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2 General Summary 

In this thesis, the developmental changes in some of the fundamental processes underlying 

attention and cognitive control are investigated. This is done by examining electrophysiological 

(EEG) indices that are central to these processes in a sample of children and adolescents aged 8-

19 years and relating these indices to differences in behavior and cortical structure. A major aim 

of the thesis is to attempt to bridge some of the developmental theory that has been produced 

using diverse methodologies. Within the thesis is discussed some of the peculiarities of 

adolescent brain development, and how this development might influence brain function, leading 

to behavior that is characteristic of adolescents, such as increased risk-taking. Two main classes 

of EEG event-related potentials (ERPs) are focused on: Negative frontal ERPs related to conflict 

and error processing, including the Error-related Negativity (ERN) and N2; parietal positive 

ERPs related to conscious attention, including the error positivity (Pe) and P3. One aim of the 

thesis is to contribute to the debate surrounding the dissociation, or lack thereof, of these 

components by exploring their developmental differences and behavioral correlates. Generally, 

the results seem to indicate that development through adolescence is marked by a progressive 

weakening in activity related to early and basic processes of attention, here indexed by the N1 

and P2, while activity related to later and more controlled and strategic processes, such as the P3, 

grow stronger. The importance of the N2 for conflict processing is substantiated through 

associations with behavioral measures of interference control, although the amplitude of this 

component seems to be stable by late childhood. The ERPs related to error-processing are found 

to have slightly different developmental trajectories to the N2 and P3, with the ERN increasing 

and the Pe remaining stable. Whether this is due to real developmental differences or is a 

spurious discrepancy caused by methodological differences in their measurement is discussed. 

Behavioral adaptations following conflict- and error processing are also examined, and we find 

that such adaptations seemingly grow more prominent through adolescence, as well as being 

associated with stronger frontal negative ERPs. Combined, our results provide a comprehensive 

cross-sectional description of the maturation of central processes of cognitive control and 

attention, including electrophysiological markers and behavioral trial-wise adjustments, across 

adolescence.  
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4 Introduction 

Human brain development is exceptionally protracted, continuing well into the third decade of 

life; far longer than what is seen in other primates (Amlien et al., 2014; Grydeland, Walhovd, 

Tamnes, Westlye, & Fjell, 2013; Lebel & Beaulieu, 2011; Miller et al., 2012; Rilling, 2014; 

Tamnes et al., 2010a). Brain development is also highly heterogeneous, with different brain 

structures and regions maturing at different rates at different ages (Herting et al., 2018; Shaw et 

al., 2008; Tamnes et al., 2017). Generally, the brain regions that take the longest to fully mature 

are the same regions that show the greatest difference between humans and other primates, 

implying that they are recent adaptations in our evolutionary history. In broad terms this change 

has happened from "back to front" with evolutionarily old structures such as the limbic system 

reaching maturity during late childhood, while the prefrontal cortex continues developing well 

into adulthood. 

 

Behaviorally, certain types of risk-taking behavior peak during adolescence, causing an increase 

in related morbidity and mortality in the transition from childhood to adulthood (Shulman et al., 

2016). The dual-systems model attempts to explain the impulsive and risk-taking behavior 

commonly seen in adolescence as being caused by the developmental mismatch between the 

mature limbic emotional reward system and the developing control mechanisms of the prefrontal 

cortex (Casey, Jones, & Hare, 2008; Giedd, 2004; Steinberg, 2008).  

 

The dual-systems model is not without controversy, both in a moral sense due to how it implies 

that adolescents and young adults are somehow cognitively deficient until their late 20s, but also 

on scientific grounds (Pfeifer & Allen, 2012). Explaining complex and socially situated behavior 

such as adolescent risk taking from low-level physical measurements such as cortical myelination 

necessarily requires a great many steps of inference. (Romer, Reyna, & Satterthwaite, 2017) 

Another hypothesis is that sensation seeking behavior in adolescence is adaptive if the social risk 

of rejection by peers is more severe than the health risks and other consequences (Blakemore, 

2018). An alternative model is the Lifespan Wisdom Model, which posits that risk-tasking 
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behavior recedes as the experience gained through exploration converts ambiguous risk situations 

into situations with a known risk (Romer, Reyna, & Satterthwaite, 2017). 

 

Regardless of the veracity of the specific predictions of the Dual Systems Model, such as 

increased risk-taking behavior, the more general prediction that developmental brain asymmetry 

is likely to have behavioral consequences seems highly probable. One way to bridge the far 

divide between structural brain changes and complex social behaviors is to begin by looking at 

more basic, low-level cognitive abilities and measurements whose relationships to the brain 

structures of interest are easier to quantify. Examining the relationships between fundamental 

cognitive abilities, markers of brain activity, and brain structure is the subject of this thesis. 

 

4.1 Defining cognitive control 

The late maturing brain structures of the prefrontal cortex are instrumental in a set of cognitive 

abilities labeled cognitive control, which are some of the slowest cognitive functions to develop 

during ontogeny, showing continued improvements through adolescence and well into adulthood 

(Crone & Steinbeis, 2017; Zelazo & Müller, 2002). Such abilities range from complex and 

choice-based processes such as delay of gratification to basic and immediate processes such as 

ignoring a present distraction. From this it follows that cognitive control is a broad construct 

encompassing a variety of functions, from basic and immediate to slow processes influenced by 

long-term planning (Crone & Steinbeis, 2017). 

 

Central to all kinds of cognitive control is the ability to detect and resolve conflict, whether this 

conflict comes from the conflicting expectations of peers and parents or overriding a prepotent 

response when reacting to an ambiguous stimulus. Processes of cognitive control can thus be 

thought to be triggered when there is conflict between competing neural representations (Egner, 

2008). In other words, perceived conflicts in information processing serve as a signal to bring 

processes of cognitive control to bear (Botvinick, Braver, Barch, Carter, & Cohen, 2001). Since 

conflict reflects such a wide variety of phenomena that have very different requirements for what 
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is required to resolve them, cognitive control involves multiple different processes that are 

supported by different underlying regions within the prefrontal cortex with separate 

developmental time courses (Bunge & Zelazo, 2006), with more complex cognitive control tasks 

assumed to require multiple specialized regions working in concert (Miyake et al., 2000). 

 

One basic but core type of cognitive control that will be focused on in this thesis is the ability to 

avoid distraction from interference. Interference control is commonly measured with behavioral 

tasks such as the Stroop color-word inference task, the Anti-saccade task, or the Eriksen Flanker 

Task; tests in which avoiding interference distracting cues is essential for task performance. 

Performance on these tasks has been shown to improve through adolescence (Fukushima, Hatta, 

& Fukushima, 2000; Ikeda, Okuzumi, & Kokubun, 2013; Ikeda, Okuzumi, Kokubun, & Haishi, 

2011; Klein & Foerster, 2001; Luna, Garver, Urban, Lazar, & Sweeney, 2004; Prencipe et al., 

2011; Tamnes et al., 2010b), indicating that interference control has a protracted development. 

 

Still, little is known about the neural changes underlying development of interference control. 

Since many types of conflict resolution hinge on split-second decisions, electroencephalography 

(EEG) has proven valuable in studying their underlying mechanisms, due to its high temporal 

resolution. A more general benefit of cognitive neuroscience is its ability to examine whether 

cognitive constructs are unitary or if they can be split into subcomponents (Badre, 2011). 

Depending on what paradigms are used to study cognition, behavioral assessment run the risk of 

task impurity, by falsely equating or splitting processes that differ or are similar only on a surface 

level. In other words, cognitive neuroscience introduces methods of dissociation beyond those 

that can be achieved through cognitive science alone. Any overt response reflects the combined 

output of large numbers of individual processes, for instance variability in accuracy and reaction 

time can be attributed to any number of processes. EEG provides a continuous measure of 

activity that makes it possible to determine which stages of processing are affected by what 

experimental manipulations (Luck, 2005). This thesis uses behavioral measurements along with 

EEG and structural magnetic resonance imaging (MRI) in an attempt to dissociate cognitive 

control from a developmental perspective. The following sections will give a brief description of 
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EEG-measurement before describing specific EEG indices of cognitive processes, and what is 

known about their developmental trajectories and structural correlates. 

 

4.2. On EEG 

EEG constitutes measurements from multiple electrodes attached to the scalp, with each electrode 

recording a mixture of activity from several concurrently active brain regions (Huster & Raud, 

2018). There are two main kinds of electrical activity in neurons. These are action potentials and 

post-synaptic potentials (Luck, 2005). Action potentials reflect voltage spikes traveling from the 

root of the axon at the body of the neuron to axon terminals, causing the release of 

neurotransmitters. Action potentials are difficult be detect at the scalp, partly because populations 

of neurons tend to fire in asynchronous patterns, causing the signals to cancel each other out (see 

Luck (2005) for details). Rather, EEG for the most part detects the post-synaptic potentials of the 

graded changes in membrane potentials caused by ion channels opening when neurotransmitters 

bind to receptors of the membrane of the postsynaptic cell. Postsynaptic potentials last tens or 

hundreds of milliseconds compared to the single millisecond of action potentials, which means 

they will in certain cases summate rather than cancel out, leading them to be detectable at the 

scalp. Since electricity travels at nearly the speed of light, recordings at the scalp happen 

practically simultaneously to the underlying activity (Luck, 2005). Combined with the high 

sampling rate of EEG recordings this results in excellent temporal resolution. 

 

However, a variety of factors limit the spatial resolution of EEG. Even if recording electrodes are 

expertly placed, activity on the same electrode will not reflect identical combinations of source 

activity for separate subjects, as even minor morphological differences in the brain and skull can 

occlude or skew any real underlying neural differences (Huster & Calhoun, 2018). These issues 

limit the spatial resolution of EEG recordings, making it challenging to link up findings with the 

theory generated using more spatially accurate but temporally imprecise measures such as 

functional MRI (fMRI). Consequently, the electrophysiological literature and literature based on 

hemodynamic and structural measures long occupied different spheres with relatively little 

intermingling. This has slowly been improving in recent years, with an increasing number of 
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studies using a combination of EEG and fMRI in order to leverage the superior temporal and 

spatial resolutions of these two respective techniques (for an overview of methods, see Huster, 

Debener, Eichele, and Herrmann (2012)). Studies combining EEG and structural MRI—recorded 

in separate sessions—do however remain exceedingly rare. 

 

A characteristic of neural activity measured through EEG is that it is clearly oscillatory; an 

observation that was noted by Berger (1929) in the very first EEG studies when the alpha and 

beta waves were first described. These waves, as well as the later addition of the gamma wave by 

Jasper and Andrews (1938) and theta and delta waves by Walter (1936), constitute the classically 

defined brainwaves. In order of frequency from fastest to slowest, the classical waves are the 

gamma (32 - 100 Hz), beta (16 - 31 Hz), alpha (8 - 13 Hz), theta (4 - 7 Hz), and delta (0.5 - 3 Hz). 

The first decades of EEG research focused on these oscillations, but in the 1960s research shifted 

to focus on Event-Related Potentials (ERPs) (Herrmann, Strüber, Helfrich, & Engel, 2016). 

 

ERPs are stereotyped electrophysiological responses to specific cognitive, sensory or motor 

events (Luck, 2005). Stable ERPs are achieved by averaging multiple single recordings, 

removing noise and other signals not tied to the stimulus. Early ERP research tended to regard 

EEG oscillations as background noise, but in modern research ERPs are often described within 

the framework of oscillations, with most cognitive processes associated with a particular EEG 

oscillation (Herrmann et al., 2016). One particular brainwave does not universally reflect a single 

cognitive process. Rather, different brainwaves contribute to different cognitive functions 

depending on where in the brain they occur and depending on qualities such as amplitude, 

frequency, phase, and coherence (Herrmann et al., 2016). When signals with the same frequency 

emanating from separate brain regions show consistency in their relative phase and have 

correlated amplitudes, this indicates functional cooperation between these regions (Siegel, 

Donner, & Engel, 2012). Brainwaves with high frequencies mainly reflect activity in local 

neuronal populations, while lower frequency brainwaves might reflect cooperative activity of 

larger neuronal networks (Herrmann et al., 2016; Singer, 1993). Brainwaves in the slow theta and 

delta bands, which are suited for the cooperation of multiple brain regions seem to be essential 

for cognitive control, as will be discussed in the next section.  
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ERPs are generally named following one of three approaches: They can be named based on their 

polarity and timing, as with the N200 which describes a negative ERP occurring around 200ms 

after stimulus presentation. Another approach is to use the ordering in a sequence of ERPs 

instead of the exact timing, as with the P2, which designates the second positive peak occurring 

after stimulus presentation. The third approach is to name the ERP after the external or internal 

event that is assumed to cause it, as with the Error Related Negativity (ERN) or Mismatch 

Negativity. Sometimes different naming conventions are used for theoretically similar concepts. 

The P300 and P3b are for instance treated as identical ERPs in most of the literature and their use 

may vary based on whether one wishes to emphasize the precise timing or the underlying 

theoretical mechanism, or simply due to personal preference. In some cases, ERPs with identical 

names might have completely different neural sources, as is the case for N1 and P1 for visual 

versus auditory stimuli (Polich, 2004).  

 

The main ERPs that are the subject of this thesis fall into two main categories based on their 

polarity, topography, and frequency. These are the ERPs associated with frontal midline theta 

activity, which include the N2 and ERN and the ERPs associated with parietal delta activity, 

which include the P3 and Error Positivity (Pe). 

 

4.3 Early visual components 

Preceding the ERPs that index processes of cognitive control and conflict are ERPs that index 

more basic processes that feed into these later components. In this thesis the N1 and P2 were 

examined. The N1 and P2 are both part of the normal response to visual stimuli (Luck, 2005), but 

their amplitude and latency can be modulated by a variety of factors, indicating them having a 

role in processes beyond basic visual processing. The N1, for instance, is tied to controlled 

information processing (Segalowitz, Santesso, & Jetha, 2010), while the P2 is involved in 

working memory function (Finnigan, O'Connell, Cummins, Broughton, & Robertson, 2011).  
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4.4 The Frontal Midline ERPs 

The N2 and ERN share many of the same characteristics, being negative ERPs located fronto-

centrally on the midline of the scalp and seem to correspond to actitivty in the theta frequency 

range when looking at their spectral compositions (Cavanagh & Frank, 2014). The Correct 

Response Negativity and Feedback Related Negativity (FRN), which are not investigated in the 

present thesis, also share many of the same qualities. All these ERPs have been suggested to 

comprise a family of ERPs that reflect more or less the same process (Cavanagh & Frank, 2014). 

A study by Van Noordt, Campopiano, and Segalowitz (2016) that compared these ERPs in the 

same participants found all these medial frontal negativities to be accounted for by the same 

latent factor. Van Noordt et al. (2016) also found theta oscillations to be common for all these 

ERPs. 

 

4.4.1 The N2 

One of the first studies to find evidence of the N2 was done by Sutton, Braren, Zubin, and John 

(1965). The N2 is, as the name implies, a negative ERP. It occurs between 200-350ms after the 

eliciting stimuli and the name N200 is often used interchangeably with N2. As with the other 

frontal midline ERPs it has a fronto-central maximum on the midline of the scalp and shows 

power in the theta band. The N2 is functionally believed to be involved in cognitive control 

through monitoring and detection of conflict, and its magnitude seems to relate to the degree of 

conflict elicited by the task, being more negative if the task is more challenging (Folstein & Van 

Petten, 2008). 

 

4.4.2 The ERN 

The ERN is a negative deflection that can be detected on the scalp usually after someone makes 

an incorrect response on a task (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991; Gehring, 

Goss, Coles, Meyer, & Donchin, 1993; Hajcak, McDonald, & Simons, 2003). Like the N2, it is 

characterized by frontal midline theta activity. It begins around the time of response, and peaks 

approximately 50-100 ms after an erroneous response is initiated. It is independent of the 

modality of stimulus and response (Ullsperger, Danielmeier, & Jocham, 2014), and is thought to 
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reflect the detection and processing of cognitive conflict, including conflict resulting from errors 

(Botvinick et al., 2001; Botvinick, Cohen, & Carter, 2004; Carter & van Veen, 2007; Yeung, 

Botvinick, & Cohen, 2004). The ERN has also been pegged as an evaluative function signifying 

“worse than expected events” (Holroyd & Coles, 2002; Holroyd, Yeung, Coles, & Cohen, 2005). 

 

4.4.3 Other Frontal Midline ERPs. 

Although not examined in this thesis, the FRN is an ERP with great similarity to the ERN, but is 

instead elicited by receiving negative external feedback (Gehring & Willoughby, 2002; Miltner, 

Braun, & Coles, 1997). All these frontal midline ERPs are arguably triggered by events that elicit 

the need for increased cognitive control. The ERN and FRN both signal the commission of an 

error, through internal mechanisms and external input respectively, warranting increased 

cognitive control to prevent future errors (Luck & Kappenman, 2011; Walsh & Anderson, 2012). 

The amplitude of the ERN has also been shown to be greater for high conflict versus low conflict 

stimuli (Danielmeier, Wessel, Steinhauser, & Ullsperger, 2009). The N2 and Correct Response 

Negativity are both tied to conflict-inducing stimuli which necessitate increased cognitive control 

to override a prepotent response (Folstein & Van Petten, 2008). The N450 is another similar ERP 

associated with conflict in the Stroop Color-Word inference task (Tillman & Wiens, 2011). The 

mismatch negativity is another ERP that might seem similar, as it is early, fronto-central and 

negative, and induced by a fresh stimulus not matching the previous stimulus (Garrido, Kilner, 

Stephan, & Friston, 2009). This could be interpreted as a form of conflict. However, the 

mismatch negativity is related to processing in the sensory cortices that automatically contrasts 

incoming sensory stimuli and can be elicited even in the absence of the participant's attention. 

The N400 is also a conflict-related ERP which has primarily been described in studies of lexical 

processing, where it signifies the conflict processing that occurs when the end of a sentence is 

unexpected based on the context of the sentence. However, the scalp topography and proposed 

neural sources of the N400 differs from the N2 and ERN, which might indicate that these are 

different processes. 
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If all these frontal midline ERPs reflect a common process, what exact process is this? Multiple 

possibilities exist. Its properties of a relatively slow frequency, high amplitude and source in the 

strongly interconnected cingulate cortex makes it ideal for wide information transfer (Cavanagh 

& Frank, 2014; Cohen, 2011). One proposal is that the frontal midline oscillations cause time-

varying changes in excitability of neuronal populations, instantiating transient functional 

networks between them. Such a coupling might enable cognitive control through connecting 

prefrontal control structures to structures responsible for action initiation (Cavanagh & Frank, 

2014). 

 

4.5 Late positive ERPs 

Frontal midline negativities are often followed by a mid-parietal positive deflection. The N2 is 

for instance generally followed by the P3 ERP. Occurring roughly 150 ms following the N2, the 

N2 and P3 were in early studies described as a single N2-P3 complex (Folstein & Van Petten, 

2008). Although both are important for cognitive control, they serve distinct functions and have 

different sources. As with the N2, there exist multiple ERPs that share many properties with the 

P3 and might reflect highly similar processes, for instance the error positivity (Pe). Davies, 

Segalowitz, Dywan, and Pailing (2001) reported that the morphology of the ERN and the Pe is 

similar to that of the N2–P3 complex and suggested that the Pe is a P3 response to the internal 

detection of errors. Both the P3 and Pe are positive ERPs that have a centro-parietal maximum 

and power in the delta spectrum and can thus be described as belonging to the parietal delta 

family of ERPs.  

 

4.5.1 The P3. 

The P3 is an endogenous positive event-related potential elicited in tasks requiring stimulus 

discrimination, regardless of sensory modality (Polich, 2007; Sutton et al., 1965; Twomey, 

Murphy, Kelly, & O'connell, 2015). It is produced when attending to a stimulus and is often 

interpreted as the first major component of controlled attention (Segalowitz & Davies, 2004). The 

P3 peaks sometime after 300ms following stimulus presentation (Linden, 2005; Polich, 2007). 

Considering the long history of experiments examining the P3 (Patel & Azzam, 2005), it is 
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surprising how disputed its function still remains (Polich, 2007). The P3 is thought to reflect 

several overlapping cognitive processes such as the updating of stimulus representations 

(Donchin, 1981; Polich, 2007), the activation of a global conscious workspace (Dehaene, 

Sergent, & Changeux, 2003), and the inhibition of extraneous brain activation to facilitate 

memory processing (Polich, 2004). It is not solely related to the stimulus or the response to the 

stimulus but is assumed to be an integrative component bridging the two (Verleger, 2010). 

Moreover, there are also several lines of research indicating that the P3 can be broken down into 

various subcomponents such as the P3a and P3b. The P3b is a term that is often used 

interchangeably with P300. P3a or the "novelty P3" is elicited by novel stimuli that do not require 

a response (Downes, Bathelt, & De Haan, 2017). It has a more anterior distribution than the P3b 

and has power in the theta rather than delta frequency (Bernat, Malone, Williams, Patrick, & 

Iacono, 2007). Unless otherwise specified, the term P3 will in this thesis be used to refer to the 

P3b. The P3 signal’s association with executive functions, such as attentional control and 

inhibition, makes it a suitable target for studying functional brain development through 

adolescence, a period when these cognitive functions are still developing rapidly (Crone & 

Steinbeis, 2017; Huizinga, Dolan, & van der Molen, 2006). 

 

4.5.2 The Pe. 

The Pe is a centro-parietal positive deflection that peaks between 200 and 500 ms after an 

incorrect response (Falkenstein, Hoormann, Christ, & Hohnsbein, 2000; Gehring, Liu, Orr, & 

Carp, 2012). The functional significance of the Pe is disputed (Ferdinand & Kray, 2014). It has 

for instance been suggested that it reflects conscious awareness of making an error (Nieuwenhuis, 

Ridderinkhof, Blom, Band, & Kok, 2001; Ridderinkhof, Ramautar, & Wijnen, 2009) or the 

perceived motivational or emotional significance of the error (Falkenstein et al., 2000; Overbeek, 

Nieuwenhuis, & Ridderinkhof, 2005; Ridderinkhof et al., 2009). It has also been suggested that 

the Pe is identical to the P3 (Davies et al., 2001), from which one should not expect any 

significant functional differences. 
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4.6 Neural sources and mechanisms 

A variety of methods have been used to establish and corroborate the neural sources of ERPs. 

Methods include source estimation using inverse modeling, functional MRI studies informed by 

EEG, and invasive brain recordings in both humans and monkeys. There is corroborative 

evidence using all of these methodologies that peg the cingulate cortex as a generator for frontal 

midline ERPs (Cavanagh & Frank, 2014). The anterior cingulate cortex (ACC) is thought to be 

instrumental in the detection of conflict in either performance or in the environment (Larson, 

Clayson, & Clawson, 2014). The N2 is believed to be generated in the ACC, as well as in frontal 

and superior temporal cortices (Huster, Westerhausen, Pantev, & Konrad, 2010). The neural 

underpinnings of electrophysiological error-processing components have been investigated using 

a range of different methods. A systematic comparison by Agam et al. (2011) of 

magnetoencephalography and high-density EEG studies concluded that the cingulate cortex was 

the most likely source of the ERN, with the mean source locus between studies being in the 

dorsal ACC. The exact locus varied substantially between studies, with several identifying the 

posterior cingulate cortex as a source. Similar sources have been identified in adolescents 

(Buzzell et al., 2017; Ladouceur, Dahl, & Carter, 2007; Santesso & Segalowitz, 2008). Single-

unit recording in the ACC has corroborated this cortical region as a source of error or conflict 

processing in monkeys (Ito, Stuphorn, Brown, & Schall, 2003; Niki & Watanabe, 1979), and this 

conclusion is also supported by studies of humans undergoing cingulotomy (Davis et al., 2005; 

Sheth et al., 2012). 

 

The cingulate innervates the locus coeruleus, allowing it to trigger phasic noradrenergic 

responses which has an excitatory effect on most of the brain, changing activity patterns of 

neurons (Aston‐Jones & Cohen, 2005). Such a modulation can improve performance in conflict-

laden situations by boosting the signal to noise ratio in neural populations, favoring correct 

responses as long as these show at least slightly more activation than incorrect responses. 

Following the detection of conflict, the ACC signals a need for increased cognitive control from 

the dorsolateral prefrontal cortex and ventrolateral prefrontal cortex (Larson et al., 2014), 

enabling slower and more strategic adaptations such as response slowing and the allocation of 

attention. These later attentional processes might relate to those indexed by the P3. 
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The P3 is driven by signals from multiple temporally and spatially overlapping sources (van 

Dinteren, Huster, Jongsma, Kessels, & Arns, 2017). As mentioned previously, the high amplitude 

and low frequency of the P3 signal makes it ideal for enabling communication between wide 

cortical networks. Indeed, multiple brain regions are known to contribute to P3 generation 

(Friedman, 2003). Source localization studies indicate that multiple frontal and parietal brain 

regions (Bocquillon et al., 2011; Wronka, Kaiser, & Coenen, 2012), as well as temporal and 

parieto-occipital cortices are involved (Halgren et al., 1995; Mahajan & McArthur, 2015; Smith 

et al., 1990). The inferior temporal gyrus has also been implicated as a generator of the visual 

P3b specifically (Bledowski et al., 2004). A previous study of adults found higher P3b amplitudes 

to be related to greater cortical thickness in temporo-parietal and orbitofrontal cortices, but only 

in older adults (Fjell, Walhovd, Fischl, & Reinvang, 2007). P3a sources seem to be situated more 

anteriorly than those of the P3b (Bocquillon et al., 2011; Wronka et al., 2012). 

 

The evidence regarding the source of the Pe is not well established. If the Pe is equivalent to the 

P3 it should be expected to have the same sources. However, some studies have identified the 

cingulate cortex as a possible source, as with the ERN, albeit possibly with a more rostral source 

(Herrmann, Römmler, Ehlis, Heidrich, & Fallgatter, 2004; Veen & Carter, 2002).  

 

4.7 The development of ERPs 

Just as structural brain development across childhood and adolescence is heterogeneous, so is 

functional brain development as reflected through different ERPs. Some ERPs increase with age, 

while other decrease. And some components seem to plateau in amplitude early in development, 

while others show a protracted development. The degree to which different ERPs have been 

examined in developmental studies is also highly variable. 

 

The early visual components of the N1 and P2 have consistently been shown to decrease in 

amplitude through adolescence (Itier & Taylor, 2004; Ponton, Eggermont, Kwong, & Don, 2000; 
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Tomé, Barbosa, Nowak, & Marques-Teixeira, 2015). How the N2 develops is less clear. 

According to a recent review by Lo (2018), no previous study has performed an investigation of 

N2 spanning the age-range from childhood to adulthood. However, studies in childhood and early 

adolescence using a Go/No-Go paradigm – tapping response interference – have generally found 

the amplitude of the N2 to decrease through childhood and early adolescence (Lo, 2018). There 

are exceptions to this trend, however. Notably, a recent large longitudinal study on children found 

the ∆N2—the difference in ERP amplitudes between the No-Go and Go conditions—to remain 

stable with increasing age (Isbell, Calkins, Cole, Swingler, & Leerkes, 2018). The ERN has been 

more studied in development than the N2. In contrast to the N2, several cross-sectional studies 

have found the peak ERN amplitude to be more negative with higher age in children and/or 

adolescents (Davies, Segalowitz, & Gavin, 2004a; Davies, Segalowitz, & Gavin, 2004b; 

Ladouceur, Dahl, & Carter, 2004; Santesso & Segalowitz, 2008; Santesso, Segalowitz, & 

Schmidt, 2006). Recently, a longitudinal study also found the ERN to become increasingly 

negative from late childhood through adolescence (Taylor, Visser, Fueggle, Bellgrove, & Fox, 

2018). It thus seems there might be a developmental discrepancy between the N2 and ERN. 

There are, however, also studies that have found no relationship between ERN amplitude and age 

during development (Eppinger, Mock, & Kray, 2009; Richardson, Anderson, Reid, & Fox, 2011). 

 

The P3 has been examined in several cross-sectional developmental studies, predominantly using 

the auditory oddball paradigm (Davies et al., 2004b; DeBoer, Scott, & Nelson, 2005). These 

studies generally suggest that P3 amplitudes increase with age through development, including 

adolescence, as shown in a meta-analysis and two large cross-sectional studies on auditory P3 

components by van Dinteren and colleagues (van Dinteren, Arns, Jongsma, & Kessels, 2014a; 

van Dinteren, Arns, Jongsma, & Kessels, 2014b) (see also studies on auditory or visual 

components by (Brinkman & Stauder, 2008; Johnstone et al., 2007; Mullis, Holcomb, Diner, & 

Dykman, 1985). As for the Pe, a smaller number of cross-sectional studies indicate that its 

amplitude increases through early childhood (Grammer, Carrasco, Gehring, & Morrison, 2014), 

followed by stability from late childhood to adulthood (Davies et al., 2004b; Ladouceur et al., 

2004; Wiersema, van der Meere, & Roeyers, 2007b). As with the ERN and N2, there likewise 

seems like there might be a developmental difference between the P3 and Pe. 
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4.8 Post-error/post-conflict adjustments 

If the frontal midline theta and parietal delta signal to the brain that more attentional control is 

needed, then one should expect to see behavioral adjustments following these signals. Indeed, 

this is something that is frequently observed. Following the commission of errors, it is common 

to see a Post-Error Slowing (PES) (Danielmeier & Ullsperger, 2011). A possible mechanism 

behind this is that enhanced activity in the anterior cingulate cortex and other prefrontal regions 

following an error leads to a decrease in the activity in the motor systems of the brain 

(Danielmeier, Eichele, Forstmann, Tittgemeyer, & Ullsperger, 2011). The degree to which PES 

reflects a strategic adaptation to compensate for making an error rather than a more automatic, 

unconscious reaction is a matter of debate (Danielmeier & Ullsperger, 2011). Perhaps reflective 

of the first interpretation, some experiments have shown a corresponding post-error improvement 

in accuracy (PIA), but the degree to which PIA is tied to PES is disputed (Danielmeier & 

Ullsperger, 2011; Wessel, 2018). In conflict processing, trials following conflict-laden trials tend 

to be less affected by interference. This is known as the Gratton effect or alternatively as the 

congruency or sequence effect (Botvinick et al., 2001; Gratton, Coles, & Donchin, 1992).  

 

How the PES develops through childhood and adolescents is unclear and not well studied. 

Smulders, Soetens, and van der Molen (2016) concluded that earlier findings are conflicting, with 

both increases, decreases and no changes in PES during childhood and adolescence being 

reported. Developmental studies on the Gratton are even more scarce, but a recent study on 

children and adults by Erb and Marcovitch (2018) reported that the Gratton effect was greater in 

mid childhood compared to pre-adolescence and adulthood, though no difference was found 

between pre-adolescents and adults. Regarding ERPs, evidence from adults suggests that the 

degree of  PIA is associated with ERN and Pe amplitude, with greater amplitudes associated with 

increased PIA (Carp & Compton, 2009; Falkenstein et al., 2000). Developmental studies on such 

relationships are however lacking.  
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5 Main Research Objectives 

5.1 Paper I 

In the first paper we wished to examine the development of the P3 and early visual components 

through adolescence, and how this development relates to task performance on a visual oddball 

task. In most of the earlier literature, where auditory oddball tasks have mostly been used, P3 

amplitude tends to increase with age, but the smaller sample of studies using visual paradigms 

have shown opposing trends. A second aim of the study was therefore to examine the possibility 

of modality dependence in P3 development. We also wanted to see how the P3 was related to 

cortical area and thickness, which had never before been studied in adolescents.  

5.2 Paper II 

One objective of the second paper was to examine how the error-related ERPs of ERN and Pe is 

related to age in adolescents. The second objective was to look at post-error adjustments and 

examine both their relationships with age and to ERN and Pe. Lastly, we were interested in 

whether differences in cortical thickness and area of the cingulate cortex would explain any 

differences in the ERPs of interest. 

5.3 Paper III 

In the third paper the primary goal was to examine conflict processing in adolescents by 

examining conflict related ERPs and their relationships to age. One motivation for this is that the 

development of the N2 has never before been examined in a sample spanning from childhood to 

adulthood, and the conflict-related P3 is not well studied in development. A second aim was to 

investigate how interference control and the Gratton effect is related to age during development, 

which has only been the subject of limited previous study. 
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6 Methods 

6.1 Participants 

The thesis uses a cross-sectional design comparing children and adolescents of different ages at 

roughly the same point in time. Having an equal gender distribution in all age cohorts was a goal 

during recruitment. Children and adolescents between 8 and 19 years of age were recruited to the 

research project Neurocognitive Development (Østby et al., 2009; Tamnes et al., 2009) through 

newspaper advertisements, and local schools and workplaces. All papers of the thesis are based 

on data from the same general sample, although the subsample for each paper differed slightly 

due to differences in available data and different exclusion criteria (Table 1).  

 

Participants aged 16 years or older and a parent completed standardized health interviews 

regarding each participant. Exclusion criteria included premature birth, a history of injury or 

disease known to affect central nervous system function, ongoing treatment for a mental disorder, 

use of psychoactive drugs known to affect central nervous system functioning, and MRI 

contraindications. Participants were also required to be right-handed, fluent Norwegian speakers, 

and to have normal or corrected-to-normal hearing and vision. A total of 113 children and 

adolescents fulfilled these criteria and were deemed free of significant brain injuries or conditions 

by a neuroradiologist.   
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Table of sample characteristics 

    
N 

Age 
Sex 

IQ mean 

(SD)     Mean SD Range 

Paper I 
Behavioral + EEG 

+ MRI 
86 14.4 3.5 8.2-19.7 43 f / 43 m 109.7 (10.9) 

Paper II 

Behavioral 106 14 3.4 8.3-19.7 54 f / 52 m 109.2 (10.1) 

Behavioral + EEG 98 14.1 3.4 8.3-19.7 48 f / 50 m 109.1 (10.0) 

Behavioral + EEG 

+ MRI 
92 14.3 3.3 8.4-19.7 46 f / 46 m 109.2 (9.8) 

Paper III 
Behavioral 108 14.1 3.4 8.3-19.7 56 f / 52 m 109.4 (10.2) 

Behavioral + EEG 94 14.2 3.4 8.3-19.7 48 f / 46 m 109.4 (10.3) 

Table. 1 Sample characteristics of each paper, including characteristics of subsamples examined 

within each paper. 

 

6.2 Cognitive Assessment 

Data acquisition for cognitive assessment, EEG and multimodal MRI was done over three 

separate sessions. Data reported in the present thesis includes a measure of general cognitive 

ability, two tests performed during EEG recording and two separate tests of cognitive control. 

The full test protocol included several additional items, including tests of short- and long-term 

memory, tests of executive functions and questionnaires targeting personality and behavioral 

adjustments. 

 

General cognitive ability was estimated by the four-subtest form of the Wechsler Abbreviated 

Scale of Intelligence (WASI) (Wechsler, 1999). The WASI was chosen because it allows for the 

assessment of IQ for the entire age span studied. Performance IQ was estimated using the 

subtests of Block Design and Matrix Reasoning, while verbal IQ was estimated using the 
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Vocabulary and Similarities subtests. All four subtests were used to estimate full scale IQ. In the 

papers included in this thesis full scale IQ was used to describe the subsamples between and 

within each study. 

 

In paper I a three-stimulus Visual Oddball Task was used during EEG recording, while a variant 

of the Eriksen Flanker Task was used in paper II and III (Figure 1 and Table 2). Both of these 

were recorded during the same session. Both tasks were administered using the E-Prime software 

and presented on a 19-inch computer screen with a viewing distance of approximately 80 cm, and 

responses were obtained on a PST Serial Response Box. 

 

For the Visual Oddball Task, stimuli were presented on a black screen for 1 s, with a 2-s 

interstimulus interval during which a white fixation cross was presented. Target and standard 

stimuli were both blue ellipses, with the target slightly larger than the standard stimulus. The 

distractor stimulus was a large blue rectangle. Participants were told that they would be shown 

small and large blue circles and instructed to respond by key press when presented with the large 

circle, and not respond to any other stimuli. This experimental paradigm is a variation of one 

used by Comerchero and Polich (1999), which has been shown to elicit both P3b and P3a ERPs 

(Polich, 2004), and which we has used in previous developmental and aging studies (Fjell, 

Rosquist, & Walhovd, 2009; Fjell et al., 2007; Stige, Fjell, Smith, Lindgren, & Walhovd, 2007). 

For a more through description of the paradigm, see paper I. 
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Figure 1. Schematic illustrations of the tasks used during EEG recording. Left: The Visual 

Oddball Task used in Paper I. Participants were asked to respond by button presses to target 

stimuli (25 ellipses) and ignore other stimuli. These included standard stimuli (200 smaller 

ellipses), as well as distractor stimuli (25 rectangles). Right: Eriksen Flanker Task used in Paper 

II and Paper III. 

 

  Task Functions Measures ERPs 

Paper I 
Visual 

oddball task 
Attention EEG, structural MRI 

N1, P2, P3a, 

P3b 

Paper II 
Eriksen 

Flanker Task 

Error Processing, 

post-error 

adjustments 

EEG, structural MRI ERN, Pe 

Paper III 
Eriksen 

Flanker Task 

Cognitive 

Control, Gratton 

effect 

EEG, Stroop Color-Word 

Inference test, Anti-saccade 

test 

N2, Late 

Positivity 

Table 2. Describes the tasks used in each study, what cognitive functions were examined and 

what ERPs were extracted. 
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EEG was recorded during a modified and speeded version of the Eriksen arrow Flanker task 

(Eriksen & Eriksen, 1974), as previously described elsewhere (Overbye et al., 2018; Tamnes, 

Fjell, Westlye, Ostby, & Walhovd, 2012). Briefly, stimuli were vertical stacks of five long 

arrows. Each trial started with a fixation cross presented for a random interval between 1200 and 

1800 ms. Then, four arrows were presented for 80 ms before the target arrow was presented in 

the middle, together with the flanker arrows, for 60ms. This was done to make the task more 

difficult by priming for the prepotent response. Finally, a black screen was presented for up to 

1440 ms. A total of 416 trials were presented, half of which were congruent, with the target arrow 

pointing in the same direction as the flankers, and the other half incongruent, with the target and 

flanker arrows pointing in opposing directions. Participants were asked to emphasize both speed 

and accuracy when responding. An individual response time threshold was set for each 

participant based on their average reaction time on the first 20 trials. If participants responded 

slower than this threshold on three subsequent trials, they were asked to respond faster through a 

1 second text prompt. This was done to increase error rate. For a more thorough description of 

this task, see paper II or III. 

 

In paper III the Stroop color-word task was used as a measure of selective attention and cognitive 

control (Stroop, 1935). The Stroop task employed was the D-KEFS Color-Word Interference Test 

(Delis, Kaplan, & Kramer, 2001). For paper III, we were only interested in the abilities uniquely 

measured by the Inhibition condition, with performance on the Color naming condition being 

regressed out. In the Color naming condition, participants were presented with a sheet of paper 

with five rows of ten squares, printed in one of three colors (red, blue or green), and were 

instructed to name the colors one-by-one and row-by-row as fast as possible until finished. In the 

Inhibition condition, participants were presented with five rows of ten color words (“red”, “blue” 

and “green”), printed in incongruent colors (red, blue or green), and were asked to name the print 

colors as fast as possible until finished. Participants were thus required to inhibit an overlearned 

verbal response, i.e. reading the printed words, in order to generate a conflicting response of 

naming the incongruent ink colors in which the words were printed. Completion time for each 

condition was measured with a stopwatch. Before each condition, participants practiced on a 

small number of items. Raw score on the Stroop color naming condition was regressed out of the 
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score of each participant's raw score on the Stroop color-word inference condition to get a purer 

measure of cognitive control. A ratio measure was also calculated in order to compare our results 

with previous studies using this approach. This ratio was calculated as Stroop Color Naming 

reaction time minus Strop Color-Word Inference reaction time divided by Stroop Color Naming 

reaction time. 

 

Also in paper III, the Anti-saccade was used as a measure of inhibition. The specific version used 

was adapted by Miyake et al. (2000) from Roberts, Hager, and Heron (1994). In each trial, a 

fixation point was first presented in the middle of the computer screen for a variable duration 

(randomly selected from a list of nine values in 250 ms intervals between 100 and 2100 ms). A 

visual cue, a small black square, was then presented on one side of the screen (left or right) for 

225 ms, followed by the presentation of a small black target arrow on the opposite side of the 

screen for 140 ms. The target arrow was then masked by gray cross-hatching for 200 ms. 

Participants were asked to indicate the direction of the arrow (left, up, or right) with a button 

press. Since the target arrow was presented only briefly before being masked, participants were 

required to inhibit the reflexive response of looking at the initial cue because doing so would 

make it more difficult to correctly identify the direction of the target arrow. The task consisted of 

18 practice trials and two blocks of 60 target trials each, for a total of 120 target trials. The 

percentage of target trials answered correctly was the measure of interest. 

 

6.3 EEG data aquisition 

Participants performed the visual oddball and flanker tasks in an electrically shielded room while 

seated in a comfortable high-back chair. The electrophysiological recordings were done using 

128 EEG channels with an electrode placement according to the 10% system (EasyCap Montage 

No. 15, http://www.easyc ap.de/). The sampling rate during recording was set to 1000 Hz. The 

electrodes used were EasyCap active ring electrodes (Ag/ AgCl) with impedance conversion 

circuits integrated into the electrode housing that allows high-quality recordings even with high 

electrode impedance values, thus reducing preparation time and noise. The signals were 

amplified via a Neuroscan SynAmps2 system and filtered online with 40-Hz low-pass and a 0.15-
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Hz high-pass analog filters prior to digitization and saving of the continuous data set. During 

recording, all electrodes were referenced to an electrode placed on the left mastoid. Vertical eye 

blinks were recorded with one electrode above and one electrode below the left eye, and a ground 

electrode was placed anteriorly on the midline. 

 

6.4 EEG preprocessing 

Preprocessing of the raw data for removing noise was identical for papers II and III, while a 

different procedure was used for paper I. In paper I, initial pre-processing of the EEG data was 

done using the Curry 7 neuroimaging suite (http://compumedicsneuroscan.com/curry-

neuroimaging-suite/), while in paper II and III data pre-processing was done using Matlab and 

EEGLab. There is no scientific justification for this difference, but the two approaches address 

the same sources of noise and likely produce similar results. For both approaches, the steps 

involved removing bad channels through interpolation, removing noisy sections of data, 

correction of noise due to blinking. For specific preprocessing steps it is referred to the method 

sections of the papers. 

 

6.5 EEG Processing 

6.5.1 Paper I and III 

In paper I and II, group-level blind source separation was applied to estimate a single set of 

components that capture the representative activity from neural sources commonly expressed 

across the whole sample (Huster et al. 2015). For a thorough description of this process see the 

method sections of the respective papers. The matching of extracted components to ERP peaks 

was based on component topographies, the degree of difference between different trial types, and 

the similarity in timing and appearance to the ERPs expected from the experimental paradigms 

(see Table 3). In paper I this led to the selection of three components, which contained 

component peaks deemed to reflect the N1, P2, P3a and P3b ERPs. In paper III two components 

were chosen, where one had frontal negative activity similar to the N2 and another had parietal 

activity similar to the P3. The terms frontal negative component and parietal positive component 
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were chosen from the extracted peaks rather than N2 and P3 due to their later than expected 

latencies. In paper I peaks were identified and extracted separately for each experimental 

condition, while for paper III it was based on the difference wave between incongruent and 

congruent events. In both papers, peaks were extracted as the area under the curve from a 40-ms 

time window surrounding each peak in order to get measures that were more stable and sensitive 

to kurtosis of the peaks. These summed peak measures will hereafter be referred to as that 

component’s strength. This measure of component strength is conceptually similar to delta ERP 

amplitude. However, a component’s strength is in arbitrary units and the sign of each SOBI 

component peak is not indicative of the amplitude charge in the raw data before the 

decomposition. The actual amplitude of a component after its back projection to the EEG 

corresponds to the product of the component weight at a given electrode and its activity. For 

instance, if an electrode’s weight is negative the EEG potential will be positive if the component 

activity is negative as well, whereas it will be negative if the component activity is positive. the 

direction of the component deflections does not necessarily correspond to the polarity of the 

amplitudes in the EEG data. 

 

6.5.2 Paper II 

We initially attempted to use decompose the EEG data in paper II similar to what was done in 

paper I and III. However, there was a much greater variability in the number of valid error trials 

in paper II than in the number of valid target trials in paper I and correct trials in paper III. As the 

decomposition technique used requires an equal number of trials from each participant, this 

would require to either exclude a large part of the sample or to include very few trials from each 

subject. The second solution was attempted, but this failed to produce clean and readable 

components without excessive noise. We therefore opted for a more conventional method of peak 

extraction, from the averaged activity of selected electrode clusters from the complete set of 

averaged incongruent error trials from each subject. As the level of noise is expected to be 

reduced for subjects with larger error trial sets we controlled for general noise level in all ERP 

analyses. Noise was operationalized as the root-mean square (RMS), or the square root of the 

squared amplitudes of the baseline of the averaged incongruent error trials of each subject. Only 

incongruent error trials were used for peak extraction. This was done to control for between-
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subject variability in the proportion of incongruent and congruent error trials; keeping the relative 

interference from congruence effects consistent. Latency of the Pe was defined for the combined 

channels CPz, Pz, CPP1h and CPP2h as the timing of the positive peak in the 140-400 ms time 

window after responses. Channels and time windows were selected based on the known 

topography and timing of the ERPs of interest. Peak amplitudes for the ERN and the Pe were 

extracted as the average area under the curve of the 40 ms time window surrounding each peak, 

using the same channels that were used for determining peak latency. For all analyses using our 

ERP measures, follow-up analyses were also performed using difference waves (ΔERN and 

ΔPe). These were calculated by subtracting the response-locked incongruent correct trials from 

the incongruent error trials. These follow-up analyses were performed in order to have potentially 

purer measures of error processing, with variance shared between correct and error trials filtered 

out, as well as to make the results directly comparable to previous developmental studies 

reporting on these measures. For a more detailed account of this processing, see the methods 

section of paper II. 

 

 Paper ERP Event lock Extraction Latency 

Fr
on

ta
l N

eg
at

iv
ity

 

I N/A - - - 

II ERN 
Response 

(Error) 

Peak amplitude (errors) + 

delta peak amplitude 
32ms 

III "Frontal Negative Component" 
Stimulus 

(Flanker) 

Peak of SOBI component 

delta between conditions 
348ms 

Pa
rie

ta
l P

os
iti

vi
ty

 

I P3b 
Stimulus 

(Oddball) 

Peak of SOBI component 

per condition 

464ms (Target) 

428ms (Distractor) 

II Pe 
Response 

(Error) 

Peak amplitude (errors) + 

delta peak amplitude 
196ms 

III "Parietal Positive Component" 
Stimulus 

(Flanker) 

Peak of SOBI component 

delta between conditions 
524ms 

Table. 3 Overview of the ERPs examined in each paper, including whether they were stimulus or 

response locked, how peaks were extracted and what the peak latency was for each. 
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6.6 MRI acquisition 

Papers I and II also include MRI data which were acquired using a 1.5 T Siemens Avanto scanner 

(Siemens Medical Solutions) with a 12-channel head coil. For the morphometric analyses, we 

used a 3D T1-weighted MPRAGE pulse sequence with the following parameters: TR/TE/TI/FA 

= 2400 ms/3.61 ms/1000 ms/8°, matrix 192 × 192, field of view = 240, 160 sagittal slices, voxel 

size 1.25 × 1.25 × 1.20 mm. Duration of the sequence was 7 min 42 s. A minimum of two 

repeated T1-weighted sequences were acquired. All images were screened immediately after data 

acquisition and rescanning was performed if needed and possible. The protocol also included a 

176 slice sagittal 3D T2-weighted turbo spin-echo sequence (TR/TE = 3390/388 ms) and a 25-

slice coronal FLAIR sequence (TR/TE = 7000–9000/109 ms) to aid the radiological examination. 

 

6.7 MRI processing 

For each participant, the T1-weighted sequence with best quality as determined by visual 

inspection of the raw data was chosen for further analysis. Whole-brain volumetric segmentation 

and cortical reconstruction was performed with FreeSurfer 5.3, an open source software suite 

(http://surfer.nmr.mgh.harvard.edu/). The details of the procedures are described elsewhere (Dale, 

Fischl, & Sereno, 1999; Fischl, 2012; Fischl et al., 2002; Fischl, Sereno, & Dale, 1999). Briefly, 

the processing includes motion correction, removal of non-brain tissue, automated Talairach 

transformation, segmentation of structures, intensity normalization, tessellation of surfaces, 

automated topology correction, and surface deformation to optimally place tissue borders. 

Cortical surface area (white matter surface) maps were computed by calculating the area of every 

triangle in the tessellation. The triangular area at each location in native space was compared with 

the area of the analogous location in registered space to give an estimate of expansion or 

contraction continuously along the surface (“local arealization”) (Fischl et al., 1999). Cortical 

thickness maps for each subject were obtained by calculating the distance between the cortical 

gray matter and white matter surface at each vertex (Fischl & Dale, 2000). The maps produced 

are not restricted to the voxel resolution of the original data and are thus capable of detecting 

submillimeter differences. All processed scans were visually inspected in detail for movement 

and other artifacts. Minor manual edits were performed by trained operators on eight subjects, 

usually restricted to removal of non-brain tissue included within the cortical boundary. All scans 
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were deemed sufficiently free of movement noise to be included. Before statistical analyses, the 

surface maps for cortical area and thickness were smoothed with a Gaussian kernel of full-width 

at half maximum of 15 mm. 

 

6.8 Research ethics 

The study was approved by the Norwegian Regional Committee for Medical and Health Research 

Ethics. Because of the wide developmental age-span studied, participants varied in their ability to 

give informed consent. Children in research need to be especially protected, since they do not 

have the competency to give informed consent. According to the Norwegian Act on medical and 

health research, children under the age of 16 cannot independently agree to participate in research 

(Helseforskningsloven, 2008, §17), but according to the Patients' Rights Act, children over the 

age of 12 have the right to influence decisions in all questions regarding their own health, which 

includes research using health information (Pasient- og brukerrettighetsloven, §4-4). As such, 

written informed consent was obtained from all participants from 12 years of age and from the 

parent or guardian for participants less than 18 years. There also exists an absolute requirement 

that anyone without the ability to give informed consent shall not participate in any research 

project if they object to participating (Helseforskningsloven, 2008, §18). Oral informed consent 

was thus given by participants less than 12 years of age.  

 

All participants participated in MRI scanning, EEG recording and a battery of cognitive tests; all 

of which could potentially lead to incidental findings in an assumed healthy population. For MRI, 

all scans were examined by a neuroradiologist who made the appropriate referrals if clinical 

follow-up was needed. Results of the cognitive tests were interpreted by qualified research 

fellows. In the case of severe abnormalities in the results, feedback would be provided by a 

psychologist. Participants and their parents were informed about the possibility of incidental 

findings when signing up for the study. 
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7 Summary of papers 

7.1 Paper I 

Development of the P300 from childhood to adulthood: a multimodal EEG and MRI 

study. 

Background: Maturation of attentional processes is central to cognitive development. The 

electrophysiological P300 is associated with rapid allocation of attention, and bridges stimulus 

and response processing. P300 is among the most studied and robust electrophysiological 

components, but how different subcomponents of the P300 develop from childhood to adulthood 

and relate to structural properties of the cerebral cortex is not well understood. 

Methods: We investigated age-related differences in both early visual and P300 components, and 

how individual differences in these components are related to cortical structure in a cross-

sectional sample of participants 8–19 years (n = 86). Participants completed a three-stimulus 

visual oddball task while high-density EEG was recorded. Cortical surface area and thickness 

were estimated from T1-weighted MRI. Group-level blind source separation of the EEG data 

identified two P300-like components, a fronto-central P300 and a parietal P300, as well as a 

component reflecting N1 and P2. 

Main findings: Differences in activity across age were found for the parietal P300, N1 and P2, 

with the parietal P300 showing stronger activity for older participants, while N1 and P2 were 

stronger for younger participants. Stronger P300 components were positively associated with task 

performance, independently of age, while negative associations were found for P2 strength. 

Parietal P300 strength was age-independently associated with larger surface area in a region in 

left lateral inferior temporal cortex. 

Conclusions: We suggest that the age differences in component strength reflect development of 

attentional mechanisms, with increased brain responses to task-relevant stimuli representing an 

increasing ability to focus on relevant information and to respond accurately and efficiently. 
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7.2 Paper II 

Error processing in the adolescent brain: Age-related differences in electrophysiology and links 

with post-error adjustments but no relationship to cingulate cortex structure. 

Background: Detecting errors and adjusting behavior appropriately are fundamental cognitive 

abilities that are known to improve through adolescence. The underlying mechanisms of this 

development, however, are still poorly understood. 

Methods: We performed a thorough investigation of error processing in a Flanker task in a cross-

sectional sample of participants 8 to 19 years of age (n = 98). We examined age-differences in 

event related potentials known to be associated with error processing, namely the error-related 

negativity (ERN) and the error positivity (Pe), as well as their relationships with task 

performance, post-error adjustments and regional cingulate cortex thickness and surface area. 

Main findings: We found that ERN amplitude increased with age, while Pe amplitude remained 

constant. A more negative ERN was associated with higher task accuracy and faster reaction 

times, while a more positive Pe was associated with higher accuracy, independently of age. When 

estimating post-error adjustments from trials following both incongruent and congruent trials, 

post-error slowing and post-error improvement in accuracy both increased with age, but this was 

only found for post-error slowing when only analyzing trials following incongruent trials. There 

were no age-independent associations between either ERN or Pe amplitude and cingulate cortex 

thickness or area measures. 

Conclusions: Our findings suggest that the ERN, but not the Pe, grows stronger through 

adolescence, and that this change might be related to improvements in improved cognitive 

control. Also, PES was related to PIA and greater in older adolescents, indicating this might be 

one of the mechanisms through which cognitive control improves. Our results indicate that 

cortical thickness and area of the cingulate cortex is not predictive of ERN or Pe amplitude in 

healthy adolescents. 
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7.3 Paper III 

Electrophysiological and behavioral indices of cognitive conflict processing across adolescence 

Background: Cognitive control enables goal-oriented adaption to a fast-changing environment 

and has a slow developmental trajectory that spans well into young adulthood. The specifics of 

this development are still poorly understood, as are the neurodevelopmental mechanisms that 

drive it.  

Methods: In a cross-sectional sample of participants 8 to 19 years of age (n = 108) we used blind 

source separation of EEG data recorded in a Flanker task to derive electrophysiological measures 

of conflict processing and attention, including a frontal negative component similar to the N2 and 

parietal positive component similar to the P3. In addition, we examined multiple behavioral 

measures of interference control derived from the Flanker, Stroop and Anti-saccade tasks. 

Main findings: We found a positive association between age and the amplitude of the parietal 

positive component, while there was no relationship between age and the amplitude of the frontal 

negative component. Stronger frontal negative amplitude was, however, age-independently 

related to superior performance on both Stroop and Anti-saccade measures of interference 

control. Finally, we examined post-conflict behavioral adjustment on the Flanker task. A Gratton 

effect was found, with repeated trials of the same congruency being associated with a relatively 

greater accuracy for congruent trials and with faster reaction time for repeated incongruent trials. 

The Gratton effect on accuracy was positively associated with age. 

Conclusions: Whether our results indicate that interference control improves with age is a matter 

of interpretation. While we saw improvements on tasks of interference control it might be that 

this is a seeming improvement explained by improvement in other abilities. Also, the N2-like 

frontal negative component that was tied to conflict processing did not change with age, while the 

P3-like parietal positive component that was not tied to task performance did. Lastly, the 

influence on congruence and trial-wise adaptations seemed to increase with age, begging the 

question if a greater effect reflects a more mature conflict processing system rather than greater 

distractibility. 
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8 Discussion 

A main goal of this thesis was to increase our knowledge about the adolescent development of 

some of the fundamental processes underlying attention and executive control. A second aim was 

to elaborate on the functional significance of the neural markers of attention and executive 

control and to use developmental differences as a way of dissociating these processes. Data was 

collected using a cognitive neuroscience approach, with a combination of cognitive behavioral 

measures, EEG, and MRI data.  

 

All three papers are aimed to examine the development of different ERPs from childhood to 

adulthood. The degree to which this has been studied varies greatly for the different ERPs, and 

even for the more commonly studied ERPs the developmental trajectories are often unclear. 

Many developmental EEG studies have rather small samples, and low statistical power makes 

detecting subtle age differences difficult, and also increases the likelihood for spurious findings 

(Button et al., 2013). By examining several different ERPs in a single, large developmental 

sample and using state-of-the-art methods for cleaning and processing data, it was our goal to 

help resolve some of the ambiguity surrounding functional brain development as studied with 

EEG. In the first sections of the discussion, I will discuss the associations found between age and 

the measured ERPs, cognitive behavioral performance, and trial-wise adaptations, respectively. 

Table 4 provides an overview of how the ERPs relate to these measures. After these overarching 

discussions of the results, I will discuss the relationships between the investigated 

electrophysiological measures, causes of individual and developmental electrophysiological 

differences, selected methodological considerations, and clinical implications. 
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 Paper ERP Age Task Performance Trial-wise adaptations 

Fr
on

ta
l 

N
eg

at
iv

iti
y II ERN Increase Higher Flanker RT and 

accuracy Greater PES 

III "Frontal Negative 
Component" None Faster Stroop RT, higher 

Anti-saccade accuracy None 

Pa
rie

ta
l 

Po
si

tiv
ity

 I P3b Increase Better oddball accuracy - 

II Pe None Higher Flanker accuracy None 

III "Parietal Positive 
Component" Increase None Greater congruency 

effect on reaction time 

O
th

er
 I P3a None Better oddball accuracy 

and RT - 

I N1 Decrease None - 

I P2 Decrease Worse oddball RT - 
Table. 4 Age and behavioral correlates of the ERPs examined in each study of the thesis. 

 

8.1 Age-related differences in EEG components/ERPs 

8.1.1 Frontal Midline ERPs 

In paper II, the ERN peaked at 32ms following response, while in paper III the frontal negative 

component peaked at 348ms after target presentation. Strength of the N2-like frontal negative 

component in paper III was not associated with age in our sample. The development of the N2 

from childhood to adulthood has not previously been studied (Lo, 2018), so a direct comparison 

to earlier literature is not possible. However, the lack of an age difference differs from what has 

been found for the N2 in children, where amplitude has generally been found to weaken with age 

(Lo, 2018). This might indicate that N2 amplitude stabilizes in late childhood or early 

adolescence after which it remains relatively stable, although a longitudinal study by Isbell, 

Calkins, Cole, Swingler, and Leerkes (2018) indicates it might even reach stability much earlier 

in childhood. In contrast, in paper II the ERN was found to be stronger for older adolescents. This 

is in line with earlier evidence for the ERN, which has been shown to grow stronger through 

childhood and continues this development through adolescence (Davies et al., 2004a; Davies et 

al., 2004b; Ladouceur et al., 2004; Santesso & Segalowitz, 2008; Santesso et al., 2006; Taylor et 

al., 2018). 
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If we buy into the idea that the N2 and ERN both reflect the same fundamental process, how can 

this be reconciled by the differing developmental trajectories observed? The results seem to 

suggest that there is some functional differentiation between the two. Another possibility is that 

the apparent divergence stems from how they are measured, as most studies on the ERN, 

including our own, have looked at scalp ERPs, while we used signal decomposition for the N2. 

Theoretically, a decomposed signal could provide a measure closer to the true latent N2 process, 

as scalp ERP measures would be affected by other, overlapping activity to a greater degree. If so, 

the apparent age relationships found in previous studies on the ERN might in fact reflect changes 

in separate, occluding processes. This question can be resolved by future studies directly 

comparing different methodologies. Even if future studies confirm that there exist distinct 

developmental trajectories for the N2 and ERN this does not falsify the assumption that they are 

very similar processes. The difference might lie in the degree to which this general, underlying 

process is needed, which is related to the demands of the task which again might change through 

development. For instance, if older adolescents use errors to adapt their behavior to a greater 

degree than younger participants, this will reduce their conflict on the following trials, meaning 

ERN will be large and N2 be reduced. If, in contrast, younger participants do not adapt their 

behavior following errors, ERN might already be low, while N2 would stay high due to conflict 

not being reduced. 

 

The decomposition of the electrophysiological data in paper I did not reveal anything resembling 

an N2 component. A study using a visual oddball paradigm by Kim, Kim, Yoon, and Jung (2008) 

decomposed their EEG data using ICA and similarly found no component that showed 

characteristics of the N2 consistently. However, another visual oddball study using ICA for 

decomposition did find a N2-like component (Antonakakis et al., 2016), so it is not clear whether 

an N2 component is to be expected with this paradigm. 

 

8.1.2 Late positive ERPs 
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In paper I we investigated age-related differences in early visual and P3 components. An 

independent component from the SOBI decomposition of the data with a positive maximum at 

464ms and 428ms post stimulus presentation for the distractor and target conditions was 

interpreted as the P3b. Of all the ERPs we studied, the P3b is probably the one where its 

developmental trajectory seems most clear from previous literature, with a large meta-analysis 

(van Dinteren et al., 2014b) and a large, independent study (van Dinteren et al., 2014a) both 

indicating an increased amplitude with age. The picture is a bit more complicated than this, 

however, as these conclusions are based on studies using auditory oddball task,s. For the P3 

measured in visual paradigms, the opposite has also sometimes been reported; namely a decrease 

in amplitude with increasing age (Berman, Friedman, & Cramer, 1990; Davies et al., 2001; 

Oades, Dmittmann‐Balcar, & Zerbin, 1997; Stige et al., 2007). These results would suggest that 

the P3 may have sensory-specific contributions (Segalowitz et al., 2010). Our results using a 

visual oddball task are in line with the results found for auditory oddball tasks and speak in favor 

of modality independence. 

 

In Paper III the parietal positive component associated with conflict processing had the same age 

association as the P3, being greater for older adolescents. This supports the assumption that this 

component reflects something akin to the P3b, despite the somewhat later latency. In Paper II the 

Pe was defined as the maximal peak between 140-400ms following an error response. In contrast 

to the P3 and parietal positive component of Paper I and III, there was no relationship between 

the amplitude of the Pe and age. This is in line with earlier studies which have found the Pe to 

remain stable from late childhood to adulthood (Davies et al., 2004b; Ladouceur et al., 2004; 

Wiersema, van der Meere, & Roeyers, 2007a). This can be interpreted as going against the 

assumption of equivalence between the Pe and P3. However, as with the N2 and ERN, this might 

possibly be explained by differences in task demands rather than a true functional difference 

between these ERPs. 

 

8.1.3 Explaining component differences 
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The conflict-related negativity elicited by the Flanker task in paper III peaked on average at 

348ms, so it peaks too late to be assuredly labeled as N200. However, it shares the same frontal 

midline characteristics as the N2 and still likely reflects the same underlying process of conflict 

processing. How can this difference in latency be explained? Firstly, large differences in latency 

between studies on the same ERPs is common. The P3, for instance, has been reported to peak 

anywhere from 300 to 900ms after stimulus presentation (Linden, 2005; Polich, 2007). Secondly, 

the sensory modality used influences the latency of the induced ERPs. For instance, the initial 

ERP response begins later for visual than for auditory stimuli because it takes time for the retina 

to accumulate enough protons to produce a reliable response (Luck, 2012). Lastly, the latency of 

certain ERPs is also influenced by how demanding the task is. For the P3, Polich (2007) suggests 

that more demanding tasks will result in longer latencies and smaller amplitudes, as cognitive 

resources are diverted to other processes necessary for task performance. In stimulus 

discrimination tasks such as oddball tasks, latencies can be assumed to be longer if targets and 

distractors are similar, as more detailed sensory information is needed to reach the threshold for 

successful discrimination. These various factors affecting latency is another argument why 

functionally dissociating ERPs of different experimental paradigms based on their absolute 

latency is problematic. It is probably more informative to put more weight on other properties of 

ERPs such as their frequency band, neural origins, and relative latency compared to other 

components. Based on these properties the late parietal positive components in our three papers 

look very similar. 

 

That the brain has not developed multiple, separate systems of conflict detection depending on 

the source of the conflict certainly seems the most parsimonious, although any hypothesis about 

the common function of ERPs will need to account for the differences as well as the similarities. 

One possibility for apparent differences between similar ERPs is that divergence in latency and 

sensory modality might result in the ERPs overlapping different types of neural activity. For 

instance, the apparent lack of a developmental increase in Pe amplitude could potentially be 

caused by overlapping negative activity that also grows stronger with age, that is specific to 

response locked trials and does not show up in common P3 paradigms. The use of signal 

decomposition for a large variety of ERP paradigms is one way to mitigate this potential 
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confound. As discussed previously, age differences in development might also be explained not 

by the ERPs being functionally different, but by the task demands that elicit them changing with 

age. 

 

8.2 Behavioral measurements 

In all papers, task performance improved with age for every behavioral task. This is not 

unsurprising due to the general improvements in cognitive abilities through adolescence. 

However, going from a score on a test to an index of some latent, cognitive process is by no 

means a direct translation, and is dependent on both questions of theory and practical matters of 

test design. The Stroop color-word inference task is for instance often described as a task of 

cognitive inhibition. However, it is affected by a wide variety of abilities, including psychomotor 

tempo, reading ability and motivation, which need to somehow be factored out. In the case of the 

Stroop task we controlled for the influence of such confounds by regressing out the score of the 

color-naming task. Even then it is unclear to what degree performance on the task reflects the 

ability to inhibit responses specifically, which can be better indexed by something like a stop-

signal task, and thus should be interpreted more generally as an index of interference control. For 

our other cognitive measures, we did not have a simple way to control for the influence of more 

basic processes than the ones we were interested in. For these reasons care will be taken when 

interpreting the results. 

 

On the Flanker task used in paper II and III, older adolescents showed decisively faster response 

times compared with younger participants. Task accuracy did however show a more complex 

pattern, being positively associated with age for congruent, but not incongruent trials. Correctly 

and quickly responding to incongruent trials is the main challenge of the Flanker task, and the 

fact that there is no age correlation with accuracy is surprising. One reason for how our findings 

differ from some of the previous research is that the Flanker task was set up in such a way that 

speed might have been encouraged over accuracy. Before the task, participants were asked to 

emphasize both speed and accuracy. However, participants were prompted on-screen to increase 

their response speed if it was slower than their average reaction time on their first 20 trials, but a 
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similar prompt was not used for accuracy. This might have prompted participants at performing 

close to their limit in terms of reaction time while sacrificing accuracy, leading to a strong 

correlation between age and reaction time, but not with accuracy for incongruent events. This 

might potentially be beneficial in that it would minimize the confound of older participants being 

less challenged by the task, which is known to influence ERP characteristics. However, it makes 

it more difficult to directly compare results with studies where accuracy and reaction time were 

stressed more equally.  

 

Both ERN and Pe amplitude were, independently of age, associated with accuracy on the Flanker 

task, with stronger amplitudes related to higher accuracy. This has previously been observed in 

adults for ERN (Westlye, Walhovd, Bjørnerud, Due-Tønnessen, & Fjell, 2008), and in children 

for both ERN and Pe (Torpey, Hajcak, Kim, Kujawa, & Klein, 2012). Also, a more negative ERN 

was associated with faster reaction times in our sample, consistent with earlier research on 

children (Torpey et al., 2012). Together, these results fit with the interpretation that both the ERN 

and Pe reflect processes that are functionally relevant for optimizing actions, and ultimately 

learning. In contrast, in Paper III neither the strength of the frontal negative or parietal positive 

components were related to Flanker task performance. In other words only the components 

specific to error processing seemed to affect performance, and not components indexing general 

conflict processing. Higher strength of the frontal negative component was however related to 

better performance on both the Stroop and anti-saccade tasks. Such an relationship between N2 

power and cognitive control function is the opposite of what was reported by Lamm, Zelazo, and 

Lewis (2006) who found a stronger N2 to be associated with weaker performance on Stroop and 

the Iowa Gambling Task in adolescents. However, our results are in line with studies using adult 

samples (Huster, Enriquez-Geppert, Pantev, & Bruchmann, 2014). 

 

8.3 Trial-wise adjustments 

In paper II when analyzing correct trials following both congruent trials and incongruent trials, 

both PES and PIA were positively associated with age, i.e. greater for older adolescents 

compared with younger participants. Similar tendencies were observed for the congruency effect 
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in paper III where the congruency effect on reaction time was greater for older participants, who 

showed a greater relative slowing on incongruent trials compared to congruent trials. The Gratton 

effect was also more marked for older participants, with a greater relative reaction time 

improvement on repeating congruent trials and a greater relative accuracy improvement on 

repeating incongruent trials. As a whole it thus seems like older adolescents are affected by trial-

wise adjustments to a greater degree. How should this finding be interpreted? It is tempting to 

label these adjustments as adaptive based on the simple fact of their relationship with age, as we 

expect cognitive functioning to improve through adolescence. However, if we disregard this 

tenuous relationship there are other ways to interpret these effects. A greater PES and Gratton 

effect might indeed be interpreted as more efficient trial-wise adaptations, but they might equally 

be interpreted as a heightened distractibility to task-irrelevant information. It is a significant leap 

to go from the observation that the Gratton effect increases through development to assuming that 

this increase is adaptive. Indeed, the opposite developmental trend has been observed, with Erb 

and Marcovitch (2018) reporting that the Gratton effect was greater for young children compared 

to older pre-adolescents and adults, which they interpreted as reflecting a greater susceptibility to 

conflict.  

 

Likewise, whether PES is adaptive is debated. If the slower reaction time after a response is a 

functional adaptation to prevent an error on the ensuing trial, PES should be related to PIA, and 

this is not always the case (Danielmeier & Ullsperger, 2011). It seems possible that PES reflects 

not one, but multiple overlapping processes, where strategic adaptations only come into play if 

there is sufficient time between the commission of an error and the presentation of the next trial 

(Wessel, 2018). What is observed might thus depend on the experimental parameters. Wessel 

(2018) suggests that a PIA might only occur when inter-trial intervals are a second or longer, with 

accuracy instead decreasing on post-error trials if the interval is short. Our results are in line with 

this interpretation as the interval between trials was greater than a second, and PES and PIA were 

positively correlated. 
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8.4 What causes individual and age-related differences in ERPs? 

This thesis has described and discussed how the characteristics of ERPs vary across development 

and between individuals, how these properties relate to behavior as well as described the 

proposed sources of specific ERPs. What has not been discussed are the lower-level mechanisms 

that drive these differences. What underlying causal factors give rise to variations in ERP 

characteristics between individuals? 

 

Firstly, ERP characteristics in individuals is highly influenced by genetic factors. In a study of 

adolescent twins, Anokhin, Golosheykin, and Heath (2008) found genetic factors to account for 

47% of variance in ERN amplitude and Van Beijsterveldt and Van Baal (2002) found a 

heritability for the morphology of the P3 of approximately 60%. The arousal level of the subject 

does have an influence on ERP characteristics, which is influenced by state variables such as 

sleep quality, body temperature and exercise (Polich & Kok, 1995). Individual differences in 

physiological qualities such as skull thickness and other anatomical features do however play a 

larger role (Frodl et al., 2001; Huster, Westerhausen, & Herrmann, 2011; van Dinteren et al., 

2014b). This might be of particular interest for developmental studies, where changes in such 

gross anatomical properties might potentially drive differences between age groups, confounding 

differences that might otherwise be attributed to brain functional developmental changes. 

 

Clearly, increasing skull thickness and density is not the whole story, as one would then expect 

the amplitude for all ERPs to decrease with age, which is not the case (Segalowitz et al., 2010). 

In the articles comprising this thesis, the only ERPs found to decrease with age were the early 

visual components N1 and P2, which decreased quite substantially. If we are to believe that these 

decreases are strongly influenced by increases in skull thickness it would imply that our 

estimations for the age changes of the other studied ERPs are grossly understated. This seems 

unlikely as such changes would act as a low pass filter, and EEG displays increasingly higher 

frequencies with age.  

 



45 
 

Increases in skull thickness have been reported in adolescence (Adeloye, Kattan, & Silverman, 

1975), but these changes are minor compared to changes during childhood (Segalowitz et al., 

2010). One study that compared head size and P3 amplitude in both children and adolescents 

found only small and inconsistent effects (Polich, Ladish, & Burns, 1990). As described in the 

introduction, the cortex undergoes developmental changes during adolescence, with regionally 

variable nonlinear decreases in cortical thickness, and a smaller steady decrease in cortical area 

(Tamnes et al., 2017). As ERPs index postsynaptic activity of neurons, it is not unreasonable to 

assume that such a large-scale morphing and pruning of their neural generators would have an 

effect on their measured properties. Measures of cortical thickness and area were included in 

paper I and paper II to examine whether individual differences in physical brain characteristics 

could explain differences in the recorded ERPs. 

 

In paper I a whole-brain analysis was used due to the wide distribution and unclear source of the 

P3. In paper I we found an age- and sex-independent positive association between the strength of 

the parietal P3 and cortical surface area in the left inferior temporal gyrus. The direction of the 

relationship is generally consistent with other studies of both children and adults, indicating 

positive associations between various cognitive functions and cortical surface area (Curley et al., 

2017; Fjell et al., 2012; Walhovd et al., 2016). As mentioned, the source of the P3 is not well 

established and P3 activity reflects a wide network of activation, including frontal, parietal and 

temporal regions. The fact that an effect is found in the inferior temporal gyrus is therefore not 

surprising. Intriguingly, though the inferior temporal gyrus has previously been implicated in 

generating the visual P3b. A combined fMRI/EEG study by Bledowski et al. (2004) that used a 

three-stimulus visual oddball task similar to the one used in our study found P3b to be generated 

by inferior temporal and parietal regions. In paper II, only the cingulate cortex was examined as it 

is clearly established as a source of the ERN (Buzzell et al., 2017; Ladouceur et al., 2007; 

Santesso & Segalowitz, 2008). Here no relationship was found between Pe or ERN and either 

cortical thickness and area of the cingulate cortex. From the lack of any cortical correlations in 

paper II and a specific, small finding in paper I it seems that cortical area and thickness do not 

play a major role in the strength of frontal midline or late positive ERPs; at least not for 

explaining the variance in a normal, healthy adolescent sample. It is worth keeping in mind, 
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however, that while our sample is large compared to most developmental ERP studies, in the 

world of MRI studies not using EEG our sample size is still modest. As such there is a real 

possibility that a higher-powered study might detect more subtle associations between the studied 

ERPs and cortical structure in a healthy sample. 

 

Beyond the changes in cortical surface area and thickness, how the cortex is folded likely has a 

major influence on ERPs. Folding of the cortex will influence how electrical signals are 

distributed on the scalp, including affecting recorded amplitudes due to signals originating within 

a fold going in opposite directions and cancelling each other out (Luck, 2005). In adults, Huster 

et al. (2014) found that greater cortical folding in the midcingulate cortex was related to a 

stronger N2, as well as better performance on a Stroop task. The cortex is known to flatten during 

adolescence, particularly in the frontal and occipital cortices (Alemán-Gómez et al., 2013), and 

examining how this change affects both ERP characteristics and behavior could be a fruitful 

venture for future research. 

 

If the difference in ERP amplitude beyond what is explained by gross anatomical differences and 

temporary state variables can be explained mainly by the amount of cognitive resources that are 

spent on a task (Luck, 2005), can it then be assumed that a greater ERP amplitude is an adaptive 

marker indicative of superior cognitive capacity? In other words, is bigger always better? 

Looking at the results of the thesis as a whole, are the observed age relationships in line with an 

asymmetric development pattern with a protracted development of frontal control mechanisms, as 

predicted by the dual process model? We certainly see a pattern where ERPs of earlier and more 

basic functions grow weaker through development, while later and more complex ERPs grow 

stronger. The early visual N1 and P2, which reflect basic aspects of working memory and 

information processing and have parieto-occipital generators, had significantly weaker 

amplitudes in older adolescents. The frontal midline ERPs, reflecting later and more complex 

processes of conflict processing remained stable for the N2 and showed a modest increase for the 

ERN. Finally, the late positive ERPs, reflecting late, complex processes related to awareness, 

strategic adjustment, and the cooperation of wide cortical networks were greater for older 

adolescents for the P3 and stable for the Pe. It thus seems that a greater amount of processing 
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power is being spent on later and more strategic processes, while less is spent on basic and 

automatic processes, perhaps due to the early processes becoming more efficient and/or being 

partially offloaded to controlled executive processes. 

 

8.5 Methodological considerations 

8.5.1 Study design 

An interpretive weakness in this thesis is that the designs of all three papers are cross-sectional, 

which means that we must be cautious of attributing the observed age differences to 

developmental changes due to a number of possible confounds. Any differences between 

participants of varying ages can potentially be explained by individual differences. This is a 

relatively minor problem if such differences are random, as this will simply add random noise, 

but if the age groups studied differ in some systematic way it becomes a major issue. In the 

ageing literature, cross-sectional and longitudinal studies have revealed markedly different 

trajectories of cognitive decline, which is attributable to cohort effects (Fjell & Walhovd, 2010). 

Although we would expect cohort effects such as differences in nutrition or the availability of 

education to be smaller in a developmental sample compared to a wide raging sample of adults 

and elderly, selection effects could also play a significant role. Older adolescents should be more 

autonomous than younger participants and their participation might to a larger degree be 

internally driven and not as influenced by the desires of their parents. Such predispositions might 

be influenced by the variables studied in this thesis, such as cognitive control. 

 

8.5.2 Sex differences 

Another potential between-subject difference that was not examined was sex. In their review on 

the P3 in development, van Dinteren et al. (2014b) found males to have higher P3 amplitudes on 

average, though this effect was minor. A large study on healthy adults found that males had 

significantly greater ERN amplitude than females, while females had greater post-error slowing 

(Fischer, Danielmeier, Villringer, Klein, & Ullsperger, 2016). Similar results were reported on 

the N2 by Clayson, Clawson, and Larson (2011), which again found a greater amplitude for 
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males. Clayson found that males and females did not differ in N2 conflict adaptation effects. For 

post-error effects Fischer et al. (2016) found increased PES for females while Clayson et al. 

(2011) found no differences in conflict adaptation. Since we had an equal sex distribution we 

believe that such effects should not have a major influence on our results, but as adolescence is a 

period of greater differentiation between the sexes in general, not looking into sex differences 

might potentially be a missed opportunity. We did however control for the effect of sex in our 

analyses of cortical structure, as sex is known to be associated with e.g. absolute surface area 

(Paus et al., 2010; Vijayakumar et al., 2016). For future studies of sex differences in 

electrophysiological measures, it might also be interesting to go beyond mean level differences, 

as recent results on brain structural measures indicate sex differences in variability (Wierenga, 

Sexton, Laake, Giedd, & Tamnes, 2017). 

 

8.5.3 Age as an explanatory variable 

Age is a very useful measure, as it provides a linear scale that can be measured throughout life 

with great reliability and used as a proxy measure of maturation in development. When studying 

early development or senescence, age is often treated as an explanatory variable that is in itself 

the driving mechanism behind changes such as the improvement of cognitive abilities through 

childhood or brain atrophy in aging. However, it is worth noting that the progress of time itself is 

not a direct causal factor, but rather a dimension along which a host of different factors vary. Age 

is highly related to factors such as brain structure, and a study by Brown et al. (2012) was able to 

predict the age of participants with 92% accuracy using multimodal MRI. The fact that age 

correlates so highly with so many different variables makes it difficult to interpret inter-

individual differences within participant groups of varying ages. The temporal co-occurrence of 

multiple different developmental trends means that any correlation between two variables that 

change with age might potentially be explained by the change in any other age-related variable 

(Salthouse, 2011; Westerhausen et al., 2018). To combat this issue, we controlled for age in all 

analyses save the direct analyses of age effects themselves. This addresses the issue of age related 

confounds, but the corrected results will not reflect a direct developmental effect. The results can 

be interpreted as differences in relative maturation within the age groups but might also reflect 

other types of individual differences. 
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8.5.4 Variability in ERP extraction 

As has been touched upon in earlier sections, the differing methods of ERP extraction between 

our papers make some comparisons more difficult. In paper I and III, decomposition was used to 

estimate components with statistically distinct topographies and time courses, from which areas 

around peak component strength was extracted. In paper II a more traditional approach was used 

where the area around amplitude peaks were extracted from selected averaged clusters of 

electrodes. As discussed in the methods section, this was done due to the large variability in error 

trials making decomposition impractical. The components from the decomposition should 

theoretically be purer measures of the true latent processes of interest, while the simple peak 

extractions are likely to reflect a mix of multiple components. Therefore, differences seen in 

behavioral and age correlations between components and peak amplitudes can potentially be 

attributed to variations in other signals overlapping the ERPs. We tried to reduce this issue by 

also looking at difference waves, which removes activity shared between conditions. 

 

8.5.5 ERP latencies. 

Many ERP studies have not used solely the amplitude of ERPs in their analyses, but also their 

latency, which is not something that was done in any of the studies comprising this thesis. The 

timing of ERPs can give information about the speed and efficiency of various types of cognitive 

processes. Several studies have examined the development of ERP latencies, and most ERPs 

seem to decrease in latency through development (Segalowitz et al., 2010; van Dinteren et al., 

2014b). One reason why we did not focus on latencies is that they are highly sensitive to noise. 

For instance, for broad and flat peaks, high-frequency noise may cause the peak to shift far from 

the middle of the waveform (Luck, 2005). These issues become especially problematic in more 

noisy samples, as can be expected with children. Also, peak latency will shift systematically 

towards the middle of the selected time window for randomly distributed noise (Luck, 2005). In 

developmental samples this means that relationships between age and peak latency can be 

confounded by systematic effects caused by age-related noise differences. The same issues also 

apply to peak amplitudes, but here we can reduce the impact by summing the area surrounding 
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the peak, as we did. The use of decomposition is also highly beneficial in this regard, as much of 

the noise will be accounted for by separate components. It is possible to limit the influence of 

noise on ERP latencies by using fractional area latency, which involves finding the point that 

divides a peak in two halves of equal summed activity. However, this technique tends to create 

large distortions unless the measured ERPs are large, broad and with little overlap of other 

components, which limits its usability (Luck, 2005). 

 

8.6 Clinical implications 

All ERPs studied in this thesis reflect core cognitive processes that provide some of the essential 

building blocks upon which most abilities of attention and executive control are built. Though the 

data is based on normally functioning healthy participants, it is impossible to establish what is 

abnormal without first establishing what is normal. As this thesis has hopefully made clear, there 

are still a lot of unanswered questions when it comes to what constitutes normal development, as 

well as what concrete processes the ERPs reflect. 

 

Is it possible to define what patterns of brain activity are optimal for cognitive functioning and 

mental health? From our results it seems that stronger frontal midline ERPs in adolescents signify 

an improved capacity for cognitive control, so can we simply conclude that bigger is better in this 

case? Such broad conclusions are problematic, as the ERPs studied signify basic and universal 

processes that underlie a variety of cognitive functions. Mental health can in many cases be 

defined on a spectrum, with mental disorders occupying the extremes of the distribution of the 

process or behavior being studied. For instance, arousal induced by noradrenergic responses in 

the locus coeruleus might facilitate behavior, but at higher limits this can lead to distractibility 

and anxiety (Aston‐Jones & Cohen, 2005). Whether increased frontal theta activity is beneficial 

will depend on the context, much like an elevated blood pressure being adaptive for strenuous 

physical activity, but maladaptive at rest. Perhaps reflective of such a baseline elevation, 

individuals with higher levels of dispositional anxiety show enhanced frontal midline activity, for 

both the N2, ERN and FRN, when performing emotionally neutral cognitive control tasks 

(Cavanagh & Shackman, 2015). Anxiety disorders might indeed be related to an overactive 
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action monitoring system (Ladouceur et al., 2018). According to the Adaptive Control 

Hypothesis, cingulate activity indexed by frontal theta reflects control processes that optimize 

uncertainties about instrumental actions and their potentially aversive outcomes (Shackman et al., 

2011). According to this hypothesis, the processes of cognitive control are very much connected 

to processes of negative affect and pain. Seen in light of the Dual Systems Model's prediction of 

the relative dominance of such early developing structures in the transition from childhood to 

adulthood, this could be a contributing factor to the high incidence of anxiety and depression in 

adolescence (Paus, Keshavan, & Giedd, 2008). 

 

Late positive ERPs are also implicated in aspects of mental health. Reduced P3b amplitude has 

for instance been reported in patients with schizophrenia, and the failure of the communication 

and coordination enabled by delta-wave ERPs might be responsible for a wide range of problems 

in schizophrenia (Ford, Roach, Hoffman, & Mathalon, 2008). Schizophrenia tends to appear in 

adolescence and early adulthood (Paus et al., 2008), and the protracted development of the P3 we 

see in our sample might play into this. An explanation might even be that the neurological 

changes involved in the onset of schizophrenia might be an exaggeration of typical changes seen 

during development (Feinberg, 1982; Paus et al., 2008; Rapoport, Giedd, & Gogtay, 2012). If so, 

understanding normal development is of prime importance if one wants to understand and 

potentially prevent psychotic disorders. Reduced P3b amplitude in adolescence is also associated 

with other problems, such as externalizing disorders, ADHD and an elevated risk for alcoholism 

(Barry, Johnstone, & Clarke, 2003; Hesselbrock, Begleiter, Porjesz, O'Connor, & Bauer, 2001; 

Hicks et al., 2007). 

 

It thus seems like ERPs can potentially be useful biomarkers of certain mental disorders. This 

begs the question if these ERP characteristics change following therapy or medicinal treatment. 

Current research does not seem to support this hypothesis, with heightened ERP amplitudes being 

shown to remain unchanged following treatment for anxiety disorders and for OCD (Carrasco et 

al., 2013; Hajcak, Franklin, Foa, & Simons, 2008; Kujawa et al., 2016; Ladouceur et al., 2018). 

In addition to this, Ladouceur et al. (2018) found that reported worry about performance on the 

Flanker task also remained unchanged following therapy. Ladouceur et al. (2018) suggest this 
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implies that the symptoms of anxiety targeted during treatment and that which is indexed by ERN 

are parallel processes, and that anxiety disorders can be made more effective by targeting this 

separate process through for instance neurofeedback or exposure sessions that habituate patients 

to making errors in the context of negative feedback. To what degree the specific aspects of 

mental disorders can be targeted therapeutically remains an open question, but the ability of 

neuroscientific tools such as EEG to capture aspects of cognitive and emotional processes that go 

beyond what can be discerned through insight alone certainly makes this an intriguing target for 

future research. 

 

8.7 Conclusions 

In paper I our results suggested that the P3 increases in strength with increasing age through 

adolescence, while the early visual activity of the N1 and P2 become weaker with increasing age. 

We found that a stronger P3 and a weaker P2 was associated with improved task performance on 

a visual oddball task, independently of age. Strength of the P3 was also, independently of age, 

associated with larger cortical surface area in the inferior temporal gyrus for the left hemisphere. 

We suggest that the results reflect functional brain maturation in terms of increasing brain 

responses to task-relevant stimuli, reflective of a more mature and efficient visual attention 

system. 

 

In paper II our results indicated that ERN amplitude grows stronger through adolescence, while 

Pe amplitude remains relatively stable. For both ERPs, higher amplitudes were age-independently 

associated with greater task performance on the Flanker task. Moreover, our results suggest that 

PES and PIA increase with age, and a stronger ERN amplitude was associated with greater PES. 

We did not find any significant associations with regional cingulate cortex thickness or area for 

either the ERN or Pe. 

 

In paper III our results indicated that the N2-like conflict related frontal negative component does 

not change through adolescence, while the P3-like parietal positive component grows stronger. A 
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stronger frontal negative component was associated with superior interference control, 

independently of age. Higher age was associated with conflict having a larger impact, with 

greater relative slowing on conflict-inducing trials of the Flanker task. We found a Gratton effect 

in our sample, with accuracy increasing and reaction time decreasing for Flanker trials of the 

same congruency relative to trial sequences that did not repeat. Higher age was associated with a 

larger Gratton effect for accuracy. 

 

Combined, our results provide a comprehensive cross-sectional description of the maturation of 

central processes of cognitive control and attention, including electrophysiological markers and 

behavioral trial-wise adjustments, across adolescence. In sum, our results seem to indicate that 

development through adolescence is marked by a weakening of activity related to early and basic 

processes of attention and a corresponding strengthening of activity related to later and more 

controlled and strategic processes. This development happens in parallel with—and is likely 

linked to—improvements in cognitive control and more pronounced trial-wise behavioral 

adaptations. 

 

Our findings still leave many open questions, and much future research using a variety of 

methods will be needed to chart and understand the functional brain development of attention and 

cognitive control. Longitudinal studies will be especially useful in this regard, as will be 

multimodal studies using a combination of functional, structural and behavioral measures. 
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Abstract
Maturation of attentional processes is central to cognitive development. The electrophysiological P300 is associated with 

rapid allocation of attention, and bridges stimulus and response processing. P300 is among the most studied and robust 

electrophysiological components, but how different subcomponents of the P300 develop from childhood to adulthood and 

relate to structural properties of the cerebral cortex is not well understood. We investigated age-related differences in both 

early visual and P300 components, and how individual differences in these components are related to cortical structure in a 

cross-sectional sample of participants 8–19 years (n = 86). Participants completed a three-stimulus visual oddball task while 

high-density EEG was recorded. Cortical surface area and thickness were estimated from T1-weighted MRI. Group-level 

blind source separation of the EEG data identified two P300-like components, a fronto-central P300 and a parietal P300, as 

well as a component reflecting N1 and P2. Differences in activity across age were found for the parietal P300, N1 and P2, 

with the parietal P300 showing stronger activity for older participants, while N1 and P2 were stronger for younger partici-

pants. Stronger P300 components were positively associated with task performance, independently of age, while negative 

associations were found for P2 strength. Parietal P300 strength was age-independently associated with larger surface area in 

a region in left lateral inferior temporal cortex. We suggest that the age differences in component strength reflect develop-

ment of attentional mechanisms, with increased brain responses to task-relevant stimuli representing an increasing ability 

to focus on relevant information and to respond accurately and efficiently.

Keywords Adolescence · Attention · Cognitive development · Electrophysiology · P3 · Surface area

Introduction

From childhood to adulthood, the brain undergoes both com-

plex changes in functional activation patterns and multifac-

eted regional changes in structural architecture (Blakemore 

2012; Jernigan et al. 2011; Segalowitz et al. 2010). These 

maturational processes are associated with improved cogni-

tive performance, where attentional development plays a key 

role (Rueda 2013). The ability to rapidly allocate attention 

can in part be indexed by the electrophysiological compo-

nent P300 (Polich 2007). Previous developmental studies 

of P300 components have yielded inconsistent findings on 

the effects of age. Also, there are no studies on the relation-

ships between P300 and brain structure during development. 

In this study, we examined age-related differences in the 

strength of the P300 and the early visual components that 

precede it, and how these components are related to both 

task performance and structural properties of the cerebral 

cortex.

The P300 is an endogenous positive-going event-related 

potential elicited in tasks requiring stimulus discrimination, 

regardless of sensory modality (Polich 2007; Sutton et al. 

1965; Twomey et al. 2015). It is produced when attending to 

a stimulus and is often interpreted as the first major compo-

nent of controlled attention (Segalowitz and Davies 2004). 

However, some argue that earlier components might also 

reflect aspects of top-down attention, such as the visual N1 
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(Enge et al. 2011) and P2 (Sugimoto and Katayama 2013). 

Following these early visual components, the P300 peaks 

sometime after 300 ms (milliseconds) (Linden 2005; Polich 

2007). The P300 is thought to reflect several overlapping 

cognitive processes and has been suggested to represent 

updating of stimulus representations (Donchin 1981; Polich 

2007), activation of a global conscious workspace (Dehaene 

et al. 2003), and inhibition of extraneous brain activation to 

facilitate memory processing (Polich 2004). It is not solely 

related to the stimulus or the response to the stimulus but is 

assumed to be an integrative component bridging the two 

(Verleger 2010). Moreover, there are also several lines of 

research indicating that the P300 can be broken down into 

various subcomponents such as the P3a and P3b. In addi-

tion, principal component analysis (PCA) or independent 

component analysis (ICA) can be used to decompose the 

P300 (Eichele et al. 2011; van Dinteren et al. 2017).

Changes in absolute P300 amplitude from childhood to 

adulthood might reflect improved allocation of cognitive 

resources (van Dinteren et al. 2014b). The P300 signal’s 

association with executive functions, such as attentional 

control and inhibition, makes it a suitable target for study-

ing functional brain development over adolescence, a period 

when these cognitive functions are still developing rapidly 

(Crone and Steinbeis 2017; Huizinga et al. 2006). Several 

cross-sectional developmental studies have examined age-

related differences in P300 components, and the oddball 

paradigm is the most commonly used experimental task 

(Davies et al. 2004; DeBoer et al. 2005). These studies 

generally suggest that P300 amplitudes increase with age, 

as shown in a meta-analysis and two large cross-sectional 

studies on auditory P300 components by van Dinteren and 

colleagues (van Dinteren et al. 2014a, b) (see also studies 

on auditory or visual components by Brinkman and Stauder 

2008; Johnstone et al. 2007; Mullis et al. 1985). However, 

for the P300 measured in visual paradigms, the opposite 

has also sometimes been reported, namely, a decrease in 

amplitude with increasing age (Berman et al. 1990; Davies 

et al. 2004; Mahajan and McArthur 2015; Oades et al. 1997; 

Stige et al. 2007). It has thus been suggested that the P300’s 

development is modality specific (Segalowitz et al. 2010). 

All studies mentioned used some variant of extracting EEG 

amplitudes from set time windows. However, since the P300 

potential is driven by signals of multiple temporally and spa-

tially overlapping sources (van Dinteren et al. 2017), P300 

potential amplitudes may sometimes be difficult to interpret 

(Huster et al. 2015). This might be further complicated by 

possible developmental shifts in P300 source location and 

latency (Polich 2007; Segalowitz et al. 2010). In the present 

study, we aimed to address these complicating phenomena 

by decomposing the signals using a blind source separa-

tion algorithm that is robust to topography and latency dif-

ferences across individuals (Huster et al. 2015), and thus 

provide a clearer picture of age-related differences in P300 

components, as well as early visual components, from child-

hood to adulthood. In contrast to the P300, early visual com-

ponents such as the N1 and P2 have consistently been shown 

to decrease in amplitude through adolescence (Itier and Tay-

lor 2004; Tomé et al. 2015; Ponton et al. 2000).

Multiple brain regions are known to contribute to P300 

generation (Friedman 2003). Source localization studies 

indicate that multiple frontal and parietal brain regions (Boc-

quillon et al. 2011; Wronka et al. 2012), as well as temporal 

and parieto-occipital cortices are involved (Halgren et al. 

1995; Mahajan and McArthur 2015; Smith et al. 1990). P3a 

sources seem to be situated more anteriorly than those of the 

P3b (Bocquillon et al. 2011; Wronka et al. 2012). A previous 

study of adults found higher P300 amplitudes to be related to 

greater cortical thickness in temporo-parietal and orbitofron-

tal cortices, but only in older adults (Fjell et al. 2007). No 

previous studies have investigated the relationships between 

the P300 components and brain structure in development.

In the present study, we investigated age-related differ-

ences in both early visual and P300 components, and how 

individual differences in these components relate to task 

performance, and cortical surface area and thickness. We 

analyzed electroencephalography (EEG) recorded during a 

three-stimulus visual oddball paradigm and structural mag-

netic resonance imaging (MRI) data from 86 children and 

adolescents (ranging from 8 to 19 years). Group-level blind 

source separation was applied to the EEG data to estimate 

independent components of brain activity, and FreeSurfer 

was used to estimate vertex-wise cortical surface area and 

thickness. We expected the EEG decomposition to result in 

one or more components representing the P300. In line with 

recent large studies and a meta-analysis that have shown 

P300 amplitudes to increase until young adulthood (van 

Dinteren et al. 2014a, b), we expect the P300 components 

to be stronger for older participants, reflecting age-related 

increases in brain responses to task-relevant stimuli. How-

ever, negative age-relationships for our visual P300 compo-

nents would lend credence to the hypothesis of modality-

specific developmental patterns, as this has been reported 

in some studies using visual paradigms (Segalowitz et al. 

2010). We also expect task performance to improve with 

age, and to be positively correlated with the strength of the 

P300 components. In the age-range studied, cortical thick-

ness decreases substantially, while surface area increases 

during childhood and is relatively stable during adolescence 

(Amlien et al. 2014; Brown et al. 2012; Raznahan et al. 

2011; Tamnes et al. 2017; Vijayakumar et al. 2016). Based 

on this, we tentatively hypothesize that stronger P300 com-

ponents would be related to thinner cortex and larger cortical 

surface area in regions associated with P300 generation. Due 

to the wide cortical distribution of possible sources of the 

P300 components, and the sparse literature on relationships 
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between P300 and cortical structure, these analyses were 

explorative and performed on a vertex-wise level across the 

cortical surface. Relationships between P300 strength, and 

both task performance and cortical structure are predicted 

to hold when controlling for age, reflective of individual 

differences in the phase of functional brain development.

Materials and methods

Participants

Children and adolescents between 8 and 19 years of age were 

recruited to the research project Neurocognitive Develop-
ment (Tamnes et al. 2010; Østby et al. 2009) through news-

paper advertisements, and local schools and workplaces. 

Written informed consent was provided by all participants 

over 12 years, as well as from a parent or guardian of par-

ticipants younger than 18 years. Oral informed assent was 

obtained from participants younger than 12 years. The study 

was approved by a Norwegian regional committee for medi-

cal and health research ethics. Participants aged 16 years or 

older and a parent completed standardized health interviews 

regarding each participant. Exclusion criteria included pre-

mature birth, a history of injury or disease known to affect 

central nervous system (CNS) function, ongoing treatment 

for a mental disorder, use of psychoactive drugs known to 

affect CNS functioning, and MRI contraindications. Partici-

pants were also required to be right-handed, fluent Norwe-

gian speakers, and to have normal or corrected-to-normal 

hearing and vision. A total of 100 children and adolescents 

fulfilled these criteria, completed the EEG recording and 

MRI scanning described below, and were by a neuroradi-

ologist deemed free of significant brain injuries or condi-

tions. Data sets from 12 participants were excluded from 

analyses due to noisy EEG recordings. Two further subjects 

were excluded due to behavioral test criteria (described in 

the next section). The final sample for our analyses thus 

included 86 participants (43 female) aged 8.2–19.7 years 

(mean = 14.4, SD = 3.5). Mean ages for males (14.1 years, 

SD = 3.6) and females (14.7 years, SD = 3.4) were not sig-

nificantly different (t = 0.76, p = .46). Mean IQ, as estimated 

by the four-subtest form of the Wechsler Abbreviated Scale 

of Intelligence (Wechsler 1999), was 109.7 (SD = 10.9, 

range = 82–141). IQ scores were not significantly corre-

lated with age (r = .19, p = .076), nor did IQ significantly 

differ between males (mean = 111.1, SD = 12.1) and females 

(mean = 108.4, SD = 9.5, t = 1.2, p = .236).

Stimuli and task

EEG was recorded during a three-stimulus visual oddball 

paradigm (Fig. 1). The task was administered using the 

E-Prime software and presented on a 19-inch computer 

screen with a viewing distance of approximately 80 cm, and 

responses were obtained on a PST Serial Response Box. 

Stimuli were presented on a black screen for 1 s, with a 2-s 

interstimulus interval during which a white fixation cross 

was presented. Target and standard stimuli were both blue 

ellipses, with a height and width of 17.5 × 14.5 cm for the 

target and 15 × 12 cm for the standard stimulus. The distrac-

tor stimulus was a large blue rectangle of 21 × 17 cm. The 

Fig. 1  Schematic illustration of 
the visual oddball task. Partici-
pants were asked to respond by 
button presses to target stimuli 
(25 ellipses) and ignore other 
stimuli. These included standard 
stimuli (200 smaller ellipses), 
as well as distractor stimuli (25 
rectangles)
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resulting visual field was about 9° × 7°, 10° × 8°, and 12° 

× 10° for the standard, target, and distractor stimuli, respec-

tively. Participants were told that they would be shown small 

and large blue circles and instructed to respond by key press 

when presented with the large circle, and not respond to any 

other stimuli. All participants first completed a short practice 

block consisting of ten trials (seven standard, three target). 

The instructions were then repeated before participants com-

pleted the main task block, which consisted of a total of 250 

stimuli presented in pseudorandomized order (200 standard, 

25 target, 25 distractor). Data sets were included in the final 

analysis when a minimum of 75% hits on target trials and 

a maximum of 30% responses to standards or distractors 

were scored. Two participants were excluded due to having 

too few hits. This experimental paradigm is a variation of 

one used by Comerchero and Polich (1999), which has been 

shown to elicit both P3b and P3a event-related potentials 

(ERPs) (Polich 2004), and which we have used in previous 

developmental and aging studies (Fjell et al. 2007, 2009; 

Stige et al. 2007).

EEG data acquisition

Participants performed the task in an electrically shielded 

room while seated in a comfortable high-back chair. The 

electrophysiological recordings were done using 128 EEG 

channels with an electrode placement according to the 10% 

system (EasyCap Montage No. 15, http://www.easyc ap.de/). 

The sampling rate during recording was set to 1000 Hz. The 

electrodes used were EasyCap active ring electrodes (Ag/

AgCl) with impedance conversion circuits integrated into 

the electrode housing that allows high-quality recordings 

even with high electrode impedance values, thus reducing 

preparation time and noise. The signals were amplified via 

a Neuroscan SynAmps2 system and filtered online with 

40-Hz low-pass and a 0.15-Hz high-pass analog filters prior 

to digitization and saving of the continuous data set. Dur-

ing recording, all electrodes were referenced to an electrode 

placed on the left mastoid. Vertical eye blinks were recorded 

with one electrode above and one electrode below the left 

eye, and a ground electrode was placed anteriorly on the 

midline.

EEG data processing

Initial pre-processing of the EEG data was done using 

the Curry 7 neuroimaging suite (http://compu medic sneur 

oscan .com/curry -neuro imagi ng-suite /). The continuous 

EEG data of each subject were visually inspected to iden-

tify noisy electrodes, which were then interpolated as the 

mean of its eight nearest neighboring electrodes (excluding 

noisy neighboring electrodes). Data from 12 participants 

were excluded due to noise that could not be corrected 

through this interpolation procedure. This included data 

where noisy electrodes were clustered together, making 

interpolation from clean electrodes impossible, as well as 

cases where large portions of the data contained move-

ment artifacts. The continuous EEG was then filtered from 

1 to 20 Hz. Eye-blink artifacts were corrected for using 

a regression-based approach as implemented in CURRY. 

The data sets were then segmented into 900-ms epochs, 

starting 100 ms before each stimulus presentation. Epochs 

were baseline corrected relative to the 100 ms time win-

dow preceding stimulus presentation.

Group-level blind source separation was applied to esti-

mate a single set of components that capture the represent-

ative activity from neural sources commonly expressed 

across the whole sample (Huster et al. 2015). To do so, 

an equal number of trials were extracted from each par-

ticipant. 19 trials from the target condition, 19 trials from 

the distractor condition, and 38 from the standard condi-

tion were randomly selected for each subject. Only trials 

with correct responses to targets and without false-positive 

responses to distractor or standard stimuli were included in 

the analysis. The group decomposition procedure requires 

the same number of trials per condition and subject, and 

thus the number of trials extracted per condition was deter-

mined based on the number of correct trials that further 

survived artifact correction. In addition, the number of 

standard trials was chosen to match the total number of 

distractor and target trials to avoid biases in the estima-

tion procedure. Then, group-SOBI (second-order blind 

identification; Belouchrani et al. 1997) was applied to the 

EEG, preceded by two consecutive principal component 

analysis steps (PCA; single subject and group level) as a 

means of data reduction (Eichele et al. 2011; Huster et al. 

2015). First, for each participant, all trials were vertically 

concatenated and z-standardized over channels, resulting 

in a two-dimensional matrix with electrodes as rows and 

time-points as columns spanning all 76 selected trials. 

This matrix was then entered into a subject-specific PCA. 

4 PCs were selected from each participant, on average 

accounting for 70% of the variance in the single-subject 

data. 70% was chosen as a threshold because higher cutoffs 

resulted only in more noisy components without changing 

the main, stable components. These four components were 

extracted from each subject’s data, concatenated vertically 

(along the dimension originally representing channels), 

and entered into a second, group-level PCA. Again, four 

group-PCs were extracted and subjected to SOBI (with 

temporal lags up to 50 data points or 100 ms), resulting 

in four group-level component time-courses. Finally, to 

examine between-subject differences in the group-level 

components, single-subject activation of those components 

were reconstructed by matrix multiplication of the origi-

nal single-subject EEG time-courses with the demixing 
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matrices resulting from the two preceding PCA’s and 

SOBI (see Eichele et al. 2011; Huster et al. 2015; Huster 

and Raud 2018 for details).

We then selected components for further analysis best 

capturing those ERPs clearly elicited in this paradigm: N1, 

P2, P3a and P3b. These were identified by visually inspect-

ing the component scalp distributions and the timing of com-

ponent peaks. This led to the selection of three components 

(see below). In each of these components, we identified 

peaks of interest and then extracted the area under the curve 

from a 40-ms time window surrounding each peak of interest 

for each experimental condition for further statistical analy-

sis (hereafter referred to as time frames). The summed area 

under the curve in each time frame will hereafter be referred 

to as that component’s strength. This measure of component 

strength is conceptually somewhat similar to ERP amplitude. 

However, a component’s strength is in arbitrary units and the 

direction of the component deflections does not necessarily 

reflect the charge of the amplitudes in the EEG data.

MRI acquisition

MRI data were acquired using a 1.5 T Siemens Avanto 

scanner (Siemens Medical Solutions) with a 12-channel 

head coil. For the morphometric analyses, we used a 3D 

T1-weighted MPRAGE pulse sequence with the following 

parameters: TR/TE/TI/FA = 2400 ms/3.61 ms/1000 ms/8°, 

matrix 192 × 192, field of view = 240, 160 sagittal slices, 

voxel size 1.25 × 1.25 × 1.20 mm. Duration of the sequence 

was 7 min 42 s. A minimum of two repeated T1-weighted 

sequences were acquired. All images were screened imme-

diately after data acquisition and rescanning was performed 

if needed and possible. The protocol also included a 176-

slice sagittal 3D T2-weighted turbo spin-echo sequence 

(TR/TE = 3390/388  ms) and a 25-slice coronal FLAIR 

sequence (TR/TE = 7000–9000/109 ms) to aid the radio-

logical examination.

MRI data processing

For each participant, the T1-weighted sequence with best qual-

ity as determined by visual inspection of the raw data was 

chosen for further analysis. Whole-brain volumetric segmen-

tation and cortical reconstruction was performed with Free-

Surfer 5.3, an open source software suite (http://surfe r.nmr.

mgh.harva rd.edu/). The details of the procedures are described 

elsewhere (Dale et al. 1999; Fischl 2012; Fischl et al. 1999, 

2002). Briefly, the processing includes motion correction, 

removal of non-brain tissue, automated Talairach transfor-

mation, segmentation of structures, intensity normalization, 

tessellation of surfaces, automated topology correction, and 

surface deformation to optimally place tissue borders. Cortical 

surface area (white matter surface) maps were computed by 

calculating the area of every triangle in the tessellation. The 

triangular area at each location in native space was compared 

with the area of the analogous location in registered space 

to give an estimate of expansion or contraction continuously 

along the surface (“local arealization”) (Fischl et al. 1999). 

Cortical thickness maps for each subject were obtained by 

calculating the distance between the cortical gray matter and 

white matter surface at each vertex (Fischl and Dale 2000). 

The maps produced are not restricted to the voxel resolution of 

the original data and are thus capable of detecting submillim-

eter differences. All processed scans were visually inspected 

in detail for movement and other artifacts. Minor manual edits 

were performed by trained operators on eight subjects, usually 

restricted to removal of non-brain tissue included within the 

cortical boundary. All scans were deemed sufficiently free of 

movement noise to be included. Before statistical analyses, the 

surface maps for cortical area and thickness were smoothed 

with a Gaussian kernel of full-width at half maximum of 

15 mm.

Statistical analysis

Descriptive statistics and Pearson’s correlation were used to 

characterize the sample and task performance, and to test how 

task performance was associated with age. Pearson’s corre-

lation coefficients were computed to assess the relationships 

between a component’s strength and age. Partial correlations 

were computed between a component’s strength and task per-

formance, controlling for age, to rule out task improvement 

due to maturation in general and thus examine individual dif-

ferences in the maturational processes indexes by the measured 

components.

Surface-based cortical analyses were performed vertex 

wise (point-by-point) using general linear models, as imple-

mented in FreeSurfer 5.3. Main effects of the strength of each 

extracted component on cortical structure were tested, while 

controlling for the effects of sex and age. Separate analyses 

were performed for cortical surface area and thickness maps. 

The data were tested against an empirical null distribution of 

maximum cluster size across 10,000 iterations using Z Monte 

Carlo simulations as implemented in FreeSurfer (Hagler et al. 

2006; Hayasaka and Nichols 2003) synthesized with a cluster-

forming threshold of P < .001, yielding clusters corrected for 

multiple comparisons across the surfaces. Clusterwise cor-

rected P < .01 was regarded significant. Mean vertex-wise 

cortical surface area or thickness values were then extracted 

from each significant cluster.
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Results

Task performance

Participants responded correctly to an average of 94% 

(SD = 0.07, range = 0.76−1.00) of targets with an 

average median reaction time of 669  ms (SD = 111, 

range = 346–989). Standard and distractor stimuli were 

incorrectly responded to 2% (SD = 0.04, range = 0.00–0.29) 

and 1% (SD = 0.02, range = 0.00–0.12) of the time, respec-

tively, and with average median reaction times of 780 ms 

(SD = 192, range = 346–1377) and 591  ms (SD = 127, 

range = 439–881), respectively. The number of correct 

responses (hits) was positively correlated with age (r = .28, 

p = .009), while the number of false positives by responding 

to standard stimuli, but not to distractor stimuli, was nega-

tively correlated with age (r = − .30, p = .004 and r = .047, 

p = .669). Reaction times for correct responses to target and 

incorrect responses to both standard and distractors were 

significantly related to age, with older participants having 

faster reaction times (Target: r = − .62, p < .001; Standard: 

r = − .33, p = .009; Distractor: r = − .49, p = .010).

EEG decomposition

The SOBI decomposition of the EEG epochs yielded four 

components (Fig.  2). We visually selected those three 

components that best reflected early visual or P300-like 

processing as inferred from both component topographies 

and activity patterns. A total of four peaks of interest were 

identified for components from 2 to 4, with peak latency 

defined separately for each experimental condition. These 

were the early positive and the early negative peaks of com-

ponent 2 (target: 132 ms/216 ms, distractor: 132 ms/222 ms, 

standard: 133 ms/216 ms), likely representing the visual N1 

and P2; the second positive peak of component 3 (target: 

346 ms, distractor: 304 ms, standard: 312 ms), presumably 

representing a fronto-central P300; the large positive peak of 

component 4 (target: 464 ms, distractor: 428 ms, standard: 

328 ms), likely represents a parietal P300. The assumptions 

about the nature of each component are based on their loca-

tions on the scalp, the degree of difference between experi-

mental conditions, and the similarity in timing and appear-

ance to the ERPs expected from the experimental paradigm. 

The sign of each SOBI component peak is not indicative of 

the amplitude charge in the raw data before the decomposi-

tion. The actual amplitude of a component after its back-

projection to the EEG corresponds to the product of the 

component weight at a given electrode and its activity. For 

instance, if an electrode’s weight is negative the EEG poten-

tial will be positive if the component activity is negative as 

well, whereas it will be negative if the component activity is 

positive. For each peak of interest, the area under the curve 

± 20 ms from the peak was extracted, separately for each 

condition. From this point forward the terms fronto-central 

P300, parietal P300, N1 and P2 will be used to describe the 

extracted component time frames. The term strength will be 

Fig. 2  Component output of Group-level SOBI decomposition of all 
EEG epochs. Top: Component scalp topographies. Bottom: ERPs of 
all independent components for standard (black, dotted), target (blue) 
and distractor (orange) conditions. Components marked with (*) were 
kept for further analyses. Peaks of the rightmost three components are 

assumed to represent the following: (2) N1 and P2; (3) fronto-central 
P300; (4) Parietal P300. From these, we extracted the area under the 
curve in a 40-ms time window, which was used for all further statisti-
cal analyses
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used for the summed values of the extracted time frames for 

each component.

Age-related differences in EEG component strength

Correlation analyses were performed to investigate the 

associations between the strength of each of the EEG com-

ponents and age (Fig. 3). There were significant positive 

correlations between age and the parietal P300 for the tar-

get condition (r = .24, p = .029) and the distractor condi-

tion (r = .34, p = .001), with component strength increasing 

concurrently with age. No significant association was found 

for the standard condition (r = − .16, p = .149). Significant 

negative correlations were found between age and the N1 

for all conditions (Target: r = − .42, p < .001; Distractor: 

r = − .39, p < .001; Standard: r = − .35, p = .001), indicating 

a decrease in strength with age. Significant positive corre-

lations were found between age and the strength of the P2 

for all experimental conditions, corresponding to decreas-

ing component strength with age (Target: r = .40, p < .001; 

Distractor: r = .28, p = .009; Standard: r = .45, p < .001). 

There were no significant associations between age and 

Fig. 3  Age-related differences in EEG component strength. Top: 
ERPs of the three SOBI components used in our analyses for standard 
(black, dotted), target (blue) and distractor (orange) conditions. 40-ms 
time windows of each extracted peak area for each experimental con-
dition are marked with dotted circles. Signal strength is plotted in 

arbitrary units, and the signs of these values do not necessarily reflect 
the charge of the EEG amplitudes in the data before the decompo-
sition. Bottom: Scatter plots showing relationships between age and 
component strength for the extracted time windows of each compo-
nent
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the fronto-central P300 in any of the conditions (Target: 

r = − .02, p = .866; Distractor: r = − .05, p = .662; Standard 

r = − .08, p = .483). In sum, the results indicate that the pari-

etal P300 components get stronger with age during develop-

ment, while the N1 and P2 get weaker.

Associations between EEG component strength 

and task performance

Partial correlations were performed to test the associa-

tions between the strength of all EEG components and 

task performance variables, including hits on targets, 

false positives for standard and distractor stimuli, and 

median reaction times, with age included as a covariate. 

The strength of the standard and distractor conditions 

for the parietal P300 component were positively associ-

ated with number of correct responses (hits) (Distractor: 

r = .21, p = .050; Standard; r = .25, p = .024), but this was 

not the case for the target condition (r = .11, p = .310). The 

strength of the fronto-central P300 showed a significant 

negative association with the number of hits for the target 

and distractor conditions (Target: r = − .25, p = − .021; 

Distractor: r = − .23, p = .032), indicating better precision 

with a stronger fronto-central P300 component, but not 

for the standard conditions (r = − .14, p = .217). Median 

reaction time to targets was positively associated with the 

strength of the fronto-central P300 for the standard con-

dition (r = .27, p = .013), as well as the strength of P2 for 

standard (r = .24, p = .030) and distractor (r = .28, p = .010) 

conditions.

Associations between EEG component strength 

and cortical structure

Finally, to examine the associations between the strength 

of the EEG components and cortical structure, surface-

based cortical analyses were performed using GLMs, con-

trolling for sex and age. Separate analyses were performed 

for cortical surface area and cortical thickness. After cor-

rection for multiple comparisons using cluster size infer-

ence, the results revealed a cluster in the inferior temporal 

gyrus of the left hemisphere, where a stronger parietal 

P300 in both the target condition (cluster size = 519.28 

 mm2, clusterwise p = .006, MNI max vertex (X, Y, Z) = 

− 49.4, − 18.2, − 34.7) and the distractor condition (clus-

ter size = 705.38  mm2, clusterwise p = .001, MNI max ver-

tex (X, Y, Z) = − 45.5, − 16.0, − 34.8) were significantly 

associated with larger cortical surface area (Fig. 4). No 

other effects reached significance after controlling for mul-

tiple comparisons.

Fig. 4  Associations between EEG component strength and cortical 
structure. Clusters in the left hemisphere at cluster-forming thresholds 
of P < .001 showing a significant association between cortical surface 

area and parietal P300 activation, independently of age and sex for 
the target (left) and distractor (right) conditions
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Discussion

In this study, we investigated age-related differences in 

early visual and P300 components, and how these com-

ponents are related to task performance and cortical sur-

face area and thickness. Group-level blind source separa-

tion identified three components of interest. Based on the 

component topographies and temporal activity profiles, 

they were deemed to represent a parietal P300, a fronto-

central P300, as well as the visual N1 and P2. N1 and 

P2 decreased in strength with age; while in contrast, the 

strength of the parietal P300 increased with age. Individ-

ual differences in the strength of the P300 components 

were positively associated with aspects of better task per-

formance, while the P2 showed associations in the oppo-

site direction. The strength of the parietal P300 compo-

nent was positively associated with cortical surface area 

in the left lateral inferior temporal lobe. The associations 

between the EEG components and age, task performance 

and cortical structure are discussed further below.

Relationships of age to the identified 

electrophysiological components

We identified two P300-like components: a fronto-central 

P300 and a parietal P300. The parietal P300 component 

increased in strength with increasing age. This result is 

in accordance with those of van Dinteren and colleagues’ 

large cross-sectional study and meta-analysis (van Din-

teren et al. 2014a), where auditory P300 amplitudes were 

found to increase through childhood and adolescence 

and peak in the early 20  s. However, the literature on 

the development of the visual P300 is relatively sparse, 

and the developmental trajectory is less clear, with sev-

eral discrepant findings. It has been hypothesized that 

the developmental trajectory of the P300 might differ for 

auditory and visual modalities (Segalowitz et al. 2010), 

since some studies using visual oddball paradigms have 

found negative age associations. A study of adolescent 

girls aged 14–19 found the visual P3b to decrease with age 

in a control group, but not in a clinical group with border-

line personality disorder (Houston et al. 2005). Similarly, 

another study indicated that the visual P3b decreases with 

age in participants 8–18 years (Hill and Shen 2002). Stige 

et al. (2007) also found visual P3a and P3b to decrease 

from late childhood to adolescence. All studies mentioned 

used variants of visual oddball tasks, and it is not clear 

why these studies found opposite results to the present 

study. However, developmental studies on visual P300 

are still rare and several of the available studies included 

small samples. To test whether P300 development differs 

between modalities, future studies will have to directly 

compare age-related differences in P300 components using 

similar paradigms with the same participants. Unlike the 

parietal P300, the fronto-central P300 component did not 

show any age-related changes. The reason for this differ-

ence is unclear, as is the functional distinction between the 

two observed P300 components. A common interpretation 

of the P300 is that it reflects multiple overlapping sig-

nals from several sources (Bocquillon et al. 2011; Wronka 

et al. 2012), with slightly different functions for the fronto-

central and the more parietal P300. The earlier peak and 

more anterior topography of the fronto-central P300 could 

indicate a similarity with the P3a, while the parietal P300 

component seems more similar to the somewhat later and 

more posterior P3b. If this speculative interpretation is 

correct, the lack of a correlation with age would suggest 

that the P3a, which is tied to stimulus-driven frontal atten-

tion mechanisms during task processing (Polich 2007), 

has already reached maturity in late childhood. This is in 

line with the limited research on the development of P3a 

(Segalowitz et al. 2010). Following this reasoning, our 

results would indicate that the P3b, which is associated 

with attention and subsequent memory processing (Polich 

2007), shows a more protracted development.

Our decomposition of the EEG data also identified an 

early visual component which had two marked peaks. These 

were similar to, and likely reflect, the N1 and P2 evoked 

potentials. The N1 is thought to reflect activity tied to con-

trolled information processing (Segalowitz et al. 2010), 

while the P2 is tied to working memory function (Finnigan 

et al. 2011). In contrast to the parietal P300 component, 

which increased in strength with age, our results showed that 

both of these early visual components decreased in strength 

with increasing age. This is consistent with previous devel-

opmental studies on N1 (Itier and Taylor 2004; Tomé et al. 

2015) and P2 (Ponton et al. 2000). A possible confounding 

factor is developmental increase in skull density and thick-

ness, which could also explain a reduction in EEG signal 

strength through development. However, this likely only has 

a minor impact across adolescence (Segalowitz et al. 2010), 

and so is unlikely to explain the age correlations observed in 

our sample, particularly considering the positive age asso-

ciations observed for the parietal P300 component, though 

it might have a modulating influence.

Relationships of the identified electrophysiological 

components and task performance

The strength of N1 was not associated with task perfor-

mance in our data. This does not lend support to the notion 

proposed by Segalowitz et al. (2010) that lowering of the 

N1 amplitude might reflect a narrowing of attentional 

focus and increased vigilance. However, lower P2 strength 
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was associated with faster reaction times in distractor and 

standard conditions, and N1 and P2 are commonly viewed 

as highly dependent parts of the visual evoked potential, 

though they are not functionally identical (Crowley and 

Colrain 2004). The dissociation seen in the age-related dif-

ferences for the parietal P300 component in contrast to the 

early visual components was also reflected in the direction of 

the associations we found between the strength of the EEG 

components and aspects of task performance. In contrast to 

the negative association in P2, the strength of the parietal 

P300 component was positively associated with aspects of 

task performance. The strength of the parietal P300 in the 

standard and distractor conditions was associated with num-

ber of correct responses. Also, a stronger fronto-central P300 

in the target and distractor conditions was associated with a 

better hit rate and in the standard condition with faster reac-

tion times. Positive associations between P300 amplitudes 

and oddball task performance were reported by van Dinteren 

et al. (2014b), and several developmental studies using stop 

signal tasks have shown successful trials to be associated 

with higher P300 amplitudes compared to unsuccessful 

ones (Dimoska et al. 2003, 2006; Overtoom et al. 2002). As 

we controlled for age in our analyses, these results suggest 

that better task performance was related to EEG signatures 

more similar to older, more mature adolescents. This might 

indicate that the components reflect individual differences 

in maturation of the visual attentional system beyond what 

can be explained by age alone. In sum, N1 and P2 strengths 

were lower for older adolescents and lower P2 strength was 

associated with better task performance, while the opposite 

pattern was generally seen for the P30 components. From 

this, we speculate that improvements in attention seen in 

adolescence stems partly from the attentional system becom-

ing more efficient at distributing cognitive resources to task-

relevant attentional processes. The relative shift from early 

visual to P300 activity could correspond to a shift in task 

strategy or the development of cognitive resources. As the 

P300 is thought to be associated with complex attentional 

mechanisms such as stimulus comparisons and the facilita-

tion of memory processing (Polich 2007), this could reflect a 

shift away from the mere reliance on early and quick feature 

detection and towards a more efficient comparative catego-

rization approach.

Relationships between the identified 

electrophysiological components and cortical 

characteristics

Using Gaussian-based Monte Carlo simulations in surface-

based clusterwise analysis has been shown to underestimate 

the false-positive rate (Greve and Fischl 2018). To correct 

for this, we used a high smoothing level (FWHM 15 mm), 

and a strict cluster-forming threshold of P < .001. We found 

an age- and sex-independent positive association between 

the strength of the parietal P300 and cortical surface area 

in the left inferior temporal gyrus for both the target and 

distractor conditions. This is generally consistent with other 

studies of both children and adults, indicating positive asso-

ciations between various cognitive functions and cortical 

surface area (see e.g. Curley et al. 2017; Fjell et al. 2012; 

Walhovd et al. 2016). No associations were found between 

the strength of the fronto-central P300 or the early visual 

component and cortical surface area, or between any of the 

EEG components and cortical thickness. Controlling for age 

was done to prevent potentially specific associations between 

P300 strength and cortical structure from being masked by 

the widespread age-related structural changes in the age-

range studied (Tamnes et al. 2017). After controlling for age, 

the findings can be interpreted as the relative association 

between cortical structure and P300 strength within each 

age group.

Multiple brain regions are known to contribute to P300 

generation (Friedman 2003). Intriguingly, the inferior tem-

poral gyrus has previously been implicated in generating 

the visual P3b. A combined fMRI/EEG study by Bledowski 

et al. (2004) that used a three-stimulus visual oddball task 

similar to the one used in our study found P3b to be gener-

ated by inferior temporal and parietal regions, while P3a 

was found to be produced mainly by the insula and frontal 

regions. The authors suggest that the cortical activation in 

the inferior temporal region during P3b generation could 

reflect the categorization of visual stimuli by higher visual 

areas. However, other areas of the temporal lobes have been 

pegged as possible sources of the P300 more generally, along 

with several other regions. Several neural generators of the 

auditory P300 have been suggested, including the prefrontal 

cortex, the temporo-parietal junction and the primary audi-

tory cortex (Friedman 2003). A meta-analysis of fMRI stud-

ies using visual and auditory oddball tasks by Kim (2014) 

concluded that oddball effects were strongly associated with 

a ventral, modality-independent attentional network. This 

network included the temporo-parietal junction, the anterior 

medial frontal gyrus, the anterior insula and the anterior cin-

gulate cortex, as well as the inferior frontal junction and the 

sensory cortical regions associated with the sensory modal-

ity relevant for the task. In a source localization study of 

the P300 using a visual oddball paradigm similar to the one 

used in our study, Bocquillon et al. (2011) suggested that 

the dorsal frontoparietal network generates the P300, with 

inferior parietal areas involved in target-specific processing. 

Of studies on cortical structure, Fjell et al. (2007) found 

that higher P3a amplitude was positively related to cortical 

thickness in parietal regions, the temporo-parietal junction 

and in the middle frontal gyrus, but only for elderly adults.

In sum, the inferior temporal gyrus region that was found 

to be associated with the strength of the parietal P300 does 
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not overlap with previously identified modality-independent 

P300 sources but is known to be involved in visual shape 

processing (Gerlach et al. 2002) and has been identified as 

one source of the visual P3b by Bledowski et al. (2004). 

From this, we can speculate that the observed association 

between larger cortical surface area in this region and greater 

parietal P300 strength is indicative of a maturational differ-

ence in attentional target processing in the visual modal-

ity. Longitudinal studies are, however, needed to clearly 

establish developmental trajectories of P300 components 

and how these changes relate to structural brain maturation. 

In addition, methodological studies comparing the results 

of studies using decomposition techniques and traditional 

ERP analyses for well-studied samples and paradigms could 

prove enlightening.

Conclusions

Our results suggest that the parietal P300 increases in 

strength with increasing age through adolescence, while 

early visual component strength decreases. Task perfor-

mance improved with age and was associated with stronger 

P300 components and a weaker N2 component, indepen-

dently of age. Finally, parietal P300 strength was, indepen-

dently of age, associated with larger cortical surface area in 

inferior temporal gyrus for the left hemisphere. We suggest 

that the results reflect functional brain maturation in terms 

of increasing brain responses to task-relevant stimuli, reflec-

tive of a more mature and efficient visual attention system.
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