviation from baseline). However, a robust correct response preparation was present in the 

later phase of the LRP between 333 and 1000 ms. Moreover, a small negative deviation 

appeared between 6 and 164 ms. 
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Fig. S4.1.1. Grand average of the smoothed LRPs in the congruent and incongruent condition for adults (left). 
Horizontal lines indicate regions in which the LRP deviated significantly from zero. For the sake of an easier 
comparison, children’s data is presented on the right. Please note, negativity is plotted upwards here. 
 

S4.2. Neuropsychological data of children with ADHD and TD children 

The children’s parents completed the Hungarian version of the Strengths and 

Difficulties Questionnaire (SDQ; Birkás, Lakatos, Tóth, & Gervai, 2008; Goodman, 1997; 

Kóbor, Takács, & Urbán, 2013), and the Hungarian version of the Child Behavior Checklist 

(CBCL; Achenbach, 1991; Vargha, 1998) to confirm the presence/absence and the severity of 

symptoms related to child behavioral problems in everyday life. 

Eight tasks (see below) were administered to investigate short-term memory, 

interference suppression, basic reading skills, and general IQ as all of these cognitive domains 

are compromised to some degree in ADHD (Willcutt et al., 2010). We used three subtests of 

the 3DM-H (Dyslexia Differential Diagnosis Maastricht; Blomert & Vaessen, 2009; 

Hungarian version; Tóth, Csépe, Vaessen, & Blomert, in press): Phoneme Deletion, which 

measures phonological awareness, Rapid Automatized Naming (RAN), which examines the 

ability to rapidly name over-learned items (e.g., letters), and Corsi Blocks, which reflects the 

functions of visuo-spatial short-term memory. The Color-Word Stroop task (a computerized 

version of the Golden Stroop Test, see Golden, 1978) was also administered in order to 
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investigate interference suppression with an instrument widely used in Hungarian clinical 

practice. Children completed Block Design, Similarities, Digit Span (Forward and Backward), 

and Vocabulary subtests from the Hungarian version of the WISC-IV (Nagyné Réz, Lányiné 

Engelmayer, Kuncz, Mészáros, & Mlinkó, 2008; Wechsler, 2003) according to the 

international protocol of the NeuroDys project (Landerl et al., 2013).  

Basic between-group differences in the main neuropsychological and IQ measures can 

be found in Table S4.2.1. Children with ADHD showed higher scores on the SDQ 

Hyperactivity/Inattention scale and the CBCL Attention Problems scale as compared to the 

TD group. Moreover, the ADHD group had higher ratings on the SDQ Total Difficulties 

Score and the CBCL Total Problems, indicating the presence of behavioral problems in 

several aspects of day-to-day life. Children with ADHD showed marked impairments in 

phonological awareness (Phoneme Deletion) and rapid naming skills (average RAN) 

compared to TDs. Additional between-group differences emerged in short-term memory 

(WISC-IV Digit Span, Corsi Blocks) and in abstract reasoning (WISC-IV Similarities), 

indicating poorer performance in the ADHD group. The Golden Stroop Test could not 

reliably differentiate the two groups: deficits in interference suppression in children with 

ADHD were not detected by the RT difference score. The group difference in the WISC-IV 

Vocabulary subtest was only marginally significant indicating that the ADHD group achieved 

a slightly lower score. 
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Table S4.2.1. Descriptive characteristics of participants, and basic between-group differences in rating scale, 
neuropsychological, and IQ measures. 

 TD (n = 14) ADHD (n = 14) 
t / χ2 / Z 

  M SD M SD 

Age [months] 128.8 8.3 133.9 8.8 n.s. 

Boy / Girl e 13 / 1 13 / 1 n.s. 

Left / Right / Mixed handed e 1 / 13 / 0 3 / 10 / 1 n.s. 

Golden Stroop Test: difference score for RT [ms] a 541 171 534 197 n.s.  

Phoneme Deletion accuracy [T-scores] 53.71 9.93 39.57 6.26 4.51*** 

Phoneme Deletion speed [T-scores] 52.29 6.83 41.14 8.56 3.81*** 

Average RAN [T-scores] b 53.67 6.62 45.79 10.18 2.43* 

Corsi Blocks [T-scores] 53.07 9.75 45.21 7.52 2.39* 

WISC-IV Block Design [scaled score] 10.79 2.49 10.21 2.52 n.s. 

WISC-IV Similarities [scaled score] 12.71 2.13 10.50 3.41 2.06* 

WISC-IV Digit Span c, d [scaled score] 10.43 2.56 8.29 1.98 -2.27* 

WISC-IV Vocabulary [scaled score] 13.50 1.61 11.93 2.53 1.97+ 

SDQ Hyperactivity/Inattention [raw score] d 4.21 3.14 8.14 2.03 -3.14** 

SDQ Total Difficulties Score [raw score] 10.07 6.44 22.64 7.08 -4.92*** 

CBCL Attention Problems [T-score] d 56.64 6.50 73.93 9.05 -3.76*** 

CBCL Total Problems [T-scores] 56.92 8.56 79.85 10.76 -6.01*** 

Note. + p < .1; * p < .05; ** p < .01; *** p < .001; a = two children with ADHD had to be excluded due to 
problems in understanding the instructions and stammering, therefore n = 12 in both groups; the difference score 
of average reaction times measured in color-word and color conditions was used as an indicator of interference 
(Lansbergen et al., 2007); b = the mean performance of letter, number, and object conditions; c = collapsed 
measure; marginally significant differences were obtained in Forward and in Backward subtests; d = in case of 
violating the assumption of normality, Mann-Whitney U tests were performed ; e = in case of cells with an 
expected count less than five, exact significance tests were selected for Pearson’s chi-square. 

 

In line with previous studies on the neuropsychological profile of ADHD (Willcutt et 

al., 2010; Willcutt, Doyle, et al., 2005), these results indicated that ADHD affects various 

fields of information processing. The clearest between-group differences emerged in 

phonological awareness and in rapid naming, which strengthens the observation that various 

language dysfunctions are among the symptoms of ADHD (C. G. de Jong et al., 2009; 

Engelhardt et al., 2011; McGrath et al., 2011; Takács, Kóbor, Tárnok, & Csépe, 2014). 

Moreover, these results support the multiple deficit models of ADHD and its etiology 

(Willcutt et al., 2010). Normal interference was present in both groups in the Golden Stroop 
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Test, and we did not find behavioral evidence suggesting that impaired interference 

suppression is a core neuropsychological deficit of ADHD. However, the validity of this test 

for distinguishing between ADHD and TD groups has been previously questioned 

(Lansbergen et al., 2007). 
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S4.3. The scalp topography (amplitude distribution) of ERPs (P1, N1, P3b) 

 
 
Fig. S4.3.1. Scalp topography of P1 (left) and N1 (right) split by Group and Congruency.
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Fig. S4.3.3. Scalp topography of P3b split by Group and Congruency. 
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Fig. S4.3.4. Scalp topography of congruency difference effect (incongruent-congruent) split by Group. 
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Magyar összefoglaló (Summary in Hungarian) 

0. Bevezető 

Disszertációmban a végrehajtó funkciók (VF) atipikus működésének idegrendszeri 

hátterét vizsgáltam eseményhez kötött agyi potenciálok (EKP) módszerével. A VF atipikus 

működése számos formában jelenhet meg, ezek közül a normál populációt is jellemző 

vonásimpulzivitásra, valamint a klinikai szindrómák közül a gyermekkori 

figyelemhiányos/hiperaktivitás zavarra (attention-deficit/hyperactivity disorder = ADHD) 

koncentrálok. Az atipikus VF neurokognitív hátterének megértése elengedhetetlen, különösen 

akkor, ha figyelembe vesszük, hogy az impulzivitás a második leggyakoribb tünet a DSM 

rendszerében (American Psychiatric Association, 2000; Boy et al., 2011), és az ADHD egyik 

vezető viselkedéses megnyilvánulása is. Hasonlóképpen, az ADHD az egyik leggyakoribb 

fejlődéspszichiátriai szindróma, amelynek prevalenciája iskolás korban eléri az 5-10%-ot 

(Ramtekkar et al., 2010). A VF atipikus működése magában foglalja a VF teljesítmény 

kimagasló tartományát is, ennélfogva olyan felnőtteket is vizsgáltunk, akik magas szintű VF 

teljesítménnyel jellemezhetők. Az EKP módszere kiegészítheti a VF viselkedéses és 

neuropszichológiai mérését, valamint a kapcsolódó zavarokat jellemző önbeszámolós 

módszereket, hiszen ennek segítségével betekintést nyerhetünk a végrehajtó folyamatok 

nehezen vizsgálható idői dinamikájába. 

   
1. Szakirodalmi áttekintés 

A végrehajtó funkciók konstruktuma egyfajta gyűjtőfogalomnak tekinthető. Azokat a 

humánspecifikus, a működés szempontjából területáltalános kontrollfunkciókat foglalja 

magába, amelyek a célirányos komplex viselkedést alakítják, és amelyeket leginkább a 

prefrontális kérgi területekhez kötünk (pl. Barkley & Fischer, 2011; Elliott, 2003; Miyake & 

Friedman, 2012). Tágabb értelemben a VF kapcsolódik a kognitív kontroll fogalmához, amely 

lehetővé teszi, hogy az információfeldolgozó és viselkedéses válaszokat generáló rendszerek 

folyamatosan és flexibilisen alkalmazkodjanak a releváns feladatkövetelményekhez a belsőleg 

reprezentált célok elérése érdekében (pl. Botvinick et al., 2001; E. K. Miller & Cohen, 2001; 

Shiels & Hawk, 2010).  

A VF tekinthető egyfajta rendszernek, amelyet különböző komponensek alkotnak 

(Miyake & Friedman, 2012; Miyake et al., 2000; Wu et al., 2011). Továbbá úgy tűnik, hogy 

ezen komponensek egymással összekapcsolt és szervezett működése szükséges a célvezérelt 

kognícióhoz (Bari & Robbins, 2013). Miyake és munkatársai (2000) jól ismert vizsgálata 
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szerint a VF alapösszetevők – a feladatok vagy mentális beállítódások közötti váltás 

(Shifting), a munkamemória reprezentációk monitorozása és frissítése (Updating) és a 

domináns vagy prepotens válaszok gátlása (Inhibition) – egyszerre egységesek és 

elkülöníthetők (Miyake et al., 2000). A szerzők által használt megközelítés egy aktuális 

eredménye az ún. Közös VF faktor szerepére világított rá, amely a VF egységességét hivatott 

megragadni, és amelyet úgy értelmeztek, mint egy olyan képességet, amely lehetővé teszi a 

feladatcélok aktív fenntartását (Miyake & Friedman, 2012). Az alapösszetevők között – 

ahogy ez a tanulmány is rávilágított – a gátlási kontroll specifikus szerepet tölt be. Ez sem 

tekinthető egységes konstruktumnak, inkább jól megkülönböztethető képességek alkotják (pl. 

Barkley, 1997; Friedman & Miyake, 2004; Nigg, 2000). Két gátlási alfolyamat – az 

interferencia elnyomás (interferencia szűrés) és a válaszgátlás – disszociációja gyakran 

vizsgált jelenség a kognitív idegtudományban (Bryce et al., 2011; Brydges et al., 2012; Bunge 

et al., 2002). Röviden, a válaszgátlás a prepotens viselkedéses válaszok elnyomásának 

képessége, míg az interferencia elnyomás az ingerversengésből fakadó interferencia 

megakadályozására vonatkozik. A különböző VF aspektusokat klasszikus hideg (kognitív) és 

meleg (affektív) funkcionális alrendszerekként is csoportosíthatjuk (Zelazo et al., 2010). A 

meleg VF az emocionálisan jelentős helyzetekhez kapcsolódó viselkedésregulációban, a 

fontos következményekkel járó hétköznapi döntéshozatalban, valamint szociális és érzelmi 

funkciók általános szabályozásában játszik szerepet (Kerr & Zelazo, 2004). A VF különböző 

aspektusai többféle specifikus tartalmú feladattal mérhetők. A disszertációban bemutatott 

EKP vizsgálatokban az Eriksen-féle zajkompatibilitási feladat (B. A. Eriksen & Eriksen, 

1974) és a Stroop feladat (Stroop, 1935) egy-egy variánsát használtuk a hideg VF mérésére, 

míg egy, a mindennapi élethez közel álló kockázatvállalási paradigmával (Balloon Analogue 

Risk Task = BART; Lejuez et al., 2002) mértük a meleg VF aspektusokat. 

Ahogy a fentebbi leírásomból is következik, nem létezik olyan egyesítő elmélet, amely 

a VF konkrét szerepét és a komponensei közötti kapcsolatot egyértelműen tisztázná, hanem 

ezeket a kérdéseket inkább több különböző elméleti megközelítés vizsgálja. Ugyanakkor a 

kognitív-energetikai modell (cognitive-energetic model = CEM; Sanders, 1983; Sergeant, 

2005) képes integrálni a különböző VF komponenseket, magyarázza a feladathoz és az egyén 

állapotához kötődő faktorok szerepét (feladatnehézség, bevonódás, motiváció és arousal 

szintje), és tesztelhető predikciókat nyújt. A CEM szerint a hatékony információfeldolgozást 

három fő faktor interakciója határozza meg: (1) a figyelmi komputációs mechanizmusok 

(enkódolás, döntéshozatal, motoros szervezés); (2) az energetikai vagy állapotfaktorok 

(arousal, erőfeszítés, aktiváció); és (3) a mindezeket monitorozó és kontrolláló VF vagy 
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értékelő folyamat. Ha a feladat során változik a kognitív terhelés, az erőfeszítés 

mechanizmusa egyfajta erőforrás készletként szupervíziós, vagy kompenzációs szerepet tud 

betölteni a két másik energetikai faktor felett. Azok mobilizálásával és gátló/serkentő 

szabályozásával úgy alakítja át a viselkedést, hogy a teljesítmény optimális szintre 

kerülhessen. Azonban a teljesítmény csak mérsékelt feladatnehézség (észlelt erőforrásigény) 

mellett javul, amikor az egyén elkerülheti a túlzott arousal vagy aktiváció szintet, továbbá 

ezen két energetikai faktor kívánt szint alatti állapotát is (Johnstone & Galletta, 2013; 

Smulders & Meijer, 2008). Az erőfeszítés mechanizmus motivációs erőforrás készletnek is 

tekinthető, és úgy tűnik, hogy a külső megerősítési kontingenciák is befolyásolják, hiszen 

azok elegendő energiát adhatnak a rendszernek ahhoz, hogy a feladatkövetelmények 

teljesülhessenek (Luman et al., 2005). A CEM-et később egy ADHD-ra adaptált általános 

elméleti keretként és kutatási stratégiaként fogalmazták újra, amely az ADHD-ban sérült 

működéseket az energetikai faktorok szerepével magyarázza (Sergeant, 2005). 

Több EKP komponens is tekinthető a VF elektrofiziológiai korrelátumának. Az 

anterior/centrális N2 komponens az inger kezdetét követően 200-450 ms-mal jelenik meg, és 

funkciójában a kognitív kontrollhoz kapcsolódik. Az Eriksen-feladatot használó EKP-

vizsgálatokban gyakori jelenség, hogy az N2-t két elkülönülő alkomponensre lehet bontani 

(Gehring et al., 1992; Kopp, Rist, et al., 1996), amelyek külön-külön tükrözik a kontrollhoz és 

az eltérés feldolgozásához kapcsolódó funkciókat (Folstein & van Petten, 2008). A 

centrális/centroparietális P3 az ingerbemutatást követően 250-700 ms-mal jelenik meg, és 

szintén kötődik a gátlási kontroll folyamataihoz (Johnstone et al., 2009; Johnstone et al., 

2010). A nagyobb P3 amplitúdó feltételezhetően a figyelmi erőforrások megnövekedett 

felhasználást tükrözi (Kok, 2001).  

A lateralizált készenléti potenciál (Lateralized Readiness Potential = LRP) a szelektív 

motoros felkészülés mutatója (Coles, 1989), így hasznos eszköze a motoros folyamatok valós 

idejű vizsgálatának. Az LRP a motoros kéreg felett a válaszkézhez képest kontra- és 

ipszilaterálisan elhelyezett elektródák közötti elektromos potenciálkülönbségeket összegzi 

(Szűcs, Soltész, Bryce, et al., 2009). Az LRP segítségével kimutatható a rejtett helytelen 

válasz előkészítés (pozitív irányú eltérés) és az azt követő helyes válasz előkészítés (negatív 

irányú eltérés) olyan konfliktusos (pl. inkongruens) kísérleti feltételekben, ahol egyébként a 

nyílt viselkedéses válasz helyes volt (Szűcs, Soltész, Bryce, et al., 2009). Bryce és 

munkatársai (2011, p. 682) érvelésének megfelelően a kezdeti helytelen válasz előkészítés 

amplitúdója és látenciája tekinthető a korai interferencia elnyomás mutatójának, míg a 
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helytelen válasz előkészítésből a helyes válasz előkészítésbe történő átmenet az inkongruens 

feltételben a későbbi válaszgátlás folyamatát tükrözi. 

A hibázási negativitás (error-negativity = Ne; Falkenstein et al., 1991) vagy 

hibázáshoz kötődő negativitás (error-related negativity = ERN; Gehring et al., 1993) olyan 

válaszhoz kötött negatív potenciál, amely 50-100 ms-mal a hibás válasz kivitelezését 

követően jelenik meg frontocentrális maximummal, ha az inger-válasz leképezés ismert 

(Ullsperger et al., 2014). Általában az ERN-t a hibadetekcióhoz kapcsoló komponensként 

jellemzik, amely igen hamar jelzi a viselkedés szabályozásának szükségét (Endrass et al., 

2012). Az ERN-t rendszerint követi a hibázási pozitivitás (error-positivity = Pe), amely 

többek között a tudatos hibafeldolgozást tükrözi (Nieuwenhuis et al., 2001; Simons, 2010).  

A visszajelzéshez kötődő negativitás (feedback-related negativity = FRN) egy olyan 

ingerhez kötött frontocentrális komponens, amely az adott feladatban a személy számára 

negatív (nemkívánatos) visszajelzést követően 200-300 ms-mal jelenik meg (Holroyd & 

Coles, 2002; Miltner et al., 1997; Walsh & Anderson, 2012). Az FRN az externális 

visszajelzés (feedback) gyors kiértékelését mutatja. Az FRN-t követően is rendszerint 

megjelenik egy (vagy több) pozitív eltérés; a feedback P3 a kimenetek kidolgozottabb 

kiértékelését jelzi (Euser, Greaves-Lord, et al., 2013). Az ERN és FRN komponensek 

funkcionális relevanciáját és a hátterükben álló idegi struktúrák működését a megerősítéses 

tanulás elmélete (reinforcement learning theory of the error-related negativity; Holroyd & 

Coles, 2002) foglalja általános keretbe. A válaszhoz és visszajelzéshez kötött ERN-ek a 

poszterior mediális frontális kéreg (pMFC) generikus hibafeldolgozási rendszerének 

indikátoraiként tekinthetők (Ridderinkhof et al., 2004).  

Ezen neurális indexek modulációja a vonásimpulzivitás és az ADHD lehetséges 

biomarkerének tekinthető. Az impulzivitás egy olyan többdimenziós személyiségvonás 

(Sharma et al., 2014), amely az azonnali jutalmak, a kockázatos tevékenységek, és az új 

tapasztalatok iránti preferenciát jelöli (Mitchell, 1999). Továbbá jellemző, hogy az impulzív 

személyek még azelőtt gyors, nem tervezett válaszokat adnak az ingerekre, hogy annak 

információtartalmát teljesen feldolgoznák (Arce & Santisteban, 2006). A különböző 

pszichiátriai kondíciókban megjelenő impulzív tünetek okaként leggyakrabban a gyenge 

gátlási kontrollt jelölik meg (Bari & Robbins, 2013). Azonban nem világos, hogy milyen 

mértékben képzik a gyenge gátlási alfolyamatok a vonásimpulzivitás nem klinikai 

populációban megjelenő formájának alapját (Dimoska & Johnstone, 2007). A korábbi N2 és 

P3 eredmények nem támasztották alá következetesen az elégtelen gátlási kontroll jelenlétét 

vonásimpulzivitásban (pl. Kam et al., 2012). Eysenck (1993) elképzelése szerint a magasan 
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impulzív egyének arousal szintje alacsonyabb, mint az alacsony impulzivitású egyéneké. 

Ennek következtében egy olyan feladatban, amely megemelkedett arousal szintet eredményez, 

teljesítményjavulás érhető el magasan impulzív egyéneknél, és teljesítményromlás alacsonyan 

impulzív személyeknél. Következésképpen a gátlási kontroll és teljesítménymonitorozás 

vonásimpulzivitásban tapasztalható eltérései értelmezhetők a kognitív-energetikai modell 

keretében. Ezt a feltételezés vizsgálom az első és második vizsgálatban. 

Az internális és externális negatív visszajelzés detektálása és kiértékelése alapvető 

szerepet játszik a humán tanulásban és viselkedésben. Azonban a visszajelzések 

feldolgozásában a VF részvétele jelenleg még nem teljesen tisztázott. Schiebener és 

munkatársai (2012) szerint a magas szintű VF lehetővé teszi, hogy választási helyzetekben az 

egyének felülkerekedhessenek a negatív kontextuális hatásokon. Egy másik tanulmány pedig 

azt mutatta, hogy a BART-ban a negatív eseményekre kapott csökken amplitúdójú FRN az 

alkoholizmus általános kockázati faktorával állt kapcsolatban, és ezen csökkenés lehetséges 

gyökerének a frontostriatális neurális körökben beállt változásokat és a VF-et tekintették 

(Fein & Chang, 2008). Azonban a VF viselkedéses mérése nélkül a kognitív kontroll és az 

FRN közötti kapcsolat természete feltáratlan maradt. Továbbá a VF hatását a hosszú távú 

alkoholhasználat mint zavaró faktor nélkül kellene tesztelni. A harmadik vizsgálatomban ezt a 

témát igyekeztem tisztázni. 

Az ADHD erősen heterogén tüneti profiljának tanulmányozása több különböző, a 

szindróma hátterét magyarázó etiológiai elmélet megszületéséhez vezetett (Sergeant et al., 

2003). Sokáig úgy tűnt, hogy az ADHD kapcsán a VF érintettsége tekinthető elsődleges 

neurokognitív deficitnek (pl. Barkley, 1997; Coghill et al., 2013; Willcutt, Doyle, et al., 

2005). Azonban az ADHD-val diagnosztizált gyermekek csak 35-50%-a jellemezhető VF 

problémákkal (Nigg et al., 2005; Sjöwall et al., 2013). Mindazonáltal ebben az esetben sem 

egyértelmű, hogy a gyenge gátlási kontroll milyen mértében jellemzi az ADHD-t, és hogy az 

interferencia kontrollja (Cao et al., 2013; van Mourik et al., 2005) vagy a válaszgátlás (Nigg, 

2001; Willcutt, Doyle, et al., 2005), esetleg mindkettő sérült-e. Ráadásul csak néhány 

tanulmány vizsgálta az enkódolás és válaszszervezés EKP korrelátumait, azaz az 

információfeldolgozás perifériális szakaszainak érintettségét is. Holott az ADHD szabályozási 

modelljeivel (pl. a CEM) összhangban Sergeant (2005) azt javasolja, hogy a kutatásokban 

fordítsanak több figyelmet a komputációs feldolgozási szakaszok, az állapotfaktorok és a VF 

kölcsönhatásainak vizsgálatára annak érdekében, hogy a gátlás lehetséges érintettségének 

eredendő okát megértsük. A javaslatot követve csak néhány EKP módszert használó 

tanulmány jelent meg, amelyek eredményei többé-kevésbé támogatják az atipikus 
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állapotregulációt és a megváltozott teljesítménymonitorozást ADHD-ban (Johnstone et al., 

2013). Ennek következtében gyermekkori ADHD-ban potenciálisan megmutatkozó 

elégtelenségeket az információfeldolgozás több szintjén vizsgáltam a negyedik vizsgálatban. 

 

2. Általános hipotézisek 

A fentiek alapján disszertációm főbb hipotézisei az alábbiak voltak. 

1) A vonásimpulzivitást jellemző elégtelen gátlási kontroll a szuboptimálisan működő 

arousal és erőfeszítés mechanizmus következménye. A CEM predikciói szerint a 

magas impulzivitású személyek gátlási teljesítménye mérsékelt feladatnehézség 

mellett javul. 

2) Amikor mérsékelt feladatnehézség mellet erőfeszítést igényel a teljesítmény 

fenntartása, a teljesítménymonitorozás is növekszik magas impulzivitás esetén.  

3) A magasabb hideg VF teljesítmény úgy befolyásolja a bizonytalan helyzetekben 

mutatott döntéshozatalt és visszajelzés feldolgozást, hogy eltérő feladat megoldási 

stratégiát okoz. 

4)  Az információfeldolgozás több szakasza érintett ADHD-ban, és a válaszgátlás 

specifikus sérülése nem erősíthető meg maradéktalanul.   

Ezen feltételezések vizsgálatára négy EKP kísérletet végeztünk különböző paradigmák 

használatával. A továbbiakban a tanulmányok főbb eredményeit fogom bemutatni és 

értelmezni.  

 
3. Eredmények és diszkusszió 

3.1. Gátlási kontroll és hibafeldolgozás vonásimpulzivitásban: az 
energetikai faktorok szerepe (1-2. vizsgálat) 

Az első vizsgálat célja a vonásimpulzivitásban megmutatkozó különböző gátlási 

kontroll problémák tesztelése volt a CEM alapján. Ez a potenciális gyengeség a szuboptimális 

mértékű arousal és feladathoz kapcsolódó erőforrás készlet következménye lehet, ami 

megzavarja a teljesítményt. Ennek vizsgálatára egy módosított Eriksen-feladatot használtunk 

(lásd még Johnstone et al., 2010), amelyben az arousal és erőfeszítés (észlelt erőforrásigény) 

mechanizmusokat vizuális inger degradáció segítségével befolyásoltuk. Ilyen módon ezen 

egyszerű interferencia feladat nehézségét manipuláltuk (alacsony nehézség: nincs degradáció, 

közepes nehézség: mérsékelt degradáció, magas nehézség: erős degradáció). Fiatal felnőtt 

egyetemista résztvevőinket előzetesen a Barratt Impulzivitás Skálán (BIS; Patton et al., 1995; 
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Stanford et al., 2009) elért összesített pontszámuk alapján alacsony (n = 15) és magas (n = 15) 

impulzivitású csoportokba soroltuk. Az RI-n és pontosságon kívül EKP komponenseket (N2b, 

N2c, P3, LRP) mértünk a helyesen megválaszolt célingerek bemutatásához időzítve. 

Ugyanezen résztvevők egy szűkített mintáján – akik bizonyos kritériumok szerint 

elegendő hibát vétettek az Eriksen-feladatban (n(alacsony) = 10; n(magas) = 10) – elvégeztük az 

adatok másodelemzését. Korábbi vizsgálatok tanúsága szerint a magasan impulzívaknak 

nehézségeik vannak az önmonitorozással és a hibáikból való tanulással kapcsolatban (Hall et 

al., 2007; Olvet & Hajcak, 2008), főként akkor, amikor a megerősítési kontingenciákat 

manipulálják a kísérletekben (Martin & Potts, 2009; Potts, George, et al., 2006). Ennélfogva a 

hibafeldolgozás EKP korrelátumait is megvizsgáltuk, valamint azt, hogy ezeket a 

folyamatokat modulálja-e a feladatnehézség egy olyan VF feladatban, amelyben a motivációs 

szintet nem változtatjuk (lásd az előbbi Eriksen-feladat). Másként megközelítve a flexibilis 

viselkedésregulációt teszteltük egy olyan helyzetben, ahol változtak a feladatkövetelmények. 

Az inkongruens próbákban vétett hibák által kiváltott ERN és Pe komponenseket elemeztük. 

Ezenfelül az RI adatok komplex elemzése (az ex-gaussi eloszlás három fő paraméterének 

elemzése és a hibázást követő lassulás elemzése (post error slowing), lásd Danielmeier & 

Ullsperger, 2011; Lacouture & Cousineau, 2008) további betekintést engedett a magas 

impulzivitású személyek válaszstratégiáiba. 

A magas impulzivitású személyek RI-je a többi kísérleti faktortól függetlenül 

magasabb volt, mint az alacsony csoporté, de a két csoport hasonló pontossággal oldotta meg 

a feladatot. Ez az általános lassulási hatás az EKP-ban is megmutatkozott: a P3 és az LRP 

csúcslátenciája (2.5. ábra) késett a magas impulzivitású csoportban az alacsonyhoz képest, 

függetlenül a többi kísérleti faktortól. Ez a váratlanul lassabb helyes válasz RI akkor is 

szignifikáns volt, ha a kisebb minta teljesítményét elemeztük. Az ex-gaussi eloszlás μ és σ 

paraméter értékei szintén nagyobbak voltak a magas impulzivitású csoportban, és a τ értéke is 

tendencia szinten magasabb volt. Ez az eredmény azt jelezte, hogy nemcsak az átlagos RI volt 

általában véve lassabb, hanem az RI próbánkénti heterogenitása is magasabb volt, továbbá a 

magas impulzivitású csoport valamivel több figyelmi kihagyást is produkált. Azonban a 

hibázást követő lassulás hasonló mértékű volt a két csoportban, ami azt sugallja, hogy a 

lassulási hatás nem korlátozódott a viselkedés kiigazítására. 

Az N2b komponenst az ingerrontás befolyásolta, és nem bizonyult érzékenynek a 

kongruencia manipulációra (lásd még Johnstone et al., 2010). Azonban a nehezebb vizuális 

ingerdiszkrimináció esetén tapasztalt amplitúdó növekedés statisztikailag csak az alacsony 

impulzivitású csoportban volt szignifikáns az inkongruens próbákban. Az N2c azt indikálta, 



200 

 

hogy a válaszkonfliktus monitorozását csak a feladatkövetelmények befolyásolták, a 

vonásimpulzivitás mértéke nem. Ez az eredmény arra utal, hogy a válaszkonfliktus 

monitorozása intakt a magas impulzivitású csoportban, ami összhangban van a viselkedése 

szinten tapasztalt hasonló pontossággal. A hosszabb P3 látencia ugyanebben a csoportban 

lassabb ingerkiértékelést tükröz (Polich, 2007). A P3 amplitúdója csak az alacsony 

impulzivitású csoportban volt kisebb mérsékelt ingerrontás esetén az inkongruens próbákban, 

ami azt tükrözheti, hogy az egyének ebben az esetben kisebb mértékben használták a figyelmi 

erőforrásaikat (Kok, 2001). Továbbá a P3 amplitúdó szintén csak ebben a csoportban 

növekedett meg az inkongruencia hatására az ingerrontás nélküli helyzetben, ami részleges 

interferencia hatást tükröz (Ridderinkhof & van der Molen, 1995). Ennek a hatásnak a hiánya 

a magas impulzivitású csoportban bizonyos mértékben megerősítheti a gátlási problémák 

feltételezett jelenlétét. 

A kísérleti hatásoktól függetlenül az LRP csúcslátenciája hosszabb volt a magas 

impulzivitású csoportban. Azonban feltételezéseinkkel ellentétben az inkongruens LRP 

kezdeti pozitív eltérésének amplitúdója (helytelen válaszkéz aktivációja) nem különbözött a 

csoportok között, csak a látenciája volt hosszabb, ami részben alátámasztja a magas 

impulzivitásban tapasztalható interferenciára való erősebb fogékonyságot (Bryce et al., 2011). 

Az inkongruens LRP későbbi szakasza, a negatív eltérés (helyes válaszkéz aktivációja) késése 

nem kizárt, hogy gyengébb válaszgátlást (Bari & Robbins, 2013) és lassabb válaszszervezést 

tükrözött. Összességében nem tudtuk egyértelműen alátámasztani a gátlási funkciók 

érintettségét vonásimpulzivitásban, de egy általános késést sikerült kimutatni a motoros 

aktivációban. 

A hibás válaszok által kiváltott ERN amplitúdója kisebb volt a magas impulzivitású 

csoportban az alacsonyhoz képest közepes és magas feladatnehézség mellett (3.3. ábra). 

Eszerint a hibadetekció folyamatai csak akkor gyengébbek, ha több erőforrást igényel a 

feladatkövetelményeknek való megfelelés (Martin & Potts, 2009; Potts, George, et al., 2006; 

Ruchsow et al., 2005). Ugyanakkor a két csoport között nem találtunk különbséget sem a Pe 

amplitúdójában, sem annak látenciájában, ami arra utal, hogy a hibák elaboráltabb 

feldolgozása nem sérült a magas impulzivitásban. Lényeges, hogy a csökkent mértékű 

teljesítménymonitorozást csak neurális szinten figyeltük meg, hiszen a csoportok hasonlóan 

pontosan oldották meg a feladatot (lásd még Hall et al., 2007). 

Érdekes módon az ERN amplitúdó csoporton belüli változása eltérő irányú volt a 

különböző csoportban. Az ERN szignifikánsan növekedett az ingerrontás nélküli helyzetről a 

mérsékelt ingerrontási helyzetre az alacsony impulzivitású csoportban, miközben a magas 
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csoportban az ERN csökkent az ingerrontás nélküli helyzet és az erős ingerrontás között. 

Ennek az eredménynek a tisztázása további vizsgálatokat igényel, mivel az alacsony 

impulzivitású csoportban tapasztalt változást plauzibilisen az ERN ún. motivációs 

szignifikancia elmélete magyarázza (pl. Hajcak, Moser, et al., 2005), míg az eltérési 

(reprezentáció illesztési) elmélet (Falkenstein et al., 2000) könnyebben jelzi előre a magas 

csoportban tapasztalt változást.  

 
3.1.1. A CEM-re vonatkozó következtetések 

Eredményeink többsége nem tudja alátámasztani a CEM predikcióit 

vonásimpulzivitásban az atipikus gátlási kontrollal és teljesítménymonitorozással 

kapcsolatban. Más szóval a feladat-releváns erőfeszítési igény mérsékelt növelése nem 

feltétlenül tudja optimalizálni a magasan impulzív egyének teljesítményét. Ugyan néhány 

gyengébb eredmény támogatta a CEM predikcióit, de ezek nem korlátozódtak a magas 

impulzivitásra. Mérsékelt ingerrontás esetén magasabb válaszpontosságot találtunk a teljes 

mintában, ami a résztvevők általi alacsonyabb mértékű észlelt erőfeszítéssel is összhangban 

volt. Ahogy említettem, a P3 amplitúdó kisebb volt mérsékelt ingerrontás esetén a másik két 

kísérleti feltételhez képest, ami felveti a kevesebb figyelmi erőforrás használatának 

lehetőségét, de ez csak az alacsony impulzivitású csoportra volt igaz. Az inkongruens próbák 

hibás válaszainak aránya kis mértékben (leíró szinten) csökken a méréskelt ingerrontás mellett 

az ingerrontás hiányához képest, és ennek megfelelően az ERN amplitúdó is csökkent, amit 

egyfajta optimalizációnak tekinthetünk a teljesítményben. Azonban ezt a változásmintázatot 

csak az alacsony impulzivitású csoportban figyeltük meg, és elképzelhető, hogy ezek az 

egyének valóban erőteljesebb önmonitorozást mutattak a nehezebb feladat mellett. 

 

3.2. Eltérő stratégiák bizonytalan döntéshozatali helyzetben: a magasabb VF 
erősebb visszajelzés feldolgozást jelez előre (3. vizsgálat) 

A hideg VF feladatokkal mért VF fogalma és a döntési bizonytalanság – amely sok 

meleg VF feladatban jelen van (Brand et al., 2006) – fogalma átfedi egymást abban az 

értelemben, hogy az ezekhez kapcsolódó feladathelyzetekben az egyének válaszkonfliktussal 

szembesülnek, és a viselkedés megváltoztatása szükséges ahhoz, hogy a 

feladatkövetelményeket teljesíteni tudják (Mushtaq et al., 2011; Ridderinkhof et al., 2004). 

Bizonyos csoportokban (pl. kétnyelvűek, fordítók, veleszületett vakok) úgy tűnik, hogy a VF 

néhány aspektusa magasabb szinten működik, mint a neurotipikus populációban (Hugdahl et 

al., 2009; Martin-Rhee & Bialystok, 2008). Azonban EKP módszerrel még nem vizsgálták, 
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hogy a fokozott VF hogyan befolyásolja a BART teljesítményt. A BART a kockázatvállaló 

viselkedésre való hajlamosságot méri, megoldása közben döntési bizonytalansággal 

szembesülnek az egyének, és a feladat különböző stratégiákkal oldható meg. A következő 

vizsgálattal az volt a célunk, hogy lefedjük a VF dimenzió „felső”, atipikus tartományát is 

olyan fiatal felnőtt egyetemistákat vizsgálva, akik magasabb teljesítményt mutatnak hideg VF 

feladatokon. 

Résztvevőinket magas VF (n = 16) vagy alacsony VF (n = 16) csoportokba osztottuk 

annak függvényében, hogy hogyan teljesítettek az alapvető VF komponenseket mérő 

neuropszichológiai feladatokon (Váltás – Verbális fluencia feladat, Frissítés – Hallási 

mondatterjedelem teszt, Gátlás – Go/No-Go feladat). A BART végrehajtása közben rögzített 

EKP-t elemeztük. Ebben a feladatban a résztvevőket arra kérjük, hogy egy a képernyőn 

bemutatott lufit fújjanak fel fokozatosan gombnyomások segítségével. Minden sikeres 

belefújáskor jutalmat kapnak (jelen esetben ez növekedést jelent a pontszámban). Minden 

egyes belefújást követően a résztvevők választhatják azt, hogy abbahagyják a lufifújást, és az 

adott lufival gyűjtött jutalmat beteszik a „bankba”. Ehelyett választhatják a lufi tovább fújását 

is a jutalom növelésének érdekében. Azonban ha a lufi kidurran, az azzal a lufival 

összegyűjtött jutalom elveszik, ezt követően pedig egy új, üres lufi jelenik meg a képernyőn. 

A résztvevőktől azt kértük, hogy próbálják a lehető legtöbb pontot összegyűjteni. Lényeges, 

hogy a lufi kidurranásának valószínűsége minden egymást követő fújással növekszik, de a 

konkrét szabály, amely meghatározza a durranást, ismeretlen a résztvevők számára (Lejuez et 

al., 2002). Ezért minden egyes további belefújás tekinthető kockázatos választásnak, és mivel 

az adott kimenet (durranás vagy növekedés) valószínűsége ismeretlen a résztvevők számára, a 

feladat struktúrája közelebb áll a mindennapi kockázatvállaló viselkedés jellemzőihez, mint 

más meleg VF vagy szerencsejáték feladatok esetében (Helfinstein et al., 2014). 

Vizsgálatunk eredményei szerint a BART viselkedéses változókban nem találtunk 

csoportok közötti eltérés, ami hasonló döntéshozatali mechanizmusokra utal. Azonban az 

EKP korrelátumok eltértek a két csoport között. A nemkívánatos kimenetre (durranás) 

megjelenő FRN amplitúdója nagyobb volt, látenciája pedig későbbi a magas VF csoportban 

az alacsony VF csoporthoz képest (4.2. ábra). Ugyan kisebb mértékben, de az FRN-t követő 

P3 ugyanilyen irányú csoportok közötti eltérés mutatott. Mivel úgy tűnik, hogy az FRN a 

kimenetek szálienciáját (is) kódolja, eredményeinket értelmezhetjük úgy, hogy a fokozott VF 

teljesítményű csoport modellalapú stratégiát használt. Ezt az elképzelést alább kifejtem. 

Bizonytalan döntéshozatali helyzetekben legalább kétféle mód nyílik az adaptív 

válaszmódosításra. A modellalapú tanulás során a feladat struktúrájára vonatkozó különböző 
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hipotézisek tesztelésével hozzuk meg döntéseinket. A feladatstruktúra azonban hipotézis-

független módon is tanulható (Nemeth et al., 2013). A hipotézisvezért stratégia jobban 

kapcsolódik a VF folyamatokhoz (Nemeth et al., 2013), amelyek egyébként kevésbé tűnnek 

hasznosnak olyan feladatok esetében, ahol implicit szabályokra kell támaszkodni és 

bizonytalan kimenetek mellett kell döntéseket hozni (Filoteo et al., 2010). A VF alapvető 

szerepét ugyanis igazolták a kockázatkerülő válaszstílus követésében a BART kapcsán 

(kevesebb lufifújás, a jutalom transzferálásának magasabb valószínűsége, lásd Fecteau et al., 

2007; Helfinstein et al., 2014). Jelen vizsgálatban a magas VF résztvevők feltehetőleg a 

feladat során szerzett korai tapasztalatok alapján kiépített belső modelljeikre támaszkodó 

kimeneti elvárások tesztelése alapján oldották meg a feladatot. Következésképpen minden 

egyes negatív kimenetet száliens új információként kezelhettek, amely nagyobb FRN-t váltott 

ki (Talmi et al., 2013).  

Ugyanakkor az FRN növekedést a negatív kimentekre való túlérzékenység 

manifesztumaként is értelmezhetjük (Onoda et al., 2010; Talmi et al., 2013), ami egyébként 

kapcsolódik a hipotézisvezérelt stratégiához. Specifikusan, a magas VF csoport a teljesítmény 

szempontjából száliens eseménynek kezelhette a durranást, hiszen az megsérthette 

elvárásaikat, modelljeiket. Az FRN a visszajelzés feladatteljesítményre vonatkozó 

relevanciáját is jelzi (Yeung et al., 2005). Ennek értelmében pedig a magas VF csoport a 

durranásokat fontosabb negatív eseménynek gondolhatta, mint az alacsony VF csoport. A 

nagyobb P3 amplitúdó a magas VF csoportban arra utalhat, hogy a motivációs szempontból 

fontos események további feldolgozása nagyobb figyelmet igényelhetett. Összességében 

elmondható, hogy az EKP eredmények alátámasztják a VF befolyásoló szerepét a kockázatos 

döntéshozatali helyzetek megoldási stratégiáiban. Továbbá azzal, hogy egészséges fiatal 

felnőttek mintáján sikerült kimutatnunk a VF fontosságát a visszajelzés feldolgozásban, 

indirekt módon hozzájárultunk a korábbi, alkoholistákat vizsgáló BART-tanulmányok 

eredményeihez és nyitott kérdéseinek megválaszolásához (Fein & Chang, 2008). 

 

3.3. ADHD-hoz kapcsolódó nehézségek a perceptuális-motoros feldolgozási 
folyamatok több szintjén (4. vizsgálat) 

Tudomásunk szerint mostanáig nincs olyan vizsgálat, amely Stroop paradigmában 

tesztelte volna a motoros felkészülést ADHD-s gyermekek részvételével, és az észleléstől a 

motoros kivitelezésig tartó információfeldolgozás EKP komponensekkel való követése sem 

bevett gyakorlat ezen a területen (Steger et al., 2000; van Mourik et al., 2011). Az 
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inkongruens feltételben mért LRP révén elkülönülten kívántuk mérni a gátlási kontroll 

alfolyamatait (lásd még 1. vizsgálat). Eddig nem nyert megerősítést az a feltételezés, hogy a 

Stroop feladat specifikus lenne az interferencia elnyomás érintettségének kimutatására 

ADHD-ban, legalábbis a nyílt viselkedés szintjén (Sergeant et al., 2002). Továbbá úgy tűnik, 

hogy a feladat hatékonysága arra nézve, hogy az ADHD-s és tipikusan fejlődő (TF) 

gyermekeket elkülönítse, bizonyos mértékben a használt pontozási és mérési protokolltól függ 

(Lansbergen et al., 2007; van Mourik et al., 2005). Mindazonáltal nem kizárt, hogy 

egyértelmű csoportok közötti különbségek figyelhetők meg idegrendszeri szinten. Ezenfelül 

korábbi tanulmányok szerint az ADHD-ra jellemző szuboptimális állapotreguláció az 

információfeldolgozás több szakaszát is érinti (pl. orientáció, szenzoros feldolgozás, inger 

kategorizáció, vizuális figyelem allokációja, lásd Benikos & Johnstone, 2009; Johnstone & 

Galletta, 2013; Johnstone et al., 2010; Steger et al., 2000). 

Jelen vizsgálatunkban tehát 9-12 éves ADHD-s (n = 14) és TF gyermekek (n = 14) 

gátlási kontroll teljesítményét vizsgáltuk egy módosított Stroop feladatban. Résztvevőinknek 

az ún. állatos Stroop feladatot adtuk, amely ugyanaz volt, mint a Bryce és munkatársai (2011) 

tanulmányban szereplő. Egyszerre két állat színes képét mutattuk be a képernyőn, ezek valós 

méretükben különböztek. Az egyik kép fizikailag nagyobb volt, mint a másik, és a gyermekek 

feladata az volt, hogy gombnyomás segítségével kiválasszák, melyik állat a nagyobb a 

valóságban. A kongruens feltételben a valóságban nagyobb állat a képernyőn fizikailag is 

nagyobb volt, mint a valóságban kisebb állat. Az inkongruens feltételben a valóságban 

nagyobb állat a képernyőn fizikailag kisebb volt, mint a másik. Többféle neuropszichológiai 

és IQ feladatot is felvettünk a gyermekekkel a rövid távú emlékezet, az interferencia 

elnyomás, az olvasási bázisképességek és az általános IQ tesztelése céljából. A különböző 

EKP komponenseket (LRP, P1, N1, P3b) a helyesen megválaszolt kongruens és inkongruens 

ingerek bemutatásához szinkronizáltan mértük. A nem optimális arousalt is jelző válaszidő 

variabilitást a korábbiakhoz hasonlóan (lásd 1. vizsgálat) a helyes válasz RI-re illesztett ex-

gaussi eloszlás paramétereivel kvantifikáltuk. 

Eredményeink szerint a helyes válaszok RI-je lassabb volt az ADHD-s csoportban, 

mint a TF gyermekeknél, a kongruencia hatásától függetlenül (lásd még Cao et al., 2013), de 

mindkét csoport egyformán sikeres volt a válaszkonfliktus feloldásában a viselkedéses szinten 

(hasonló válaszpontosság, lásd még Johnstone et al., 2009). Az általában lassabb válaszidő az 

ADHD-s csoport esetén a nagyobb számú elnyúló válasznak köszönhető (nagyobb τ értékek), 

amely gyengébb figyelmet, gyakoribb figyelmi kihagyásokat, valamint nagyobb fokú 

instabilitást indikál a teljesítményben (Karalunas & Huang-Pollock, 2013; Leth-Steensen et 
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al., 2000). Azonban a μ és σ paraméterek is tendencia szinten nagyobbak voltak az ADHD-s 

csoportban, ez utóbbi a klinikai csoportban feltételezett intra-individuális variabilitást erősíti 

(Buzy et al., 2009; Epstein et al., 2006). A neuropszichológiai mérés során az ADHD-s 

csoport gyengébb teljesítményt mutatott a fonológiai tudatosságot és a gyors megnevezést 

mérő feladatokban, ami megerősíti azt a megfigyelést, hogy különböző nyelvi diszfunkciók is 

megjelenhetnek az ADHD tünetei között (McGrath et al., 2011; Takács, Kóbor, Tárnok, & 

Csépe, 2014). Továbbá gyengébb teljesítményt mutatott ez a csoport a rövid távú emlékezet 

és az elvont gondolkodás próbáin. Összességében ezek a viselkedéses eredmények az ADHD 

többszörös kockázati modelljét támogatják (Willcutt et al., 2010). 

Nem várt módon egyik csoportban sem sikerült kimutatni a helyes válasz 

előkészítésének agyi elektromos korrelátumát a kongruens feltételben (negatív irányú eltérés 

az LRP-ben), ahogyan a helytelen válasz előkészítését sem az inkongruensben (pozitív irányú 

eltérés az LRP-ben). Következésképpen az LRP alapján a gátlási kontroll két alfolyamata nem 

volt megkülönböztethető (vö. Bryce et al., 2011). Azonban a másodlagos helyes válasz 

előkészítés mindkét csoportban megjelent az inkongruens feltételben. Ezen választendencia 

szervezése és megkezdése későbbi volt az ADHD-s csoportban a TF csoporthoz képest. 

Az ADHD-s csoportban a nagyobb P1 és kisebb N1 amplitúdók alapján az 

inkongruens ingerek perceptuális feldolgozása eltért a kongruens ingerekétől (5.5. ábra). Az 

inkongruens feltételben tapasztalt megkésett helyes válasz előkészítés fakadhatott abból, hogy 

a korábbi feldolgozási szakaszok során az ADHD-s gyermekek nagyobb mértékű erőforrás 

allokációra kényszerültek, ahogyan ezt az okcipitális EKP komponensek két feltétel közötti 

amplitúdó eltérései is alátámasztják. Ez a fajta csoporton belüli eltérés az ingerkiértékelés 

későbbi szakaszában is megjelent, ugyanis a P3b nagyobb volt az inkongruens, mint a 

kongruens ingereket követően a klinikai mintában, és ezt a hatást nem tapasztaltuk a TF 

csoportban (az EKP hullámok mindkét feltételben igen hasonlóak voltak a teljes 

időtartományban, lásd 5.5. ábra). A későbbi P3b látencia az ADHD-s csoportban arra utal, 

hogy a feldolgozás centrális szakasza (ingerkiértékelés) általában véve kis mértékben lassabb 

volt, mint a TF gyermekeknél. Összességében feltételezhetjük, hogy az ADHD-s gyermekek a 

szuboptimális energetikai reguláció miatt több erőforrást fektettek az inkongruens ingerek 

feldolgozásába annak érdekében, hogy fenntartsák teljesítményüket, mint a TF csoport tagjai. 

Eredményeink további bizonyítékul szolgálnak arra nézve, hogy a sérült gátlási kontrol sem 

nem specifikus, sem nem kötelező jellegű ADHD-ban (Nigg et al., 2005; Willcutt, Doyle, et 

al., 2005). 
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4. Megbeszélés és következtetések 

Az első és a második vizsgálat eredményei alapján elmondható, hogy a CEM modell 

energetikai faktorainak manipulációja nem járult hozzá a gátlási kontroll problémák és a 

megváltozott teljesítménymonitorozás mélyebb megértéséhez a vonásimpulzivitásban, ami 

ellentmond az első és második hipotézisnek. Ezek az eredmények amellett szólnak, hogy 

érdemes volna figyelembe venni más, feladathoz kapcsolódó tényezők szerepét és eltérő 

elméleti megközelítéseket azért, hogy a vonásimpulzivitás többdimenziós természete 

kezelhető legyen (Bari & Robbins, 2013). A magas impulzivitású személyek általános 

feldolgozási sebessége lassabbnak tűnt a viselkedéses szinten. Ugyanakkor a hibás 

válaszokhoz kapcsolódó EKP analízis gyengébb teljesítménymonitorozásra utal (kisebb ERN) 

más eredményekkel összhangban (LRP – gyengébb válaszgátlás, interferencia hatás hiánya a 

P3 amplitúdón), amelyek pedig a gátlási folyamatok részleges érintettségét mutatják. 

Elképzelhető, hogy a viselkedéses adatok a magas impulzivitású személyek óvatosabb 

feladat megoldási stratégiáját tükrözik (Kam et al., 2012). Habár a gyors válaszadási stílus a 

vonásimpulzivitás egyik fontos jellemzőjének tekinthető (Pailing et al., 2002; Ruchsow et al., 

2005), néhány eredmény szerint az impulzív egyének mégis hosszabb választendenciát 

mutatnak, főként a hosszú és monoton feladatokban, amelyek fenntartott figyelmet igényelnek 

(Arce & Santisteban, 2006; Russo et al., 2008). A megfigyelt lassabb válaszidő tükrözheti 

egyúttal az önbeszámolós skálák és az impulzivitás viselkedéses mérőeszközei közötti 

alacsony korrelációkat is, ami többek között onnan ered, hogy ezek az eszközök a 

vonásimpulzivitás eltérő aspektusait mérik (Sharma et al., 2014). A viselkedéses adatok 

átfogó mintázata arra is következtetni enged, hogy nem volt megfelelő a figyelmi erőforrások 

allokációja a magas impulzivitású személyeknél (Sergeant, 2000). Mindazonáltal jelenlegi 

eredményeink a megkésett motoros előkészítéssel és az általános lassulási hatással 

kapcsolatban azt bizonyítják, hogy míg az impulzivitás klinikai formájában gyakori a sérült 

gátlási kontroll, a személyiségdimenzió háttere valószínűleg funkcionálisan eltérő a nem 

klinikai populációban (Dimoska & Johnstone, 2007).  

A harmadik hipotézisben azt feltételeztük, hogy a hideg VF feladatokon való 

teljesítmény befolyásolja a bizonytalan döntéshozatalt, mégpedig úgy, hogy eltérő feladat 

megoldási stratégiát okoz. Sikeresen kimutattuk, hogy a VF modulálta az FRN és P3 

komponenseket, míg a viselkedéses változók szintjén nem találtuk VF-függő különbségeket. 

Értelmezésünk szerint az EKP komponensek változása a magas VF csoport modellalapú 

stratégiájából következik (Nemeth et al., 2013). Mivel az FRN modulációját egyes 
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pszichopatológiák lehetséges biomarkereként tekintik, a komponens funkcionális 

jelentőségének világosabb megértése, és a döntéshozatal hátterét alkotó neurális és kognitív 

alrendszerek feltérképezése lényeges feladat a további kutatások számára (Talmi et al., 2013).  

Az egyértelműen sérült gátlási kontrollt a gyermekkori ADHD-val kapcsolatban sem 

találtuk meg (vö. Barkley, 1997). Összességében a negyedik hipotézissel összhangban és a 

parieto-okcipitális EKP eredmények alapján azt hangsúlyozzuk, hogy az ADHD-ban nem a 

válaszgátlás érintettsége a specifikus atipikusság, hanem gyengeségek mutatkoznak az 

információfeldolgozás több szakaszán is (vö. Benikos & Johnstone, 2009; Johnstone et al., 

2010). A neuropszichológiai eredmények és az ex-gaussi elemzések is alátámasztják a 

többszörös problémák jelenlétét eltérő kognitív folyamatokban és az összteljesítmény 

magasabb variabilitását (Douglas, 1999). Ennek értelmében vizsgálatunk támogatja azt a 

megfigyelést, hogy az ADHD kognitív profilja erősen heterogén (pl. Nigg et al., 2005; 

Sjöwall et al., 2013). Elképzelhetőnek tartjuk azt is, hogy az elvárt LRP mintázat hiánya (erről 

lásd még Szűcs et al., 2007) származhat a jelenlegi és a korábbi tanulmányokban szereplő 

minták közötti eltérésekből (pl. életkori tartomány, nemzetiség/oktatási rendszer), és a feladat 

specifikus tulajdonságaihoz kapcsolódó, más Stroop feladatoktól eltérő megoldási 

stratégiákból. Ez utóbbi lehet egy nyelvi alapú szemantikus stratégia, ami magában foglalja az 

állatok valós méretének előhívását a szemantikus emlékezetből. Emiatt a próbákban hozott 

döntések a valós méretekről való szemantikus tudásban mutatkozó egyéni különbségektől is 

függhettek, ami arra enged következtetni, hogy a Stroop feladat ezen verziója nem feltétlenül 

méri tisztán a sztenderd Stroop hatást. 

Összefoglalva, a vonásimpulzivitás és az ADHD EKP-val megragadott neurokognitív 

háttere jóval bonyolultabbnak tűnik annál, minthogy ezeket a jelenségeket a sérült gátlási 

kontrol vagy a sérült VF megnyilvánulására korlátozzuk. A további vizsgálatok számára az 

egyik legnagyobb kihívás, hogy az impulzivitás fogalmát a pszichológia különböző területei 

eltérően definiálják (Sharma et al., 2014), és az ADHD diagnózisa jelenleg is vitatott (Valo & 

Tannock, 2010). A VF és az adaptív szabályozás egy olyan kidolgozottabb neurokognitív 

modelljére volna szükség, amely jobban magyarázza az enyhe, mérsékelt és súlyos VF 

problémákat, valamint a dimenzió felső tartományát is. 
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